ISSN 2710-1185 (Online)
ISSN 1813-1107 (Print)

EHBEK KbI3BLT TY OPJEH/II
«®. B. BEKTYPOB ATBIHJIAFBI
XUMUS FBUTBIMJIAPBI MTHCTUTY ThI»
AKIIMOHEPJIIK KOF AMBI

KA3AKCTAHHBIH
XUMUS KYPHAJDBI

XNMHUUYECKHNU KYPHAJ
KA3AXCTAHA

CHEMICAL JOURNAL
of KAZAKHSTAN

AKIIMOHEPHOE OBIIIECTBO
OPZIEHA TPYJIOBOI'O KPACHOI'O 3HAMEHU
«MHCTUTYT XUMNYECKUX HAYK
uM. A.b. BEKTYPOBA»

3(95)
UIOJIb — CEHTSIBPH 2026 r.

U3JAETCSH C OKTABPA 2003 'OJA
BBIXOAUT 4 PASA BTOJ

AJIMATBI
2026



XKypunannen 6ac pegakTops

Hupexrop
Beiicenos P.E. - PhD, kaysiMpacTsipbiiran mpodeccop

FeinbiMu peniakrop:
MasmakoBa A.E. - PhD, kaybsIMaacTeIpbUIFad mpogeccop

Pemaknmus kKeHeCiHIH Mymexepi:

Aiigemup M., Ph.D., npod., (Typkus); Bypkirdoaes M.M., KP ¥FA akagemuri, X.F.1.,
mpo¢. (Kaszakcran), demomuxmii B.M., PXXFA akxamemuri, x.r.n., npod. (Kananma);
HeprynoB C.A., Ph.D., npod. (AKI); dxymammaos T.K., x..1., mpod. (Kazakcran);
Kypunos M.JK., KP ¥F'A akanemuri, x.F.1., mpod. (Kazakcran); &Kycindexon O.)K., KP
¥FA akanmemuri, T.F.1., npod. (Kasakcran); 3eitHanoB I.B., Ozipoaiixkan ¥FA xopp.-
MyIieci, X.F.1I., npod. (O3ipbaibkan); MoparumoB A.B., x.¥.1., mpod. (Y30ekucran),
KanpipoexoB K.A., x.r.1., ipod. (Kazakcran); Kawkosa JI.A., x.F.11., npod. (Kazakcran);
ManmakoBa A.E., Ph.D., kaysimpacteipeuiran npod. (Kasakcran); Myn LA, X.F.1.,
npod. (Kaszakcran), Ipammes K.J., KP ¥FA akanemuri, x.r.a. npod. (Kasakcran);
CanaxyranaoB H.®., PFA xopp.-myuieci, X.F.1., ipod. (Peceit); Temear Xamau, Ph.D.,
npod. (Typkus); ®@a3srnos C. /., x.¥.1., npod., KP ¥FA akanemuri (Kazakcran); FO B.K.,
X.F.1., npod. (Kazakcran); Kauneiticop H.¥Y., x.r.k., npod., (Kamonus); Alinaky/joBa
J.T. (TexHUKAIBIK PEIAKTOP).

«Ka3aKCTaHHHH XUMHUS KYPHAJbD)
ISSN 2710-1185 (Online); ISSN 1813-1107 (Print)

Kypruaraitmsr: EnbGex Kp13pmn Ty oprenni ©.b. bekTypoB aTsIHIaFbI
XUMHSA FBUIBIMAAPBI HHCTUTYTHI

Tipkey: Kazakcran PecriyGnukacsiapiy MosieHHET, aKnapar jkoHe KOFaMIIbIK
kemicim muaECTpIiriEAe Ne 3995-)K 2003 KbUTFBI 25-MayCHIMIAFbI

2003 >xpuTBI KYpbUTFaH. JKbUIbIHA 4 peT MIBIFaIbL.

PepakiusHbIH 050010 (A26F3Y1), Kazakcran Pecmy0nukacel, AiIMarsi K.,

MeKEH-Kalbl: 1. Vanuxanos kereci, 106. temn. 8 (727) 291-24-64, 8 (727) 291-59-31,
ics_rk@mail.ru

Bacwurran AO «KBTV», x. Anmartsl, Tone 0u xeweci, 59; e-mail: kense@kbtu.kz

OacraxaHa:

© AK «O.b. bexmypos amvinoagvl
Xumus gvinvimoapol uncmumymor», 2026

«Kasmomrray AK-HBIH TrazeT-KypHangap KaTaJorblHAa HEMece OHBIH KOChIMIIaJaphlHAA
JKas3bpUTy HHAEKCT 75241.


mailto:ics_rk@mail.ru

I'maBubBIil peagakTop

Jupextop
Beiicenos P.E. - PhD, accormpoBanHslii mpogeccop

Hayuns1ii pegaxrop:
ManmakoBa A.E. - PhD, accornupoBanHsIii mpodeccop

Pe}.‘[aKHI/IOHHaH KOITJICT MU

Aiigemup M., Ph.D., mpod., (Typuus); Bypkuréaes M.M., akanemunk HAH PK, n.x.H.,
mpo¢. (Kazaxcran); JdemOunkuii B.M., akamemuxk PAEH, n.x.H. mpod. (Kananma);
HeprynoB C.A., Ph.D., mpo¢. (CHIA); Txymammaos T.K., n.x.H., mpod. (Kazaxcran);
JxycunoexoB Y. K., akanemuxk HAH PK, n.1.H., mpod. (Kazaxcran); Kypunos M.XK.,
akagemuk HAH PK, n.x.H., npod. (Kaszaxcran); 3eitnanoB I.B., unen-kopp. HAHA,
I.X.H., mpod. (AsepOaitmkan); HoparumoB A.B., nxH., npod. (Y36ekucran);
Kannpoekos K.A., n.x.1., npo¢. (Kazaxcran); Karokosa JL.A., 1.x.H., mpod. (Kazaxcran);
ManmakoBa A.E., Ph.D., accon. mpo¢. (Kaszaxcran); Myu I.A., aXx.H., mpod.
(Kazaxcran); IlpanmeB K.JI., akamemuk HAH PK, a.x.H., mpod. (Kasaxcran);
CanaxyranaoB H.®., wien-kopp. PAH, n.x.H., npo¢. (Poccus); Temennr Xamau, Ph.D.,
npod. (Typuus); ®azpiios C. /., 1.x.H., npod., akanemrk HAH PK (Kazaxcran); FO B.K.,
I0.x.H., npo¢. (Kazaxcran); 2Kannencos H.V., k.x.H., npo¢. (SInonus); Aiinaxymnosa JI.T.
(TexHUUECKUH pemaKTop).

«Xumnueckuii ;xypuai Kazaxcrana».
ISSN 2710-1185 (Online); ISSN 1813-1107 (Print)

VYupenurens: Opuena Tpynosoro Kpacuoro 3namernu MHCTUTYT XUMHUYECKUX HAYK
uM. A.b. bekrypoga.

Perucrpanus: MHuUHHCTEPCTBO KYJIBTYpPbl, HHYOPMALMU U OOLIECTBEHHOTO
cornacus PecnyOmuku Kazaxcran Ne 3995-)K ot 25 urons 2003 r.

Ocnosan B 2003 1. Beixonut 4 paza B ro.

Ajnpec penakuuu 050010 (A26F3Y1), PecniyGunka Kazaxcran, r. AjMarsl,
yi. III. Vanuxauosa, 106, ten. 8 (727) 291-24-64, 8 (727) 291-59-31;
ics_rk@mail.ru
OrreuyaTaHo B AO «KBTVY», r. Anmarsl, Tone 6u ynuia, 59; e-mail: kense@kbtu.kz
Tunorpaduu:

© AO «HUncmumym xumuueckux Hayx
um. A. b. Bexmypoeay, 2026

HoanucHoit uanexe 75241 B Karanore raser u xxypHanoB AO «Kasmouray wid B JOMOJHEHHU K
HEMY.


mailto:ics_rk@mail.ru

Editor-in-Chief

Director
Beisenov R.E. — PhD, associate professor

Scientific editor:
Malmakova A.E. - PhD, associate professor

Editorial Board:

Aydemir M., Ph.D., Prof. (Turkey); Burkitbaev M.M., Academician of NAS RK, Doctor
of Chemical Sciences, Prof. (Kazakhstan); Dembitskiy V.M., Academician of RANS,
Doctor of Chemical Sciences, Prof. (Canada); Dergunov S.A., Ph.D., Prof. (USA);
Dzhussipbekov U.zZh., Academician of NAS RK, Doctor of Technical Sciences, Prof.
(Kazakhstan); Fazylov S.D., Doctor of Chemical Sciences, Prof., academician of NAS RK
(Kazakhstan); Hamdi Temel, Ph.D., Prof. (Turkey); Ibragimov A.B., Doctor of Chemical
Sciences, Prof. (Uzbekistan); Jumadilov T.K., Doctor of Chemical Sciences (Kazakhstan);
Kadirbekov K.A., Doctor of Chemical Sciences, Prof. (Kazakhstan); Kayukova L.A.
Doctor of Chemical Sciences, Prof. (Kazakhstan); Malmakova A.E., Ph.D., Associate
Professor (Kazakhstan); Mun G.A., Doctor of Chemical Sciences, Prof. (Kazakhstan);
Praliyev K.D., Academician of NAS RK, Doctor of Chemical Sciences, Prof.
(Kazakhstan); Salakhutdinov N.F., Corr. Member of RAS, Doctor of Chemical Sciences,
Prof. (Russia); Yu V.K., Doctor of Chemical Sciences, Prof. (Kazakhstan); Zhurinov
M.Zh., Academician of NAS RK, Doctor of Chemical Sciences, Prof. (Kazakhstan);
Zeynalov E.B., Corr. Member of NAS of Azerbaijan, Doctor of Chemical Sciences, Prof.
(Azerbaijan); Zhanpeisov N.U., Candidate of Chemical Sciences, Professor (Japan);
Ainakulova D.T. (Technical editor).

«Chemical Journal of Kazakhstan»
ISSN 2710-1185 (Online); ISSN 1813-1107 (Print)

Founder: A.B. Bekturov Institute of chemical sciences awarded by the Order of Red
Banner of Labor.

Registration: Ministry of Culture, Information and Public Accord of the Republic of
Kazakhstan No. 3995-)K dated June 25, 2003 year.

«Chemical Journal of Kazakhstan» was founded in 2003 year, publishes four issues in a year.

Address of the 050010 (A26F3Y1), Republic of Kazakhstan, Almaty,

Editorial board:  Sh. Ualikhanov str., 106, A.B. Bekturov Institute of chemical sciences
awarded by the Order of Red Banner of Labor, Fax: 8(727)291-24-64,
ics_rk@mail.ru

Printed in the JSC “KBTU”, Almaty, Tole bi str., 59; e-mail: kense@kbtu.kz
printing house:

©JSC «Institute of Chemical Sciences
named after A.B. Bekturov», 2026


mailto:ics_rk@mail.ru

KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

Chemical Journal of Kazakhstan
Volume 3, Number 95(2026), 5-14 https://doi.org/10.51580/2026-3.2710-1185.25

UDC 544.773.432

EFFECT OF POLYMER COMPOSITION AND TEMPERATURE ON
THE RHEOLOGICAL PROPERTIES OF CHITOSAN-
CARBOXYMETHYL CELLULOSE HYDROGELS
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1Asfendiyarov Kazakh National Medical University, Almaty, Kazakhstan
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Abstract. Introduction. Over the past decade, superabsorbent hydrogels based on natural
polymers (cellulose, chitosan) have been widely applied in biomedicine. Despite their high stability and
biocompatibility, these hydrogels exhibit several drawbacks associated with insufficient pseudoplasticity
and thixotropy. Consequently, the development of hydrogel systems with tailored rheological properties
has acquired critical medical relevance. The objective of this study was to develop and comprehensively
investigate the rheological properties of hydrogels based on chitosan (CS) and carboxymethylcellulose
(CMC) with different component ratios, as well as to evaluate the effects of shear rate and temperature on
their rheological characteristics in order to identify promising formulations for topical application. Results
and Discussion. Chitosan/carboxymethylcellulose (CS/CMC) hydrogels with different polymer ratios
were investigated by rheometry at temperatures of 20, 25, and 35°C over a shear-rate range of 3-120 s
The highest apparent viscosity under all investigated conditions was observed for the CS2.0/CMC0.5
formulation, whereas increasing temperature resulted in a consistent decrease in viscosity. To
quantitatively evaluate the rheological behavior, the experimental data were fitted using the Power-law,
Herschel-Bulkley, and Casson models. Conclusion. CS/ICMC hydrogels exhibited pronounced shear-
thinning behavior at 20-35°C and shear rates of 3-120 s, facilitating their application to the skin. The
CS2.0/CMCO0.5 formulation showed the highest viscosity and stable rheological behavior (K = 16.90
Pa-sn, n = 0.389, R? = 0.987 at 25°C), making it a promising matrix for topical hydrogel systems.
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1. Introduction

Hydrogels' capacity to hold water and their structural resemblance to the
natural extracellular matrix have made them popular as prospective scaffolds for
tissue engineering in recent years. Owing to these properties, hydrogels have
found broad applications in biomedicine, including wound and burn dressings,
due to their excellent biocompatibility, low toxicity, elasticity, and high swelling
capacity in aqueous media [1-3].

For topical applications, not only the biological properties of hydrogels but
also their rheological characteristics are of particular importance, as these
properties determine the application, spreading, and retention of the material on
the skin surface. Specifically, system stability and uniform spreading during
application may be facilitated by a combination of sufficiently high viscosity at
low shear rates and a reduction in viscosity with increasing shear rate. Therefore,
investigation of the dependence of viscosity on shear rate is an important step in
the development of hydrogel systems for topical application [4,5].

Hydrogels based on chitosan (CS) and carboxymethylcellulose (CMC) are of
particular interest in this field due to their high hydrophilicity, biocompatibility,
and water-retention capacity. Chitosan is a natural cationic polysaccharide [6,7],
whereas CMC is a water-soluble cellulose derivative with pronounced thickening
and water-retention properties [8-11]. Varying the ratio of these polymers makes
it possible to modify the structural and rheological characteristics of the hydrogel
system and thereby select formulations with the desired flow behavior [12,13].

The rheological properties of polymeric hydrogels depend not only on their
composition but also on temperature, as changes in temperature may affect
molecular mobility and intermolecular interactions within the polymer system
[14,15]. Quantitative characterization of rheological behavior can be performed
using the Power-law, Herschel-Bulkley, and Casson models, which allow flow
parameters to be determined and different formulations to be compared [16-18].

2. Materials and Experimental Methods

2.1. Materials

Chitosan (CS, Cat. No. C804729) was obtained from Shanghai Macklin
Biochemical Technology Co., Ltd. (China) . The manufacturer's specs state that
chitosan has a viscosity of 200-400 mPa:-s in 1% acetic acid and a degree of
deacetylation (DDA) of 88-92%. The polymer was recovered as an off-white to
yellow powder.

Carboxymethyl cellulose (CMC, Cat. No. C889437) was obtained from
Shanghai Macklin Biochemical Technology Co., Ltd. (China) and employed as
the second polymer component for the manufacture of CS/CMC hydrogel
systems.

Acetic acid was utilized as a solvent for the dissolving of chitosan in aqueous
medium. Polymer solutions and hydrogel compositions were prepared using
purified water. All materials and reagents were used as received without any
further purification.

6
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2.2. Chitosan-Carboxymethyl Cellulose Hydrogels Preparation

Chitosan-carboxymethyl cellulose (CS/CMC) hydrogels were synthesized
with polymer concentration from 0.5 to 2.0%. Table 1 shows the results of six
formulations with different polymer ratios.

Table 1 - Composition of the investigated CS/CMC hydrogel formulations

Ne Sample Chitosan (CS), % Carboxymethy! cellulose (CMC), %
1 CS0.5/CMC1.0 0.5 1.0
2 CS0.5/CMC1.5 0.5 1.5
3 CS0.5/CMC2.0 0.5 2.0
4 CS1.0/CMCO0.5 1.0 0.5
5 CS1.5/CMC0.5 1.5 0.5
6 CS2.0/CMC0.5 2.0 0.5

For the preparation of the hydrogel formulations, CS was dissolved in an
aqueous acetic acid solution at the minimum concentration required for complete
polymer dissolution. CMC was separately dissolved in purified water. The CS and
CMC solutions so obtained were combined in prescribed ratios and the volume
was made up to the final volume with filtered water. The solutions were well
homogenized to generate homogenous hydrogel compositions.

2.3. Rheological Measurements

The rheological properties of the prepared CS/CMC hydrogel formulations
were investigated using a Rheotest Il rotational viscometer equipped with a
cylindrical measuring system. Measurements were performed at 20, 25, and 35°C
over a shear rate range of 3-120 s* to evaluate the effects of polymer composition
and temperature on the rheological behavior of the hydrogels. The apparent
viscosity was recorded at each shear rate, and viscosity-shear rate curves were
subsequently plotted. The measuring system was selected according to the
viscosity range of the samples, taking into account the corresponding instrument
constants. The mean + standard deviation (SD) was used to express the findings
of all measurements, which were done in triplicate (n=3).

2.4. Data Analysis and Rheological Modeling

The experimental rheological data were fitted using the power-law, Herschel-
Bulkley and Casson models to characterize the rheological behavior of the
CS/CMC hydrogel compositions. Consistency index (K) and flow behavior index
(n) were estimated using power-law model. The flow behavior index (n) reflects
how the viscosity of the hydrogel depends on the shear rate: n<1 means shear-
thinning, n=1 means Newtonian behavior, and n>1 means shear-thickening. Yield
stress and other rheological parameters were obtained by using the Herschel-
Bulkley and Casson models.

The model parameters were determined by fitting the matching models to the
experimental data for each formulation and temperature. The coefficient of
determination, R2, was used to evaluate the goodness of fit and to compare the
adequacy of the models studied to represent the rheological behavior of the
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hydrogel formulations. The results are shown as mean + SD based on three
replicate measurements (n=3).

3. Results and discussion

3.1. Effect of Polymer Composition on Apparent Viscosity

Rheological behavior of CS/CMC hydrogel compositions relied on polymer
mix, shear rate and temperature. All formulations showed a progressive decrease
in the apparent viscosity with the increase of the shear rate and the level of
viscosity depended on the polymer content.

At 25°C and 3s%, increasing the CMC concentration from 1.0 to 2.0% at a
constant CS concentration of 0.5% increased the apparent viscosity from
1.43%0.04 to 5.21+0.15 Pa-s. Similarly, at a constant CMC concentration of 0.5%,
increasing the CS concentration from 1.0 to 2.0% increased the viscosity from
2.794£0.12 to 8.09+0.20 Pa-s. The highest apparent viscosity was therefore
observed for CS2.0/CMCO0.5. The viscosity—shear rate profiles of the six
formulations at 25°C are presented in Figure 1.
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Figure 1 — Apparent viscosity as a function of shear rate for CS/CMC hydrogel formulations with
different polymer compositions at 25°C. Data are presented as the mean + SD.

The increase of the polymer concentration leads to a rise of the apparent
viscosity due to the lower mobility of the polymer chains and the higher
intermolecular interactions between CS and CMC that favor the creation of a
more interconnected polymeric structure and increase the resistance to flow.

3.2. Shear rate effect on flow behavior

Figure 1 demonstrates that all CS/CMC formulations displayed a significant
reduction in apparent viscosity with increasing shear rate from 3 to 120 s-1,
confirming the characteristic non-Newtonian shear-thinning behavior. At 25°C,
the apparent viscosity of CS2.0/CMCQ0.5 declined from 8.09+0.20 Pa-s at 3 st to
0.89+0.02 Pa-s at 120 s, which was approximately 89% reduction, while
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CS0.5/CMC1.0 decreased from 1.43+0.04 to 0.15+0.01 Pa-s. The decrease could
be linked with orientation and restructuring of polymer chains under shear,
resulting in reduced flow resistance [17]. The substantial shear thinning tendency
seen in all the formulations should be beneficial for topical administration since
the increased viscosity at low shear could increase the retention, whilst the
decrease of the viscosity under shear facilitates the spreading over the skin
surface [19].

3.3 Influence of Temperature on Rheological Properties

The rheological behavior of the CS/CMC formulations was significantly
affected by temperature. The overall apparent viscosity decreased with increasing
temperature from 20 to 35 °C in the studied shear-rate range. For CS2.0/CMCO0.5
at 3 s1, the apparent viscosity decreased from 10.14+0.60 Pa-s at 20°C to
8.09+0.20 Pa-s at 25°C and 7.42+0.19 Pa-s at 35°C; the corresponding viscosity—
shear rate curves are presented in Figure 2.
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Figure 2 — Effect of temperature on the apparent viscosity of the CS2.0/CMCO0.5 hydrogel formulation as
a function of shear rate at 20, 25, and 35°C. Data are presented as the mean + SD.

The decrease in apparent viscosity with increasing temperature may be
attributed to increased molecular mobility and reduced resistance to polymer-
chain rearrangement, while the characteristic shear-thinning behavior was
maintained at all investigated temperatures. Therefore, throughout the
temperature range of 20-35 °C, the overall flow behavior of the hydrogels, which
is relevant to the consistency and spreading in topical application, was not altered
by the temperature except for to the magnitude of viscosity.

3.4 Power-Law Analysis of the CS/ICMC Formulations

The experimental rheological data were fitted to the power-law model to
characterize the shear-dependent behavior of the CS/CMC formulations. The flow
behavior index (n) was below unity for all formulations and temperatures,
confirming their pseudoplastic (shear-thinning) character. The calculated power-
law parameters are summarized in Table 2.
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Table 2 — Power-law parameters of CS/CMC hydrogel formulations at various temperatures

Formulation Temperature, °C K, Pa-s» n R2
20 3.384 0.389 0.981
CS0.5/CMC1.0 25 3.126 0.378 0.987
35 2.436 0.392 0.985
20 6.400 0.384 0.982
CS0.5/CMC1.5 25 5.711 0.382 0.988
35 4.603 0.388 0.984
20 12.440 0.387 0.981
CS0.5/CMC2.0 25 11.253 0.381 0.987
35 9.168 0.386 0.984
20 6.580 0.395 0.980
CS1.0/CMCO0.5 25 5.890 0.391 0.983
35 4.881 0.391 0.981
20 11.464 0.386 0.981
CS1.5/CMCO0.5 25 9.958 0.390 0.984
35 8.388 0.381 0.986
20 18.533 0.396 0.988
CS2.0/CMCO0.5 25 16.899 0.389 0.987
35 14.102 0.385 0.985

The flow behavior index (n) ranged from 0.378 to 0.396 and remained well
below unity for all formulations, confirming consistent shear-thinning behavior.
In contrast, the consistency index (K) strongly depended on polymer compaosition
and temperature. CS2.0/CMCO0.5 exhibited the greatest K values, which declined
from 18.53 Pa-s n at 20 °C to 16.90 Pa-s n at 25 °C and 14.10 Pa-s n at 35 °C.
The decrease in K with increasing temperature was in agreement with the
observed decrease of apparent viscosity. Figure 3 shows a representative power-
law fit for CS2.0/CMCO0.5 at 25 °C.
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Figure 3 — Power-law fitting of the experimental rheological data for the CS2.0/CMCO0.5 hydrogel
formulation at 25°C. Experimental values are presented as the mean + SD (n = 3).

For this formulation, the power-law model yielded K = 16.90 Pa-s, n =

10
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0.389, and R2 = 0.987. The low n value quantitatively confirmed the pronounced
shear-thinning behavior observed experimentally.

3.5. Comparison of Rheological Models

The experimental data were additionally fitted using the Herschel-Bulkley
and Casson models, and a representative comparison of these models for
CS2.0/CMCO0.5 at 25°C is presented in Figure 4.
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=
o
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H [e)} o]

Figure 4 — Comparison of Herschel-Bulkley and Casson model fits for the CS2.0/CMCO0.5 hydrogel
formulation at 25°C. Experimental points represent mean values from three independent measurements (n
=3).

For the representative CS2.0/CMCO0.5 formulation at 25 °C, the power-law
model provided a satisfactory fit to the experimental data (R? = 0.987),
comparable to that obtained with the Herschel-Bulkley model (Rz = 0.987). The
Casson model showed a lower goodness of fit (R2 = 0.961), indicating a less
adequate description of the experimental flow behavior. These results support the
predominantly pseudoplastic nature of the formulation. Therefore, the power-law
model was selected as the principal model for the quantitative comparison of the
investigated formulations.

Overall, increasing the concentration of either polymer increased the
apparent viscosity and consistency index, whereas increasing temperature reduced
these parameters. All formulations retained pronounced shear-thinning behavior.
CS2.0/CMCO0.5 exhibited the highest apparent viscosity and consistency index
together with substantial shear-dependent viscosity reduction, supporting its
potential as a topical hydrogel formulation for further investigation [20,21].

4. Conclusion

The rheological properties of CS/CMC hydrogels were strongly influenced
by polymer composition and temperature. Increasing the concentration of either
polymer increased the apparent viscosity, whereas increasing temperature reduced
it. All investigated formulations exhibited pronounced non-Newtonian shear-
thinning behavior, confirming the pseudoplastic nature of the developed hydrogel

11
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systems. Among the investigated formulations, CS2.0/CMCO0.5 demonstrated the
highest apparent viscosity and consistency, making it a promising formulation for
topical applications.

The experimental data were adequately described by the applied rheological
models, supporting the quantitative characterization of the flow behavior of the
CS/CMC systems. Overall, the findings demonstrate that adjustment of the
CS/CMC ratio and temperature provides an effective approach for controlling
hydrogel rheology. These results provide a basis for the further development and
optimization of CS/CMC hydrogel systems for topical and biomedical
applications.
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MNOJIMMEP K¥PAMBI MEH TEMIIEPATYPAHBIH XHUTO3AH-
KAPBOKCUMETHUJILEJIJIIOJIO3A I'nJAPOT'EJBJAEPIHIH PEOJIOT UAJIBIK
KACHUETTEPIHE 9CEPI

A.M. Kanuesa'*, A.E Maamaxoea’

L CIK. Acghenouspos amvinoazer Kazax ¥aimmuoix Meouyuna Ynueepcumemi, Aimamet, Kazakcman
2 A.b. Bexmypog amuvinoagsl Xumus ebLibMoapul uncmuniymet, Aimamol, Kazaxcman

Tyiiingeme. Kipicne. COHFbI OHXXBUIIBIKTa OHOMEIHUIMHANA TAOUFH MOTMMepiep (IEJUTF0I03a, XUTO3aH)
HETi3iHJeri aca >KOFaphl CIHIPTiIl THAporenbAep KeHiHeH KoumaHburyza. JKorapbl TYpaKTBUIBIFBI MEH
OHOCOWKECTIriHE KapamacTaH, Oy refbJep MCeBIOIUIACTUKANBIK JKOHE THKCOTPOIHSIIBIK KaCHEeTTePiHIH
JKETKIJTIKCi3 OomyblHa OaitmaHeicThl Oipkartap kemunimikrepre wue. OcbiFaH OainaHbICThl OepiireH
PEONOTHANBIK KaCHeTTepl 6ap THAPOTeNbIiK Kyiienep i o3ipiaey MeIUIUHANBIK TYPFBIIaH ©3¢KTi MiHJET
Gousbln TaObUIAABL. 3epmmeyoiy makcamovr — xuroszan (CS) men kapboxcumerwminemmonoza (CMC)
HETi3iHAerT THAPOreNbIepli 9pTYpJli KOMIIOHEHTTIK KAaThIHACTA aly KOHE OJap/blH PEOJIOTHSIIBIK
KaCHETTepiH KEIIeHII 3epTTey, COHMali-aK MEepCIEKTUBANBI CHIPTKA KOJJAaHyFa apHAFaH KypamIapibl
aHBIKTAY MAKCATBIH/A BIFBICY XXBUIIAMIBIFBl MECH TEMIICPATYPAHbIH ONAPIbIH KYPBUIBIMIIBIK-TYTKBIPIIBIK
cUMaTTaMalapbeiHa dcepin Oaranay. Homuoicenep sicone manxviiay. OpTYpili MOTUMEPIIK KATHIHACTAFHI
XHTO3aH koHe Kapbokcumerwemwmnono3a (CS/ICMC) werisingeri ruaporensbaep 20, 25 sxone 35°C
Temeparypanapaa, 3-120 ¢ BIFBICY JKBUIIAMIBIFBl JMANa30HBIHAA PEOMETPHUS OMICIMEH 3epTTENi.
3eprrenren GapiblK kaFqaiiapaa ©H OKOFapsl KepiHepiik TyTKbIpislK Mouzepi CS2.0/CMCO0.5
KypaMbIHIa OaiKajbl, aln TEeMIepaTypaHbIH JKOFApbUIAYBl TYTKBIPJBIKTHIH 3aHIbI TYpAC TOMEHACYiHE
OKeJJi. PeOJIOTMsUIBIK KACHETTEepiH CaHIbIK Oaramay YIIiH OKCIIEPUMEHTTIK aepekrep Power-law,
Herschel-Bulkley sxome Casson MomenbiaepiMeH —ammpoKCHManmsuiasabl. Kopeimwinovl. 20-35°C
TemIieparypa apanbiFbiaaa xkone 3-120 ¢t sirpicy xarmaiibiHaa CS/CMC ruaporensaepi Tepire sxarybl
JKEHIIIeTeTiH alKplH cyibuty KacueTin kepcerrti. CS2.0/CMCO0.5 kypambl eH KOFapbl TYTKBIPJIBIKTHI
)KOHE TYPaKThl PeoJIOrmsuIbIK Kacuerrepin kepcerti (25°C temmeparypaga K=16,90 Ila-c®, n=0,389,
R2=0,987). Aunbimran sotmkenep CS2.0/CMCO0.5 kypambiH Tepi CHIPTHIHA KOJ@HyFa apHAJIFaH
TOMUKAIBIK THAPOTEIBAIK JKYHeIepai o3ipiey VIINiH MepCIeKTHBANbl HEri3 peTiHAe KapacThIpyFa
MYMKIiH/IK Oepe/i.

Tyilinai ce3mep: xuTo3aH, KapOOKCHMETHIIIEIUIION03a, TUAPOTeNb, PEOJOTHSUIBIK CHIATTaManap,
NICEBOMIACTUKANBIIBIK, TOMUKANIBIK KOJIJIaHbIC
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BJIMSIHUE COCTABA IIOJJMMEPOB W TEMIEPATYPbl HA PEOJIOT'MYECKHE
CBOUCTBA XUTO3AH-KAPBOKCUMETHUJ/INEJUIIOJIO3HBIX T'HIPOT'EJIEH

A.M.Kanuesa', A.E. Maamaxosa’

1 Kaszaxckuil HayuoHnanwHwiti meduyunckuu yuugepcumem umenu C. []. Acenouspoea, Armamei,
Kazaxcman
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Pe3ome. Bsedenue. B mocnenHee mecATHieTHE B OMOMEAMIIMHE [IMPOKO  MPUMEHSIOTCS
CBEPXIOMIOLIAIONINE IHIPOTeNI Ha OCHOBE MPUPOJHBIX MOJIMMEPOB (LeJIr0103a, XUuTo3aH). Hecmotps Ha
BBICOKYIO CTa0MJIBHOCTH U OHOCOBMECTHMOCT, JAHHBIC Tl 00IaaloT PAIOM HEIOCTaTKOB, CBS3aHHBIX
C HEJOCTAaTOYHOW ICEBIOIUIACTHYHOCTBI0 M TUKCOTPONHOCTBIO. B CBSI3M € 9TUM KPUTHYECKYIO
MEIHULMHCKYI0 aKTyaJbHOCTh IpUOOpeTaeT pa3paboTKa THAPOTeNeBBIX CHUCTEM C  33JaHHBIMU
PEOJIOTHUECKUMU  CBOMCTBaMH. [lenvio  uccnedosanus — seisemcsi TONYydeHHE W KOMIUIEKCHOE
PEOJIOTHYECKOe HCCIEAOBaHHE THaporeieidl Ha ocHoBe xuro3aHa (CS) M KapGOKCHMETHIILIEILIIONIO3BI
(CMC) ¢ pa3iuYHBIM COOTHOLICHHEM KOMIIOHEHTOB, a TAaKXe OLCHKA BJIMSHHS CKOPOCTH CIBHTa W
TEMIIepaTypbl HAa HUX CTPYKTYpPHO-BSI3KOCTHBIE XapPAaKTEPUCTUKHU JUIS OIPENECNCHHUs IEPCIEKTUBHBIX
COCTaBOB JIJIsl HAPYKHOT'O NIPUMEHEHHs. Pe3ynbmambl u obcyscoenue. ['naporeau Ha OCHOBE XUTO3aHA U
kapOoxcumermneuiono3sl (CS/CMC) ¢ pa3InYHBIM COOTHOLICHHEM IOIMMEPOB OBUIM HCCIIEIOBAHbI
MeToJoM peoMeTpuu npu Temmeparypax 20, 25 m 35°C B amamasone ckopocredd casura 3-120 ¢
HauGonbuine 3HaueHUS KaKyIEHCsl BSI3KOCTH BO BCEX MCCJIEHAOBAHHBIX YCIOBHSX HaOMIONANMCh JUIS
cocraBa CS2.0/CMCO.5, Torna Kax IOBBIIICHAE TEMIICPATYPHI IPHBOAMIO K 3aKOHOMEPHOMY CHIIKCHHIO
BSA3KOCTH. JIJIs1 KOJIMYECTBEHHOM OIIGHKH PEOJIOTMYECKOT0 MOBECHHS SKCIIEPUMEHTAIIbHBIC TaHHbIE ObLIN
anmpokcuMupoBansl Moneiasmu Power-law, Herschel-Bulkley u Casson.  3axmwouenue. Twaporenu
CS/CMC mnpu 20-35 °C u casure 3-120 ¢! nposiBUIM BBIpaXKEHHOE PazKWKeHHe, oOJeriaromiee ux
HaneceHne Ha koxy. CocraB CS2.0/CMCO0.5 mnokaszall MakCHMaJbHYIO BSI3KOCTh H YCTOHYHBOE
peonoruueckoe mosexenune (K=16,90 Ila-c?, n=0,389, R>=0,987 mnpu 25°C), 4ro nemaer ero
MePCTIEKTUBHON OCHOBOH JIsl TONMYECKUX THIPOTENIEBbIX CHCTEM.

KioueBblie cjioBa: XHUTO3aH, Kap6OKCI/IM€TI/IJ'II_[eJIJ'IIOJ'IO3a, Tuaporeslb, peoJIOTUICCKUE XapaKTCPUCTUKH,
TNICEBAOINUIACTUIHOCTDH, TOMUYECKOC NPUMECHCHHUE
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SILICA FOULING OF ANION-EXCHANGE RESINS IN URANIUM IN-
SITU RECOVERY: CURRENT UNDERSTANDING AND
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Abstract. The growing share of in-situ leaching (ISL) in global uranium mining is increasing the
demands on the efficiency of ion-exchange processing of pregnant solutions. Strongly basic anion
exchange resins that sorb uranyl sulfate or uranyl carbonate complexes are typically used for uranium
extraction. Over long periods of operation, their properties deteriorate due to the accumulation of silicon
compounds released into the solution during the leaching of silicate rocks. This review examines the
mechanisms of silicon fouling of anion exchange resins used in ISL, as well as existing methods for
desilication and regeneration. An analysis of scientific publications and technical materials shows that
fouling is primarily due to the penetration of silicic acid into the resin pores and its subsequent
polymerization. With localized increases in pH, silicate anions can also interact with exchange sites. The
formation of oligomeric and polymeric siloxane structures hinders mass transfer, blocks active sites, and
reduces the uranium sorption capacity. Alkaline treatment with NaOH and fluoride-containing reagents
are used for regeneration. Alkaline solutions are technologically simpler, but less effective against highly
polymerized silica phases and, under harsh conditions, can damage the resin. Fluoride systems provide
deeper silicon removal but place increased demands on the corrosion resistance of equipment and
wastewater treatment. Therefore, the regeneration process must ensure silicon removal without
significantly reducing the mechanical strength and sorption properties of the resin.
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1. Introduction

Uranium retains a significant role in the global energy sector as the primary
fuel for nuclear reactors generating electricity with low carbon emissions.
According to the World Nuclear Association (WNA), global uranium demand is
estimated at approximately 68,920 tU in 2025. In the baseline scenario, it could
exceed 150,000 tU by 2040, driven by a projected increase in installed nuclear
power capacity to 746 GW [1].

This demand growth is driven by the transition to sustainable energy systems
and the goal of achieving carbon neutrality by 2050, as well as the need to
diversify supplies in the face of geopolitical risks and a structural deficit in
primary uranium production. In 2024, production covered only approximately
90% of global demand, with the remainder supplied by stockpiles and secondary
sources [2]. Additional confirmation of the strategic role of nuclear energy is
reflected in projections of the International Atomic Energy Agency (IAEA),
according to which, under the high-growth scenario, global nuclear capacity may
increase 2.6-fold, from 377 GW in 2024 to 992 GW by 2050 [3].

Uranium mining is one of the technologically complex areas of mining
production, and the choice of method for developing a deposit is determined
primarily by its lithological structure and hydrogeological conditions. In 2024,
global uranium production amounted to about 60,000 tons. Underground in-situ
leaching accounted for approximately 52% of this volume, or about 31,000 tons
of uranium. With this method, the leaching solution is pumped into permeable,
water-saturated ore-bearing horizons, where uranium is converted into a soluble
form and then extracted through extraction wells. This makes it possible to
significantly reduce the volume of overburden and underground mining
operations. About 30% of the world’s uranium was extracted using the
underground method, 14 % using the open-pit method, and about another 4 % was
obtained as a by-product during the processing of other mineral raw materials.
Kazakhstan maintains the world’s leading position in terms of uranium
production volume - about 39%, or 22,000 tons, with the bulk of production based
on in-situ leaching. In Canada, which accounts for about 24% of global
production, mainly the rich in-situ deposits of the Athabasca Basin are being
developed. In Namibia and Australia, mainly open-pit and combined schemes are
used; in Australia, uranium is also obtained as a by-product at the Olympic Dam
deposit [4]. It is expected that the share of in-situ leaching may continue to grow
as deposits suitable for this method are brought into development [5].

In in-situ leaching, the solution is injected through a system of injection
wells into a mineralized aquifer. In the formation, uranium transitions from the
solid phase into the solution, after which the productive solution is pumped to the
surface through production wells. Depending on the composition of the ore, two
main leaching systems are used - acidic and carbonate. In acid-based schemes,
solutions of sulfuric acid are primarily used; in carbonate-based schemes,
solutions of sodium carbonate and sodium bicarbonate, or ammonium-containing
reagents, are used. The choice of medium depends on the mineralogical
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composition of the ore-bearing rocks and, especially, on the content of
carbonates, which consume the acid for neutralization [6, 7]. In some studies, a
CaCOs content of up to 4% is indicated as an approximate limit for applying an
acid-based scheme. With a higher carbonate content, the acid consumption
increases, so a carbonate-based scheme may turn out to be more technologically
feasible [8].

To maintain oxidizing conditions in acidic systems, H,O,, O, Fe*, or
hypochlorite are used. These reagents promote the conversion of uranium into the
mobile hexavalent form U(VI) [9]. In carbonate systems, uranium recovery is
based on the combination of oxidation and complex formation of uranyl with
carbonate ions, resulting in the formation of the soluble complex UO,(COs)s*,
which is widely applied in ISR operations in the United States. The World
Nuclear Association also emphasizes the widespread use of the alkaline ISR
variant in the United States due to the presence of acid-consuming minerals in
host formations [10].

After the PLS is lifted to the surface, uranium is recovered by
hydrometallurgical methods. For solutions with low and moderate mineralization,
ion exchange is the most widely used method, whereas at high mineralization
levels (approximately TDS above ~8000 mg/L) solvent extraction is preferred due
to the decrease in resin efficiency [11]. In ion exchange schemes, the solution is
sent to the sorption stage, where uranium is selectively fixed on anion exchange
resins with high affinity for uranyl anionic complexes. The contact of the solution
with the resin in the columns ensures the concentration of uranium in the sorbent
granules, after which the purified solution is returned to the circulation circuit or
sent for disposal [6, 12].

As the resin is saturated, an elution stage is carried out, during which
uranium is displaced from the active centers by solutions of sodium or ammonium
salts (chlorides or nitrates), which leads to the formation of concentrated uranium
eluate, which is then sent to the precipitation stage [13]. In industrial practice,
precipitation of ammonium diuranate with the addition of NHs, as well as
precipitation of uranium peroxide using H20>, are widely used; the final product
is usually obtained in the form of U3Os (yellowcake) [14].

A significant operational limitation of ion exchange systems is the
contamination and degradation of sorbents during repeated use. In addition to
uranium, resins inevitably interact with the accompanying components of
solutions, including iron, organic substances and silicon compounds. This leads to
a decrease in exchange capacity, deterioration of sorption kinetics and an increase
in reagent consumption at the desorption stage. In this regard, regular flushing,
chemical cleaning and resin regeneration are considered as necessary elements of
the technological scheme that ensure the stability of the sorption cycle [12].

Silicon compounds occupy a special place among pollutants. Silicic acid
enters the solution during sulfuric acid leaching of aluminosilicate rocks and can
accumulate in anion exchange resins to levels of about 12-17%, which is
accompanied by a decrease in the sorption capacity of uranium and a deterioration
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in the mechanical strength of resin granules [15]. The physico-chemical nature of
this phenomenon is associated with the polymerization of SiO; and the formation
of hard-to-remove deposits on the surface and inside the porous structure of the
resin, which leads to blocking of active centers and slowing down the processes
of mass transfer. Industrial practice shows that critical contamination can form
after 15-20 sorption-desorption cycles, while the mass fraction of silicon
impurities in the resin can reach tens of percent, which leads to a noticeable
decrease in the efficiency of uranium extraction.

Thus, the purification and regeneration of sorbents in the uranium industry is
not an auxiliary operation, but a system tool for maintaining the stability of the
technological process. Alkaline desilication using NaOH solutions remains the
most common approach; however, strongly basic anion-exchange resins have
limited stability in alkaline environments, requiring strict control of process
conditions and the use of protective technological measures. Increasing the NaOH
concentration promotes increased silicon desorption but also increases the risk of
degradation of the resin's polymer matrix [16].

In this context, analyzing the mechanisms of silicon contamination of ion-
exchange resins and systematizing their purification methods used in industrial
practice is particularly relevant, as silicon accumulation is considered one of the
factors limiting the efficiency of uranium sorption extraction in ISR processes.
However, an analysis of the literature shows that information on the influence of
silicon compounds on the sorption properties of resins and the effectiveness of
regeneration measures remains limited and fragmented, and the number of
publications devoted to this issue in the context of uranium sorption extraction
remains relatively small.

2. Modern Uranium Mining Methods and Their Influence on Market
Structure

Modern uranium mining is a system in which the geology of deposits and the
selected mining technology directly determine the stability of supply and, through
contracting, shape the market cycle. In-situ leaching/in-situ recovery (ISL/ISR)
dominates the current structure of global uranium mining: according to the World
Nuclear Association, in 2024 approximately 52% of uranium was mined by ISL,
approximately 44% by conventional methods (open-pit and underground mining),
and approximately 4% is recovered as a by-product. This ratio should not be
considered as a purely statistical characteristic; it reflects the technological shift
of the market towards production schemes with lower capital intensity and higher
scalability, which allows manufacturers to respond more quickly to changes in
contract demand. A later WNA estimate places the ISL share above 55%,
consistent with the forecast of 55-60% by 2026 cited above and indicates the
continued strengthening of the role of ISR technologies in the global uranium
industry [4].

Classical uranium mining includes open-pit and underground methods, the
choice of which is determined by the depth of occurrence, geometry of the ore
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body, and mining-geological conditions. In a fundamental review by the
International Atomic Energy Agency (IAEA), it is emphasized that uranium
extraction, depending on the depth of occurrence, may be carried out either by
open-pit mining (with drilling-and-blasting preparation, bench systems, and
radiometric grade control) or by underground mining [12]. From a practical
perspective, this corresponds to the scheme shown in Figure 1, which illustrates
three basic classes of uranium extraction: open-pit mining, underground mining,
and ISL/ISR.

Ore Layer

- S

Tipervious Taer

Open pit mining Underground mining In-situ mining

Figure 1 — Schematic representation of the main uranium mining methods (open-pit, underground, ISR).

Due to the high concentration of global uranium production within a limited
number of supplier countries, not only the geographical distribution of mining but
also the technological approaches used for deposit development acquire
considerable importance. Leading producing countries employ fundamentally
different mining methods — from in-situ recovery (ISR) to open-pit and
underground mining of hard ores — which results in different sensitivities of their
production systems to geotechnological, reagent-related, and infrastructural
constraints. The systematization of countries according to dominant mining
methods, based on national production profiles presented in the report OECD-
NEA/IAEA Uranium 2024: Resources, Production and Demand [5], is presented
in Table 1.

Table 1 - Distribution of Major Uranium-Producing Countries by Dominant Mining Methods (2024)

Country Dominant mining method Deposit type Notes
Kazakhstan Almost all production via ISR
Uzbekistan ISR Sandstone ISR is the pr|nC|p_aI method_
ISR is the main operating
USA
method
Canada Underground High-grade Underground mining
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unconsolidated
ores

Namibia Open-pit Granites, calcretes | Conventional mining

Australia Underground / open-pit Hard rock ores Olympic Dam, Ranger, etc.

. Sedimentary  and .

Russia Underground / ISR hard rock Mixed model

China Various ISR is being implemented

Niger Underground / open-pit Sedimentary Conventional mining

Ukraine Underground Metasomatites Underground mining

India Underground / open-pit Hard rock ores Conventional mining

. Gold-bearing .
South Africa | Underground (as by-product) conglomerates By-product uranium recovery

The transition toward ISR dominance is explained by a combination of
technological-economic and geological factors. ISL is implemented through the
circulation of leaching solutions within a permeable ore-bearing horizon and the
recovery of pregnant leach solution (PLS) to the surface through production
wells. For industrial feasibility, the presence of impermeable confining layers,
controlled hydrodynamics, and regulated solution geochemistry are critical. As
emphasized by the IAEA in its specialized publication on ISR operations, these
requirements determine both the configuration of well fields and the monitoring
regimes, and they also limit the applicability of the method according to deposit
type [7].

At the global level, WNA also confirms its technological dominance: as early
as 2022, a significant part of global uranium production was provided by
enterprises using ISR technology, with the bulk of production in the USA,
Kazakhstan and Uzbekistan coming from underground leaching [6]. This
indicates that the technological leadership actually coincides with the
geographical dominance of the sandstone uranium provinces and, consequently,
with the concentration of market supply in a limited number of jurisdictions.

The uranium market is highly sensitive to changes in production because
global supply is concentrated in a small number of countries. According to the
WNA, Kazakhstan, Canada, and Namibia together accounted for about three
quarters of global uranium production in 2024. Under these conditions, even
relatively small changes in production plans, whether caused by delays in
commissioning new capacity, logistical constraints, or regulatory factors, can
noticeably affect market supply.

Kazakhstan plays a particularly important role in this structure. The country
has remained the world’s largest uranium producer since 2009 and also holds a
substantial share of identified global uranium resources, according to the WNA
country profile. The updated country profiles contain production and resource
base indicators reflecting the long-term sustainability of supplies [17]. For the
uranium market, not only the absolute volume of production is important, but also
the technological nature of this supply: the dominance of ISR makes production
rates more sensitive to hydrochemical constraints and the state of the reagent
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infrastructure than to the traditional mining restrictions associated with the
construction of underground mines.

The distribution of uranium production volumes among the main producing
countries in 2024 is shown in Figure 2, while Figure 3 shows the distribution of
production volumes among the ten largest uranium mining companies in the
world according to WNA data for 2024.

Kazakhstan
Canada
Namibia
Australia
uUzbekistan
Russia
China
Niger

india

Ukraine

0 5000 10000 15000 20000
Produchion, tU

Figure 2 — Top-10 uranium-producing countries (2024), tU.
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Figure 3 — Top-10 uranium-producing companies (2024), tU.

Along with the ranking of producers, the ownership structure of uranium
mining companies is also of fundamental importance. According to an
intergovernmental assessment presented in the Red Book (Uranium 2024 edition,
data for 2022), of the total world uranium production national state-owned -
companies, 15% (7,181 tons) by national private companies, 33% (16,400 tons)
by foreign state-owned companies and 10% (4,970 tons) - by foreign private
companies. Collectively, the Red Book indicates that in 2022, approximately 75%
of global uranium production was associated with state-owned companies, while
25% was accounted for by the private sector [5, p. 95]. This configuration means
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that a significant part of the uranium supply may be sensitive to national policy
priorities and regulatory regimes, which is methodologically important to take
into account when interpreting market signals (without assuming any political
motivations beyond the information contained in the sources used).

Market data also shows that the observed spot price does not necessarily
reflect the dominant segment of actual trading volumes. According to data
provided by Yellow Cake, in the fourth quarter of 2024, the spot price of uranium
decreased by 10.7%, decreasing from $81.75/Ib (September 30, 2024) to
$73.00/Ib (December 31, 2024). After the end of the quarter, the decline
continued, and as of January 27, 2025, the price of it amounted to $67.30/Ib,
while the indicative long-term price for the same period decreased to $79.00/Ib. In
terms of market liquidity, the quarterly trading volume was 11.1 million Ib, while
the cumulative annual volume in 2024 reached 45.6 million Ib, compared with
56.7 million Ib in 2023. At the same time, the average annual trading volume for
the period 2020-2023 was 78.7 million Ib, and the maximum value was recorded
in 2021 (102.4 million Ib) [18]. These indicators quantitatively confirm the thesis
about the relatively small scale of the spot market segment and the potential
volatility of price indicators in conditions of limited volume of &quot;mobile
stocks&quot; available for spot operations.

In terms of final demand, the contract structure of the uranium market is well
illustrated by statistics for the United States. According to the U.S. Energy
Information Administration (EIA), in 2024, U.S. nuclear power plant owners and
operators purchased 55.9 million Ib of UsOs-equivalent, of which 49.8 million Ib
were delivered under short-, medium-, and long-term contracts, while 6.1 million
Ib were purchased under spot contracts. The weighted average purchase price in
2024 was $52.71/Ib, including $71.92/lb for spot contracts and $50.36/Ib for
contracts with a delivery period of more than one year. Furthermore, EIA data
demonstrate the dominance of external supplies in the uranium procurement
structure: of the 55.9 million Ib, supplies from foreign producers accounted for
54.6 million Ib, while U.S.-origin uranium accounted for only 4.3 million Ib [19].
In the context of this review, these statistics serve as empirical confirmation that,
even in the face of significant price fluctuations, major consumers primarily rely
on multi-year contractual agreements, while the spot market serves primarily as
an indicative measure.

These factors often cause discrepancies between planned production volumes
and actual production levels. Energy policy creates an additional level of
uncertainty. For example, in 2025, Reuters, examining the impact of government
initiatives aimed at expanding nuclear energy in the United States, cited estimates
indicating a possible acceleration in uranium demand growth due to reactor fleet
expansion plans and the development of small modular reactors (SMR). Such
trends may increase the likelihood of increased contracting activity and increase
upward price pressure in the face of limited supply growth [20].

Taken together, the presented data allow us to conclude that the current
structure of the uranium market-characterized by the technological dominance of
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ISR, high production concentration, the return of long-term contracting, and
limited spot market liquidity-increases the likelihood of periods of supply
tightness as reactor fleet demand grows, even in cases where nominal production
expansion plans appear sufficient on paper. The dynamics of World uranium
production in 2010-2024 and the forecast of its change up to 2030 are presented
in Figure 4 (according to data from [21]).

Global Uranium Production (2010-2030)

EEm Production (ktU), LHS Growth rate (%), RMS Projection (E)

Global uranium production (thousand tonnes)
Growth rate (%)

]
]

Figure 4 — World uranium production (2010-2030): production volumes (thousand tU) and growth rates
(%)

As a result, the uranium market is entering a phase characterized by three
interrelated characteristics: the technological dominance of ISR and its continued
expansion to over half of global production; the high concentration of production
in a limited number of countries and companies; and the restoration of long-term
contracting as the primary mechanism for balancing supply and demand.

Taken together, these factors explain why even moderate changes in demand
can quickly lead to a transition of the uranium market to a state of supply tension
and increased price sensitivity. Under these conditions, the sustainability of
uranium supplies is increasingly assessed not only in terms of resource
availability but also in terms of the feasibility of production plans and the
reliability of key mining centers.

3. lon-Exchange Recovery of Uranium from Pregnant Leach Solutions of In-
Situ Leaching

In industrial practice of uranium in-situ leaching, uranium recovery from
pregnant leach solutions (PLS) is carried out by the ion-exchange method, which
is based on the selective sorption of uranium(VI) anionic complexes on the
functional groups of synthetic ion-exchange resins [22]. Depending on the
chemical conditions of leaching, uranium in solution is present either in the form
of uranyl sulfate complexes (in sulfuric-acid systems) or uranyl carbonate
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complexes (in alkaline bicarbonate systems), which determines the requirements
for the type of sorbent used [7].

Under conditions of acid in-situ leaching, which is widely applied at
sandstone deposits in Kazakhstan where leaching is carried out with sulfuric acid,
uranium (V1) is predominantly present in the form of anionic complexes
U02(S04),* and UO2(S0O4)s* [23]. These complexes are recovered using strong-
base anion exchange resins (SBA). Sorption of these complexes on the quaternary
ammonium functional groups of SBA resins proceeds according to an ion-
exchange mechanism that may be represented by the following reactions:

2RN* OH™ + [UOx(S04)2] = (RaiN*)2[UOx(SO4)2] + 20H (1)
4R4N+ OH + [UOZ(SO4)3]47 = (R4N+)4[U02(SO4)3] +40H" (2)

In contrast to acidic systems, at several ISR operations in the United States
alkaline bicarbonate leaching is applied, in which uranium(VI) occurs
predominantly in the form of uranyl-carbonate complexes UO2(COs),* and
UO2(COs)s* [24]. Their recovery on SBA anion exchange resins also occurs
through exchange of the resin counter-ions for uranyl anionic complexes:

2RsN* OH + [UOz(COs)z]} = (RsN")2 [UO, (CO3),] + 20H  (3)
4R4N* OH™ + [UO,(CO3)3]* = (RaN*)a[UO2(CO3)3] + 40H  (4)

Under these conditions, such commercial strong-base anion exchange resins
as Dowex 1X8, Purolite A-520E, Purolite A500, and Lewatit S6328A are widely
used. These sorbents are applied both in resin-in-solution (RIS) column circuits
and in resin-in-pulp (RIP) processes when solid particles are present in the
productive solution.

For sulfuric-acid productive solutions it has been shown that the resin Dowex
1X8 provides a high sorption capacity and efficient desorption, enabling the
production of eluates with uranium concentrations more than twenty times higher
than those of the initial pregnant solution [25].

In carbonate ISR systems used at certain deposits in the United States,
strong-base anion exchange resins resistant to high mineralization of groundwater
are typically applied. In particular, column experiments have demonstrated that
Dowex 21K resin can provide a loading capacity of up to 49.8 mg U g* before
breakthrough during treatment of carbonate groundwater solutions [26].
Similarly, Purolite A-520E is used in RIS processes for the recovery of uranyl-
carbonate complexes from alkaline productive solutions [27].

A comparison of sorbents used in acidic and carbonate ISR circuits is
presented in Table 2.

Table 2 — Sorbents Used in Acidic and Carbonate ISR Circuits
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Resin brand Sorbent type Leaching medium RIS RIP
Dowex 1X8 H2S04 + +
Purolite A-520E H>SO04 / NaHCO3 + +
Purolite A500 SBA + +
. H2S04
Lewatit S6328A + +
Dowex 21K +
NaHCOs
Dowex 21K XLT +

Thus, in modern technological schemes for uranium recovery from pregnant
solutions of in-situ leaching, strong-base anion exchange resins are most widely
used, providing effective sorption of uranium (V1) anionic complexes in both
acidic and carbonate ISR systems. The choice of a specific resin grade is
determined by the chemical composition of the pregnant solution, the type of
leaching medium, and the engineering configuration of the sorption equipment.

4. The Problem of Silica Fouling of lon-Exchange Resins in Uranium ISR
Circuits

Under conditions of sulfuric-acid in-situ leaching of uranium (ISR/ISL),
which is predominantly applied at sandstone deposits, pregnant leach solutions
(PLS) inevitably contain, along with uranyl-sulfate complexes, significant
concentrations of dissolved silicon originating from the acid decomposition of the
silicate and aluminosilicate matrix of host rocks. Within the technological circuit
of uranium recovery, silicon is present in a set of forms including orthosilicic
acid, oligomeric polysilicic acids, and colloidal silica, and the transformation
between these forms is primarily determined by pH, temperature, and the ionic
composition of the solution.

Although at pH values typical of ISR solutions (pH ~ 1.5-2.5) the rate of
polycondensation of silicic acids may be relatively low, even minor local
deviations in acidity that occur during mixing of process streams, washing zones,
or interaction with hydrolyzing ions such as Fe** and AIPF* may initiate
aggregation of low-molecular silicon species followed by the formation of hard-
to-remove intrapore deposits on the surface and within the volume of ion-
exchange sorbents [15, p.443].

As demonstrated by Chuuman et al. [28], the initial stage of interaction
between silicon compounds and strong-base anion exchange resins proceeds
through an ion-exchange mechanism between the functional quaternary
ammonium groups of the polymer matrix of type R4N*OH" and the monosilicate
anion Si(OH);0", which may be described by the following reaction:

R4N*OH +Si(OH);0™ = RsN*OSi(OH)s+OH" (5)
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It should be noted that at the pH of 1.5-2.5 typical of ISR pregnant solutions
and with a first dissociation constant of silicic acid of about pKal ~ 9.8, silicon is
present mainly as the neutral species Si(OH)a. In the acidic sorption circuit, silica
accumulation is therefore governed chiefly by polymerization and deposition of
neutral silica within the pores, whereas the ion exchange described by reaction (5)
is relevant primarily for the OH-form of the resin and for the alkaline regeneration
stage. The sorbed monomeric forms of silicic acid subsequently undergo intrapore
polycondensation with the formation of siloxane bonds (=Si—-O-Si=), resulting in
the formation of oligomeric and polymeric structures with different degrees of
connectivity. According to NMR spectroscopy, these structures are identified as
Q'-Q?3 silicate units. It has been shown that even when less than 10% of the ion-
exchange capacity of the resin is occupied, monomeric forms (Q°) transform into
dimeric and linear polysilicates (Q*>-Q%), which is accompanied by a decrease in
the mobility of the adsorbed silicon compounds and their subsequent fixation
within the pore structure of the sorbent.

Practical observations in industrial ISR circuits demonstrate that the silicon
content in strong-base anion exchange resins may reach 12-17 wt.%, which is
accompanied by a decrease in uranium sorption capacity and deterioration of the
mechanical strength of resin beads [15, p.435]. In this context, silica fouling of
resins ceases to be considered a secondary analytical phenomenon and becomes a
factor directly limiting the operational lifetime of sorption materials.

The mechanism of this phenomenon combines deposition of neutral silica
inside the pores and competition of silicate anions with uranyl-sulfate complexes
for the active sites of strong-base anion exchange resins. In the initial state, the
resin exists in the hydroxide form RsN*OH". Upon contact with the pregnant
solution of in-situ leaching, ion-exchange sorption of the anionic uranium
complex [UO2(S0.)2]* occurs, resulting in the formation of a uranium-loaded
resin form. At the same time, part of the dissolved silicon occurs as the anion
Si(OH)30", whose share rises in local zones of elevated pH and in the OHform of
the resin after regeneration and which then competes for the same quaternary
ammonium sites; in the bulk acidic circuit the neutral form Si(OH)4 prevails and
is retained mainly through intrapore polymerization.

During the desorption stage of uranium, uranyl-sulfate complexes are
removed from the resin structure; however, silicon compounds may partially
remain within the pores and on the functional groups of the resin. This leads to
gradual accumulation of silicon in the anion-exchange matrix and to the formation
of the so-called silica fouling effect, which is accompanied by a decrease in the
availability of active sites and deterioration of the sorption properties of the
material.

Schematically, the sequence of these stages — namely the initial state of the
resin, sorption of uranyl-sulfate complexes with the competitive participation of
silicates, and the subsequent partial retention of silicon after uranium desorption —
may be represented as shown in Figure 5.
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Figure 5 — Schematic representation of the competitive sorption of uranium and silicon on an anion-
exchange resin.

The quantitative influence of accumulated silica on the sorption properties of
resins was investigated in detail by Yahorava et al. [29]. The authors
demonstrated that already at a silica content of about 6% SiO; in a gel-type RIP
resin, the loss of maximum uranium loading after 24 hours exceeds 50%, whereas
for macroporous resins a comparable decrease occurs only when silicon
accumulation reaches 25-28%. At the same time, the authors reported differences
in the morphology of deposits: in gel-type resins a diffusion film forms on the
bead surface, whereas in macroporous resins silica penetrates deeper into the
internal structure of the beads. This is confirmed by the increase in silicon
concentration toward the center of the bead at high levels of contamination.

These results are consistent with the previously proposed mechanism of
intrapore fouling, formulated by Zhang [30], according to which low-molecular
polysilicic acids are capable of diffusing into the pore space of an anion-exchange
resin, followed by aggregation and formation of intragranular deposits. In
contrast, high-molecular polysilicate species are limited by pore dimensions and
therefore predominantly precipitate on the resin surface. Taken together, these
findings indicate that the critical factor in the degradation of sorption properties is
not so much the total silicon concentration in solution but rather the presence of a
reactive oligomeric silica fraction.

The obtained results also agree with experimental observations reported by
Chuuman et al. [28, p.873], according to which the desorption of silicon from
strong-base anion exchange resins strongly depends on the degree of
polymerization of the silicate structures. Thus, structures of types Q°-Q? are
relatively easily removed during treatment with 1-2% NaOH solutions, whereas
more condensed Q2 structures are practically not desorbed even when the alkali
concentration is increased. This indicates the necessity of breaking siloxane
bridges during sorbent regeneration.

Additional confirmation of the influence of silica fouling on the kinetics of
uranium sorption is presented in the work of Litvinenko et al. [31]. The authors
showed that increasing the SiO; content in the Purolite A500U anion exchange

27



ISSN 1813-1107, elSSN 2710-1185 MNe3, 2026

resin from 0 to approximately 19.6% leads to a substantial decrease in the degree
of uranium saturation at a fixed contact time. For resin containing about 28%
silica, achieving equilibrium loading requires an increase in contact time up to 24
hours, whereas a fresh sorbent reaches comparable values within 6 hours. Thus,
the accumulation of silicon can shift the sorption process from a Kinetically
controlled regime to a diffusion-limited regime, which has direct technological
implications for column ISR circuits.

It should be noted that the negative impact of silicon on the operational
characteristics of sorption materials in ISR circuits is not limited to mechanical
blockage of the porous structure of ion-exchange resins. According to the results
reported by Sharafutdinov et al. [32], silica may participate in the formation of
stable organo-silicon complexes with humic and fulvic acids present in pregnant
leach solutions. These compounds subsequently sorb on the surface and within
the volume of both anion-exchange and cation-exchange materials.

In this case, it is assumed that fixation of silicon within the ion-exchange
matrix occurs not only in the form of polycondensed silicate particles but also as
part of sulfoghumic compounds, which are capable of partial desorption during
the regeneration stage. This results in secondary contamination of the commercial
desorbate and deterioration of its technological characteristics during subsequent
processing. Moreover, the sorbed organo-silicon complexes may serve as centers
for further fixation of trivalent cations, particularly Fe*, predominantly in an
irreversible form. This additionally reduces the efficiency of resin regeneration
and promotes accumulation of ballast components within the ion-exchange phase.

Thus, the presence of silicon in ISR pregnant solutions may be considered a
factor of complex chemical-physical contamination of strong-base anion
exchange resins, leading to a progressive decrease in their working capacity and
deterioration of cyclic stability during sorption—desorption operations.

Despite the established negative effects of silicon accumulation in ion-
exchange resins, the scientific literature contains a comparatively limited number
of studies devoted to the development of effective methods for its removal from
the structure of sorbents. The most common approach remains alkaline
desilication, based on the conversion of silica into soluble silicate forms [12, 33].

It should be taken into account that the efficiency of this process is
determined not only by the concentration of alkali but also by the degree of
polymerization of the adsorbed silicon compounds, since silicon removal in this
case occurs mainly through alkaline hydrolysis of siloxane bonds (=Si—-O-Si=)
formed during intrapore polycondensation of silicic acid [28, p.871].

At the same time, the results of column experiments by Chuuman et al. [28,
p.871] demonstrate that for the OH- form of SBA anion exchange resin, the
expected “reverse” desorption of silicon via displacement by more selective
anions X» (such as Cl-, HCOs, SO4?*) is practically not realized, although the
selectivity order for this system is given as:

SO >CI” >HCO;s > Si(OH);0 > OH~ (6)
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The authors showed that regeneration of the column using H,SO., HCI,
NaHCOs3;, and NaCl solutions results in incomplete elution of silicon, whereas
noticeable elution occurs specifically when NaOH solution is used. This indicates
that the dominant mechanism is hydrolytic destruction of polysilicates rather than
simple ion exchange.

Consequently, alkaline regeneration should be considered a process limited
by the rate of hydrolysis of siloxane bonds (=Si—-O-Si=) within the formed
intrapore polysilicates rather than solely by the concentration of exchangeable
silicon anions.

Earlier studies [15, p.436] established that treatment of anion exchange resin
with NaOH solutions of 30-50 g dm™ at 25-27 °C allows the silicon content in
the resin to be reduced to 2.91% and 1.15%, respectively, while maintaining
mechanical strength of approximately 94%. However, increasing the alkali
concentration above 100 g dm™ leads to destruction of the polymer matrix of the
sorbent. Similar concerns regarding chemical degradation of functional groups
during intensive alkaline treatment were reported by Brown et al. [34], who
emphasized the instability of certain strong-base anion exchange resins at high pH
values.

Column experiments performed by Chuuman et al. demonstrated that
increasing the concentration of NaOH increases silica elution within the range of
1-2%, whereas a further increase up to 5% practically does not produce additional
improvement. Thus, a concentration of 2% NaOH may be considered sufficient
for elution of adsorbed silicates.

The temperature factor exhibits a non-linear influence: increasing the
temperature from 25 °C to 45 °C enhances the degree of elution, whereas at 55 °C
a decrease is observed. The authors attribute this to possible repolymerization or
precipitation of silicon within the pores as a result of increasing local
concentration of monosilicate during accelerated hydrolysis [28].

This effect is important for practical technological regulations, since it
demonstrates that intensification of regeneration by heating has an optimum and
exceeding this optimum may lead to the opposite effect.

In this context, the attention of researchers has been directed toward fluoride-
containing reagent systems, which promote the formation of soluble fluorosilicate
complexes. In the work of Spirin et al. [35], it was shown that the use of a
regenerant composed of 10% HNO; + 5% HF allows the SiO, content in the resin
to be reduced from an initial 36.8% to 2.8% at a solid-to-liquid ratio of 1:4, and to
0.4% at 1:5, while maintaining mechanical strength at the level of 75-76%.

In a direct comparative experiment using the same batch of resin, a three-
stage alkaline treatment reduced the silicon content only to 11.5%, with residual
mechanical strength of approximately 40%, whereas fluoride regeneration made it
possible to achieve 6.2% SiO, with a strength of about 77%. This residual value is
higher than the 0.4-2.8% reported by Spirin et al.; the difference should be
attributed to the conditions of this comparative test (initial SiO loading, reagent
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concentration and number of contact stages) rather than to a discrepancy between

the data.

Comparable results were reported by Litvinenko et al. [36], who showed that
treatment of Purolite A500Y anion exchange resin with HF or HF + HNO;
solutions at a sorbent-to-solution ratio of 1:5 for 3 hours results in a more
pronounced decrease in residual SiO, content while causing less deterioration of
mechanical strength compared with alkaline reagents.

Table 3 presents a comparative summary of the reported chemical methods
for desilication of silica-fouled ion-exchange resins.

Table 3 — Chemical methods for desilication of silica-fouled ion-exchange resins

Method Optimfal T o
tvpe Reagent(s) processing Desilication effect Limitations Source
yp conditions
| 3
30 l\?ggﬁm SiO2 in  resin Kylyshka-
2521 °C; s oo 0 os NaOH > 100 g | [ et al
=31, ~ ) ) ' dm3  damages
Removal of | resin matrix
1-2% NaOH,; monomeric and | Partial loss of
Alkaline NaOH ~45 °C; dimeric silica (Q%- | mechanical ;h?;g}an et
desilication 5-10 min Q?); polymerized | strength '
Q?® silica remains High alkali
150-200 g dm™ | 22-35% of silica | consumption Molchanova
NaOH; <40 °C; | removed from | Possible silica etal. [16]
6-8 h fouled resin gel formation in )
SiOz2 decreases | column
69 .
3 68/Ell\éaho H; from ~3-4% to Ritcey [33]
0.1-0.3% in resin
~13 g dm?® Si
~5_70, - Q-
HF f) 7/0 HF.‘ SIL | transferred to .
=1:5;3h;RT eluate Fluoride
Fluoride Strong silica \S\?z:sttoeSItcr)gathr?td
desilication 5-9% NHF; desorption; Si .
i ! : Fluoride
NH4F S:L=1:5;3h; | concentration in handlin
RT eluate ~13-14 g g
dm Litvinenko
Moderate silica etal.
Fluoride— ~10% NH4F + | removal (~40- [31, 36]
acid ’LH%'(:)J' dilute H2SO4; | 60%), mechanical bcenzrlgzs sulfate
treatment 2o ~3h;RT strength ~90%
retained
Alkaline— 9% NaOH + 28-35g dm? Resin  strength
NaOH + 15% - .
salt (NH4)2S0 (NH2)2SOs; Si removed into | reduced to 63-
desilication 429 ~3?1'2RT4’ eluate 68%
. 10% HNO3z + .
ﬁl(j:)draje HF + 5% HF; Residual SiO2 ch;rgrgls)gve Spirin et al.
HNO3 S:L~1:4-1:5; | 0.4-2.8% in resin - [35]
treatment 1-2 h medium
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The data reported by Chuuman et al. [28, p.873] indicate that the limited
efficiency of alkaline desilication is determined not only by diffusion factors but
also by the degree of polycondensation of the adsorbed silicon compounds, since
highly cross-linked Q* structures remain resistant to desorption even at elevated
alkali concentrations.

Despite the relatively high efficiency of fluoride-based regeneration methods,
their industrial application is associated with increased requirements for corrosion
resistance of equipment and for handling fluoride-containing effluents. This
significantly limits their use as a routine regeneration procedure.

In this regard, a number of authors are considering preventative approaches
aimed at reducing the entry of reactive forms of silicon into the sorption circuit.
For example, IAEA report TRS-359 notes that high-molecular-weight polymers
can be used to remove colloidal silica from productive solutions before the
sorption stage [12, p. 87]. Furthermore, Mikhaylenko and van Deventer [37]
emphasizes the need to maintain a balance between the rate of silicon
accumulation and its removal through partial regeneration of the resin flow in
kidney-loop mode.

Another approach involves the use of macroreticular anion-exchange resins,
which demonstrate higher stability when operating in environments with elevated
silicon content. This is reflected in the patent [38], which demonstrates the
applicability of such resins in long-term contact with solutions containing 500 —
700 mg/L SiO,. Overall, an analysis of the presented studies shows that existing
desilication methods provide varying degrees of silicon removal and
simultaneously have uneven effects on the mechanical integrity of resins. In this
context, the depth of purification and the preservation of the resin granule
structure act as competing criteria.

In many published studies, desilication efficiency is assessed primarily based
on the residual SiO content and the mechanical strength of the sorbent. Data on
the recovery of uranium sorption capacity after regeneration are reported
significantly less frequently, making direct comparisons of different regeneration
methods difficult.

Additional complications arise from differences in the criteria for assessing
silicon contamination and the analytical methods used. Therefore, the results of
individual studies are not always comparable, and the transfer of laboratory data
to industrial ISL conditions remains limited.

The available data are insufficient to fully evaluate the efficiency of
desilication under ISL conditions. Further research should focus on regeneration
modes that ensure silicon removal without significantly reducing the mechanical
strength and uranium sorption capacity of ion-exchange resins during repeated
use.

5. Conclusion
An analysis of current trends in global uranium mining reveals the consistent
dominance of the in-situ leaching method, which accounts for a significant
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portion of global production. When using this technology, the efficiency of
processing pregnant solutions depends largely on the stable operation of the ion-
exchange sorbents used for uranium extraction.

One of the reasons for the reduced efficiency of ISL sorption systems is the
accumulation of silicon compounds in ion-exchange resins. Silicon enters the
pregnant solutions through the interaction of the leach solution with silicate
minerals in the host rocks. Its accumulation in the anion exchange resin structure
can lead to a decrease in uranium sorption capacity and deterioration of mass
transfer, which gradually reduces the efficiency of the sorption process.

Despite the practical significance of this problem, the mechanisms of
contamination and regeneration of ion-exchange resins from silicon-containing
compounds under uranium ISL conditions have not been sufficiently studied. The
proposed purification methods provide varying degrees of silicon removal, but
their impact on restoring the resins' sorption properties has been significantly less
studied. Therefore, further research should focus on selecting regeneration modes
that remove silicon with minimal damage to the sorbent, as well as developing
measures to reduce silicon accumulation in ion-exchange materials during long-
term operation.
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JKEP ACTBI HIAMMAJIAY MPOLECIHJEIT AHHOHAJIMACTBIPFBINI HIAWBIPJIAPIBIH
KPEMHUMMEH JIACTAHYBI: KA3IPTI TYCIHIKTEP )KOHE PETEHEPAILIMS S1ICTEPI

M.K. Kvinviukanos, b.T. Anmaiibaee*, /K.C. Kenscemaes, M.Il. Konébaesa, P.X. Illapunos, I'.K.
Manovioaes

Kaszax-bpuman mexnuxanvix ynueepcumemi, Aimamut, Kasaxcman

Tyiiinaeme. Ypaunasl onemMIik eHIIpyae ep acTbl YHFbIMaiblK miaiimanay (JKAL) yneciHiH apTysl
eHIMAI epiTiHAiIepl HOHAIMacy oHiCTepiMEH THIMAI eHAeyre KOMBLIATHIH TalalTapAbl KYIICHTEeNi.
Vpauael Oenin amy YUIiH OfeTTe YpaHHI-CyIb(aTThl HEMece YpaHHI-KapOOHATTHI KeleHAeP/Ii
COpOLMSITIANTBIH KYLITI HETI3Ai aHHOHWUTTEp KOJJAAaHbUIAJbl. ¥3aK YyaKbIT MaiJajaHFaHaa OJapblH
KaCHeTTepi CHIIMKATTHI XKBIHBICTAP/bI MIaiMaay Ke3iHAe epiTiHAire oTeTiH KPEeMHHUH KOCBUIBICTAPBIHBIH
JKUHAITybIHA 0OalIaHBICTHI HalapJaisl. Honmyna JKAIIT JKargalbIHaA KOJIJaHBLIATBIH
AQHMOHAJIMACTBIPFBILI MIAKBIPIAPIGIH KPEMHUIIMEH JTaCTaHy MEXaHU3MJIepi, COHal-aK JeCHUIMKAUs MeH
pereHepanysHbIH KOJIAHBICTAFbl ToCIAepi KapacThpblibl. FhUIBIMY jKapHsIaHbIMAAD MEH TEXHUKAJIBIK
MaTepualIapAsl Tajiay KPEMHUHMEH JacTaHy HETi3iHeH KPeMHHMi KBIIIKBUIBIHBIH IIalibIp KeyeKTepiHe
CHyl JKoHE OJaH opi HOJIHMMEpJIeHYIMeH OailaHBICTHI eKeHiH KepceTedi. pH KeprimikTi >korapblIaraH
JKaFJai/la CUIIMKAT aHUOHJapbl HOHAJIMACy OPTANBIKTAPbIMEH Jie opekeTTecyi MyMKiH. Onuromepi xoHe
MOJMMEpPi  CHJIOKCAaH —KYPBUIBIMIAPBIHBIH ~ TY3Ulyl Macca anMmacylbl KUbIHIATalbl, OeyceHi
OpTalbIKTapbl Oereiiii skoHe ypaH OOMBIHIIA COPONUSIIBIK CHIMBIMIBUIBIKTEI TOMEHIETe NI, Perenepanus
yurin NaOH epitiHmiciMeH CIATLIK eHAeYy KoHEe KypambiHIa (Topug 0ap peareHTTep KOJAaHBUIAIbL.
CinTinik epiTiHAUIEp TEXHOJOTHSUIIBIK KarblHaH KapamaibiM, OipakK >KOFapbl JOpeKese MOJHMMEpPIICHIeH
KpeMHUILI (a3aHbl j)KOr0JIa THIMIUIINT TOMEH JKOHE KaTaH PeXKUMIEPAE IIAibIpAbl 3aKbIMIAaybl MYMKIH.
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dropuari KyHenep KpeMHHHAI TEpeHIpeK >KOsbl, ajaina *aOIbIKTBIH KOPPO3HUsFa TO3IMALIIrT MeH
aFBIHIBl CYyJNapAbl Ta3apTyFa >KOFapbl Tamanm Kosasl. COHIBIKTAH PEreHepamus pPEexXHMi MIaHbIPABIH
MEXaHHUKAJBIK OEpIKTIri MEH ypaHFa KaThICThl COPOLMSIIBIK KACHETTEPIH eNeyIli TOMEHICTICH, KPEMHUIT
THIM/I JKOOJIbI KAMTaMachI3 €Tyl THiC.

Tyiiinai ce3gep: ypaH, xep acThl maiimanay, copOLus, KpeMHHUI, KPEeMHHIICH Ta3apTy

Kvinviuukanose Manapoex Kanumosuu DusuKa-Mamemamuxa — bLIbIMOAPLIHbIY — OOKMOPbL,
npogeccop, email: kylyshkanov@mail.ru
Anmanoaes bazoam Tonbacynwt PhD, asa sbineimu Koizmemxep,
email: bagdataltai9@gmail.com
Kenswcemaes Kuzep Cmaoviesuu PhD, aza sviibimu kbizmemxep,
email: kzhiger@yahoo.com
Konoaesa Mapus Ilempogna Xumust  26L16IMOAPLIHGIY — KAHOUMAMbL, 424 EbLIbIMU
xoizmemkep, email: natalya.kopbayeva@mail.ru
ILlapunoeé Pycmam Xacanosuu PhD, accucmenm npogheccop,
email: r.sharipov@kbtu.kz
Manowibaes I'anumoican Kencexeeguu PhD, kaybimoacmeipwinzan npogeccop,

email: g.maldybaev@kbtu.kz

3ATPABHEHUE AHHMOHOOBMEHHBIX CMOJ KPEMHHUEM B IIPOHECCE
MHNOJ3EMHOI'O BbIHIEJIAYUBAHUA VYPAHA: COBPEMEHHOE IIOHUMAHHUE H
noaxoabl K PETEHEPAIIMHU
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Pe3ome. Poct momu moazemHoro ckBakuHHOro BbimenaunBanus (IIB) B mupoBoil noObiue ypana
noBbIaeT TpeboBaHus K APPEeKTHBHOCTH MepepabOTKH MPOLYKTHBHBIX PACTBOPOB HOHOOOMEHHBIMU
Merofamu. J{ns M3BIEUYEHHs ypaHa OOBIYHO MPUMEHSIOT CHIBHOOCHOBHBIC aHHOHHUTBI, COpOUpYIOIIHE
ypaHWI-Cynb(aTHbIC WM YPaHWI-KapOOHATHBIC KOMIUICKCH. IIpH [UIMTENBHON OKCIUIyaTaldh WX
CBOMCTBA YXY[AUIAKOTCS H3-32 HAKOIUICHHS COCAWHEHHH KPEMHHS, MOCTYMAIOIMX B PacTBOp MPH
BBIIICIAYMBAHUN CHJIMKATHBIX MOpoJ. B 0630pe paccMOTpeHbl MEXaHHW3Mbl KPEMHHEBOTO 3arps3HEHHS
aHMOHOOOMEHHBIX CMOJ, HCIOJb3yeMbix B [IB, a Takke CylIeCTBYIOIIME CIOCOOBI NECHIMKALMU U
pereHepai. AHaIN3 HAYYHBIX TyONUKAINA W TEXHHYECKUX MaTEPHAIIOB TIOKA3BIBACT, YTO 3arpsi3HEHIE
CBSI3aHO TJIaBHBIM 00Pa3oM C POHHMKHOBEHHEM KPEMHHEBOW KHUCIIOTHI B TIOPBI CMOJIBI U €€ MOCTIEAY oL
nonumepusanueid. Ilpu  JOKaJgbHOM  TOBBINIEHMH pH  CHIMKaTHBIE AQHHOHBI  TaKXKE  MOTYT
B3aMMOCHCTBOBaTh C OOMeHHbIMH IeHTpamu. (OOpa3oBaHHE ONMIOMEPHBIX H  MOJMMEPHBIX
CHJIOKCAHOBBIX CTPYKTYp 3aTpPyIHSET MAacCONEpPEeHOC, OJIOKMPYeT AKTHBHBIE YYaCTKH M CHIDKACT
COpPOIMOHHYIO €MKOCTh IO ypaHy. I percHepanuy IPHUMEHSIOT LIeNo4Hyo o0padotky NaOH wu
¢bropunconepxkamue peareHTsl. l{enouHble pacTBOPBI TEXHOJIOTHYECKH IPOLIE, HO MeHee (P PEeKTHBHBI
IPH CHJIBHO TOJMMEPH30BAHHOW KPEMHE3eMHCTON (a3e M MPH JKECTKUX PEKMMax MOTYT IOBPEKIATH
cMoity. PTOpHUAHBIE CHCTEMBI 00ECIIEUHBAIOT Goliee TITyO0KOe yAAICHHE KPEMHHS, OTHAKO IPEABSBILSIIOT
MOBBIIICHHBIE TPEOOBaHHsI K KOPPO3HMOHHON CTOMKOCTH OOOpPYIOBaHHS M OYHCTKE CTOKOB. IToaTomy
PeXKHMM pereHepalyii JOJDKEH OO0ECIeYUBaTh yIaJCHHE KPEeMHHsS 0€3 CYIIECTBEHHOTO CHHXKCHUS
MEXaHUYECKOM IPOYHOCTH M COPOLIMOHHBIX CBOMCTB CMOJIBL.
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SYNTHESIS, STRUCTURE AND MORPHOLOGY OF SmMnOs-
LaMnOs PEROVSKITE COMPOSITE
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Abstract: This article discusses the synthesis, phase composition, and structural morphology of
the LaMnOs-SmMnOz double- phase manganite perovskite composite. The aim of synthesizing a two-
phase manganite containing the rare earth elements samarium and lanthanum is to study the structural
features and properties of the resulting products compared to classical perovskite manganites and single-
phase samarium and lanthanum manganites. The Pechini method, based on sol-gel synthesis, was used to
synthesize the product. The purpose of selecting this method was to obtain a product with high fineness
and crystallographic purity. The phase composition and crystallographic parameters were analyzed using
X-ray diffraction (XRD), Fourier-transform infrared (FTIR), and morphological methods to determine the
formation of bonds between Me-O; scanning electron microscopy (SEM-EDS), scanning surface area, and
elemental distribution. The synthesis was carried out based on sol-gel formation in the presence of metal
nitrate hydrates. Phase analysis of the product showed that SmMMnOs has the orthorhombic Pbnm (62)
structure in accordance with PDF 00-025-0747, while LaMnOs corresponds to the rhombohedral space
group R-3C (167) in accordance with PDF card No. 01-090-6505. It was established that the intense
absorption bands in the FTIR spectrum lie within the range of 750-600 cm™2, indicating the formation of
Mn-0 bonds. SEM-EDS results show that the average particle size of the powdered product is 0.489 um,
and the product was successfully characterized using the elemental distribution map.
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1. Introduction

Perovskite manganites are a class of transition metal oxides with the general
chemical formula ABO; (RMnQ; for rare-earth variants), where the a-site is
occupied by trivalent rare-earth cations (La**, Nd**, Sm**) or divalent cations of
alkaline earth elements (Ca*", Sr**, Ba**), while manganese (Mn) ions occupy the
B sites [1-3]. Their structure consists of a three-dimensional framework of MnQOs
octahedra, the vertices of which are shared, while the cation at the A-site occupies
interstitial spaces [4-6]. These materials are model systems for studying strong
electronic correlations, exhibiting a wide range of electronic and magnetic phases
arising from complex interactions between spin, charge, lattice, and orbital
structure [5,7]. Depending on their composition and temperature, they may
exhibit ferromagnetism (FM), antiferromagnetism (AFM), or paramagnetism
(PM) [5,8-10]. It is known for its phenomenon of giant magnetoresistance, in
which electrical resistance decreases sharply under the influence of an applied
magnetic field [2,9]. In contrast, it exhibits metal-insulator transitions and
semimetallic properties, making it important for spintronics [7,9,11]. Physical
properties of manganites are primarily determined by two competing exchange
interactions involving manganese ions: double-exchange (DE) interaction and
super-exchange (SE) interaction. DE interactions occur between Mn®** /Mn** ions
via oxygen 2P orbitals. Electron transitions between these mixed valence states
contribute to both FM and metallic conductivity [2,9,11,12]. SE CAO interactions
typically give rise to antiferromagnetic insulating states, examples of which are
the stoichiometric compounds CaMnOs or LaMnOs [2,3,10].

Lanthanum manganite (LaMnQOg) is a typical perovskite oxide (ABOj)
characterized by a flexible structure, tunable electronic states, and magnetic
properties. Stoichiometric LaMnOs is an antiferromagnetic insulator, but FE can
be achieved by incorporating other metals into its composition or by introducing
an excess or a small amount of oxygen [8,11]. These modifications are suitable
for use in supercapacitors, electrocatalysis, MRI contrast agents, and
environmental remediation [1,13,14]. Researchers have employed various
strategies to overcome challenges such as particle agglomeration and low
conductivity. One of these is the diversity of synthesis types and the choice of
synthesis method. Hydrothermal synthesis is used to create LaMnOs;
nanoparticles, which are combined with MXene nanoparticles to improve charge
transport and increase the surface area [1]. Mesoporous silica (SBA-15) is used to
produce a nanoscale product, enhancing oxygen adsorption on the surface and
creating more active sites for catalytic reactions. Sol-gel synthesis is a cost-
effective and rapid method that often uses oxalic or citric acid as a precursor to
produce fine magnetic nanoparticles [13,15,16]. Although doped LaMnQOj3;
perovskites are of great importance for the development of clean energy and
electronics, issues related to the formation of secondary phases, electrolyte
reactivity, and high-temperature stability have not yet been fully resolved.

SmMnOs is characterized by properties such as being one of the best-known
perovskite manganites, exhibiting colossal magnetoresistance (CMR), and
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possessing complex spin textures, making it a promising material for the
development of next-generation sensor, memory, and spintronic devices [17,18].
SmMnQO; crystallizes primarily in the orthorhombic perovskite structure (space
group Pbnm). Substitution of samarium with other ions, such as strontium (Sr)
[17], europium (Eu), or yttrium (), leads to significant changes in the lattice
structure. Eu or Y dopants lead to lattice contraction and a decrease in lattice
constants. Calculations of the Goldschmidt tolerance coefficient (0.9) and the
cohesive energy confirm that the structure remains stable even at high doping
levels (up to 25% for Eu and Y). Mechanical analysis shows that SmMMnQOs is
flexible, as evidenced by a G/B ratio below 0.57. Y doping increases the
material’s hardness (Young’s modulus), while Eu doping typically reduces it [19].
From highly efficient supercapacitors to multiferroic devices operating at room
temperature, SmMMnQO; is a key product of innovation in materials science and
functional electronics [18,20,21].

This study aims to synthesize the biphasic perovskite manganite LaMnOs-
SmMnO; and to investigate the effect of the phase mixture on structural and
morphological properties compared to the individual components LaMnOs and
SmMnQO;. Particular attention is paid to lattice distortion, phase formation,
particle morphology, and the potential improvement in functional properties
associated with the coexistence of orthorhombic and rhombohedral phases, using
FTIR, XRD, and SEM-EDS methods.

2. Experimental part

Dual-phase  perovskite manganites (LaMnOz-SmMnQO3z) were  first
synthesized separately using the Pechini method [22] and weighed in a 1:1 ratio to
obtain a homogeneous composite; they were then mixed in a ball mill in the
presence of ethanol for 15 minutes. For the synthesis of LaMnOs, 10 mmol of
lanthanum(l11) nitrate La(NOgz)3-6H20 (4.33 g) and 10 mmol of manganese(ll)
nitrate Mn(NOs)2-4H,0 (2.51 g) were used. To prepare SmMnOs, 10 mmol of
samarium(I11) nitrate Sm(NO3)3-6H.0 (4.45 g) and 10 mmol of manganese(ll)
nitrate Mn(NO3).-4H,0 (2.51 g) were used. The starting salts were dissolved in
10 mL of distilled water with constant stirring on a magnetic stirrer. Citric acid
(1.92 g, 10 mmol) and ethylene glycol (0.93 mL, 15 mmol) were then added to
the solutions in a molar ratio of metal:citric acid:ethylene glycol = 1:1:1.5. The
resulting mixture was held at a temperature of 70-90 °C for 15 minutes until a gel-
like mass formed. The resulting gel was dried at 200 °C for 5 hours, after which it
was heat-treated in the temperature range of 600-1100 °C to form a perovskite
structure. LaMnO3z and SmMnOs powders were first prepared separately and then
mixed in a 1:1 mass ratio to form a two-phase composite. To do this, 1 g of each
powder was taken and mechanically ground in a ball mill in the presence of three
drops of ethanol for 15 minutes to achieve a homogeneous phase distribution. The
resulting wet powder was further calcined at 800 °C for 2 hours to remove
residual organic components and increase the crystallinity of the composite. We
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analyzed the two-phase perovskite using FTIR, XRD, and SEM-EDS to confirm
that manganites had been obtained.

SmiNOjJs  Mn(NOs): ethylene glycol 600-1100° C, 6 hours
o S‘_‘ - citric acid ) e
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Figure 1 — Synthesis of a two-phase perovskite manganite.

Reagents used to prepare the two-phase product: manganese(ll) nitrate
(Mn(NOg3)2-xH20, Buchs, Switzerland); lanthanum(lll) nitrate hexahydrate
(La(NOs)s-6H20, TU 6-09-4676-83); citric acid (CsHsO7, GOST 908-79); ethyl
alcohol, 96% (medical grade) and ethylene glycol (C;HsO,) (GOST 10164-75);
samarium nitrate (Sm(NO3)3-6H,0, Ch.P, GOST 10928-90).

We used the following measuring instruments and methods: a laboratory
agate (diameter-13 cm (130 mm)) (QIANGFU, ASIN, BODNB1MQ28, China),
an AM vibrating ball mill (China), and a “SNOL” laboratory furnace. The phase
composition was determined using X-ray diffraction (Rigaku Miniflex 600
benchtop X-ray diffractometer (Rigaku, Tokyo, Japan)) and a field-emission
scanning electron microscope (Thermo Scientific ChemSEM Axia, USA). IR
spectroscopy was performed using a Bruker ALPHA FTIR spectrometer in the
range of 400-4000 cm™.

3. Results and discussion

3.1. XRD analysis

The formation of biphasic perovskite manganites was confirmed by
determining the crystallographic parameters and phase composition of the
resulting product using X-ray phase analysis (XRD). Measurements were
performed using a Rigaku Miniflex 600 X-ray diffractometer, and the parameters
of the crystalline phase were analyzed using the PDF-5 software.
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Figure 2 — LaMnOs-SmMnOs diffractogram.

Figure 2 shows synthesized two-phase perovskite manganites and the
diffraction patterns of samarium manganite and lanthanum manganite. The
sharpness of the diffraction peaks and the retention of peaks characteristic of the
dual phase in the composite indicate the formation of the product. Samarium
manganite crystallizes in orthorhombic space group Pbnm [62] according to PDF
00-025-0747, while lanthanum manganite forms rhombohedral R-3C (167)
structure according to PDF 01-090-6505 (table 1).

g : .,.....f._......,,.;.l.

e e

Figure 3 — Phase structures of LaMnOs (a) and SmMnOs (b).
Figure shows the crystal structure of the perovskite-like compounds LaMnOs
and SmMnOs. In both phases, manganese atoms coordinate with oxygen atoms to

form MnQOg clusters and a 3D perovskite lattice. The lattice exhibits significant
octahedral distortion due to the fact that the radius of the Sm®" ion is smaller than
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that of the La®>" ion, and also because LaMnOs structure is relatively symmetric,
resulting in the formation of a rhombohedral structure.

Table 1 — Results of crystallographic quantitative analysis

Ne [Nameof |Crystal aA|l bbA| ¢ AV, (A z|PDF Space | Density
compound| System Number | Group| py.ray, g/cm?
1 | SmMnOs | Orthorhombic | 5.825| 7.483 | 5.358 | 233.55| 4| 00-025- | Pbnm 7.20
0747 (62)
2 | LaMnOs | Rhombohedral| 5.511 | 5.511| 13.396| 352.27| 6 | 01-090- | R-3c 6.84
6505 | (167)

Table 1 lists the crystallographic parameters of two-phase product. Lattice
parameters of SmMnOs are a = 5.825 A, b = 7.483 A, and ¢ = 5.358 A, with a unit
cell volume of 233.55 cm3. Density of the X-ray structure is 7.20 g/cm?®. Lattice
parameters of the LaMnO3z compound are a = 5511 A, b = 5511 A and ¢ =
13.396 A, with a unit cell volume of 352.27 A3, Density of the X-ray structure of
this compound is 6.84 g/cm?®,

3.2. FTIR analysis

FTIR spectroscopic analysis was performed using a Bruker ALPHA
spectrometer (Ettlingen, Germany) at room temperature with a spectral resolution
of 1 cm™. Measurements were taken in the frequency range of 4000-400 cm™
using KBr pellets.
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Figure 4 — IR spectrum of LaMnOs, SmMnOs, and LaMnO3-SmMnOs.

Figure 4 shows the FTIR spectrum of LaMnOs, SmMnOs, and LaMnOs-
SmMnO; samples. The correspondence between Mn-O bonds and vibrations in
800-600 cm™ absorption region explains the formation of the perovskite

42



KA3AKCTAHHBIH XUMUA 2KYPHAJIBI XUMHYECKHUY XXYPHAJI KA3AXCTAHA

structure. LaMnOs; compound is identified by absorption bands at 717.95, 677.94,
669.00, 656.76, 622.08, and 603.36 cm™. SmMMnO3z compound was observed near
656.76 and 648.60 cm™. In LaMnO3-SmMnOs composite, an increase in the
intensity of the bands in the regions of 719.99, 669.02, and 656.76 cm™ can be
observed.

3.2. SEM-EDS analysis

SEM-EDS analysis was performed using a Thermo Scientific ChemSEM
Axia (USA) in a 99.999% pure nitrogen (N2) atmosphere. The quantitative and
qualitative elemental composition was determined by SEM and EDS analysis.

—spm—t |sm.1 b—spm—t | —spm—t | pn.x —_ e —

Figure 5 - SEM images of the surface of LaMnOs-SmMnOs at 20, 10, and 5 pm, and elemental
distribution.

Figure shows SEM images and EDS elemental distribution maps of the
LaMnO3-SmMnO3 perovskite composite at sizes of 20, 10, and 5 um. The SEM
images show that the product is agglomerated and has a fine-grained morphology.
The EDS map indicates that the constituent elements are evenly distributed and
confirms that the composite has a homogeneous structure.
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Figure 6 — SEM-EDS diagram (a) and atomic percentage, % (b) of LaMnOs-SmMnO3 composite.
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EDS diagram shows the composition of the composite, confirming the
presence of La, Mn, O, and Sm; the atomic composition of these elements serves
as evidence of the composite’s formation.The presence of carbon in the diagram
is also explained by the fact that it was detected by placing the sample on a
carbon label in scanning electron microscope.
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Figure 7 — Average particle size of LaMnO3-SmMnOs at 5 um.

Figure 7 shows that the average particle size of the two-phase manganite in
the SEM range of 5 um was 0.489 um, with a standard deviation of 0.206 um.
The primary particle sizes ranged from 0.1 to 1.1 um. The measurements were
taken using ImageJ software.

4. Conclusion

LaMnO3-SmMnO; composite was synthesized using the Pecchini method.
Crystallographic and phase characteristics of the product were determined by X-
ray analysis. Based on the results, the a, b, and ¢ parameters, the space group, and
the crystal system types were determined. The orthorhombic pbnm samarium
manganite (62) crystallizes in the space group, while the lanthanum manganite
exhibits a rhombohedral R-3C (167) structure. The FTIR results corresponded to
Mn-O bond vibrations in the absorption range of 800-600 cm™. Surface area and
elemental distribution were analyzed using SEM-EDS data. The average
microparticle size in the 5 um range was 0.489 um. The results presented confirm
the formation of a two-phase perovskite manganite composite.

Funding: This research was funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP26198941).
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SmMMnOz-LaMnO; MNEPOBCKUTTI MAHI'AHUTTIH CHHTE3I, KYPbLLJIBICBI JXKOHE
MOP®OJIOT'UsACHI

Hypoexosa M.A., Mamaee M.M., Capcenoaesa* 3.b., Aoopaiimoséa M.P., Kewikinoaesa A.K.
«Kaszax ynmmuix Kbi30ap neoazocuxanvix ynugepcumemiy KeAK, Armamor, Kasaxcman

Tyiiinaeme: Byn makanaga LaMnO3-SmMnO3 koc MaHTaHUTTi HEPOBCKUTTI KOMITO3UTTIH CHHTE31 JKoHE
(bazanbIK KypaMbl MEH KYPBUIBIC-MOP(OIOrHsACH KapacThIpbUIanbl. KypamblHma camapmii koHE JIaHTaH
CHpEK 37IeMeHTTepi 6ap KOcC (a3aibl MAHTAHUTTI CHHTE3IEYACTi MaKCcaT ajblHFaH OHIMIEPIl KJIaCCHKAIBIK
MEPOBCKUTTI MaHTaHHUTTEPJCH >XoHe Oip (ha3anmbl camapuiiiiH >KOHE JIAHTAHHBIH MAaHTaHUTTEPIMEH
KYPBUIBIC MEH KacHeTTEepiH epeKLIeNiKTepli 3epTrey. OHIMIlI CHHTE3/ley YIIIH 30Jb-TelbJi CHHTEe3re
HerizgenreH IleuwmHn ofmici KonmaHBUINBL. Bysl omicTi TaHmaymarbl MakcaT YCAaKTBIFBI JKOFAaphbl JKOHE
KpUcTauiorpadusIbIK Ta3a ©HIM anyFa OarbITTanipl. Da3anblk Kypambl MEH KPHCTAILIOTPagHsLIBIK
napamerpiepin peHtreH ¢asansl Tangay (XRD), Me—O apacbiHnarsl OaillaHBICTBIH TY3UITCHIH aHBIKTAY
yurin @ypoe-HK (FTIR) xoHe Mopdosoruschit; G6ETTiK oieMi MeH NIEMEHTTIK TapalyblH CKaHepieyi
aneKTpoHabl Mukpockorn (SEM-EDS) oxicrepi apkbuibl Taiganabl. CHHTE3 YILIH METal HATPATTAPBIHBIH
THAPATTAphl KATHICBIH/AA 30JIb-Tellb TY3yre Heri3zene Xypri3ingi. OHIMHIH TY3UIreHiH (asanbik Tajimay
Kyprizin kypamsiggarsl SmMnO3 PDF 00-025-0747 coiikec opropomOansr Pbnm (62) mimnnmi, an
LaMnO3 PDF Ne01-090-6505 xapracbiHa coiikec pombosapiik R-3¢ (167) keHicTikTik ToIka coiikec
exenniri anpikranapl. FTIR Monzepi OoiiblHIIA WHTEHCHBTI JKYThbULy Jkodakrapbl 750-600 cm-1
apasbIFbIH/IA )KaTKaHbI aHbIKTAIbII, Mn — O GaiinaHbIcThiH Ty3uireHiH kepceteni. SEM-EDS notmxkenepi
OolbIHIIIA YHTAK OHIMHIH oprama Oertik enmemi 0,489 pm ekeHi JKoHe JJIEMEHTTEp/IIH Tapaily KapTachl
apKBUIBI OHIMHIH COTTI TY31IT€HIH KepceTei.

Tyiiinai ce3aep: nepoBckut, Manranut, [leunnu oxici, XRD, SEM-EDS Tannay

Hypoexosa Mapoican A60vidicanaposna X.2.K., Kayblm.npod.m.a,
e-mail: nurbekova.m@qyzpu.edu.kz
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CHUHTE3, CTPYKTYPA U MOP®OJIOI'US NMEPOBCKHUTHOI'O KOMIIO3UTA SmMnOs-
LaMnO;

Hypoéexosa M.A., Mamaee M.M., Capcenoaesa™ 3.b., A6opaiimosa M.P., Kewikimoaesa A.K.
HAO «Kaszaxckuil HayuonansbHwiil dceHcKull nedazoeuyeckuti ynugepcumemy, Aimamol, Kasaxcman

Pesiome: B oTOl cTaThe paccMaTpuBaeTcs CHHTe3 U (a30BBI COCTaB, M CTPOMTEIbHO-MOPGhOIOrus
JIBOHHOTO MaHTaQHUTOBOTO HMEPOBCKUTHOrO kommosuta LaMnOs-SmMnOs. Llensro cunTe3a IByX(]asHoro
MaHTaHMTA, COAEPXKAILETO pPEIKO3EMENbHBIE JIEMEHThl CaMapuil M JIaHTaH, SBISETCS H3ydeHHe
0COOCHHOCTEll CTPOGHHA M CBOKWCTB MOJNYYEHHBIX IIPOAYKTOB U3 KIACCHYECKUX MEPOBCKUTHBIX
MaHTaHHTOB M MaHIaHUTOB ofHOodasHoro Camapus M JaHTaHa. [l CHHTe3a MPOIYKTa HMCIIONB30BANICS
meroy [leunnu, ocHoBaHHBIN Ha cuHTe3e 3ois-rens. Llens BbIOOpa 3TOr0 Merona Oblia HampaBieHa Ha
MOJIy4YeHHEe MPOAYKTa C BBHICOKOW TOHKOCTBIO M KpHCTayutorpaduyeckoi uucrtoroil. Ma3oBblil cocTaB u
KpucTaorpaduieckie napaMmerpsl ObUIM INPOAHAIH3UPOBAHBI C TOMOIIBI0 METOI0B PEHTTeHO(Aa3HOro
anaimmza (XRD), @ypwe-UK (FTIR) u Mopdonoruu st onpenenenus o0pa3oBaHus CBs3H Mexay Me —
O; snexrponHoro mukpockona (SEM-EDS), ckanupyromero pasmep NOBEpXHOCTH M paclpeleleHHe
3JIEMEHTOB. JIJIs MpoBeIeHns CHHTEe3a NPOBOAMINCH Ha OCHOBE 00pa30BaHUS 3071b-TeJl B IPUCYTCTBUH
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THIPATOB HUTPATOB MeTa/uioB. Da30BbIil aHAIN3 00pa3oBaHMs MPOJYKTa mokaszai, yto SmMnOs umeer
opropombaibhyto popmy Pbnm (62) B coorBerctBun ¢ PDF 00-025-0747, a LaMnOs cooTBeTcTByeT
pombosapuyeckoii mpoctpancTBeHHoit rpynmne R-3C (167) B cootBerctBuu ¢ kaproir PDF Ne(1-090-
6505. YcTaHOBJIEHO, YTO MHTEHCHBHBIE IMOJIOCHI moriomieHust no 3HadeHusiM FTIR nexar B mpenenax
750-600 cm?, uTo ykasbiBaeT Ha oOpa3zoBanue cBasu Mn — O. Pesynsratel SEM-EDS nokasbisaiot, 4to
CpeIHUI pa3Mep MOBEPXHOCTH HMOPOIIKOOOpa3HOTo mpomykra cocraBisierT 0,489 MKM, M IPOLYKT OBLT
ycHeuHo c()OpMUPOBAH € TIOMOIIBIO KapThl PACIpeieIeHUs] DIIEMEHTOB.

KiioueBble cjioBa: NepoBCKUT, MaHraHuT, meTo [leunnu, XRD, SEM-EDS ananu3
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Abstract. Introduction. Oil and gas activities generate oil-contaminated waste, which poses an
environmental hazard. The development of effective technologies for its treatment and reuse is an
important task. Objective. To develop and evaluate the efficiency of a technology for processing oil-
contaminated waste from JSC «Ozenmunaigas» to produce treated soil suitable for road construction and
technical land reclamation. Methods. Pilot-scale industrial tests were conducted using a surfactant, a
polymer composite, and technical water. The components were mixed for 10-15 minutes, followed by
settling for 20-30 minutes. The concentration of petroleum hydrocarbons was determined using the
fluorometric method. Results. The concentration of petroleum hydrocarbons decreased from 102,600 to
900 mg/kg, corresponding to a removal efficiency of 99.12%. The resulting treated soil was proposed for
use in road construction and technical land reclamation. The developed technology provides effective
processing of oil-contaminated waste and reduces the technogenic impact on the environment.
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1. Introduction

The production activities of hydrocarbon extraction and processing facilities
have a certain impact on environmental components. According to the
Environmental Code of the Republic of Kazakhstan, natural resource users are
required to process oil waste [1].

One of the most important tasks for subsoil users and scientists during the
operation of oil and gas fields is environmental protection. In this regard, it is
necessary to carry out environmental protection work in the zone of potential
impact of subsoil use facilities.

From an environmental perspective, the greatest danger is posed by the
contamination of land surfaces and water bodies with petroleum products, as well
as the penetration of petroleum products into aquifers [1, 2, 3-5]. The problem of
disposing of waste accumulated as a result of the activities of enterprises in the oil
and gas sector remains relevant and is linked to a significant increase in the
volume of oil and gas production.

In accordance with the principles of sustainable development and the
transition of the Republic of Kazakhstan to a “green economy,” the development
of effective technologies for the processing oil-containing waste is an important
and relevant task. Technologies that reduce the anthropogenic impact on the
environment and produce products suitable for further economic use are of
particular importance [3-5].

In this regard, the development and improvement of methods for processing
oil-containing waste are of scientific and practical interest.

The aim of the study is to develop and evaluate the efficiency of a
technology for processing oil-containing waste from JSC “Ozenmunaigas” to
obtain purified soil suitable for use in road construction and technical reclamation
of disturbed lands.

The scientific novelty of the study lies in the development of an effective
method for processing oil waste using an energy-accumulating additive,
surfactants, and composite materials, which ensures a reduction in the content of
petroleum products and produces a product for further use.

The practical significance of the work lies in the possibility of applying the
developed technology for processing oil-containing waste at oil and gas industry
facilities, reducing the anthropogenic impact on environmental components, and
rationally utilizing the products obtained from the processing.

2. Materials and methods of research

Within the framework of this study, oil-containing waste stored at the
landfill of JSC “Ozenmunaigas” was used as the initial material. The sample was
taken from the accumulated oil-containing waste intended for processing.

The research involves developing technological solutions for the processing
of oil-contaminated waste using an energy-accumulating additive based on
composite materials with surfactants, which contain a mixture of oxides of
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alkaline-earth metals, including CaO and MgO, to produce materials used in road
construction.

The essence of the technology for processing oil-containing waste is that
the oil waste is treated, while being mixed, with an energy-accumulating additive
based on composite materials with surfactants, which includes a mixture of
alkaline earth metal oxides containing Ca and Mg oxides. At the same time, the
oxide of the alkaline-earth metal forms a hydroxide with water, as a result of
which petroleum products are evenly absorbed by it, producing a dry,
storage-stable powdery substance consisting of granules (the size ranges from
2mm to 15 mm), which, in terms of their chemical composition, are particles of
neutralized petroleum waste evenly distributed throughout the product mass.
Adding an energy-accumulating additive and petroleum-containing waste from
composite materials at the time of mixing makes it possible to obtain materials
used in road construction. Composite materials that make it possible to obtain
hydroxyl powder are supplied in measured quantities at the moment of mixing the
energy-accumulating additive and oil-containing waste. The method is based on
the properties of mineral oxide sorbents to increase the specific surface area by
15-30 times and thereby transform into a bulk binding substance with high
absorption capacity for high-molecular substances, and in particular for petroleum
hydrocarbons, which results in a sharp increase in the specific surface area.
During the processing of oil-containing waste, volatile unsaturated hydrocarbons
are released into the atmospheric air; their concentration depends on the content
of petroleum products in the waste.

The energy-accumulating additive with composite materials based on
surfactants is a multi-purpose product that has neutralizing and sorbing properties
in relation to crude oil [6-7]. The energy-accumulating additive promotes the
decomposition of crude oil and intensifies the natural processes of soil self-
purification. Its application contributes to the enrichment of the soil with nitrogen
and biologically active compounds, which stimulates the growth of
microorganisms and accelerates the decomposition of oil contained in the waste.

The processed product can be used as an additive or as an integral
component in the production of the following materials and structures: asphalt
concrete mixtures for highways and on-field roads, structural elements of roads,
thermal insulation, hydro-barrier, and additional layers of the roadbed, as well as
for creating parking areas for equipment and constructing on-site roads, for
profiling the surface of solid waste landfills, and others.

The process proceeds with the release of heat, which results in a sharp
increase in the specific surface area. The resulting salts provide hydrophobicity
and strength to the granules of the reaction product of the EAD with
hydrocarbons. Composite materials make it possible to obtain a moisture-
absorbing material used for the preparation of concrete mixtures for road
pavement.

The processing of oil-containing waste includes four main stages:
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1) Receipt and placement of reagents for processing oil-containing waste
delivered by road transport;

2) Physico-chemical analysis and preparation of oil-containing waste from
JSC “Ozenmunaigas” for processing on a special concrete site;

3) Mixing and blending of the components;

4) Unloading of the neutralized soil and physicochemical analysis of the
samples.

To obtain a product from recycled waste that can subsequently be used for
road construction, special substances — composite materials based on inorganic
salts are added at the site during the mixing of the energy-accumulating additive
and oil-containing waste.

The addition of composite materials during the mixing of the energy-
accumulating additive and oil-containing waste ensures the production of
materials used in the construction of field roads. Bone meal or fish meal,
containing up to 90% CaCOs, can be used as composite materials. The composite
materials are delivered in bags of a specified weight, which makes it possible to
supply them to the oil-containing waste processing site from a warehouse located
under a canopy after weighing them in containers on scales in a specified dosage
ratio of 1:3 to the other mixing components. After mixing the oil-containing waste
with the EAD and composite materials, water is supplied from water storage tanks
using submersible pumps through flexible pipelines or by water tankers. During
active mixing, the processes of processing and granulation of the neutralized oil-
containing waste take place in accordance with the technology described above.

The final product of processing the neutralized oil-containing waste, with the
addition of composite materials, is recycled soil, which is an environmentally safe
material used in the construction of on-site roads and in the technical reclamation
of soils. Unloading and storage of the recycled soil are carried out using a
front-end loader.

The finished processed soil, after the addition of composite materials in the
“Horizontal Mixer (SM)”, UNZG, and PTK-INSTEB-ECO-5 units, is
transformed into a mixture used in road construction. The resulting mixture is
discharged through the mixer’s discharge port into the loader’s bucket, after
which it is temporarily stored in a specially designated area or transferred to dump
trucks and transported for reclamation work.

To improve the mixing process and accelerate the reactions involved in the
processing of oil-containing waste, JSC “Ozenmunaigas” is to prepare
oil-containing waste using special equipment, and a site for mixing and blending
reagents is to be set up. The preparatory stage involves setting up the work site:

- the site for installing the equipment must have a solid surface with a
waterproof coating — 1 area for primary processing measuring 10 x 20 meters and
1 area for placing the equipment measuring 10 x 10 meters;

- the storage area for the energy-accumulating additive with a waterproofing
coating — 1 (one) covered site measuring 10 x 30 meters;
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- the entrance to the site is equipped with portable truck scales with the
capability to print the total weight of the vehicle, ensuring accurate accounting of
the oil-containing waste delivered for processing;

- the presence of a water storage tank on the site;

- the removal of oil-contaminated waste is carried out from an unequipped
sludge storage facility;

- upon entry to the work site, the oil-contaminated waste is weighed,;

- before the tests begin, the oil-contaminated waste is sorted and
mechanically cleaned, with foreign objects that cannot be processed being
removed;

- uniform mechanical crushing of large soil inclusions is carried out on a
specially prepared site.

The main stage:

- cleaning of oil-containing waste by mixing with the addition of an
energy-accumulating additive containing surfactants, composite materials, and
process water using specialized mixing equipment;

- during the addition, the dosage of the energy-accumulating additive and
composite materials with surfactants must be strictly observed.

Pilot-scale tests of a new technology for processing paste-like oil waste with
the addition of surfactants and a polymer composite, using a screw mixer, were
carried out at the test site of JSC “Ozenmunaigas”.

During the tests, the following materials were used:

1. 0.5 m3 of process water;

2. 1 litre of surfactant, 0.02% polymer composite.

The system for supplying surfactants and polymer composite has been
redesigned and connected to the system; at the oil waste processing facility, there
is a concrete platform measuring 20 x 30 meters for storing oil waste; changes
have been made to the mixer design.

The required amounts of surfactants, polymer composite, and process water
have been determined. The possibility of recycling process water with surfactants
and collecting it in a tank has been tested.

The content of petroleum products in the oil waste and purified soil was
determined by the fluorimetric method using the “Fluorat 02-3M” instrument in
accordance with the PNDF 16.1:2.21-98 methodology. The petroleum product
content in the initial oil waste was 102,600 mg/kg.

3. Results and Discussion

Figure 1 shows the results of an IR spectroscopic analysis of the used
oil-containing waste, which consists of asphalt-resin-paraffin deposits (ARPD).
The sample contains signs of moisture, clay, and organic components. Figure 1
shows that the IR spectra have characteristic absorption frequencies for
hydrocarbons. The absorption band frequencies in the IR spectra with
wavenumbers 722-1462 and 2851-2921 cm™ are attributed to paraffin
components. For aromatic structures with C=C bonds, absorption bands at 1604,
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871, and 811 cm™ are characteristic. Absorption bands at 1700-1750 cm™,
typical of CO groups in carbonyl compounds, are absent. O-H-containing
components may be present in small amounts. Assigning specific absorption
bands to particular functional groups is difficult due to the multicomponent nature
of the oil-containing samples under study.

The paraffinic petroleum deposit has a complex hydrocarbon composition
with the presence of aromatic, resinous, and, probably, mineral components,
which provides an overall characterization of the ARPD. The combination of
absorption bands at 2851-2921 and 722-1462 cm indicates a significant content
of long-chain aliphatic hydrocarbons characteristic of the paraffinic component of
ARPD. The band at 1604.9 cm™ indicates the presence of aromatic structures.
Overall, the spectrum corresponds to a paraffinic petroleum deposit of complex
composition.
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Figure 1 — Results of the IR spectroscopic analysis of ARPD from the NGDU-1 landfill of
JSC “Ozenmunaigas”.

The results of the analysis of asphalt-resin-paraffin deposits, presented in
Table 1, indicate a significant content of paraffins and saturated hydrocarbons,
which contribute to the formation of dense deposits on the process equipment.
The detected presence of resins and asphaltenes indicates a complex
multicomponent composition of the studied deposits, which should be taken into
account when selecting effective methods for their cleaning and preventing their
formation.

Table 1 - Results of physic-chemical studies of the asphalt-resin-paraffin deposit from JSC
“Ozenmunaigas”

Ne Indicators Content
1 Density, g/cm? 0,878
2 Pour point, °C 35
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3 Viscosity at 50 °C 13,8
4 pH 8

5 Total mineralization, g/L 55,9
6 Water content, % 8

Petroleum products, content, %:

8 sulfur 0,19
9 resins 16,5
10 asphaltenes 1,37
11 paraffins 24,6
12 saturated hydrocarbons Ci>—Cio 28,6

As a result of the pilot-industrial tests, the efficiency of the technology for
processing oil-containing waste from JSC “Ozenmunaigas” was evaluated. The
main indicator of the process efficiency was the change in the petroleum product
content in the initial oil-containing waste and in the purified soil obtained after
treatment. The results of the physicochemical analysis are presented in Table 2.

Table 2 — Content of petroleum products in the initial and purified material

Ne Sample name Petroleum products, mg/kg
1 Initial oil waste 102 600
2 Purified soil 900

As a result of the tests conducted, it was established that the application of
the new technology makes it possible to significantly reduce the petroleum
product content in oil-containing waste. The petroleum product content in the
initial oil-containing waste was 102,600 mg/kg. After treatment using the
developed technology, the petroleum product content in the purified soil
decreased to 900 mg/kg. The degree of reduction in petroleum product content
was 99.12%.

After a series of tests, the optimal technological conditions for the process
were established. The mixing time in the reactor-mixer was 10-15 minutes. Upon
completion of mixing, settling was carried out for 20-30 minutes, resulting in the
separation of the purified soil and the water-oil emulsion. The water-oil emulsion
was removed through the drain valve, while the purified soil was discharged
through the mixer hatch.

The obtained results demonstrate the high efficiency of the new technology
for processing oil waste at the landfills of JSC “Ozenmunaigas.” The necessary
additional equipment was connected, and the test results demonstrated positive
outcomes.

The obtained purified soil is proposed for use as an additive or component in
the production of the following materials and structures: asphalt concrete
mixtures for highways and field roads, structural elements of roads, thermal
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insulation, waterproofing and additional layers of roadbeds, as well as for the
construction of equipment parking areas and on-site roads, profiling the surface of
solid municipal waste landfills, and others.

Thus, the results of the pilot and industrial tests indicate the possibility of
effectively reducing the content of petroleum products in oil-containing waste,
resulting in a product suitable for further use in construction and reclamation
work.

4. Conclusion

The results of industrial tests have demonstrated the high efficiency of the
new technology for processing oil waste at the landfills of JSC “Ozenmunaigas”.

As a result of the tests conducted, the petroleum product content in the oil-
containing waste decreased from 102,600 mg/kg to 900 mg/kg, corresponding to a
99.12% reduction in petroleum product content.

The optimal conditions for the technological process were established as a
mixing time of 10-15 minutes in the reactor-mixer, followed by settling for 20-30
minutes.

The obtained purified soil is proposed for use in road construction and for the
technical reclamation of disturbed lands.

The developed technology for processing oil-containing waste is of practical
significance for reducing the anthropogenic impact on the environment, rational
use of natural resources, and reuse of the products obtained from the processing.
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"O3EHMYHAMI'A3"AK MYHAMN KAJJIBIKTAPBIH MANJIAJIBI OHIMJIEPTE OHJIEYIIH,
MHHOBANUAJIBIK KOHE XKETIJIAIPUI'EH TEXHOJIOI'USACBHIH 93IPJIEY

O0.)K. baizax, K.H. Kaiunapoaesa, E.A. Tycynkanues*, A.A. Ecnenoemos, I.A.Yckos, K.A.
Kaoupoexos, M.T. Owaxbaes, /l. Typzanues

"O. B. bexmypos amvinoazel Xumus evinsimoapsl uncmumymol” AK, Anmamol, Kazakcman

Tyitingeme. Kipicre. Mynaii-ra3 eHzipiciHIe KOpIIaraH opTara Kepi ocep €TeTiH MYHAMIbl KalgbIKTap
Ty3ineni. Ochl KaIABIKTapasl THIMAI KaiTa eHAEY KOHE KalTa MaijajaHy SKOJOTHSUIBIK MIceseepi
HICNIy/iH MaHbI3Ibl OaFbITTapbIHBIH Oipi Oonbim TaObuiansl. MakcaTbl. «O3eHMyHaiiras» AK-HBIH
MYHaJIBl KQJIABIKTAPhIH KaiiTa OHJIey TeXHOJIOTHSICHIH 93ipiiey JKoHEe OHBIH THIMIIIIriH Oaranay, COHail-
aK JKOJI KYPBUIBICBI MEH TEXHHKAaJBIK PeKyJIbTHBALMAAA MaiifanaHyra OOJIAThIH Ta3apTBUIFAH TOIBIPAK
any. Onici. BA3, momuMmepiik KOMIIO3MT KOHE TEXHHUKAJIBIK CyIbl KOJJIAHY apKbUIbl TOXipHOemik-
OHEPKACINTiK chiHaKTap xyprisinmi. Kocnanap 10-15 MuHYT apansiFsiHaa apanacTeIpbus, keiin 20-30
MHHYT TYHIBIPBUIABL. MyHail eHiMIepiHiH Menmmepi (IyopHMETPHUSIBIK OICIEH aHBIKTAIJIbL.
Hormxenepi. Mynait enimaepinin memntepi 102 600 mr/kr-uan 900 mr/kr-ra AeidiH TOMEH/IEI, Ta3apTy
nepexeci 99,12%-1b1 Kypasibl. AJNBIHFAH Ta3apThUIFAH TONBIPAKTHI KOJ KYPBUIBICHIH/A )KOHE TEXHUKAIIBIK
PeKyIbTUBALMS Ke3iHJe MaiIaaHyFa YChIHYFa 001a/Ibl. O3ipIICHI¢H TEXHOIOI M MYHAMIIBI KAJIABIKTap IbI
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TUIMJII KaiiTa eHJeyre j>KoHE KOpIIaFaH OpTaFa TYCETIH TEXHOTCHIIK JKYKTEMEHi a3zaiiTyra MYMKIHJIIK
Oepeni.

Tyiiinai ce3aep: MyHaiisbl KajaabIKTap, KaIABIKTapbl KaiTa eHJey, MyHait eHiMaepi, BA3, sKoIOrusIibK
Kayilci3/iK, TeXHUKAIIBIK PeKyJIbTHBALINS
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PA3PABOTKA UHHOBAIIMOHHOM U YJIYYIIEHHOW TEXHOJIOTMM NMEPEPABOTKM
HE®TEOTXO/J10B
AO «O3EHMYHAMI'A3» B IOJIE3HBIE IMMPOJIYKTHI

9./K. baiizak, K.H. Kaiinapoaesa, E.A. Tycynkanuee*, A.A. Ecnenoemos, I.A. Yckos,
K.A. Kaoupébexos, M.T. Owmaxéaes, /]. Typzanues

AO «Hncmumym xumuyeckux Hayk umenu A.B. bexmypoeay, Aimamet, Kazaxcman

Pe3rome. Bsedenue. HedrerazoBas AesATEIBHOCTH CONPOBOXKAAETCS 0Opa3oBaHHEM He(TeCOmEpKaIX
OTXOJIOB, TIPEACTABISIONMX JKOJOTHYECKYI0 ONAacHOCTh. Pa3zpaborka 3((EKTHBHBIX TEXHOJOTHH HX
nepepaboTKU M MOBTOPHOT'O MCIIONb30BAHUS SBIISICTCS aKTyalbHOM 3ajaueil. [fens. PazpaboTka u oneHka
3 (EKTHBHOCTH TEXHOIOTHH IIepepaboTkn Hedrecomepxamux oTxonoB AO «O3eHMyHalras» c
MOJyYSHHEM OYMILEHHOTO TIPyHTa JUIS JOPOXKHOTO CTPOUTENIBCTBA M TEXHUYECKOW PEKYJIbTHBAIIUH.
Memoo. TlpoBeneHbl ONBITHO-TIPOMBIIUICHHBIE HCHBITAHUS ¢ mnpuMeneHneM [IAB, momumepHoro
KOMIIO3UTAa M TexHHYeckod Boxbl. [lepememmBanue ocymectBisiii B TeueHne 10-15 muHyT C
nociaexyronmyM  orcramBanueM  20-30  muHyT. CozmepikaHMe — HE()TENPOIYKTOB  ONpPEIEIISUIH
(biyopumerpuueckuM MetonoM. Pezynemamet. Conepxanue HedTenpoaykros cuusmiock ¢ 102 600 no
900 mr/kr, creneHb OYMCTKH cocTaBuia 99,12%. Ilomy4eHHBIH OUMIEHHBIH IPYHT PEKOMEH/IOBAH JUIS
UCIIOJIb30BaHUS B JIOPOJKHOM CTPOMTEIBCTBE M TEXHUYECKOW peKynbTHBaLMM. PaszpaboranHas
TeXHONOrust obOecreunBaeT S QeKTHBHYIO mepepaboTKy HedTecoaepKalx OTXOAOB M CHIKCHHE
TEXHOTEHHOH Harpy3KH Ha OKpYKaIOLIyIO Cpesy.
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Abstract. Introduction. Waterborne coating materials offer environmental and technological
advantages; however, the coatings they form may exhibit structural heterogeneity and increased porosity.
One approach to controlling the properties of such systems is the introduction of functional modifiers.
Objective. The aim of this study was to determine the effect of polyethylene polyamine on the surface and
bulk properties of aqueous polyurethane and acrylic-polyurethane dispersions, as well as on the porosity
of the coatings formed from them. Methodology. At 293 K, surface tension, specific and molar electrical
conductivity, pH, and coating porosity were determined in systems containing 0-0.0024 mol/dm? PEPA.
Results and Discussion. In the binary «water-PEPA» system, changes in the character of the concentration
dependences of surface tension, molar conductivity, and pH were observed in the region CPEPA = 0.0012
mol/dms3, corresponding to the critical association concentration. In ternary systems, the nature of changes
in the investigated parameters depended on the film-former chemistry; the most pronounced decrease in
surface tension was observed for the acrylic-polyurethane dispersion, from 39.60 to 35.15 mN/m. With
increasing PEPA concentration, the porosity of the polyurethane coating decreased from 73.70 to 40.56%,
while that of the acrylic-polyurethane coating decreased from 37.69 to 4.62%. Conclusion. The results
demonstrate that PEPA affects the surface and bulk properties of the investigated aqueous dispersions and
the structure of the coatings formed. The observed changes are consistent with the possibility of
associative interactions between PEPA and the components of the studied systems, with the most
pronounced modification effect established for the acrylic-polyurethane composition.
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1. Introduction

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

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

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

2. Experimental part

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

1710 = = it

) % b) LI TRTETRETRT C) T

Figure 1 — FTIR spectra of the investigated samples: a — polyurethane; b — acrylic-polyurethane; ¢ —
polyethylene polyamine.

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

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

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

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

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

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

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

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

£ )

A ==

C

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

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

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

Fe + Cu?* — Cu + Fe

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

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

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

3. Results and Discussion

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

3.1 «Water-PEPA» system

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

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

The change in the character of the concentration dependence at Cpepa =
0.0012 mol/dm?3 allows this concentration to be considered the critical association
concentration (CAC), which is consistent with literature data [6] and is confirmed
by changes in the bulk characteristics of the corresponding systems (Figures 3 and
4).

pH
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R Cpepa, Mol/dm?
Figure 3 — Dependence of molar conductivity in Figure 4 — Effect of polyethylene polyamine
the binary «water-PEPA» system on the square concentration on pH in the binary «water—-PEPA»
root of PEPA concentration. system.

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

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

3.2 «Water-film former-PEPA» systems

The effects of film-former chemistry and additive concentration on the
surface tension of the investigated systems are shown in Figure 5.

o, mN/m
42 -

40

38 -
[ [] [ ¢
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36 - -
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L] ) - L,
]

34

0 0,0004 0,0008 0,0012 0,0016 0,002 0,0024
CPEPA, mol/dm?

Figure 5 — Surface-tension isotherm (T = 293 K): 1 — acrylic-polyurethane; 2 — polyurethane.

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

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

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

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

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

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

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

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

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

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

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

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

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

CP, %
100
80
0 t : t 2
40 ] [
20 : [ () 3 !

0 0,0004 0,0008 0,0012 0,0016 0,002 0,0024
CPEPA, mol/dm3

Figure 6 — Porosity of coatings based on acrylic-polyurethane (1) and polyurethane (2) film formers as a
function of PEPA concentration.

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

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

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

4. Conclusion

The «water-PEPA» system exhibited concentration-dependent changes, with
the region near CPEPA=0.0012 mol/dm? interpreted as the critical association
concentration based on concurrent changes in surface tension, molar conductivity,
and pH. Increasing PEPA from 0.0004 to 0.0024 mol/dm? reduced molar
conductivity from 442.5 to 153.2 S-cm2/mol. The modifier affected the two film
formers differently: the acrylic-polyurethane system showed the stronger
response, including a decrease in surface tension from 39.60 to 35.15 mN/m.
PEPA also reduced coating porosity from 73.70 to 40.56% for polyurethane and
from 37.69 to 4.62% for acrylic-polyurethane. These results are consistent with
possible intermolecular interactions between PEPA and polar groups of the film
formers and support its use for controlling the surface and structural properties of
waterborne coating systems.

Conflict of Interest: The authors declare no conflict of interest.

KABBIK TY3I'THITEPAIH CVYJibl JAUCIHEPCHUAJAPBIHIATBI ITOJUIJEKTPOJIUT
O3APA OPEKETTECYIHIH ®U3UKA-XUMHUAJIBIK ACIIEKTIJIEPI

A.H. [Jwpazuna’, T.B. Hllupuna’, FO.C. bvizoea’, K.A. Ocmpognoit’, A.A. /lyyenxo?

! Manaw Kosvibaes amoinoagvl Conmycmix Kasaxcman ynusepcumemi, [lemponaen, Kazakcman
2 Abait Meipzaxmemos amuvinoasvl Kexwemay ynusepcumemi, Kexwemay, Kasaxcman

Tyiiinaeme. Kipicne. CyJbl-qUCIIEPCHSIIBIK JIAK-00sly MaTepHaaaphl SKOJOTHUSUIBIK XKOHE TEXHOJIOTHSUIBIK
apTHIKIIBUIBIKTAPFa He, ajaiiia ojap TY3eTiH KaObIHAAp KYPbUIBIMABIK OIPTEKCI3IIKIIEH KOHE JKOFaphl
KEYCKTUIKIEH CUIAaTTalybl MYMKiH. MyHnail sxy#enepiiH KacHeTTepiH perrey TocliuepiHiH Oipi
GyHKUMOHANIBIK — MoauduKaTtopiaapabpl  eHrisy  Oomein  TaObuiafpl.  JKymeicmoly — maxcamol.
[Tonu3THICHNIOIMAMUHHIH CYJIbl TIOJMYPETaHABIK XKOHE aKPHII-TIOJIMYPETaHABIK AUCTIEPCUSIIAPIbIH OETTIK
JKOHE KOJIEMJIIK KacCHEeTTepiHe, COHJai-aK oJlap Ty3€TiH >KaOBbIHAApIbIH KEYEKTUIIriHe OCEepiH aHbBIKTay.
Ooicmeme. Kypamprana 0-0,0024 mons/nm® IIDIIA 6Gap sxyitenepae 293 K remmeparypana OeTTik kepiny,
MEHIIIKTI KOHE MOJSIPJIBIK JJIEKTPOTKI3rimTiK, pH >koHe >XaOBIHAAPIBIH KEYEeKTLTIri aHBIKTAJJIbL.
Homuoicenep owcone mangvinay. «Cy-IIDIIA» OunHapiblK kyieciHie OCTTIK Kepily, MOJISIPIIBIK
WEKTPOTKINTIK  koHe pH  KOHLEHTpAUMSUIBIK — TOYENJUNKTEpiHIH  CHIIATBIHBIH  €3repyi
Crpna=0,0012 monb/am® afimMarbiHga Galkanabl, Oy acCOLMALMSHBIH KPUTHKAIBIK KOHICHTPALUSACHIHA
coiikec Keneni. YII KOMIOHEHTTI JKyHenepie 3epTTeireH KOpCETKIIUTEepAiH e3repy CHUIaThl KaObIK
TY3TIIITEpAiH TaOUFaThIHA Toyem 1l 00J/Ibl; OETTIK KepUIyAiH €H aliKbIH TOMEHCY1 aKprII-TIOJINYpEeTaH IbIK
mucnepcus  yuniH - Oadikanael — 39,60-ran 35,15 MH/M-re geitin. TIOIIA  KOHIEHTpanUsICHIHBIH
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JKOFapbUIaybIMEH IOJIHYPETaHIbIK >KaObIHHBIH KeyekTimiri 73,70-ren 40,56%-ra neilin, an axkpui-
MOJINYPETaH IBIK KAOBIHHBIH KeyekTiiri 37,69-nan 4,62%-ra neitin temenneni. Kopvimuinobl. AJbIHFaH
wotmxesnep [IDITA-HBIH 3epTTeNreH Cybl JUCIEPCHSIIAPABIH OCTTIK XKOHE KOJIEM/IIK KaCHETTepiHe JKoHEe
TY3UIETiH kaObIHAAPIBIH KYpBUIBIMBIHA dCep €TETiHiH kepcerendi. baiikanran esrepictep I1DITA-HbIH
3epTTeNreH Kyhenep KOMIIOHEHTTEPIMEH acCOLMATHUBTIK e3apa opeKeTTecy MYMKIHIIriMeH yiieceni;
Mo (UKAIUIIAYABIH €H afKBIH ocepi aKpUI-TIOINYPETaH/ABIK KOMITO3UIHS YIITiH aHBIKTAIIBL.

Tyiiinai  cesmep:  akpui-nosMyperaH, —IOJIMYpeTaH, O€TTIK  JkoHE  KeJIeMOIK  KacHerTep,
MOJIMATUIICHIIONNAMUH, KaOBIK TY3TiIITepIiH CyJIbl AUCHEPCHSIAPE
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Pe3ome. Bsedenue. BogHo-ancnepcHOHHbBIE JTAKOKPACOYHBIE MaTepUalibl 00JIaal0T SKOJIOTMYECKUMH U
TEXHOJOTHYECKUMH TPEUMYIIECTBAMH, OJJHAKO (POPMHUPYEMbIE UMHU TTOKPBITHSI MOT'YT XapaKTEepU30BaThCs
CTPYKTYpHOI HEOHOPOIHOCTHIO H MOBBIIICHHONW MOPUCTOCTHI0. OXHUM M3 HOAXOAOB K PETYIMPOBAHUIO
CBOMCTB TaKHX CHCTEM SIBJISIETCS BBeACHHE (DyHKIIMOHATIBHBIX MOIU(UKATOPOB. []enb HACTOAIIEH PaboThI
— ONpeleNuTh BIUSHUE ITOIMATUICHIIOIMAMMHA Ha MOBEPXHOCTHBIE M OOBEMHBIE CBOWCTBA BOJHBIX
MTOJINYPETaHOBBIX W aKPHJI-TIOJIMYPETAHOBBIX JAMCIIEPCHIl, a TaKKe IOPHCTOCTb (OPMHUPYEMBIX HMH
nokpeiTHit. Memooonoaus. Tlpu 293 K B cuctemax, conepxkarux 0-0,0024 mons/am?® I1DITA, onpenensiu
MOBEPXHOCTHOE HATSHKEHHE, YIEIbHYI0O U MOJISIPHYIO JIEKTPONPOBOJHOCTb, pH, MOPUCTOCTD MOKPBITHIA.
Pesynemamur  u  obcyoscoenue. B OunapHoit cucreme «Bona-IIDIIA» wn3MeHeHHe Xxapakrepa
KOHI[CHTPAL[MOHHBIX 3aBHCUMOCTEIl OBEPXHOCTHOIO HATSDKEHUSI, MOJISIPHOI 3JeKTponpoBoaHocTH U pH
nabmronamocs B obmactu Crpna=0,0012 monbs/aM®, COOTBETCTBYIOLICH KPUTHUYECKOW KOHICHTPALMN
accouuanui. B TpoMHBIX cHCTeMax XapakTep H3MEHEHHsI HCCelyeMbIX IOoKa3zaTeseil 3aBucesl OT
MPUPOJBI  TUICHKOOOPA3yIOUIMX; HauOoiee BBIPAKEHHOE CHIDKCHHE ITOBEPXHOCTHOTO HATSDKCHUS
HaOIIONANOCh I aKpHI-NONMypeTaHoBod aucnepcun — ¢ 39,60 no 35,15 mH/M. Ilpu yBenuueHuu
xoHueHTpanun [13ITA mopucToCTh MOIMYpPETaHOBOTO MOKPHITHS cHU3MIAchk ¢ 73,70 mo 40,56%, a akpui-
nonuyperaHoBoro — ¢ 37,69 no 4,62%. 3axniouenue. TlomydeHHblE PE3yJbTaTbl CBHUAETENBCTBYIOT O
piusiaan [IOTTA Ha TOBEPXHOCTHBIE M OOBEMHBIC CBOMCTBA HCCIEAYEMBIX BOJIHBIX [HCIEPCHH U
CTPYKTYpY (opMupyembIx MNOKpbITHH. Habnronaemble H3MEHEHHsSI COTJIACYIOTCSI C  BO3MOMKHOCTBIO
accorMaTHBHBIX B3aumopeiictBuii [IDIIA ¢ KOMIIOHEHTaMH HCCIEIyeMbIX CHCTEeM, Haubosee
BBIpa)KCHHBIN 3(QPEeKT MOANDUIIMPOBAHNS YCTAHOBIICH ISl aKPHJI-TIOJINYPETAHOBON KOMITO3UIINH.
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Abstract. The flotation efficiency of tungsten minerals depends largely on the structure of the
collector and the nature of its adsorption on the mineral surface. Traditional fatty acids, hydroxamates,
and organophosphorus reagents are well studied; however, their limited selectivity stimulates the
development of more complex molecular systems. The purpose of this review is to examine current
developments in the collector design for scheelite and wolframite, focusing on the bifunctional,
multifunctional, and DFT-guided approaches. A conditional division of the collectors into generations is
proposed: from traditional and chelating reagents to bifunctional and multifunctional systems and further
to rationally designed collectors, using DFT and molecular modeling. This review examines the collectors
containing various combinations of active groups, including amine-hydroxyl, thioether-hydroxamate, bis-
hydroxamate, amino-hydroxamate, amidoxime—phosphonate, and hydroxamate—phosphonate systems.
Their interactions with the surface Ca, Fe, Mn, and W sites are discussed, as well as the roles of
electrostatic attraction, coordination bonding, hydrogen bonding, and hydrophobicity. Particular attention
is paid to the increasing application of the density functional theory (DFT), molecular dynamics,
electronic structure analysis, and hydrophobicity calculations in the collector design. The current research
shows that the computational methods are increasingly being used not only to elucidate the adsorption
mechanisms, but also to optimize spacer length, electron donation capacity, hydrophobicity, and ligand
combinations prior to or in parallel with the experimental validation. This review focuses on the studies
published between 2020 and 2026, with the earlier studies included where necessary to understand the
background to the development of the modern approaches to the collector design.
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1. Introduction

For Kazakhstan, the development of the tungsten industry has acquired
particular significance in recent years. The country possesses one of the world's
largest raw material bases for this metal and, according to the official data from
the Republic of Kazakhstan, ranks first in the world in explored tungsten reserves
[1,2]. The most significant deposits include the Verkhneye Kayraktinskoye and
Severny Katpar deposits in the Karaganda region, as well as the Boguty deposit in
the Almaty region. The commencement of the industrial development of the
Boguty deposit and the development of the capacity for the further processing of
tungsten concentrate indicate a renewed interest in the creation of a full-fledged
processing chain for the tungsten-containing raw materials in Kazakhstan [3,4].
Under these conditions, improving tungsten-ore beneficiation technologies,
including the development of more efficient and selective organic flotation
collectors, is of significant scientific and practical interest.

Tungsten
ore
Crushing and
grinding

Classification /
desliming

Scheelite
concentrate

Scheelite Gravity
CaWo, cone i

Hydrometallurgical

merged scheelite and processing

wolframite concentrate streams
Wolframite Gravity Magnetic Wolframite
(Fe,Mn)WO, i parati concentrate

Figure 1 — General beneficiation routes for tungsten minerals.

l Combined tungsten concentrate

To understand the place of flotation enrichment in the overall process chain
of processing the tungsten-containing raw materials, it is important to consider the
mineralogical form of tungsten and the corresponding methods of its extraction.
The main industrially significant minerals are scheelite CaWOs+ (~ 70% of the
world's tungsten resources) and wolframite (Fe/Mn)WO. (~ 30%), for which
different, but often combined, enrichment schemes are used [5-7]. In general, the
main stages of processing tungsten ores - from crushing and classification to
obtaining a concentrate and subsequent hydrometallurgical processing - are
presented in Figure 1. A special place in this scheme is occupied by the flotation
of the scheelite-containing ores, the efficiency of which is largely determined by
the choice of a collector.

The choice of a collector for the flotation of tungsten minerals is determined
by its ability to simultaneously ensure a strong interaction with the target mineral
surface and sufficient hydrophobization of the particles. Historically, relatively
simple organic reagents have been used for these purposes - primarily fatty acids
and their salts, classical hydroxamic acids, and individual organophosphorus
compounds [8-10]. Oleic acid and oleates, benzohydroxamic and

70



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

octylhydroxamic acids, which remain convenient model and industrially
significant collectors to this day [11], have been used.

To systematize modern approaches to the development of flotation reagents,
this review proposes to consider organic collectors for tungsten minerals as
several sequential stages of their molecular evolution. This division is conditional
and primarily reflects the evolution of approaches to molecular design: from
traditional reagents to chelating agents, then to bi- and polyfunctional systems,
and to rational design using DFT and molecular modeling. Moreover, these areas
may develop in parallel and partially overlap.

The 1% generation —traditional collectors. Fatty acids and their salts,
primarily oleic acid and oleates. They are characterized by a high collecting
capacity but limited selectivity.

The 2" generation — chelating collectors. Hydroxamates, oximes,
amidoximes, and simple organophosphorus reagents. Their advantage lies in their
more specific coordination interactions with the surface Ca, Fe, and Mn centers.

The 3" generation — bi- and polyfunctional collectors. The molecules
containing two or more active moieties, such as hydroxamate—phosphonate and
amidoxime—phosphonate. Such reagents provide multi-site binding to the mineral
surface and potentially higher selectivity.

The 4™ generation — rationally designed and environmentally oriented
systems. The collectors whose structure is optimized using DFT, adsorption
modeling, and molecular dynamics, simultaneously taking into account
selectivity, reagent consumption, and environmental safety. Traditional fatty acid
and classical chelating collectors, primarily hydroxamates and organophosphorus
reagents, have already been reviewed in considerable detail in the literature [12-
15]. Therefore, the main focus of this review is on more modern approaches —bi-
and polyfunctional collectors and their rational molecular design.

Currently, DFT calculations, molecular modeling, and electronic structure
analysis are increasingly being used directly in the development and interpretation
of the mechanism of action of new collectors [16-22]. Therefore, the boundary
between the generations Il and IV is becoming largely arbitrary: many bi- and
polyfunctional reagents are simultaneously objects of computationally-directed
design. Therefore, in this review, generations Il and IV are considered together —
as a single direction for the multifunctional and rationally designed collectors.

The novelty of this review lies in its examination of collectors for the
flotation of tungsten minerals from the perspective of the evolution of molecular
design principles — from bi- and polyfunctional reagents to systems, including
those rationally designed using DFT. Particular attention is paid to the
relationship between molecular architecture, electronic and spatial characteristics,
interaction with the mineral surface, and flotation selectivity.

2. Materials and Methods
To prepare this review, a search of scientific literature on modern flotation
collectors for tungsten minerals has been conducted, using Scopus, Web of

71



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

Science, ScienceDirect, and Google Scholar databases. The focus has been on
publications made between 2020 and 2026; the earlier studies have been included
in the analysis if they represented the initial research on traditional collectors,
adsorption mechanisms, or the development of modern approaches to molecular
design. The information on the status and development of the tungsten industry in
Kazakhstan, deposits, and projects for processing tungsten-containing raw
materials has been obtained from the official information resources of the
Government of the Republic of Kazakhstan and the Gov.kz portal.

3. Results and Discussion

One of the key research directions is the creation of collectors with multiple
functional sites, providing a more selective interaction with the surface of
tungsten minerals. Bifunctionality can combine two coordination-active moieties
or a chelating site with an auxiliary group that enhances adsorption and
hydrophobization. DFT and molecular modeling allow the identification of the
reactive sites and the evaluation of their interactions with the Ca, Fe, and Mn sites
[23,24].

In this review, a distinction should be made between bi- and polyfunctional
collectors, which are individual molecules with several functional centers, and
multiligand or multicomponent systems in which the functional interaction is
realized between several chemical components. The latter are not bifunctional
collectors in the strict molecular sense, but are considered here as a further
development of the principle of cooperative interaction of several functional
centers with a mineral surface.

One early example of a functionally bifunctional approach is N-tetradecyl-
isopropanolamine (NTIA), which combines an amine and a hydroxyl site. NTIA
has been prepared by the addition of tetradecylamine (TDA) to propylene oxide in
anhydrous ethanol at 38-40°C (Scheme 1) [25].

38-40°C CiaHag_ OH

0
+
NH, AN H/Y

Scheme 1 - The synthetic route of NTIA.

CiaHag

The protonated amine center provides predominantly an electrostatic
interaction with the negatively charged surface of scheelite, while the OH group is
involved in hydrogen bonding [25,26]. Using ethetraditional collectors DDA
(dodecylamine) and NaOL (sodium oleate), the WOs content in the concentrate
has been 40.44 and 39.60%, respectively, while the use of NTIA at pH 7.0 and a
concentration of 50 mg/L increased this figure up to 62.56% with a recovery of
96.44%, confirming its higher efficiency and selectivity in scheelite flotation
(Figure 2).
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Figure 2 — The flotation performance of DDA, NTIA, and NaOL.

A more pronounced cooperative effect is realized in @ 2-
(benzylthio)acetohydroxamic acid (BTHA) [27], applied for the separation of
wolframite and fluorite [28]. BTHA combines the thioether and hydroxamate
moieties, which are jointly anchored on Fe-centers of the wolframite surface to
form the Fe-S bonds and a five-membered hydroxamate-(O,0)-Fe complex
(Figure 3). The DFT analysis has identified S- and O-atoms as the main reaction
centers, and the MD modeling has shown a significantly stronger interaction of
BTHA with wolframite (—128.90 kJ/mol) than with fluorite (=10.84 kJ/mol). The
obtained calculated data have been confirmed by theflotation tests and XPS,
demonstrating the efficiency of combining bifunctional design and computational
prediction of the collector selectivity.

5y f Y
0 il (? :EQ ! E? BTHA: O—
il i 0 .
BTHA S i s
NH 1! ¢ )

F S : i [ NH — Chemical bond
l . o HN-OH | "’/(?' 5

== Hydrogen bond

i ] B

| 3 :

) ' {

} - Fa i T ' —

: i Ca s Electrostatic force
! =i ——

i i : | |

I i R =

_______ Mineral _____’~~. | Wolframite . Wolframite Fluorite

Figure 3 — The proposed interaction mechanism of BTHA with wolframite and fluorite.

Another type of bifunctional design is represented by sebacoylhydroxamic
acid (SHA), which contains two hydroxamate groups (Sheme 2). In the work of
Zhang et al. [29], it has been shown that SHA, due to its “crab” structure,
provides a high extraction of wolframite without Pb2" activation [29], and
outperforms the traditional BHA/Pb(NO:). system [30], which is especially
important considering the toxicity and bioaccumulation of lead [31-33]. In later
studies [34,35], the mechanism of action of SHA has been further investigated by
XPS and DFT methods. The two —-C(O)NHOH groups interact preferentially with
the Fe centers of the wolframite surface to form five-membered chelate rings, and
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a smaller HOMO-LUMO gap compared to BHA (0.1557 vs. 0.2132 a.u.)
indicates a higher reactivity of SHA [35].

0] (e}
(0] (0}
H;C )K/ \)k CH,4 —>NH20H ~N)K/(CH2)6\)LN\
~O (CH2)6 o~ 80°C.8h HO |l| H OH

)

Dual hydroxamate/‘crab‘architecture

Scheme 2 — The synthetic route of SHA.

A similar bis-hydroxamate design has been implemented for DHA
(dodecanediohydroxamic acid), for which DFT confirmed the high reactivity of
both hydroxamate groups [36].

For scheelite, a promising example is N-(3-(octylamino))hydroxamic acid
(NOHA), developed as an efficient amphoteric collector for scheelite enrichment
without a prior activation by Pb(NOs). [37]. At pH 8.0 and a concentration of
2.0x10* mol L1, NOHA has provided >95% scheelite recovery without prior
Pbz" activation. The molecular design of NOHA is based on the combination of a
selective hydroxamate group with an amine center: the hydroxamate moiety
provides an interaction with the Ca sites on the scheelite surface, which has been
confirmed in a number of studies by DFT and XPS [34,38], while the protonated
amino group additionally increases the affinity of the collector for the negatively
charged mineral surface and enhances its adsorption [37,39].

A more complex heterobifunctional architecture is realized in the DHAHEP
(dihexyl  (2-amino-2-(hydroxyimino)ethyl) phosphonate) collector, whose
molecule combines amidoxime and phosphonate moieties [40]. According to
FTIR, XPS, and DFT data, DHAHEP adheres to wolframite in a mixed manner:
the cationic form of the collector predominantly interacts electrostatically with the
WO.? surface sites, while the amidoxime and phosphoryl centers participate in
chemical binding with the surface Fe sites (Figure 4). Thus, DHAHEP combines
several adsorption mechanisms in a single molecule, ensuring a high affinity for
wolframite and its efficient separation from quartz.

s N B

Chemical bond Electrostatic attraction

CeHis 0 H NH, C6H13 o C6H13 CeHys (; CeHa

o_b_o HONﬁ No—B_
NOH NOH
! % s
bH CH13 “Cefis é é

\ e 5 2=
.... .... oFy  oswlo (o,

Wolframite surface Wolframite surface

Figure 4 — The proposed adsorption mechanisms of DHAHEP on the wolframite surface: chemical
bonding and electrostatic attraction.
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Microflotation has demonstrated the high collection capacity of DHAHEP
for wolframite: at pH 2-4.5, its recovery has exceeded 90%, while for quartz it
has remained below 60%. In a wolframite—quartz mixture at pH ~4 and 8x10-°
mol L* DHAHEP, the wolframite recovery has been 64.5% at the content of
48.9%.

Another variant of functional interaction is observed for DHHAOEP (dihexyl
(2-(hydroxyamino)-2-oxoethyl)  phosphonate), a hydroxamate-phosphonate
collector of scheelite [41]. Unlike DHAHEP, the P=0O group here is practically
not directly involved in chemical adsorption: according to XPS and DFT data,
binding to the surface occurs predominantly through the hydroxamate fragment.
However, DFT has shown that the presence of a phosphoryl group alters the
geometry of the active site: the distance between the two O-atoms of the
DHHAOEP hydroxamate fragment is 2.889 A and is almost identical to the
distance between the adjacent O-atoms in the surface WO.2~ fragment of scheelite
(2.899 A). This geometric correspondence facilitates the formation of a five-
membered surface complex and increases selectivity for scheelite (Figure 5).

) (
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(8] —
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Figure 5 — The proposed adsorption mechanism of DHHAOEP- on the scheelite surface.

Thus, the role of the second functional center in multifunctional collectors
can vary significantly: from the direct cooperative coordination binding, as in
BTHA [27] and DHAHEP [40], to the structural and electronic optimization of
the main chelating center, as in DHHAOEP [41]. These examples clearly
demonstrate the importance of DFT and molecular modeling not only for
interpreting the adsorption mechanism, but also for rational design of new
collectors.

A more direct example of the rational computational design is presented by a
series of bifunctional dicarboxyl collectors CS, for scheelite [42]. In this work,
the length of the carbon spacer has been considered as a key parameter
determining the relative position of the two carboxyl groups of the collector.
TheDFT calculations have shown that the most favorable adsorption on the
scheelite surface is characteristic of CS,, which is associated with a good spatial
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correspondence between the carboxyl centers and the Ca sites of CaWO.. An
analysis of the electron density and charges has confirmed the predominantly
ionic nature of the O-Ca interaction. At the theoretical stage, the bifunctional
molecule has demonstrated an adsorption energy advantage over single
molecules. Further flotation results have confirmed the operating principle of the
bifunctional collector structure. This work clearly illustrates the use of DFT at the
stage of the targeted collector structure optimization.

Rationally designed systems include the p-alkoxy derivatives of
benzohydroxamic acid (AOBHAs), for which theDFT and hydrophobicity
calculations have been used for the targeted structure optimization. [43]. For the
experimental verification, the four derivatives (MOBHA, EOBHA, POBHA,
BOBHA) have been synthesized by sequential alkylation of methyl p-
hydroxybenzoate with the corresponding alkyl bromide, subsequent oximation
with hydroxylamine, and acidification to yield free hydroxamic acids (Scheme 3).
After recrystallization, the purity of the products has exceeded 98%.

o N s
~ONa ° N‘OH
NH ,OH. HCI
R-Br, K2C03 NaOH H,SO,
Y CH OH >
50°C,10h 45°c 6h
H R R

Scheme 3 — The synthetic route of AOBHAsS.

The alkoxy substituent does not act as an independent coordination center,
but due to p—m conjugation it increases the electron-donating ability of the
hydroxamate group, while an increase in the length of the alkyl chain enhances
the surface hydrophobization (Figure 6). The calculated prediction has been
confirmed by the flotation tests, which have shown a consistent increase in the
collecting capacity in the series BHA < MOBHA < EOBHA < POBHA <
BOBHA [43].

Hydrophobicity
—

O O (0] O

HN HN HN HN HN p-T conjugation
d ) d- \ d N g\
M /" ~ M e
a:.«- Be—
/;;/ Electron donatlon ability
BHA MOBHA EOBHA POBHA BOBHA

Figure 6 — The structure—property relationship of the p-alkoxy benzohydroxamic acid collectors:
hydrophobicity and electron-donating ability.
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The subsequent work [44] on the Cs-derived POB, IPOB, and AOB has
demonstrated that a higher HOMO energy does not always correspond to better
flotation activity: despite the highest electron-donating capacity of IPOB, the
more hydrophobic POB has exhibited the highest collecting capacity (Figure 7).
These results highlight the need to simultaneously consider both theelectronic and
hydrophobic characteristics in rational collector design.

It should be noted that individual DFT descriptors, including HOMO/LUMO
energies, atomic charges, and interaction energies, are not direct indicators of
flotation performance. Their predictive value increases only when solvation,
protonation, mineral surface state, and collector hydrophobicity are taken into
account jointly. A illustrative example is the POB/IPOB/AOB series, where the
highest electron-donating capacity did not correspond to the maximum flotation
activity.

DFT / Homo energy

0 o] :

OH :

N/OH N/OH 3

)\ Ho > Ho
IPOB POB ectron-donation ablllty AOB BHA :
fffffffffffffffffffffffffffffffffffffffffffffffff\?fsfffffffffffffffffffffffffffffffffffffffffffffffffffffff
i Experlmental flotation perfomance
o o :

N'OH N'OH 3

>; O

IPOB AOB BHA :

flotation

Figure 7 — The DFT-predicted electron-donating ability versus the experimental flotation performance of
the Cs alkoxybenzohydroxamate collectors.

In the work of Deng et al. [45], m-methylbenzohydroxamate (3MBHA) has
been developed based on BHA. The introduction of a methyl substituent at the
meta position has increased the hydrophobicity of the molecule and enhanced its
complexation with Pb(Il). Compared to BHA, 3SMBHA has been characterized by
a higher logP and a more pronounced decrease in the surface tension, while a
UV-Vis analysis has revealed a stronger interaction with Pb(l1) and the formation
of a larger number of Pb-hydroxamate complexes. This has been accompanied by
an increased adsorption on the scheelite surface and an increase in its flotation
recovery. The obtained results demonstrate that the efficiency of hydroxamate
collectors can be enhanced by simultaneously optimizing theelectronic and
hydrophobic properties of the molecule [45].

Another rational design approach considers not only the collector structure
but also the chemistry of the specific mineral surface. For the specially selected
hydroxamate  collector DPHA  (N-dodecanoyl-N-phenylhydroxylamine),
selectivity in the scheelite—calcite system is attributed to a combination of the Ca-
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coordinating hydroxamate center, a hydrophobic organic moiety, and differences
in the behavior of surface Ca with changing pH [46]. A similar principle has been
implemented using the trisiloxane collector AATS (N-(2-aminoethyl)-3-
aminopropyltrisiloxane) for the separation of scheelite and calcite, where the
correspondence of the cationic amine center to the differences in the charge state
of the mineral surfaces plays a significant role [47]. Thus, the object of rational
design is no longer only the collector molecule itself, but also its correspondence
to the chemical and electrostatic state of the target mineral surface.

A similar surface-targeted approach was implemented for the modified oleate
collector Ca-DBOA (a-bromooleic acid), developed for the selective separation of
scheelite and calcite. According to AFM, (-potential, FTIR, and XPS data, Ca-
DBOA chemically adsorbs on scheelite even in the presence of liquid glass,
whereas its adsorption on calcite is significantly suppressed [48].

This approach is widely used: it expands the concept of molecular design,
where the object of optimization is no longer only the reagent molecule but also
the correspondence of its properties to the specific state of the mineral surface
[49].

An interesting direction of rational design, standing somewhat apart, is
represented by a series of studies by Wei et al. [50-55] on the creation of
organometallic and multiligand collectors based on the Pb—BHA system. In the
early studies, the structure of Pb—BHA complexes and the features of their
adsorption on the scheelite surface have been investigated using XPS and TOF-
SIMS [50] (Figure 8, a). Subsequently, the structure of these complexes has been
studied in detail in the crystalline state, solution, and at the solid/liquid interface,
which has provided a better understanding of the role of Pb(ll) and BHA
coordination in the formation of an adsorption-active system [51,52] (Figure 8, b).
The next step was an introduction of additional organic ligands. Thus, the
multiligand systems Pb—BHA-SDS (sodium dodecyl sulfate) and Pb—BHA-CPF
(cupferron) have been developed, for which the enhanced adsorption and
increased flotation activity have been shown compared to the original Pb—BHA
system (Figure 8, c) [53,54].
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Figure 8 — Evolution of Pb—BHA-based multi-ligand collectors in the studies of Wei et al [50-55].
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Further development of this approach has led to the concept of multiple-
ligand metal-organic framework collectors (ML-MOF), in which the selection of
an additional ligand has been carried out using a quantum chemical analysis,
hydrophobicity assessment, and calculations of the interactions with the mineral
surfaces. Among the combinations studied, Pb—BHA-SDS and Pb—-BHA-OHA
have been identified as the most promising, the efficiency of which has been
subsequently confirmed by themicroflotation tests [55]. Although such systems
are not bifunctional collectors in the strict molecular sense, they are conceptually
close to them: several functional centers participate in the formation of an
adsorption-active system, but belong to different ligands united by a common
metal center. In this regard, the multiligand approach can be viewed as a
development of the principle of functional cooperation characteristic of bi- and
polyfunctional collectors. In this series of studies (Wei et al.), the computational
methods have been used at virtually every stage of the concept's development -
from the analysis of the electronic structure and adsorption mechanisms to the
evaluation of the multiligand complexes and, ultimately, the targeted molecular
design of ML-MOFs. As the approach has evolved, the role of DFT has gradually
shifted from the interpretation of the experimental data to a tool for the
preliminary selection and optimization of the new collector systems.

Another example of a multicomponent design is the Pb—-BHA-NaOL system,
which, at a component ratio of 6:6:1, provided selective separation of scheelite
and calcite at pH 9. The increased selectivity is attributed to the preferential
adsorption of positively charged Pb—-BHA-NaOL particles on the scheelite
surface and their stronger interaction with its surface Ca- and O-sites [56].

To summarize the approaches discussed, the described collectors for
scheelite and wolframite, their structural features, adsorption mechanisms, and
rational design are compared in Table 1.

Table 1 — Tungsten flotation collectors discussed in this review

Collector | arget | Functional Main Main Computa- | Pb Design
. . . . - tional invol- .
[Ref ] mineral | architecture | surface site | interaction approach | vement principle
NTIA negatively | electrostatic -
Sch amine-OH | charged sch. | adsorption + - No fuiléi(ilcl)ﬁarl);ty
[25] surface H-bonding
BTHA . Fe-S )
Wol htrgjlr(zizz::;te Fe bonding + O,| DFT, MD No cot())i[:]edri?]tlve
[27,28] 4 O-chelation g
SHA dual hydroxamate dual-
Wol Fe - DFT No | hydroxamate
[29,34,35] hydroxamate chelation design
DHA Wol dual wol. surface | hydroxamate DFT No dual-
- driven hydroxamate
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ydroxamate adsorption esign
[36] hyd d i desi
Ca-
hydroxamate .
NOHA amino— chemisorp- amphoteflc/c
Sch Ca - - - No ooperative
hydroxamate tion + amino- .
[37] . design
assisted
adsorption
DHAHEP P . .
Wol amidoxime— Fe/WO: sites chemlcal?L DET No H_eteroblfu_nc
[40] phosphonate electrostatic -tional design
hydroxamate
DHHAQEP hydroxamate | Ca/W- | "0 inted geometric
Sch - containing . DFT No .
. chemisorp- matching
[41] phosphonate | surface sites tion
CS, TS .
Sch  |dicarboxylate Ca onic © _Ca DFT No spacer/_sne
[42] interaction matching
AOBHAs alkoxy- . Pb-mediated electronics +
Wol modified Pb ast;::;ated hydroxamate | DFT + logP Yes | hydrophobi-
[43] BHA adsorption city
Pb-
3MBHA meth)_/I- Pb-associated hydroxamate logP electronics _+
Sch modified surface sites complex Yes | hydrophobi-
[45] BHA formation + city
adsorption
DPHA pH- and
N-substituted selective Ca surface-
Sch Ca - DFT No o
[46] hydroxamate coordination specific
design
electrostatic
AATS diamino— negatively | adsorption surface-
Sch trisiloxane charged sch. via DFT No charge
[47] surface protonated matching
amino group
selective
Ca-DBOA modified sch. surface / chetimc: rs:er- surface-
Sch oleate Ca-related su res;ion - No targeted
[48] sites ppres modification
on calcite by
water glass
metal-
ML-MOF PO-BHA+ | ineral mediated | duantum- Pb- multiligand
Sch, Wol| multiple - - chemical |containin .
. . surface sites | multiligand . design
[50-55] ligands ; screening | g system
adsorption
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ovies assZirlwfl;led chemical Pb- assZ?’Lft;led
NaOL Sch O/ Casites | electrostatic - containin -
PD-BHA- adsorption system | MU fticompo-
[56] oleate system P gy nent design

Note - Sch — scheelite, Wol — wolframite

4. Conclusion

The analysis shows that the modern development of flotation collectors for
scheelite and wolframite is primarily associated with a shift from the selection of
individual functional groups to the targeted design of the entire molecular
architecture of the reagent. High efficiency is determined not by the number of
functional centers per se, but by their chemical nature, spatial arrangement, and
ability to interact with the active sites on the mineral surface.

For bi- and polyfunctional collectors, several main modes of action can be
distinguished: the coordinate binding of several centers, the combination of the
main chelating moiety with an auxiliary group that enhances adsorption, and the
structural and electronic influence of the second moiety on the geometry and
reactivity of the main center. Therefore, functional cooperation is becoming a
more important parameter than the formal number of donor groups in the
molecule.

A separate selectivity factor is the spatial correspondence of the collector's
active centers to the surface Ca, Fe, Mn, and W sites.

Equally important is the combined consideration of electronic and
hydrophobic properties. Therefore, rational design should consider a complex set
of the interrelated molecule characteristics, rather than a single descriptor.

DFT, molecular modeling, and electronic structure and hydrophobicity
analysis are now used not only to elucidate the adsorption mechanism after the
experiment, but also to pre-select the structure, spacer length, substituents, and
composition of the multiligand systems. Thus, computational methods are
gradually becoming a tool for targeted design, but their results should be
considered in conjunction with the flotation and surface chemistry experiments.

Overall, the most promising direction appears to be the creation of collectors,
which simultaneously optimize selective binding to the mineral surface, the
spatial organization of the active sites, electronic properties, and hydrophobicity,
while also reducing the need for toxic activators. Of particular practical interest
are collectors capable of providing high efficiency without preliminary Pb2*
activation; however, their direct quantitative comparison requires standardized
flotation test conditions. This approach allows for a transition from empirical
reagent searches to a more substantiated molecular design, tailored to a specific
mineral and its surface properties.
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BOJb®PAM  MMUHEPAJ/IJAPBIHA  APHAJIFAH 3AMAHAYH  ®JOTAHUSJIBIK
KHHAFBIIITAPFA  WIOJY: BA®YHKHUOHAJIAbI MOJIEKYJIAJIAPJAH  DFT
HETI3IHAETT ’KOBAJIAYFA JEWUIH (IIIOJIY)

AJO. Ten**, B.K. I0*, C.III. Cagpapoé?

1 «O.b. bexmypos amvinoasvl Xumus eviibimoapul  uncmumymoly AK, Anmamer, Kasaxcman
2 Toorcikeman Pecnybonukacel Folnoim akademusicoinviy B.U. Hukumun amuvinoasbl Xumusi uHCmumymet,
Jlywanbe K., Taocikcman

Tyiiingeme. Bonsbpam wmunHepangapbiH ¢uoTanusiiay THIMIUIIN KON JKaraaia IKHHAFBIIITHIH
KYPBUIBIMBIHA JKOHE OHBIH MHHepan OeriHiae ajacopOuuMsuiaHy cumaTbiHa OaiimaHbicThl. JlocTypii Mmait
KBILIKBUIIAPBI, THAPOKcaMarTap oHe (HOCHOpPOPraHUKANIBIK PEareHTTep JKaKChl 3EpTTENreH, anaiaa
ONapIbIH MICKTEYJ CEeMCKTUBTUIIN KypIeTipeK MOJEKYJIalbIK KYHenepai d3ipiieyre bIHTalaHbIPaIbL.
Ocsbl 1oy bl MakcaThl — OM(YHKIMOHAIABI, KendyHKIHoHANAb! xoHe DFT-0arbiTTanran Tocinaepre
epeKIlie Ha3ap ayjapa OTBIPBII, IICEIUT MEeH BOJb(PPAMHUTKE apHAIFaH XUHAFBILITAPIBI JKOOAIAYAaFbl
3aMaHayH d3ipieMenepi KapacTeipy. bi3 muHaFbIITapIpl MapTThl TYpAe OybIHAApFa OOyl YChIHAMBI3:
JIOCTYPITi KOHE XeNaTTaylIbl peareHTTepiHeH Oactam Ou- skoHe monuyHKIMOHAIIB! XKyilerepre acitin
skoHe onaH opi DFT >xoHe MoJeKynanblK MOAENbICY/ IMaianaHa OTHIPBIN PallMOHANIbl KOOaJaHFaH
xuHarbimrapra aeitin. lomyna GenceHai TonTapiblH OpTYpIl YilleciMIepiH KaMTUTBIH, OHBIH ilIiHzaE
aMHUH-THUIPOKCHIIII, THO()HP—TUIPOKCAMATTHI, OuC-THIPOKCAMATTHI, aMHUHO-THIPOKCAMATTHI,
aMUIOKCUM—(POCHOHATTHI JKOHE THIpOKcaMaT—(hoc(oHATTHI Kyiteaep 6ap KHUHAFBILITAP KapaCThIPbUIA/IBL.
Omnapaeiy Oetki Ca-, Fe-, Mn- >xone W-callTTapbIMEH OpEKeTTeCyi, COHJAi-aK AJIEKTPOCTATHKAJIBIK
TapThUIBIC, KOOPAMHALMSIBIK OailJlaHbIc, CyTeKTIK OaiiiaHpicTap MeH TUIPO(OOTHUIBIKTBIH pei
TayKpUIaHaAbl. JKUHAFBIITAPABI 93ipieyne THIFbI3AbIK (yHKIHoHANB TeopusichiH (DFT), mMonekysanbik
JIMHAMUKAHBI,  OJICKTPOHIBIK  KYPBUIBIMIBI — TAIAAYABIH  JkoHE  TuIpooOTHIK — ecenTeyiepliH
KOJIIaHBUTYBIHBIH apTyblHa €peKIle Ha3ap ayJapblUraH. 3aMaHayd 3epTTeyliep KOpCceTKeHIei: ecentey
onmictepi TeK ancopOIMs MEXaHM3MIEpPiH TYCIHIIpy YIIIH FaHa eMecC, COHbIMEH KaTap ToxipuOemik
TeKcepyre JAeiliH HeMmece OHBIMEH MNapajlieNbAi TYpAe CHeHCep Y3bIHIBIFBIH, HJICKTPOHIOHOPIBIK
Ka0ineTTiH, ruApoOOTHIFBIH JKOHE IMTaHATap KOMOMHAMSIIAPBIH OHTAMIAHABIPY YIIiH Jie OapraH callblH
KeHiHeH Konpanbutyna. Illomyna seriziri Hazap 2020-2026 >xpuigapbl KapHsUIaHFAaH 3epTTEyJiepre
HIOFBIPJIAHBIPBUIA/IBI, COHJOAl-aK 3aMaHayd  JKHHAFBIIITApAbl K00ajay TOCUIAEPIHIH JaMBITYIbIH
aFBILIAPTTAPBIH TYCIHY KaXeT OOJIFaH jKaFqaiiap/a eprepek KapHusIaHFaH )KYMBICTAP €HII31UITeH.

Tyiiinai ce3nep: Boiabdpam (GIOTANMACH], LICETUT, BOJb(GPAMUT, (IIOTALMSIIBIK >KAHAFBILITAD,
Ooudynkunonanae! xuHarsirap, DFT, panroHanibl MOJIEKyIANBIK xKobanay

Ten Acens IOpvesna Xumusi ebl1bIMOGPLIHBIY KAHOUOAMDbL,
KayblMOacmulpulizan npogheccop
1O Banenmuna Koncmanmunoena Xumus 2oLibimoapsinbly 0okmopel, npogeccop

Caghapoe Caiipuooun Illaxoouounoeuy  Xumus 2ol161MOAPbIHBIE OOKMOPLL, NPodeccop

OB30P COBPEMEHHBIX ®JOTALIMOHHBIX KOJJIEKTOPOB 51 BOJb®PAMOBBIX
MHHEPAJIOB: OT BU®YHKIHOHAJIBHBIX MOJIEKYJ JO IMPOEKTHPOBAHHS HA
OCHOBE DFT (OB30P)

A.JO. Ten*, B.K. 0%, C.III. Caghapos®

L AO «Mucmumym xumuueckux nayx umenu A.B. Bexmyposay, 2. Anmamu, Kazaxcman

2 Uncmumym xumuu umenu B.U. Huxumuna Axademuu nayx Pecny6auxu Tadocuxucman, 2. [Jywanbe,
Taoorcuxucman

Pestome. DdpexruBHocTs (riotanuu BoIb(HPaMOBBIX MHHEPATIOB BO MHOIOM 3aBHCHT OT CTPYKTYPbI

KOJIJIGKTOpa M XapakTepa €ro aacopOIuyM Ha MHHEPAIbHOH MOBEPXHOCTH. TpaJWIMOHHBIC XHUPHBIC
KHCIIOTBI, TUIpOKCaMaThl U pochopopraHuyecKie peareHThl XOPOIIOo U3yUYeHbl, OJHAKO UX OrpaHUuCHHAs

82



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

CEJIEKTUBHOCTh CTHMYJIMPYET pa3paboTKy Ooiiee CIIOKHBIX MOJEKYJSIpHBIX cucTeM. Llens HacTosero
0030pa — paccMOTPETh COBPEMEHHBIE pa3pabOTKM B OONACTH JU3aiiHa KOJUICKTOPOB JUIS LICEIHTA M
Bosb(pamuTa, ymaenss o0coboe BHUMaHHE OWBYHKIMOHANBHBIM, MHOrOQYHKIHMOHANRHBIM u DFT-
HalpaBJICHHBIM NoAXoxaM. Hamu npezsaraercsi yCloBHOE pa3felieHue KOJUICKTOPOB HA IOKOJICHUS: OT
TPaJMIHOHHBIX M XEJATHPYIOIIMX pPEareHTOB K OM- M MOMM(YHKIHOHAIBHBIM CHCTEMaM M jaiee K
palMOHANBHO CHPOCKTUPOBAHHBIM  KOJUIGKTOpaM ¢ wucrmoib3oBaHueM DFT  u  MonekymispHOro
MozenupoBanus. B 0030ope paccMaTpuBalOTCs KOJUIEKTOPBI, COZAEpXKAIMe pa3IMYHble COYETaHHs
AKTHBHBIX TPYIII, BKIIOYAs aMHH—THAPOKCUIIbHBIC, THOI(HP—THIPOKCAMATHBIe, OUC-THIPOKCAMaTHBIC,
aMHMHO-TH/IPOKCAMAaTHBIE, aMHIOKCUM—(poc(oHAaTHBIE H  THApOKcaMar—(hOCHOHATHBIE  CHCTEMBI.
OO6cyskaalTes WX B3aUMOENCTBUS ¢ moBepxHOcTHBIMH Ca-, Fe-, Mn- u W-caiitamu, a Takxe poiib
EKTPOCTATHYECKOTO  MPHUTSDKEHUs, KOOPJMHAIMOHHOTO  CBS3BIBAHUS, BOJOPOJIHBIX CBsI3ed U
runpododHOocTH. OCc000e BHUMaHKE y/EJICHO BCE Oosiee MIMPOKOMY NMPHUMEHEHHUIO TCOPUH (YHKIMOHANA
mwiotHoctd (DFT), MonekynspHON IUHAMHUKM, aHalIuM3a OJIEKTPOHHOH CTPYKTYpbl M pPacuéroB
ruapodoOHOCTH Tpu  pa3paboTke KOJUIEKTOpPOB. Kak MOKa3bIBAlOT COBPEMEHHBIC HCCICIOBAHMUS:
BBIYMCIIUTEIIbHBIE METO/IBI BCE Yallle UCIIONB3YIOTCS HE TOJIBKO VISl OOBSICHEHUS! MEXaHU3MOB a/ICOpOLHH,
HO W JUIi ONTHMHU3ALMH [UIMHEI clielicepa, 3JEKTPOHOJOHOPHOH CIOCOOHOCTH, THAPO(oOHOCTH U
KOMOMHAIHI JTUTAHIOB [0 WIIK NapaulelIbHO C SKCIIEPUMEHTAIbHOM MpoBepKoil.. OCHOBHOE BHUMAHUE B
0030pe KOHIIEHTPUPYETCsS Ha HMCCIEJOBaHMAX, onyOnukoBaHHbIXx B 2020-2026 rr., mpu 3toM Oojee
paHHHe pPabOTHl BKJIIOYEHBI TaM, [J€ 9TO HEOOXOAWMO /Ul IMOHMMAHHS IPEANOCHUIOK pPa3BUTHS
COBPEMEHHBIX T0JIX0/I0B K IU3aliHy KOJUICKTOPOB.

KiwueBble cioBa: ¢uortauus Bonb(dpama, IIEETUT, BOIbGPAMHUT, (GIOTALMOHHBIE KOJUIEKTOPHI,
OudyHkuroHanbHbIe KosutekTopbl, DFT, panionaisHoe MOJIEKYJIISIPHOE TPOSKTHPOBAHUE

Ten Acens IOpvesna Kanouoam — xumuueckux Hayk, accoyuuposanmwiil
npogheccop
10 Banenmuna Koncmanmunogna Loxmop xumuueckux nayx, npogeccop

Cagpapose Caiigpuooun Illaxobudunosuy  JJoxmop xumuueckux HayxK, npogpeccop
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Abstract. Glycogen synthase kinase-38 (GSK-3p) regulates cellular processes associated with
inflammation, apoptosis, and neurodegeneration and is a validated therapeutic target. Interest in natural
compounds capable of interacting with the GSK-3 active site is driven by the toxicity and adverse effects
associated with many existing kinase inhibitors. This study aimed to evaluate Astragalus
phytocomponents as potential GSK-3p ligands in silico using molecular docking and ADMET prediction.
The docking methodology was validated by redocking the native ligand FKB501 from the cocrystallized
X-ray structure, yielding an RMSD of 1.83 A. To assess affinity for the GSK-3p active site, a library of 96
Astragalus compounds was screened. Based on binding affinity and ADMET characteristics, six
compounds were selected for detailed analysis: soyasapogenol B, soyasapogenol E, chlorogenic acid,
neochlorogenic acid, isoliquiritigenin, and echinatin. Their binding energies were comparable to or
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1. Introduction

The involvement of glycogen synthase kinase-3f (GSK-3f) in processes
related to the regulation of glycogen synthase activity, insulin signaling,
inflammation, apoptosis, and neurodegenerative processes makes GSK-3B an
important therapeutic target [1]. However, many known ATP-competitive
inhibitors have limited use due to risks associated with low selectivity and safety
concerns [2, 3]. Therefore, natural compounds remain a promising source in the
search for new GSK-3f ligands with favorable pharmacological and toxicological
profiles.

The rich phytochemical composition and extensive study of Astragalus
membranaceus and the genus Astragalus in general make them interesting targets
for the above-mentioned research. The main groups of compounds found in
Astragalus plants include triterpene saponins, flavonoids, isoflavonoids, and
phenolic metabolites [4]. Also, according to sources, representatives of the genus
exhibit inhibitory effects on a-glucosidase, a-amylase, cholinesterases, tyrosinase,
B-glucuronidase, hCA 1l, COX-2, and bacterial targets. However, the type and
intensity of activity depend on the plant species, organ, extract composition, and
chemical class of compounds [4-7]. Therefore, we believe it would be appropriate
to screen Astragalus phytocomponents for potential GSK-3f inhibitors.

To prioritize such compounds, molecular docking and ADMET prediction
are commonly used as complementary tools at the early stages of computer-aided
drug discovery [8]. Docking makes it possible to evaluate the spatial orientation
of a ligand within the protein active site and to compare its predicted affinity for
the molecular target [9]. However, docking score alone is insufficient for
selecting promising candidates, since compounds with favorable binding energy
may still exhibit poor solubility, low permeability, undesirable interactions with
CYP enzymes or hERG channels, or potential toxicity [10, 11]. Therefore,
ADMET filtering provides an additional level of selection by assessing the
predicted biopharmaceutical limitations and safety-related risks of candidate
molecules. In the present study, this combined docking-ADMET strategy was
applied to select Astragalus-derived phytocomponents capable of binding to the
active site of GSK-3B while retaining acceptable predicted properties for
subsequent experimental investigation.

2. Experimental part

The crystal structure of GSK-3p was downloaded from the Protein Data
Bank, PDB ID: 6HOU, at 2.3 A resolution [12]. During protein preparation in
AutoDockTools 1.5.7, water molecules and ions, as well as the original ligand,
were removed from the structure. The structure was saved in PDBQT after adding
polar hydrogen atoms and Kollman charges.

Based on Astragalus phytocomponents described in the literature, a ligand
library was created, comprising 96 compounds in SMILES format. The original
structures of the compounds were converted to SDF format, and geometry was
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optimized using Open Babel 3.1.1. Meeko 0.7.1 was used to add hydrogen atoms,
calculate Gasteiger charges, and save the structure in PDBQT.

The active site of GSK-3p was determined based on the position of the native
ligand FKB501. The center of the calculation box was defined by the coordinates:
X =-5560 A, Y =-28.948 A, Z =-16.272 A. The box size was 15 x 15 x 15 A,

The docking protocol was validated by redocking the native ligand FKB501.
The RMSD value between the experimental and predicted poses was 1.83 A,
which meets the generally accepted criterion for successful docking protocol
validation: RMSD < 2.0 A [13].

Molecular docking was performed in AutoDock Vina 1.2.3 [14] with an
exhaustiveness setting of 32. For each ligand, the best binding energy was
recorded, and the most favorable conformation was analyzed. Visualization of
complexes and 2D interaction diagrams was performed in PyMOL and Discovery
Studio Visualizer.

ADMETIab 3.0 [15] was used to evaluate molecular weight, the number of
hydrogen bond donors and acceptors, TPSA, lipophilicity, drug-likeness,
predicted absorption, distribution, metabolism, toxicity, and integrated indicators
of compound suitability for further analysis. All 96 compounds were screened,
and then, for a more in-depth analysis of binding parameters, bioavailability, and
pharmacological and toxicological profiles, selection was performed based on a
combination of high affinity, absence of Lipinski's rule violations, and absence of
critical toxicological risks in ADMETIab 3.0.

3. Results and Discussion

The initial set of 96 Astragalus-associated compounds was ranked by
docking affinity to the GSK-3p active site and subsequently filtered according to
predicted drug-likeness and toxicological parameters. Six compounds with the
most favorable combination of docking score, phytochemical relevance, and
ADMET profile were selected for detailed interaction analysis (Table 1).

Table 1 — Molecular docking scores and key interactions of selected Astragalus-derived compounds with
GSK-3p

Compound Binding Key interactions with GSK-3p
affinity,
kcal/mol
FKB501 -7.546 Conventional H-bond: GIn185 (2.56 A); n-donor H-bond: Phe67

(4.00 A); m-sulfur interaction: Cys199 (4.03 A); n-n stacked
interactions: Phe67 (5.30-5.62 A); alkyl interactions: Ala83
(3.77 A), Leul88 (443 A), Cys199 (5.11 A); m-alkyl
interactions: Phe67 (5.29 A), Val70 (4.64 A)

Soyasapogenol B -8.523 Conventional H-bond: Val135 (2.61 A); alkyl interactions: le62
(3.72-5.47 A), Val70 (5.02 A); n-alkyl interactions: Phe67 (5.05
A), Tyr134 (4.62 A)

Soyasapogenol E -8.176 Conventional H-bonds: Lys183 (2.20 A), Asn64 (2.40 A); alkyl
interactions: 1le62 (4.77 A), Val70 (5.09 A), Leu188 (5.22 A),
Cys199 (5.45 A); n-alkyl interaction: Tyr134 (4.61 A)
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Chlorogenic acid -7.739 Conventional H-bonds: Asp200 (2.13 A), Asné4 (2.03 A),
GIn185 (2.88 A); m-alkyl interactions: Ala83 (3.50 A), Leu188
(4.99 A)
Neochlorogenic -7.675 Conventional H-bonds: Val135 (2.15 A), Asp200 (2.64 A),
acid Lys85 (2.92 A); m-alkyl interactions: Alag83 (3.57 A), Leu188
(4.85 A)
Isoliquiritigenin -7.436 Conventional H-bonds: Val135 (1.87 and 2.15 A), Asn186 (2.04

A), Asp200 (2.63 A); m-alkyl interactions: Ala83 (3.72 A),
Leu188 (4.99 A), Val70 (5.43 R)

Echinatin -7.263 Conventional H-bond: Asp200 (2.37 A); m-sulfur interaction:
Cys199 (4.11 A); n-r stacked interaction: Phe67 (4.52 A); =-
alkyl interactions: Ala83 (5.05 A), Val70 (5.27 A), Leu188 (5.36

A)

Soyasapogenol B and Soyasapogenol E showed the most favorable docking
scores among the selected phytocomponents. Soyasapogenol B formed one
conventional hydrogen bond with Val135 (2.61 A), a residue previously reported
as important for the stabilization of ATP-competitive GSK-3f inhibitors [2]. In
addition to this polar contact, the complex was stabilized by several hydrophobic
interactions involving lle62, Val70, Phe67, and Tyrl34. The predominance of
alkyl and m-alkyl contacts is consistent with the triterpene structure of
Soyasapogenol B, whose extended hydrophobic skeleton may favor anchoring in
the nonpolar region of the GSK-3f active site (Fig. 1). Soyasapogenol E formed
two conventional hydrogen bonds with Lys183 and Asn64 and additional
hydrophobic contacts with Ile62, Val70, Leu188, Cys199, and Tyr134. Compared
to soyasapogenol B, the binding energy was less favorable, despite the higher
number of hydrogen bonds. This may be due to the orientation of the ligand and
the efficiency of the hydrophobic packing within the binding pocket.

TYR
Ar134 @
:
.
/
VAL K - 47200

&;135 g e

PHE

ILE ABT
AR VAL
A:70

Figure 1 — 2D diagram of the interactions of Soyasapogenol B with the active site of GSK-3p.
Conventional hydrogen bonds are shown in green, w-alkyl hydrophobic interactions in pink, and
unfavorable acceptor-acceptor contacts in red.
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Chlorogenic acid formed three conventional hydrogen bonds with residues
Asp200, Asn64, and GIn185. The shortest bonds were observed with Asn64 (2.03
A) and Asp200 (2.13 A), which may be the main contributor to complex
stabilization. Additionally, the aromatic moiety of the ligand participated in
hydrophobic m-alkyl interactions with Ala83 and Leul88. The contact with
GIn185 is important, as this residue has already been noted to be important for
binding of the native ligand FKB501 in the active site of GSK-3p. Like
chlorogenic acid, neochlorogenic acid formed hydrophobic m-alkyl interactions
with Ala83 and Leul88, but instead of hydrogen contacts with Asn64 and
GIn185, it was characterized by interactions with Lys85 and Val135.

Isoliquiritigenin formed an extensive network of conventional hydrogen
bonds with residues Vall35, Asnl186, and Asp200. The shortest bond was
observed between Val135 and the ligand oxygen atom (1.87 A), indicating a
significant contribution of this contact to complex stabilization. Additionally, the
aromatic system of isoliquiritigenin participated in w-alkyl interactions with
Ala83, Leul88, and Val70. Despite its less favorable docking affinity compared
to sapogenins, the presence of several directional hydrogen bonds and
hydrophobic contacts confirms stable fixation of the molecule in the GSK-3p
active site.

Echinatin formed one conventional hydrogen bond with Asp200 (2.37 A), as
well as several aromatic and hydrophobic contacts important for stabilizing the
chalcone backbone in the GSK-3p active site. Of particular significance are the n-
sulfur interaction with Cys199 and zn-n stacking with Phe67, as these residues are
also noted to be important for ligand binding in the ATP-binding pocket of GSK-
3B. The molecule additionally formed n-alkyl contacts with Ala83, Val70, and
Leul88. Despite its weaker docking affinity compared to sapogenins, the
interaction profile of echinatin is qualitatively interesting due to the involvement
of Cys199 and Phe67.

The native ligand FKB501 formed one conventional hydrogen bond with
GIn185 (2.56 A) and a m-donor hydrogen bond with Phe67 (4.00 A). Aromatic
and hydrophobic contacts significantly contributed to the stabilization of the
complex: m-sulfur interaction with Cys199 (4.03 A), n-n stacking with Phe67
(5.30-5.62 A), and alkyl/n-alkyl interactions with Val70, Ala83, Leu188, Cys199,
and Phe67. Comparison with the native ligand FKB501 revealed that the selected
phytocomponents are stabilized in the GSK-3p active site through different
mechanisms. Chlorogenic acid most clearly mimics the polar contact with GIn185
characteristic of FKB501. Echinatin, on the other hand, is closer to the native
ligand in its aromatic-hydrophobic profile, interacting with Phe67 and Cys199.
Soyasapogenol B and Soyasapogenol E exhibit the highest calculated affinities,
but their binding is largely determined by the hydrophobic packing of the
triterpene skeleton.

To assess the pharmacokinetic suitability of the selected compounds, a
comparative analysis was conducted using ADMETIab 3.0. Table 2 lists the most
informative parameters characterizing drug-likeness, solubility, lipophilicity,
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polarity, predicted absorption, distribution, and toxicological risks; parameters
that do not affect candidate ranking were omitted.

Table 2 — Comparative ADMET profile of selected Astragalus-derived compounds predicted by

ADMETIab 3.0
Indicator Soyasapo- Soyasapo- Chloroge- Neochloro- | Isoliquiriti- Echinatin
genol B genol E nic acid genic acid genin
MW 458.38 456.36 354.10 354.10 256.07 270.09
QED 0.415 0.454 0.234 0.234 0.583 0.662
TPSA, Az 60.69 57.53 164.75 164.75 77.76 66.76
logP 4.27 3.73 1.04 0.84 2.52 2.83
logS -5.25 -4.66 -2.96 -2.76 -3.46 -3.90
Caco-2 -5.39 -5.18 -6.43 -6.33 -4.84 -4.83
HIA 0.99 0.96 0.99 1.00 0.49 0.26
BBB 0.97 0.95 0.56 0.42 0.07 0.19
PPB, % 87.92 91.97 64.83 56.53 96.10 94.46
hERG 0.03 0.03 0.03 0.01 0.19 0.23
DILI 0.14 0.28 0.29 0.23 0.24 0.35
Ames 0.32 0.55 0.39 0.39 0.29 0.37
LD50 oral 0.657 0.739 0.597 0.584 0.923 0.883

Note - MW, molecular weight; QED, quantitative estimate of drug-likeness; TPSA, topological polar
surface area; HIA, human intestinal absorption; BBB, blood-brain barrier penetration; PPB, plasma
protein binding; DILI, drug-induced liver injury.

For the overall assessment, the quantitative estimate of drug-likeness
(QED) metric provided by ADMETIlab 3.0 was used, which integrally reflects a
molecule's compliance with the typical properties of drug-like compounds. The
highest QED values were calculated for the chalcones echinatin (0.662) and
isoliquiritigenin (0.583). Isoliquiritigenin and echinatin, with moderate polarity
(TPSA = 77.76 and 66.76 A2) and acceptable lipophilicity (logP = 2.52 and 2.83),
demonstrate the most balanced physicochemical profile.

Sapogenins demonstrated the most favorable docking scores; however, the
low solubility and increased lipophilicity of Soyasapogenol B (logS = -5.25; logP
= 4.27) and Soyasapogenol E (logS = -4.66; logP = 3.73) indicate limited
bioavailability. In contrast, the hydrophilicity (logS = -2.96 and -2.76) and high
polarity (TPSA = 164.75 A?) of chlorogenic acid and neochlorogenic acid may
limit their membrane permeability.

However, the toxicological predictors for all selected compounds remained
within the acceptable range, consistent with the logic of preliminary ADMET
filtration.

Thus, soyasapogenol B and soyasapogenol E demonstrated the highest
affinity for the GSK-3p active site, while isoliquiritigenin and echinatin, whose
binding energies are comparable to those of the native ligand, are preferred based
on their pharmacological properties. Chlorogenic acid and its isomer,
neochlorogenic acid, demonstrated acceptable affinity, but their high polarity may
limit biopermeability.
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4. Conclusion

Ninety-six phytocomponents of the genus Astragalus were evaluated in
silico as potential GSK-3p ligands, from which six compounds were selected for
their combination of good affinity and favorable pharmacological and
toxicological profiles. Molecular docking showed that soyasapogenol B and
soyasapogenol E exhibited more favorable binding energies than the native ligand
FKB501. Analysis of ligand-receptor interactions revealed the involvement of
Phe67, Val70, Val135, Leul88, Cys199, and Asp200.

ADMET prediction allowed for refinement of the pharmacokinetic
potential of the selected compounds. Sapogenins demonstrated the highest
calculated affinity for GSK-3p, but had limitations related to lipophilicity and
solubility. Meanwhile, isoliquiritigenin and echinatin exhibited more balanced
drug-like properties, making them interesting candidates for further research.

Thus, the obtained results confirm the feasibility of further studying
Astragalus phytocomponents as potential GSK-3p-targeting compounds. The
results of this study can be used to select candidates for experimental testing,
expand libraries of natural GSK-3p inhibitors, and develop further research in the
field of computer-aided discovery of biologically active compounds.
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ACTPATAJIIAH AJIBIHFAH DOPUTOXUMUSAJBIK KOCBIJIBICTAPbI
I'IMKOTEHCUHTA3AKHWHA3A-38-FA KATBICTbI JOKHUHITIK KOHE ADMET-
BATAJIAY
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Tyiiingeme. I'muxorencunrasakuHaza-38 (GSK-3p) xaObmHy, amonrto3 skoHe HelfpoJereHeparusiMeH
0aliTaHBICTHI JKACYIIATBIK YACPICTEPIl PETTEH I )KOHE pacTalFaH TEPANHSIIBIK HhICAaHA OOJIBIN TaObLIA b
GSK-33 Oencenni OpTajbIFEIMEH OpeKeTTecyre KaOuIeTTi TaOWFHM KOCBUIBICTApPFa KbI3BIFYIIBUIBIK OCHI
KHHA3aHBIH KONTEreH KOJJAaHBICTAFbl WHIHOWTOpNIApbIHA TOH YBITTBUIBIK II€H JKaHaMa dcepliepre
OaiiTaHBICTHL. 3epTTey/IiH MaKcaTsl MOIeKynanblk JokuHr skoHe ADMET kacuerrepin Gomkay omicTepin
maiianana OTHIpbIN, actparan (urokommnoHeHTTrepin GSK-3B-HbIH oneyerTi Juranarapsl petiHge in
silico 6aranay Goszbl. JIOKHHT ofticTeMeci KOKPUCTAILIAHFaH PEHTreHAIK KypblibiMaarsl FKB501 natusTi
JIMTaHJBIHBIH KalTa JOKWHTIH JKYpri3y apkpuisl Tekcepingi; RMSD wmoni 1,83 A Kypaznel. GSK-3B
Gerncenni opTanbFbiHa ahGUHIITIKTI Oaranay ymriH acTparaaasH 96 KOCHUIBICHIHAH TYPaThIH KiTallXxaHa
cKpuHHHITeH oTKi3uai. Addunninik xone ADMET cunarramanapbl HeriziHae emkeil-Terkeitnl tangay
YLIIH anThl KOCBUIBIC TaHJAIIBL: cosicanioreHos B, cosicanorenon E, XIOporeH KbILIKBUIBL, HEOXIOPOreH
KbILIKbUIBI, W30JUKBUPUTHICHUH J>KoHe dxuHaTuH. OmnapnsiH Oailnaneicy sHeprustiapel FKB501
Gaitnanpicy dHeprusicbiMeH (-7,546 Kkan/MoJib) CalbICTBIpMalbl OOJABI HeMmece aOCONMIOTTIK MoHI
OoifbIHIIIA O/1aH JKOFapbl OONIbI, al eH TeMeH MoHaep cosicanoreHon B (-8,523 kkan/monb) xoHe
cosicaniorenon E (-8,176 kxan/monb) yuIiH aHbIKTanIbl. ©3apa opekerrecyiepii Tanjay OenceHnui
opranbIKThiH [1e62, Phe67, Val70, Ala83, Lys85, Vall35, GIn185, Leul88, Cys199 xone Asp200 Herisri
KanaeikTapeiH  aHbikTagel. ADMET  Gomkambl OOWBIHIIA HM30JUKBUPUTUTCHHH MEH OSXMHATHHHIH
(hapMaKOIOTHSITBIK JKOHE TOKCHUKOJOTHSUIBIK mpoduibaepi eH TeHrepimai OoJbl, an camnoreHHHIep
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JOKUHT Ke3iHze orapbl ahdUHIUIIK KepCceTKeHIHe KapaMacTaH, TOMEH epIrillTIriMEeH XOHE JKOFaphl
munodunbainiriver  cumarrangel.  Ocbulaiimma, TaHmanraH acrparan  ¢uroxommonentrepi GSK-3[3
QJieyeTTi HMHTHOMTOpNIAphl pPETiHAE opi Kapall OSKCHepHUMEHTTIK Oaranay YIIH [epCIEeKTHBAJBI
KaHAUIATTap OOJIBIN TaAOBUIA/IBL.

Tyiiinai cesmep: GSK-3B, acrtparan, wmonexynamsik Jokuar, ADMET, ¢uroxommonenrrep,
COSICAIIOTeHO, XJIOPOT€H KBIIIKbUIBI, H30IHKBUPUTUTCHUH, XHHATHH.
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JOKHWHT U ADMET-OIIEHKA ®UTOXUMUYECKUX COEJTMHEHUI ACTPATAJIA B
OTHOWEHUWHU I''IMKOI'EHCUHTA3AKHWHA3bDI-3p

E.M. Epzanuesa’, B.B. Baycee?, A.B. Yzaxoea®", /I.b. Kycynoea', M.A. I'venxo ', C.B. Adeyosa*
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2 Kocmanatickuii coyuanibHo-mexHudeckutl yHueepcumem umeHu akademuxa 3. Andamoicap, Kocmanaii,
Kazaxcman
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Pe3ome. Tnukorencunrasakunaza-3f (GSK-3B) perymupyer KIETOYHBIC TIPOLECCHI, CBS3aHHBIC C
BOCIIAJICHHEM, aIONTO30M M HelpojereHepamued, W SBILETCS IMOATBEP)KACHHOW TepareBTHYCCKOM
MHUIIEeHbI0. FIHTepec K MPUPOJHBIM COCANHEHMSIM, CIIOCOOHBIM B3aMMO/ICHCTBOBATh C AKTHBHBIM LIEHTPOM
GSK-3B, o00ycnoBieH TOKCHYHOCTBIO M TOOOYHBIMH J(PQeKTaMH, XapaKTEpPHBIMH JUIS MHOTHX
CYIICCTBYIOIMX HMHTHOMTOPOB dTOM KuHa3pl. llenmbio uccnemoBanusi Obuta in - SilicO  omenka
(UTOKOMIIOHCHTOB ~ acTparaja Kak HOTeHIManbHbIX surasnoB GSK-3f ¢ ucnons3oBaHHEM
MOJIEKYJIIPHOTO TOKHUHTa U nporHozupoBanust ADMET. Metoanka qokuHra Obliia BATUIAPOBaHA MyTeM
penokunra HatuHoro juragaa FKB501 u3 KokpuCTalIn30BaHHOM PEHTI€HOBCKOM CTPYKTYpPBI; 3HaUeHUE
RMSD cocramwio 1,83 A. JIna onenku cpoictsa k aktuBHomy ueHTpy GSK-3B 6bLma mpoBencHa
mpoBepka Oubimmorekn u3 96 coemuHeHHii acTparana. Ha ocHoBammu apduuHoctm m ADMET-
XapaKTepPUCTUK I JETAIBbHOTO aHain3a ObUIM BHIOpAaHBI LIECTh COENMHEHUiA: coscamoreHon B,
cosicanioreHon E, XJI0poreHoBast KMCII0Ta, HEOXJIOPOreHOBAsI KUCIOTA, H30JIMKBUPUTUTCHUH M XUHATHH.
VX sHepruu cBA3bIBaHUS OBUIM COIIOCTABHMEI WM IIPEBOCXOAUIH [0 aOCOIIOTHOMY 3HAYCHHIO SHEPIUIO
cesaspiBannss FKBS501 (-7,546 kkan/mojb), MpH 3TOM HamOOJiee HU3KUE 3HAYCHUS] OTMEUCHBI JIJIst
cosicanioreHona B (-8,523 kkan/mons) u cosicanorenona E (-8,176 kkan/mMonb). AHanu3 B3aUMOIEHCTBHIA
BBISIBWII KJIFOYEBBIE OCTAaTKH aKTUBHOTO IeHTpa, Bkmovas [le62, Phe67, Val70, Ala83, Lys85, Vall35,
GIn185, Leul88, Cysl99 u Asp200. Ilo pesynsratam ADMET-npornozupoBanus Hanbosee
cOanaHCUpOBaHHBIMH  (hAPMAKOJIIOTHYECKUMH M TOKCHKOJIOTHMYECKMMH  HpoQWIAMH  00Jamanu
M30JMKBUPUTHICHUH M DXMHATHH, TOIJIa KaK CallOr€HHMHbI, HECMOTPs Ha Ooisiee BBICOKYIO ahGpUHHOCTH
IpH JOKUHIE, XapaKTCPH30BAJIHUCh HHU3KOIl PACTBOPHMOCTBIO U BBICOKOI JHMHNO(GUIBHOCTBIO. Takum
o0pa3oM, BbIOpaHHbIC (PUTOKOMIIOHEHTHI acTparajia SBISIOTCS MEPCHCKTHBHBIMU KaHIUIATAMH JUIS
JaJbHEeHIIeH SKCIIePUMEHTAIbHON OLICHKU B KQUeCTBE MOTEHIMAIbHBIX HHruouTopoB GSK-3p.

KmioueBbie caoBa: GSK-3f8, acrtparan, wmonexkynspusiii noxkuHr, ADMET, QUTOKOMIIOHEHTHI,
COSICAIIOreHOJI, XJIOPOI€HOBAs KUCIIOTA, H30IMKBHPUTHICHHH, DXUHATHH
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EFFECT OF B-CYCLODEXTRIN AND LACTIC ACID-BASED
SUPRADES ON ASPHALTENE AGGREGATION PROCESSES
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Abstract. Introduction. Asphaltene precipitation and aggregation complicate petroleum production,
transport, and refining. Aim. To evaluate B-cyclodextrin—-L-lactic-acid SUPRADES as a modifier of
asphaltene aggregation in model oil prepared from Karazhanbas crude oil. Methods. Asphaltenes were
isolated according to GOST 11858-66. SUPRADES was prepared at a 1:60 molar ratio and characterized
by FT-IR, UV-Vis, thermogravimetry, and tH and C NMR, including COSY, HMQC, and HMBC.
Results and discussion. FT-IR indicated a hydrogen-bonded network, TGA revealed multistage
decomposition, and NMR confirmed the lactic-acid fragment and its principal correlations. Near 292 nm,
absorbance decreased from approximately 0.88 to 0.59 after SUPRADES addition, an apparent decrease
of about 33%. Because replicate-level variability was unavailable, the comparison is semiquantitative.
Conclusion. The system may modify asphaltene aggregation, but quantitative inhibition must be
confirmed at defined concentrations with independent replicates.

Keywords: B-cyclodextrin, lactic acid, asphaltenes, aggregation, FT-IR spectroscopy, UV-Vis
spectroscopy, SUPRADES
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1. Introduction

Prevention of asphaltene deposition is one of the key tasks of the
petrochemical industry, since aggregation and subsequent flocculation lead to
deposits that impair the transport and operational characteristics of oil. Asphaltene
inhibitors can shift the onset of deposition and reduce both the amount of
sediment formed and particle size. Nonionic surfactants capable of stabilizing
asphaltene particles in a dispersed medium have proved effective in this regard.
Historically, aromatic organic solvents such as toluene and xylene have been used
because they dissolve asphaltene aggregates. However, their toxicity, volatility,
and environmental impact significantly limit their use in modern processes.
Alternative inhibitors therefore include nonionic surfactants and polymer
additives that stabilize asphaltenes through peptization and prevent aggregation

[1].

In recent decades, considerable attention has been paid to ionic liquids with
physicochemical properties such as low volatility, high thermal stability, and
structural tunability, making them promising candidates as asphaltene inhibitors
[2]. Further development of this field led to deep eutectic solvents (DES), which
combine efficiency with ease of preparation and relatively low cost; their
combination with macrocyclic host molecules has opened additional opportunities
for molecular recognition [3]. Supramolecular chemistry focuses on non-covalent
interactions and molecular recognition mechanisms that form stable host—guest
complexes [4]. In this context, supramolecular deep eutectic solvents
(SUPRADES) were proposed in 2020 as an extension of the DES class. These
systems are formed using cyclodextrins (CDs) or their derivatives together with
hydrogen-bond donors, particularly carboxylic acids [5, 6]. This approach
combines the advantages of DES with the selectivity and encapsulation ability of
macrocyclic compounds. Cyclodextrin-based systems are especially widespread
because of their natural origin, availability, low cost, and molecular-recognition
properties [7]. p-Cyclodextrin is frequently used because its cavity size enables
interaction with a broad range of organic molecules and it is economically
accessible [8]. Depending on composition and synthesis strategy, CD-based
SUPRADES can be classified as binary or ternary systems [9]. SUPRADES can
retain high stability in agueous media [10], although molecular-dynamics studies
show that water can markedly affect their structure and dynamics [11].
Complementary host—guest interactions and hydrogen bonding govern the
organization and functional properties of these systems and enable selective
capture of molecules of suitable shape, size, and polarity [12]. Their versatility
has also been demonstrated in analytical separations, including chiral capillary
electrophoresis [13].

2. Experimental part

Asphaltene isolation. Asphaltenes were isolated from Karazhanbas crude oil
(Western Kazakhstan) according to GOST 11858-66. The crude oil was treated

98



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

with n-hexane as the precipitant, allowed to stand for 24 h, and filtered without
disturbing the settled phase. The filtration stage is shown in Figure 1.

Figure 1 — Asphaltene filtration from Karazhanbas oil.

Purification and recovery. The precipitate retained on the filter paper was
subjected to Soxhlet extraction with toluene to separate the asphaltene fraction
from co-extracted resins and oils. Toluene was refluxed at approximately 116 °C
using an oil bath maintained at 120 °C. The extraction cycle was repeated 4-5
times. The recovered asphaltenes were dried at 100 °C for 24 h and then cooled to
room temperature in a desiccator.

Model oil and SUPRADES treatment. The isolated asphaltenes were
dissolved in toluene (purity >99.8%) at 0.5 wt%. The solution was stirred for 2 h
and equilibrated for 24 h. SUPRADES was evaluated over the verified working
concentration range of 100-1000 ppm, and the samples were magnetically stirred
for 10-30 min. n-Hexane was then added at an n-hexane:model-oil ratio of 40:1,
and the mixtures were left for 24 h at room temperature. The available
experimental record did not retain the exact SUPRADES dose and mixing time
linked to the representative spectrum in Figure 3; therefore, the UV-Vis result is
reported as a semiquantitative comparison rather than as a concentration—response
experiment.

Preparation of SUPRADES. SUPRADES was prepared by mixing B-
cyclodextrin (98%, Macklin Biochemical Co., Ltd., China) and L-(+)-lactic acid
(>85%, Macklin Biochemical Co., Ltd., China) at a 1:60 molar ratio [14]. The
components were heated at 80 °C with continuous magnetic stirring at 350 rpm
until a clear homogeneous liquid formed [15].

3. Results and discussion

3.1. Physico-chemical properties

In this work, the properties of pure lactic acid (LA), B-cyclodextrin (-CD),
and their mixture at a 1:60 molar ratio were considered. At 30 °C, pure LA has a
density of approximately 1200 kg m=3 and a viscosity below 50 mPa-s. Pure -CD
is a crystalline solid with low water solubility, whereas contact with LA produces
a liquid supramolecular deep eutectic solvent through extensive hydrogen
bonding. The viscosity of B-LA is 111.74 mPa-s at 30 °C and decreases to
approximately 40 mPa-s at 60 °C [14]. The density of B-LA was 1245 kg m™3 at
20 °C. Because the density values for pure LA and B-LA refer to different
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temperatures, they are reported separately and are not used for direct quantitative
comparison. At 25.5 °C, B-LA had a pH of 1.08 and an electrical conductivity of
26.5 mS cm™. The pH meter was calibrated with pH 4.00, 7.00, and 10.00
buffers. pH and conductivity measurements were performed in triplicate, and
mean values were reported. Measurements were conducted at the stated
temperatures and atmospheric pressure.

3.2. FT-IR spectroscopy

FT-IR spectroscopy was used to characterize B-cyclodextrin—lactic-acid
SUPRADES (1:60) and to examine its interaction with components of the model
oil. The corresponding spectra are shown in Figure 2.

T.%

T.%

v, cm -1

Figure 2 — FT-IR spectra of SUPRADES and model oil.

The broad band at 3300-3400 cm™* was assigned to O-H stretching and is
consistent with extensive intermolecular hydrogen bonding between f-
cyclodextrin hydroxyl groups and lactic-acid carboxyl groups. Bands at 2920-
2950 cm™ were assigned to aliphatic C—H stretching. The band at approximately
1715-1720 cm corresponds to C=0 stretching of the lactic-acid carboxyl group.
C-H and O-H bending modes occur at 1450-1380 cm™. Intense bands at 1200-
1000 cm™, particularly 1120-1030 cm, were assigned to C-O-C and C-O
stretching in the glucopyranose units of B-cyclodextrin, indicating retention of the
cyclic carbohydrate framework. The model-oil spectrum contains bands at
approximately 3030 cm (aromatic C-H), 2920 and 2850 cm™ (aliphatic C-H),
approximately 1600 cm™ (aromatic C=C), and 1000-700 cm™ (out-of-plane
aromatic C—H bending). Taken together, these data are consistent with formation
of a hydrogen-bonded SUPRADES system containing functional groups capable
of interacting with polar and aromatic asphaltene fragments; FT-IR alone,
however, does not prove a specific host—guest complex.

3.3. UV-Vis spectroscopy

Representative UV-Vis spectra of the model oil without and with
SUPRADES were compared over the 200-800 nm range shown in Figure 3. The
available record did not include the spectrophotometer model, optical path length,
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or replicate-level acquisition metadata; therefore, no unverified instrumental
details were added.

— Maodel gil {(without SUPRADES)

Model cil + SUPRADES (B-CD:LA 1:60)
0.8

=1
o

Absorbance
(-]
e
——

200 300 a00 500
Wavelength (nm)

Figure 3 — Representative UV-Vis spectra of model oil without and with SUPRADES.

Both representative spectra show a maximum near 292 nm, associated with
the optical response of aromatic asphaltene structures. From the plotted curves,
the absorbance decreased from approximately 0.88 for the model oil without
SUPRADES to approximately 0.59 after SUPRADES addition. The apparent
relative absorbance decrease, calculated as (0.88 — 0.59)/0.88 x 100%, was
approximately 33%. This value describes the optical change in the plotted spectra
and should not be interpreted as a statistically validated aggregation-inhibition
efficiency. Replicate-level raw spectra and variability estimates were unavailable;
consequently, standard deviations, error bars, and inferential significance are not
reported. Under otherwise comparable sample preparation, the lower absorbance
is consistent with reduced aggregation or dispersion of asphaltene-containing
structures. Hydrogen bonding between polar asphaltene fragments and the
hydroxyl/carboxyl groups of SUPRADES, together with possible host—guest
interactions involving the B-cyclodextrin cavity, may contribute to this behavior,
but these mechanisms require independent confirmation.

3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to assess the thermal
stability of the synthesized supramolecular deep eutectic solvent based on f-
cyclodextrin and lactic acid (B-CD:LA, 1:60). This method makes it possible to
determine the temperature ranges of thermal decomposition, as well as to
establish the resistance of the resulting system to thermal effects. The study of the
thermal behavior of SUPRADES is an important step to assess the possibility of
its practical application in petrochemical processes, since asphaltene deposition
inhibitors must maintain stability at elevated temperatures of oil transportation
and refining. The resulting TG curve is shown in Figure 4.
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Figure 4 — TG curve of SUPRADES.

The TG curve shows multistage mass loss. The initial loss at approximately
40-120 °C is attributed to physically adsorbed moisture, water in the B-
cyclodextrin cavity, and possible evaporation of weakly bound lactic acid. At
approximately 120-220 °C, mass decreases as weak intermolecular interactions
and the hydrogen-bonded network are disrupted. The main decomposition step at
approximately 230-350 °C is assigned to -cyclodextrin degradation and cleavage
of glycosidic bonds. Above approximately 400 °C, the remaining organic
fragments decompose and a carbonaceous residue forms. The curve indicates that
major decomposition accelerates above approximately 200 °C; therefore, the
material may warrant further evaluation under lower-temperature petrochemical
conditions, but application stability should be confirmed under process-specific
conditions.

3.5. NMR analysis of SUPRADES

The *H and 3C NMR spectra were recorded on a JEOL JNM-ECA 400
spectrometer at 399.78 and 100.53 MHz, respectively, using D-O as the solvent.
Chemical shifts were referenced to the residual solvent signal. In the *H NMR
spectrum of SUPRADES, the methyl protons H-3 of lactic acid appeared as a
three-proton multiplet at 0.95-0.96 ppm, while the methine proton H-2 appeared
as a one-proton multiplet at 3.89-3.95 ppm. The hydroxyl proton H-1 and
carboxyl proton H-6 were not observed because of rapid proton/deuterium (H/D)
exchange with D.O. The low concentration of B-cyclodextrin did not allow its
signals to be identified in solution. The *H-*H COSY spectrum showed a
correlation between the methyl (H-3) and methine (H-2) protons. In the 13C NMR
spectrum, lactic-acid carbon signals were observed at 19.11 ppm (C-3), 66.14
ppm (C-2), and 177.86 ppm (C-4). The tH-3C HMQC correlations confirmed
direct one-bond connections H-3/C-3 (0.95, 19.09 ppm) and H-2/C-2 (3.91, 66.06
ppm). The *H-3C HMBC spectrum showed long-range correlations H-3/C-2
(0.95, 66.61 ppm), H-3/C-4 (0.95, 178.16 ppm), H-2/C-3 (3.90, 19.18 ppm), and
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H-2/C-4 (3.90, 178.16 ppm). The *H spectrum is presented in Figure 5, and the
13C spectrum in Figure 6.

\oe
/
\

Figure 6 — 3C NMR spectrum of SUPRADES in D-0.

The structure of the compound was further examined by two-dimensional
'H-'H COSY spectroscopy in D:O. Characteristic homonuclear spin-spin
correlations between neighboring lactic-acid protons were observed. Cross-peaks
between the methyl (H-3) and methine (H-2) protons at 0.94/3.92 ppm and
3.92/0.94 ppm confirm their scalar coupling through three chemical bonds. One-
bond tH-'3C correlations were established by HMQC spectroscopy in D:O. The
COSY spectrum is shown in Figure 7.
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Figure 7 — COSY spectrum of SUPRADES in D.O.

The following direct correlations were detected in the HMQC spectrum of
SUPRADES: H-3/C-3 (0.95, 19.09 ppm) and H-2/C-2 (3.91, 66.06 ppm),
confirming the lactic-acid fragment in the studied compound. Correlation signals
of B-cyclodextrin were not detected because of its low concentration in the
sample. Long-range heteronuclear correlations through two or more bonds were
established by HMBC spectroscopy in D.O. The H-3/C-2 (0.95, 66.61 ppm), H-
3/C-4 (0.95, 178.16 ppm), H-2/C-3 (3.90, 19.18 ppm), and H-2/C-4 (3.90, 178.16
ppm) correlations support the constitutional connectivity of the lactic-acid
fragment. The HMQC and HMBC spectra are presented in Figure 8.
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Figure 8 — (a) HMQC and (b) HMBC spectra of SUPRADES in D-O.

4. Conclusion

This study evaluated p-cyclodextrin—lactic-acid SUPRADES as a potential
modifier of asphaltene aggregation in a model oil prepared from Karazhanbas
crude oil. FT-IR data were consistent with formation of a hydrogen-bonded
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supramolecular network, TGA characterized the multistage thermal
decomposition of the system, and *H, 3C, COSY, HMQC, and HMBC NMR data
confirmed the lactic-acid fragment and its principal correlations. In the
representative UV-Vis spectra, absorbance near 292 nm decreased from
approximately 0.88 to 0.59 after SUPRADES addition, corresponding to an
apparent relative decrease of about 33%. Because the exact SUPRADES dose and
mixing time linked to Figure 3 and replicate-level variability were not retained in
the available record, this result is semiquantitative and should not be interpreted
as a validated inhibition efficiency. Further work should use predefined
SUPRADES concentrations, independent replicates, and complementary particle-
size or precipitation measurements to establish dose-response behavior and
quantitative inhibition performance.
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BJIUSHUE SUPRADES HA OCHOBE f-IIAKJIOJAEKCTPUHA U MOJIOYHOM KACJOTHI
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Pe3tome. Bgeoenue. Ocaxxnenue u arperauusi achaJbTeHOB OCIOXKHSIOT TOOBIYY, TPAHCIIOPTHPOBKY U
nepepabotky HebTh. [ers. Ouenuts Biusaue SUPRADES Ha ocHoBe fB-umkioaekcTpuna i L-monouno
KHCJIOTHI Ha arperanyio ac(aibTeHOB B MoJeibHOW HedTH, mpuroroBieHHOH u3 Hedtn KapakanOGac.
Memoovi. Acdansrensl Beimenstmn no I'OCT 11858-66. SUPRADES mnomydanu npH MOIBHOM
cootHomennn 1:60 wu wuccnemoBamm  merogamu  FT-IR- u Y®O-Buaumoill  CrieKTPOCKOIHH,
TepmorpasumeTpun u H-, 13C-, COSY-, HMQC- u HMBC-SIMP. Pesyavmamer u obcyscoenue. FT-IR
yKa3ajia Ha CeTb BOJOPOAHBIX cBsizel, TGA BBIsIBHIIa MHOTOCTaMIHOE pasiioxkenue, a IMP nmonrsepaun
(parMeHT MOJIOYHOM KHCIIOTHI U OCHOBHBIE Koppesiuun. [Ipu 292 HM onTHYecKas INIOTHOCTh CHU3MIACh
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Bapua0eNbHOCTH TOBTOPHBIX H3MEPEHMI pe3yJbTaT HMHTEPHPETHPOBAH KaK MMOIYKOIHMYECTBEHHBIH.
3akniouenue. CucreMa MOXKET W3MEHATh arperanuio  ac(ainbTeHOB, OJHAKO KOJIWYECTBEHHYIO
3¢ eKTHBHOCTH HEOOXOANMO MOATBEPAUTH NPH 3aIaHHBIX KOHIICHTPALMSX U B HE3aBUCHMBIX [TOBTOPAX.
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RESEARCH ON THE TECHNOLOGY FOR PRODUCING ZINC
SULFATE MONOHYDRATE FROM ZINC-CONTAINING WASTE
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Abstract. Zinc sulfate is an important chemical compound widely used in various industries. It is
applied in agriculture to increase crop yields, as well as in the production of paints, pharmaceuticals, beer,
and other products. The main element, zinc, promotes the active growth and development of plants. A
technology for producing zinc sulfate monohydrate was studied and developed. Powders containing 75-
99% zinc and 25% sulfuric acid were used as research materials. In order to increase the interaction rate
between the components, the powders were preliminarily mixed with water. The amount of concentrated
sulfuric acid added was regulated so that, after addition, a sulfuric acid solution with a concentration of
25% was obtained. Hydrogen peroxide was used to remove impurities such as iron, copper, cadmium, and
nickel. According to XRD analysis, the obtained product consisted of single-phase zinc sulfate
monohydrate. A laboratory-scale procedure for the production of zinc sulfate monohydrate was
developed.

Keywords: zinc sulfate monohydrate, waste, zinc oxide, zinc-containing raw materials, chemical
composition, sulfuric acid, hydrogen peroxide, laboratory procedure, filtration, evaporation, drying.
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1. Introduction

Zinc sulfate is widely used in agriculture, pharmaceuticals, chemical
production, electroplating, and feed additives [1-4]. Zinc sulfate monohydrate
(ZnS04-H20) is particularly important due to its high zinc content, stability, and
favorable storage properties. Growing demand for zinc products has increased
interest in recovering zinc from industrial waste for value-added applications [5-
7].

Zinc sulfate is mainly produced by hydrometallurgical processing of zinc-
containing raw materials and wastes [8-10]. Sulfuric acid leaching enables
efficient zinc recovery with relatively low energy consumption and is suitable for
low-grade materials [11,12]. Thus, zinc recovery from industrial waste provides
both environmental and technological benefits.

Zinc oxide production wastes are promising zinc sources but contain
impurities that complicate the production of high-purity zinc sulfate [13,14].
Purification involves methods such as cementation, oxidation, precipitation,
filtration, and solvent extraction [15-17]. Hydrogen peroxide enables Fe?
oxidation to Fe3* without introducing additional metal ions, facilitating zinc
sulfate purification.

Zinc recovery from zinc-containing waste depends on acid concentration,
temperature, particle size, solid-to-liquid ratio, and mixing conditions. Optimizing
sulfuric acid concentration and temperature is essential to ensure efficient zinc
dissolution and controlled crystallization of zinc sulfate monohydrate.

Limited information is available on the controlled production of phase-pure
ZnSO4-H,O from zinc oxide production waste. The effects of sulfuric acid
concentration, temperature, and purification conditions on zinc sulfate formation
and monohydrate crystallization require further investigation.

The novelty of this study is the development of a laboratory-scale method for
producing phase-pure ZnSO4-H,O from zinc-containing waste by optimizing
sulfuric acid concentration and thermal conditions. The products were purified
and characterized by X-ray diffraction to confirm their phase composition.

The aim of this study was to develop a laboratory-scale method for
producing ZnSO.H,O from zinc-containing waste and optimize the acid
concentration and processing conditions.

2. Experimental part

Several zinc-containing waste samples were used in this study. Samples ZO1
and ZO2 were cream-colored powders, whereas samples Z3 and Z4 were silver-
colored bars. The zinc content of the investigated materials ranged from 75.35 to
99.13 wt.%, indicating that all samples were characterized by a high zinc content
and were therefore considered suitable feedstocks for zinc sulfate production.

Prior to the determination of the major and minor elemental composition, the
mercury content of the samples was analyzed separately and was found to be in
the range of 0.005-0.016 mg/kg. The concentrations of the remaining elements
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were determined by inductively coupled plasma optical emission spectrometry
(ICP-OES). The results are presented in Table 1.

Table 1 — Chemical composition of zinc-containing waste samples determined by ICP-OES

Fe | Si | Al Ti | Sr | Ba | Mn, | Cu | Cr |

Sample
% mg/kg

Z01 0,29 0,26 0,31 42 4 <1 31 292 3
Z02 0,88 0,72 0,51 162 3 208 101 118 4
Z4 0,05 0,05 0,27 H/0 3 9 12 42 5
Z3 0,18 0,02 0,47 n/o <1 118 11 32 9

Zn K Pb Ca Mg Na Ni Co Mo
Sample % mg/kg
Z01 76,00 0,15 0,19 0,11 0,04 0,14 85 2
Z02 75,35 0,13 0,40 0,08 0,01 0,10 26 2
Z4 99,13 <0,01 0,03 0,02 0,05 0,12 <1 1 <1
Z3 98,81 <0,01 0,01 0,02 0,04 <0,1 <1 20 7

As shown in Table 1, zinc was the predominant element in all samples. Z3
and Z4 contained 98.81 and 99.13 wt% Zn, respectively, indicating
predominantly metallic zinc, whereas the lower Zn contents in ZO1 and ZO2
(76.00 and 75.35 wt.%) were attributed to its oxidized form. Recalculation of the
Z01 and ZO2 compositions as oxides gave 94.6 and 93.8 wt.% ZnO, respectively,
confirming ZnO as the main zinc-containing phase. The major impurities were
Al;Os3 and SiO,, with smaller amounts of Fe,Os.

The selection of these materials for subsequent acid treatment was based on
their high zinc content and the different chemical forms of zinc represented in the
waste: predominantly oxidized zinc in ZO1 and ZO2 and predominantly metallic
zinc in Z3 and Z4. This composition enabled the evaluation of sulfuric-acid
treatment for zinc-containing wastes with different initial chemical states. In
particular, sulfuric acid was selected because it can react with both metallic zinc
and zinc oxide to form zinc sulfate, which is the target product of the proposed
process.

To increase the contact area between the zinc-containing waste and the
sulfuric acid solution and to promote more uniform interaction between the
components, the zinc-containing powders were pre-mixed with water before acid
treatment. The powder-to-water mass ratio was maintained at 1:1. The resulting
slurry was thoroughly homogenized prior to the addition of sulfuric acid.
Maintaining a constant powder-to-water ratio ensured reproducible moisture
conditions and uniform distribution of the liquid phase throughout the powder,
thereby facilitating subsequent acid-solid interaction.

The sulfuric acid solution used for the treatment was prepared by diluting
concentrated H.SO4 with water to obtain a final concentration of 25 wt.%. When
98 wt.% concentrated H,SO4 was used, the required amount of concentrated acid
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was calculated according to the mass balance to obtain the target 25 wt.%
concentration. The corresponding mass ratio of concentrated H,SO, to water was
approximately 1.00:2.92. The concentrated acid was added gradually to water
with continuous stirring, and the resulting solution was homogenized before use.

Based on the stoichiometric recalculation, 48.0 g of zinc-containing raw
material, expressed as ZnO, was required for the synthesis of zinc sulfate
monohydrate (ZnSO4-H.0). The required amount of 25 wt.% H,SO, was
calculated based on the stoichiometric amount necessary for the conversion of
ZnO to ZnS0.. The calculated quantities of the starting materials are summarized
in Table 2.

Table 2 — Stoichiometric calculation of the starting materials for ZnSO4-H20 synthesis

Parameter Value
Zinc-containing raw material (as Zn0O), g 48.0
ZnO molar mass, g/mol 81.38
Amount of ZnO, mol 0.590
H.SO. molar ratio 1:1
Required H.SO4, mol 0.590
Pure H.SO. required, g 57.78
Concentration of H.SO. solution, wt.% 25
25 wt.% H»SO. solution required, g 231.1
Water in 25 wt.% H»SO4 solution, g 173.3
Zinc-containing raw material (as Zn0O), g 48.0

The calculated amount of 25 wt.% H,SO4 solution was then used for the acid
treatment of the zinc-containing raw material. The reaction temperature was
maintained above 70 °C to promote the dissolution of the zinc-containing phase
and formation of zinc sulfate.

The resulting mixture was stirred for 0.5 h (30 min) to ensure sufficient
contact between the zinc-containing solid phase and the sulfuric acid solution and
to promote dissolution of the zinc-containing components. Therefore, 30 min was
used as the standard mixing time for the subsequent experiments.

Hydrogen peroxide was used as an oxidizing agent during the subsequent
purification step to facilitate the removal of impurity elements, particularly iron,
copper, cadmium, and nickel. H,O, was selected because of its strong oxidizing
properties and its ability to promote the oxidation and subsequent separation of
transition-metal impurities under the applied aqueous conditions. In addition,
hydrogen peroxide decomposes to water and oxygen, which minimizes the
introduction of additional persistent chemical contaminants into the process.

At this concentration, ZnO can be readily converted to soluble ZnSQ., while
metallic Zn undergoes dissolution according to the following reaction:

1)
Zn+H;S04—2ZnSO4+H21t

For zinc oxide, the corresponding reaction is:
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ZnO+H,S04,—ZnS0O4+H,0 2

Thus, the selected acid concentration was intended to provide effective

conversion of both oxidized and metallic zinc into zinc sulfate while avoiding

unnecessarily high acid concentrations. The use of a common 25 wt.% H,SO,

concentration for all samples also ensured comparable experimental conditions

and allowed the effect of the initial chemical form of zinc on zinc sulfate
formation to be evaluated.

3. Results and discussion

The conducted experiments on the production of zinc sulfate in the form of
zinc vitriol (ZnSO4-7H;0) and the possibility of converting it into the
monohydrate form (ZnSO4-H20) made it possible to determine the stages of this
process. The reactions between zinc-containing waste and sulfuric acid proceed
according to the following equations:

ZnO+H,S0,—ZNnS04+H,0 AH=-105kJ/mol 3)
Zn+H,S04—ZnS04+H,1 AH=—167kJ/mol (4)

The reactions are exothermic and proceed easily without additional heating
(due to the released heat, the acid is heated to boiling) at temperatures above
70 °C [18].

Zinc sulfate hydrate crystallization depends on temperature: ZnSQO.-7H.0
forms at —7-39 °C, ZnS0.-6H-0 at 39-70 °C, and ZnS0O4-H-0 above 70 °C, with
dehydration to anhydrous ZnSQO. at 238 °C. Therefore, ZO1 and ZO2 wastes were
dried at 105 °C, dispersed in water for 10 min, and treated with concentrated
H=SO. to obtain a 25 wt.% solution; direct acid treatment was avoided due to poor
wetting and vigorous reaction.

In industrial practice, zinc-containing raw materials are added in excess to
diluted acid until the acid concentration decreases to 1-2 g/L. Due to the highly
exothermic ZnO-H.SO4 reaction, no preliminary heating is required above 70 °C.
Reagent-grade zinc dust dissolved within 5 min at 7-45 wt.% H.SO., whereas
Z01 and ZO2 required 30 min due to complex zinc compounds. Tin, if present,
may hinder filtration; in its absence, the acid can be diluted to 180 g/L and heated
to boiling.

The raw material was pre-ground to increase the reaction rate, while foaming
indicated the presence of metallic zinc and hydrogen evolution. The resulting
ZnS0O. solution was purified from Cu, Cd, Ni, and Fe by acid treatment, zinc-dust
cementation, Fe2+ oxidation, precipitation, and filtration; tin-containing solutions
were settled for 10-15 h before purification.

Hydrogen peroxide can also be used as an oxidizing agent.

As a result of the experiments, the zinc sulfate content was determined as a
function of sulfuric acid concentration (Table 3, Fig. 1).
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Table 3 — Zinc sulfate content as a function of initial sulfuric acid concentration

Ti(°C Tt (°C C
HzS04 (%o mass.) | To(°C) aftelr(Z n)’lin (afterf (10 r)nin) Cznsos (9/) freg.z(sg;ll)
45 22,9 107,9 63,1 503 29,4
25 26,5 95,8 61,9 985 24,7
18 23,5 88,3 50,6 589 23,76
7 24,1 50,7 34,6 204 3,43
1200 1
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Figure 1 — Dependence of zinc sulfate content on the concentration of initial sulfuric acid.

As shown in Figure 1, the maximum zinc sulfate concentration (985 g/lI) was
achieved at an initial sulfuric acid concentration of 25 wt.%. Both lower and
higher acid concentrations resulted in decreased zinc sulfate content. This
behavior indicates that the interaction between sulfuric acid and zinc-containing
waste is strongly dependent on acid concentration, and that 25 wt.% provides the
most favorable conditions for zinc sulfate formation.

A change in the temperature of the products as a function of the initial

sulfuric acid concentration in the suspension is also observed (Fig. 2).
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Figure 2 — Dependence of Product Temperature on the Concentration of Initial Sulfuric Acid in the
Suspension.

113




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

At a high initial sulfuric acid concentration (45 wt.%), the reaction
temperature increased rapidly from 22.9 °C to 107.9 °C within the first 2 minutes,
indicating an intensive exothermic interaction between sulfuric acid and zinc-
containing waste. With decreasing acid concentration, the maximum reaction
temperature also decreased, which may be associated with a lower reaction rate
and reduced heat release during zinc sulfate formation. The observed temperature
changes are influenced not only by sulfuric acid concentration, but also by heat
transfer processes, evaporation, and the thermal capacity of the reaction medium.

Temperature gradients for the reaction between sulfuric acid and zinc oxide
production waste were also calculated (Fig. 3).

300
249
250 1

200 4 172

grad/kg
o
S

99
100

7 18 25 45
C (H,80,), %

Figure 3 — Temperature gradient of the reaction between H2SO4 and zinc oxide production waste.

This curve makes it possible to derive a heat balance equation required for
process scaling. Analysis of the curve confirms that the choice of a 25 wt.% acid
concentration is appropriate.

Based on the obtained data, the conditions for further application to zinc-
containing waste were selected.

It is known that the production of 1 ton of zinc vitriol consumes 0.47 tons of
zinc (as metal) and 0.72 tons of sulfuric acid (100%). After recalculation, it was
determined that for the synthesis of zinc sulfate monohydrate, 48.0 g of zinc-
containing raw material (in terms of oxide) should be used, along with 25%
sulfuric acid to maintain the required temperature regime (above 70°C). First, the
acid is diluted to 25% by adding 210 g of distilled water to the reaction vessel,
followed by 40.74 mL of 95% sulfuric acid.

In all cases, the obtained product consisted of single-phase ZnSQO4-H,O.
Figures 4-5 and Table 4 present the diffraction patterns of the samples,
confirming the formation of pure zinc sulfate monohydrate.
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Figure 4 — X-ray diffraction pattern of zinc sulfate monohydrate obtained from sample ZO1.
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Figure 5 — X-ray diffraction pattern of zinc sulfate monohydrate obtained from sample ZO2.

Table 4 — Phase composition of the samples

Samples Phase composition Content, wt.%
Z01 ZnS04-H20; C2/c (15), ICDD PDF-2;01-074-1331, RIR = 2.24 100
Z02 ZnS04-H20 C2/c (15), ICDD PDF-2; 01-074-1331, RIR = 2.24

The mercury content in the obtained samples did not exceed 4 ppm. Lead and
cadmium compounds were not detected. The remaining mother liquor is retained
and added to subsequent batches of solution for evaporation. If evaporation is
carried out at temperatures below 70°C, zinc vitriol crystals are formed.

4. Conclusion

A laboratory-scale technology for the production of zinc sulfate monohydrate
from zinc-containing waste was developed. The influence of sulfuric acid
concentration on the synthesis process was investigated, and the optimal
concentration was determined to be 25 wt.%, which provided the highest zinc
sulfate concentration in solution.

The study showed that preliminary mixing of zinc-containing powders with
water ensures stable interaction with sulfuric acid and improves the dissolution
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process. Hydrogen peroxide was successfully applied for purification of the zinc
sulfate solution from iron and other impurity compounds.

XRD analysis confirmed the formation of phase-pure zinc sulfate
monohydrate (ZnSO4-H,0) in samples obtained from both “Z0O1” and “Z02”
wastes. The developed approach demonstrates the possibility of efficient
recycling of zinc oxide production waste into a valuable commercial product.
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Abstract. Introduction. The formation and aggregation of wax crystals at low temperatures impair
the flow and filtration properties of diesel fuel. Comb-like copolymers containing long alkyl side chains
can modify wax crystallization and improve the low-temperature performance of diesel fuel. This study
aimed to synthesize octadecyl methacrylate-vinylimidazole (ODMA-VI) copolymers with different
monomer feed ratios and evaluate their effects on the cold filter plugging point (CFPP), cloud point (CP)
and pour point (PP) of diesel fuel. Results and Discussion. ODMA-VI copolymers with ODMA:VI
monomer feed ratios of 9:1, 6:1 and 4:1 were synthesized by free-radical solution copolymerization and
characterized by *H NMR, FTIR spectroscopy and gel permeation chromatography. Their effects on the
low-temperature properties of diesel fuel were evaluated at dosages ranging from 1000 to 3000 ppm. The
observed changes depended on the monomer feed ratio and additive dosage. Among the investigated
samples, the copolymer prepared at an ODMA:VI monomer feed ratio of 4:1 resulted in the largest
reductions at 3000 ppm, decreasing the CFPP from -7 to -10 °C, the CP from -3 to -8 °C and the PP from -
10 to -18 °C. Optical microscopy showed that the copolymer reduced the size and aggregation of wax
crystals and promoted their more uniform dispersion in diesel fuel. Conclusion. The results indicate that
the ODMA:VI monomer feed ratio influences the depressant performance of the synthesized copolymers.
Among the investigated samples, the copolymer prepared at an ODMA:VI monomer feed ratio of 4:1
showed the most pronounced effects on wax-crystal morphology and the measured low-temperature
properties of diesel fuel.
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1. Introduction

Diesel fuel contains a complex mixture of hydrocarbons, including normal
paraffins that provide a high cetane number but adversely affect fuel performance
at low temperatures. During cooling, long-chain paraffins lose solubility and
begin to crystallize [1]. Further crystal growth and aggregation can produce an
interconnected wax network that restricts fuel flow and blocks fuel lines and
filters. The low-temperature operability of diesel fuel is commonly assessed using
the cloud point (CP), pour point (PP) and cold filter plugging point (CFPP). These
parameters characterize different stages of wax formation, from the initial
appearance of crystals to the loss of fluidity and filterability. Therefore,
improving these properties is important for the storage, transportation, and use of
diesel fuel under cold climatic conditions [2].

Several approaches have been proposed to improve the low-temperature
properties of petroleum fuels, including dewaxing, dilution with low-wax
fractions, and the addition of cold-flow improvers [3]. Among these methods,
polymeric additives are particularly attractive because they can be applied at
relatively low dosages without substantially changing other fuel properties. They
modify wax nucleation, crystal growth, morphology, and aggregation [4]. Their
nonpolar segments can interact or co-crystallize with paraffin molecules, while
other structural units remain at the crystal surface and hinder the formation of
large, interconnected aggregates.

Comb-like polymers containing long alkyl side chains are widely
investigated as cold-flow improvers because their molecular architecture
resembles that of the paraffins present in diesel fuel. Polyacrylates,
polymethacrylates, ethylene-vinyl acetate copolymers, and maleic anhydride-
based copolymers have been reported as effective wax-crystal modifiers [5].
Recent studies have demonstrated that copolymers containing octadecyl acrylate
or methacrylate units can reduce wax crystal size, weaken the three-dimensional
crystal network and improve the low-temperature flow properties of wax-
containing hydrocarbon systems [6]. However, additive performance depends
strongly on molecular structure, including alkyl-chain length, co-monomer type
and content, molecular weight and polymer conformation [7].

The balance between nonpolar and polar structural units is particularly
important in designing an effective copolymer. Long alkyl chains promote
interaction with crystallizing paraffins, whereas polar groups can influence
polymer solubility, adsorption at the wax-crystal surface and the subsequent
aggregation of crystals [8]. Variations in monomer ratio can therefore alter both
the hydrodynamic behavior of the copolymer in solution and its ability to modify
wax crystallization. Recent studies have emphasized the relationship between
polymer composition, molecular characteristics, wax-crystal morphology and
depressant efficiency [9,10]. Nevertheless, octadecyl methacrylate-vinylimidazole
copolymers have received limited attention as cold-flow improvers for diesel fuel
produced by the Shymkent Oil Refinery. Incorporation of vinylimidazole
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provides nitrogen-containing polar units, allowing the polarity and hydrodynamic
characteristics of the copolymer to be adjusted by changing the ODMA-VI ratio.

In this study, ODMA-VI copolymers with ODMA:VI monomer feed ratios
of 9:1, 6:1 and 4:1 were synthesized by free-radical solution copolymerization.
The obtained samples were characterized by *H NMR, FTIR spectroscopy and gel
permeation chromatography (GPC). Their performance as cold-flow improvers
for Shymkent Oil Refinery diesel fuel was evaluated at different dosages by
measuring CFPP, CP and PP.

2. Experimental part

2.1 Materials

Octadecylmethacrylate (=98 %, Sigma Aldrich), 1-vinylimidazole (>99 %,
Sigma Aldrich), benzoyl peroxide (>99.0%, Sigma-Aldrich), toluene (99.8%,
Sigma-Aldrich) and ethanol (>99.5%, Sigma-Aldrich) were used without further
purification.

A diesel fuel sample obtained from the Shymkent Qil Refinery was used to
evaluate the low-temperature performance of the synthesized additives.

2.2 Synthesis of ODMA-VI copolymers

ODMA-VI copolymers with an ODMA:VI monomer feed ratio of 9:1 were
synthesized via free-radical solution copolymerization of 3.00 g of octadecyl
methacrylate (ODMA) and 0.093 g of vinylimidazole (V1) in 6 mL of toluene
under a nitrogen atmosphere. The synthetic route is shown in Figure 1. Benzoyl
peroxide was used as the initiator at 1 wt % of the reactants. The reaction mixture
was heated to 80 °C and the initiator was added portionwise at 30 min intervals
over 2 h. The copolymerization was subsequently conducted at 110 °C for 6 h.
The resulting copolymer was precipitated in 50 mL of ethanol and dried under
vacuum at room temperature to a constant mass. Unreacted VI may have
remained soluble in ethanol and been removed during precipitation. ODMA-VI
copolymers with ODMA:VI monomer feed ratios of 6:1 and 4:1 were similarly
prepared using 0.139 and 0.208 g of VI, respectively. The samples were
designated OV-91, OV-61 and OV-41 according to their ODMA:VI monomer
feed ratios.

H,C=CH
N CH,
s
(|?HJ \\ ? BPO -['CHI_C_};l‘Cﬂz’CH{T,'
H2C=C~(I'T‘7()7(_IEH37 ] toluene ({‘:() {
4] I { w
¢ Wl

CigHyy

Figure 1 — Synthesis scheme of the ODMA-V1 copolymer.

2.3 Characterization methods
The n-alkane distribution of diesel fuel obtained from the Shymkent Qil
Refinery was analyzed using an AutoSystem XL gas chromatograph
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(PerkinElmer, USA) equipped with an ELITE PS 2887 capillary column and a
flame ionization detector (FID).

The copolymer was added to diesel fuel as a 30 wt.% solution in toluene. The
dosages from 1000 to 3000 ppm refer to the amount of the prepared copolymer
solution. The treated fuel samples were mixed at room temperature for 20 min
and then tested. Standard test methods for diesel fuel characterization and its
composition are presented in Figure 2 and Table 1, respectively.
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Figure 2 — Carbon number distribution of the diesel fuel.

Table 1 — Standard test methods for fuel characterization

Test Method

Cold filter plugging point (CFPP), °C ASTM D 6371
Cloud point (CP), °C ASTM D 2500
Pour point (PP), °C ASTM D 97

All CFPP, CP and PP measurements were performed in triplicate and the
results are reported as mean values. The molecular weights of the synthesized
polymers were measured by gel permeation chromatography (GPC) using a PSS
SECcurity® system equipped with a refractive index detector. The *H NMR
spectra were recorded on a JEOL JNM-ECA 400 spectrometer operating at
399.78 MHz using CDCI; as the solvent. The chemical structures of the
synthesized samples were characterized by FTIR spectroscopy using a Nicolet
5700 spectrometer over the range of 4000-400 cm™. The morphology of wax
crystals in diesel fuel samples was examined using a Nikon ECLIPSE LV150N
polarized optical microscope (Nikon, Japan) equipped with a temperature-
controlled heating and cooling stage. Certain amounts of the samples were placed
between glass slides, thermostated and purged with a stream of dry nitrogen to
prevent condensation. Wax crystal images were recorded at intervals of 1° and
observed in real time.

3. Results and Discussion
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The molecular weights, dispersities and yields of the synthesized ODMA-VI

copolymers are summarized in Table 2.

Table 2 — Characteristics of the synthesized ODMA-V1 copolymers

Sample M., g mol? M,, g mol? b Yield, %
ov-91 60 013 21 436 2.79 84.12
oV-61 57 952 22 883 2.53 82.43
ov-41 41 236 22 354 1.84 87.41

Table 2 shows that the synthesized ODMA-VI copolymers have My, and M,
values ranging from 41 236 to 60 013 g mol™ and from 21 436 to 22 883 g mol™,
respectively. As the VI proportion increased, My and dispersity decreased,
whereas M, remained nearly unchanged. The P values ranged from 1.84 to 2.79,
indicating moderately broad molecular weight distributions. The decrease in My
and dispersity with increasing VI content, while M, remained nearly unchanged,
indicates a reduced contribution of the high-molecular-weight fraction and a
narrower molecular-weight distribution. All copolymers were obtained in high
yields of 82.43-87.41%.

Figure 3 shows the *H NMR spectra of OV-91, OV-61 and OV-41.

-

\ .‘\.‘ (=251

®) 2

Figure 3 — H NMR spectra of OV-91 (A), OV-61 (B) and OV-41 (C).

The signals at 6.7-7.3 ppm were assigned to the three protons of the
imidazole ring (Figure 3). The signal near 3.9 ppm was attributed to the OCH,
protons of the ODMA units. The intense signals at 1.1-1.5 and 0.9 ppm
correspond to the methylene and terminal methyl groups of the long ODMA alkyl
chains, respectively. The absence of vinyl proton signals at 5.0-6.5 ppm confirms
monomer consumption during copolymerization. The imidazole signals increased
in intensity from OV-91 to OV-41, indicating greater incorporation of VI units.
Signal integration gave ODMA-VI molar ratios of 26.53:1 for OV-91, 24.51:1 for
OV-61 and 16.63:1 for OV-41.
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The chemical structures of the synthesized ODMA-VI copolymers were
characterized by FTIR spectroscopy (Figure 4).

Absobance

Wavenumbers (cm-1)

ov-41

Figure 4 — FTIR spectra of ODMA-VI copolymers synthesized at different ODMA:VI monomer feed
ratios.

The FTIR spectra of OV-91, OV-61 and OV-41 showed similar absorption
patterns, indicating the presence of the same principal structural features in all
three samples (Figure 4). The absorption bands at 2921-2931 and 2851-2852 cm’
! were assigned to the asymmetric and symmetric stretching vibrations of CH,
groups in the long alkyl chains, respectively. The strong bands at 1728-1730 cm™
corresponded to the C=0 stretching vibrations of the ester groups. The bands at
1467-1468 and 1378-1383 cm™ were attributed to the bending vibrations of CH,
and CHs groups, respectively. The bands in the regions of 1236-1269, 1150 and
1072-1075 cm™ were assigned mainly to the C-O and C-O-C stretching
vibrations of the ester groups. Within this region, the band at approximately 1268
cm™, observed for OV-61 and OV-41, may include a contribution from C-N
stretching vibrations. In the OV-91 spectrum, this band was not distinguishable
because of the low concentration of 1-vinylimidazole units in the copolymer. The
weak bands at approximately 967, 749-751 and 666-668 cm™ may include
contributions from deformation vibrations of the imidazole ring.

The synthesized copolymers were introduced into untreated diesel fuel at
dosages ranging from 1000 to 3000 ppm. Solvent-only control experiments
confirmed that toluene had no effect on the CFPP, CP and PP of the diesel fuel.
Figure 5 shows the effects of copolymer composition and dosage on the CFPP of
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diesel fuel. The OV-91 showed negligible activity over the investigated dosage
range, whereas the OV-61 reduced the CFPP from -7 to -8 °C at 2000 and 3000
ppm. The most pronounced dose-dependent change among the investigated
samples was observed for the OV-41, which decreased the CFPP to -9 and -10 °C
at 2000 and 3000 ppm, respectively.

The effect of the copolymer solutions on the CP of diesel fuel is shown in
Figure 6. All copolymers reduced the CP of diesel fuel from its initial value of -3
°C. For the OV-91, the CP decreased to -6 °C at 1000 and 2000 ppm and to -7 °C
at 3000 ppm. The OV-61 copolymer lowered the CP to -6 °C at 1000 ppm and to
-7 °C at 2000 and 3000 ppm. The lowest CP was observed for the OV-41, which
lowered the CP to -7 °C at 1000 and 2000 ppm and to -8 °C at 3000 ppm.

Figure 7 shows the PP lowering performance of the copolymers. The
untreated diesel fuel exhibited a PP of -10 °C. Addition of the OV-91 lowered the
PP by 5 °C to -15 °C at all tested dosages, indicating that increasing the dosage
above 1000 ppm provided no further improvement. The OV-61 showed a smaller
effect, reducing the PP to -13 °C at 1000 and 2000 ppm and to -14 °C at 3000
ppm. In contrast, the effect of the OV-41 became more pronounced with
increasing dosage. The PP decreased to -14 °C at 1000 ppm, -15 °C at 2000 ppm
and -18 °C at 3000 ppm. Thus, the OV-41 at 3000 ppm provided the lowest PP,
corresponding to an 8 °C reduction relative to untreated diesel fuel.
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Figure 5 — CFPP of diesel fuel
treated with ODMA-VI
copolymers prepared at different
ODMA:VI monomer feed ratios.
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For comparison, the effects of OV-41 on the CFPP, CP and PP of diesel fuel
are summarized in Table 3 alongside the corresponding values for untreated diesel

fuel.

Table 3 — Low-temperature properties of untreated diesel fuel and diesel fuel treated with OV-41

Sample Concentration, ppm Temperature, °C
CFPP CP PP
Diesel fuel - -7 -3 -10
1000 -7 -7 -14
ov-41 2000 -9 -7 -15
3000 -10 -8 -18
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According to the data in Table 3, the addition of 1000 ppm OV-41 reduced
the CP from -3 to -7 °C and the PP from -10 to -14 °C, while the CFPP remained
unchanged at -7 °C. At 2000 ppm, the CFPP and PP decreased to -9 and -15 °C,
respectively, whereas the CP remained at -7 °C. Increasing the dosage to 3000
ppm resulted in the greatest improvement, reducing the CFPP to -10 °C, the CP to
-8 °C, and the PP to -18 °C.

Among the investigated samples, the copolymer prepared at an ODMA:VI
monomer feed ratio of 4:1 showed the most pronounced reductions in CFPP, CP
and PP. This behavior may be attributed to a favorable balance between the long
Cis alkyl side chains of ODMA and the polar VI units. The alkyl chains can co-
crystallize with diesel paraffins, while the VI-containing polymer backbone limits
wax crystal growth and aggregation [11, 12]. The higher VI proportion may also
improve polymer dispersion and reduce self-association of the ODMA-rich
segments, which could result in smaller, less interconnected wax crystals and
suppression of the continuous wax network [13]. OV-41 also combined the
highest VI content with the lowest My and dispersity among the investigated
samples. Its enhanced performance may reflect the combined effects of
copolymer composition and molecular-weight distribution on wax-crystal
modification.

Figure 8 presents micrographs of paraffin crystals in untreated diesel fuel and
in diesel fuel treated with the copolymer at a concentration of 3000 ppm at
different temperatures.

a) b)

Figure 8 — Micrographs of untreated diesel fuel (a) and diesel fuel treated with 3000 ppm of OV-41 at -5
°C (b) and -10 °C (c).

As shown in Figure 8a, in the absence of the additive, separate large needle-
like and plate-like paraffin crystals are observed. The addition of 3000 ppm of the
copolymer results in the formation of smaller and more uniformly distributed
crystalline particles at -5 °C (Figure 8b). Upon further cooling to -10 °C, the
number of crystals increases significantly, but they remain relatively small and
dispersed throughout the fuel (Figure 8c). These results indicate that the
copolymer modifies the morphology of paraffin crystals by limiting their growth
and the formation of a dense three-dimensional network, thereby improving the
low-temperature flowability and filterability of diesel fuel.
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4. Conclusion

ODMA-VI copolymers with ODMA:VI monomer feed ratios of 9:1, 6:1 and
4:1 were synthesized by free-radical solution copolymerization and characterized
by 'H NMR, FTIR spectroscopy and gel permeation chromatography. Their
effects on the low-temperature properties of diesel fuel were evaluated using
CFPP, CP, PP and optical microscopy measurements. The results depended on the
monomer feed ratio and additive dosage. Among the investigated samples, OV-41
produced the highest changes in the measured parameters. At 3000 ppm, it
reduced the CFPP from -7 to -10 °C, the CP from -3 to -8 °C and the PP from -10
to -18 °C. Optical microscopy showed smaller and more uniformly distributed
wax crystals in the treated diesel fuel. These findings indicate that OV-41 affects
wax crystallization and the low-temperature behavior of diesel fuel. However,
further optimization of its composition and dosage, comparison with commercial
additives and techno-economic assessment are required to determine its practical
applicability.
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OKTAJEIIMJIIMETAKPUJIAT NEH BUHWIUMHUIA3OJIABIH COINIOJUMEPJIEPIH
JAU3EJIb OTBIHBIHBIH TOMEH TEMIIEPATYPAJIBIK KOPCETKIIUTEPIH
KAKCAPTATBIH KOCIHTAJIAP PETIHJAE CUHTE3JIEY )KOHE OJIAPABI BAFAJIAY

A.3. Fanvimancan, C.C. Koxcaberos', B.I. Bonoanemoe?, A. Kyanvuues', A.K. A6dpacunoea**"
! Kasaxcman-Bpuman mexnuxanvix ynueepcumemi, Anmamol, Kazaxcman
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Tyiiingeme. Kipicne. TemeH TemmepaTypaia mnapaguH KpPHCTAAAPbIHBIH TY3UIyl MEH arperaruscsl
QIM3eNb OTBIHBIHBIH aFy JKOHE CY3TUICHY KacHeTTepiH Hamapnataabl. KypambiHIa y3biH ajukwigi OyHip
Ti30ekTepi Gap Tapak TOpi3di comonumepliep mapadHHACPAIH KPUCTAJIIaHy MPOLECIH 63repTim, AW3elb
OTBIHBIHBIH TOMEH TEMIIEPaTypalblK KaCHETTEpiH jKaKcapTa ajaibl. 3epmmeyolin maxcamuvl OaCTaIKbl
Kocliagarbl ~ MOHOMEpPJEpIiH  OpTYypJli ~ MOJSIPJIBIK  KAaThIHACTApbIHAA  OKTaJCIHMIMETaKpHiIaT-
puamwmmuzazon (OAMA-BU) comonumepriepin CHHTE3lEY JKOHE ONApABIH AW3eIb OTHIHBIHBIH IISKTI
cysrineny Temneparypaceina (CFPP), 6ynasipnany temmneparypacsia (CP) jxoHe KaTy TemepaTypachiHa
(PP) ocepin Oaranmay Gonmsl. Homuowcenep owcone mankwvinay. OJIMA:BU MoHOMepIepiHiH GacTankbl
MOJSAPIBIK KaTbiHacTapsl 9:1, 6:1 sxoHe 4:1 GonaTblH COIOJMMEpIep epiTiHIINe epKiH paauKaibl
comonumMepiey aaiciMer cunreszgenin, 'H SIMP crnexrpockonuscel, @ypbe TypieHIipyTi HHOPaKbI3bLI
CIEKTPOCKOMHS JKOHE Tellb-oTKI3rim xpomatorpadust omictepiMer 3eprrenmi. OnapablH IU3elb
OTBIHBIHBIH TOMEH TeMIIepaTypaiblk Kacuertepine ocepi 1000-3000 ppm apanbiFbIHIAFBl jgo3aiapiaa
Oarananzpl. balikanran e3repicTep MOHOMepIIep/IiH OacTarKbl MOJISIPIIBIK KaTBIHACHI MEH KOCIIa 103aChIHA
GaiinanbicTel Oonpl. 3eprrenred yiurinepaiy iminge OJAMA:BU monoMmepriepiHiH 6acTankbl MOJSPIBIK
KateiHackl 4:1 OonraH ke3ne anbiHFan cononumep 3000 ppm 103asa KepCETKILITEPIiH ©H aWKbIH
toMmeneyin kamtamacei3d erti: CFPP kepcerkiui -7-aen -10 °C-ka neitin, CP -3-ten -8 °C-ka neiin, an
PP -10-nman -18 °C-ka peiiin TeMenaeai. ONTHKaJBIK MHUKPOCKOIHS COIOJMMEpAiH mnapadun
KPUCTAIIAPbIHBIH MOJIIIEPI MEH arperandsChlH a3aiThIl, ONapIbIH [HU3€ib OTHIHBIHIA OipKEIKi
TapajyblHa BIKNAJl ETETiHIH KepceTTi. Kopuimuinowvl. Anbiaran Hotmwxkenep OJAMA:BU moHOMepiiepiHiH
0acTanKbl MOJIAPIIbIK KATHIHACHI CHHTE3/IENI€H COMONIMMEPIIEPIiH JeNPeCcCOPIbIK 9CePiHe bIKNA €TeTiHIH
kepcerTi. 3eprrenren yiriepain iminge OJJMA:BU MoHoMeprepiniH OacTamksl MOJSIPJIBIK KAThIHACHI
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4:1 OosraH Ke3/ie ajbIHFAH COIMOJHMMEpP mNapaduH KpUCTAIIapbIHBIH MOP(OJIOTHACHIHA JKOHE JAW3EIb
OTBIHBIHBIH TOMEH TeMIIepaTypajblK KAaCUSTTePiHE €H allKbIH dcep €TTi.

Tyifinai ce3nep: oxrajenMIMeTaKpwiaT, BUHWIMMHIA30J, AW3eIb OTHIHBI, TOMEH TEMIIepaTypaIbIK
KacHeTTep/li )KaKCapTKBIII, TOMEH TEMIIepaTypajblK KacueTTep.
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Pestome. Bgedenue. OOpa3oBaHHe M arperanys KpUCTAUIOB NapauHa NP HU3KHX TeMIepaTypax
YXYIIIAlOT TEKy4ecTh M (UIBTPYEeMOCTh [HU3EIBHOTO TOIUIMBA. [ peGHEOOpasHbIC COMOIMMEDH,
coJiepKalllie JUIMHHBIC aJKWIbHbIEe OOKOBBIC WEMH, CHOCOOHBI HM3MEHSATH IMPOLECC KPHUCTAIUIU3ALMU
napaduHOB M yJIy4llIaTh HU3KOTEMIIEpAaTyPHBIE CBOHCTBA JU3EILHOTO TOILUINBA. [[enbio pabomul SBISIIUCH
CHHTE3 COIOJIMMEpPOB OKTaJeluIMeTakpuiara U BuHuinMmupasona (OJMA-BU) npu pa3nudsbx
MOJIIPHBIX COOTHOIICHHSIX MOHOMEPOB B MCXOJHON CMECH W OLCHKA MX BIMSHHUS Ha IpPEleNbHYIO
temneparypy ¢uibrpyemoctu (CFPP), remnepatypy momythenus (CP) u Temneparypy 3acteiBanus (PP)
JIU3EIbHOTO TOINMBA. Pesynemamur u  obcyocoenue. Comomumepsl OJIMA-BU ¢ momsipHBIMK
COOTHOIICHUAMH MOHOMepoB 9:1, 6:1 u 4:1 ObUIM CHHTE3UPOBAHBI METOIOM CBOOOTHOPAIUKAIBHOM
COTIOTMMEPH3AIIHI B PacTBOPE M 0XapaKTePH30BAHEI C TIOMOITLIO crekTpockormuu *H SIMP, UK-Dypre-
CHEKTPOCKOIMH M TeNb-IIPOHHUKatoIel xpoMarorpaduu. VX BausHUE Ha HU3KOTEMIEpaTypHbIE CBOMCTBA
JIM3eJIbHOTO TOIUIMBA OLEHMBAIU IpH Jo3upoBkax or 1000 mo 3000 ppm. HaGmonaemble n3MeHeHHs
3aBHCENH OT MOJIIPHOTO COOTHOIICHHS MOHOMEPOB U JO3HPOBKU IpHcanku. Cpeau HCCIIeTOBaHHBIX
00pa3loB COMONUMEp, TMOAYYEHHBIH IMPH MOJSPHOM cooTHoiieHnn MoHoMepoB OJIMA:BU 4:1,
obecrnieunt HanboJee BhIpasKeHHOE CHIDKEeHHE 1okasareneii npu prozuposke 3000 ppm: CFPP cuusunacs ¢
-7 mo -10 °C, CP ¢ -3 mo -8 °C, a PP ¢ -10 mo -18 °C. Onruueckas MHKPOCKONHUS TOKa3aja, 4TO
COTONIMMEDP YMEHBIACT pa3Mep W arperamuio KpUCTauioB mapaduHa © CrocoOCTByeT ux Oojee
pPaBHOMEPHOMY pPACIpEleNeHnuI0 B An3eNbHOM ToruuBe. 3axmouenue. IloiydeHHbIE pe3yJbTaThl
TOKa3bIBAIOT, YTO MOJISIpHOE cooTHomeHne MoHomepoB OJIMA:BU BiuseT Ha jJenpeccopHOe IeHCTBHE
CHHTE3HPOBAHHBIX CONMONMMEpoB. Cpelul HCCIEHOBaHHEIX OOpaslOB COMONHMMEp, IMONYYCHHBIH IIpH
MOJISIpHOM cooTHotreHnn MoHoMepoB OJIMA:BU 4:1, okasan Haumbosee BBIPOXCHHOE BIHMSHHE Ha
MOP(}OJIOTHIO KPUCTAIIIOB NapadyHa U HU3KOTEMIIepaTypHbIE CBOMCTBA TU3EIbHOTO TOILUIUBA.
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Abstract. Introduction. In modern biomedicine and pharmacology, one of the central challenges is
the development of highly efficient therapeutic systems with controlled drug release. Objective. This study
investigates the influence of cation valence and concentration on the degree of crosslinking in polymer
networks of alginate hydrogels prepared via ionotropic gelation. Results and Discussion. The structural
characteristics of the synthesized materials were examined using physicochemical analysis. A detailed
evaluation was conducted on the swelling kinetics and the release profiles of immobilized drugs in
physiological saline. Stimuli-responsive (pH-dependent) ionotropic biocomposites capable of adapting to
changes in environmental acidity were successfully synthesized. Particular attention was given to the
differences in insulin release kinetics from alginate-gelatin biocomposites upon the incorporation of
montmorillonite and its magnetized form. It was demonstrated that the inclusion of magnetized
montmorillonite nanoparticles not only prolongs the release of the protein drug but also enables prospects
for targeted transport under the influence of an external magnetic field. Conclusion. The findings highlight
effective strategies for controlling the structure and physicochemical properties of biocomposite
hydrogels. These advances represent an important step toward the development of therapeutic systems for
controlled and targeted drug delivery.
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1. Introduction

The high density of reactive functional groups offers polysaccharides a wide
range of applications. Their use in drug encapsulation preserves the biological
activity and integrity of loaded drugs, regulate their distribution within the body,
reduce side effects, and protects them from adverse environmental influences [1-
5].

In this context, bionanocomposites are commonly formed through ionotropic
crosslinking of polysaccharides with multivalent ions: cations and anions. This
mechanism enhances the polymers' resistance to water and improves their
mechanical properties. Comparative studies have analyzed the strength and
swelling behavior of hydrogels crosslinked with different multivalent cations
(Ca?z*, Baz*, Srz*), demonstrating that ion type significantly influences mechanical
stability and structural optimization. Both equilibrium swelling and mechanical
properties of hydrogels prepared with various cations have been investigated, with
emphasis placed on optimizing ion concentration to achieve the desired
characteristics [6-8]. A protocol for immobilizing INS1E cells in alginate
hydrogels has also been reported [9], highlighting high biocompatibility and
preservation of cell functionality during encapsulation. The regulation of hydrogel
degradation through oxidation has been explored in another study [10]. Sodium
periodate was used to oxidize alginate, varying its concentration in the range of
0%, 2.5%, 5%, and 7%. At 2.5% oxidation, the material exhibited sufficient
stability to retain insulin while simultaneously degrading and integrating into
tissue, underscoring the potential of alginate for injectable biodegradable drug
delivery systems. Polymer hydrogels represent a promising class of biomaterials
for targeted drug delivery due to their high biocompatibility and favorable
physicochemical properties [11]. Their swellable and porous matrix enables
absorption of large amounts of water and biological fluids, making them
particularly suitable for controlled and sustained drug release [12].

The aim of this research is to optimize the matrix architecture of alginate-
gelatin hydrogels via ionotropic gelation with multivalent cations, and to establish
the quantitative relationship between montmorillonite (MMT) and its magnetized
form, the swelling ratio in media of varying pH, and the Kkinetics of prolonged
insulin release.

The primary novelty of this work lies in the development of a ternary
biocomposite system - based on the compatibility of biopolymers and magnetized
montmorillonite - designed to facilitate the delivery of protein-based drugs
(specifically insulin) through a dual-factor mechanism involving pH and magnetic
fields. The study elucidates how the dense layered structure of the magnetized
montmorillonite acts as a physical barrier, suppressing the initial "burst" release
of insulin in model medium. Moreover, the incorporation of magnetized
montmorillonite imparts magnetic responsiveness to the pH-sensitive polymer
matrix, thereby establishing a theoretical foundation for targeted therapeutic
delivery controlled by external stimuli.
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The structure of such biocomposites can be further tailored by introducing
natural water-soluble polymers during ionotropic hydrogel formation. The
addition of gelatin, a polyampholyte, confers pH sensitivity [13-15], while the
incorporation of colloidal montmorillonite particles containing magnetic
components imparts magnetosensitive properties [16, 17].

2. Experimental part

2.1 Materials

Sodium alginate (19-40 kDa, Sisco Research Laboratories, Turkey), gelatin
(The Kraft Heinz Company, CIIA), calcium chloride (Sinopharm Chemical
Reagent Co., Ltd, China), insulin-isophane (human genetically engineered, Novo
Nordisk AJ/S, Denmark), iron chloride (Sigma-Aldrich Chemie GmbH
Eschenstrasse 5 D-82024 Taufkirchen, Germany), buffer solutions with pH values
of pH=1.0; pH=4.0; pH=7.0; pH=9.18 (Reagecon, Ireland), montmorillonite —
bentonite clay powder, Eastern section 12 horizon, light gray.

2.2 Preparation of sodium alginate particles by ionotropic gelation

Alginate hydrogel particles were prepared by dropwise addition of a 1%
sodium alginate solution into CaCl, and FeCls crosslinker solutions using a
syringe pump. To optimize particle formation, crosslinker solutions of varying
concentrations (0.5%, 1.0%, 1.5%, and 2.0%) were tested. The particles were
incubated in the crosslinker solution for 30 minutes, collected by filtration, and
subsequently washed with deionized water.

2.3 Determination of particles swelling in simulated gastrointestinal media

The swelling degree of particles was determined by measuring the increase
in particle mass over time. Particles were placed in model solutions simulating
different sections of the gastrointestinal tract, and their mass was recorded at 30-
minute intervals over a total period of 180 minutes.

Table 1 - Model solutions and their pH values used in the experiment

Ne Model solution pH value
1. 0.1 N HClI solution 1.00
2. Potassium hydrogen phthalate, saturated at 25°C 4.00
3. Phosphate buffer 7.00
4. 0.01 mol/kg sodium tetraborate solution 9.18

The degree of swelling was calculated using the following equation:

M (1)
Wherem - particle mass over time, mg;m - mass of particles at the initial
time, mg.
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In this context, the parameter K represents the swelling rate constant.
Physically, K governs the diffusion velocity of water molecules into the
biocomposite network and reflects the structural resistance of the crosslinked
polymer matrix during expansion.

2.4 Production of biocomposites for protein drug immobilization by
ionotropic gmelation

The biocomposite was prepared by mixing a 1% sodium alginate solution
with an 8% gelatin solution in a 1:1 ratio (Vi:V2). The resulting mixture was
introduced into a crosslinking agent solution using a syringe pump. The formed
alginate - gelatin biocomposites were incubated in the crosslinking solution for 30
minutes, collected by filtration, and washed with deionized water.

2.5 Preparation of Magnetically Responsive Biocomposites

Magnetic montmorillonite (MMT), synthesized using the established Elmore
method, was incorporated into the sodium alginate - gelatin biocomposite at
concentrations of 0.1 g, 0.25 g, and 0.5 g for different sample batches. The
mixture was homogenized until a uniform dispersion was achieved and
subsequently injected into a 1.5% CaCl. solution using a syringe pump. The
biocomposites were incubated in the crosslinking solution for 30 minutes,
collected by filtration, and washed with deionized water.

2.6 Study of insulin release from biocomposites

Insulin release was quantified using a UV-7504 spectrophotometer (Shanghai
Hansom Technology & Sales Limited, China; wavelength range: 200-1000 nm)
at the characteristic absorbance maximum of 280 nm, corresponding to aromatic
amino acid residues (tyrosine) in the insulin structure. Optical density
(absorbance) was measured in the UV-visible range using a spectrophotometer
and a quartz cuvette with an optical path length of 1 cm. Drug-loaded
biocomposites were immersed in 20 mL of buffer solution with a pH of 7.4 and
incubated at 37°C with stirring (100 rpm). At predetermined intervals, aliquots of
the buffer were withdrawn and analyzed for insulin concentration. Each aliquot
was replaced with an equal volume of fresh buffer to maintain constant volume.

The cumulative drug release was calculated using the following equation:

Drug released (%) = i .100 % (2)
Coo

where (Ci) represents the concentration of the drug released at time (t),
determined via the UV-Vis calibration curve equation (Abs =m ¢ C + b) and (C.,)
is the theoretical concentration of insulin upon complete release from the
biocomposite.

2.7 Infrared spectroscopy

IR spectra of samples (sodium alginate, gelatin, CaCl,, montmorillonite)
were recorded using a Cary 660 Agilent FTIR spectrometer (Agilent
Technologies, USA), range 7900 - 375 cm™, signal-to-noise ratio 10000:1.
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3. Results and Discussion

3.1 The effect of cation valence and concentration on the network density of
ionotropically formed alginate aydrogels

Alginate hydrogels were obtained via ionotropic gelation using multivalent
cations (Ca?* and Fe3®) at varying concentrations (0.5-2.0%). Hydrogels cross-
linked with calcium ions exhibited greater stability than those formed with Fe3*,
with stability increasing proportionally to cation concentration. The study
demonstrated that the cation valence influences the structure of the hydrogels and
their behavior in an aqueous environment. The swelling kinetics (K) of alginate
gels, shown in Figures 1 and 2, demonstrated that Ca2*-crosslinked samples
continued to swell for 180 minutes across all CaCl, concentrations. The highest
swelling rate was observed at 1.5% CaCl,, where K values exceeded those of
0.5%, 1.0%, and 2.0% solutions by 1.08, 0.65, and 0.79 arbitrary units,
respectively. During hydrogel synthesis, the 1.5% CaCl. concentration was
identified as optimal, producing more pronounced swelling compared to other
concentrations (Figure 1).

3,0 1549

2,54

2,04
=

e ==
1,0 -
0,54
50 100 150 200 ' (’J 5’0 1(’)0 1%0 2(’)0
t, min t, min
1 - CaClz (0.5 %); 2 - CaCl2 (1.0 %); 1 - FeCls (0.5 %); 2 - FeCl3 (1.0 %);
3-CaClz (1.5 %); 4 - CaCl2 (2.0 %) 3-FeCls (1.5 %); 4 - FeCl3 (2.0 %)
Figure 1 — Swelling kinetics of alginate Figure 2 - Swelling kinetics of alginate
hydrogels crosslinked with Ca2* ions in aqueous hydrogels cross-linked with Fe®* ions in
media. aqueous media.

In contrast, hydrogels crosslinked with Fe3" ions exhibited markedly lower
swelling capacity. The maximum swelling kinetics for Ca?*-based gels reached
2.55 arbitrary units, whereas Fe3*-based gels did not exceed 1.0 arbitrary units
(Figure 2).

3.2 Synthesis of stimuli-responsive (pH-Sensitive) and magneto-sensitive
ionotropic biocomposites

To obtain pH-sensitive ionotropic biocomposite hydrogels, gelatin was
introduced into sodium alginate. Specifically, gelatin was added to the sodium
alginate solution at concentrations of 2%, 5%, and 8% at a 1:1 (V::V>) ratio. The
swelling kinetics of these gels in aqueous medium were subsequently investigated
(Figure 3). The study demonstrated that the swelling rate of alginate - gelatin
hydrogels at gelatin concentrations of 2%, 5%, and 8% exceeded that of pure
alginate gels by 1.06, 1.6, 1.35, and 2.66 u.c., respectively. The highest swelling
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kinetics were observed with the incorporation of 8% gelatin, identifying this
concentration optimal for the synthesis of pH-sensitive biocomposite hydrogels.
To impart magnetic responsiveness, magnetic montmorillonite particles were
incorporated into the hydrogel matrix. In the initial step, magnetite particles were
introduced into the alginate—gelatin solution prior to gelation, resulting in the
formation of biocomposites containing magnetic montmorillonite.

4,54
4,0 4
3,54
3,04
3
w 2,5 2
2,04
1,5 N
1,0
0,54
0,0 T T T 1
0 50 100 150 200
t, min

1 - alginate 1.0%; 2 - alginate - gelatin (2.0%);
3 - alginate - gelatin (5.0%); 4 - alginate - gelatin (8.0%)

Figure 3 - Changes in the swelling kinetics of biocomposite hydrogels in aqueous medium.

Magnetic properties were confirmed using an external magnet. The resulting
samples were dried at room temperature (Figure 4), after which their swelling
kinetics were evaluated (Figure 5).

1 2 3
1 - 1:1 (magnetite:montmorillonite); 2 - 1:2 (magnetite:montmorillonite);
3 - 1:3 (magnetite:montmorillonite)

Figure 4 - Synthesized samples of biocomposite hydrogels with magnetically sensitive properties

The resonant frequency values of hydrogel-gelatin composites are given
below in Table 2.

Table 2 - Resonant frequency values of biocomposites

Mass of introduced magnetite 0.1g 0.25¢g 059
Magnetite:MMT ratio
1:1 4.314 MHz 4.312 MHz 4.310 MHz
1:2 4.348 MHz 4.346 MHz 4.345 MHz
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| 1:3 | 4.335 MHz | 4345MHz | 4354MHz |

The magnetic properties of the synthesized biocomposites were indirectly
evaluated by measuring the shift in the resonant frequency of the inductive circuit.
As shown in Table 2, the resonant frequency values (expressed in MHz) vary
depending on the mass of the introduced magnetite and the Magnetite:MMT ratio.
The introduction of magnetic nanoparticles into the polymer matrix alters the
magnetic core inductance within the measuring coil, which consequently shifts
the resonant frequency. This frequency response serves as an indicator of the
magnetic loading and distribution within the alginate-gelatin biocomposite
network. Specifically, for the control biocomposite sample without magnetic
additives, the resonant frequency was found to be 4.318 MHz. Upon the
incorporation of magnetic components into the matrix, a systematic decrease in
the resonant frequency was observed, signifying a pronounced increase in the
magnetic sensitivity of the material. This effect is primarily attributed to the
presence of structured magnetite particles capable of interacting with an external
magnetic field [18-24]. Beyond the magnetic characteristics, the structural
integration of the mineral phase, particularly montmorillonite (MMT),
significantly influences the matrix behavior. As a result, the introduction of MMT
markedly affects the swelling capacity of the biocomposites, with the overall
effect being strictly dependent on the pH of the medium and the total filler
content (Figure 5).

20

a) b) c)
a —alginate - gelatin - 0.1 g montmorillonite; b - alginate - gelatin - 0.5 g montmorillonite;
c - alginate - gelatin - 0.1 g magnetized montmorillonite
1-pH=1.0; 2 - pH=4.0; 3 - pH=7.0; 4 - pH=9.18 ; 5 — water

Figure 5 - Dependence of the swelling kinetics of biocomposites in the presence of montmorillonite

At low pH (1.0 - 4.0), swelling of the biocomposites is restricted due to
protonation of the carboxyl groups of sodium alginate, which reduced
hydrophilicity. Under neutral and slightly alkaline conditions (pH 7.0 - 9.18),
dissociation of these groups enhances hydration through electrostatic repulsion
between polymer chains. The addition of 0.1 g of montmorillonite increases
swelling as a result of additional water sorption, however, increasing the
montmorillonite mass to 0.5 g leads to structural compaction and reduced
polymer chain mobility. Magnetized montmorillonite (0.1 g) exerts a more
pronounced effect owing to its enhanced sorption capacity and uniform particle
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distribution, while also enabling controlled manipulation under an external
magnetic field. Thus, modification of biocomposites with montmorillonite
provides a means of regulating swelling behavior, and the incorporation of
magnetic fillers establishes a foundation for the development of biomaterials with
tunable properties. Differences in the Kkinetics of insulin release from
biocomposites were examined following the addition of montmorillonite and its
magnetized form at pH 7.4 (Figure 6). The original sample exhibited a relatively
high insulin diffusion rate -approximately 72% - due to the pronounced
hydrophilicity and porous structure of the polysaccharide matrix. Upon
incorporation of montmorillonite, the release rate decreased as a result of
additional intermolecular interactions between the functional groups of the
polysaccharides and the mineral layers. This modification increased gel density
and restricted diffusion pathways for the insulin macromolecule.

Release kinatics, %
&
[+}
L

[
<
L

o4
2 4 & 8 10 12
Time, h

1 - alginate - gelatin; 2 — alginate - gelatin - montmorillonite;
3 — alginate - gelatin - magnetized montmorillonite

Figure 6 - Kinetics of insulin release from biocomposites with the addition
of montmorillonite in a physiological solution at pH = 7.4

Of particular interest was the system containing magnetized montmorillonite,
in which insulin release was further delayed. This effect can be attributed to
additional coordination and electrostatic interactions between the iron-containing
centers and the polar groups of the protein, thereby enhancing the matrix’s
retention capacity. Consequently, the incorporation of montmorillonite-especially
in its magnetized form-ensures prolonged release of the biologically active
compound [21-23]. The influence of montmorillonite on the structure of alginate-

gelatin polymer hydrogels was also studied using IR spectroscopy (Table 3).
Table 3 - Characteristic absorption bands in the IR spectra of the starting components and
composite hydrogels

Sample/ Component | Wave number (cm™) | Intensity Assignment/
Functional Group
Sodium alginate 2636 Weak/ Moderate Asymmetric C-H
1605 Strong, sharp stretching
1100-1020 Very strong Carboxylate (COO")
stretching
C-O-C carbohydrate
skeleton
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Gelatin 3300 Broad, strong Amide A stretching
1230-1245 Medium Amide | (C=0) &
Amide 111 stretching
Alginate-gelatin- Shifted Strong / Variable Asymmetric COO~
MMT 1045-1030 Very strong vibrations
470-520 Moderate Si-O-Si silicate
framework
Si-O and M-O-Si
stretching
Alginate-gelatin- 516 Moderate / Sharp Fe-O band appearance
mag-MMT Shifted Strong, modified COO~ & Amide Il
stretching (shifted)

The introduction of montmorillonite into the alginate-gelatin system resulted
in a shift in the absorption band of carboxylate groups (COQ") and a change in the
peaks of the carbohydrate skeletal peaks within the 1100-1020 cm™ region. These
spectral changes indicate the formation of electrostatic interactions and hydrogen
bonding between the polymer matrix and the silicate layers of montmorillonite.
Following modification of montmorillonite with magnetite, the spectrum
exhibited a distinct and intense peak at a frequency of 516 cm™, corresponding to
the stretching vibrations of the Fe-O bond. This serves as direct physicochemical
confirmation of the successful magnetization process [26-30].

Furthermore, coordination of iron ions with the carboxyl groups of alginate
and the amide structures of gelatin resulted in a pronounced band shift and a
change in peak intensity in the IR spectrum. The resulting spectral effects indicate
the formation of a highly stable magnetic composite.

4. Conclusion

The principal outcome of this study is the development of an optimal
technology for synthesizing a new generation of biocomposites with tunable
polymer network density, achieved by varying the content of chemical,
ionotropic, and physical crosslinking units. These biocomposites exhibit dual
stimuli-responsiveness (pH and magnetic sensitivity) and demonstrate a more
sustained release of immobilized drugs compared to conventional ionotropic
polysaccharide hydrogels. The enhanced ability to prolong the physiological
action of drugs underscores the practical significance of this approach and
highlights its potential for advanced therapeutic applications.

Acknowledgments: This study was conducted as part of program BR24993113, funded by the
Ministry of Higher Education of the Republic of Kazakhstan.
Conflict of Interest: The authors declare no conflicts of interest requiring disclosure in this article.

KONBAJIEHTTI HMOHIAP JKOHE MOJIUPUKALOUAJIAHFAH MOHTMOPUIJIOHUT
HEI'IBIHAE BUOKOMITIO3UTTEPAI K¥YPBUIBIMABIK OHTAUJIAH/IBIPY

I'.E. Epnan, b.b. Twcwnosa*, C.M. Taxncubaesa, K.b. Mycabexos, M.A. Mypmasa

138



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

on-Qapabu, ameindazvl Kasax ynmmuix yHusepcumemi, Aimamoi, Kazaxcman

Tyitinaeme. Kipicne. Kazipri 3amanfrsl OnoMenuinHa MeH (hapMakoJIOTUsIaFkl HETi3Ti MiHaeTTepaiH Oipi
— I9pUIIK 3aTTapbly 06JiHyl peTTeseTiH KOFaphl THIMII TepanusIIbIK xKykenepai a3ipney. Maxcamor. Byn
3epTTEeY HOHOTPONTHI TENbJACHY OMICIMCH aJbIHFAH albIHHATTBl THIPOTENBACPIACTI MOJUMEPIIIK
TOpJApABIH aiKacranbl OaillaHbICy TopexeciHe KaTHOHAAPABIH BAaJCHTTUIIN MEH KOHLCHTPALUSICHIHBIH
ocepiH Kapactelpansl. Homuoiwcenep dcone mankwinay. CHUHTE3IENI€H MaTepHAILIAPABIH KYPBUIBIMIBIK
epeKIIeTiKTepl (HU3NKa-XUMUSJIBIK Tajaay oJicTepi apKbUIbl CcHIarTaigbl. OU3HOIOTHSIIBIK TY3/bI
epiTiHjire IMMOOMIH3ICITEH JOPLiK 3aTTap/bIH O6IliHy KbUITAMIBFEl MEH iCiHY KHHETHKACHIHA €IKel-
Terkeini Tannay skacanisl. Kopiuaran opTaHbIH KbIIIKBULIBIFBIHBIH ©3repyiHe jkayar Oepe aiaTbiH,
TiTipkeHaiprimTepre cesimran  (pH-ka  Toyenai) MOHOTPONTHI  OMOKOMIIO3UTTED  CHHTE3IENII.
MOHTMOPHJUIOHUT ~ TI€H  OHBIH ~ MAarHUTTEJITCH  TYPiH  €Hri3y  Ke3iHAe  albrHHAT-)KeJIaTHH
OMOKOMITO3UTTEPIHEH MHCYIMHHIH O6JiHY KHHETHUKACBIHAAFhl afbIpMAlIbLIBIKTAP/Bl 3ePTTEYre epeKiIe
Ha3ap ayAapbulIbl. MarHUTTENTeH MOHTMOPHJUIOHUT HAaHOOOJIIEKTEPIH eHri3y aKybI3AbIK MpenapaTThiH
OeuliHyiH y3apThill KaHa KOHMal, COHbIMEH Karap CBIPTKbI MarHMT ©pICiHIH ocepiMeH MaKCaTThl
TaceIMallayFa MYMKIHIIK OepeTiHi aHBIKTaNbl. KopwuimuinObl. AJBIHFaH HOTHOKENEp OMOKOMIO3UTTIK
THIPOTEIbACPAIH KYPBUIBIMBI MEH (DM3UKA-XUMUSIIBIK KACHETTEPIH MAaKCATThl TYpAE PETTEYMiH THIMIi
TOCUIAEPIH KepceTedi; Oyl MopimiK 3arTapipl OaKbUIAHATHIH JKOHE MAKCaTThl JKETKi3yre apHajFaH
TepaNHsIIBIK JKYHeTepai KYpy JKOJIBIHIAFbI MaHBI3/IbI KaJaM OOJIbII TaObLIA/IbL.

Tyiiinai ce3nep: ruaporesnb, HOHOTPOITH OHOKOMITO3UTTEP, MOHTMOPHIIOHUT, MAHUTTI CE3IMTAJI/IBIK,
Oemnmiekrep, MoaupUKaLus, ICIHY Jopexkeci
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CTPYKTYPHASA OINTHMHU3ALUA BUOKOMIIO3UTOB C  HCIOJB30BAHUEM
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Pe3tome. Bseoenue. B coBpeMmeHHO OnomenuuuHe 1 GhapMaKoIOTUH OJJHOM U3 KIIFOUEBBIX 33/1a4 SBIISETCS
co3laHue BBICOKOI(M(EKTHBHBIX TEPANEBTUUSCKUX CHUCTEM C KOHTPOJUPYEMBIM BBICBOOOXKICHHEM
JIEKapCTBEHHBIX BellecTB. [/ens. B pabore wnccnenoBaHo BIMSHHE BAJICHTHOCTH KAaTHOHOB M HX
KOHIIEHTPAllMM HA CTENEHb CIIMBKU IOJMMEPHBIX CETOK B QJIBTMHATHBIX THIPOTENsX, IMOMYYEHHBIX
METOJIOM HOHOTPOITHOTO TelieoOpas3oBaHusl. Pesyaivmamel  u  obcyxcoenue. Merogamu  QU3HUKO-
XMMHYECKOTO aHAIlM3a M3Y4eHbl CTPYKTYpHbIE OCOOCHHOCTH CHHTE3MPOBAHHBIX MartepualioB. [IpoBeneH
JeTalbHBIA  aHaJIM3 KUHETHKM HaOyXaHWs W CKOPOCTH BBICBOOOXKAEHMS HMMMOOHMIM30BAaHHBIX
JICKapCTBEHHBIX IIperapaTtoB B (DU3HOJOTHUYECKUH pacTBOp. CHHTE3MPOBAHBI CTUMYITYYBCTBHTEIbHBIC
(pH-3aBHuCHMBIC) MOHOTPOIHBIE OMOKOMITIO3UTHI, CIIOCOOHBIC pearupoBaTh Ha M3MEHEHHE KHCIOTHOCTH
cpensl. Ocoboe BHUMaHHE YIEICHO M3YUCHHIO Pa3iH4YMil B KUHETHKE BBICBOOOXK/ICHHUS HMHCYIMHA U3
QJIBTMHAT-)KEIATHHOBBIX OMOKOMIIO3UTOB MPH BBEACHUH MOHTMOPHJJIOHHTAa M €r0 MarHeTH3MpPOBaHHOM
GopMBL.  3akniouenue.  YCTAQHOBIGHO, YTO  BKJIIOYCHHE  MArHETU3HPOBAHHBIX ~ HAHOYACTHIL
MOHTMOPHIUIOHHTA TTO3BOJISIET HE TOJIBKO MPOJOHIMPOBATh BBIXO]] OSIKOBOTO Mpernapara, HO U OTKPhIBAeT
MEepPCIIeKTUBbl JUIsl HAMpPABJICHHOTO TPAHCIOPTa MOJ BO3ICHCTBUEM BHEIIHEr0 MArHUTHOTO IIOJIS.
[TonyyeHusle pe3ynbraThl JEMOHCTPUPYIOT 3(P(EKTUBHBIC MOAXOAbI K HANPABICHHOMY YIPABICHHIO
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RESEARCH OF THE TECHNOLOGY FOR PRODUCING A
GRANULATED COMPOSITION BASED ON MONOMETHYLOLUREA,
COPPER AND ZINC PHYTOCOMPOUNDS, CALCIUM PHOSPHATES

OF MONOETHANOLAMINE
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Abstract: Introduction. Conventional active substances used for cotton and grain seed treatment
belong to toxicity classes Il-111, negatively affecting soil fertility and agricultural product quality. This
study focuses on low-toxic (class IV) preparations. Objective. To study the pilot-scale production
technology of a granulated multifunctional composition based on monomethylolurea, copper and zinc
phytocompounds, mono- and dicalcium phosphate, and phosphate monoethanolamine. Methods.
Experiments were conducted at the pilot plant of LLP “Scientific and Production Association Ana-Zher”
using a screw granulator (L = 4.7 m, D = 0.8 m). Results. The optimal solid-to-liquid composition ratio
was 0.80:0.20. At a 30-min residence time, the yield of 1-4 mm granules was 83% for MMM and FSCu ¢
MCP (150 kg/h; moisture 0.95%), 85% for MMM and FSZn « DCP (160 kg/h; 0.93%), and 82% for
MMM « FMEA (145 kg/h; 0.94%). Conclusion. The selected parameters ensure production of a high-
quality granulated preparation with favorable physicochemical and commercial properties.

Keywords: monomethylol urea, phytochemistry of copper, phytochemistry of zinc, monocalcium
phosphate, dicalcium phosphate, phosphate monoethanolamine, technology, physical and chemical
characteristics
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KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

1. BBenenue

JeiicTBytomie BelecTBa MpUMEHSAEMbIe B PAaCTEHHEBOACTBE KOMIIO3HIIUU
IUTS TIPOTPABIMBAHUS CEMSH XJIOMYATHUKA M 3€PHOBBIX OTHOCATCS K TOKCHYHBIM
coequnenusMm (I1, 11l xmacc), 4To HeraTUBHO BIMSET HAa MOYBCHHOE TUIOIOPOIUE U
KauecTBO MoiyyaeMou cenbxo3nponykuuu [1-8]. Tak peiicTByromue BeliecTBa
(GyHTHIMIHON YacTH MHCEKTO-(QYHTHUITUAHOW KOMIIO3HITNH, IO MaHHBM [1, 2, 4,
6], a Taxke mo marentam RU 2773310C1 u RU 1614163C cocrosr wu3
MpoXJIopasa, mUpaKIocTpodbuHa, Tedykonasona, mo mareary US 2010/0248960A1
— 3MOKCUKOHA30J1a/MEeTKOHAa301a, 1o marenty RU 2722755C1 — tnameTtokcama +
mupeHoKoHa30a + (IIyANOKCOHMIA, KOTOpPHIE MaryOHO BIMSIOT Ha IOJIE3HYIO
MUKpO(DIOpy TOYBBI, OOECIEUMBAIOINIME IMUTAHHE pacTeHuit. [IpenapaTuBHas
(hopMa KOMITO3UIIMY — CYCIIEH3HSI, YTO YCIOKHSET €To MEePEeBO3KY, XpaHEeHNUE.

B naHHOM cTaThe paccMaTpUBaeTCsl TEXHOJOTHS MOJYyUYEHUS MpenapaTuBHON
(hopMbI TPaHYJUPOBAHHONW KOMITO3UIMK MMOJU(GYHKIIMOHAIBHOTO JCHCTBHS C
MPOTPaBIUBAIOMIMM 3PPEKTOM CEMSH XJOIMYaTHUKAa M 3€PHOBBIX Ha OCHOBE:
MoHoMmeTunonModeBuasl (MMM)  wu  ¢urocoemunenuss wmemu  (PCCu)e
MoHokanbiuipochara  (MKD); MOHOMeTHOIMO4YeBHHB  (MMM) "
¢duTocoenuHEHUS LMHKA (PCZn)epukansruiipocdara (AKD) [9];
MoHOMeTHONMO4YeBHHE (MMM)e docharmonostanonammuaa (OMDA) [10] B
OMBITHO-TIPOMBIIIICHHBIX ~ ycnoBusix  TOO  «Hay4HO-npou3BOACTBEHHOE
oObenuHenue Ana-JKep» (JIMIIEH3UOHHBIH HOMEp Ha dKcIutyaTtanuto 22017311 ot
20.09.2022 r.).

2. DKkcnepUMeHTAJIbHAA YaCTh

2.1 Obvexmvl  uccne0oganusi U  MeXHUHeCKUe  XAPaKmepucmuxu
obopyodosanus

OO0beKkTaMy HCCIIEIOBAaHMS SIBISIETCA TpernapaTsl MONU(yHKIIHOHATBHOTO
JEWCTBUS C MPOTPABIMBAIOIINM dPPEKTOM CeMsH XJIOMUaTHHKA U 3epPHOBBIX Ha
ocioe MMM u ®CCusMK®, MMM u OCZneJJKO, MMMOMDA.
TexHomoru4yeckue HCCIEAOBAaHUA MPOBENEHBI HA  ONBITHO-IPOMBIINUIEHHON
ycranoBke TOO HIIO «Amna JKep», OCHOBHbIE TEXHHYECKHE XapaKTEPUCTUKH,
KOTOPBIX IpeACTaBlIeHBI B Tabaume 1.

Ta6auma 1 — TexHuyeckne XapaKTepPUCTHKHA OOOPYAOBAaHUS JUIs TOJNYYCHHUS TPaHyJIMPOBAHHON
KOMITO3ULIUT
HaumenoBanue Koa-Bo MarepuaJjibl TexHuueckas
HM3rOTOBJIEHUS XapaKTepHCTHKA
[ITHekoBBII TpaHyIATOP 1 Hepk. ctaib (H/k) 316L L=47m,D=0,8Mm
PeakTop 1 cTaib 3 ¢ TUTAHOBOWA V =1200 1
dyrepoBkoi
Hamnopnas emkocTs 1 H/k 316L V =1200 n
Hacoc uentpobexHbIit 1 /% 316L BAW-1, 0,37 kBT,
d =25 — 89mKM,
2740 o6/MuH
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Pacxomomep 1 H/x% 316L Pacxon 1o — 501/Mun
Kanopudep 1 KCk 3-6 L — 650 mm; H — 602 Mm;
OUMeETANINYECKUH, B — 575 mMm; macca — 34 kr
CMUPAIbHO-HAKATHBIH

2.2 Onucanue mexnono2uu NOYHeHUs NPEenapamugHoll popmsvl KOMROSUYUU

YhpouieHHass TEXHOJOTHUYECKasi CXeMa IOJydYeHUs NMpenapaTUBHON (Gopmsl
TpaHyJIUPOBAHHONW KOMITO3UIIMHM MOJU(YHKIIMOHAIBHOTO JeMCTBUA Ha OCHOBE
cMeck MMM u  ®CCusMK®, MMM u OCZneJ][KO, MMM OMBA
HCCJIEI0BaHa Ha ONBITHO-TIpoMblluIeHHON ycTaHoBke TOO HIIO «Ana XKep»
(pucynoxk 1).

HacTHIEI MeHee 1w
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1 — cOopuuk cycrnensupoBanuoit cmect MMM u ®CCusMK®, MMM u ®CZnsIKO, MMMe®MDBA; 2
— Hacoc; 3 — HallopHasl EMKOCTh; 4 — pacxoxoMep; 5 — OyHKep; 6 — IHEKOBbI rpaHysTOp; 7 —
kanopudep; 8 — BEHTHIIb.

Pucynox 1 — YpoueHHas TEXHOJIOTHYECKas CXeMa MOTyYeHHs IPeHapaTHBHOH (hOpMbL
KOMITO3HILINH NMOMU(YHKIIMOHATBHOTO JeiicTBust Ha ocHoBe MMM 1 ®@CCusMK®, MMM u ©CZneIKD,
MMMe®MDA B ONBITHO-TIPOMBIIIIEHHBIX YCIOBHUSX.

CycneH3upoBaHHass KOMIO3HWIMS TOTOBUTCS peakTope | Mpu MOJBHOM
oTtHomIeHUH 1:1 HCXOAHBIX peareHToB, Temmeparype 25-35 °C u BpeMeHH
nepememmBanuu 30-40 MuHYT, Jajnee MOCPEACTBOM Hacoca 2 TMOCTYIAeT B
HaloOpHYI0 €MKOCTh 3, OTKyJna uepe3 pacxogoMep 4 mojmaeTcss B ITHEKOBBIN
rpaHyIsATOp 6 M pachbUIseTCs Ha 3aBeCy TBEpAOH KOMITO3UIIMHA Pa3MEepPOM YaCTHIL
MeHee 1 MM, mocrymnaromed u3 OyHkepa 5. s CylIKd NPOAYKUIUHM TOPSIHN
Bo3ayX ¢ Temmneparypoit 80-85 °C nomaetcs u3 xanopudepa 7. [0TOBBII NpoayKT
BEITPY’KaeTcs Ha KIacCU(UKALIMIO U 3aTapuBaHUe.

3. Pe3yabTaThl 1 HX 00CyKIEHHE

Bxoonvimu napamempamu npu OIpeieIeHUN OIITHMAJTbHBIX
TEXHOJIOTHYECKUX rapaMeTpoB rpaHyJIMPOBaHHON KOMITO3HITHN
oMU YHKIMOHATBHOTO JCHCTBHS C TPOTPABIMBAIOMINM 3(PPEKTOM CEMSH
XJIONYaTHUKA M 3€PHOBBIX SBUJIMCh: MAaCCOBOE OTHOILCHUE TBEPJIOH KOMIO3UIMU
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k cycnensupoBanHoii (TK:CK), pasuoe 0,90:0,10; 0,80:0,20; 0,70:0,30, Bpems
peObIBaHNUS PEareHTOB B peakinoHHOH 30He 30 MuH (Tabnuma 2).

Buixoonvimu napamempamu SBUIKCH: BBIXOJ TPaHyJI pa3MepoM MeHee 1 M,
1-4 mm, Gonee 4 MM, IPOU3BOAMTEIBEHOCTD, BIAXKHOCTh MPOAYKIUH (¢) (Tabnuna
2), AMameTp CcBOIO0OPa3yIOLIET0 OTBEPCTHS, IPOCEBAEMOCTh 0 MEpHHTY, Yroi
€CTECTBEHHOTO OTKOca (Tabmura 3).

Obocnosanue 6x00H020 napamempa TIPU OMPEICICHUN ONTHMAbHBIX
TEXHOJOTMYECKHX  IApaMeTpoB  TPaHyJIMPOBAHHOW  KOMIO3MLIMH. Bribop
maccoBoro otHomeHus (TK:CK), pasasii 0,90:0,10; 0,80:0,20; 0,70:0,30,
ompenener ontuManbHbIMU cooTHomeHusiME TK:CK mpu rpanynoo6pasoBanuu
3a CYeT CIMMaHMs OTHACNBHBIX yacTul. PaBHoBecHas BmaxHoctb TK mnpu
OTHOCHUTENIbHOI BnaxHoctu atmocdepsl (¢x) 80 % nHa ocHoBe MMM wu
OCCuMK®D - 3,5 mac.%, MMM u ©CZneJIKD — 3,3 mac.%, MMMeOMDA -
3,8 wmac.% ompenenseT TMOJy4YCHHE TMPOAYKIUH C XOPOUIUMH  (DU3HMKO-
XMMUYECKUMH TOBAapHBIMU CBOHCTBaMHU. Bpems mpeObIBaHuS peareHTOB B 30HE
rpanymanun 30 MMH ONpenesieHO BpeMEHEeM NpPeObIBaHUSI PEareHTOB B OIBITHO-
MIPOMBIIIUIEHHOM IITHEKOBOM TPaHyJISATOPE.

Pe3ynbpTaThl TEXHOJOTHYECKUX HCCIECAOBAHUN MOTYUYEeHUS TPaHyIMPOBaHHON
KOMITO3ULIMY NTPOTPABIUBAIOMINM 3PHEKTOM CEMSH XJIOMYaTHUKA M 3€PHOBBIX Ha
ocioe MMM u ®CCusMK®, MMM u ®CZnsJIKO®, MMM+®MDBA, a Takxke
uX (pU3MKO-XMMHUYECKUE U TOBApHBIE XapaKTEPUCTUKU MPEACTaBICHBI B TaOIUIax
2u3.

Tab6auna 2 — Pe3ynbraThl TEXHOJOTMYECKUX HCCIIETOBAHUI TOJyYCHUS TPaHyTMPOBAHHOW KOMIIO3UIIMN
MpoTpaBIuBaOIMM ceMsH 3¢pdekrom Ha ocHoBe MMM n ®CCusMK®, MMM u ®CZneJKD,
MMMe®OMDA

Bxonueie napamerpsl BrixoaHble napamMeTpsl
MaccoBoe BpeMst IpeObIBaHUS BBIXOJI Tpanyi, % NPOU3BOAH- BJI2)KHOCTh
OTHOLIIEHHE peareHra B Menee | 1— | 6onee TEJILHOCTD, MPOLYKIIUU
TK:CK DEAKIIMOHHOM 30HE, MHH | | yiv 4 4 MM Kr/gac (), macc. %
MM
MMM u ®CCu*MKdD
0,90:0,10 43 50 7 160 0,83
0,80:0,20 30 7 83 10 150 0,95
0,70:0,30 10 65 25 145 0,98
MMM u ®CZn+JIKD
0,90:0,10 40 52 8 165 0,85
0,80:0,20 30 5 85 10 160 0,93
0,70:0,30 8 72 20 150 0,97
MMMdMBA
0,90:0,10 38 47 15 150 0,90
0,80:0,20 30 4 82 14 145 0,94
0,70:0,30 6 69 25 138 0,98
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W3 monmy4eHHBIX NAaHHBIX TEXHOJOTMYECKHUX HCCIeNoBaHWH (Tabmuna 2) B
ciydae Komrmosuiuu Ha ocHoBe MMM u ®CCusMK® mpu maccoBom
OTHOIICHUN Ha TBepmod kommosunuu kK cycreHsupoBanHoit (TK:CK) papnoii
0,90:0,10 BeIxOm Tpamyn pazmepoM MeHee 1 MM coctaBiseT 43%, 6onee 4 MM —
7% w ToBapHOW mpomykmuu pasmepom 1-4 wmm  Bcero 50%. Takxke
HEYIOBJIETBOPUTEIbHBIEC JaHHBIEC MOTy4YeHBI Ipu MaccoBoM oTHomennu TK:CK =
0,70:0,30. Berxoa ToBapHOU MPOAYKITHMH COCTaBMIA 65%, pu TpaHy)T pazMepoM
menee 1 MM — 10%, Oomee 4 MM — 25%. OOTUMAaILHBIM SIBISETCS OTHOILIECHUS
TK:CK = 0,80:0,20, rae BbIX0A TOBApHOI MPOAYyKUUU UMEET 3HaueHue 83%, npu
BIaxHoctH npoaykmuu (¢) — 0,95%.

B ciyqsae MMM u ©CZne/IK® mpu mMaccoBOM OTHOIIEHHH Ha TBEPAOH
komnosuiuu K cycnensupoBanHoil (TK:CK) pasno#t 0,90:0,10 BeIxox rpanyin
pasmepom meHee 1 MM cocraBmger 40%, Gomee 4 mm — 8% wu ToBapHOW
npoAayknuu pasMepoM 1-4 MM Bcero 52%. Takxke HEyIOBIETBOPUTEIbHBIC
JaHHble TosydeHbl npu MaccoBoM ortHomeHun TK:CK = 0,70:0,30. Beixon
TOBapHOM MPOAYKUUH cocTaBmiia 72%, npu Tpanyi pasmMepoMm menee 1 mm — 8%,
ooiree 4 MM — 20%. OntumansHbIM sBisieTcs otHomenns TK:CK = 0,80:0,20, roe
BBIXO/l TOBAPHOW MPOAYKIUHN HMeeT 3HaueHue 85%, Mpu BIAXKHOCTH MPOAYKLIUU
() —0,93%.

AHanornueckas 3aKOHOMEPHOCTb HAOJIOfaeTcs B Clyyae KOMIIO3HIMM Ha
ocHoBe MMM*OMDA. Ilpu MaccOBOM OTHOIIECHWUH TBEPOW KOMIIOZHMIINHA K
cycnenzupoBannoii (TK:CK) pasnoii 0,90:0,10 Beixoza rpanyi pazmepoM MeHee 1
MM coctaBisieT 38%, 6omee 4 MM — 15% u ToBapHOI poaykimu pazmepom 1 — 4
MM Bcero 47%. JlaHHBIE TIONY4YeHHbIE TIPU MAacCOBOM  OTHOUICHHUHU
TK:CK=0,70:0,30 cocTaBnsieT: BBIXOJl TOBAPHOU MPOAYKIUU — 69%, pu TpaHyn
pasmepoMm meHee 1 MM — 6%, Gonee 4 MM — 25%. ONTHUMaNbHBIM SBISETCA
otHomenuss TK:CK=0,80:0,20, rie BbIX0J TOBapHON MPOAYKIIMHA UMEET 3HAUCHUE
82%, npu BnaxknoctH mpoxaykuuu (¢) — 0,94%.

[Tony4yennsie TtoBapHble mpoayktsl MMM u ®CCuMK®, MMM wu
DOCZneJIKO, MMM*OMDA c¢ BeixomoM 83%, 85% m 82% COOTBETCTBEHHO
(tTabmuma  3), o0mamaroT XOPOmUMH (PU3UKO-XUMHUYECKUMHU M TOBAapPHBIMHU
CBOICTBAaMH,  XapaKTEPU3UPYIOIIMICS  PAaBHOBECHOM  BIIAXHOCTBIO  IIPH
OTHOCHUTEIBHON BiIaXHOCTH 80%, BIaXXHOCTHIO I'PaHYJIMPOBAaHHON MPOIYKIIHH,
QUaMETPOM CBOJOOOPA3YIONIETO OTBEPCTHSA, IMPOCEBAEMOCThI0 O MepuHry,
YTJIOM €CTECTBEHHOTO OTKOCA.

Tadmuua 3 — OU3MKO-XMMUYECKHE M TOBApHBIC XAPAaKTEPUCTHKH TPAHYIUPOBAaHHONW KOMIO3HULIUU
npoTpaBnuBarouM ceMsiH 3¢dexktom Ha ocHoBe MMM u ®CCusMK®d, MMM u ®CZneJIKD,
MMMeOMDA

PaBHOBecHas VYron
BnaxHocTh Juametp IIpoceBaemocthb
BIIQXKHOCTh . €CTECTBEHHO
TOTOBBI | CBOJOOOPA3yHOIIEro o Mepunry
KOMIO3ULIUH ro oTKoCca
Komnoszuuuu on NPOAYKUMH | OTBEPCTHUSI IPaHyJl  [FpaHyJ pa3MepoM DAV
P o, pasmepom 1-4 MM, pay
OTHOCHTEJb. o pazmepom 1-
o Mmacc. %, 1-4mMm, MM Oamn
Biax. 80%, @k 4 Mm, Tpas.
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MMM u 35 0,95 10 Goutee 8 31
OCCu*MKD

MMM u 3,3 0,93 10 Gonee 8 29
®CZneJIKD

MMM-®OMDA 3,8 0,94 10 Gonee 8 30

4. 3ak/104eHue

Ha ONBITHO-IPOMBINUIEHHON YCTAHOBKE, COCTOSIIEM U3 IIHEKOBOTO
rpaHynaTopa, peakTopa, cOOpHHKa, IEHTPOOEKHOro0 Hacoca, pacxoxoMmepa,
kaopudepa OMMETAIITNIECKOM CITUpaJIbHO-HaKaTaHHOM HCcCiIeIoBaHa
MaJOOTXOJHAsl TEXHOJIOTHS, TOMY4YeHHs TPaHyJIMPOBAHHON  KOMIO3MIIUU
NONU(QYHKIHOHATIBHOTO JACHCTBHA C TPOTPABIMBAIOIMINM 3(PQHEKTOM CEeMSH
XJIOMYaTHUKAa W 3epHOBBIX Ha ocHoBe MMM u ®CCusMK®, MMM wu
DCZneJIKDO, MMMeDMDA.

Omnpenenensl  CAeAyIOUIMEe ONTHUMalbHbIE TEXHOJIOTMUYECKHE MapaMeTphl
MOJIyYEHUS IPaHyJIMPOBAHHOIO Mpernapara Ha OCHOBE:

— MMM u ®CCu*MK® - maccosoe ortnomenue TK:CK = 0,80:0,20,
BpeMs TpeObIBaHMSI PEareHTOB B PeakMOHHON 30He 30 MUH, TP KOTOPBIX BBIXOJ
rpanyn pasmMepoM 1-4 Mm — 83 %, MpPOU3BOIUTEIBHOCTh YCTaHOBKU — 150 Kr/d,
BIaXHOCTB nponykmuu (¢) — 0,95 %, muamerp cBomooOpasytomiero orepetust 10
MM, IIpoceBaeMocTh Mo MepuHry Oojee 8 OamioB, yrojl €CTECTBEHHOTO OTKOCA
31°;

— MMM u ®CZn+JIK® — maccoBoe orHomenne TK:CK = 0,80:0,20, Bpems
NpeObIBaHUS PEArcHTOB B peaKIMOHHON 30He 30 MUH, TPH KOTOPBIX BBIXOJ
rpanyn pasmepoMm 1-4 mm 85 %, IpOU3BOAUTENHHOCTh YCTAaHOBKU — 160 Kr/d,
BIaKHOCTH npoaykuuu (¢) — 0,93 %, nuameTp cBogooOpasyromero orsepetus 10
MM, IIpoceBaeMocTb 1o MepuHry Oosnee 8 0amioB, yrojl €CTECTBEHHOIO OTKOCA
29%

- MMM+®MDBA - wmaccooe otHomenue TK:CK = 0,80:0,20, Bpems
npeObIBaHUSA PEareHTOB B PEakUMOHHOM 30He 30 MMH, NPH KOTOPBIX BBIXOX
rpanyn pazmepom 1-4 MM 82%, pOHM3BOAMTENHLHOCTh YCTAaHOBKM — 145 Kr/d,
BIaKHOCTH npoaykuuu (¢) — 0,94 %, nmuameTp cBogoobOpasytomiero orsepetust 10
MM, IpoceBaeMocTb o Mepunry Oosee 8§ 0aoB, yrojl €CTECTBEHHOTO OTKOCA
30°.

®unancupoBanue: Padora BbimonHeHa B AO «MHCTHTYT XUMHuUecKMX Hayk uMeHH A.b.
BexrypoBa» B paMKax IIpOrpaMMbI LEI€BOTO (PMHAHCHPOBAHUS HaydHBIX HcciaenoBaHuii Ha 2025-2026
rozpl, peanusyemoit Komurerom Hayk MHBO PK, o mporpamme BR27101179.

KondaukT nutepecos: KoH(IMKT HHTEPECOB MEX/Ly aBTOPAMU OTCYTCTBYET.

MOHOMETWJIOJIMOYEBHHA, MbIC NEH MBbIPBIIITBIH ®UTOKOCBIJIBICTAPHI
’KOHE MOHOSTAHOJIAMUH KAJBIANA DPOCPATTAPHI HETI'I3IHAE
TYHUIPIIIKTEJI'EH KOMIIO3ULUA AJTY TEXHOJIOI'MACBHIH 3EPTTEY

M.A. Konmazanbemosa'?, C. Yemanos®, I.T. Omaposa®, IIl. Baiibawaesa®, 3.H. Pamazanosa®, H.H.
Ecepxeesa®, P.Y. Maxmyooé*, X.C. Ycemanoe*
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! Kasax ynmmulx kbiz0ap nedazozuxanvix ynusepcumemi, Aimamol, Kazaxcmarn
2Hyp-Mybapax Ezunem ucnam moOenuemi ynusepcumeni, Ammame, Kasaxcman

3 «B.5. Bexmypos amuindazui Xumus uinbimoapsl uncmumymor» AK, Anmamot, Kazaxcman
4 «Ana XKep «Foioimu-enoipicmix 6ipnecmizi» JKIIC, Anmamet, Kazaxcman

Tyiiinaeme: Kipicne. Makra oHe I9H/I JaKblIIap TYKbIMIAPBIH OHICYIE KOJIAHBLIATBIH ICTYPIIi acep
eryuri 3attap yeITTUIBIKTBIH |I-III kmacTapeina »xartamel, OyJ1 TOMBIPAK KYHAPIBUIBIFHIHA JKOHE aybLI
[IapyallbUIbIFBl OHIMJIICPIHIH camachlHa Kepi ocep erefi. 3epTTeyle YBITTBUIBIFBI TeMeH, [V kiacka
JKaTaThIH 3aTTap HETi3iHIEri mpenaparrap KapacTeIpbUIIbl. Maxcamei. MOHOMETHIONIMOYEBHUHA, MBIC
JKOHE MBIPBII  (PUTOKOCBUIBICTAPBI, MOHO- JKOHE IHKanbluiidocdar, coHgali-ak MOHOITAHOIAMHH
tdocdarer HeriziHmeri KOMpYHKIHMOHAIIH KOMITO3HIUSHBIH TYHIPIIIKTEATeH AOPUTIK TYpIH MHIOTTHIK
JKarJaila eHJIpy TEXHOJIOTMSICHIH 3epTrey. Odicmepi. 3eprreynep «AHa-XKep» FbUIBIMH-OHIIPICTIK
6ipaectiri» XXIIC munortsiKk KoHABIpFBICkIHAa L = 4,7 M, D = 0,8 M MIHEKTI rpaHysSTOpAbI Naiganany
apKbUTbl KYprisuimi. Homuoiwenepi. KaTTbl X oHe CYHBIK KOMITO3HUIHMSIAPABIH OHTAIIBI MacCabIK
kateiHacel 0,80:0,20 Oonzmel. 30 MHHYT peakUMsUIBIK aiiMakTa OonraH ke3fe 1—-4 MM TyHipIIikTepaiH
mbFsIMBl MMM sxone FSCu « MCP ymin 83% (150 kr/car; surranapuibirsl 0,95%), MMM sxone FSZn
DCP yuin 85% (160 xr/car; 0,93%), a1t MMM « FMEA yuwin 82% (145 xr/car; 0,94%) xypansr.
Kopvimuinowvl. Tanpanran TEXHOIOTHUSUIIBIK Mapamerpiep (pu3nka-XUMUSUTBIK )KOHE TayapIiblK KacHeTTepi
JKaKChl, Caralibl TYHipPIIKTI Mpenapar aayAbl KAMTaMachl3 eTeIi.

Tyiiinai ce3aep: MOHOMETHIIOIMOYEBHHA, MBIC (PUTOKOCHUIBICHI, MBIPBILI (PUTOKOCHUIBICH], MOHOKAJIBLHI
docdarer, aukaneimii  ocdarel,  PocharMOHOITAHONIAMHH, TEXHOJOTHS,  (DU3UKA-XUMHSIBIK
cUmaTTaMasapsbl.

Konmazambemoea Mapiican PhD ooxmopanm, aza okbimyuist
Amanbaesna
Yemanoe Cynman Texnuka 2blibIMOapbiHblY OOKMOpbl, Npogeccop,
e-mail: anazher@yandex.kz
Omaposa I'ayxap Tynzywnaeena Texnuka bl1bIMOAPbIHBIY KAHOUOAMbI,
e-mail: gtomarova@gmail.com
Bauoawaesa Hlvinap Kiwi eviivimu koizmemrep, e-mail: 78bs.shinar@mail.ru
Pamazanosa Invsupa Hypaounosna Fouoinu goizmemrep, e-mail: elzira82@mail.ru
Ecepxeesa Hazzynv Hypkacvimosna Founvimu xvizmemkep
Yemanoe Xospam Cynmanosuy Xumusi eblIbIMOGPLIHBIH KAHOUOAMbl
Maxmyooe Paswan Ymaposuu Fouivimu geizmemrep, e-mail: h.usmanov@mail.ru

MCCJEIOBAHUE TEXHOJOIMU MOJAYYEHUSA TPAHYJIMPOBAHHOM KOMITO3ULIUHA
HA OCHOBE MOHOMETHWJIOJIMOYEBHUHBI, PUTOCOEJUHEHUA MEJIM U IIUHKA,
KAJBIAN®OCPATOB MOHOITAHOJIAMUHA

M.A. JKoamazanbemosa?, C. Yemanoe®, I'.T. 0Map08a3, 1l Baibawaesa®, 3.H. Pamazanosa®, H.H.
Ecepreesa®, P.Y. Maxmyodoé*, X.C. Ycmanoe*

! Kasaxckutl HayuoHanbHblil JceHcKull nedazoeuieckuli yuusepcumem, Aamamot, Kazaxcman
2 Hyp-Myb6apax Ezunemckuii ynusepcumem uciamckoi Kyibmypot, Aimamol, Kazaxcman
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Pe3ome. Bsedenue. TpalulMOHHBIC JEHCTBYIOIIUE BEIECTBA, MPUMEHSEMbIC sl 0OpPaOOTKH CeMsH
XJIOITYaTHUKA U 3€PHOBBIX KYJIBTYp, oTHOCcsATCs Ko [I-III kimaccam TOKCHYHOCTH, OTPHUIIATENEHO BIIHSS Ha
IUIOJIOPOJIE TIOYBBI W KA4YeCTBO CENIbCKOXO3SIMCTBEHHOM mpoayKuuu. B pabore paccmarpuBaroTcs
Tpermaparbl Ha OCHOBE MAaJOTOKCHYHBIX BemiecTB [V kmacca. [[ens. VI3yduTh TEXHONOTHIO MONyYEHHS B
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YCJIOBHSIX THJIOTHOH YCTAaHOBKH T'PaHYJIHPOBAHHOH NONM(YHKIHOHAIGHOW KOMIIO3MLIMM Ha OCHOBE
MOHOMETHIIONIMOYEBHUHBI, (DUTOCOCAMHECHHI MEIM W IWHKA, MOHO- M Jukanbiuiipocdara u ¢ocdara
MOHO3TaHONaMuHa. Memoowl. WccnenoBanusi mpoBefeHbl Ha muinoTHO# ycranoBke TOO «Hayuwo-
MPOM3BOACTBEHHOE 00beanHeHne AHa-XKep» ¢ UCIoabp30BaHKEM IIHEKoBoro rpanyisitopa (L = 4,7 m, D
= 0,8 M). Pesynvmamsi. ONTUMaNbHOE COOTHOLIEHHE TBEPAOH M KHUIKOH KOMIIO3HMIMH COCTaBHIIO
0,80:0,20. ITpu Bpemenu npeObiBanus 30 MHH BBIXOA TpaHyl pa3MepoM 1-4 MM cocraBma 83% s
MMM u FSCu * MCP (150 kr/4; Bnaxuocts 0,95%), 85% anst MMM u FSZn « DCP (160 kr/4; 0,93%) u
82% s MMM ¢ FMEA (145 xr/a; 0,94%). 3axniouenue. BbiOpaHHBIE HapamMeTpbl 00eCHEUUBAIOT
IIOJIy4eHUE Ka4eCTBEHHOIO I'PaHyIHPOBAaHHOIO Iperapara ¢ OIaronpHATHBIME (HH3UKO-XHMHYCCKAMH U
TOBapHBIMU CBOWCTBAMH.

KiodeBble c¢10Ba: MOHOMETWJIOIMOYCBHHA, (HUTOCOCAMHEHHE MEIW, (QUTOCOCIMHEHHE ILIMHKA,
MoHOKanbIuidocdar, auxansnuiipocdar, hocharMOHOITAHOTAMUH, TEXHOIOIHS, HH3UKO-XUMIIECKUE
XapaKTePHUCTHKH.
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FORMATION OF A POROUS SILICA-RICH MATRIX FROM
CHRYSOTILE-ASBESTOS WASTE FOR POTENTIAL APPLICATION
IN SILICON REMOVAL FROM PROCESS SOLUTIONS

A K. Zhangabayeva!, A. Khambarkyzy'", I.A. Temirgali, A.K. Omirgali', A. Berdykhalykh?,
A.H. Yusoff?

1 Kazakh-British Technical University, Almaty, Kazakhstan
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Abstract: Silicon-containing species in uranium-bearing process solutions can accumulate on ion-
exchange materials, impairing mass transfer and sorption efficiency. Inexpensive porous inorganic
materials for preliminary silicon removal are therefore of practical interest. This study aimed to evaluate
how thermal, chemical and mechanical post-treatment affects the porous structure of a silica-rich product
obtained by hydrochloric acid leaching of chrysotile-asbestos waste, in order to select a promising matrix
for sorption studies. Raw material underwent magnetic separation followed by HCI leaching. Five
products were examined: material calcined at 650 °C; material calcined at 850 °C (1 h) and modified with
5% NiSO4 and 10% MoOs4; material calcined at 650 °C for 52 h; leached product before attrition; and the
same product after attrition. Textural properties were assessed via low-temperature N- adsorption using
BET, Langmuir, t-plot and BJH methods. The BET specific surface area of the samples varied from 56.55
to 169.02 m?/g. The most favorable textural characteristics were observed for the leaching product without
additional grinding: the specific surface area was 169.02 m2/g, the micropore area was 44.72 m2/g, the t-
plot micropore volume was 0.0180 cm3/g, and the average pore diameter was 3.89 nm. After attrition,
surface area remained high (165.99 m2/g) while total pore volume increased to 0.1951 cm?/g. Calcination
at 650 °C and prolonged 52-h calcination reduced surface area to 106.61 and 91.41 m#/g, respectively;
combined 850 °C treatment with Ni-Mo modification gave the lowest value (56.55 m2/g). HCI leaching
was the key step forming the porous silica matrix. The unattrited leached product was selected as the most
promising matrix for silicon removal from uranium solutions.

Keywords: chrysotile-asbestos waste, hydrochloric acid leaching, amorphous silica, inorganic
adsorbent, BET, BJH, porosity, silicon removal, uranium process solutions
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1. Introduction

Chrysotile asbestos production waste is a large-scale man-made magnesium
silicate raw material, the recycling of which is of interest from both an
environmental and resource-saving perspective [1-3]. The main mineral in this
waste is chrysotile, with the composition MgsSi>Os(OH)., whose structure can be
significantly transformed by acid exposureDuring acid leaching, magnesium
predominantly passes into solution, while the solid residue is enriched with silica
and, due to the destruction of the original magnesium silicate structure, acquires a
developed porous surface [4-5]. This creates the preconditions for the production
of silica-containing materials from chrysotile-asbestos waste, potentially suitable
as matrices for sorption and other functional materials.

The functional properties of silica-containing materials are largely
determined by their textural characteristics, including specific surface area, total
pore volume, micro- to mesopore ratio, and pore size distribution. A well-
developed porous structure ensures surface accessibility for interaction with
solution components, while the presence of surface silanol groups enables further
chemical modification of the silica matrix [6]. In this regard, acid processing of
magnesium silicate man-made raw materials is of interest not only as a method
for extracting soluble components, but also as an approach to the formation of a
porous silica-containing product with potential sorption properties.

One potential application for such materials is the preliminary removal of
silicon-containing components from hydrometallurgical process solutions. In
particular, in uranium productive solutions, dissolved and colloidal forms of
silicon can accumulate in the pore space and on the surface of ion-exchange
materials, impairing mass transfer and reducing the efficiency of uranium sorption
extraction [7,8]. Therefore, the development of inexpensive porous materials for
preliminary silicon reduction before the main ion-exchange stage is of practical
interest [9,10]. At this stage, however, the primary task is to obtain and texturally
evaluate a suitable porous matrix, while its effectiveness directly in the silicon
removal process requires separate experimental study.

For Kazakhstan, this area is of additional importance due to the presence of
man-made waste from chrysotile asbestos production. Work on processing waste
from the Zhitikarinskoye deposit demonstrated the possibility of combining
magnetic separation and acid leaching to produce silica-containing products with
a developed surface area [11]. However, the production of a silica-containing
product alone does not determine its suitability as a matrix for a functional
material, as subsequent thermal, chemical, and mechanical processing steps can
significantly alter the resulting pore structure. The impact of such processing on
the specific surface area, pore volume, and pore size distribution of products from
the acid processing of chrysotile asbestos waste requires separate assessment.

The aim of the work is to establish the patterns of change in the specific
surface area and porous structure of the silica-containing product of hydrochloric
acid leaching of chrysotile asbestos waste with various methods of subsequent
processing and to justify the choice of the most promising matrix base for the
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creation of an inorganic chemisorbent intended for the preliminary removal of
silicon compounds from process solutions before the sorption extraction of
uranium.

2. Experimental part

The textural characteristics of the samples were determined by low-
temperature nitrogen adsorption on an EASY-V3210 analyzer using an N>—He gas
system. The specific surface area was calculated using the Brunauer—Emmett—
Teller (BET) method and the Langmuir model. Micropore and external surface
area were estimated using the t-Plot method; mesopore size distribution,
cumulative pore area, and pore volume were estimated using the Barrett—Joyner—
Halenda (BJH) method using the adsorption and desorption isotherms.

The feedstock used was man-made waste from chrysotile asbestos
production, with a particle size of — 1.0 to + 0.25 mm. The feedstock was
subjected to dry magnetic separation to produce magnetic (17.5-18.0%) and non-
magnetic (82.0-82.5%) fractions. The composition of the non-magnetic fraction
sent for subsequent leaching was, wt. %: MgO - 39,0-41,3; SiO, — 33,4-36,5;
CaO - 0,5-1,4; Fe;0s — 2,7; Fes04 — 4,9. The non-magnetic fraction was leached
with an HCI solution with a concentration of 0.45 mol/l at a solid-to-liquid ratio
(S:L) = 1:5, a temperature of 75 °C and a duration of 3 hours from the moment
the operating temperature was reached. The resulting solid residue was washed
with water at an S:L ratio of 1:2, then filtered and dried. The content of the silica
component in the resulting product reached 78-80 wt. %. The scheme of
preliminary magnetic separation of the source material is shown in Figure 1.

— 1

Figure 1 — Hardware diagram of magnetic separation of chrysotile-asbestos waste: 1 — feedstock bin; 2 —
magnetic separator; 3 — non-magnetic fraction; 4 — magnetic fraction.

Magnetic separation separated the original chrysotile asbestos waste into
magnetic and non-magnetic fractions. The magnetic fraction was separated from
the main process stream, while the non-magnetic fraction, enriched in magnesium
silicate, was sent for hydrochloric acid leaching, followed by the production of a
silica-containing product. To evaluate the influence of subsequent thermal,
chemical and mechanical treatment on its porous structure, five samples were

prepared, the conditions for obtaining which are given in Table 1.
Table 1 - Conditions for obtaining the test samples
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Ne | Sample Treatment conditions of the product after leaching
1 |[Sand1 Calcination at 650 °C
2 |[Sand?2 Calcination at 850 °C for 1 h and modification with 5% NiSO4 and 10% MoO4
3 |[Sand 3 Calcination at 650 °C for 52 h
4 |Sand 4 Product before the abrasion operation
5 |[Sand5 Product after the abrasion operation

3. Results and Discussion

Hydrochloric acid leaching was accompanied not only by changes in the
chemical composition but also by a significant restructuring of the original
magnesium silicate structure. X-ray diffraction (XRD) analysis was performed
using a Rigaku MiniFlex 600 diffractometer (Rigaku Corporation, Tokyo, Japan)
with Cu Ka radiation (A = 1.5406 A), operated at 40 kV and 15 mA. The
diffraction patterns were recorded over a 20 range of 5-80° with a step size of
0.02° and a scanning rate of [specify]°/min.

The X-ray diffraction pattern of the product after leaching showed a decrease
in the intensity of the characteristic diffraction peaks and diffuse scattering in the
20 range of approximately 15-35°, indicating the formation of a disordered,
predominantly amorphous silica-containing component.

Thermogravimetric analysis performed using a Q-1500D derivatograph
(Paulik—Paulik—-Erdey system, Hungary) revealed successive stages of water
removal at 110, 140, and 170 °C. The total loss of hydration water over the
temperature range of 40-310 °C was 8.45%. The presence of various forms of
bound water and OH groups was consistent with the structural heterogeneity of
the surface after acid treatment.
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Figure 2 — Thermogravimetric curves of the residue after leaching.
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To confirm the extent of structural disordering, X-ray phase analysis was
performed on the leached product, comparing peak positions and intensities with
the initial crystalline phase (Figure 3).
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Figure 3 — X-ray diffraction pattern of the residue after leaching.
FTIR spectroscopy was additionally used to characterize surface functional

groups and confirm the presence of OH groups and silica-containing fragments
consistent with the acid-leached structure (Figure 4).
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Figure 4 — IR spectrum of the product after leaching.
The results showed a significant dependence of textural characteristics on the

type of post-treatment applied (Table 2). The specific surface area of BET varied
from 56.55 to 169.02 m2/g across the five samples studied.
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Table 2 — Main textural characteristics of the studied samples

Sample Specific Specific Micropo Outer Total Micropore | Average
surface surface re area, surface, pore volume pore size,
area area of m?/g m?/g volume, t-Plot, nm
BET, m?/g | Langmuir, sm/g sm/g
m?/g
1 106,61 168,39 474 101,87 0,1179 0,00151 4,42
650 °C
2 56,55 73,72 5,30 51,25 0,1211 0,00185 8,57
850 °C +
Ni-Mo
3* 91,41 135,29 — — 0,1556 0 6,81
650 °C,
52 h
4 169,02 214,27 44,72 124,31 0,1644 0,01802 3,89
before
abrasion
5 165,99 192,77 42,31 123,68 0,1951 0,01779 4,70
after
abrasion

Note — BET is the Brunauer—Emmett-Teller specific surface area; t-Plot is the method for assessing
the microporous and external surface area Sample 4 (highlighted) was selected as the most promising
matrix; t-Plot micro/outer surface values for Sample 3 were not determined.

The maximum surface area was determined for Sample 4 (product after
leaching, before the attrition operation): S_BET = 169.02 m#/g, micropore area =
44.72 m?/g, external surface area = 124.31 m?/g, total pore volume = 0.1644
cm?/g, and average pore size = 3.89 nm — identifying it as the most promising
matrix among all samples tested (Table 3).

Table 3 — Comparative interpretation of textural characteristics

Sample S_BET, m%g Key features Interpretation

4 — before abrasion 169,02 Maximum BET-surface The most promising matrix
area and micropore area

5 — after abrasion 165,99 Maximum total pore Abrasion increases pore volume
volume 0,1951 sm®/g

1-650°C 106,61 Surface reduction after Heat treatment reduces the
firing available surface

3-650°C,52h 91,41 Average pore size 6,81 Long firing further reduces
nm S BET

2 -850 °C + Ni-Mo 56,55 Smallest S_BET; pore Cumulative treatment produces
size 8,57 nm the coarsest pore structure

Firing at 650 °C (sample 1) was accompanied by a decrease in S BET to
106.61 m?/g and micropore area to 4.74 m?/g. With prolonged exposure at 650°C
for 52 hours (sample 3), the specific surface area further decreased to 91.41 m%/g,
and the average pore size increased to 6.81 nm. This indicated a decrease in
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accessible surface area with increasing thermal exposure. The lowest value of
S_BET =56.55 m?/g was obtained for sample 2, which was fired at 850 °C for 1 h
and subsequently modified with NiSO4 and MoO. compounds. The average pore
size of this material was 8.57 nm. Since the processing temperature and surface
chemical composition were changed simultaneously for this sample, the available
data characterize the combined effect of these factors and do not allow a separate
assessment of the contribution of each of them. Mechanical abrasion altered the
pore space differently. After abrasion, S_BET decreased only from 169.02 to
165.99 m?/g, while the total pore volume increased from 0.1644 to 0.1951 cm?®/g,
and the average pore size increased from 3.89 to 4.70 nm. Consequently,
mechanical action primarily affected the volumetric and size characteristics of the
pores without further development of the specific surface area.

To preserve the original experimental data and visually compare the
adsorption pattern, Figure 8 shows the initial N, adsorption-desorption isotherms
from the EASY-V3210 analyzer reports for all five samples. The highest
adsorption capacity was observed for samples 4 and 5, consistent with their
maximum specific surface area values.

N; adsorption-desorption isotherms for samples 1-5
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Figure 8 — N2 adsorption—desorption isotherms for samples 1-5.
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The pore size distribution calculated using the BJH method confirmed a
significant change in the mesoporous component during thermal and mechanical
treatment. For the thermally treated materials, the characteristic pore sizes shifted
toward larger values, while sample 4 combined the maximum specific surface
area with a smaller average pore size. The pore size distribution calculated by the
BJH method for samples 1-5 is shown in Figure 9.

Pore size distribution (BJH)
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Figure 9 — Pore size distribution by the BJH method for samples 1-5.

According to the specific surface area of BET, the samples were arranged in
the following sequence: 4 (169.02) > 5 (165.99) > 1 (106.61) > 3 (91.41) > 2
(56.55 m?/g). Thus, the most developed surface was formed immediately after
hydrochloric acid leaching and was preserved until additional thermal treatment.
The obtained result is consistent with the literature data on the formation of
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porous amorphized silica during acid destruction of chrysotile and serpentinite
matrices [9-11].

Based on a combination of textural parameters, sample 4 was selected as the
most promising matrix for further development of an inorganic chemisorbent.
However, BET/BJH characteristics alone do not directly demonstrate high silicon
sorption capacity; a final assessment must be made based on the results of
individual sorption experiments to determine the degree of silicon removal and
sorption capacity.

4. Conclusion

Hydrochloric acid leaching of chrysotile asbestos waste produced a silica-
rich porous matrix containing 78-80 wt.% SiO.. The leached product obtained
before attrition exhibited the most favorable textural properties, with a BET
specific surface area of 169.02 m2/g, a micropore area of 44.72 m2/g, a total pore
volume of 0.1644 cm?/g, and an average pore diameter of 3.89 nm. These results
demonstrate that acid leaching is the key stage responsible for magnesium
removal and the development of the porous structure.

Subsequent processing affected the pore structure differently. Heat treatment
at 650 °C, particularly prolonged annealing, reduced the accessible surface area,
indicating partial densification or restructuring of the porous matrix. The
combination of calcination at 850 °C and Ni-Mo modification produced the
lowest BET specific surface area of 56.55 m2/g. In contrast, mechanical attrition
had little effect on the BET surface area but increased the total pore volume to
0.1951 cm?dg, suggesting enlargement or improved accessibility of the pore
system.

Overall, the leached product obtained before attrition provided the best
balance of silica content, specific surface area, and pore characteristics. It was
therefore selected as the most promising matrix for further investigation of the
preliminary removal of silicon-containing species from process solutions prior to
the sorption recovery of uranium. Future studies should evaluate its removal
efficiency, selectivity, regeneration behavior, and performance under conditions
representative of industrial process solutions.
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Tyiiingeme. Ypan Kypamaac epitinaizepaeri KpeMHUN Kypamaac TypJiepi HOH ajMacy MaTepuajiapbiHia
JKMHAJIBIIN, Macca ajJMacy MEH COpOLMs THIMIUITIH ToMeHaeTyl MyMKiH. COHIBIKTAH KPEMHHII alblH
aja KeTipyre apHajJfaH ap3aH KeyekTi OefopraHumkanblK MaTepHaniap HPaKTHKAIBIK KbI3bIFYIIBUIBIK
TyAbIpazbl. Byt 3epTTey copOLMSIIBIK 3epTTeyliep YILiH NepCHeKTHBAIbI MATPHLIAHbI TaHay MAaKCAThIHA
XPU30TWI-acOECT KAIABIKTAPBIH TY3 KBIIIKBUIBIMEH CUITLICY apKbUIbI albIHFaH KpeMHHIre 0ail eHiMHIH
KEYeKTi KYpBUIBIMBIHA TEPMUSUIBIK, XUMMSUIBIK JKOHE MEXaHHKAJBIK OHJCYICH KeWiHri acep eryai
Oaranayra OarbiTtanra. llukizar maraurrtik 6enmyneH, coman keitin HCI cintineymen etri. bec yunri
3eprrenai: 650 °C-ta kyiinipinren eHim; 850 °C-ta 1 car xy#aipinim, 5 % NiSO4 xone 10 % MoO4
KOCBUIBICTapbIMEH Moaudukauusiianran eHimM; 650 °C-ta 52 car KyiaipiireH eHiMm; yiikenic
orepalusAChHA ACHIHT1 jkoHE OoflaH KeHiHri maiiManay eHimzepi. Keyekrimk cumaTramanapbl a30TTBIH
TeMeH Temmepatypaislk ancopouusick, BET, Langmuir, t-Plot sxome BJH omicTepiMeH aHBIKTaIabL.
Yoarinepain BOT onmici OofibiHma MeHmikTi Oet aymansl 56,55-ten 169,02 m*/r-ra neiiin esrepai. Ex
JKAKCBl TEKCTYpPAIIBIK CHUIIaTTamMalap KOChIMINA YHTAKTayFa YHIBIPATbUIMaraH CUITICI3ICHAIpY eHIMiHzae
Oaiikanapl: MeHIIikTi Oer aymanel 169,02 M*Tr, Mukpokeyekrep aynansl 44,72 m?/r, t-rpaduk omici
OoribiHma Mukpokeyektep kenemi 0,0180 cm®r, anm keyekrepiiH oprama auamerpi 3,89 HM OOJIBL
Yiikenicren keitin S_BET 165,99 M?/r neHreitinae cakraism, xanrisl keyek kenemi 0,1951 cM3/r  neiiin
apTThL. 650 °C TemmepaTypasa KYiIipy koHE Y3aKKa CO3BUIFaH 52 caraTTBIK KYHIIpy O€TiHIH aynaHBIH
coiikecinme 106,61 xone 91,41 wm2/r-ra pneiiin  aszaiiTtel; Ni-Mo mMomudukanusceiven 850 °C
Temreparypaja OIpiKTipiireH eHIey eH TeMeHri MoHai Oepai (56,55 m?/r). JlambiraH KpeMHe3eMi
KEYeKTi MaTpPHLAHbl KaJbIITACTBIPATBIH HETIi3ri Ke3eH Ty3 KbIIIKbUIBIMEH Inaimaray OOJbil TaObUIIbL.
VpaH epiTiHIiNepiHeH KpeMHHUIi KeTipy YIIIH eH IIepCHEeKTHBANBl MATpULA PETiHHe CIITiCi3neHmipy
OHIMI TaHIAJIbIL.

Tyiiinai ce3mep: xpu30oTHiI-acOecT KaJABIKTAaphl, TY3 KBIIIKBUIBIMEH IIaiiMaiay, aMopThl KpeMHE3eM,
Getiopranukansik agcopbent, BET, BJH, keyekTinik, KpeMHHIAII KO0, ypaH epiTiHALIepi
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®OPMUPOBAHUE MOPUCTOM KPEMHE3EMCO/JIEPKAILLIEA MATPHUIIbLI U3 OTXO/J0B
XPU3O0TUJII-ACBECTA IS NMOTEHIUMAJIBHOI'O NPUMEHEHHUS TIPU YJAJIEHUU
KPEMHMUS U3 TEXHOJIOTHYECKUX PACTBOPOB

A.K. JKanabaesa*, A. Xambaprwizv**, H.A. Temupzanu', A.K. Omupzanu®, A. Bepouxanvix®,
A.X. FOcygy?

! Kasaxcmancko-Bpumancxuii mexnuveckuii ynusepcumem, Aimamst, Kazaxcman
2 Manaiizutickuii ynusepcumem Kenanmana, bBauox, Manauzus

Pe3tome. CoeqHEeHHs KPEMHHS, IPUCYTCTBYIOLINE B TEXHOJIOTHYECKHX PACTBOPAX, COACPIKALIUX YpaH,
MOTYT HAaKaIUIMBAThCS HA HOHOOOMEHHBIX MaTepHaaX, yXy/Alias MacCOOOMEH U CHUXast 3PEeKTUBHOCTh
copOimu. B cBsI3M ¢ 3THM NMpaKkTHYECKU HHTEPEC NPEACTABIISIOT HEIOPOTHE IOPUCTHIC HEOPraHHYECKUE
MaTepHabl TS TIPEABAPUTEIILHOIO yaaleHus kKpeMHus. L{enbio 1anHO# paboThl ObUTO H3yUYCHHE BIHSIHHS
TEPMUYECKOM, XMMHYECKOH M MEXaHH4eCKOi MocToOpabOTKHM Ha TOPHCTYIO CTPYKTYpPY IPOAYKTa C
BBICOKHM COZEp/KaHHEM AMOKCHIA KPEMHHS, MOMYYCHHOTO ITyTeM COJISHOKHCIOTHOTO BBIIICIaYHBAHMS
OTXOMOB XpHU30THI-acOecTa, € I[ENpl0 BBIOOpPA IMEPCIEKTHBHOW MATPULBI Ul COPOLIMOHHBIX
uccrnenopanuil.  McxomHoe  ChIpbe  MOABEPraJioCh MAarHUTHOW — CEeHMAapaldd ¢ MOCIEAYIOLIHUM
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BBIIIEJIAUYMBAaHUEM COJITHON KHCJIOTOH. BbuIH HcceioBaHbl ATh 00pa3LoB: MaTepuall, IPOKaJeHHbIH pu
650 °C; matepuai, npokaneHssii npu 850 °C (B Teuenune 1 1) u Mogudunuposanusiid 5% NiSOs u 10%
MoOs; maTepuain, npokanenusiid npu 650 °C B Teuenue 52 4; MPOIYKT BBIIIEIAYMBAHUS JI0 U3MEJIbUCHUS
(aTTpuIMK); U TOT K€ MPOAYKT HOcie U3MeabyeHHs. TeKCTypHbIe XapaKTePUCTUKHU OLIEHHBAIIM METOIOM
HU3KOTEMIIepaTypHO# ajicopOIuu a3ora ¢ ucnonb3oBanuem moneneit BOT (BET), Jlenrmiopa, t-rpaduka
u metona bapperra-/lxoitaepa-Xanenas! (BJH). Y nenphast mnomans moBepxHOCTH 00pa3oB 110 METOLY
BOT BapbupoBanace ot 56,55 mo 169,02 m*r. Hawmnyuimme TeKCTYpHBIE XapaKTEPUCTHKU ObLIN
YCTaHOBJIEHBI IS MIPOJYKTa BBILIETaUNBAHMS 0€3 JOMOIHUTEIBHOTO M3MEIbYEHHS: YeNIbHAs IUIOMIAb
MOBEPXHOCTH cocTaBmia 169,02 M?/r, miomans Mukponop - 44,72 M?/r, 00bEM MUKPOIIOpP 110 METOTy t-
rpaduka - 0,0180 cm?/r, a cpennuit nuametp mop - 3,89 um. [locrie n3menbueHus yaenbHas IUIOIMIAIL
MMOBEPXHOCTU oOcTasach BbICOKO# (165,99 M*Tr), a obumii oovem mop ysemuuwmics o 0,1951 cm’/r.
IIpokamBanne npu 650 °C m anuTenbHOE NpoKaiduBaHHE (52 9) NMPHBENU K CHIDKCHHIO YAEIBHOU
IOy MoBepxHocTH 10 106,61 1 91,41 M?/T COOTBETCTBEHHO; KOMOMHUPOBaHHasl 00paboTka mpu 850
°C ¢ moaudunupoanueMm Ni—-Mo nana HamMeHbliee 3HaueHue (56,55 mM?/r). BelenaunBanue coNsSHOM
KHCJIOTOW CTano KJIF4YeBOi cTaaueil (opMHpOBaHUS MOPHUCTOH KpeMHe3eMHOH wmarpuusbl. [Ipomykr
BBIIIEJIAUMBAHHUS, HE TIO/IBEpPraBLIMiics H3MEIbUYEHHIO, ObUT BEIOpaH B KauecTBE HauOoJIee MepCreKTHBHON
MaTpULbl AT YAICHUS] KPEMHUSI U3 yPAHCOePIKaLUX PacTBOPOB.

KimoueBple cj10Ba: OTXOJbl XpU30TUI-acOecTa, COJISHOKHCIOTHOE BblLIEIaYnBaHUE, aMOpHBIH
KpeMHe3eM, HeopraHmueckui ancopOent, BET, BJH, mopucrocTb, ynaleHHE KpPEMHHS, ypPaHOBBIC
pacTBOpbI
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Abstract. This work describes the investigation of the reactions between o-formylbenzoic acid and
morpholine, as well as the alkaloid cytisine. This study is aimed at the synthesis of new aminophthalide
derivatives as compounds of potential interest for biological evaluation. The interactions between the
starting reagents were studied, and optimal synthesis conditions were determined to ensure high the
amounts of desired compounds obtained. The structures, electronic properties of the initial substances,
intermediates, and synthesized compounds were analyzed using quantum-chemical computations are
based on density functional theory using a quantum-chemical research method. The molecular constitution
of the obtained products were established based on their Infrared spectral data, one-dimensional *H, *C
and two-dimensional Nuclear Magnetic Resonance spectroscopy (COSY, HMQC, HMBC), and mass
spectrometry. A possible reaction pathway accounting for the formation of aminophthalides is presented,
involving the nucleophilic addition of secondary amines to the carbonyl group of o-formylbenzoic acid,
followed by intramolecular cyclization. The spectral analysis is fully consistent with the proposed
structure of the obtained compounds. The findings reveal the effectiveness of the established procedure
for synthesizing aminophthalides based on morpholine and cytisine and provide the basis for further
studies of their reactivity, physicochemical characteristics, and potential biological activity.
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1. Introduction

The phthalide moiety serves as a key structural scaffold for compounds of
practical importance, such as dyes, fungicides, natural oils (butylphthalide), and
pharmaceuticals (isoxepac, vatalanib, hydralazine) [1-3]. Due to its broad
spectrum of biological activity, the phthalide moiety is considered a promising
pharmacophore platform. Of particular interest is the design of hybrid molecules
("dual drugs™) containing two pharmacophore fragments, a strategy that can yield
novel biological activity [4]. Aromatic compounds bearing active ortho-
substituents are widely used in the synthesis of fused heterocyclic systems [5-7].
The presence of aldehyde and carboxyl groups in the ortho-position of such
systems facilitates intramolecular cyclization [8]. A prime example is 2-
formylbenzoic acid, which exists predominantly in the closed form in the solid
state, whereas in solution, it exists in equilibrium between the open form (1a) and
the cyclic 3-hydroxyphthalide form (1b)-an instance of ring-chain tautomerism.
With the advancement of combinatorial chemistry, the scope of application for
this compound continues to expand [9-12].

O_ OH
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OH
H >
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2. Results and discussion

In the search for new biologically active compounds, we investigated the
reaction of o-formylbenzoic acid with morpholine and the alkaloid cytisine,
yielding the corresponding 3-(3-oxo-1,3-dihydroisobenzofuran-1-yl)amines (2)
and (3), respectively.

L
N— (OHC)
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The formation of aminophthalides (2) and (3) can proceed via two
mechanisms: through the nucleophilic addition of an amine to the aldehyde group
of the open form of o-formylbenzoic acid, followed by intramolecular cyclization
(1), or in a single step via the Sx® mechanism when an amine interacts with its
cyclic form (11).
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To study the geometric and electronic characteristics of the compounds under
study, we carried out quantum chemical calculations using the density functional
theory (DFT) method at the B3LYP/6-311G(d,p) level. Geometry optimization
was performed without symmetry restrictions, and calculations were carried out in
Gaussian 16W [13] with visualization of structures in GaussView 6.0 [14]. The
resulting optimized structures are presented in Figure 1.
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Figure 1 - Optimized 3D molecular configurations using the B3LYP/6-311G(d, p) method (top and side
views; C atoms are shown in gray, Red - O, blue -N, white - H): a) morpholine; b) o-formylbenzoic acid;
¢) gem-amino alcohol; d) aminophthalide.

The calculated geometric parameters correspond to the energy minimum and
are consistent with the standard values of chemical bonds and bond angles. For
the systems under study, molecular characteristics have been determined,
including the total energy (E.), zero-point energy (Eo), ionization potential (IP),
electron affinity (Ea), dipole moment (x), entropy (S), and molar heat capacity
(Cv).

165



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

Table 1 - Physicochemical characteristics of compounds (a-d) (method B3LYP/6-311G(d, p))

Characteristic Optimized 3D molecular structures
a b c d
Ep, a.u. -287.8742681 -534.283849 -822.1610836 -745.7149453
(-534.283873)*
Eo, a.u. 0.134636 0.1249707 0.2640155 0.2365821
(0.126386)
u D 1.561 6.726 5.420 4.908
(4.286)
Enomo, eV -6.225 -7.242 -6.820 -6.682
(-7.576)
ELumo, eV 1.084 -2.423 -1.575 -1.611
(-1.687)
AE, eV - 3.22
(4.33)
S, cal/mol*K 73.077 93.274 120.572 111.681
(89.443)
Cy, cal/mol*K 20.567 33.027 57.451 50.243
(32.297)

Note — Values in parentheses refer to the closed form of o-formylbenzoic acid

According to calculations, the stability of molecules is determined by their
structure and composition. The closed form of o-formylbenzoic acid is 63 J/mol
more energetically stable than the open form, which indicates the possibility of
their equilibrium. The dipole moment characterizes the distribution of electron
density, while the ionization potential and electron affinity reflect the electronic
properties of molecules and are assessed based on the energies of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) in accordance with Koopmans’ theorem.

In the reaction, morpholine acts as a nucleophile, and o-formylbenzoic acid
acts as an electrophile. The reactivity is determined by the energy gap between the
highest occupied molecular orbital (HOMO) of the nucleophile and the lowest
unoccupied molecular orbital (LUMO) of the electrophile: a reduction in this gap
promotes the reaction. For the open form of the acid, this gap is smaller, which
indicates its higher reactivity and the preferential formation of a gem-amino
alcohol.

As a result of the interaction between o-formylbenzoic acid and morpholine
and cytisine, new aminophthalide derivatives (2) and (3) were synthesized.The
structure of the synthesized compounds (2) and (3) has been confirmed by IR, *H
NMR, *C NMR, COSY, HMQC, HMBC spectroscopy and mass spectrometry. In
the IR spectra, aminophthalides are characterized by intense bands of carbonyl
absorption (1715-1750 cm™) and C-O-C bond vibrations (1050-1096 and 847-
900 cm). In the *H and *C NMR spectra of compound (2), signals from the
morpholine and phthalide fragments were detected, while compound (3) showed
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characteristic signals of the cytisine and phthalide fragments, which confirms the
structure of the obtained compounds.
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Figure 2 - 'H NMR characteristics of compound (3)/

In the 'H NMR spectrum of compound (3), the proton signals of the
bis-piperidine fragment are observed in the region of 2.09-4.08 ppm, the aromatic
protons of the cytisine fragment are observed at 5.80-7.31 ppm, and the phthalide
fragment is observed at 7.51-7.79 ppm. In the 3C NMR spectrum, the signals of
the carbon atoms in the cytisine and phthalide fragments are located in
characteristic ranges, which confirms the structure of the synthesized compound
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Figure 3 — NMR 3C spectrum of compound (3).

The structure of compounds (2) and (3) was further confirmed using
two-dimensional NMR spectroscopy methods: *H-*H COSY, *H-*C HMQC, and
'H-13C HMBC. The identified short-range and long-range correlations between
protons and carbon atoms correspond to the proposed structure of compound (2),
confirming the relative arrangement of the morpholine, phthalide, and aromatic
fragments. The 'H-'H and 'H-*C NMR connectivities determined by COSY,
HMQC, and HMBC experiments for molecule (2) are depicted in Figure 4.
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2338

Figure 4 - Coupling diagram in the COSY (*H-'H) (a), HMQC (*H-**C) (b), and HMBC (*H-*3C)
(c) spectra of compound (2).

a)

The structure of compound (3) is additionally confirmed by data from
two-dimensional NMR spectroscopy. In the *H-'H COSY and 'H-*C HMQC
spectra, characteristic correlations of protons with adjacent and directly bonded
carbon atoms of the cytisine and phthalide fragments are established. The *H-*C
HMBC method revealed distant correlations, confirming the relative arrangement
of the functional groups and the correspondence of the obtained data to the
proposed structure of compound (3). The observed COSY (*H-'H), HMQC (*H-
3C) and HMBC (*H-*C) NMR correlations within the molecule (3) shown in the
Figure 5.

Figure 5 - COSY (a), HMQC (b), HMBC (c) correlation patterns observed for compound
©F

In the mass spectrum of compound (3), at t = 23.95 min, the molecular ion
m/z 322.14 [M]*- was detected, corresponding to the molecular mass of the
compound. The most intense peak was observed at m/z 133.07. Characteristic
fragment ions at m/z 146.08, 189.14, 207.05, 176.09, 160.09, 117.07, 105.07, and
77.10 were also observed, resulting from molecular fragmentation under electron
impact. The obtained data confirm the structure and molecular mass of compound
(3) (Fig. 6). Chromatographic-mass spectrometric analysis was carried out using a
Trace GC Ultra-DSQ Il gas chromatograph (Thermo Fisher Scientific, USA,;
2006-2007).
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3. Experimental part

'H and *C NMR measurements were carried out using a JNM-ECA Jeol 400
spectrometer operating at 399.78 and 100.53 MHz, respectively. DMSO-ds and
CDClI; were employed as solvents. Chemical shifts were referenced to the residual
proton and carbon resonances of the corresponding deuterated solvents. Melting
points were measured with an «SMP10» apparatus. The synthesized products
were monitored by thin-layer chromatography (TLC) on Silufol UV-254 plates
using ethyl acetate as a solvent system and visualization of spots in iodine vapor.
For the original compound, Rf~0.44, whereas for the synthesized 3-
morpholinoisobenzofuran-1(3H)-one, Rf ~ 0.34.

Methods for the synthesis of aminophthalides morpholine (2) and cytisine
(3).

3-Morpholinoisobenzofuran-1(3H)-one  (2). A  mixture of  2-
carboxybenzaldehyde (3.4 g, 0.02 mol) and morpholine (2.0 g, 0.02 mol) in
isopropyl alcohol (25 ml) was stirred at 40 °C for 3 hours, then 1-2 drops of
glacial acetic acid were added. After cooling, the precipitate was filtered out.
Yield: 3.9 g (83%), mp 129-130°C.

3-(Cytisin-1-yl)isobenzofuran-1(3H)-one (3). To the solution of cytisine (1.3
g, 0.0068 mol) in 25 ml of dry benzene, 2-carboxybenzaldehyde (1.02 g, 0.0068
mol) was added, and the mixture was heated for 3 hours with a Dean-Stark trap.
After distilling off 2/3 of the solvent, a white precipitate formed upon cooling.
The yield was 2.02 g (92.5%), with a melting point of 170-173°C.

4. Conclusion

The reaction of 2-formylbenzoic acid with amines (morpholine and cytisine)
occurs under mild conditions and leads to the formation of 3-
morpholinoisobenzofuran-1(3H)-one and 3-(cytisin-1-yl)isobenzofuran-1(3H)-
one derivatives in high yields. The proposed reaction mechanism involves the
nucleophilic addition of secondary amines to o-formylbenzoic acid followed by
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intramolecular cyclization. Quantum chemical DFT calculations at the B3LYP/6-
311G(d,p) level of theory determined the energy characteristics, dipole moments,
ionization potentials, and electron affinities of the studied compounds.
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Abstract. Introduction. Dithiocarbamates and their derivatives are promising sulfur-containing
compounds used as flotation reagents in the flotation enrichment of mineral raw materials. Variations in
the structure of the hydrocarbon substituent and the introduction of additional functional fragments make
it possible to regulate their surface properties. The aim of this study was to synthesize new alkyl and
dialkyl thioethers based on isopentyldithiocarbamates and to establish their structures using IR and NMR
spectral methods. Results and discussion. The reaction of isopentylamine with carbon disulfide in an
alkaline medium yielded disodium isopentylbis(dithiocarbamate) and sodium isopentyldithiocarbamate in
58% and 30% yields, respectively. The subsequent reaction of the salts with hexyl, heptyl, octyl, nonyl,
and decyl bromides allowed the synthesis of a series of alkyl and dialkyl thioethers in 75-98% yields. The
composition and structure of the synthesized compounds were confirmed by elemental analysis, IR, H,
and 3C NMR spectroscopy. Spectral characteristics indicate the presence of a dithiocarbamate fragment,
an isopentyl substituent, and alkyl substituents of varying lengths. Conclusion. Synthetic conditions for a
series of new isopentyldithiocarbamate thioethers have been developed. The synthesized
isopentyldithiocarbamate thioethers with variable alkyl fragment lengths are of interest for further study of
their flotation properties and the possibility of using them as flotation reagents.
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1. Introduction

Flotation remains one of the most widely used mineral beneficiation methods
because it can separate minerals with very close physical characteristics. The
problem of searching for new organic collectors, which ensure high recovery of
valuable components with separation selectivity, becomes a priority.

Xanthates are the main flotation reagents for sulfide minerals. Although
these compounds have been widely used in industry, there have been some
limitations regarding selectivity, the possibility of forming toxic decomposition
products, and the dependence of the action on environmental parameters. For
these reasons, over the last few decades, there has been intensive research into
alternative sulfur-containing compounds, among which dithiocarbamates have
been considered one of the most promising classes of flotation reagents [1-3].

Dithiocarbamates exhibit high reactivity due to the presence of the -NCS;
functional group, which enables complexation with surface metal ions. Interaction
with the mineral surface results in the formation of stable metal-sulfur complexes,
which alter the hydrophilicity and surface energy of the particles. This makes
them suitable for use as both collectors and depressants in the separation of
various types of mineral raw materials [4,5].

Among dithiocarbamine compounds, dithiocarbamates based on aliphatic
amines are of particular interest, since they are distinguished by the availability of
the starting components and the possibility of regulating the properties by
changing the length and structure of the hydrocarbon substituent.

Studies have shown that simple aliphatic dithiocarbamates can effectively
modify the surface properties of minerals. For example, sodium
dimethyldithiocarbamate has a selective effect on the pyrite surface, reducing its
hydrophobicity through the formation of hydrophilic complexes with surface iron
cations [5]. In a lead-zinc mineral separation system, the combined use of ZnSO.
and dimethyldithiocarbamate increased the efficiency of sphalerite suppression
due to the competitive adsorption of reagents on the mineral surface [6].

Sodium diethyldithiocarbamate has also demonstrated high efficiency in the
flotation of oxidized copper minerals. Its use in combination with xanthates was
found to promote the formation of a more hydrophobic malachite surface due to
the formation of Cu-S compounds and enhanced collector adsorption [7]. In the
flotation of smithsonite, the use of a mixture of dodecylamine and
diethyldithiocarbamate increased zinc recovery due to the combined physical and
chemical adsorption of reagent system components [8]. In recent years, research
on modified dithiocarbamate compounds containing additional functional groups
has advanced significantly. These reagents possess multiple active sites for
interaction with mineral surfaces and demonstrate increased efficiency in the
flotation of difficult-to-process minerals. For example, dithiocarbamate-
hydroxamate compounds have demonstrated excellent results in the recovery of
bastnaesite, cassiterite, galena, chalcopyrite, and wolframite. Their high activity is
explained by the formation of stable complexes between the reagent's functional
groups and surface metal atoms [9-14].
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Despite a significant amount of research devoted to dithiocarbamates, the
synthesis and application of dithiocarbamates based on aliphatic amines,
particularly their derivatives with a modified thioether structure, remain
understudied. However, modification of dithiocarbamates can significantly affect
their hydrophobicity, stability, and ability to interact with mineral surfaces.

In this regard, the preparation of new alkyl thioethers based on sodium
isopentyl dithiocarbamate is of interest. The introduction of a thioether moiety
into the dithiocarbamate structure can alter the electronic and surface properties of
the molecule, potentially enabling the production of effective flotation reagents
with improved collection properties.

The aim of this work is to synthesize alkyl thioethers based on sodium
isopentyl dithiocarbamate as potential flotation reagents.

2. Experimental part

The reaction control and product purity were monitored by thin-layer
chromatography (TLC) on Silufol UV-254 plates, with spot visualization
performed using iodine vapor. The eluent consisted of a mixture of ethanol and
acetone/hexane (1/4). Infrared (IR) spectra were recorded on a Nicolet 5700 FTIR
spectrometer using KBr pellets and thin-layer films. Melting points were
determined with a Hanon MP450 apparatus. The *H and *C nuclear magnetic
resonance (NMR) spectra were recorded on a JNM-ECA 400 spectrometer
(JEOL), operating at 400 MHz for *H and 100 MHz for *3C, using deuterated D,0O
and CDCIs as solvents. Elemental analysis was performed with a THERMO
FlashSmart CHNS/O elemental analyzer (USA, 2024).

Disodium isopentyl-bis(dithiocarbamate) (1). A solution of 8.0 g (0.2 mol) of
NaOH in 3 mL of water was added to a solution of 8.717 g (0.1 mol) of
isopentylamine in 110 mL of ethanol. Then a solution of 15.2 g (0.2 mol) of
carbon disulfide was added dropwise at room temperature under stirring. After the
complete addition of carbon disulfide, the reaction mixture was stirred at room
temperature for four hours. The solvent was removed under reduced pressure
using a water-jet vacuum pump and the solid residue was purified by
recrystallization from ethanol. Yield 16.44 g (58%), Rt = 0.84 (ethanol/benzene,
1/2), T = 296-297°C. Found, %: C, 29.27; H, 4.11; N, 4.69; Na, 16.32; S, 45.55.
Cs/H11NNa,S,. Calculated, %: C, 29.67; H, 3.91; N, 4.94; Na, 16.22; S, 45.25. IR
spectra, v, cm™: 2931, 2852 (CH,, CHs); 1470, 1421 (CH,, CHs); 1221 (=C-N);
1109 (N-C(S)=S); 966 (C=S); 883 (C-S). NMR H spectra (D,0), §, ppm: 1.48
(7H, 2CHs, CH); 1.54 (2H, CHy); 4.12 (t, 2H, N-CH,). NMR 3C spectra (D,0),
3, ppm: 25.64 (CH2, 2CHs); 23.78 (CH); 53.06 (N-CHy>); 205.05 (2C=S).

Sodium isopentyldithiocarbamate (2). Yield 556 g (30%), Rs = 0.93
(ethanol/benzene, 1/2), T., = 107-108°C. Found, %: C, 39.05; H, 6.33; N, 7.29;
Na, 12.71; S, 34.73. CsH12NNaS;. Calculated, %: C, 38.90; H, 6.53; N, 7.56; Na,
12.41; S, 34.61. IR spectra, v, cm™: 3369 (NH); 2936, 2852 (CH,, CHs); 1470,
1421 (CHy, CHzs); 1221 (=C-N); 1131, 1111 (N-C(S)=S); 1003, 967 (C=S); 883
(C-S). NMR H spectra (D20), &, ppm: 1.23 (t, 6H, 2CHs); 1.50 (m, 2H, CH,);
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1.56 (m, 1H, CH); 4.35 (dt, 2H, N-CH,). NMR *3C spectra (D;0), 8, ppm: 13.63
(2CHs); 23.80 (CH); 25.66 (CH?2); 53.08 (N-CHy); 204.28 (C=S).

General procedure for the Synthesis of alkyl and dialkyl thioesters (3-12)

The corresponding alkyl bromide (hexyl, heptyl, octyl, nonyl and decyl) was
added dropwise to a solution of dithiocarbamate in acetone. The reaction mixture
was stirred at room temperature (22 °C) for five hours. After completion of the
reaction, the mixture was filtered through a Schott funnel using a vacuum pump.
The resulting solution was concentrated under reduced pressure using a water-jet
vacuum pump, and the product was purified by recrystallization from hexane. The
synthesis was applied to a series of alkyl bromides. As a result, the corresponding
alkyl isopentyldithiocarbamate and dialkyl isopentyl bis(dithiocarbamate)
derivatives were obtained.

Dihexyl isopentyl-bis(carbamodithioate) (3). Yield 9.30 g (76%), oil, R =
0.64 (acetone/hexane, 1/3), n3° 1.4031. Found, %: C, 55.64; H, 9.29; N, 3.67; S,
31.75. C1gH37NS,. Calculated, %: C, 55.97; H, 9.15; N, 3.44; S, 31.45. IR spectra,
v, cm*: 2930, 2856 (CH,, CHs); 1473, 1424 (CH,, CHa); 1241, 1226 (=C-N);
1133, 1116 (N-C(S)=S); 1006, 979 (C=S); 893, 854 (C-S). NMR 'H spectra
(CDCls), 3, ppm: 0.82 (s, 6H, 2CH3 (hexyl)); 1.26 (s, 6H, 2CHs (isopentyl)); 1.36
(s, 1H, CH); 1.63 (s, 18H, 9CHy); 3.22 (t, 4H, 2(S-CHy)); 3.84-4.23 (br., d,
N-CH,). NMR ®3C spectra (CDCls), §, ppm: 14.10 (2CH; (hexyl)); 22.60 (2CHs
(isopentyl)); 24.41 (2CH.CHa); 25.99, 25.56 (CH); 28.70, 28.78 (6CH,); 31.46
(N-CH>-CHy); 37.37 (S—CH); 51.27, 52.75 (N-CHy>); 196.14 (2C=S).

Diheptyl isopentyl-bis(carbamaodithioate) (4). Yield 9.94 g (76%), oil, R =
0.75 (acetone/hexane, 1/3), n3° 1.4032. Found, %: C, 57.45; H, 9.24; N, 3.54; S,
29.71. Cx1Ha1NS,. Calculated, %: C, 57.88; H, 9.48; N, 3.21; S, 29.43. IR spectra,
v, cml: 2928, 2855 (CH,, CHa); 1472, 1424 (CH,, CHa); 1228 (=C-N); 1133,
1116 (N-C(S)=S); 1006, 979 (C=S); 892, 854 (C-S). NMR 'H spectra (CDCls), §,
ppm: 0.80 (s, 6H, 2CHs (heptyl)); 1.21 (br. s, 6H, 2CH3 (isopentyl), CHy); 1.34 (s,
1H, CH); 1.62 (br. s, 20H, 10CH,); 3.21 (S-CHy,); 3.8-4.21 (N-CH,). NMR *C
spectra (CDCls), 3, ppm: 14.14 (2CHs (heptyl)); 22.65 (2CHjs (isopentyl)); 24.40
(2CH2CHa); 25.96, 25.57 (CH); 28.74, 28.94, 29.06 (8CH.); 31.76 (N-CH>—CHy>);
37.36 (25-CH>); 51.26, 52,72 (N-CHy); 196.14 (2C=S).

Dioctyl isopentyl-bis(carbamodithioate) (5). Yield 13.64 g (98%), oil, Rs =
0.71 (acetone/hexane, 1/3), n,z)0 1.4033. Found, %: C, 59.21; H, 9.67; N, 3.31; S,
27.33. Cx3HasNS,. Calculated, %: C, 59.56; H, 9.78; N, 3.02; S, 27.65. IR spectra,
v, cmt: 2927, 2856 (CH,, CHs); 1470, 1424 (CH,, CHs); 1238 (=C-N); 1133
(N-C(S)=S); 1007, 980 (C=S); 893, 854 (C-S). NMR 'H spectra (CDCls), §,
ppm: 0.84 (t, 6H, 2CH3s (octyl)); 1.24 (s, 18H, 2CHjs (isopentyl), 6CH.); 1.38 (s,
3H, CH, CHy); 1.65 (t, 12H, 6CH>); 3.25 (t, 4H, 2S—-CHy); 3.85, 4.25 (2s, 2H,
N—CH,). NMR *3C spectra (CDCls), §, ppm: 14.21 (2CHs (octyl)); 22.74 (2CHs
(isopentyl)); 24.44 (2CH,CHs); 25.82 (CH); 28.77, 29.15, 29.28 (10CH,); 31.90
(N-CH>—CHy); 37.40 (2S5—-CH>); 51.28, 52.79 (N-CH); 196.15 (2C=S).
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Dinonyl isopentyl-bis(carbamodithioate) (6). Yield 12.7 g (86 %), oil, Rs =
0.76 (acetone:hexane = 1:3). n,z)0 1.4034. Found, %: C, 61.17; H, 10.3; N, 2.69; S,
25.74. CxsHagNS4. Calculated, %: C, 61.04; H, 10.04; N, 2.85; S, 26.07. IR
spectra, v, cm™: 2927, 2855 (CH,, CHs); 1456, 1424 (CH,, CHs); 1243, 1226
(=C-N); 1133, 1117 (N-C(S)=S); 1006, 981 (C=S); 893, 854 (C-S). NMR 'H
spectra (CDCls), 38, ppm: 0.85 (t, 6H, 2CHz (nonyl)); 1.23 (s, 18H, 2CHjs
(isopentyl), 6CH>); 1.38 (s, 3H, CH, CHy); 1.66 (t, 16H, 8CH,); 3.25 (t, 4H,
25-CHy,); 3.86, 4.26 (2s, 2H, N-CH,). NMR 3C spectra (CDCls), §, ppm: 14.21
(2CHs (nonyl)); 22.76 (2CHjs (isopentyl)); 24.44 (2CH2CHs); 25.57, 26.05 (CH);
28.26, 28.70, 28.87, 29.15, 29.35, 29.56 (12CH,); 31.95 (N-CH>CHy); 37.41
(25-CHy); 51.27, 52.79 (N-CH>); 196.18 (2C=S).

Didecyl isopentyl-bis(carbamodithioate) (7). Yield 13.9 g (89 %), oil, Rs =
0.74 (acetone/hexane, 1/3), n,%o 1.4036. Found, %: C, 62.17; H, 10.44; N, 2.85; S,
24.36. Cy7HssNS4. Calculated, %: C, 62.37; H, 10.27; N, 2.69; S, 24.66. IR
spectra, v, cm™: 2925, 2854 (CH,, CHs); 1469, 1424 (CH,, CHs); 1227, 1226
(=C-N); 1133, 1117 (N-C(S)=S); 1007, 981 (C=S); 892, 853 (C-S). NMR 'H
spectra (CDCls), 6, ppm: 0.84 (t, 6H, 2CHs); 1.23 (s, 20H, 2CHas, 7CH>); 1.38 (s
5H, CH, 2CHy); 1.65 (t, 16H, 8CHy); 3.25 (t, 4H, 2S-CH,); 3.86, 4.26 (2s, 2H,
N-CH,). NMR C spectra (CDCls), 8, ppm: 14.22 (2CHjs (decyl)); 22.77 (2CHs
(isopentyl)); 24.44 (2CH,CHgs); 25.59, 26.04 (CH); 28.77, 29.15, 29.32, 29.41,
29.60, 29.65 (14CH); 31.98 (N-CH»-CH); 37.42 (25-CHy); 52.81, 51.29
(N-CH>); 196.20 (2C=S).

Hexyl isopentylcarbamodithioate (8). Yield 9.3 g (75 %), oil, Rt = 0.72
(acetone/hexane, Y4, n,%o 1.4037. Found, %: C, 58.06; H, 10.32; N, 5.81; S, 25.57.
C12H2sNS,. Calculated, %: C, 58.24; H, 10.18; N, 5.66; S, 25.91. IR spectra, v,
cm™: 2928, 2858 (CH., CHas); 1463, 1425 (CH,, CHas); 1217 (=C-N); 1133
(N-C(S)=S); 1053 (C=S); 855 (C-S). NMR H spectra (CDCls), &, ppm: 0.86 (t,
6H, 2CHs (hexyl)); 1.28 (t, 7H, 2CHs (isopentyl), CH); 1.39 (t, 6H, 3CHy); 1.65 (t,
4H, N-CH>—CH>, S—-CH>—CHy>); 3.08 (t, 2H, S—CH>); 4,61 (q, 2H, N-CH>). NMR
13C spectra (CDCls), 8, ppm: 14.11 (CHs (hexyl)); 22.60 (CHs (isopentyl)); 24.45
(CH); 28.42, 28.67, 28.74, 28.83 (4CHy); 31.39 (N-CH>—CH?>); 36.00 (S—CHy>);
69.82 (N-CHy); 215.32 (C=S).

Heptyl isopentylcarbamodithioate (9). Yield 11.51 g (88 %), oil, Rf = 0.81
(acetone/hexane, 1/4), n2° 1.4038. Found, %: C, 59.31; H, 10.27; N, 5.55; S,
24.78. Ci3HxNS,. Calculated, %: C, 59.71; H, 10.41; N, 5.36; S, 24.52. IR
spectra, v, cm™: 2927, 2856 (CH,, CHs); 1466, 1425 (CH,, CHa3); 1219 (=C-N);
1145, 1133 (N-C(S)=S); 1054 (C=S); 855 (C-S). NMR 'H spectra (CDCls), §,
ppm: 0.85 (t, 3H, CH3 (heptyl)); 1.25 (s, 6H, 2CHjs (isopentyl)); 1.39 (t, CH); 1.65
(t, 4H, 2CH,); 3.08 (t, 2H, S-CHy); 4.61 (g, 2H, N-CH). NMR *3C spectra
(CDCls), 8, ppm: 14.17 (CHs (heptyl)); 22.68 (2CHs (isopentyl)); 24.45 (CH);
28.46, 28.89, 28.95 (5CH)); 31.76 (N-CH»>—CH)); 36.00 (S-CHy); 69.81
(N-CHy); 215.32 (C=S).
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Octyl isopentylcarbamodithioate (10). Yield 12.40 g (90 %), oil, R = 0.9
(acetone/hexane, 1/4), nZ° 1.4040. Found, %: C, 60.76; H, 10.91; N, 5.26; S,
22.97. C1sHx.NS,. Calculated, %: C, 61.03; H, 10.61; N, 5.08; S, 23.27. IR
spectra, v, cm™: 2926, 2855 (CH,, CHs); 1468, 1425 (CH,, CHas); 1218 (=C-N);
1145, 1133 (N-C(S)=S); 1055 (C=S); 853 (C-S). NMR 'H spectra (CDCls), §,
ppm: 0.85 (t, 3H, CHs (octyl)); 1.25 (s, 12H, 2CHjs (isopentyl), 3CH,); 1.39 (t,
5H, CH, 2CHy); 1.65 (m, 4H, 2CH,); 3.08 (t, 2H, S-CH>); 4.61 (g, 2H, N-CH>).
NMR 3C spectra (CDCls), 8, ppm: 14.21 (CHs (octyl)); 22.74 (2CHjs (isopentyl));
24.45 (CH); 28.45, 28.99, 29.17, 29.23, 29.28 (6CH,); 31.87 (N-CH>-CH,);
36.01 (S-CHy>); 69.86 (N-CH>); 215.41 (C=S).

Nonyl isopentylcarbamodithioate (11). Yield 13.2 g (91 %), oil, R = 0.85
(acetone/hexane, 1/4), n2° 1.4042. Found, %: C, 61.91; H, 10.93; N, 4.65; S,
21.94. CisHzNS,. Calculated, %: C, 62.22; H, 10.79; N, 4.84; S, 22.15. IR
spectra, v, cm': 2926, 2854 (CH,, CHs); 1464, 1425 (CH,, CHz); 1217 (=C-N);
1133 (N-C(S)=S); 1055 (C=S); 855 (C-S). NMR 'H spectra (CDCls), 8, ppm:
0.85 (t, 3H, CHj3 (nonyl)); 1.24 (s, 14H, 2CHs (isopentyl), 4CH,); 1.39 (t, 5H, CH,
2CH,); 1.66 (m, 4H, 2CHy,); 3.08 (t, 2H, S—CH,); 4.62 (g, 2H, N-CH,). NMR *C
spectra (CDCls), 6, ppm: 14.21 (CHs (nonyl)); 22.76 (2CHs (isopentyl)); 24.45
(CH); 28.46, 28.99, 29.16, 29.23, 29.33, 29.57 (7CHy); 31.95 (N-CH>—CHy);
36.01 (S-CHy); 69.81 (N-CHy,); 215.34 (C=S).

Decyl isopentylcarbamodithioate (12). Yield 12.8 g (84 %), oil, R = 0.9
(acetone/hexane, 1/4), n2° 1.4045. Found, %: C, 63.06; H, 10.82; N, 4.91; S,
21.25. CiHssNS,. Calculated, %: C, 63.31; H, 10.96; N, 4.61; S, 21.12. IR
spectra, v, cm™: 2926, 2854 (CH,, CHs); 1464, 1425 (CH,, CHs); 1216 (=C—N);
1133 (N-C(S)=S); 1054 (C=S); 855 (C-S). NMR H spectra (CDCls), 8, ppm:
0.86 (t, 3H, CHzs (decyl)); 1.24 (s, 16H, 2CHjs (isopentyl), 5CHy); 1.40 (t, 5H, CH,
2CHy); 1.66 (m, 4H, 2CHy>); 3.08 (t, 2H, S—CH,); 4.62 (g, 2H, N-CH,). NMR *C
spectra (CDCls), 6, ppm: 14.22 (CHz (decyl)); 22.77 (2CHjs (isopentyl)); 24.45
(CH); 28.46, 28.99, 29.22, 29.40, 29.56, 29.67 (8CH.); 31.98 (N-CHx—CHy);
36.01 (S—CHy); 69.80 (N-CHy); 215.33 (C=S).

3. Results and discussion

The synthesis of disodium isopentyl-bis(dithiocarbamate) and sodium
isopentyldithiocarbamate was carried out by the interaction of isopentylamine
with carbon disulfide (in a ratio of 1:2) in the presence of an alkali in alcohol at
room temperature. As a result of isolation from the reaction mixture, disodium
isopentyl-bis(carbamodithioate) (1) and sodium isopentylcarbamodithioate (2)
were obtained in individual form with yields of 58 and 30% respectively (Fig. 1).

In order to synthesize potential flotation reagents, the conditions for the
synthesis of long-chain alkyl and dialkyl thioesters of isopentyldithiocarbamates
were optimized. The synthesis of alkyl and dialky! thioesters was carried out by
the alkylation reaction of disodium isopentyl-bis(dithiocarbamate) (or sodium
isopentyldithiocarbamate) with alkyl bromides (hexyl, heptyl, octyl, nonyl and
decyl) in acetone at room temperature. As a result, alkyl thioesters of
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isopentylcarbamodithioate (yields of 75-91%) and dialkyl thioesters of isopentyl-
bis(carbamodithioate) (yields of 76-98%) were synthesized (Fig. 1).

CH3
H3C NH,
cSy NaOH,
ethanol
CHs E CHs s
HBC)\/\N/ “~sNa . H3C)\/\H/ “~SNa
Nas—~ s
RBr, RBr,
l acetone acetone
CHjy s CHs s
)\/\ /l"L R )\/\ g R
HaC N7 Ss7 HsC N~ Ss7
H
R
s g R =CgHyz C7H15' CEHH’ c9H19’ C10H21

Figure 1 — Synthesis of isopentyldithiocarbamates and their alkyl and dialkyl thioesters.

The composition and identity of the synthesized isopentyldithiocarbamates
(1,2) and their alkyl and dialkyl thioethers (3-12) were confirmed based on
elemental analysis and IR spectroscopy.

The IR spectra of isopentyldithiocarbamates (1,2) and their alkyl and dialkyl
thioethers (3-12) exhibit characteristic absorption bands indicating the formation
of dithiocarbamates and their alkyl thioethers. The band at 1216-1241 cm™
corresponds to the stretching vibrations of the N-C= bond. The absorption at
1109-1145 cm is due to the characteristic vibrations of the dithiocarbamate
group N-C(S)=S. The absorption in the region of 966-1055 cm™ is due to
vibrations of the thiocarbonyl bond C=S, while the bands in the range of 853-893
cm are characteristic for the C-S bond.

The IR spectrum of the monosubstituted isopentyldithiocarbamate (2)
contains an absorption band corresponding to the stretching vibrations of the NH
group at 3369 cm™. The observed absorption bands confirm the formation of
sodium dithiocarbamates based on isopentylamine.

Furthermore, the presence of long-chain alkyl substituents for alkyl and
dialkyl thioethers (3-12) is confirmed by intense bands of stretching vibrations of
the CH; and CHs groups in the region of 2854-2930 cmt, as well as deformation
vibrations of methylene groups at 1425-1468 cm.

The structure of isopentyldithiocarbamates (1,2) and their alkyl and dialky!l
thioethers (3-12) was established using *H and **C NMR spectroscopy.

According to the 'H and *C NMR spectra, the signals of the isopentyl
fragment and the dithiocarbamate group were identified for compounds (1) and
(2). The N-CH2 protons appear at & 4.12 ppm for (1) and 4.35 ppm for (2), the
remaining signals of the aliphatic fragment are in the range of 6 1.23-1.56 ppm.
In the ~13C spectra, the N-CH2 carbon atom is characterized by signals at &
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53.06 and 53.08 ppm, respectively, and the carbons of the isopentyl substituent
are in the range of 6 13.63-25.66 ppm. The presence of the dithiocarbamate group
is confirmed by the signals of the thiocarbonyl carbon C=S at 6 205.05 ppm. for
(1) and 204.28 ppm for (2). Thus, the spectral data confirm the formation of
mono- and bis(dithiocarbamate) derivatives of isopentylamine.

Analysis of the *H and *C NMR spectra of the obtained dialkyl and alkyl
isopentyldithiocarbamate thioesters (3—12) revealed a consistent pattern of signals
corresponding to their proposed structure. In the *H spectra, the signals of methyl
protons of the alkyl radicals are located at 6 0.79-0.86 ppm, while methylene
protons appear predominantly in the region of & 1.20-1.66 ppm. With increasing
alkyl chain length, the integrated intensity of these signals’ increases. The
isopentyl fragment is characterized by signals of methyl protons near 6 1.2-1.3
ppm and methine proton at & 1.3-1.4 ppm. The signals of the S—-CH> protons are
observed at 6 3.08-3.25 ppm, while the N-CH; protons resonate downfield, at
approximately ¢ 3.8-4.6 ppm.

In the 3C spectra, the methyl groups of the alkyl chains give signals at &
14.1-14.2 ppm, while the carbon atoms of isopentyl substituent methyl and
methine groups give signals at approximately ¢ 22.6-22.8 and 24.5-26.1 ppm,
respectively. The chemical shifts of the CH; groups of the alkyl chains are found
in the 6 28-30 ppm region. The S—CH, carbon atom resonated at & 36—-37 ppm,
and the N-CH. carbon atoms are observed in the 6 51-53 and 69.8 ppm region.
The signals for thiocarbonyl carbon C=S are observed in the region of & 196-215
ppm. The obtained spectral characteristics confirm the formation of alkyl and
dialkyl isopentyldithiocarbamate thioethers and are consistent with the change in
the length of the alkyl substituents.

4. Conclusion

In this study, new dithiocarbamate derivatives based on isopentylamine were
synthesized, including disodium isopentyl-bis(carbamodithioate) (1), sodium
isopentylcarbamodithioate (2), and their alkyl and dialkyl thioethers (3-12). The
mono- and bis-isopentyldithiocarbamates were synthesized in the interaction
reaction of isopentylamine with carbon disulfide in an alkaline medium.

Using sodium salts (1) and (2), derivatives with linear alkyl substituents at
Ce—Cio were synthesized. The isolated compounds are characterized by
satisfactory yields, demonstrating the applicability of this method to the
preparation of a series of dithiocarbamate thioethers with varying hydrocarbon
chain lengths.

The composition and structure of the synthesized compounds were
confirmed by a combination of elemental analysis, IR, and NMR spectroscopy
data. The spectral data are consistent with the proposed structures and allow the
identification of signals from the isopentyl and alkyl fragments, as well as the
characteristic N-CH,, S—CH; and C=S signals.

The resulting series of compounds combines the dithiocarbamate functional
moiety with alkyl chains of varying lengths, enabling the variation of their
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hydrophobic and surface-active properties. Therefore, the synthesized alkyl and
dialkyl thioethers are of interest as promising compounds for further study of their
flotation activity and selectivity in the flotation enrichment of sulfide and other
minerals.

Acknowledgments: This work was funded by the Committee of Science of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (Grant No. BR27101179, «Fundamentals of
obtaining innovative, environmentally friendly, multifunctional chemical products and materials»).

Conflict of Interest: All authors declare that they have no conflict of interest.

M30NEHTUJIIMTUOKAPBAMATTAP/IbIH AJIKAJIAL /KOHE JUAJIKHAJIAL
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Tyitingeme. Kipicne. JlutHokapbaMarTap >KOHE ONApABIH TYBIHIBUIAPEI MHHEpANJbIK MIUKi3aTThI
(dotanusIbIK OaiibITy1aFel (DIIOTOpEareHTTep PETiHAe KONJAHBLIATHIH OOJAIIaFbl 30p KYKIipTKYpaMIbl
KOCBUIBICTAp OOJbIN TaObuIaabl. KeMipCcyTeKTIK opbIHOAcap/blH KYPBUIBIMBIH ©3repTy JXKOHE KOCBIMILA
(GYHKIMOHAIABIK (DparMEHTTEpAl CHTi3y ONapAbIH OETTiK KaCHeTTEepiH perTeyre MYMKIHIIK Oepeni.
3epmmeydiy makcamol — W3ONCHTUIAUTHOKApOAMATTap HETI3IHACT JXKaHA AalKWI- KOHE TUATIKHIIL
THOX(HPIIEPAl CUHTE3/CY KoHe onapblH KypbulbiMbiH VK- sxoHe SIMP-crieKTpOCKOMUSITBIK /1icTepiMEeH
aHbIKTay. Homuowcenep owcane onapOvl manxwpiiay. VI30NMEHTHIaAMHHHIH KYKIPT KOMIPTETIMEH CILITLIIK
opraja opeKerTecyi  HATIXKeciHAe —colikeciHmie 58 koHe 30%  IIBIFBIMMEH — HM30ICHTHII-
ouc(muTrokapbaMaTThIH) JAWHATPUIT Ty3bl OKOHE HATPUA M3OMEHTUWIIUTHOKAPOAMATHI  aJbIH/IBI.
Ty3napAbIH TeKCHII, TeNTHII, OKTHII, HOHUII )KOHE JACIHI OPOMHUATEPIMEH KEHiHT1 PeaKIHsIIbIK SPEKETTeCyl
75-98% WIBIFBIMMEH aIKWI- KOHE IUANKWIAI THOd(UpIep KaTapblH CHHTE3/leyre MYMKIHAIK Oepai.
CHHTE3/IeNTeH KOCBLIBICTAP/IBIH KYPAMBI MEH KYPBLIBIMBI 3eMeHTTIiK Tanaay, UK-, *H xoue *C SIMP-
CIICKTPOCKOMHsI  dicTepiMen fonenaeHai. CHEeKTpik cumaTramaigap AWTHOKapbamar (parMeHTiHiH,
H30ICHTHI OPBIHOACAPBIHBIH JKOHE OPTYPJ Y3BIHABIKTAFbl AIKWI OpBIHOAcApNIaphIHBIH Oap EKCHIH
nonengeini. Kopvimwinovl. JKaHa HM30NEHTHIIUTHOKapOaMar THOA(UPIEpIHIH KaTapblH CHHTE3/CY
mIapTTapbl  JKaCalbIHIBL.  Y3BIHIBIFBI  OPTYPAl  ankuid  (parMeHTTepIMEH  CHUHTE3JeJreH
M30MEHTWIIUTHOKAapOaMaT THOAGHpIepl onapAblH (IIOTAMSIBIK KaCHETTEPiH XoHE (IIOTOpearcHTTep
peTiHzae KoiIaHy MYMKIHAITIH OJJaH 9pi 3epTTeyre KbI3bIFYIIBUIBIK Ty IbIPAIbL.

Tyiiinai ce3mep: M3OMCHTUIANTHOKAPOAMAT, ANKWI- KOHE AUAIKWIA THOI(DUD, ANKUIICY PEAKIHSICHI,
Kypbltbiv, MK-criextpockomus, *H xone 3C SIMP-crekTpocKonuschl

Xumus 2bI1bIMOaPbIHBIY KAHOUOAMbI,
e-mail: meruyert2302@gmail.com
Texnuxa evbliblMOapbIHbIY MAZUCIPI,
e-mail: axmetova.lemara@gmail.com
Xumus 2b116IMOaPbIHBIY KAHOUOAMbI,
e-mail: yelena-sycheva@yandex.kz

Myxkanosa Mepyepm Cucenbexosna

Axmemoesa Jlemapa Mapanosna

Cotueea Enena Cepzeesna

CHUHTE3 M CTPYKTYPA AJIKWIOBbBIX H JUAJKWIOBBIX THO3®UPOB
M30NEHTUJIIUTHOKAPBAMATOB

M.C. Mykanoea'?, .M. Axmemosa?, E.C. Coruesa*

Y Unemumym xumuueckux nayx umenu A.B. Bexmyposa, Anmamel, Kasaxcman
2 Kasaxcmancko-Bpumanckuii mexuuueckuil ynusepcumem, Anmamot, Kasaxcman

181


mailto:meruyert2302@gmail.com
mailto:axmetova.lemara@gmail.com
mailto:yelena-sycheva@yandex.kz

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

Pestome.  Bgeoenue.  JlutnoxapOamaTbl W MX  IPOU3BOAHBIC  SIBJISIOTCS  MEPCHEKTHBHBIMU
CepOCOICPXKAIMMH COCIMHEHHSAMH, NMPUMEHIEMbIMH B KauyecTBE ()JIOTOPEAareHTOB MpH (GIOTALMOHHOM
00OraleHul MUHEPAIbHOTO ChIpbs. M3MeHeHHe CTpOEHMs yrJIeBOIOPOJHOTO 3aMECTUTEINSI U BBEJCHHE
JIOTIOJTHUTENBHBIX  (DYHKLIMOHAIBHBIX (PParMEHTOB IO3BOJIIOT PEryJIMpoBaTh HX IOBEPXHOCTHbIE
CBOWCTBA. []enblo 0aHH020 uccied08aHs SBISIICS CHHTE3 HOBBIX JIKWJIOBBIX M THAJIKMIIOBBIX THOR(HPOB
Ha OCHOBE M3OINCHTWIIUTHOKapOamMaToB, M ycraHoBieHHe ux cTpykrypsl VK u SIMP cnekrpanbHbIMU
Meronamu. Pesyrbmamut  u  obcyscoenue. B pesynpTaTe B3aMMOACHCTBUS HW30NEHTWIIAMHHA C
CepoyriaepoioM B IIEIOYHOW Cpelie MOJy4eHbI ITHMHATPHEBAas COJIb M3OMEHTWI-OMC(IUTHOKapbamara) u
M3OMEHTUIMTHOKapOamaT HaTpust ¢ BeIxonamu 58 u 30%, coorBerctBeHHO. Ilocienyromas peakius
cojieil ¢ OpoMHUIaMH T'eKCHJIa, TeNTWIA, OKTHJIA, HOHMJIA M JeIHa TO3BOJIMIA CHHTE3UPOBATH CEPHIO
QIKUJIOBBIX M JUAIKUIOBBIX THOA(UPOB ¢ Bbixogamu 75-98%. CocTaB M CTPYyKTypa CHHTE3UPOBAHHBIX
COCJMHEHHUH TOATBEPXKJCHBI METOAaMH 3JeMeHTHoro aHaimsa, WUK-, H u BC SAMP-cnekTpockonuu.
CrieKTpaJlbHbIe XapaKTEPUCTHKUA CBHICTEIBCTBYIOT O HAIMYMH JAWUTHOKapOamMaTHOTro (QparMeHrta,
H3OMEHTWIPHOTO 3aMECTHTENsI M AIKWIBHBIX 3aMECTHTENed pa3InyHOi JIMHBL — 3akmioueHue.
Pa3paGoranbl ~ yClIOBHS ~ CHHTE3a CEPUM  HOBBIX  H30NEHTWIANTHOKApOAMaTHBIX  THOI(PHPOB.
CHHTE3UpOBaHHBIC H30NEHTWIIUTHOKApOaMaTHbIE THOI(HPHl C BapbUPYEMOH JUIMHON alKWIBHOTO
(parMeHTa MPEACTABISAIOT HHTEPEC JUISl JalbHEHIIero H3ydeHHs HX (IOTAlMOHHBIX CBOMCTB U
BO3MOXHOCTH NMPUMEHEHHSI B KauecTBe (pIIOTOPEareHToB.

KioueBble c¢j10Ba: M3ONCHTHIAMTHOKApOAaMar, alKWil- W AWAIKWIOBBIH  THOIGHp, peakuus
aNKUIMpoBanus, cTpykTypa, UK-crexrpockonus, cnekrpockonus IMP *H u 1°C.
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REGENERATING SOLUTION COMPOSITION FOR SILICON
REMOVAL AND ANION-EXCHANGE RESIN RESTORATION IN
URANIUM EXTRACTION

M.K. Kylyshkanov!, G.K. Maldybayev*?, R.H. Sharipov!, B.T. Altaibayev!, L.K. Bekbayeva?,
A K. Zhangabayeva®, A.H. Yusoff?

1 Kazakh-British Technical University, Almaty, Kazakhstan
2 Universiti Malaysia Kelantan, Bachok, Malaysia

*Corresponding author e-mail: g.maldybaev@kbtu.kz

Abstract. The effect of the composition of regenerating solutions on the removal of silicon-
containing and related impurities from anion exchange resins used for sorption extraction of uranium from
productive solutions of in-situ leaching was investigated. The objects were technological solutions and
regenerated resins from the Akdala and South Inkai deposits. The elemental composition was determined
by atomic emission and X-ray fluorescence methods, and the phase composition of solid residues was
determined by X-ray phase analysis. Screening of the NaOH-Na:SOs, H.SO.~NH:HF. and HNOs—
NHsHF. systems showed silicon removal at 90.2-97.9; 93.3-95.0 and 95.7-97.5%, respectively. The
HNOs-NH+HF. system, despite its effectiveness, is excluded due to the high affinity of nitrate ions for the
resin; NaOH-Na.SO. and H.SO.~NHJHF. were then studied. Increasing the concentrations of NaOH and
Na.SOa to 75 and 100 g/l increased silicon removal to 97.5-98.7% but could reduce the strength of the
resin. A solution of 25 g/l of NaOH + 25 g/l of Na.SO. removed 93.1% of Si, retained strength of 76.5%,
increased hydrodynamic index by 30% and uranium capacity from 10.75 to 13.89 g/I; a solution of 150 g/l
H.SO. + 150 g/l NHsHF: increased the capacity to 16.69 g/l. The choice of regenerating solution should
consider not only the removal of silicon, but also the degree of purification, strength, hydrodynamic and
sorption properties of the resin.

Keywords: uranium, anion exchange, resin, regeneration, silicon, in-situ leaching
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1. Introduction

In-situ recovery (ISR) is one of the principal methods used for the
development of sandstone-hosted infiltration-type uranium deposits. The process
involves mobilization of uranium directly within the ore-bearing horizon,
followed by pumping of the uranium-bearing pregnant leach solution to the
surface for subsequent recovery and concentration. Modern ISR flowsheets
commonly employ ion-exchange sorption on strongly basic anion-exchange resins
for uranium recovery from sulfate-bearing pregnant leach solutions. The
continuing importance of ISR in uranium production has stimulated research
aimed at improving both leaching performance and downstream processing of
uranium-bearing solutions [1,7].

The efficiency of uranium sorption depends not only on the uranium
concentration in the pregnant leach solution but also on the physicochemical state,
functional groups, porosity, and mass-transfer characteristics of the ion-exchange
material. Commercial anion-exchange resins can efficiently recover U(VI) from
multicomponent sulfate solutions, while their sorption behavior is strongly
influenced by solution composition and operating conditions [2,3]. The
importance of resin chemistry is further demonstrated by studies of functionalized
ion-exchange materials, in which the nature and arrangement of functional groups
determine uranium affinity, selectivity, and adsorption mechanism [8].

Recent developments in uranium separation have also focused on alternative
functional sorbents with enhanced affinity and selectivity toward U(VI).
Amidoxime-based composite sorbents, polyamine-functionalized silica materials,
metal-organic frameworks (MOFs), covalent-organic frameworks (COFs), and
other functionalized porous materials have demonstrated high uranium uptake
from complex agueous media [10,13 - 15]. These studies indicate that both the
chemical accessibility of active sites and the internal structure of the sorbent are
critical factors governing uranium uptake. Nevertheless, for industrial ISR
operations, conventional strongly basic anion-exchange resins remain particularly
important because of their technological maturity, mechanical properties, and
compatibility with continuous sorption—desorption circuits.

During long-term industrial operation, anion-exchange resins repeatedly
undergo sorption, washing, desorption, and regeneration cycles. At the same time,
non-target mineral and colloidal components present in pregnant leach solutions
may accumulate on the bead surface and within the porous polymer matrix. Such
deposits can progressively block accessible ion-exchange sites, alter mass
transfer, and reduce uranium uptake. Deactivation of ion-exchange materials by
inorganic and other contaminants has therefore been identified as an important
factor affecting the long-term efficiency of uranium recovery [4]. Recent studies
of strongly basic anion-exchange resins used in uranium hydrometallurgy have
also shown that inorganic deposits, including Fe-containing contaminants, can be
removed by appropriately selected chemical regeneration systems [9].

Among the inorganic impurities, silicon-containing compounds are of
technological importance. Depending on concentration, solution acidity, ionic
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composition, and residence time, silicic acid can undergo condensation and
polymerization, forming progressively less soluble polysilicic species. In strongly
basic anion-exchange resins, sorbed silicic acid may polymerize within the resin
phase. Low-polymerized forms can be comparatively readily desorbed using
alkaline solutions such as NaOH, whereas more extensively polymerized species
are considerably more difficult to remove [5, 6].

The accumulation of silicon-containing species within the resin may reduce
the accessible pore volume and hinder intraparticle mass transfer. Consequently,
silicon removal should be considered not only as chemical purification of the ion
exchanger but also as a means of restoring the accessibility of functional groups
and the kinetic performance of the sorbent. This interpretation is consistent with
broader studies of uranium sorption materials showing that pore accessibility,
functional-group chemistry, and competing ions collectively determine uranium
uptake from complex aqueous solutions [13 - 15].

2. Experimental part

2.1. Methods and tests

The study examined technological solutions and anion-exchange resins used
to process uranium-bearing productive solutions from the Akdala and South Inkai
deposits.

Productive, leaching, circulating, wash, and sorption mother solutions, as
well as commercial desorbates, were analyzed.

Elemental composition was determined spectrometrically. Solid residues and
suspended particles were analyzed by X-ray diffraction on a D8 Advance
(Bruker) diffractometer with Cu radiation at 40 kV and 40 mA; diffractograms
were processed in EVA, with phase identification using the PDF-2 database.

Elemental content in resin samples before and after regeneration was
measured by X-ray fluorescence using an Olympus Vanta C analyzer.

Resin mechanical strength was determined with a Vibratory Ball Mill
according to ST NAC 20-2017.

2.2. Rationale for the choice of silicon as the main controlled pollutant

In the productive solutions of the Akdala and South Inkai deposits, the
concentration of silicon was 79.68 and 85.48 mg/l, respectively. Along with Si, Fe
and Al were characterized by significant concentrations.

X-ray phase analysis of dry residues of productive solutions showed the
presence of silicon dioxide and aluminosilicate phases. Thus, silicon was in the
technological system not only in a dissolved form, but also as part of dispersed
mineral formations.

The most important circumstance was the accumulation of Si directly in the
exploited resin. In the original reclaimed resins, the silicon content was 11.391%
for Akdala and 13.062% for South Inkai, significantly exceeding the content of
other controlled impurities.

This was the basis for using the degree of Si removal as the main indicator of
the efficiency of chemical regeneration.
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2.3. Selection of regenerative solutions
Three chemical systems were selected for the initial screening:

15 g/l NaOH + 25 g/l Na.SO. (1)
150 g/l H2SO. + 80 g/l NH4HF: (2)
285 g/l HNO:s + 80 g/l NHsHF 3)

The alkaline system was chosen because NaOH converts silicon compounds
into soluble forms, while Na.SO4 provides the required ionic medium.
Acid-fluoride systems were selected based on the possibility of chemical
destruction of stable silicon-containing deposits when interacting with a fluorine-
containing component.
At the laboratory stage, the ratio of solid to liquid phases was T:F = 1:25.
Regeneration was carried out with continuous stirring for at least 180 minutes.
The efficiency of the process was evaluated by changing the content of Si,
Ca, Fe and Re in the resin.
For subsequent enlarged laboratory experiments, alkaline solutions were
studied:
25 g/l NaOH + 25 g/l Na.SO. (5)
75 g/l NaOH + 100 g/l Na.SO4 (6)

and acid-fluoride solution:
150 g/l H2SO. + 150 g/l NH4HF- @)

In enlarged laboratory static experiments, the volume of resin was 3 liters,
T:F = 1.5, the total volume of the regenerating solution was 15 liters, the duration
of treatment was 180 minutes at room temperature.

3. Results and discussion

3.1. Composition of anion exchange resin contamination

The study of process solutions showed that the most significant non-target
components were Fe, Al and Si. For Akdala, the content of Fe, Al and Si in the
productive solution was 571.71, respectively; 356.16 and 79.68 mg/l, and for
South Inkai - 1287.19; 836.09 and 85.48 mg/I.

Particular attention was given to the behavior of silicon. In the Akdala
samples, its concentration decreased from 79.68 mg/l in the productive solution to
71.93 mg/l in the sorption mother liquor, indicating partial retention of silicon-
containing compounds in the resin phase.

The presence of Si in commercial desorbates - 68.00 mg/l for Akdala and
53.13 mg/l for South Inkai - additionally indicated the accumulation of silicon-
containing compounds in the resin during the technological cycle with subsequent
partial removal during desorption.
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X-ray phase analysis confirmed the complex nature of the silicon-containing
component of productive solutions. SiO. and aluminosilicate phases were
identified in the dry residues. After the solution passed through the sorption
system, the content of several silicon-containing phases in the dry residue of the
mother cell decreased, and free SiO. was not detected.

The combination of the results of elemental and phase analysis allows us to
consider the accumulation of silicon as one of the factors in the deterioration of
the anion exchange resin.

3.2. Initial selection of a chemical system for regeneration

The results of the initial comparative test of the three systems are presented
in Table 1.

Table 1 — Efficiency of regenerating solutions in removing the main impurities from anion exchange
resins

Regenerative Deposit Rem_oval of | Removal of | Removal of | Removal of
System Si, % Ca, % Fe, % Re, %

NaOH + Na:SO4 Akdala 90.2 49.0 27.0 23.0
NaOH + Na:SO4 South Inkai 97.9 20.0 —* —=*

H.SO. + NHiHF, Akdala 93.3 54.0 —* 17.4
H.SO4 + NH4HF> South Inkai 95.0 100 100 23.3
HNOs + NH:HF; Akdala 95.7 100 100 100
HNOs + NH:HF; South Inkai 97.5 100 62.5 88.5

Note — The removal efficiency was not calculated because the measured content of the element after
treatment exceeded that in the initial regenerated resin.

All three systems provided a high degree of silicon removal - at least 90%.

An alkaline solution of NaOH - Na.SO. removed 90.2% Si from Akdala
resin and 97.9% from South Inkai resin. This indicates the possibility of effective
destruction or dissolution of a significant part of silicon-containing contaminants
in an alkaline environment.

The H.SO. - NH«HF: solution provided removal of 93.3 and 95.0% Si,
respectively. For the South Inkai resin, complete removal of the detectable
compounds Ca and Fe was observed at the same time.

The maximum cumulative degree of impurity removal at the laboratory stage
was provided by the HNOs - NHsHF- solution. For Akdala, the removal of Si was
95.7%, and Ca, Fe and Re were 100%. For South Inkai, 97.5% Si, 100% Ca,
62.5% Fe, and 88.5% Re were removed. If only the chemical efficiency of
treatment is evaluated, the HNOs - NH4HF> system could be considered as the
most effective. However, when choosing a regenerant, it is necessary to consider
the subsequent state of the anion exchange resin. Nitrate ions are characterized by
a high affinity for strongly basic anion exchange functional groups, because of
which their subsequent displacement from the resin by sulfate solutions can
complicate the technological cycle.

Therefore, the HNOs - NH.HF. system was not selected for further
optimization, despite the high degree of impurity removal.
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According to the results of the first stage, two systems were left for enlarged
laboratory research:

NaOH - Na.SO. and H.SO. - NH«HF> (8)

This approach is fundamentally important; the chemically most aggressive
reagent is not necessarily the technologically optimal regenerant.

3.3. Effect of NaOH and Na:SO. concentration on regeneration efficiency

The next step was to optimize the alkaline system. The main results are
shown in Table 2.

Table 2 — Effect of the composition of the alkaline regenerating solution on the purification and
mechanical strength of the resin

Solution Resin Removal Removal of Removal Mechanical
composition, g/l of Si, % Fe, % of Zn, % strength, %
25 NaOH + 25
Na.SOs Akdala 93.1 89.6 69.4 76.5
75 NaOH + 100 Akdala 975 Almost 90.2 60
Na:SO. complete
75 NaOH + 100 .
NSOs South Inkai 98.7 50.0 91.7
75 NaOH + 100
Na.SOs, Akdala 97.1 93.8 - 52

Dynamic Mode

In the initial experimental materials for this experiment, two different values
of mechanical strength are given - 82 and 63%.

At concentrations of 25 g/L NaOH and 25 g/L Na.SO., the Si removal
efficiency from the Akdala resin was 93.1%. At the same time, 89.6% of Fe and
69.4% of Zn were removed. The mechanical strength after treatment was 76.5%,
remaining close to that of the initial regenerated resin.

Increasing the concentrations to 75 g/L. NaOH and 100 g/L Na.SO. increased
Si removal to 97.5% for the Akdala resin. Thus, for the Akdala resin, increasing
the regenerant concentration resulted in an additional 4.4 percentage points of Si
removal compared with the 25 g/L NaOH + 25 g/L Na.SOs solution. A high Si
removal efficiency of 98.7% was also obtained for the South Inkai resin using 75
g/L NaOH + 100 g/L Na.SO.; however, a direct concentration-dependent
comparison could not be made because the South Inkai resin was not tested with
the 25 g/L NaOH + 25 g/L Na.SO. solution under the same scaled-up laboratory
conditions.

For the Akdala resin, the higher Si removal achieved with the more
concentrated alkaline solution was accompanied by a decrease in mechanical
strength. After static treatment, the mechanical strength decreased from 76.5% to
60%. This effect became more pronounced during the 36-h dynamic experiment:
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although 97.1% of Si and 93.8% of Fe were removed, the mechanical strength
decreased to 52%.

These results demonstrate that increasing Si removal alone cannot be
considered sufficient for selecting regeneration conditions. The removal
efficiency should be evaluated together with preservation of the mechanical
integrity of the resin. For the Akdala resin, increasing Si removal from 93.1% to
97.5% was accompanied by a decrease in mechanical strength from 76.5% to
60%, while prolonged dynamic treatment resulted in a further decrease to 52%.
Therefore, 25 g/L NaOH + 25 g/L Na.SO. provided a more balanced combination
of Si removal efficiency and mechanical strength for the Akdala resin.

3.4. Efficiency of the H-SO., - NH.HF: System

When using 150 g/L of H.SO4 + 150 g/L of NH.HF-, the Si removal rate was
89.0% for Akdala resin and 86.9% for South Inkai.

Table 3 — Results of treatment with a solution of 150 g/l H.SO. + 150 g/l NHsHF:

Indicator Akdala South Inkai
Removal of Si, % 89.0 86.9
Removal of Fe, % 16.6 86.0
Removal of Zn, % 27.6 24.5
Removal of Ca, % 49 50.0

Mechanical strength, % 61.0 81.0

In terms of the degree of siliconization, this composition was inferior to
optimized alkaline solutions. At the same time, its effect significantly depended
on the origin of the resin.

For Akdala, an increase in NH.«HF. concentration was accompanied by a
decrease in mechanical strength of up to 61%. For South Inkai, a value of 81%
was recorded after treatment, meaning the result did not indicate a similar
degradation of the material.

The difference in the behavior of the two industrial designs indicates that the
effectiveness of a regenerant is determined not only by its chemical composition.
The history of operation, the degree and nature of the resin contamination and,
probably, the condition of its polymer matrix are significant.

Therefore, a universal choice of a reagent only by the Si removal index
seems to be insufficiently substantiated.

3.5. Effect of regeneration on hydrodynamic characteristics

If the removal of silicon-containing deposits does free up the pore space of
the resin, this should be manifested not only by a decrease in the Si content, but
also by a change in the passage of the liquid through the sorbent bed.

Experimental verification confirmed this assumption.
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Table 4 — Change in the hydrodynamic index after chemical regeneration

Sample Volume flow, m¥h Relative change, %
Akdala's Original Resin 0.180 -
Akdala, 150H.SO4 + 150NHsHF> 0.219 +21.67
South Inkai, 150H.SO4 + 150NHsHF, 0.223 +17.40
Akdala, 25NaOH + 25Na.SO0. 0.234 +30.00
Akdala, 75NaOH + 100Na.SO4 0.225 +24.99

The maximum effect was obtained for the formulation of 25 g/l NaOH + 25
g/l Na2SOs4: the hydrodynamic index increased by 30%.

For the more concentrated alkaline solution, the improvement was 24.99%
despite the higher degree of Si removal.

Thus, the higher Si removal efficiency achieved with the more concentrated
alkaline solution did not result in a corresponding improvement in the
hydrodynamic characteristics of the resin.

H.SO. - NH:HF: treatment also improved fluid flow, with an increase of
21.67% for Akdala and 17.40% for South Inkai.

Consequently, chemical regeneration does change the state of the ion
exchange resin layer and improve its hydrodynamic properties.

3.6. Restoration of the uranium sorption tank

A key criterion for evaluating the practical effectiveness of regeneration is
the ability of the treated resin to recover uranium during subsequent sorption.

To evaluate this parameter, comparative sorption experiments were
performed using the initial regenerated Akdala resin and resin samples treated
with the two selected regenerating solutions.

Table 5 — Effect of regeneration on the uranium sorption capacity of the Akdala resin

Change relative to

Resin Condition U content after sorption, g/l the original resin, %
Initial regenerated resin 10.75 -
After treatment with 25 g/L NaOH +
25 g/L Na:SOs 13.89 29
After treatment with 150 g/L H.SO. 16.69 +55

+ 150 g/L NH.HF>

After treatment with the alkaline regenerating solution, the uranium sorption
capacity increased from 10.75 to 13.89 g/L, corresponding to an increase of
approximately 29%. Treatment with the H.SO. - NH4HF: solution resulted in a
greater increase in uranium sorption capacity, reaching 16.69 g/L, approximately
55% higher than that of the initial regenerated resin.

These results demonstrate that chemical regeneration not only removes
accumulated impurities but also improves the subsequent uranium sorption
performance of the resin.

The solution containing 25 g/L NaOH + 25 g/L Na.SO. provided the most
balanced combination of properties for the Akdala resin: 93.1% Si removal, a
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mechanical strength of 76.5%, a 30% improvement in hydrodynamic
performance, and a 29% increase in uranium sorption capacity.

Treatment with 150 g/L H.SO. + 150 g/L NHiHF- resulted in the greatest
increase in uranium sorption capacity, reaching 16.69 g/L, approximately 55%
above that of the initial regenerated Akdala resin. However, the mechanical
strength of the resin decreased to 61%.

Thus, the preferred regeneration conditions depend on the selected
performance criterion. The acid—fluoride system provided the greatest restoration
of uranium sorption capacity for the Akdala resin, whereas the moderately
concentrated alkaline solution provided a more balanced combination of Si
removal, mechanical strength, hydrodynamic performance, and uranium sorption
capacity.

3.7. Comprehensive assessment and selection of the regenerating solution

Comparison of the results allows us to distinguish three consecutive levels of
reagent selection.

At the first level, HNOs - NHsHF. demonstrated the maximum removal of a
number of impurities, but the technological features of the interaction of nitrate
ions with the anion exchange resin limit the feasibility of its further use.

At the second level, an increase in the concentrations of NaOH and Na.SO.
made it possible to obtain the maximum degree of Si removal - up to 98.7%.
However, for Akdala's resin, the increase in chemical action was accompanied by
a significant decrease in mechanical strength.

At the third level, a set of operational characteristics was taken into account.
This is where the formulation of 25 g/L NaOH + 25 g/L Na.SOa4 showed the most
balanced result.

Thus, it is advisable to formulate the criterion for selecting a regenerating
solution not as the achievement of the maximum degree of Si removal, but as the
achievement of a sufficient degree of silicon desilica with a minimum negative
impact on the structure of the sorbent and the simultaneous restoration of its
hydrodynamic and sorption characteristics.

From this point of view, for Akdala resin, the most rational of the studied
alkaline formulations is 25 g/l of NaOH + 25 g/l of Na:SO..

The H.SO.4 - NH:HF. acid-fluoride system is also of practical interest,
especially given the pronounced reduction of uranium capacity. However, the
need to control its impact on mechanical strength requires further optimization of
NHsHF. concentration and processing time.

4. Conclusion

Chemical regeneration of anion-exchange resins from the Akdala and South
Inkai uranium deposits was evaluated with respect to silicon removal and
recovery of resin performance. Silicon contents in the regenerated industrial
resins reached 11.4% for Akdala and 13.1% for South Inkai. The tested
regenerants provided Si removal efficiencies of 90.2 - 97.9% for NaOH-Na:SOs,
93.3 - 95.0% for H.SO. - NH4HF2, and 95.7 - 97.5% for HNOs - NH4HF-. Despite
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its high Si removal efficiency, the HNO; - NH«HF. system was excluded from
further optimization because nitrate ions have a high affinity for strongly basic
anion-exchange resins, which may complicate their subsequent displacement
during operation in sulfate-based uranium recovery circuits.

For the Akdala resin, 25 g/L NaOH + 25 g/L Na.SO. provided the most
balanced regeneration performance, achieving 93.1% Si removal while
maintaining a mechanical strength of 76.5%, improving hydrodynamic
performance by 30%, and increasing the uranium sorption capacity from 10.75 to
13.89 g/L. Increasing the concentrations to 75 g/L NaOH + 100 g/L Na.SO.
enhanced Si removal to 97.5%, but reduced the mechanical strength to 60% and,
after prolonged dynamic treatment, to 52%; therefore, the more concentrated
alkaline system is not recommended for prolonged treatment of the Akdala resin.

For the South Inkai resin, both alkaline and acid-fluoride regeneration
showed high Si removal efficiency. The NaOH - Na.SO. system provided up to
98.7% Si removal, whereas H.SO. - NH4HF- achieved 95.0% Si removal at the
laboratory screening stage and simultaneously provided efficient removal of Fe
and Ca. Thus, both systems can be considered for South Inkai resin, with the final
selection depending on the required degree of impurity removal and preservation
of resin mechanical properties.

Overall, the results demonstrate that regenerant selection should not be based
solely on maximum Si removal. Resin mechanical strength, hydrodynamic
behavior, and recovery of uranium sorption capacity should also be considered
when selecting regeneration conditions for industrial application.
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YPAH DKCTPAKIMSACHI KE3IHAE KPEMHHMIII KETIPYTE KOHE AHHOH AJIMACY
IIAMBIPBIH KAJITMBIHA KEJTIPYTE APHAJIFAH EPITIHJIIHIH PETEHEPALIMSIIBIK
KYPAMBI
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Tyiiinaeme. YHFbIMaNBIK JKepacThl MIaiiManay omiCiMEeH albIHATHIH ypaHKYpaMIbl 6HIMII epiTiHinepai
eHJey Ke3iHAe KOJJAHBUIATBIH AHHOHAIMACTBHIPFBIN IMAHBIPIapAbl KPEMHHUKYpaMIbl XKOHE inecie
KOClanapJaH Ta3apTyFa pereHepauusulaylibl epiTIHIUIEp KYpaMbBIHBIH ocepi 3epTrenii. 3eprrey
HbICaHAApbl peTiHge Akpana koHe OHTycTik IHKail KeH OpbIHAApbHAA —IaiiaJaHbUIATHIH
TEXHOJIOTHSUIBIK ~ €PITIHALIEp MEH pereHepalisUIaHFaH aHWOHAIMACTBIPFBIN INAafbIpIap —aIbIHIBL
YarinepaiH 37eMEHTTIK KypaMbl aTOMJBIK-ODMUCCHSUIIBIK YXKOHE PEHTIEeH(IYOPECHCHTTIK OMiCTepMEH, ail
KaTThl KAJIBIKTApbIH (ha3asiblk Kypambl peHTreH(paszanbik Tangay oaiciMer anbikTanasl. NaOH - Na:SOs,
H2SO4 - NHsHF: xxone HNOs - NHsHF: Herisingeri perenepanusiiaymmsl xyienepai ChIHay HOTIKECIHIE
KpeMHuiii sxor0 gapexeci tuicinme 90,2 - 97,9; 93,3 - 95,0 xone 95,7 - 97,5% xypaas. HNOs - NHsHF:
JKyHeci  KpEeMHHUIAI  JKOIOJBIH ~ JKOFaphl  THIMIUIINH ~ KOPCETKEHIMEH,  HHUTPaT-WOHIAPBIHBIH
AQHMOHAJIMACTBIPFBII MIABIPFa JKOFapbl COPOLMSIIBIK Oeiimainirine GaiaHbICTBI KEHIHT1 3epTTeyIepaeH
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anbiabin tactanabl. Oxan opi NaOH - Na.SOs xone H2SO4 - NH4HF: sxylienepinin THIMIUTITT 3epTTeini.
NaOH xoHe Na.SOs KoHIeHTparusuIapblH THicinme 75 sxoHe 100 r/i-re neifiH apTTBIPY KpeMHHIIIH
JKOMBLTY opeskecin 97,5 - 98,7%-ra eitin )KOFapbLIATTHI, alaii/ia MabIPABIH MEXaHUKAIIBIK OCPIKTITIHIH
teMeneyiHe okenai. Kypambiaaa 25 r/1 NaOH xone 25 r/n Na:SOa 6ap epitinai kpemuuidaia 93,1%-biH
JKOIOZIBI KAMTaMachI3 €TTi, Oy peTTe IalbIpAblH MEXaHUKaJIbIK OepikTiri 76,5% neHreiinae cakTajbll,
THIPOAMHAMUKAIIBIK cUnaTTamanapbl 30%-ra yxakcap/pl, all ypaH OOHBIHIIA COPOLMSIIBIK ChIABIMIBUIBIFBI
10,75-ten 13,89 r/n-re meitin aptrel. 150 r/m H2SO4 xone 150 r/m NH4HF: epitingiciMen eHaereHHeH
KeHIH MIalbBIpJbIH ypaH OOWMbBIHIIA COPOLMSIBIK CHIMBIMIBUIBIFBI 16,69 T/n-re JediH >KOFapbuUIajibl.
AJBIHFAH HOTWDKENIep pereHepauusIaylibl epiTiHAiHI TaHIayJa KPeMHMIII KO0 JopekeciMeH Karap
IafBIP/IBIH MEXaHUKAJIBIK OCpIKTITiH, THUAPOJMHAMHKAIBIK CHIIATTAMAJApbIH JKOHE ypaH OOWBIHIIA
COPOIMSIIBIK KACHETTEPIiHIH KaJIbIHA KeNyiH KeIICH Il TYP/e eCKepy KaXKETTIriH KOPCETTi.
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M.K. Koivuuxanos', I.K. Manowviéaes®, P.X. Illapunoe®, B.T. Anmaii6aes', /I.K. Bexéaesa',
A.K. JKanabaes', A.X. FOcygy?

! Kasaxcmancko-Bpumancxuii mexnuueckuii ynusepcumem, Aamamst, Kazaxcman
2 Manaiizutickuii ynusepcumem Kenanmana, bBauox, Manauzus

Pesiome.  lccnenoBaHo — BIMSHHE — COCTaBa  PEreHEPUPYIONIMX  PAacTBOPOB  Ha  yJajleHHe
KPEMHHUIICOJCPKAIUX U CONMYTCTBYIOIIMX IpPUMece W3 aHHOHOOOMEHHBIX CMOJ, HCIIONB3yEMbIX IS
COpPOLIMOHHON 9KCTPaKIMU ypaHa U3 TPOXYKIHMOHHBIX pPACTBOPOB CKBXHMHHOTO IOJ3EMHOTO
BhlIeaunBaHusl. OOBEKTaMH HCCIISIOBAaHUS ObUIM TEXHOJIOTHMYECKHE PAcTBOPHI M PEreHepHpOBAHHbIC
cMoibl ¢ MecTopoxkaeHud Axnana u FOxHbi MHkail. DIeMeHTHBI COCTaB OINpEAETsiIM aTOMHO-
9MHUCCHOHHBIM M PEHTIeHO(IyOPECHEHTHBIM MeToiaMu, a (ha30BbIH COCTaB TBEPIBIX OCTATKOB —
pentreHogaszoBbiM ananu3oM. Ilpu ucnbeitanuu cucreM NaOH-Na.SOs, H.SO+~NHs:HF: u HNOs—
NHsHF: 6bu10 ycTaHOBIEHO, YTO CTENCHD yaaieHus: kpemuus cocrasisier 90,2-97,9; 93,3-95,0 u 95,7—
97,5% cootBerctBerHo. Cuctema HNOs—NHsHF2, Hecmotps Ha cBOO 3()(eKTUBHOCTD, ObLIa HCKITIOUCHA
M3-32 BBICOKOTO CPOJCTBA HUTPAT-MOHOB K cMoje. 3areM Obuim m3ydeHsl cuctemMbl NaOH-Na.SOs u
H2SO+—NHsHF.. TloBbimenne konnentpaimu NaOH u Na:SOs4 g0 75 u 100 1/71 yBEnTUUYMIIO CTETCHb
yaaneHus kpeMHust 10 97,5-98,7%, HO MOTJIO CHU3UTH MPOYHOCTH CMOJIBL. PacTBOp ¢ KOHIEHTpanuen 25
r/n NaOH + 25 t/m Na.SO. ymamun 93,1% Si, coxpaHUI HOpPOYHOCTh Ha YpOBHE 76,5%, MOBBICHI
ruapoauHamudeckuii mHaexkc Ha 30% wm émkocth mo ypany ¢ 10,75 nmo 13,89 r/m; pactBop ¢
konuenrparueir 150 r/n H.SOs + 150 r/m NHsHF: nosbicun émkocts g0 16,69 r/n. Ilpu BbiGOpe
pEreHepHpYIOLIEro pacTBoOpa CleIyeT YUYUThIBATh HE TOJBKO CTEHCHb yJalICHHs] KPEMHUsI, HO U CTEICHb
OYMCTKHU, IPOYHOCTh, TUAPOJUHAMHYECKHE U COPOLIMOHHBIE CBONCTBA CMOJIBI.
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CHEMICAL APPROACHES TO MONITORING AND EVALUATING
THE BIOREMEDIATION OF OIL CONTAMINATED DESERT SOILS:
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Abstract. Oil spills in deserts and other arid regions, including Kuwait, the Arava Valley in Israel,
and Western Kazakhstan, have created extensive areas of chronically contaminated soil whose
remediation is constrained by low moisture, nutrient deficiency, salinity, temperature fluctuations, and the
ageing of petroleum residues. The purpose of this review is to systematise modern chemical and
physicochemical approaches to monitoring and evaluating the bioremediation of oil-contaminated desert
soils and to identify indicators suitable for an integrated, risk-based assessment. The review considers the
composition of crude oil as a multicomponent contaminant, including total petroleum hydrocarbons,
polycyclic aromatic hydrocarbons, BTEX compounds, resins, and asphaltenes, as well as the soil
properties that control their mobility, bioavailability, persistence, and toxicity. Natural attenuation,
biostimulation, bioaugmentation, biopiling, and phytoremediation are compared with chemically
enhanced treatments based on Fenton and persulfate oxidation, nanomaterials, electrokinetic processes,
microwave heating, and bioelectrochemical systems. Particular attention is paid to combining
chromatographic and spectroscopic determination of petroleum fractions with soil respiration, microbial
and functional-gene indicators, ecotoxicological tests, and remote-sensing observations. Hyperspectral
data and artificial-intelligence methods are discussed as tools for mapping contamination and tracking
spatial changes during remediation. Sorbent materials, including shungite-based compositions relevant to
Kazakhstan, are considered for the preliminary containment and removal of oil. The analysis shows that a
decrease in total petroleum hydrocarbons alone is insufficient to demonstrate environmental recovery
because persistent aromatic fractions and residual toxicity may remain.
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1. Introduction

Oil spills in deserts and other arid regions (for example, Kuwait, the Arava
Valley in Israel, Western Kazakhstan) have led to extensive areas of chronically
contaminated soil [1, 2]. Extreme environmental conditions act as a natural barrier
to the microbial degradation of hydrocarbons, thereby limiting the potential
applications of bioremediation. At the same time, many desert soils are inhabited
by communities of microorganisms that are adapted not only to significant
seasonal changes in temperature and salinity, but also to daily cycles of wetting
and drying. These soils provide a habitat for indigenous microorganisms that
degrade hydrocarbons. In addition, there are native plants which, when properly
managed, possess the ability to oxidise oil.

From a chemical standpoint, petroleum contamination is not a single
parameter but a complex multicomponent mixture of aliphatic, aromatic, resin-
asphaltene fractions and heteroatomic compounds, each with its own resistance to
degradation, toxicity, and mobility in the soil profile [3, 4]. This is precisely why
a reliable assessment of remediation effectiveness cannot rely solely on the
integral indicator of total petroleum hydrocarbons (TPH) - it requires a
combination of:

— chemical indicators (total petroleum hydrocarbons, polycyclic aromatic
hydrocarbons (PAHSs), BTEX, as well as functional groups recorded by IR and
chromatography-mass spectrometry methods);

— biological indicators (abundance and composition of microorganisms,
enzymatic activity, plant response);

— physical and remote-sensing methods (spectral indices, satellite mapping)
[1,5, 6];

— strategies for the bioremediation of desert oil spills (microbial remediation,
phytoremediation, biopiling, as well as chemically enhanced and combined
methods).

The purpose of this review is to systematise current knowledge on the
chemical nature of petroleum contamination of desert soils, strategies for its
biological and chemically enhanced remediation, and analytical approaches to
environmental monitoring and assessment of remediation effectiveness - with an
emphasis on the chemical component of each of the areas listed.

2. Chemical nature of petroleum contamination and physicochemical
features of desert soils

2.1. Composition of crude oil as a contaminant

Crude oil is a mixture of saturated and unsaturated aliphatic hydrocarbons,
mono- and polycyclic aromatic compounds (PAHs), as well as resins and
asphaltenes containing oxygen, sulphur, and nitrogen. The ratio of these fractions
determines the behaviour of the contaminant in the soil: light aliphatic and
monoaromatic compounds (including BTEX - benzene, toluene, ethylbenzene,
xylenes) evaporate and biodegrade relatively quickly, whereas high-molecular-
weight PAHSs and resin-asphaltene components have high sorption capacity, low
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bioavailability, and can persist in soil for decades even after a substantial
reduction in total hydrocarbon content [4, 6]. Petroleum contamination can alter
not only the structure of the soil microbial community but also its metallome - the
assemblage of mobile metal forms - which underscores the multifaceted nature of
the chemical consequences of oil contamination and the need for a comprehensive
rather than narrowly analytical assessment [7]. From an analytical perspective, the
degradation kinetics of individual hydrocarbon fractions (including diesel
fractions) are well described by models of bacterial growth and degradation,
which allows the quantitative comparison of the effectiveness of different
biopreparations and degrader strains [8].

2.2. Physicochemical characteristics of oil-contaminated desert soils

Desert and hyperarid soils are typically sandy or sandy-loam soils with low
clay content, low water-holding capacity, and very low organic carbon content. In
Kuwait, desert soils saturated with light crude oil can hold about 17.3% oil by
mass [2, 9]. In such soils, hydrocarbons are retained in the upper layer, forming
tar mats, oil lakes, or heavily contaminated horizons. Biodegradation is limited by
the lack of nitrogen and phosphorus, moisture, and shade; however, indigenous
hydrocarbon-degrading bacteria multiply rapidly once oil and moisture become
available [2, 10-12]. Microbial diversity initially decreases and then shifts
towards oil-degrading taxa such as Proteobacteria and certain Actinobacteria,
accompanied by a strong long-term restructuring of the soil microbiome in
contaminated arid soils [13]. Understanding these constraints and microbial
dynamics is important for designing bioremediation measures and selecting
appropriate monitoring indicators [2, 14, 15].

3. Bioremediation strategies for petroleum-contaminated desert soils:
chemical and biological mechanisms

3.1. Microbial bioremediation and natural attenuation

A growing body of research from Kuwait and other arid regions
demonstrates that indigenous microbial communities are able to remove
substantial fractions of oil even from heavily contaminated soils. In desert soil
saturated with 17.3% crude oil, natural bioremediation under open conditions
(aeration and periodic moistening) removed 73-79% of the oil in about six months
in model windrows (mini-piles); oil removal during the first month exceeded
50%. The number of indigenous degrader bacteria increased from ~10° CFU-g*
to ~4.9 x 10® CFU-g* during peak activity [2]. A subsequent study showed that
self-cleaning proceeds effectively even at 20-30% oil contamination (super-
saturated soils), with ~70% removal at 1-10% contamination and ~50% removal
at 20-30% contamination over six months [10].

However, bioaugmentation with consortia of oil-degrading strains often fails
to produce a significant improvement compared with indigenous communities. In
the same microcosms of oil-contaminated desert soil (1.5% oil), a consortium of
five strong hydrocarbon degraders did not significantly increase oil removal
compared with untreated soil: ~68.5% removal versus 74.6%, respectively, after
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six months, with no statistically significant difference [10]. Community analysis
showed that indigenous species dominated in both treatment variants [10], i.e.,
well-adapted native bacteria are generally more effective than introduced
consortia in desert soils [11, 12]. Thus, biostimulation (addition of nutrients and
moisture) is generally more effective than bioaugmentation [11, 12, 15, 16].

3.2. Biopiling and biostimulation

Biopiling systems provide a controlled approach to treating excavated desert
soil. A study of biopiles containing crude-oil-contaminated desert soil from Abu
Dhabi compared four treatment variants: control, biostimulation (nutrients),
bioaugmentation (commercial inoculant), and biocaugmentation + surfactant
(Tween 80) [17]. After approximately 156 days, hydrocarbon removal reached
77% for the bioaugmentation + nutrients variant, ~55-56% for biopiles treated
with surfactants, 23% for biostimulation without additives, and 4% in the control.
Monitoring of CO. respiration showed increased activity in all treated biopiles,
with faster peaks and earlier declines in the piles treated with surfactants owing to
nitrogen depletion [17, 18]. Residual PAHs persisted in all treatment variants,
indicating the presence of recalcitrant fractions and the need for long-term risk
assessment [17].

Hydrocarbon removal after ~156 days in the Abu Dhabi biopile trial
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Figure 1 — Hydrocarbon (TPH) removal from crude-oil-contaminated desert soil in biopiles after
approximately 156 days under four treatment regimens (Abu Dhabi biopile study) [17].

The chemical composition of the amendments applied significantly affects
the outcome of biostimulation: the combined addition of nitrogen and phosphorus
affects the biodegradation of different oil fractions differently, as confirmed by
metatranscriptomic analysis of soil microbial communities [19]. The use of
biochar as both a nutrient carrier and a sorbent simultaneously improves moisture
retention and nitrogen/phosphorus bioavailability, enhancing hydrocarbon
degradation and restoring soil microecological functions [19], and in some cases
increases the resilience of plants growing in petrol-contaminated soils [20].

200



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

Large-scale studies at Middle Eastern desert sites show that soil excavation and
biopiling (often combined with nutrient addition and irrigation) can remediate
tens of thousands of cubic metres of soil to regulatory TPH thresholds within one
to a few seasons [1, 14].

3.3. Phytoremediation and plant-microbe interactions

Desert and steppe environments are also favourable for phytoremediation
using native or introduced plants. Resilient native desert plant species have been
identified (for example, Haloxylon salicornicum, Cyperus conglomeratus,
Rhanterium epapposum) that can establish on oil-contaminated sites, supporting
the long-term restoration of natural vegetation. In Kuwait, the native shrub
Haloxylon salicornicum survived and grew even in soils with 100% weathered-oil
content in greenhouse experiments and showed comparable growth rates on
contaminated and clean soils in field trials [21].

A field study in the Russian steppe (a low-precipitation region) compared
natural and engineered phytoremediation at sites contaminated with oil (4.2-27.4
g TPH-kg™?) [22]. Natural phytoremediation (spontaneous vegetation) reduced
TPH content from ~13.0 g-kg? to ~1.8 g-kg?' over five years, with
decontamination exceeding 90% at some sites. Engineered phytoremediation (soil
tillage, fertiliser application, and sowing of alfalfa and ryegrass) achieved a 72-
90% reduction in total hydrocarbon content per year. Analysis of the root zone
microflora reveals the presence of a diverse range of bacterial and fungal
communities, including oil-degrading microorganisms (Rhodococcus, Nocardia,
Gordonia, Penicillium), which highlights their key role in the plant root zone [12,
21].

3.4. Chemically enhanced and combined remediation methods

In addition to biological methods, in recent years methods have been
developed that combine chemical treatment of the contaminant with subsequent
or parallel microbiological degradation. Such methods are particularly relevant
for persistent, weathered fractions of oil, including PAHs, which are difficult to
treat using traditional biostimulation.

Pre-treatment of the soil with the Fenton reagent (Fe*/H.0-) allows for the
partial oxidation of the most stable components of weathered petroleum products,
reducing their toxicity and increasing the bioavailability of the remaining
fractionsto the local microbiota. The effect of such combined treatment is
manifested in an improvement in the soil’s physico-chemical properties and a
shift in the microbial community towards active degraders [23]. Following a
similar principle, the use of sodium persulphate and other persulphate-based
systems is demonstrated; these are capable of breaking down aromatic
compounds and, when used in controlled doses, do not suppress but rather alter
the functional activity of the soil microbiota. This enables further biological
treatment to be carried out [24, 25].

Approaches based on the use of nanomaterials constitute a distinct field. Zinc
oxide nanoparticles (nano-ZnQ), applied together with plant-microbe systems (for
example, involving soybean), can intensify rhizosphere metabolic processes and
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accelerate the degradation of total petroleum hydrocarbons [26]. Quantum-
chemical modelling (combining xTB, molecular dynamics, and density functional
theory, DFT) of functionalised oxide surfaces (TiO:, ZnO, Ce0.) makes it
possible to predict, at the molecular level, their affinity for hydrocarbon
molecules and their potential compatibility with microbial processes at low
temperatures, opening the way to the rational selection of mineral amendments
for cold desert winters [27].

Physical methods such as electrokinetic and microwave thermal treatment
are also considered chemically significant tools for remediation intensification.
Electrokinetic treatment combined with freeze-thaw cycles can redistribute and
mobilise residual hydrocarbons in fine-grained soils, increasing the efficiency of
their subsequent extraction or biodegradation [4]. Microwave thermal treatment
allows selective heating of polar and conductive components of the contaminated
matrix, accelerating desorption and subsequent hydrocarbon decomposition; a
review of the factors and mechanisms involved highlights its promise for hard-to-
reach or heavily contaminated sites [28]. Finally, bioelectrochemical systems
(sediment microbial fuel cells) can simultaneously stimulate anaerobic
hydrocarbon degradation and generate electrical energy, which is regarded as a
low-carbon alternative to traditional means of intensifying biopiling [29]. The
chemical nature of the biological intensifiers themselves is also important: novel
biosurfactants (for example, trehalose tetraesters produced by Rhodococcus
erythropolis) increase PAH bioavailability by reducing interfacial tension and
emulsifying the oil phase, making them a promising addition to both biological
and chemically enhanced clean-up schemes [30].

It is important to emphasise that the chemically enhanced methods listed
above are generally applied not as a standalone replacement for bioremediation
but as its complement - to "unlock" recalcitrant contaminant fractions and create
conditions under which subsequent microbial or plant-based degradation becomes
more effective.

Chemically enhanced removal also requires post-treatment verification.
Fenton and persulfate oxidation may generate partially oxidised intermediates,
including oxygenated aromatic compounds, aldehydes, ketones, and carboxylic
acids, whose toxicity and biodegradability may differ from those of the parent
hydrocarbons. Reagent addition can shift soil pH, increase electrical conductivity
and sulfate or sodium loading, and alter nutrient availability; residual
nanomaterials may likewise affect non-target soil organisms. Consequently,
intermediate profiling, pH and salinity measurements, residual-oxidant checks,
and plant or microbial toxicity assays should precede biological polishing and
final acceptance of the treated soil [23-27].

4. Microbial community and molecular monitoring of bioremediation

Environmental assessment of bioremediation in desert soils increasingly
reliess on molecular and microbiological methods alongside chemical
measurements of total hydrocarbon content.
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In the hyperarid Evrona Nature Reserve (Arava Valley, lIsrael), high-
throughput 16S rRNA sequencing [13] of soils from oil-spill sites (1975 and
2014) and nearby control plots revealed: (1) a significant long-term decrease in
alpha diversity in contaminated soils compared with controls, with a stronger
effect at the older (1975) spill site; (2) dominance of phyla associated with
hydrocarbon degradation (Proteobacteria, Patescibacteria), and a reduction in the
abundance of  Actinobacteria, Chloroflexi, = Gemmatimonadetes, and
Planctomycetes; (3) strong shifts at the genus level, including enrichment of
Mycobacterium,  Alkanindiges, Pseudoxanthomonas, Nocardioides, and
Streptomyces. These patterns suggest that long-term bioremediation monitoring in
desert soils should include diversity metrics (Shannon index, OTU richness),
indicator taxa of active degradation, and correlation of community changes with
physicochemical soil parameters (moisture, electrical conductivity, nutrient
availability) [2, 11, 13].

Studies from Kuwait show that indigenous microbial communities rapidly
adapt to oil contamination and often outcompete introduced consortia:
hydrocarbonoclastic communities converged over time towards highly tolerant
taxa (Dietzia papillomatosis, Nocardioides, Microbacterium, Alkanindiges)
regardless of dilution with other soils [2]. Bioaugmentation using microbial
consortia caused a temporary change in the composition of the microbial
community, but, compared with the natural microbiota, did not lead to a
significant acceleration in oil degradation [10, 12]. Molecular monitoring (16S
rRNA sequencing) played a key role in establishing that the introduced strains
were not dominant, whilst the enrichment of rare native species contributed to
bioremediation [10, 14]. These results highlight the importance of metagenomic
analysis of the microbial community in environmental assessment processes: it
helps to determine the stability of the introduced strains; the potential for
enriching the population of native microorganisms capable of degrading
substances; and the need to add nutrients [2, 11].

5. Chemical and ecotoxicological monitoring

5.1. Total petroleum hydrocarbons (TPH) and analysis of individual
compounds

The main chemical parameter for assessing the effectiveness of
bioremediation is the monitoring of total petroleum hydrocarbons (TPH). TPH
content is measured using the gravimetric method or by IR-GC spectroscopy [12,
17, 18, 22]. In the Abu Dhabi biopile study, a 4-77% reduction in hydrocarbon
content across the different treatment variants made it possible to assess the
relative effectiveness of biostimulation, surfactant addition, and bioaugmentation
[17]. Kinetic analysis of the degradation of individual diesel fuel fractions by
indigenous strains shows that the rate and completeness of degradation depend
substantially on the initial substrate concentration and strain adaptation, which
allows the timing of achieving regulatory TPH values under given conditions to
be predicted [8].
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The comparability of TPH, PAH, and BTEX data depends strongly on
sample preparation and on the analytical window of the method. Gravimetric or
infrared TPH measurements provide an operationally defined bulk value, but co-
extracted natural organic matter and the selected extraction solvent can reduce
selectivity. Soxhlet extraction with acetone/hexane or methylene chloride/acetone
is suitable for non-volatile and semivolatile hydrocarbons, whereas GC-FID
resolves hydrocarbon ranges and GC-MS provides greater compound-level
selectivity for PAHs. BTEX requires sealed sampling and purge-and-trap or
headspace GC-MS to minimise volatile losses. Detection and reporting limits are
matrix- and laboratory-dependent; therefore, studies should report the dry-mass
basis, particle-size preparation, solvent composition and extraction time, cleanup
procedure, surrogate and matrix-spike recoveries, calibration range, and method-
specific LOD/LOQ. Results obtained with different extraction efficiencies,
carbon-number windows, or detector responses should not be treated as directly
interchangeable [18, 31-33].

A decrease in extractable soil concentration should not automatically be
interpreted as biodegradation. Apparent removal may result from volatilization,
vertical or lateral redistribution, leaching, sorption, or progressive formation of
non-extractable residues. Where feasible, remediation studies should use dry-
mass-normalized contaminant inventories, spatially representative replicate
sampling, abiotic or untreated controls, extraction-recovery checks, and
monitoring of deeper soil layers and leachate. Measurements of CO2 evolution or
other mineralization products can provide complementary evidence of
biodegradation. Reporting both concentration changes and a documented mass
balance prevents physical losses or reduced solvent extractability from being
misclassified as biological destruction [2, 8, 17, 31-33].

Field tests under desert conditions typically use TPH threshold values (for
example, 1 g-kg™) as clean-up targets in accordance with national or corporate
guidelines [1, 14, 22]. However, total content alone is insufficient: residual PAHs
[17] and weathered heavy fractions can persist for decades after the original spills
even after a substantial reduction in TPH [13, 34]. Accordingly, monitoring of
specific compounds (PAHs, BTEX, etc.) is recommended in cases where there is
a risk to human health or sensitive ecosystems [1, 2, 6]; for example, in coastal
sediments affected by petroleum product depots, the content of individual PAHs
and the associated risks to humans and aquatic biota have been quantitatively
assessed [6]. A comprehensive analysis of soil and groundwater quality in the oil-
producing regions of Western Kazakhstan likewise demonstrates the need to
combine chemical contaminant analysis with consideration of climatic factors
when designing monitoring programms [35]. A generalized approach to
monitoring oil-contaminated soils involves a shift from the TPH method to a
multi-parameter analysis of chemical and biological indicators. [36].

5.2. Soil respiration and biological activity

CO: release and associated parameters are widely used as criteria for
evaluating bioremediation. In desert bio-piles, continuous monitoring of CO-
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revealed Kinetic patterns of microbial activity: the addition of surfactants resulted
in faster initial peaks; systems incorporating bio-enrichment demonstrated slower
but more stable activity. [17, 18]. During the phytoremediation process, the
abundance of the total number of heterotrophs and hydrocarbon-oxidising
microorganisms increased as the plant cover grew, whilst the total hydrocarbon
content decreased. A strong correlation was observed between plant cover,
nitrogen availability and microbial abundance [12, 22]. The operational criteria
that enable the optimisation of aeration, irrigation and nutrient dosing [17, 18] are
respiratory rate and microbial biomass; these indicators show how effective the
measures taken (such as the application of fertilisers) are [2, 11].

5.3. Ecotoxicological tests and bioassays

Bioremediation of desert soils contaminated with petroleum products not
only reduces hydrocarbon levels but also restores their biological functions. For
example, the germination rate of field bean (Vicia faba) seeds in oil-contaminated
soil after six months of natural remediation was up to 96 per cent [2], and the
seedlings reached maturity. Therefore, the inclusion of ecotoxicological tests
(plant growth, earthworm survival) in monitoring systems [1, 14], combined with
the analysis of petroleum products, is crucial for assessing the recovery of
vegetation cover [2, 15].

5.4. Molecular and metabolomic markers of chemical transformation

In addition to classical chemical and microbiological indicators, molecular
and metabolomic markers that directly link changes in contaminant chemical
composition to ecosystem response are becoming increasingly important. It has
been shown that petroleum contamination alters not only the structure of the
microbial community but also its metallome - the assemblage of mobile soil metal
forms - making metallome analysis an informative addition to conventional TPH
and PAH monitoring [7]. Integrated mathematical and metabolomic approaches to
assessing the spatial distribution of contamination make it possible to link
chemical analysis data from samples to the nature and degree of toxicological
impact at a specific site, improving the accuracy of identifying zones that require
priority intervention [3].

6. Remote sensing, spectral analysis, and Al-assisted chemical indicators

6.1. Mapping of oil-contaminated soils and remediation progress

Given the vast spatial scale of desert oil contamination (for example,
Kuwait's "oil lakes"), remote sensing has become a central element of
environmental monitoring and assessment [1, 6, 34, 37]. In the Kuwait study,
Landsat-5 images with a spatial resolution of 30 m and less than 5% cloud cover
were used to represent extreme (1991), high (1992), and moderate (2002)
contamination. Models based on Random Tree, support vector machine, and
Random Forest algorithms were trained on 70% of 600 samples and tested on 180
independent points. Most model-data combinations yielded 97-100% correctly
classified instances, whereas the indices-only SVM model for moderately
contaminated soil achieved 78%; consequently, the highest accuracy values are
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study-specific validation results rather than universal operational performance
[34]. Such models allow retrospective mapping of historical contamination,
evaluation of remediation outcomes (areas where spectral values approach pre-
spill conditions), and prioritisation of remaining problem zones [1, 9, 34]. These
approaches can be integrated with ground-based sampling for designing and
monitoring bioremediation projects across large desert areas [1, 6].

6.2. Long-term spectral monitoring of vegetation response

Remote sensing is also useful for tracking vegetation stress and recovery in
oil-affected desert landscapes. In Evrona (Israel), hyperspectral measurements in
the 350-2500 nm range for four dominant shrub species at contaminated and
control sites revealed changes in leaf reflectance and pigment composition years
after the 2014 oil spill. Traditional vegetation indices were less sensitive to long-
term contamination, but a new normalised blue-green stress index (NBGSI)
effectively distinguished shrubs at contaminated versus clean sites (a significant
correlation between contamination and pheophytin a content - a stress indicator)
[37]. Machine-learning classifiers using full-spectrum reflectance data achieved
high accuracy in separating shrubs at contaminated and control sites,
demonstrating the potential of non-destructive spectral tools for ongoing
bioremediation monitoring [1, 37].

6.3. Datasets for Al-based detection of onshore oil spills

A satellite-based database called ROSID was recently developed in Western
Kazakhstan for the detection of onshore oil spills using Landsat imagery, aerial
photography, and modern deep-learning models. Mask2Former and DeepLabV3+
produced the best results, with F-scores exceeding 80% and Intersection-over-
Union values of approximately 67-73% for the oil class [38]. This high accuracy
in identifying small spills and complex boundaries demonstrates that Al-based
remote sensing can support operational monitoring of onshore oil contamination
and remediation efforts. A similar principle applies to monitoring residual PAHSs:
combining remote sensors (including underwater drones) with knowledge-
distillation methods makes it possible to predict the concentrations of individual
PAH ring classes from indirect signals, substantially expanding the possibilities
for operational chemical monitoring in hard-to-access environments [39]. For
desert regions with developed oil infrastructure, such tools can be integrated into
routine environmental monitoring and early-warning systems and can help verify
the spatial effectiveness of bioremediation [1, 34, 38].

7. Sorbent materials and sustainability assessment of clean-up technologies

A separate area of chemical support for bioremediation involves the
development and selection of sorbent materials for containing and partially
removing oil before the biological clean-up stage begins. For Kazakhstan and
neighbouring regions, natural carbonaceous minerals are of particular practical
interest: carbonised shungite-based mixtures have been shown to have
pronounced sorption capacity for oil, and artificial neural networks allow this
capacity to be predicted with high accuracy depending on sorbent composition

206



KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHUH XYPHAJI KA3AXCTAHA

and the carbonisation method, opening the way to the rational selection of low-
cost local sorbents for the initial containment of spills prior to subsequent
bioremediation [40].

In addition to the effectiveness of soil remediation, considerable attention is
paid to the environmental and energy ‘costs’ associated with the technology itself.
A life-cycle assessment (LCA) of various soil remediation schemes shows that,
when choosing between biological, physico-chemical and combined methods, one
should take into account not only the rate and completeness of decomposition, but
also the associated greenhouse gas emissions, energy consumption and use of
reagents [41]. This ‘green remediation’ approach is particularly relevant when
selecting methods: for example, when choosing between intensive methods
involving chemical enhancement (oxidation, electrokinetics, microwave heating)
and less resource-intensive biological strategies.

The evidence base is not environmentally uniform. The electrokinetic study
in [4] concerns cold-region soil, the field phytoremediation study in [22] was
conducted in a temperate steppe, the PAH risk example in [6] concerns aquatic
sediments, the microwave review [28] covers multiple soil and climate settings,
[36] focuses on Arctic and sub-Arctic soils, and the underwater-drone example in
[39] is an aquatic proof of concept. These studies support mechanisms or
monitoring principles, but they do not directly validate performance in hyper-arid
saline desert soils. Transfer therefore requires local testing under representative
moisture, temperature, salinity, carbonate content, soil texture, contaminant
ageing, and microbial-community conditions, together with desert-specific
controls and endpoints.

8. An integrated framework for assessing the bioremediation of desert oil
contamination

Based on the evidence presented above, an effective system for
environmental monitoring and assessment of the bioremediation of oil-
contaminated desert soils should include:

— baseline data and problem definition: initial mapping and classification of
contamination (remote sensing, spectral indices) combined with ground-truthing
(soil sampling and chemical analysis, micro- and molecular-biological analysis,
soil toxicity bioassays);

— an informed choice of bioremediation strategy: for very high TPH content
(>10-20% wi/w), soil excavation followed by biopiling with biostimulation
(nutrients, moisture, aeration) is applicable, if necessary with prior chemical
treatment of recalcitrant fractions (oxidation, sorbents); for moderate or aged
contamination and large areas, priority should be given to in-situ field work,
monitored natural attenuation, and phytoremediation (natural or engineered) using
tolerant native species; bioaugmentation should be applied only in specific
situations and its effectiveness verified through microbiological and chemical
monitoring;
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— monitoring during remediation and after reclamation is completed: regular
tracking of TPH, target compounds (PAHs, BTEX), soil respiration, microbial
diversity, ecotoxicity, and, where applicable, remote spectral indicators, with
comparison of results across stages and sites to ensure data comparability.

9. Conclusion

Research data from a Kuwait desert-soil windrow study show that, at an
initial crude-oil content of 17.3% (w/w), open aeration and periodic moistening
produced 73-79% removal over approximately six months, with more than 50%
removed during the first month [2]. A separate six-month microcosm study
reported approximately 70% removal at 1-10% oil contamination and
approximately 50% removal at 20-30%, demonstrating the strong dependence of
the reported efficiency on initial loading and treatment conditions [10].

Biostimulation and engineered systems (biopiles, landfarming) accelerate
remediation and provide better control, whereas bioaugmentation often offers
only limited additional benefit in removing recalcitrant compounds from soil.
Chemically enhanced methods - oxidation with Fenton's reagent and persulfate,
nanomaterial-based and electrokinetic approaches, microwave thermal treatment,
and bioelectrochemical systems - represent a promising but as yet non-
standardised toolkit for "unlocking" resistant, weathered contaminant fractions
ahead of subsequent biological polishing.

Phytoremediation, whether natural or engineered, can achieve high rates of
decontamination and vegetation restoration, particularly under moderate
contamination, with native desert shrubs and grasses playing a key role.
Environmental monitoring and assessment should integrate chemical, biological,
and remote-sensing methods: measurements of total hydrocarbon and PAH
content should be complemented by profiling of the microbial community and its
metallome, soil respiration, plant-based indicators, toxicity tests, spectral
monitoring, and, where economically justified, life-cycle assessment of the
technology applied.

Key directions for further research and the implementation of arid-soil clean-
up technologies should include:

1. stricter standardisation of chemical and biological monitoring protocols
(combining TPH, PAHSs, ecotoxicity, and microbial/metallomic indicators)
adapted to desert conditions;

2. wider use of remote-sensing and artificial-intelligence tools for the
operational monitoring of remediation, supported by open datasets such as
ROSID;

3. systematic investigation of chemically enhanced and combined methods
(oxidation, nanomaterials, electrokinetics, bioelectrochemistry) as means of
increasing the bioavailability of recalcitrant oil fractions, including assessment of
their compatibility with subsequent bioremediation and their associated
environmental footprint (LCA);
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4. long-term studies linking changes in microbial and plant diversity to
ecosystem functioning and the resilience of reclaimed desert soils;

5. a shift from final endpoints based solely on total TPH content towards
risk-based criteria that account for residual PAHs and their environmental
significance.

Combining reliable, multifaceted chemical and biological monitoring of soil
condition with bioremediation strategies tailored to the specific contamination can
achieve effective clean-up and environmental restoration of oil-contaminated
desert soils, while optimising costs and minimising the further impact of residual
contaminants on fragile desert ecosystems.
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MYHANMEH JIACTAHFAH IIOJ1 TOMNBIPAKTAPBIH BUOPEMEIUAIUSAJIAYIbI
XUMHUAJIBIK TYPFBIJIAH BAKBIJIAY MEH BAFAJIAY: KA3IPI'T 3AMAHFbI 9ICTEPTE
moJy

P.A. Hapmanosa ', C.JK. Kyscambepouesa®, B.I'. Anumxan *, C.A. Kanscap', H.O. Annazos *

L "@usuxa-xumusaviy manoay adicmepi” unoicenepnix 6betiindezi zepmxana, Kopxeim Ama amwvindazwi
Kwizvriopoa ynusepcumemi, Koizviiopoa, Kazakcman

2Unoicenepri-mexronozusnvix, uncmumym, Kopxeim Ama ameindazer  Keizeiiopoa  yuusepcumeni,
Kuizviiopoa, Kazaxcman

Tyiiingeme. Illennep mMen OGacka na Kyprak aiiMakrapia, coHblH imrinae Kyseiitre, M3paunbaeri Apasa
aHrapbIHza sxoHe barbic Kazakcranna GonraH MyHall TeriHIiIepi CO3bUIMANIbI TYPAE JIACTAHFAH ayKbIMJIbI
TOIBIPAK AyMAaKTapbIHBIH KAJIBIITACYbIHA oKenIi. MyHIOall jkepiepli KajmblHA KENTipy BUIFal MeH
KOPEKTIK 3JIEMEHTTEP/IH TaIllbUIbIFbIHA, TY3/IaHYFa, TEMIEPAaTypaHbIH KYPT ayBITKYybIHA >KOHE MyHal
KaJIJIBIKTapBIHBIH €CKipyiHe OaiaHbICThl KUbIHAAMIBL. OChI HIONY/BIH MaKcaThl MYHaiMEH JacTaHFaH
LI6JT TOIBIPAKTAPBIHBIH OHOpEeMEANalUsIChIH OaKbliIay MeH Oaraay IbiH Ka3ipri XUMHSUIBIK )KOHE (H3HKa-
XMMHSUIBIK TOCUIEpPIH JKyileney, COHAai-aK KeIIeHi ToyeKeNnre Heri3JeireH Oaramayra jKapamIbl
KOPCETKIIITEp/i aHBIKTay OONBIN TaObUTambl. MyHAHIBIH KAkl MyHall KOMIpCYTEKTepiH, MOIUIUKII
apomatrTbl KemipcyTektepai, BTOK KockuibicTapbiH, MIaiibipiaap MeH acdanbTeHIepIi KaMTHTBIH
KOIKOMIIOHEHTTI JIACTAFBIII PETiHIETi KypaMbl JXOHE OJIAPABIH KO3FAJIFBIIITHIFBIH, OHOKETIMIIIITIH,
TYPAKTBUIBIFBl MEH YBITTBUIBIFBIH aHKBIHIAHTHIH TONBIPAK KaCHETTEpl KapacThIpbLIAbl. TaOburu biapIpay,
OMOCTUMYIISLIHS, OWOAayrMEHTALusl, OWOMailMHr koHe ¢uTtopemenuaiyss OEHTOH peakTUBI MeEH
nepcyibaT apKpUIbl TOTHIFYFa, HAHOMATepHAILAAPAbI KOJNJIAaHyFa, DIEKTPOKHHETHKAIBIK ylepicrepre,
MHKPOTOJIKBIH/IBI ~ KBI3JIBIPYFa JKOHE OHOAJICKTPOXUMMSUIBIK OKYHenepre HEri3fielireH  XUMHUSUIBIK
KYIICHTUITCH OICTEPMEH  CaJbICTBIPULABL.  MyHail  (pakuusiapslH  XpoMaTtorpapusyiblK  KOHE
CHEKTPOCKONMUSUIBIK aHBIKTAYAbl TOMBIPAK THIHBICBIMEH, MMKPOOTBHIK JKOHE (DYHKIMOHAIIBIK-TEHIIK
KOPCETKILITEPMEH, JKOTOKCHKOJOTHSUIBIK CBHIHAKTAPMEH JKOHE KAIIBIKTaH 30HATayMeH OipikTipyre
epeKIle Ha3ap ayaapbulabl. [HUIEpCrHeKTpiiK JepeKkTep MEH JKAacaH/Abl HHTEIUICKT OicTepi JacTaHyIbl
KapTara TYcCipy jJkoHe OuopeMmequanus Ke3iHAeri KeHICTIKTIK e3repicTepi 0akpuiay Kypanaapbl peTinae
Tanganapl. KasakcTaH yIIiH ©3€KTi IIYHTUT HETi3iHAErT KOMIO3UIMSIApIsl KOca allFaH/a, COPOLUSIIBIK
MarepHanaapbl MyHaii[pl 0acTaIKbl OKIIAYJay JKoHE ilIiHapa KO CaThIChIHAA KOJIaHy KapacThIPbULIBL.
Kanmel MyHail KeMipcyTeKkTepi MeJILIEpiHiH TOMEHJASYl OKOJNOTHSJIBIK KaJlblHa KNyl TOJBIK
JIONENZIGMEHTIHI KOPCETIl, OWTKeHI TYpaKThl apOMaTThl (PpaKLUsIIap MEH KAJJIBIK YBITTBUIBIK CaKTalybl
MYMKiH.
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Pe3ome. PaznuBel HeTH B MyCTHIHSX M APYTHX 3aCyIUIMBBIX PEruoHax, Bkirouas Kyseilt, nonuay
ApaBa B W3zpamne u 3ananubnii Kaszaxcran, npuBens K (OPMHUPOBAHHIO OOLIMPHBIX TEPPUTOPHHA C
XPOHUYECKH 3arpsS3HEHHBIMU NTOYBAMH, BOCCTAHOBJIEHHE KOTOPBIX OCIOXKHSETCS HEIOCTATKOM BJIATH U
MUTATENIBHBIX JJIEMEHTOB, 3aCOJICHHEM, PE3KHMMH TEMICPATYPHBIMH KOJICOAHUSIMH M CTapeHHEM
HedTsHBIX ocTaTkoB. Llenb 0030pa COCTOMT B CHCTEMATH3ALMM COBPEMEHHBIX XUMHYECKHX M (PU3HKO-
XMMHYECKHX TIOJIXOJ0B K MOHHMTOPHHIY M OLieHKe OuopeMenuanuu HedTe3arps3HEHHBIX ITyCTBIHHBIX
IOYB, a TAaKXKE B ONpPEICIICHUH TIOKa3aTeleH, MPUIOAHBIX IS KOMIUIEKCHOH pPHUCK-OPHEHTHPOBAHHON
OLleHKU. PaccMoTpeH cocTaB HE()TM Kak MHOTOKOMIIOHEHTHOTO 3arpsi3HHUTENS, BKIFOYAIOIIEro odliee
cojiepKaHue He(TAHBIX YIIIEBOAOPOIOB, OIHIMKIMIECKHE apOMAaTHUYECKHUE YIIIEBOAOPO/Ibl, COSIMHEHUS
BTOK, cMmonbel m achanbTeHBl, a TaK)Ke CBOWCTBAa TII0YB, ONpPENEINSIOMNE WX ITOJABHKHOCTD,
OHMOMOCTYIIHOCTh, YCTOWYMBOCTH M TOKCHYHOCTb. ECTECTBEHHOE pa3okKeHHE, OHOCTHMYJISLHS,
OnoayrmeHTarus1, GHONMAIMHT 1 GUTOPEMEHALS COMTOCTABIICHBI C XUMHYECKH YCUIICHHBIMU METOaMHU
Ha OCHOBE OKHCJIeHHMs peakTuBoM PeHToHAa U mnepcyiab(aToM, NPUMEHEHUs HAHOMAaTEpHANIOB,
AEKTPOKMHETHUYECKHX MPOLIECCOB, MUKPOBOJIHOBOIO HArpeBa M OMO3JIEKTPOXUMHYECKHX cucTeM. Ocoboe
BHHMAaHHUE yJIEIICHO COYETAHHIO XPOMATOrPah)UUECKOro U CIICKTPOCKOITMYECKOTO OMpe/IesICH s HE()TSHBIX
(bpakuuii ¢ OLEHKOH MABIXaHHS IIOYBBI, MHUKPOOHBIMH M (YHKIMOHAIBHO-TEHHBIMH II0Ka3aTENsIMHU,
9KOTOKCHKOJIOTMYECKMMH TECTAMH W JUCTAHIMOHHBIM 30HIMPOBaHHEM. [ MIepCreKTpanbHble NaHHbIE U
METO/Ibl MCKYCCTBEHHOTO HHTEJJICEKTA PACCMOTPEHBI KaK MHCTPYMEHTHI KaPTUPOBAHUS 3arpsi3HEHUS U
HaOJIIO/ICHUST 32 €r0 NPOCTPAHCTBEHHOW IMHAMHUKOW. [IpoaHanu3npoBaHO NMPHUMEHEHHE COPOLMOHHBIX
MaTepHaoB, BKIIIOYas HIyHTMTOBbIE KOMIIO3MIIMH, aKTyanbHble A1 Kasaxcrana, Ha cTajuy JIOKalIu3aluu
u mnepBu4yHOro ynaienus Hedru. IlokazaHo, 4YTO CHIKEHHE OOLIEro cojepKaHus HeTIHBIX
YIJIEBOJIOPO/IOB CaMO 10 cebe He MOATBEPKIAET HKOJIOTMYECKOE BOCCTAHOBIICHHUE, IMOCKOJIBKY MOTYT
COXPAaHSIThCS YCTOHYMBBIC apOMaTHUECKUe (PPaKLUK U OCTATOYHASI TOKCHYHOCTb.

KirwueBbie cioBa: He(i)TeSal’”pﬂ?pHéHHLIe IYCTBIHHBIE II0OYBBI; 6HOpeMe}1HaHHﬂ; 06mee COZICPIKAHUEC

yriaesoaopoaoB He(bTI/I; TIOJIMIUKIINYECKUE apOMaTHYCCKUC YIJTIEBOAOPOJAbI; XUMHYECKOE€ OKUCIICHUEC,
COp6eHTI)I; 3KOJIOTUYCCKUI MOHUTOPHUHT; JUCTAHIIMOHHOE 30HAUPOBAHUE
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[IpaBuna O(bOEMJICHI/IH CTaTell B )KypHaie
«XUMHNYECKHUHU KYPHAJ KASAXCTAHA»

1. OBIIMUE ITOJIOKEHU S

Kypuan «Xumudeckuii xxypran Kazaxcrana» (ISSN 1813-1107, eISSN 2710-1185)
BhIyckaeTcs opaeHa Tpynosoro Kpacnoro 3nameHu AQO «VHCTHTYTOM XMMHYECKHX
Hayk uM. A.b. BekrypoBa» 4 pasa B rog u myOnukyer pabOThI MO IIMPOKOMY KpPYTY
(yHIaMEHTAIBHBIX, NPUKIAAHBIX U HHHOBAIMOHHBIX MCCIICIOBAHUHI B 00JIaCTH XUMHU U
XMMHYECKOH TeXHOJIOTHH.

SI3pIkM TyONMKAIum: Ka3axXCKUi, pycCKuH, aHrimmickuil. JXypHan HMHIEKCHUpyeTcs
Kazaxcranckoil OuOIHOMETpHUYECKOW CcHcTeMOW W BKIMOYeH B [lepedeHp W3maHUM,
pexomeHayemMbix KomureTomM 10 KOHTpoimto B chepe o0pazoBaHuss H HAYKH
MunuctepctBa o0pa3oBanus W Hayku Pecryonmuku Kaszaxcran mms  myOsukamuu
OCHOBHBIX P€3yJbTaTOB HAYYHOH JEATEILHOCTH.

W3nanune umeer ciieayronye pyopuKu:

1. O030pHbIe cTaThy 10 20 NEYATHBIX CTPAHMII

2. OpurunaibHble cTaThk (10 8—10 neyaTHBIX CTpaHUIL)
3. Kpatkue cooOmenns (10 4—5 neyaTHbIX CTPaHUIL)

2. MIPEJCTABJIEHUE CTATEA

Pemakims nmpuHUMAaeT cTaThbH OT Ka3aXCTAaHCKUX M 3apyOEKHBIX aBTOpPOB. B memsix
nonysipu3anuu JKypHaia, peIakIMOHHON KOJUIeTHEH MPUBETCTBYETCS MPUEM CTaTel Ha
AHIJIMHCKOM SI3BIKE.

s peructpauuu ¥ nmyOJaMKAUMM CTATbU MaTepHal CTaTbU IPEICTABISAETCA B
pelaKkiuioo uepe3 CUCTEMY OJEKTPOHHOM TojauM cTrathbu Ha caiite JKypHana
(https://iwww.chemjournal.kz/) B komIjiekTe cO CIIEAYONMMHU JOKYMEHTAMHU:

1. DnexrpoHHas Bepcust cratbu B popmarax Word u PDF co BCTpO€HHBIMU B TEKCT
tabnuiamu, cxemamu, pucyHkamu (¢aiyn moipkeH OBITH Ha3BaH O (aMWINHM TIEPBOTO
aBTOPA HA aHTJIMHCKOM SI3BIKE).

2. ConpoBoUTENBHOE ITMCEMO, aApecoBaHHOe B Penakiuio XHMMHUUECKOTo *KypHajia
Kazaxctana ot opraHuzamuy, B KOTOPOW J[JaHHOE WCCIEIOBAaHUE BBIIIOIHEHO, C
YTBEpKICHHEM, YTO MaTepHan PYKONHCH HHUTIE HE IyONUKOBAJCH, HE HAXOAUTCS Ha
paccMOTpeHHH [Js ONMyONMKOBAaHWS B APYTHMX JKypHalaX M B MaTepHanax CTaTbu
OTCYTCTBYIOT CEKPETHBIE TaHHBIE. B COMPOBOANTENFHOM MMCHME YKa3bIBAIOTCS CBEICHUS
00 aBTOpe Ay KoppecrnoHaeHInu: OaMmins, UM U OTYECTBO aBTOpPa, CITyKeOHBIH aapec
C YKa3aHUEM TIOYTOBOTO MHJIEKCA, aapec IeKTpoHHOH nouThl, Tenedod u ORCID.

3. Bce craThbu, onyOaukoBaHHbIe B XuMu4eckoM xypHaiie Kasaxcrana (ISSN 1813-
1107, eISSN 2710-1185) myOiuKyrTCsSs B OTKpPHITOM jgoctymne. YToObl o0ecrednTh
CBOOOAHBIA JIOCTYH 4YHMTaTeIsIM M IIOKPBITH pPAacXOJbl Ha OKCIEPTHYIO OIEHKY,
pelakTHpOBaHUE, IOAAEp)KaHWEe CcalTa J>KypHaua, JOJTOCPOYHOE apXMBHPOBAHUE H
BEJCHHE >KypHalla, B3UMaeTcs IulaTa 3a o0paborky crarbu. [IpaBunma omuatel 3a
OITyOJIMKOBAaHUE TIPHHATON K MIEYaTH CTAThH HAXOMATCS B OTHEIHHOM JOKYMEHTE Ha caiTe
Kypnana «OnaTa 3a OIyOIMKOBaHUE.

4. CtaTbe IpUCBAaNBACTCS PETHUCTPALMOHHBIA HOMEP, KOTOPBII COO0IIaeTCcss aBTopam
B TE€UCHHE HENENN MOCJe MOyuYeHHsI YKa3aHHOTO MEpedyHs JOKYMEHTOB; Ha 3TOT HOMEpP
HE00XOANMO CCBUTATHCS MPH MIEPEITUCKE.
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5. IpuHATBIM K TICYaTH CTaThsIM TIPUCBAMBACTCS IUPPOBOH HIACHTUPHUKATOP
(DigitalObjectldentifier — DOI).

6. YuuTeiBass HEBO3MOXKHOCTH IPOBOJIUTH CTAThH Ha Ka3axCKOM SI3BIKE Uepes
CUCTEMY aHTHIUIaTHAT, OYAyT YYHTHIBATHCS (OPMYIHPOBKHA PELEH3CHTOB M PEIICHHE
M3/1aTeNbCKON KOJUIETUH.

7. CTaTh¥l TOJDKHBI OBITH O(POPMIIEHBI COTJIACHO IIA0JIOHY, KOTOPBI MOYKHO CKa4aTh
B pazaene «OTnpaBka MaTepralioBy Ha caiite Xumudeckoro XKyprana Kazaxcrana.

3. CTPYKTYPA NYBJIUKALIAM

3.1. B nHauane 0030p0B, OPUTHMHAJBbHBIX CTaTell M KpPaTKUX COOOLIEHMI Ha
NIEpBOH CTPOKE YKa3bIBae€TCs HOMEP 10 YHHBEPCAJIBHOM JECATUYHOW KilacCH(pHUKALIH
(YIK wm UDC), cOOTBETCTBYIOIIMHI 3asBICHHON TeMe. JlaeTcs MponucHbBIME OyKBaMH B
BEpPXHEM JIeBOM yriy. Takke Ha IE€pBOil CTpOKE cHpaBa INPONHCHBIMH OyKBamMH
nomyxupHsM mpupom Ne 14 ykaseiBaercs Hasanme sxypHana XUMHUYECKHH
KYPHAJI KA3AXCTAHA (KA3AKCTAHHBIH XHWMUSA JKYPHAJIBI,
CHEMICAL JOURNAL OF KAZAKHSTAN), rox, HOMeD.

3.2. Jlayee uepe3 CTPOKY MPHBOIAMTCS MEKAYHAPOIHBIA CTAHIAPTHBIN CepHaIbHbIMN
Homep xypHana (ISSN 1813-1107, eISSN 2710-1185) u Ha ciemyromiei CTpoke ciieBa
npusoautcsi DOI: xoTopsiii 6yaeT IMeTh 3HaAYSHHE TI0CIIe IPUHATHS CTAThU K TICYaTH.

3.3. Jlanee, mocne oTcTyma CTPOKH YKa3bIBaeTCs 3arjiaBHe CTATBH IPONUCHBIMU
OykBamu, mpudt Ne 14 — momy>KUpHbIi, BbIpaBHHBaHHE TEKCTa Mo IEeHTpy. HaszBaHue
JOJDKHO MAaKCHUMaJIbHO IIOJIHO W TOYHO OIIUMCBhIBATh COACPKAHUE CTaTbH, BKIIOYATh
KIIIOUEBBIE CJIOBA, OTPAXKAIOLIHE HAIIPABJICHHE W/MIK OCHOBHOW PE3yJIbTaT MCCIIEA0BaHNs,
HO B TO € BpeMsI ObITh KOPOTKUM U SICHBIM U HE COJIEPKATh COKPAICHHUI.

3.4. lasiee, mocine OTCTyIa CTPOKH, yKa3bIBAIOTCS MHUIHAJIBI M aMuInu aBTopa(-
OB) CTpOYHBIMU OykBaMu, mpuMT Ne 12 MOTYKUPHBIN, KypCHB, BEIpPABHUBAHHE TEKCTA IO
meHTpy. DaMmnms aBTOpa, C KOTOPBIM CIIEAYeT BECTH IEPENUCKy, MOJDKHA OBITh
orMmeueHa 3Be3n0ukoii (*): C.C. Camaeea*™, A.M. /[ycybananuesa.

3.5. Uepe3 ctpoky mpudptom Ne 12, crpouHbiMH OyKBaMH, KypCHBOM C
BBIDABHUBAHUEM TEKCTa 10 IICHTPY CIEIyIOT HaumMeHoBaHue(s1) opranu3aumu(ii) C
YKa3aHWEM YaCTU Ha3zBaHUA OpraHU3allly, KOTOpast OTHOCUTCA K NOHATHUIO FOPUANYECKOI'O
mina (B aHITIMMCKOM TEKCTe HEOOXOAMMO YKa3blBaTh O(HUIMANIbHO TPHHSATHIN MEPEBOA
Ha3BaHUs), TOPOJ, CTpaHa. B aHIIMICKOM BapuaHTe aJpecHbIe CBEIEHHUS JOJDKHBI OBITh
TIpeACTaBIICHbl Ha AHIIINICKOM SI3bIKE, B T.4. TOPOJI M CTPaHa.

Crpoku ¢ (daMwiMsMud aBTOPOB W Ha3BaHUSAMHU OpraHHW3alUi  CcoJIepiKaT
HAJCTPOYHBIC HHICKCH (mociie (aMuIMd W Tepel Ha3BaHWEM OpTraHU3allVH),
YKa3bIBAIOIIHE HA MECTO PAOOTHI aBTOPOB.

Ha crnenytromeli ctpoke KypCHBHBIM HadepTaHueM, Mpudt Ne 12, ¢ BRIpaBHUBaHHEM
TEKCTa I10 LEHTPY YKa3bIBACTCS AIEKTPOHHBIN apec I MEePETrcKH.

3.6. Pe3ome (Abstract, TyiiingeMe) coCTOUT U3 KpaTKOro Tekcra (He menee 150—
250 cnos, mpupT Ne 12) Ha s3eike crathu. Abstract myGnukyercs B MEKIyHapOIHBIX
0a3ax, JAHHBIX B OTPBIBE OT OCHOBHOTO TEeKCTa. Pe3toMe MOIKHO OBITh aBTOHOMHEIM, BCE
BBOJIMMbIC 0003HAYCHUS U COKPAIICHUS HEOOXOUMO pacinudpoBaTh 31ECh XKe.

[TpuBeTcTBYeTCS CTPYKTYPHPOBAHHOE PE3IOME, TIOBTOPSIOIIEE CTPYKTYPY CTaTbu U
BKJIIOUAIOIIEE: 6G8e0eHUe, yeau U 3a0ayu, Memoovl, pe3yibmamvl U 00cydlcoeHue,
3akmoueHue (6b1600b1). B TO e BpeMs, IIETH M 3aJjadyl ONMCBHIBAIOTCS, €CJIM OHH HE SICHBI
W3 3aryIaBusi CTaTbU, METOJBI CIEAYET OINHCHIBATh, €CJIM OHU OTIMYAIOTCS HOBH3HOW. B
pe3toMe BKITFOYAIOTCSI HOBBIE PE3YJbTaThl, HMEIOIINE IOJITOCPOYHOE 3HAUCHHE, Ba)KHBIC
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OTKPBITHS, ONPOBEPraioline CYLIECTBYIOIIME TEOPUH, a TaKKe J[aHHbIC, HMEOIIHe
npaktudeckoe 3HaueHue. Cleayer HCMOJb30BaTh TEXHHUYECKYIO (CIEIMHMaIbHYIO)
TCPMHUHOJIOTUIO Balen JUCHUIIIINHBI.

Pesrome maercst Oe3 ab3al[HOrO OTCTyNa CTPOYHBIMH OYKBaMH; OHO HE JOJDKHO
COJZIEP’KAaTh HOMEPA COEAUHEHUMN, S3KCIIEPUMEHTAIILHBIE IaHHBIE U CCBUIKU HA JIUTEPATypy.
Pe31ome TOJIBKO OJJHO — B HaYaJIe TEKCTA.

3.7. lasiee Ha s3bIKe CTaThy 0€3 a03aI[HOTO OTCTYIA CTPOYHBIMH OYKBaMHU MIPU(PTOM
Ne 12, BeIpaBHUBaHHNE TEKCTA I10 JIEBOMY Kparo MPUBOSITCS KJII0YeBbIe cJIoBa (0T 5 /10
10 mT.), obecneunBaromue HanOosee MOTHOE PACKPHITHE COAEPIKAHMS CTaThH.

3.8. B kparkux coo0meHusx npuBoxutcs pesiome (150-200 cioB), KiIrodeBEIC
CIIOBa, HO JICJICHUsI HA paslelibl He TpeOyercs. JlaeTcst TEKCT KpaTKoro cooOIleHHs Ha
OJIHOM U3 TpeX S3BIKOB C BBIMOJIHEHWEM TpeOoBanuil k Y JIK, Ha3BaHHUIO CTaThH, IIEPEUHIO
ABTOPOB, HAMMEHOBAHUI OpraHu3aluii, B KOTOPBIX OHKM PabOTAIOT, YKa3aHHIO aBTOpa LIS
Nepenucku. B Tekcre KpaTKOro COOOIIEHHS MPUBOJIATCS KOHKPETHbIE CYIIECTBEHHO
HOBbIe pe3yJbTaThl, Tpedylolue 3aKpenjeHHsl TNPHOPUTETa C HEOOXOAUMBIMU
9KCIIEPUMEHTAILHBIMA ~ MOJAPOOHOCTAMHU.  3areM  cliefyloT:  uHpopMmauus O
(uHAHCHPOBaHKH, OJIATOAPHOCTH, CBEICHHS O KOH(MIMKTE WHTEpecoB, HHMOpMAIHs 00
aBTOPax ¥ CIHCOK JINTEPaTypHl.

3.9. Cratbs HaunMHaeTcss C BBEJEHHsI, B KOTOpPOM QopMyiHpyercss Lelb |
HEOOXO0IMMOCTh MPOBECHHUS UCCIICIOBAHKS, KPATKO OCBEIIACTCSI COCTOSHHUE BOIPOCA CO
CCBUTKAMH Ha Hanbosiee 3HAYMMBbIC MyOJIMKAIMU C M30EraHueM CChUIOK Ha YCTapeBIIHE
pe3yibrarbl. M3mararoTcsi OTKPBITHS, CHCNAHHBIE B XOJE€ MaHHOTO HCCIEIOBAHUS.
Yka3pIBaeTCsl CTPYKTypa CTaThH.

3.10. DkcnepuMeHTANbLHAsI YaCTh COJCPXKHUT ONMCAHUE XOJa M Pe3yJbTaTOB
JKCIIEPUMEHTA, XapaKTEePUCTUKY MOJTyYEHHBIX COCIMHEHU. B Havale
9KCIIEPUMEHTAILHOM  4YacTW  NPUBOASTCS  Ha3BaHUs NPUOOPOB, Ha  KOTOPBIX
3aperuCTPUPOBaHbl  (PU3UKO-XMMUYECKUE XapaKTEPUCTHKH BEIECTB W YKa3bIBAIOTCS
yciaoBus HU3MEPCHU, TaKXeE YKa3bIBarOTCA J'II/I60 HUCTOYHUKHU HCITIOJIb30BAHHBIX
HETPUBHAIBHBIX PEAreHTOB (HAIpUMep, «kKOMMEpPUYECKHEe Mpenaparsl, Ha3BaHHe QUPMBD»),
700 MAIOTCS CCHUTKM HA METOANKH X ITOJTy4EHHUS.

Kaxnpiit maparpad SKCIIEpUMEHTAJIbHOW YacTH, OIMCHIBAIOIIMH  IOJydeHHE
KOHKPETHOTO COCJAMHEHHUS, JOJDKEH COJEpXAaTh €ro IOJHOe HAWMEHOBAaHHE 10
someHkIarype MIOITAK u ero mopsakoBeiif HOMep B cTaThe. B MeToquKax o0s3aTebHO
yKa3blBaTh KOJIMYECTBA PEArcHTOB B MOJBHBIX M MACCOBBIX eAMHHMLAX  (JJIs
KaTaJM3aTopoB — MAacCy M MOJIbHBIE IPOLIEHTHI), 00BEMbI pacTBopuTeneil. Meroauka
9KCIIEPUMEHTA U3JIaraeTcs B npouieouiemM BpEMEeHH.

Jlyist M3BECTHBIX BELIECTB, CHHTE3MPOBAHHBIX OIMYOJIMKOBAHHBIM paHEe METOIOM,
HeO6XOI[I/lMO IMMPUBECTU CCBUIKY Ha JUTCPATYPHBIC HJAaHHBIC. I[J'ISI HU3BCCTHBIX BCHICCTB,
IMOJTYUYCHHBIX HOBBIMH nIIn MO[ll/Iq)l/II_lI/lpOBaHHbIMI/I METOAaMMU, JOJI’)KHBI 6I)ITb
MIpeACTaBJICHbl X (PU3NUECKHE M CHEKTPaJbHbIE XapaKTEePHCTHKH, MUCIIOIb30BAHHBIC IS
MTOJTBEP>KACHHST UIEHTUYHOCTH CTPYKTYPBI, METOJI CHHTE3a M CChUIKA Ha JINTepaTypHbIC
JIaHHBIE.

Jist  Bcex BIEpPBbIE CHHTE3MPOBAHHBIX COCAMHEHUN HEOOXOJMMO IPUBECTH
JIOKa3aTeJIbCTBA MPHUIMCHIBAEMOT0 UM CTPOCHUS U JTaHHBIE, O3BOJISIOIINE CYAUTh 00 UX
WHIMBUIYAITbHOCTH M CTEMEHH YUCTOTHL. B 4YaCTHOCTH, NOJDKHBI OBITh IMPEACTABICHBI
JIAHHBIE 3JIEMEHTHOI'0 aHAIIM3a WK MacC-CIEeKTPbI BhICOKOTro paspeteHus, UK criekTpsl u
criexktpsl SIMP H u 13C.
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JlaHHBIE PEHTI€HOCTPYKTYPHOTO aHaJM3a NPEJCTABISIOTCS B BHAE PUCYHKOB M
Tadauu. Bce HoBble coeaunenus, fanuble PCA KOTOpBIX IPUBOJSATCS B CTAThE, TOJKHBI
ObITh 3aperncTtpupoBansl B KemOpumkckoii 6a3e CTPYKTYPHBIX JTaHHBIX U HUMEThH
cootserctBytonie CCDC nomepa.

Ecmu, mo MHEHHIO peleH3eHTa WM PEeNaKTopa, HOBBIC COCOMHEHUS HE OBLIH
YIOBJIETBOPUTEIHHO OXaPAKTEPU30BAHBI, CTAThs HE OyIeT IpUHATA K MEJaTH.

Mpumep METOAUKH: 3-(2-Amino-6-methylpyridino)-3-carbonyl-3,4-
dihydrocoumarin (12).To the alcoholic solution of 2.18 g (0.01 mol) of 3-
carbethoxycoumarin, 1.08 g (0.01 mol) of 2-amino-6-methylpyridine was added with
stirring. The mixture was boiled for 10 h. The solution was cooled, the precipitate was
filtered. Then it was washed with cold EtOH. After the drying and recrystallization of the
residue from i-PrOH yield of the product 12 was 2.05 g (63%), mp 226-228 °C, Rf 0.82
(1/2, EtOAc/hexane as eluent). Calculated, %: C 68.56; H 4.32; N 9.99 for C16H12N2Os.
Found, %: C 68.41; H 4.22; N 9.83. Spectral data.

Brumanue! B cTaTtpix, TOCBAIICHHBIX CHHTE3Y HOBBIX COCAMHEHHH, ITOITYCKAeTCs
pa3MelnieHue IKCNePUMEeHTATIBHON YacTH 32 pazfenoM Pe3yabTaThl u 00cy:KIeHHE.

3.11. B pasnmene Pe3yabTaTrbl M 00CYy:KIeHHe, KOTOPBIH sBIsieTcs HanmOomee
BOXHBIM, clieAyeT OOCyIuTh W OOBSCHUTH IOJIyYeHHbIE B pPaboTe pe3yabTaThl,
MIPOAHATN3UPOBATh OCOOCHHOCTH CHHTE3a, MPOJAEMOHCTPUPOBATh M YKa3aTh BO3MOXKHBIE
OrpaHUYCHUA. HpOBeCTl/I CpPaBHCHUC IIOJYYCHHBIX PE3YJILTATOB C OHy6ﬂl/IKOBaHH]>lMI/I
panee. Bce HOBbIe COEIMHEHHsI JIOJDKHBI OBITH IIOJHOCTBIO — OXapaKTEPH30BaHBI
COOTBETCTBYIOLIUMHU CIICKTpaJIbHBIMU W APYTUMHU (1)I/I3I/IKO'XI/IMI/I‘16CKI/IMI/I JaHHBbIMMU. B
TEKCTEe O00O0OMIAIOTCS ¥ Pa3bsCHSIOTCS TOJBKO TE€ CIEKTPAIbHBIE JaHHBIE, KOTOpPHIE
WCIIONIB3YIOTCSL  JUISi  TIOATBEPXKACHHMS  CTPYKTYPbl  MOJYYEHHBIX  COCAMHEHUIL.
[lepeuncnenne ofHUX M TeX JK€ JAHHBIX B TeKCTe, TaOlIMIax M Ha PHCYHKax He
norryckaercsi. J{s HOBBIX METOIOB CHHTE3a JKENaTeNbHO OOCYAWTh MEXaHU3M PEaKInu.
Juist 0000mmeHnss TaHHBIX HEOOXOMUMO HCIOJIh30BATh MOHSATHBIE PUCYHKH W TAOIHIIBL.
[IpencraBneHHbIe JaHHBIE JOJDKHBI TTOAIaBAThCS HHTEPIPETALINH.

I[Ipu obOcyxneHHH pe3yapTaTOB CIIEAyeT MPHIACPKUBATHCS  OQHUINAIBHOM
tepmuHosoruu [UPAC. Pe3ynbTaTsl peKOMEHIyeTCs U3Jarath B MPOIIEANIEM BPEMEHH.

OO0cyskaeHne He JOJDKHO IIOBTOPATH OIMCAHHE Pe3yJbTaToB HccienoBaHus. B
TEKCTE JIOJUKHBI OBITh HCIIOJIb30BaHBI OOINCHIPUHATHIE B HAYYHOW JIMTEPaType
cokpauieHus. HecTaHmapTHble COKpamleHUsl JOJDKHBI ObITh paciuugpoBaHbl IOCIE
NIEpBOTO TOSIBJICHUSI B TeKCTe. EMHWIBI M3MEpEeHWH MOJDKHBI OBITh yKa3aHbl B
Me:xaynapoasoit cucreme CU.

3.12. 3arem pexkomeHayercsi chOpMyIMpOBaTh 3aKJIIOUYeHHe, B KOTOPOM yKa3aTh
OCHOBHBIE JIOCTHKCHUS, TPEACTABICHHBIE B CTaThe, U OCHOBHOH BBIBOJ, COJICP AL
OTBET Ha BOMPOC, MOCTABICHHBI BO BBOJHOW YacTH CTaThH, a TaKke BO3MOXHOCTB
HCIOJB30BAHUS  MaTepHala CTaTbl B (DYHIAMECHTANBHBIX WJIM  MPHUKIAJIHBIX
HCCIIEZIOBAHUSIX.

3.13. [IpuBoautcs nHGOpMAaIUs 0 GUHAHCMPOBAHUHU HCCIICTOBAHUI.

3.14. BeIpaxkaeTcs 6J1aro1apHoCTh TEM, KTO TOMOT BaM B IMOATOTOBKE Ballen
paboThI.

3.15. B pykomucu JODKHO OBITh 3asBICHO O TOM, HMEETCS JH KOH(IMKT
HHTEPEeCOB

3.16. B undopmammn 00 aBTOpax yKa3bIBAIOTCS: YYEHAas CTENEHb, 3BaHUE,
nopkHocTh, e-mail, ORCID.
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3.17. CtaThsl 3aKaHYMBAETCS CMUCKOM JIMTEPATYPbI CO CCBUIKAMH Ha PyCCKOM (MK
Ka3axXxCKOM) SI3BIKE€ M CCBUIKAMH Ha s3bIke opuruHaia. CCBUIKM Ha JHTEpaTypHBIS
UCTOYHHMKU B TEKCTE MPUBOISITCS IMOPSIKOBBIMH apaOCKMMH IdpaMu B KBaJpaTHBIX
cKoOKax 1Mo Mepe ynomuHaHusi. Kaxnas ccbUlka OJDKHA COJEpXKaTbh TOJBKO OJIHY
nurepaTypHyto 1urary. CHIHCOK JIMTEpaTyphl JIOJDKEH OBITh NpEACTaBiIeH Hamboliee
CBE)KMMH M aKTyaJbHBIMH UCTOYHHMKaMH 0€3 M3JIMIIHEro caMonuTHpoBaHus(ue 6oinee 20
npoueHToB). [ crareil xenaresieH cHHcOK u3 He MeHee 10 CChUIOK CO CTpOKamu
JOCTyIIa B UHTEPHETE.

3.18. OOs3arenpHa uHpopMamusi 00 aBTopax. B Hell yka3wsIBaloTCs: ydeHas
CTeTeHb, 3BaHue, J0JKHOCTE, e-Mail, ORCID, ¢pamuins, uMsi, 0TYECTBO TTOTHOCTHIO Ha
TpeX SI3bIKAX.

HNudopmanus 06 aBTopax:

JlxycunbexoB Ymupsak Kymacumoud — AO «MHCTUTYT XMMHYECKHX HAyK WM.
A.b. bekrypoBa», 3aBemyrommii J1abopaTopuell XUMHUHM COJIeH W yNOOpeHWH, tiieH-
KoppecnoHeHT HarponanpHol akanemuu Hayk PecryOnuku Kaszaxcran, npodeccop; e-
mail:jussipbekov@mail.ru, ORCID: https://orcid.org/0000-0002-2354-9878 .

Hypramuesa I'ynp3una OpblHTaeBHa — AOKTOP XMMHYeckux Hayk, AO «MHCTHTYT
xuMu4yeckux Hayk uM. A.B. BekrypoBa», Anmarel, Pecnybnuka Kasaxcran, e-mail:
n_gulzipa@mail.ru , ORCID: https://orcid.org/0000-0003-2659-3361 .

BasxmeroBa 3amupa KenecOekoBHA — KaHAWIAT XUMHYECKHX HAYK, BEIXyIIHI
Hay4yHbIH coTpynauk, AO «HCTHTYT XUMIdecknx Hayk uM. A.B. bektypoBa», Anmatsl,
Pecnyonuka Kazaxcran, e-mail: zamirabkz@mail.ru , ORCID: https://orcid.org / 0000-
0001-7261-2215.
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Crmcok  muTHpyeMoil — muTepatypbl  OpOpMIISieTCSI B COOTBETCTBHH  C
HIDKETIPUBEICHHBIME 00pasnaMu onbanorpadgudeckux onvcanuii (4.8.).

3.19. B KOHIIe cTaThbW IOCJIE CIHCKA JIUTEPATYPHl OONOJHUMENLHO TIPHBOIUTCS
nepeso Pestome Ha kazaxckuii (Tyitingeme) u Ha anrnuiickuit s3piku (Abstract). Cioso
Pesrome (Abstract, Tyiiingeme) maercs mo wnenrpy. Ha crnemyromeir crpoke ¢
BBIPABHUBAHUEM I10 JIEBOMY Kparo HPOIMUCHBIMU OyKBaMHU MOJXYXUPHBIM IpupTom Ne 12
NPUBOJAUTCS Ha3BaHWE CTaTbu. Yepe3 CTpoKy Oe3 abd3alHOro OTCTyma KypCHBOM,
MOy >KUPHBIM TIPUPTOM Ne 11 naroTcs MHUIUAEL U (PaMIJTHH aBTOPOB.

Ha cnenyromeii crpoke 6e3 ab3amHOro OTCTyNa KypCHBOM, CTPOYHBIMH OyKBamw,
mpudrom Ne 11 nmpuBoasaTCs MecTa pabOTH aBTOPOB C HAJACTPOYHBIMU MHAEKCAMH (TI0Cie
(damuuy 1 Tepea Ha3BaHUEM OpPTaHM3AINH), YKA3BIBAIOIIAE Ha MECTO pabOTHl aBTOPOB.
3arem yepe3 CTPOKY ¢ ab3aI[HOTO OTCTyNa C BEIpaBHUBAaHHEM TEKCTa IO IIMPHHE HICT
TEKCT pe3toMe, HaOpaHHBIA cTpouHBIM ImpudToM Ne 12.

Jlanee uepes cTpoKy ¢ ab3aIHBIM OTCTYIIOM CTPOYHBIMH OykBaMu mpudrom Ne 12, ¢
BBIPAaBHUBAHUEM TEKCTa M0 NIMPUHE MPUBOAATCS KJI4YeBble cjoBa (or 5 mo 10 mir.),
obecrieunBaronIne HandoIee MOTHOE PACKPBITHE COJIEPKAHNS CTATHH.

3.20. [ns crareit, moJjaBaeMbIX Ha SI3bIKE, OTIMYHOM OT aHTJIMHCKOTO (Ha Ka3aXCKOM
W PYCCKOM SI3bIKE), B KOHIIE CTAThbH HAXOJMTCsA aHrimiickuii Gmok (Abstract,
Information about authors, References).

3.21. Bce cTpaHullbl pyKOIUCH CIeLyeT IPOHYMEpPOBaTh.

4. TPEBOBAHHUA K O®OPMJIEHUIO PYKOIIMCEN

4.1. O0beM cTaTh, BKIIIOYAsk aHHOTALWIO M CIIHCOK JHUTEpaTypsl: 10 8—10 cTpaHwmII.
O630opaBIe cTaThil MOTYT OBITH M0 20 cTpanmm. CrTaThs AODKHA OBITH HaleyaTaHa Ha
omHoit cropoHe Jymcra A4 mpudrom Times New Roman, pasmep kerms 14 mr;
MEKCTPOYHBIA MHTEpPBAI — OJAMHAPHBIA W ToJisiMu: BepxHee — 2.0 cM, HuxHee — 2.0 cMm,
nesoe — 3.0 cm, mpaBoe — 1.5 cM; paccTaHOBKAa MEPEHOCOB HE JOIyCKaeTcs; ab3aIrHbIit
orctym — 1.0 cm; popmaTrpoBanue — o mupuHe. J{okeH ObITh HCITOJIB30BaH TEKCTOBBIM
penaktop Microsoft Word for Windows, B Bune doc-aiina, Bepcus 7.0 u 6ojiee O3 aHHUE.

Jlist KpaTKOCTH M HarIsIJHOCTH OOCYXK/IEHHsS COEJIMHEHUs, yIIOMUHaeMble Oosee
OJTHOTO paza, ClIe/lyeT HyMEepoBaTh apadCcKUMM LU(paMu B COUYETAHUH CO CTPOYHBIMHU
JIATHHCKMMM OyKkBamH (17151 0003HAYCHUSI COSMHEHUH C IEpPEMEHHBIM 3aMECTHTEIIEM).
[Tpy ynoMuHaHHMY MTOJTHOTO Ha3BaHMUS COCIMHEHHMS IU(P AaeTCs B CKOOKaXx.

CTepeoXUMHUYECKHE CHUMBOJIBI W IMPUCTABKH, XapaKTEPU3YIOIIHE CTPYKTYPHBIE
0COOCHHOCTH WIIU TMOJIOKEHHE 3aMECTHTENsI B MOJICKYJIe, CleyeT HaOHpaTh KypCHBOM
(italic): (R)-smanTHOMEp, Mpem-OyTHI, napa-KCAION. BMeCTo TpOMO3IKHX Ha3BaHHI
HEOPraHWYECKHX M 4aCTO YIOTPEOIsIeMbIX OPraHUYECKUX COSTMHEHHUH CIIelyeT JaBaTh UX
¢dopmyasr: NaBr, TsOH Bmecto Opomum HaTpus W TOIYOJCY/Ib(oHOBas Kuciaora. [Ipu
WCIIOJIb30BAHUM TEPMHUHOB M O0O3HAYCHHWil, HE UMEIOIIMX ILIMPOKOTO MPUMEHEHHS B
JIUTEPAType, UX 3HAYESHHUsI MOSICHSIIOTCS B TEKCTE MPU MEPBOM yHOTPEOICHUU: HATIPUMED,
nonuyTunenrepedranar ([I9TD).

Jist n300pakeHnst CTPYKTYPHBIX (OPMYJ XUMHYECKUX COCAMHEHUH HEeo0X0IUMO
UCIOJIB30BaTh penakrop xumuueckux ¢opmyn ChemDrawUlItra. Bee Haamucun Ha
CXeMax TIpHUBOJATCS Ha aHIVIMICKOM si3bIKe. B cxeme HeoOXoanMO YKasbIBaTh BCE
YCIOBUSI PEaKIMil: HaJ CTPENKOM — peareHThl, KaTaJu3aTOpbl, PACTBOPHTENH, IO/
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CTpEJIKOM — TeMIiepaTypa, Bpemsi, BbIXoJA. Ecin yclnoBus peakuuil CHJIBHO 3arpyxaroT
CXeMy, UX MOXHO MEPEHECTH B KOHEI[ CXeMbl, pacuin(poBbiBasi OYKBEHHBIMU HHJCKCAMH,
Hanpumep, i: HCI, H20, 80 °C, 5h. Takoii jxe OyKBEHHBIH HHIEKC IO0JDKEH OBITh yKa3aH
HaJl CTPEJIKOIl COOTBETCTBYIONIEH PEaKLIUH.

4.2. YpaBHeHUs], CXeMBbl, TaOIMIIbI, PUCYHKH U CCBUIKM Ha JINTEPATypy HyMEpYIOTCS
B TOPSJKE MX YIIOMUHAHUS B TEKCTE M OONJNCHLL ObIMb 6CMAGIEHbI 8 MEKC CMmambu
T10CIIe MEPBOr0 YIIOMUHAHUSL. TaOJUIbl M PUCYHKH JJOJDKHBI COIIPOBOXKIATHCS MOATNCHIO;
3aroJIOBKH K CXEMaM JIAI0TCs IPH HEOOXO0AMMOCTH.

4.3. Tlo BO3MOXXHOCTH CIEIyeT TOTOBHUTh PHCYHKH C TOMOIIBI0 KOMITBIOTEPA.
OmHOTHITHBIE KPHBBIC IOJDKHBI OBITH BBIITOJHEHH B OAMHAKOBOM MacmiTabe Ha OJHOM
pucynke. KpuBble Ha pHCYHKax HyMepymTcs apaOCKkumu OuU(dpaMH, KOTOpHIE
pacmmpoBBIBAIOTCS B TOAMHACAX K pUCYHKaM. [l BceX PHCYHKOB HEOOXOIMMO
peAcTaBuTh rpaduueckre (aitasl B popMaTe jpeg ¢ MUHMMAIbHBIM paspemenuem 300
dpi. Hannucn Ha pucyHKax IOJDKHBI ObITh Ha aHTJIMKWCKOM S3bIKE M [0 BO3MOXKHOCTH
3aMeHeHbl nuppamu, paciudpoBKa KOTOPBIX JAeTCsl B IOAIUCH K PUCYHKY.

OI[I/IHOLIHI)IG psAMBbIC, KaK IMPpaBUjio, HE NPUBOAAT, 4 3aMCHAIOT YPAaBHCHUCM JIMHUU
perpeccun. [lepecedeHne ocell KOOPIMHAT CIIEAYET pacrojiarath B JIEBOM YIJIy PHCYHKa,
CTPENIKM Ha KOHIAX OCeH He CTaBsTCS, JWHHM, OIPaHWYMBAIOIINE I0JE€ PHUCYHKa HE
MIPUBOJATCS, MaclITaOHas ceTKa HE HAHOCHTCS. MalonH(pOpMaTHBHBIE PHCYHKH, HE
o0CyX/maeMble B CTaThbe CIEKTPHI, BOJBTAMIICPOTPAMMBI W APYTHE 3aBHCHMOCTH HE
myOMuKyoTCs. PHCYHKH CHEKTPOB He JOJKHBI OBITh BBINOJHEHBI OT PyKH. Bce
PUCYHKH IOJDKHBI UMETh HyMeparuio apaOCkuMmu Imdpamu (€Cid PUCYHOK HE OJUH).
CnoBo «PuCyHOK» W HaWMEHOBAaHHE IIOMEIIAIOT IIOCNIE MOSICHUTENBHBIX JaHHBIX H
pacrofararoT cienyronmm oopazom: Pucyrnok 1 — Jleramu mpudopa.

4.4, Kaxnas Tadauua J0DKHA WMETh TEMAaTHYECKUH 3arojIOBOK M TOPSAKOBBIN
apabckuii HoMep (0e3 3Haka No), Ha KOTOPBIA JaeTcs CChUIKa B TeKcTe (Tabmuia 1).
Haszpanue Tabauupl pacronaraercsi Haja Tabuuiel cieBa 0e3 a03al[HOTO OTCTYIA B OAHY
CTPOKY C € HOMEPOM uepe3 THpe 0e3 TOUKH mociie Ha3BaHus. ['padpl B TaOIHUIIE TOJKHBI
UMETh KpaTKHE 3aroJIOBKH, OTPAXAIOLIME MapaMeTphl, YHCICHHbIE 3HAYECHUS KOTOPBIX
MIPUBE/ICHBI B Ta0JIMIIE; OHHU MHIIYTCS B UMEHUTEIHEHOM Ma/Ie)Ke SIMHCTBEHHOTO YHCIIA C
MIPONKCHOI OYKBBHI M Uepe3 3alsTyl0 CONPOBOXKAAIOTCS COOTBETCTBYIOLIMMH €AMHULIAMH
mMepeHus (B cokpamieHHon (opme). PucyHkn mmm cTpykrypHbIe (opMyTsl B Tpadax
Tabmun He momyckarorcs. [Ipomyckm B rpadax mpu OTCYTCTBHH JaHHBIX 0003HAYAIOT
TpeMs TOYKaMH, npu OTCYTCTBUH SIBIICHUS - 3HAKOM «THPE».
[Mpumeuannss Kk TaOIMLIAM WHISKCHPYIOTCS apaOCkumu HudpaMud M MOMENIAoTCs B
rpaHumax TabiuIel moa MartepuanoM Tabmmisl. Cioso «lIpuMmeyanney ciemyer nmedaraTh
¢ mponucHOi OykBHI ¢ ab3ana. Eciau nmpumedanue ogHo, TO mocie cioBa «[Ipumeuanuey
CTaBUTCS TUPE U NPUMEYaHHUE I1e4aTaeTcsi C MPOncHON OykBbl. Heckosbko npruMedaHuii
HYMEPYIOT 110 MOPSJIKY apaOCKuMu nudpamu 0e3 NMpOCTaBICHUS TOYKU M IEYaTaroT C
abzama. B Tabnuiax MCHONB3YIOT TOT K€ IIPUQT, YTO M B TEKCTE CTaThH; JOIyCKaeTCs
yMmeHbieHHbld (He Menee Ne 10 mpudt TimesNewRoman).

4.5. Tlpu BEIOOpE eAMHMII W3MEPEHUS] PEKOMEHIYETCS IMPUAEPKUBATHCS CHUCTEMBI
CU: 1, mMr, M, cM, MKM (MHKPOMETP, MHKPOH); HM (HAHOMETpP, MHUIMMHKPOH); TIM
(uxomerp); E (anrctpem); ¢ (cexynma); muH, 4 (dac), I'n (repm); Ml (merarepi); 2
(apcren); I'c (raycc); B (Bombt); 3B (amekTponBOibT); A (ammep); Owm, Ila (mackans);
MIla (meranackanp); rlla (rekromackans); JIk (mxoyns); K (kemsBun), °C (rpamyc

Henwcus); 11 (Jebaii).
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B necATHYHBIX Apo0OsSIX Hesasi 4ACTh OTAeJsieTcsl OT APOOHOH He 3amATOH, a
TOYKOM.

Hcnone3yroTcst  CIEAyIomUe COKpamleHus:: T.KUM. ¥ T.OUI. (TOYKM KHIEHHS |
IUTaBlieHUA) — Tmepen mmdpamu; KOHI. (KOHIEHTPUPOBAHHEBIM mepen (GopMmyoit
coenuHeHus); M — MOJIeKyJsipHas Macca); MOJdb, Kall, KKaj, H. (HOpMaJbHBIH), M.
(MONAPHBII); KOHLEHTpPALKs PacTBOPOB 0603HavaeTcs (r/cM®, r/11, MOJIb/1).

Jns BcexX BHepBble CHHTE3UPOBAHHBIX COCJUHEHUH 00s3aTeJIbHbI JaHHbIE
3J1€eMEHTHOT0 aHAJIN3a JIH00 Macc-CIEeKTPbI BHICOKOTO pa3penieHns.

B 6pymmo-gopmyrax snementsl pacnonararorcsi B cienytouieM nopsike: C, H u
Jlajiee  COrJlacHO JIaTMHCKOMY aiidaBuTy. DopMylibl MOJIEKYJSIPHBIX COEIUHEHHH |
OHUEBBIX couleil natorcst uepe3 Touky (Hanpumep, CsHsN.HCI). [Ipumep 3anmcu koHCTaHT
W JaHHBIX JIEMEHTHOro anammsza: T.kum. 78°C (100 mm pt. ct.), .. 50°C (EtOH),
ds%°0.9809, n?°1.5256; Haiineno, %: C 59.06; H 7.05; 1 21.00; N 8.01. CaHplcNg¢Oe.
Brruncneno, %: C 59.02; H7.01;121.20; N 8.22.

UK u Y® cnekrpbl. B skcnepumenrtansHoil yactu g MK u YO cnekrpos
JIOJDKHBI OBITh yKa3aHbl XapaKTEePHUCTHUECKHUE YacTOTHI MOJIOC, UTHHBI BOJIH MAaKCHMYMOB
TOTJIOMIEHUS, KOA(PDUITUEHTH! SKCTUHITUH (MU X JIOTAPU(PMBI) U YCIOBUS, TIPH KOTOPHIX
3aIlicaH CHEKTP.

Hpumepwr 3anucu: UK cnextp (Tonkwuii cnoif), v, cm™: 1650 (C=N), 3200-3440 (O-
H). Y@ cnextp (EtOH), Amax, HM (1ge): 242 (4.55), 380 (4.22).

Cnexrpsl SIMP 'H u *C. Jlomxkubl ObITh yka3aHsl pabouas wacToTa Ipubopa,
UCIIOJIb30BaHHBIA CTaHJApPT M pPacTBOPHUTENb. [IPOTOHBI B cOCTaBe CIOXHBIX TPYMI, K
KOTOPHIM OTHOCHTCSl CHTI'H&JN, CIEAyeT MNOAYepKHyTh cHu3zy — 3.17-3.55 (4H, wm,
N(CH2CHs),); asst monioxeHust 3aMeCTUTeNed MCMob30BaTh 0003Hauenust 3-CHs; s
o0o3HaueHus monoxkeHust atomMoB — C-3, N-4 u 1.1, Ecnm kakoW-HHOYIh CHTHAII B
CIIEKTpE OIMUCHIBACTCSA KaK MyOJIeT, TPUIUIET WX AyOJNeT MyONeToB W T.I. (a HE CHHTIIET
WA MYJBTHIUIET), HeoOxomumo npuBectu cooTBeTcTByromue KCCB. Ecnu mpoBeneHs
JOTIOJTHUTENbHBIE HCCIIENAOBAHUS Ul YCTAHOBIICHUSI CTPOCHUSI MM HPOCTPAHCTBEHHBIX
B3aUMOJEHCTBUII aTOMOB, JOJIKHBI OBITh YKa3aHbI UCIIOJIb30BAHHbIE JBYMEPHBIE METOIbI.
B onucanuu cnextpos SIMP °C oTHeceHne KOHKPETHOTO CUTHANA K KOHKPETHOMY aTOMy
yriuepoia NPUBOAMTCS TOJBKO TOTJA, KOTJa OIpelelieHHe IIPOBEJACHO Ha OCHOBE
JBYMEPHBIX KCIIEPHMEHTOB.

Ilpumepeol 3anucu:

Crnektp SIMPH (400 MT'u, CDCls), 3, M. a. (J, Tw): 0.97 (3H, 1, J= 7.0, CH3); 3.91
(2H, x,

J=17.0, COOCH?); 4.46 (2H, 1, J= 6.1, NCH,); 7.10-7.55 (6H, m, H-6,7,8, NHCH,CgHs);
7.80 (1H,
c, HAr); 7.97 (1H, ¢, H-5"); 8.13 (1H, 1. n, J= 8.2, J= 2.3, H-5); 11.13 (1H, c, NH).

Cnektp IMP®C (100 MI'u, IMCO-ds), 8, M. a. (J, Tn): 36.3 (CH,CHs); 48.5 (C-5);
62.3
(CH,CHs); 123.0(CAr); 125.8 (11, 2Jcr = 26.1, C-3',5" Ar); 128.9 (CPh); 134.4 (C-5a);
168.3 (C=0).

Macc-cneKTpbl MPUBOAATCS B BHIC YKCIOBBIX 3HAYCHHH M/Z M OTHOCHTEIBHBIX
3HA4eHUH MOHHOrO Toka. HeoOXoauMoO yKas3blBaTh METOJ W OJHEPTUI0 HOHU3AIINH,
MaccoBbI€ YHCJIa XapaKTEPUCTUUECKHX HOHOB, MX HMHTEHCHBHOCTb II0 OTHOLIEHUIO K
OCHOBHOMY HMOHY U IO BO3MOXKHOCTH MX I'eHe3HC. B cilyuae XMMH4ecKol MOHHM3ALUH ITPpH
onmucaHuM Ipudopa HEOOXOIUMO YKa3zaTh ra3-peareHT. B Macc-clieKTpax BBICOKOTO
paspeleHust HaliJeHHble M BBIYUCICHHBIC 3HAYCHHS M/Z MPHBOIATCS C YETHIPHMS
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JNECATUYHBIMHA  3HAKaMM; €CITM HalflcHHOe 3HaueHWe M/Z COOTBETCTBYeT He
MOJIEKYJIIPHOMY HOHY, OpyTTO-GOpMyJna W BBIYHCICHHOE 3Ha4YeHHe M/zZ TakKke
MPUBOJAUTCA JIA TOI'O KE MOHA.

Ilpumep 3anucu oannvix macc-cnekmpa: Macc-cuextp (OY, 70 3B), M/Z (lom, %):
386 [M]* (36),368 [M-H20]* (100), 353 [M—H20-CH3]* (23).

Macc-cniektp (XU, 200 3B), M/z (lom, %): 387 [M+H]*(100), 369 [M+H-H,O]* (23).

Ilpumep 3anucu 0aHHBIX MACC-CREKMPA 8bICOKO20 PA3PEUICHUA:

Haiineno, m/z: 282.1819 [M+Na]*. C17H2sNNaO.

Brruncieno, m/z: 282.1828.

4.6. JlaHHbIe PEHTTeHOCTPYKTYPHOI0 HMCCJIENOBAHUS CICIYeT MPEJOCTABIATh B
BHJI€ PUCYHKA MOJIEKYJIbI C MPOHYMEPOBAHHBIMHU aToMamu, Hampumep, C(1), N(3) (mo
BO3MOXKHOCTH B ITPECTaBICHUH aTOMOB 3JUIMIICO U IaMHUTEILIOBBIX KojeOanuii). [TomHbie
KpHucrajuiorpaduueckue JaHHble, TaOIHMIbl KOOPJMHAT aTOMOB, JUIMH CBs3ed WU
BAICHTHBIX YIJIOB, TEMIEpaTypHble (AaKTopsl B JKypHaje He IyOIHMKyroTCs, a
JernoHupyrotces B KeMOpHKCkoM OaHKe CTPYKTYPHBIX JaHHBIX (B CTaThbe yKa3bIBaeTCs
PEeTrUCTPAIIOHHBII HOMEp JIEIIOHEHTA).

4.7. Tlo TpeboBaHUSIM MEXIyHapOIHBIX 0a3 maHHbIX Scopus, Clarivate Analytics,
Springer Nature mpu oOLeHKe NyONMKalWi Ha $3bIKaX, OTIMYHBIX OT AaHIJIMHCKOTrO,
6ubmrorpaduueckie CUCKH JODKHBI 1aBaThCsl HE TOJIBKO HA SI3bIKE OPUTHHANA, HO U Ha
narunune (pomanckuM andasurom). [To3TOMy aBTOPBI CTATei, MOIABAEMBIX HA PYCCKOM
M Ka3aXCKOM $3bIK€, JOJDKHBI MPEIOCTABIATh CHHCOK JIUTEPATYPhl B JBYX BapHaHTaX:
00un Ha szvike opueunaia (CUCOK JUTEPATYPBI), & APYTOH — B POMAHCKOM aigasume
(References). Tlocneanuii CIIMCOK BXOAUT B AHIJIMACKHI OJIOK, KOTOPBIA PACIIOIOXKEH B
KOHIIE CTaThH.

Ecain B cnucke ecThb CCBHUIKM Ha HNHOCTPAaHHBIC Hy6JII/IKaLIl/II/l, OHH IIOJIHOCTBIO
nosropsitorcst B crmcke References. Ilpu HUTHPOBaHUM PYCCKOS3BIYHOTO JKypHAsa,
HepEeBOIMMOTO 32 pyOeKOM, B pycCKOsI3bIUHOM Bepcun CrrcKa JuTepaTypbl HEOOX0AUMO
NPUBECTH TMOJNHYI CCHUIKY Ha pPYCCKOsA3BIYHYIO Bepcuio, a B References — nHa
MEXIyHapOAHYIO.

Cnucok ucrounnkoB B References nomxeH ObITh HamucaH TOJIBKO Ha POMAaHCKOM
andaBute- nmatuHUIE (IPU 3TOM OH JOJDKEH OCTAaBaThCS MOJHBIM aHanoroM Crmcka
JUTEpaTypbl, B KOTOPOM HCTOYHHMKHA OBLIM TMPEACTABICHBI HA OPHUTHHAIBLHOM SI3BIKE
OITyOJIMKOBAHUS ).

Jlyist HaKCcaHus CCHUIOK Ha PYCCKOS3bIYHBIE HCTOYHUKH (M UCTOYHUKH HA MHBIX, HE
HCIIOJIB3YFOLIHX POMaHCKHiA angasur, SI3bIKAX) cienyer UCIIOJIb30BaTh
O®UITIAJIBHBIN ITEPEBO/] 1 TPAHCJIIMTEPAIUIO (cM. TpeGoBaHus K HepeBOLy
U TPAHCITUTEPAIIUHT).

B References tpeGyercst cieayomas cTpykrypa OuOIHOrpaduueckoil CChUIKH 3
PYCCKOSI3BIYHBIX NCTOYHHMKOB: aBTOPHI (TpaHCIUTEPAINs), IEPEBO/] Ha3BaHUS CTAThbH HIIH
KHUTW Ha aHIVIMICKHH S3bIK, Ha3BaHHE MCTOYHHUKA (TPaHCIUTEpays — Ul TeX M3JaHui,
KOTOpbIe HE MMEIOT YCTAHOBJICHHOTO DPEIAaKLIHEeH aHTJIMICKOrOo Ha3BaHWS), BBIXOJIHBIC
JaHHBIC B UPpPOBOM (opMmare, yKa3aHHE Ha S3BIK CTaThH B cKOOKax (in Russian wmmm in
Kazakh).Tpancmurepaliiio MOKHO BBITIOJHUTE Ha caiite http://www.translit.ru.

VYCiioBHBIE COKpAIl[eHHs] HA3BAaHUU PYCCKOSI3BIYHBIX JKYpHAJIOB M CIIPABOYHHUKOB
MIPUBOJISITCSL B COOTBETCTBUH C COKPAILIEHUSAMH, IPUHATHIMU B «PedepaTtHBHOM KypHase
XuMHsSD). aHTJIOS3BIYHBIX M JIDYTMX HMHOCTPAHHBIX JKypHAJOB — B COOTBETCTBUH C
COKpAIICHUsIMH, PEKOMEHAYyeMbIMU H31aresibcTBoM «Springer and Business Mediay:
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http://chemister.ru/Chemie/journal-abbreviations.ntm. Inss  crateii Ha pycckoMm u
Ka3aXCKOM $3blKaX Ha3BaHUC IKypHaia «XUMHUYECKHI )KypHaﬂ Kazaxcrana» CJICayCT
cokpawate: «Xum. Kypn. Kaz.» n «Ka3. Xum. KypH.» COOTBETCTBEHHO, a JIsl CTaTed Ha
anrimiickoM s3eike: «Chem. J. Kaz.». [IpuBogsrces pamMuimm 1 MHALHAIE BCeX aBTOPOB
(coxpaiuenus u Op. u et al He momyckarorcs).

B Cnucke nuteparypsl u B References Bce paGotsl nepeuncistorcss B IIOPSJIKE
HUTHUPOBAHMUS, a HE B andaBuTHOM TIOPSIKE.

DOIl. Bo Bcex ciyuasix, KOrjJa y IMTHPYEMOro MaTepHala eCTh IU(PPOBOU
I/IJIGHTI/I(l)I/IKaTOp, €ro HGO6XOZ[I/IMO YKa3bIBaTb B CaMOM KOHIE OINMNCAaHWA HCTOYHHUKA.
[poBepsTh Hanmuuue doi y wcTOYHMKA cieayeT Ha caite http://search.crossref.org wmu
https://www.citethisforme.com.

Jns GopmMupoBaHMs CIIHCKa JHUTEpaTyphl (Bcex ©0€3 HMCKIIOYEHHs CCBUIOK) B
Kypnane npunst 6ubnuorpadudeckuii crannapt 0€3 UCIOIB30BAHUS PA3ICITUTEINS «//»:

Author A A., Author B.B., Author C.C. Title of article. Title of Journal, 2005, 10,
No. 2, 49-53.

I[HSI Ka3aXCKO- WJIN PYCCKOA3BIYHOI'O NCTOYHHKA:

Author A.A., Author B.B., Author C.C. Title of article. Title of Journal, 2005, 10,
No. 2, 49— 53. (In Kazakh or In Russian).

Hwmxe npuBeneHsr 00pa3iibl 0OpMIICHHS Pa3IUYHBIX BHIIOB JOKYMEHTOB, KOTOPBIX
HEOOXOAMMO TIPHIEPKUBATBCS aBTOpaM MpH  O(OPMIIEHHH POMAHCKOTO — CITHCKa
References.

Onucanmne cTaTbU U3 KYPHAJIOB:

Zagurenko A.G., Korotovskikh V.A., Kolesnikov A.A., Timinov A.V., Kardymov
D.V. Technical and economical optimization of hydrofracturing design. Neftyanoe
khozyaistvo. Qil Industry, 2008, No. 11, 54-57. (In Russian).

Onucanne ctatbu ¢ DOI:

Zhang Z., Zhu D. Experimental Research on the localized electrochemical
micromachining. Rus. J. Electrochem., 2008, 44, No. 8, 926-930. doi:
10.1134/S1023193508080077.

Onucanue UHTEpHET-pecypca:

Kondrat’ev V.B. Global’naya farmatsevticheskaya promyshlennost’ [The global
pharmaceutical industry]. Available
at: http://perspektivy.info/rus/ekob/globalnaja_farmacevticheskaja_promyshlennost_2011-
07-18.html (Accessed 23.06.2013).

nim

APA Style (2011). Available at: http://www.apastyle.org/apa-style-
help.aspx (accessed 5 February 2011).

nin

Pravila Tsitirovaniya Istochnikov (Rules for the Citing of Sources) Available
at: http://lwww.scribd.com/doc/1034528/ (Accessed 7 February 2011).

Onucanue cTaTbu U3 3JIEKTPOHHOI'0 KypHaJia:

Swaminatan V., Lepkoswka-White E., Pao B.P. Browsers or buyers in cyberspace?
An investigation of electronic factors influencing electronic exchange. Journal of
Computer-Mediated Communication, 1999, 5, No. 2. Available
at: http://www.ascusc.org/jcmc/vol.5/issue2/(Accessed 24 April 2011).

Onucanne cTaTbU U3 NPOAOJEKAIOIIETOCs U3IaHKs (COOPHUKA TPYA0B)

Astakhov M.V., Tagantsev T.V. Eksperimental’noe issledovanie prochnost
soedinenii «stal’- kompozit» [Experimental study of the strength of joints «steel-
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composite»]. Trudy MGTU

«Matematicheskoe modelirovanie slozhnykh tekhnicheskikh sistem» [Proc. Of the
Bauman MSTU

«Mathematic Modeling of the Complex Technical Systems»], 2006, No. 593, 125-130.

Onucanne MaTepnaJjioB KoHgepeHHii:

Usmanov T.S, GusmanovA.A., Mullagalinl.Z., MuhametshinaR.Ju.,
ChervyakovaA.N., SveshnikovA.V. Featuresof the design of the field development with
the use of hydraulic fracturing. Trudy 6 Mezhdunarodnogo Simpoziuma «Novye resurso
sberegayushchie tekhnologii nedropol’zovaniya i povysheniya neftegazootdachi» [Proc.
6™ Int. Symp. «New energy saving subsoil technjologies and the increasing of the oil and
gas impact»]. Moscow, 2007, 267-272. (In Russ.)

HexenarenpbHO OCTaBIATH OAHO IEPEBOAHOC Ha3BaHHME KOH(epeHHHu (B Clydae
€CJIH HEeT TIePEeBEJIEHHOTO0 Ha aHTIUHCKWN S3bIK Ha3BaHHMA KOH(MEpEeHINH), TaK KaK OHO
TIPH TIOTIBITKE KEM- TUOO HAWTH 3TH MaTepHAIIbI, UACHTHPUIMPYETCS ¢ OOJIBIITUM TPYIOM.

Onucanne kHuru (MoHorpaguu, cOOpHUKa):

Nenashev M.F. Poslednee pravitel’stvo SSSR [Last government of the USSR].
Moscow, Krom Publ., 1993, 221 p.

Onucanne nepeBoHON KHUIH:

Timoshenko S.P., Young D.H., Weaver W. Vibration problems in engineering.
4thed. New York, Wiley, 1974.521 p. (Russ. ed.: Timoshenko S.P., lang D.Kh., Uiver
U. Kolebaniia v inzhenernom dele. Moscow, Mashinostroenie Publ., 1985. 472 p.).

Brooking A., Jones P., Cox F.Expert systems. Principles and cases studies.
Chapman and Hall, 1984. 231 p. (Russ. ed.: Bruking A., Dzhons P., Koks F. Ekspertnye
sistemy. Printsipy raboty i primery. Moscow, Radioisviaz’ Publ., 1987. 224 p.).

Onucanne quccepTanum Wid apropedepara guccepranuu:

Grigor’ev Yu. A. Razrabotka nauchnykh osnov proektirovaniia arkhitektury
raspredelennykh sistem obrabotki dannykh. Diss. Dokt. Tekhn. Nauk [Development of
scientific bases of architectural design of distributed data processing systems. Dr. tech.
sci. diss.]. Moscow, Bauman MSTU Publ., 1996. 243 p.

Onucanne 'OCTa:

GOST 8.596.5-2005. Metodikavypolneniia izmerenii. Izmerenie raskhoda |
kolichestva zhidkostei | gazov s pomoshch’iu standartnykh suzhaiushchikh ustroistv [State
Standard 8.586.5 — 2005. Method of measurement. Measurement of flow rate and volume
of liquids and gases by means of orifice devices]. Moscow, Standartinform Publ., 2007.
10 p.

nIn

State Standard 8.586.5 — 2005. Method of measurement. Measurement of flow rate
and volume of liquids and gases by means of orifice devices. Moscow, Standartinform
Publ., 2007. 10 p. (In Russian).

Onucanne NaTeHTa:

Patent RU 228590. Sposob orientirovaniia po krenu letatel’nogo apparata s
opticheskoi golovkoi samonavedeniia [The way to orient on the roll of aircraft with optical
homing head]., Palkin M.V., lvanov N.M., Gusev B.B., Petrov R.H., 2006.
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4.9. Ilpumep aHIJIOSI3BIYHOTO 0JIOKA /ISl MPEICTABJIEHUSI CTATbH, HANMMCAHHOM

Ha fA3bIKE, OTJIHYHOM OT AHTJIHHCKOI0:
Abstract

DETERMINATION OF THE HAZARD CLASS OF OIL-CONTAMINATED
AND NEUTRALIZIED SOIL

Zhusipbekov U.Zh.%, Nurgaliyeva G.0.%", Baiakhmetova Z.K.%, Aizvert L.G.?

1JSC «A.B. Bekturov Institute of Chemical Sciences», Almaty, Kazakhstan

2Scientific and practical center of sanitary-epidemiological examination and
monitoring of the Ministry of Health of the Republic of Kazakhstan Almaty, Kazakhstan

E-mail: n_gulzipa@mail.ru

Introduction. Pollution by oil has a negative effect on chemical, physical,
agrophysical, agrochemical and biological properties of soils. Sorption methods of
cleaning the soil with the help of humic preparations from oil pollution are of great
importance. The purpose of this work is to study the composition and properties of the
contaminated and neutralized soil, the determination of the toxicity indexes of all
components of oil waste, the calculation of the hazard class of waste according to their
toxic-ecological parameters. Methodology. Samples of the contaminated and neutralized
soil were treated with the use of humate-based energy-accumulating substances. The
metal content in the contaminated soil was determined by spectrometry using an AA 240
instrument using the method of decomposing the sample with a mixture of nitric,
hydrofluoric and perchloric acids until the sample was completely opened. Results and
discussion. Fractional composition of oil products of all samples is stable: the content of
complex acetylene hydrocarbons is ~ 70.0% of the total mass of oil products, the content
of resins and paraffin-naphthenic group of hydrocarbons is 27.3%, the content of bitumens
is 2.6%. In the neutralized soil, paraffin-naphthenic fractions, resins, bitumens and
asphalteneswere  mainly found; complex acetylene hydrocarbons are not
present. Conclusion. It has been established that the contaminated soil belongs to the
substances of the 3rd hazard class. Neutralized soil became less toxic and according to the
total toxicity index, it was classified as hazard class 4 (low hazard). Neutralized soil can
be used as construction and road materials, at the improvement of boreholes and at land
reclamation.

Keywords: oil, contaminated soil, neutralized soil, humate-based energy storage
substance, toxicity, radioactivity, hazard class.
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Fouapivm KapUsUIAHBIMHBIH 3THUKACHI

«Ka3zakcTaHHBIH XHUMHUSJIBIK KypHaJbDy (Oyaan api — ’Kypnaj) 6acmachbIHBIH
agkKacel MeH Oac pemakTopbl «JKapusiiaHy 3THKACHI KOHiHIEri KOMHTET —

(Committee on Publication Ethics - COPE)»
(http://publicationethics.org/about),«Eypomnaabik FBLIBIMHI pelaKkTopJapaAbIH
KaybiMaacTeiFbl  » (European  Association of Science Editors - EASE)

(http://www.ease.org.uk) xoHe FbLIbLIMH KAPUSAHBIM 3THKACHIHBIH KOMHUTETIH]IE
(http://publicet.org/code/) KabbLTIAHBLIFAH XATBIKAPAIBIK TATANTAPAbI YCTAHADI.

Bacna KpI3MeTiHZAETI o/ienKe cail emec ic - opekeTTepai (IUlaruar, skajaraH aKmapaT
koHe T.0.) OoNIbIpMayFa >KOHE FBUIBIMH KapUsUIAHBIMIAPABIH JKOFapbl CamachlH
KaMTaMachI3 €Ty YIUiH, KOJ JKETKi3TeH FhUIBIMH HOTHIKENEP/i KYPTLIBUIBIKKA JKapHUsiIay
MakcaTbhIH/Ia pellaKkiMs ajKachl, aBTOpJlap, PELEeH3EHTTEp, COHAal-ak Oacma yxaepiciHe
KATBICATBIH MEKEMEJIep ITHKAJBIK HOpMAajiap MEH epe)keNnepi cakTayFa MIHJACTTi JKOHE
omapAelH Oy3pUIMayblHAa ~ OapiblK Imapaixapabl maimamanysl Twic. Ochl  yaepicke
KATBICYIIBLIAP/bIH OapJIbIFBIHBIH FHUIBIMH JKapUSUIAHBIMIAD ITUKACBIHBIH epekKeNepi
CakTaybl, aBTOPJApPIbIH 3UATKEPJIIK MEHIIK OOBEKTiJepiHe KYKBIKTAPBIH KaMTamachl3
eTyre, >KapusUIaHbIMAAp CalachlH apTThIPYFa JKOHE AaBTOPJBIK KYKBIKIEH KOpFalfaH
MaTepHalgapasl JKEeKe TYJIFATapAblH MyAJeci YIIiH MalgaTaHy MYMKIHZAITIH JKOIOFa
KOMEKTECEI.

Penakuusira xiOepiireH OapiblK FBUIBIME Makajajap MIHICTTI TypAe €Ki jKaKThl
Kynusi capantamara xioepineai. JKypHaiubslH pelakiMsUIbIK alKachl MaKaJlaHblH JKypHaI
TaKpIPHIOBIHA KOHE TAJANTAPhIHA COMKECTITH aHBIKTAN/IbI, )KypHAJIFa TIpKEy YIIIH OHBI
alJIbIH alla capanayfa >KyPHaJIbIH jKayanTbl XaTLIbICBIHA Kibepeni. On Konka30aHbIH
FBUIBIMU KYHJIBUIBIFBIH QHBIKTAIl, MAKaJla TAKbIPHIOBIHA KAKBIH FHUIBIMH MaMaHIbIKTAPbI
06ap ekl Toyesci3 capamiiblHbl aHBIKTaNAbl. Makagaaapisl PeJaKkIUsUIbIK ajKa JKOHE
PeIaKIMsIIBIK alKa MYIIeNepi, COHal-aK 0acka eNjepleH MIAKbIPbUIFAH PELEH3CHTTEP
capanTtaisl. MakajnaHbl capanTay YIIH PElEeH3eHTTEpII TaHIay Typalbl IrenrimMzai 6ac
penakTop Kabpuigaiiapl. Capanrtay Mep3imi 2-4 anTa »oHe PElEeH3EHT OTiHIII OOWBIHIITIA
OHBI 2 amnTara y3apTyra 0onajpl.

Penakuusi MeH pemeH3eHT Kapayra XiOepuIreH xapusulaHOaraH MaTepualIapablH
KYNUSUTBUIBIFBIHA KeNIik Oepeni. XKapusiiay Typaibl LIEIIM KYpPHAIIBIH PEAaKIUIIBIK
aJKachl TEKCEpreHHEH KeliH KaOwuimaHaabl. Kaxker OonraH skarmaiima (pemaktop(iap)
JKOHE/HeMece PELeH3EHT(JIep) TapalblHaH ecKepTyJepaiH Ooiybl) Koipkaz0a aBTopliapra
KOCBIMIIIAa TY3eTyJIepre kioepisieni, cojaH KeiiH o Kaita KapajaJasl. DTHKa HOpMasapbl
Oy3bUTFaH JKaFmaiia, MakalaHbl jXapusulaylaH Oac TapTy KYKbIFbIH Penmakuus esiHe
KaJapipazpl. JKayanTel perakTop Makaliaja IUlardat Jer ecenTeyre eTKUTIKTI aKmapar
OoJFaH KarJaia OHBI JKaprsIayFa pyKkcaT OepMei .

ABTOpJIAp pemaKIusAra XiOepiireH MaTepuaiiapIslH *KaHa, OYphIH KapHusIaHOaraH
JKOHE TYMHYCKA eKEeHIIriHe Kemuimik Oepemi. ABTOpiap FHUIBIMH HOTHXKEIEPiH
CEeHIMUTIIT MEeH MaHBI3ABUIBIFBIHA, COHAAW-aK FBUIBIMH OJTHKAa KaFWJIaTTapbIHBIH
CaKkTalyblHa, aTan aiTKaH/Aa, FBUIBIMH 3THKaHbl OY3bUIMayblHa (FBUIBIMH JI€pEKTepi
KOJIJAH JKacay, 3epTTey JCpeKTepiH OypManayra OKeJeTiH Oypmaiay, IUIaruar >KoHe
JKaJIFaH OIPJICCKeH aBTOPJIBIK, KaiTanay, 0acka axaMaapablH HOTHKEICPIH HEMICHY JKOHE
T.0.)TiKenei xayamnTsl.

Makanansl pefakuusra Oepy aBTOpJapAblH MaKalaHbl (TYIMHYCKaza Hemece Oacka
TUIIEpre HeMece TULAEH ayaapMana) Oacka KypHaiFa(jlapra) kiOepMereHiH j>koHe Oyl
MaTepuaiIblH OypeIH kapusimaHOaraHeiH Oinmipeni. Omaii OonmMmaraH jkarmaiina makaia

233


http://publicationethics.org/
http://publicationethics.org/about

KA3AKCTAHHBIH XUMUA )KYPHAJIBbI XUMHYECKHH )KYPHAJI KA3AXCTAHA

aBTOpIapra «ABTODJIBIK KYKBIKTBI Oy3FaHbl VINIH MakajaHbl >KapHusiamay» JereH
nIelmivMMeH Kaitapbuiagsl. backa aBTOpIbIH TybIHABICHHBIH 10 malibI3gaH acTaMbIH, OHBIH
ABTOPJIBIFBIH JKOHE JICPCKKO3Ie CLITEeMeNiep/li KepceTnell ce30e-co3 Kemipyre o
Oepinmenini. AJBIHFaH Y3iHALIEp HeMece MaJliMJieMeNep aBTOp MEH JepPEeKKe3/i MiHIETTi
TYpZle KepceTe OTHIpbIN peciMaenyi kepek. lllamanman Teic e3re MaTepuaigapbl
nalijanany, COHAai-ak Ke3 KeNreH HBICAHAAFrbl IUIarkaT, COHBIH IIIiHAe JAdHeKci3
Joliekcesnep, 0Oacka amaMIapiblH 3epTTEYJICpiHIH HOTIDKENepiH HeMJIeHY JTHKara
Kartnauapl okoHe KaObuimaHOaWzpl. 3epTrey OapbiChlHA — KaThIHACKAaH 0apIIbIK
TYIFaJapblH YJECiH MOWBIHIAY KAXKET )KOHEe Makajaga 3epTTeyli JKYpri3yAe MaHBI3IbI
OonraH >KYMBICTapFa cinremenep Oepimyi kepek. bipieckeH aBropiap apackiHOa
3epTTeyre KaThICIIarad agaMIapabl KOPCeTyTe Ko OepimMeni.

ABTOp(J1ap) XKYMBICTapbIHIA KaTeliKTep Oaiikaica, OYJ Typasbl JAepey pelaaKToOpra
xabapiar, Ty3eTy TypaJibl YChIHBIC Oepyi THiC.

Komka3banbl Oacelll mmbIFapynaH 0ac TapTy Typanbl IIENIM pPereH3eHTTEePIiH
YCBIHBICTApPBIH C€CKEPE OTBIPLIN, PCAAKIUA aJIKACbIHBIH OTbIPbICBIHAA Ka6bIHZlaHa£[bI.
Penakiusiplk alKaHbIH HICHIIMIMEH JKapusUlayFa YChIHBUIMAraH Makaja Kaita Kapayra
KabbuimanOaiael. JKapusutaynan 6ac TapTy Typaibl xabapiiama aBTOPFa SJICKTPOHIIBIK
TIOLITa APKBUIBI XKiOepineni.

KypHanoslH penakuusuiblK aNKachl MakKalaHbl KapusulayFa pykcaT Oepy Typasl
mIemiM KaOblTIaraHHaH KeHiH PeJakIsUTBIK alKa OYJI Typasbl aBTOpFa Xabapaisl sKoHe
Kapusuiay mapTTapblH Kepcereni. Makanara OepiireH mikipiaepAiH TynHyckacel JKypHan
penaKkmUsIChIHIA 3 KbUT CAKTaJIBIHAJIBL.

234



ISSN 1813-1107, elSSN 2710-1185 MNe3, 2026

ITHKa HAYYHBIX My0IuKANMii

Pepakuuonnas KOJIJ1erust u TJIaBHbIH peaaxkTop HAY4YHOT0
sKypHaJa «Xumudeckuii ;kypHaa Kazaxcrana» (nanee — ’KypHan) npuiep:xkuBarorcs
NPUHATHIX MEKAYHAPOAHBIX cranaaproB «Komurtera 3THKH no
nyoauxamuam» (Committee on Publication Ethics — COPE)
(http://publicationethics.org/about),, «<EBponeiickoii accouMauu HAYYHBIX
penakTopos» (European Association of Science Editors - EASE)
(http://lwww.ease.org.uk) n «KomuTera mo ITHKe HAYYHBIX NMyOJIMKANMII»

(http://publicet.org/code/)..

Bo wu3bexxanne HeTOOPOCOBECTHOM NPAaKTUKW B ITyOJIMKAI[MOHHOW JIESTEbHOCTH
(mnaruart, N3JI0’KeHNe HEJIOCTOBEPHBIX CBEICHUH U JIP.) U B LIENSIX 00eCIIeUeHHsI BBICOKOTO
Ka4yecTBa HAayYHBIX ITyOJIMKAIWH, PU3HAHUS OOLIECTBEHHOCTHIO, MOJYYEHHBIX aBTOPOM
HAayYHBIX pE3yJIbTaTOB, WICHB! PENAKIMOHHOIO COBETA, aBTOPBI, PELIEH3EHTHI, a TaKKe
YUPEKACHHUS, YIaCTBYIOIIME B H3IATEIBCKOM IpoLecce, 00s3aHbl COOMIONaTh ITHUECKUE
CTAHJAapThl, HOPMBl M MpaBWIa M NPHHUMAaTh BCE Mephl Ul NPENOTBPAILCHUS HX
HapyweHuid. CoOiofeHne NpaBWJl STUKU HAay4HBIX ITyOJIMKAlMid BCEMH YYaCTHHUKAMH
3TOr0 Ipolecca CIOCOOCTBYET OOECIICUSHHIO IIPAaB aBTOPOB HAa HHTEIUIEKTYaJIbHYIO
COOCTBEHHOCTb, TIOBBIIICHHIO KAuecTBA WU3JaHUS W HCKIIOYEHHIO BO3MOXKHOCTH
HENpPaBOMEPHOI'0 HCIOJIb30BaHUS aBTOPCKUX MaTepualioB B MHTEPECaX OTASNIbHBIX JIUII.

Bce HayuHble cTaTbu, NOCTYNMBLIME B pEAAKLUIO, IOAJEKAT 00s3aTeIbHOMY
JIBOMHOMY CIIETIOMY perieH3upoBanuio. Penakiust JKypHaia ycraHaBiIMBaeT COOTBETCTBUE
crateu npodmmo JXKypHana, TpeOoBaHUSAM K O(QOPMIICHHIO W HAlpaBisIeT €e Ha IepBOe
paccMOTpeHHEe OTBETCTBEHHOMY cekperapio JKypHayia, KOTOpPBIH ompenensier Hay4dHYIo
LEHHOCTh PYKONHMCH ¥ Ha3Ha4yaeT ABYX HE3aBUCHUMBIX PELCH3CHTOB — CIICLIHAIIHCTOB,
UMEIOIINX HanboJiee ONM3KUE K TeMe CTaThbU Hay4yHBIE CIIELMaIN3aluy. Penen3upoBanue
cTaTeil OCYLIECTBIISCTCS WICHAMU PEJaKIHOHHOIO COBETA M PENAKUMOHHON KOJUICTHH, a
TaKKe MPUITIAIICHHBIMHA PELEH3CHTaMH APYTHX cTpaH. PemeHue o BBIOOpE TOro WM
HHOTO PEleH3EHTa Ul MPOBEACHHS SKCIEPTH3bI CTaTbU NMPUHUMAET IJaBHBIH PENaKTop.
Cpox peleH3upOBaHMs COCTaBiIsAeT 2-4 HeNenHu, HO MO MPOChOe pEeleH3eHTa OH MOXKET
OBITH IIPOJIJIEH, HO He OoJiee ueM Ha 2 HeJlelH.

Pepakumsi M peleH3eHT TapaHTHPYIOT COXpaHEHHE KOHQHICHIUATIbHOCTH
HEoNyOJIMKOBAaHHBIX MAaTepUajoOB IPHUCIAHHBIX Ha paccMOTpeHue paboT. Pemienune o
Iy OJIMKany NpUHUMAETCsl PeAaKIMOHHOM KoJuternei JKypHaia mocie pereH3npoBaHusl.
B ciydae HeoOxoaumMocTH (HaIMyMe 3aMeUaHnil peiakTopa(-oB) U /UIIN pelieH3eHTa(-0B))
PYKOIICh HampaBlsieTCs aBTopaM Ha JOpaboTKy, MOCJIe 4Yero OHa IOBTOPHO
peueHsupyercs. Penakmus ocraBisier 3a co00i MpaBo OTKIOHUTH ITyOJIHMKALMIO CTATHH B
clly4ae HapylIeHHs MpaBui 3THKH. OTBETCTBEHHBIH pElaKToOp He NOJDKEH JOMYyCKaTh K
MyOauKanuy MHQOPMAIHMIO, €CIIM UMEeTCsl JOCTaTOYHO OCHOBAHMII MojaraTh, 4TO OHA
SIBIIACTCS [UIaTHaTOM.

ABTOpPBI TapaHTHPYIOT, YTO MNPEICTaBJICHHbIE B PEIAKLHUIO MAaTEPHANbl SBISIOTCS
HOBBIMHM, paHee HEONyOJIMKOBaHHBIMA M  OPUIMHAJIBHBIMHU.  ABTOpBI  HECYyT
OTBETCTBEHHOCTh 32 JIOCTOBEPHOCTh M 3HAYMMOCTh HAYYHBIX PE3yJIbTaTOB, a TaKXkKe
coOJto/ieHHe TPUHLUIIOB HAy4YHOW OTHKH, B 4YaCTHOCTH, HejomylieHue (akToB
HapyUIeHUs] HayYHOU 3THKH ((paOpuKanns HayYHbIX TaHHBIX, (ajbcuUKanus, Beaymas K
WUCK)KCHUIO  HCCIENOBaTEeIbCKUX  JAHHBIX, IUIarMaT ¥ JIOKHOE  COaBTOPCTBO,
QyOIMpoBaHKeE, IPUCBOCHHE YYXKHUX PE3YJIbTATOB U JIp.)
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Hamnpasnenue craTby B PEAAKIUIO O3HAYAET, YTO aBTOPHI HE NEPEAaBAIN CTAThIO (B
OpPHUTMHAJIE WJIN B INEPEBOAE HAa APYIHE S3bIKM WM C JPYTHX SI3BIKOB) B JIPyrow(-me)
KypHaJI(BI) M YTO 3TOT MaTepuan He ObUI paHee OMyOJHMKOBaH. B mpoTHMBHOM cityuae
CTaThsl HEMEIUIEHHO BO3Bpalaercst apropam ¢ (GopmMynupoBkoi «OTKIOHUTH CTaTbiO 3a
HapyllIeHHe aBTOpPCKHX mpaB». He nomyckaercst nocioBHoe konupoBanue Oonee 10
MIPOLIEHTOB paboThI IPYroro aBTopa 0e3 yKa3aHus ero aBTOPCTBA M CCHUIOK HAa MCTOYHHK.
3anMcTBOBaHHBIE (parMEHTHl WM YTBEPXKAEHHS MIOJDKHBI OBITH O(QOpMIIEHBI C
00s13aTeNbHBIM YKa3aHHEM aBTOpa W IEPBOMCTOYHMKA. Upe3MepHbIe 3aMMCTBOBAaHUS, a
TaKXKe IUIaruat B 1000 Gopme, BKIFOUas HeopOpMIICHHBIC IIUTATHI, MepedpasupoBaHUe
WM TIPUCBOCHUE IIPaB Ha PE3YJIbTAThl TyKUX HUCCIEIOBaHNH, HEITHYHBI M HETIPHEMIIEMBI.
HeobxoauMo mpu3HaBaTh BKJIAA BCEX JIMI, TaK WIM HHAde NOBIMABIINX HA XOX
HCCIIEIOBAHNSA, B YACTHOCTH, B CTAaThE JNOJKHBI OBITh IIPEACTABICHBI CCHUIKM Ha PabOTBHI,
KOTOpblE HMENM 3HadeHHE TMpH MpPOBEICHUH HccnenoBaHus. Cpenu  COaBTOPOB
HEZIOMyCTUMO yKa3bIBaTh JIUII, HE YIaCTBOBABILIUX B UCCIIEOBAHHU.

Ecnu aBropom(-amu) oOHapyxeHa omunOka B paboTe, HEOOXOAWMO CpPOYHO
YBEIOMUTH PEIAKTOPA U BMECTE IPUHATH PellieHHe 00 UCTIPaBICHUH.

Pemenne 00 oTkaze B MNyONMKalMM pPYKONMCH MPUHUMAETCs Ha 3aceJaHuy
PENaKIMOHHOW KOJUIETMM C YYeTOM peKOoMeHmauuii peneHseHtoB. Crarhs, He
PEKOMEH/IOBaHHAs PELICHUEM DPEAAKIMOHHOM KOJUIEIMH K ITyOJIMKaluu, K MOBTOPHOMY
paccMmoTpennio He npuHHMaeTrcs. CoolOmeHne 00 oTka3e B IMyONWKAllUN HAIPaBISAETCS
aBTOPY MO 3JIEKTPOHHON TIOUTE.

I[locne mnpunstus peakosueruedn JKypHama pemeHuss O JONyCKE CTaTbh K
MyOJIMKaluy pefakuus nHGopMupyeT 00 3TOM aBTOpa M yKa3bIBaeT CPOKHU ITyOJIHKaIMH.
OpurnHaibl pereH3uil Xpausarces B pegakunu JKypHana B TedeHne 3 JeT.
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Scientific Publication Ethics

The Editorial Board and Editor-in-Chief of the scientific journal the “Chemical
Journal of Kazakhstan” (hereinafter referred to as the Journal) adhere to the
accepted international standards of the “Committee on Publication Ethics”
(Committee on Publication Ethics— COPE) (http://publicationethics.org/about), the
“European Association of Science Editors” (European Association of Science Editors —
EASE) (http://www.ease.org.uk) and the “Committee on Scientific Publication
Ethics” (http://publicet.org/code/).

To avoid unfair practices in the publishing activities (plagiarism, false information,
etc.) and in order to ensure the high quality of the scientific publications and public
recognition of the scientific results, obtained by the author, the members of the Editorial
Board, authors, reviewers, as well as institutions, involved in the publishing process, are
obliged to comply with ethical standards, rules and regulations, and take all measures to
prevent their violation. The compliance with the rules of the scientific publication ethics
by all process participants contributes to ensuring the rights of authors to intellectual
property, improving the quality of the publication and excluding the possibility of misuse
of the copyrighted materials in the interests of the individuals.

All scientific articles submitted to the editors are subject to mandatory double-blind
peer reviewing. The Editorial Board of the Journal determines the compliance of the
article with the specificity of the Journal, the registration requirements and sends it for the
first reviewing to the Executive Secretary of the Journal, who determines the scientific
value of the manuscript and appoints two independent reviewers — the specialists with the
scientific specializations closest to the topic of the article. The articles are reviewed by the
members of the Editorial Board and the Editorial Staff, as well as the invited reviewers
from the other countries. The decision to choose one or another reviewer for reviewing the
article is made by the Editor-in-Chief. The reviewing period is 2-4 weeks, though at the
request of the reviewer, it can be extended, but no more than for 2 weeks.

The editors and the reviewer guarantee the confidentiality of the unpublished
materials submitted for reviewing. The decision to publish is made by the Editorial Board
of the Journal after reviewing. If necessary (the presence of comments by the editor(s)
and/or reviewer(s)) the manuscript is sent to the authors for revision, after which it is re-
reviewed. The editors reserve the right to reject from the publication of the article in case
of violation of the rules of ethics. The Executive Editor should not allow the information
to be published if there is sufficient reason to believe that it is plagiarism.

The authors guarantee that the materials, submitted to the editors are new,
previously unpublished and original. The authors are responsible for the reliability and
significance of the scientific results, as well as compliance with the principles of scientific
ethics, in particular, the prevention of violations of scientific ethics (fabrication of the
scientific data, falsification leading to distortion of the research data, plagiarism and false
co-authorship, duplication, appropriation of other people's results, etc.).

The submission of an article to the editor means that the authors did not submit the
article (in the original or translated into or from the other languages) to the other
Journal(s), and that this material was not previously published. Otherwise, the article is
immediately returned to the authors with the wording “Reject the article for the copyright
infringement.” The word-for-word copying of more than 10 percent of the work of
another author is not allowed without indicating his authorship and references to the
source. The borrowed fragments or statements should be drawn-up with the obligatory
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indication of the author and source. Excessive borrowing, as well as plagiarism in any
form, including inaccurate quotations, paraphrasing, or appropriation of the rights to the
results of the other people's research, is unethical and unacceptable. It is necessary to
recognize the contribution of all persons, who in one way or another influenced the course
of the research, in particular, the article should provide links to the works, which were
important in the research conduction. Among the co-authors, it is unacceptable to indicate
persons, who did not participate in the research.

If the author(s) finds an error in the work, it is necessary to immediately notify the
editor thereof, and together decide on the correction.

The decision to refuse from the publication of the manuscript is made at a Meeting
of the Editorial Board, taking into account the recommendations of the reviewers. An
article, which is not recommended by the decision of the Editorial Board for the
publication, is not accepted for re-consideration. A notice of the refusal to publish is sent
to the author by e-mail.

After the Editorial Board of the Journal makes a decision on the admission of the
article for the publication, the Editorial Board informs the author thereof, and specifies the
terms of the publication. The original reviews are kept in the Editorial Office of the
Journal for 3 years.
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