ISSN (Print) 2616-6771
ISSN (Online) 2617-9962

A.H.T'ymuaes areinaarsl Eypasust yATTBIK YHUBEPCUTETIHIH

XABAPIHIBICHI
BULLETIN BECTHVIK

of L.N. Gumilyov EBpasniickoro HaI1fOHaAbHOTO
Eurasian National University yuusepcurera umenu /1L.H. I'ymnaesa

XML TEOT'PADUII cepuscor
CHEMISTRY. GEOGRAPHY Series

Cepusa XUMMUSL. TEOI'PADUSI

Ne 4(153)/2025

1995 xp1agaH OacTarl IIBIFaAbI
Founded in 1995
N3aaetcsi ¢ 1995 roaa

KrblabiHa 4 peT HIBIFaAbI
Published 4 times a year
Beixoagur 4 pa3a B roga

Acrtana, 2025
Astana, 2025



Peaaxmst aakacer: bac peaakrop (xuvms): Kormmmes D.E.

X.F.K., mpod., A.H. I'ymnaes areingarsr Eypasust yaTTeiK yHusepcuterti, Acrana, Kazakcran

bac pedaxmop (zeozpadus):

Kayanmur xamuiol:

Aaexenos C.M.

AyiGy abavmios E.K.

baiikernos M.U.

Bakuobaes A.A.

Epkacos P.I11.
Nprudaesa I.C.
Nckakosa XK.b.

Kuproxuua M.B.

Kopoabkos I1.B.
Mackesuua A.A.
Mycradpun P.J.

Cadapos P.3.

Cyaranosa H.A.

duanmmnos C.K.
XyropsHackuii B.B.

IMMaTpyx M.

Aaaryaxaesa M.A.

ATacori E.

Pamaszanosa H.E.

PhD, xayvimoac. npod., A.H. ['ymunres amoindazor Eypasus yammuix
ynusepcumemi, Acmana, Kasaxcman

Yaan A.C.

x.2.x., kayvimoac. npo@., A.H. I'ymures amvindazor Eypasus yrmmutx
ynusepcumemi, Acmana, Kasaxcman

Peaakinisa aakacser:
Xummst

X.F.4., mpod., KP ¥T'A akagemuri, DuTOXMMISI XaAbIKapaAbIK,
FBLABIMU-OHAIpicTik Xoaaunri, Kaparanapl, Kazakcran

PhD, JKaHa XMMMAABIK TEXHOAOTUAAAP FBIABIMU-3€PTTEY MHCTUTYTHL,
AH. I'ymuaes atsiHaarel Eypasus yATTBIK YHUBepcUTeTl, AcTaHa,
Kazakcran

X.F.4., ipod., E.A. bexeros aTeiHaarsl KaparaHasl YATTBIK 3epTTEy
yHusepcurerti, Kaparanapl, Kasakcran

X.F.4., mpod., Tomck [Toantexuukaask Yansepcureti, Tomck, Peceit

X.F.4., mpod., A.H. I'ymnaes arsinaarsl Eypasust yATTBIK
yHusepcurerti, Acrana, Kazakcran

X.F.4., mpod., A.H. I'ymnaes arsiHaarsl Eypasust yATTBIK
yHusepcureti, Acrana, Kasakcran

X.F.K., KaypiMaac. npod., A.H. I'ymuaes ateinaarsl Eypasus yaTTBIK
yHusepcureti, Acrana, Kasakcran

X.F.K., KaybiMAac. mpod., Accelerated Materials Pte Ltd, Cunramyp
PhD, kayeiMaac. ipod., SIapoabik ¢usnka MHCTUTYTHI, AcTaHa,
Kazakcrau

%).-M.f.A., npod., 5. Kynaaa memaexeTTik yHusepcurteti, ['(pogHo,
eAapych

PhD, kayeimaac. npod., Kazan MeMaekertik MeaniimHaAbIK
Yumsepcurerti, Kasan, Peceit

x.r.K.,, 1.H. 'ymnaes ateinaarsr Eypasus yATTBIK YHUBEPCUTETI,
Acrana, Kasakcrau

x.r.A., 1pod., /1.H. T'ymnaes arsingarsr Eypasist yATTHIK
yHusepcureTi, Acrana, Kazakcran

PhD, mpod., Abo Akagemus yausepcuteti, Typky, PunHAIHANA
PhD, npo@., Peaunr Yuusepcureri, Peannr, ¥ An10purtanms

PhD, npo@., Paopusa Memaexertik Yuusepcurerti, Taaaxaccu, AKIII

l'eorpadus

PhD, aouenr m.a., A1.H. I'ymuaes ateinaarst Eypasust yATTHIK
yHuusepcuteti, Acrana, Kazakcran

PhD, mpod., bypca-Yayaar Yausepcureri, bypca, Typris



Axmeaenos K.M.

Aynen A.H.

Aoopuca M.IIL

Ermmoaesa A.E.

Myxkaes XK.T.

Mycabaesa M.H.

Osreaaumosa 2K.O.

ITecx A.M.

Peaxemn D.
Ilyapriy P.C.

Caurios A.A.
Camapxanos K.b.

Toxkcauoaesa C.T.

npod., M. Oremicos arsiHaars bateic Kazakcran MeMaeKeTTiK
yausepcureti, Opaa, Kazakcran

r.r.A., Ipod., AaTaii MeMAeKeTTiK yHusepcurteti, bapnaya, Pecert
Jovan Cvijic aTeiHAaFbI reorpadust MHCTUTYTHI, CepOus FBLABIM >KoHe
eHep axkademusicel, bearpaa, CepOms

PhD, aonent m.a., /1.H. I'ymnaes arsingarsr Eypasnst yATTHIK
yuusepcuteti, Acrana, Kazakcran

KayMm. ripod., Illoxopim aTerHgarer CeMeit MeMAEKeTTiK YHUBEPCUTETI,
Cemernt, Kasakcran

r.r.A., npod., A.H. I'ymnaes ateiHaars! Eypasis yaATTHIK yHUBEpCHTeT],
Acrana, Kazakcran

PhD, npod. m.a., 1.H. I'ymuaes areingarsl Eypasus yaTTBIK
yHusepcureTti, Acrana, Kasakcran

Jovan Cvijic aTbIHAAFbI reorpactl)l/m MHCTUTYTHI, CepOus FBIABIM JKoHe
eHep akagemusicel, bearpaa, Cepons

npo., baaixecip yuusepcurerti, baaikecip, Typkus
nipo., Ariosa mraTsl yHusepcureti, Aitosa, AKIII
ILF.4., ipod., /1.H. 'ymnaes atsinaarst Eypasins yATTEIK

yHusepcureTi, Acrana, Kasakcran

r.r.Xx., PhD, /1.H. I'ymnaes ateingarsr Eypasist yATTHIK yHUBEPCUTET],
Acrana, Kazakcran

PhD, agouenrt m.a., /1.H. I'ymuaes atsinaarst Eypasnst yATTEIK
yHUBepcureTi, AcraHa, Kazakcran

Peaaxkmmstansig MmekeH-Xxarbr: 010008, Kazakcran, Acrana k., CoTOaes k-ci, 2,

A.H. I'ymnaes aroigars! Eypasnst yaTTeik yHusepcnreri, 402 0.

Tea.: +7 (7172) 709-500, (immxki 33-207). E-mail: vest_chem@enu.kz
TexHMKaaBIK XaTHIbIAap: Oaia0ekreri 'yamupa ©aia6exks1361, bearibaesa Jana CamapraankbI3sl

AH.T'ymuaes atbiHAarnl Eypasis yaTThIK YHUBepCUTeTiHiH Xxabapmbicel. Xumus. I'eorpadms

cepumsIChI

Menmikrenymi: "/1.H. I'ymuaes atsigars! Eypasns yarteik yausepcnreti” KeAK

Mepsimaiairi: >kbLabIHa 4 pet

Kasakcran PeciyOamkachiHBIH AKIapaT KoHe KOMMYHMKausAap MuHKUcCTpAiringe 02.02.2021 >x. Ne
KZ81VPY00031939 Tipkey KyaairiMeH TipkeareH

Trumorpadsaasy Meken-xarier: 010008, Kaszakcran, Acrana K., Kaxxermykan x-ci 13/1

A.H. T'ymnaes arbiHgarsl Eypasiust yATTBIK YHUBEPCUTETI

Tea: +7 (7172)709-500 (iruki 33-207). Cartt: http://bulchmed.enu.kz

© A.H.Tymunaes ateiHaars! Eypasust yATTBIK yHUBEpCUTETi


mailto:vest_chem@enu.kz
http://bulchmed.enu.kz/

Editorial board: Editor-in-Chief (Chemistry): Kopishev E.E.

Cand.Chem.Sci., Prof., L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

Editor-in-Chief (Geography):

Executive Secretary:

Adekenov S.M.

Aibuldinov E.K.

Baikenov M.I.

Bakibayev A.A.
Erkassov R.Sh.

Irgibaeva L.S.
Iskakova Zh.B.

Kirukhin M.V.
Korolkov 1. V.

Maskevich A.A.

Mustafin R.I.
Safarov R.Z.

Sultanova N.A.

Filippov S.K.

Khutoryanskiy V.V.

Shatruk M.

Alagudzhaeva M.A.

Atasoy E.

Akhmedenov K.M.

Dunetc A.N.
Dobrica M.P.

Ramazanova N.E.

PhD, Assoc.Prof., L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan

Uali A.S.

Cand.Chem.Sci., Assoc.Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Editorial board
Chemistry

Dr.Chem.Sci., Prof., Academician of NAS RK, International Research &
Production Holding Phytochemistry, Karaganda, Kazakhstan

PhD, Research Institute of New Chemical Technologies, L.N.
Gumilyov Eurasian National University, Astana, Kazakhstan

Dr.Chem.Sci., Prof., Karaganda Buketov National Research University,
Karaganda, Kazakhstan

Dr.Chem.Sci., Prof., Tomsk Polytechnic University, Tomsk, Russia

Dr.Chem.Sci., Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Dr.Chem.Sci., Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Cand.Chem.Sci., Assoc.Prof., L.N. Gumilyov Eurasian National
University, Astana, Kazakhstan

Cand.Chem.Sci., Assoc.Prof., Accelerated Materials Pte Ltd, Singapur
PhD, Assoc.Prof., Institute of Nuclear Physics, Astana, Kazakhstan
Dr.Phys.-Math.Sci., Prof., Ya. Kupala State University, Grodno, Belarus
PhD, Assoc.Prof., Kazan State Medical University, Kazan, Russia

Cand.Chem.Sci., L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan

Dr.Chem.Sci., Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

PhD, Prof., Abo Akademi University, Turku, Finland
PhD, Prof., University of Reading, Reading, United Kingdom
PhD, Prof., Florida State University, Tallahassee, USA

Geography

PhD, act.assoc.pfor., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

PhD, Prof., Bursa Uludag University, Bursa, Tiirkiye

Prof., M. Utemisov West Kazakhstan State University, Oral,
Kazakhstan

Dr.Geogr.Sci., Prof., Altai State University, Barnaul, Russia

Jovan Cvijic Institute of geography, Serbian Academy of Sciences and
arts, Belgrade, Serbia



Eginbaeva A.E. PhD, Act.Assoc.Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Mukaev Zh.T. Assoc.Prof., Shakarim Semipalatinsk State University, Semey,
Kazakhstan

Musabaeva M.N. Dr.Geogr.Sci.,, Prof, L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Ozgeldinova Zh.O. PhD, Act.Prof., L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan

Pesic A.M. Jovan Cvijic Institute of geography, Serbian Academy of Sciences and
arts, Belgrade, Serbia

Redzhep E. Prof., Balikesir University, Balikesir, Turkey

Schultz R.C. Prof., University of lowa, lowa, USA

Saipov A.A. Dr.Ped.Sci.,, Prof., L.N. Gumilyov Eurasian National University,

Astana, Kazakhstan

Samarkhanov K.B. Cand.Geogr.Sci., PhD, L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Toksanbaeva C.T. PhD, Act.Assoc.Prof., L.N. Gumilyov Eurasian National University,
Astana, Kazakhstan

Editorial address: 2, Satpayev str., of. 402,
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan, 010008
Tel.: +7 (7172) 709-500 (ext. 33-207), E-mail: vest_chem@enu.kz
Technical secretaries: Adilbektegi Gulmira, Belgibayeva Dana

Bulletin of L.N. Gumilyov Eurasian National University.

Chemistry. Geography Series

Owner: Non-profit joint-stock company «L.N. Gumilyov Eurasian National University»

Periodicity: 4 times a year

Registered by the Ministry of Information and Communication of the Republic of Kazakhstan Registration
certificate No KZ81VPY00031939 from 02.02.2021

Address of Printing Office: 13/1 Kazhymukan str., L.N. Gumilyov Eurasian National University, Astana,
Kazakhstan 010008

Tel: +7 (7172) 709-500 (ext. 33-207). Website: http://bulchmed.enu.kz

© L.N. Gumilyov Eurasian National University



PeaakimonHast koaaervs:: [aasabii pegakrop (xvmust): Konmmes 9.E.

K.X.H., Ipo¢., EBpasuiicknit HarmoHaasHbI yHUBepcuteT uM. A.H. I'ymunaesa, Acrana, Kasaxcran

I'Aasnuitt pedaxmop
(ze0zpagus):

OmgemcmageHHblil
cexpemapu:

Aaexkenos C.M.
A0y abanros E.K.
barvikenos M.
bakuGaes A.A.
Epkacos P.I11.
Nprudaesa I.C.
Nckakosa XK.b.

Kuproxuua M.B.
Kopoabkos I1.B.

Mackesuua A.A.
Mycradpun P.J.
Cagapos P.3.
Cyaranosa H.A.

®duanmmnos C.K.

XyropsHackuii B.B.

Aaaryaxaesa M.A.

Aracoin E.

Axmeaenos K.M.

Ayuenr A H.

Pamaszanosa H.E.

PhD, accou.npo¢p., Espasuiickuii navyuonarvoti yrusepcumem um. /1.H.
T'ymunresa, Kasaxcman

Yaan A.C.

K.X.H., accou.npo@., Eepasuticxuii nayuonaroroi ynusepcumem um. /1.H.
T'ymunresa, Acmana, Kasaxcman

PeaaxkimmoHHast KOAAeTysI:
Xummst

A.X.H., mpod., akagemux HAH PK, MexxayHapoaHsIil Hay9HO-
IIpOU3BOACTBeHHBII X0AAuHT Ouroxumusl, Kaparanaa, Kasaxcran

PhD, HIMV HOBBIX XMIYeCcKMX TexHoaorny, EBpasuricknn
HalMoHaAbHBIN YHUBepcuTeT uM. /L.H. I'ymMmuaesa, Acrana, Kasaxcran

A.X.H., npocl)., Kaparanamnackmit HalOHaAbHBIN 1CCA€A0BaTeAbCKII
ynusepcuteT uM. E.A.bykerosa, Kaparanaa, Kazaxcran

A.X.H., npoq)., ToMckuit moAnTexHU4IecKui1 yausepcuret, ToMmck,
Poccusa

4.X.H., mpo}., EBpasurickui HanmoHaApHBIN yHUBepcuTeT um. /.H.
I'ymnaesa, Acrana, Kazaxcran

4.X.H., mpo}., EBpasurickui HanmoHaAsHBIN yHUBepcuTeT um. /.H.
I'ymuaesa, Acrana, Kazaxcran

K.X.H., accor.mpo@., Espasuiicknii HallOHaAbHBIN YHUBEPCUTET UM.
AH. I'ymuaesa, Acrana, Kazaxcran

K.X.H., accor.mpod., Accelerated Materials Pte Ltd, Curramyp
PhD, accor.tipod., ViHcTuTyT s1aeproit pusnky, Acrana, Kazaxcran

A4.$.-M.H., Irépoq)eccci_p, I'poanenckmit rocygapcTBeHHbIN YHUBEPCUTET
nmenu 1. Kymnaael, I'poana, beaapycn

PhD, acc. mpod., Kazancknit rocyaapcrBeHHbIN MeAWIIMHCKA
Yuusepcuret, Kasans, Poccut

K.X.H., EBpasuiickuif HallmoHaAbHBIN yHUBepcuTeT uM. /.H.
I'ymnaesa, Acrana, Kazaxcran

4.X.H., 1po}., EBpasunickun HarimoHaAbHbI yHuBepcuteT um. /.H.
I'ymnaesa, Acrana, Kazaxcran

PhD, npo@., Yausepcurer Axkagemus Ado, Typky, PuHAIHAMS
PhD, npo., Yansepcurer Peannra, Peanar, O0be anHeHHOE
KopoaescTso

l'eorpadust

PhD, u.o. aonenra, EBpasuiickmii HalMOHAABHBIN YHUBEPCUTET VM.
/A.H. I'vmuaesa, Acrana, Kazaxcran

PhD, mpod., Yausepcurer Bypcr-Y ayaar, bypca, Typrus

1r\Ifo ., dannaguo-Kazaxcranckmuin rOCyAapCTBEHHBIN YHUBEPCUTET VM.
. YTemmncosa, ¥Ypaabck, Kazaxcran

A.T.H., Ipo®., AATalICKIIT TOCyA4apCTBEHHBIN YHUBepcuTeT, bapHaya,



Aobpuca M.IL
Ernmbaesa A.E.
Myxkaes XK.T.

Mycabaesa M.H.

Osreaaunosa JK.O.

Ilecuxk A.M.

Peaxer D.
Ilyapriy P.C.
Camrios A.A.

Camapxanos K.b.

ToxkcaunOaesa C.T.

Poccusa

Mucturyt reorpadpum Jovan Cvijic, cepbckast akageMist HayK 1
uckyccts, bearpaa, CepOus

PhD, n.0. gonenta, EBpas3niicknii HalllIOHAABHBIN YHUBEPCUTET M.
AH. I'ymmnaesa, Acrana, Kazaxcran

accorr.rmpod., CeMuIraaaTMHCKNI TOCyAapPCTBEHHBIN YHUBEPCUTET
nmenu lMakapuma, Cemert, Kasaxcran

4.I.H., 1po¢., EBpasuiicknit HalnoHaAbHBIN yHUBepcuTeT nMm. /1.H.
I'ymmnaesa, Acrana, Kazaxcran

PhD, accorr.mpod., EBpasniickmit HallIOHaABHBIV YHUBEPCUTET UM.
AH. I'ymmnaesa, Acrana, Kazaxcran

Mucturyt reorpadpum Jovan Cvijic, cepbckast akageMist HayK 1
uckyccts, bearpaa, CepOna

npo¢., Yansepcuret baaukecnp, baankecup, Typrms
npo¢., Yuusepcuret 1mrara Aiossl, Ariosa, CIIIA

A.ILH., 1pod., EBpasuiickuii HaliMoHaAbHbIN YHUBepcuTeT um. /1L.H.
I'ymmaesa, Acrana, Kazaxcran

K.I.H., PhD, EBpasuiickuit HanimoHaApHBI YyHUBepcuTeT uM. /1.H.
I'ymmaesa, Acrana, Kazaxcran

PhD, n.o0. aonienTa, EBpasniickuii HallOHAABHBIV YHIBEPCUTET VM.
AH. I'ymmnaesa, Acrana, Kazaxcran

Agpec peaakim: 010008, Kasaxcran, 1. ActaHa, ya. CaTraesa, 2,

Espasuiickuit HauMoOHaAbHEIN yHusepcuteT umenn /.H. T'ymnaesa, ka6. 402

Tea.: +7(7172) 709-500, (Bu. 33-207). E-mail: vest_chem@enu.kz
Texumdaeckne cekperapm: Aguasbexrern I'yapmupa Aananbexxsissl, beasrnoaesa Jana CanapraanesHa

Bectnux Eppasmitickoro HarijmoHaabHOroO yausepcurera mmenu /.H. 'ymnaesa.

Cepusa Xumms. I'eorpadpus

Co6crBennuk: HAO «EBpasuiicknii HanmoHaapHbI yHUBepcuteT nMmenn /1.H. I'ymmnaesa»
INepuoamanocts: 4 pasa B o4,

3aperucrpuposa MuancrepcrsoM nHpopmanuy 1 KomMmyHukanuit Pecrybanku Kasaxcran Perucrparinu-
onHoe ceugeTeabctso No KZ81VPY00031939 ot 02.02.2021 r.

Aapec tuntorpagum: 010008, Kasaxcran, 1. Acrana, ya. Kaxxsimykana, 13/1, EBpasniickuii HaljoHaAbHBI
yHusepcuteT umenu /.H. I'ymuaesa

Tea.: +7(7172)709-500 (BH. 33-207). Cairr: http://bulchmed.enu.kz

© Espasuiickuii HallMoHaAbHEIN yHUBepcuTeT uMenu /.H. T'ymmaesa



A.H.TYMNAEB ATbIHAAYBI EYPA3VSI ¥ATTBIK YHUBEPCUTETIHIH, XABAPIIIBICBI XUMMSI. TEOTPADUST
CEPUSICBI

BULLETIN OF L.N. GUMILYOV EURASIAN NATIONAL UNIVERSITY.
CHEMISTRY. GEOGRAPHY SERIES

BECTHMK EBPA3UIICKOI'O HALIMMIOHAABHOI'O YHUBEPCUTETA UMEHM A.H. TYMIU/AEBA.
CEPVSI XUMMSIL. TEOTPADUST

Ne 4(153)/2025
MA3MYHbI/ CONTENT/ COAEP>KAHUE
XMMsI/ CHEMISTRY

A. AGapaxmanosa, H. Omaposa, A. Caburosa, b. Kyaepuna

Li/CFx aremenmmepinity memeH memnepamypadazol IACKMPOXUMUIALIK KACUEMMEpPi: AAeKMPOAUM
KYPAMIHblH, POAiH 3epmimey

A. AGapaxmanosa, H. Omaposa, A. Caburosa, b. Kyaepuna

rexmpoxumuieckoe nosederue aremenmos Li/CFx npu Huskos memnepamype: PpoAb COCMAsA
AEKMPOAUMA

A. Abdrakhmanova, N. Omarova, A. Sabitova, B. Kuderina

Low-temperature electrochemical behaviour of Li/CFx cells: the role of electrolyte composition 11

. 3unbKOBCKas

Heiimpondoik  axmueayus mardayoin xordana omvipuin, Spirulina platensis xane Nostoc linckia
UUAHOOAKMEPUAAAPLIHBIH IACMEHMIMIK KYPAMUIH AHLIKMAY

J. 3uHBbKOBCKAasI

Onpedereriue aremenmiozo cocmasa yuarodaxmeputi Spirulina platensis u Nostoc linckia memodom
HelmpoHHO-AKMUBALUOHHO20 AHAAUSA

I. Zinicovscaia

Determination of elemental content of cyanobacteria Spirulina platensis and Nostoc linckia using neutron 20
activation analysis

A. Kekopaesa, I'. baricaaosa, P. Ceprnoaes, A. Taatenos, b. Topcoik6aesa, II. Kyxxarosa, C.
Cancobi30art

Alhagi pseudalhagi-0iyy mamvipvin  YAbMpaoviOvicmbl IKCMPAKUUIAGY KoHe OHbL MAMEMAMUKANDLK
Modervldey

A. Kokopaesa, I'. baricaaosa, P. Ceprnoaes, A. Taatenos, b. Topcoik6aesa, II. Ky:xxarosa, C.
Cancpbi30art

Yavmpaseyosas axcmpaxuus kopreti Alhagi pseudalhagi u ee mamemamuecioe mMooeAuposariue

A. Kokorayeva, G. Baisalova, R. Sergibayev, A. Taltenov, B. Torsykbaeva, P. Kuzhatova, S.
Sansyzbay

Ultrasound-assisted extraction of Alhagi pseudalhagi root and its mathematical modeling 31

H. MakaHoBa, A. beari6aesa, A. Mykanosa, A. Hypmnericosa

Cynepxondercamoprapda KoAdaHy yulin 0uomacca KardvlkmapoiHan aKmuemenoipirzer Kemip ary

H. Makanosa, A. bearnb6aeBa, A. Mykanosa, A. Hypmneiicosa

[oAyuenue akmueuposanHozo yerepoda us 0mxodo6 6UOMACChl OAS HPUMeHEHUA 6 CYNepKoHOeHCamopax

N. Makanova, A. Belgibayeva, A. Mukanova, A. Nurpeissova

Production of activated carbon from biomass waste for use in supercapacitors 41



T. Hypabi6aesa, I'. A6uaosa, K. MaxambeTtoBa, 3. Cyaramypatosa, I'. JKakymosa
Kongynxuyuonardvl noausmurer: pusuka-XuMusAvK Kacuemmepi xae kasipzi KoA0AHY CAAAAAPbL
T. HypaniOaesa, I'. AOnaosa, K. MaxambOeToBa, 3. Cyaramyparosa, I'. JKakymosa

MHo20yHKUUOHANDHBL  NOAUIMUACH:  PUSUKO-XUMUYECKUE —C60IlCM6A U COBpeMeHHbie  00Aacmy

npuMeHeHus.
T. Nurlibayeva, G. Abilova, Zh. Makhambetova, Z. Sultamuratova, G. Zhakupova
Multifunctional polyethyleneimine: physicochemical properties and modern applications

T'EOT'PA®USA/ GEOGRAPHY

T. bparuna, I'. KaGayaosa, /. Yenames, I'. XKycynosa, A. Illmuaryxunos, P. JKuakuoOaes, E.
MaxkcumknHa

Cnymnuxmix morimemmepdi natidarana omuipvin, Hayvipsvim kopolzot Met 02 XKakbii aymaxmapoazsl
epm JuHAMUKACLIH MAAIaY

T. bparuna, I'. KaGayaosa, 4. Yenames, I'. )Kycyniosa, A. Illury>xuuos, P. )Knaknoaes, A.
baiireanesa

Anaaus ounamurxu noxapos 6 Haypsymcxom npupoorom 3anosedrure u npUAeatoujux meppumopusx ¢
UCNOAL306AHUEM CHYMHUKOEHIX JAHHLLX

T. Bragina, G. Kabdulova, D. Chepashev, G. Zhusupova, A. Shinguzhinov, R. Zhilkibaev, Y.
Maximkina

Analysis of fire dynamics in the Naurzum Nature Reserve and adjacent areas using satellite data

M. Axetnmos, E. Toknmanos, P. Myxutaunosa, A. Ecenrab6eiaoBa

Axaxea xerdep XYiieciHit, UblZbic KaHe OHMYyCMIiK-uiblzbic 06AIKMepPiHiy, 2UOPOMUHEPANIDIK
pexpeauusAviK pecypcmapolil 2e09K0AOZUAADIK, Mypeuloan 0azaray

M. Axetnmos, E. Toknmanos, P. Myxuraunosa, A. EcenraG6eiaoBa

Teoaxorozuueckas oueHKa 2UOPOMUHEPANDHOLX PEKPeal,UOHHBLX PeCYpPCcos 60CHOUHOL U 1020-60CHIOUHOL
yacmu cucmemovt AAAKOALCKUX 03ep

M. Jetimov, Y. Tokpanov, R. Mukhitdinova, A. Yessengabylova

Geoenvironmental assessment of hydromineral recreational resources in the eastern and southeastern parts of

the Alakol lakes system

H. XKenicosa, O. Taykebaes, K. Temip6aeBa, A. AcbrabexoBa

Cemeti noAuzonvl aymazotndazul xep bemi cyrapuitoviy, Kenicmikmix-yaxovimmuolk eszepicmepin Google
Earth Engine naamgopmacvt nezisirde maroay

H. )Kenmncosa, O. Taykebaes, K. Temup6aena, A. Acbra6exosa

AHAAUS NPOCPAHCINEEHHO-6PEMEHHDIX USMEHEeHUI nosepXHOCIHDLX 600 6 npederax CeMunaramumckozo
noAuzona wa ocrose naamgpopmor Google Earth Engine

N. Zhengissova, O. Taukebayev, K. Temirbayeva, A. Assylbekova

Analysis of spatio-temporal changes of surface water within the Semipalatinsk test site based on the Google
Earth Engine platform

A. Asip0Ba

Pecetidin, asmoxoaix Mypacoii caxmay epexuleAikmepi xate OHolH KAAAAAPObl 0ambiniy2a Kanbicybl
A. AsipoBa

Ocoberrocmu coxparenus asmompancnopmmozo nacaeous Poccuu u ezo yuacmue 6 passumuu 20p0006
A. Lyadova

Features of preservation of the Russian the motor transport heritage and its participation in urban
development

H. Ocnamn, XK. Kaparorimx
Coamycmix Kasaxcmar 00AvicotHbit, opmandvt 0ara aanduwapmmapwvindaeor Betula myoimoacottviy
OeiliMOeAyi MeH anmponozendix acepine uHmezpamumi marday

56

74

91

106

122



H. Ocnamn, K. Kaparoiimx

Wnmezpamueoni anaius adanmavyuu poda Betula u anmponozert1ozo 6030eiicmeus 6 AeCOCHENHvIX

Aanduapmax Cesepo-Kazaxcmaricxoti o0racmu

N. Ospan, Zh. Karagoishin

Integrative analysis of the adaptation of the genus Betula and anthropogenic impact in the forest-steppe

landscapes of the North Kazakhstan region 133



IRSTI 06.81.23
Section: Chemistry
Article

Low-temperature electrochemical behavior of Li/CF cells: the role of electrolyte

composition

Azhar Abdrakhmanova'*, Nuriya Omaroval, Alfira Sabitova!, Balken Kuderina?

Citation: Abdrakhmanova, A.,

Omarova, N., Sabitova, A,
Kuderina, B. (2025). Low-
Temperature Electrochemical

Behavior of Li/CFx Cells: The
Role of Electrolyte Composition.
Bulletin of the L.N. Gumilyov
ENU. Chemistry. Geography
Series, 153(4), 11-19
https://doi.org/10.32523/2616-
6771-2025-153-4-11-19

Academic Editor:
E.Ye. Kopishev

Received: 18.06.2025
Revised: 16.12.2025

Accepted: 17.12.2025
Published: 24.12.2025

Copyright: © 2025 by the
authors. Submitted for possible
open access publication under
the terms and conditions of the
Creative Commons Attribution
(CC  BY NC) license
(https://creativecommons.org/li
censes/by-nc/4.0/).

1Shakarim University, Semey, Kazakhstan; zzzk2014@mail.ru,
a.sabitova@shakarim.kz, omarova_nm@enu.kz

2Sh. Ualikhanov Kokshetau University, Kokshetau, Kazakhstan;
b.kuderina@shokan.edu.kz

*Correspondence: zzzk2014@mail.ru

Abstract: Primary lithium/carbon monofluoride (Li/CFx) batteries are
widely recognized for their high theoretical energy density, long shelf life,
and low self-discharge, making them ideal for aerospace, medical, and
military applications. However, their performance at low temperatures is
severely limited due to increased interfacial resistance and reduced
lithium-ion transport. In this study, we investigate the effect of electrolyte
composition on the ionic conductivity and discharge behavior of Li/CF
cells under —20°C conditions. A series of electrolyte systems was
evaluated, including single-salt and dual-salt formulations based on
LiDFOB, LiBF4, LiPFs, and LiClOs+ in various solvent mixtures
(PC:DME, FEC:DME, and PC:DME:EA), with and without additives
such as fluoroethylene carbonate (FEC) and lithium nitrate (LiNOs).
Electrochemical impedance spectroscopy revealed that only dual-salt
systems and selected additive combinations maintained conductivity
above 5 mS-cm™!, at sub-zero temperatures. The best performance was
achieved with 0.4 M LiDFOB + 0.6M LiBFs; in PC:DME, which
exhibited the highest conductivity and a specific discharge capacity of
~220-230mAh-g™'. These results demonstrate the critical role of
electrolyte  optimization in enabling reliable low-temperature
performance. Comparative analysis with literature data further confirms
the effectiveness of the proposed formulations. This work provides
practical guidance for designing advanced electrolytes for primary Li/CF
batteries operating in cold environments.

Keywords: Li/CFx battery; electrolyte composition; ionic conductivity;
discharge behavior; low temperature

1. Introduction

Lithium/carbon monofluoride (Li/CFy) batteries represent one of
the most energy-dense primary lithium systems, combining a lithium
metal anode with fluorinated carbon cathodes. They offer unique
advantages, including high theoretical energy density (>2100 Wh-kg™),
stable discharge voltage, long shelf life, and low self-discharge rates,
making them attractive for aerospace, defense, and medical life (Xu,
2004; Zhang, Qiao, Wu, & Li, 2023). Among solid-state cathodes, CFx
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remains unmatched in gravimetric energy density, but practical use is constrained by its intrinsic
drawbacks (Liu, Zhang, Wang, & Wang, 2022; Hagiwara, Yokoyama, & Ito, 1980).

Despite these merits, the poor electrical conductivity of the cathode, insulating nature of the
discharge LiF product, and sluggish electrode kinetics lead to high polarization and voltage delay,
especially at low temperatures (Kim, Lee, & Park, 2021; Kulova & Skundin, 2020; Zhang, Foster, &
Read, 2009). As a result, while Li/CF; cells provide exceptional energy density at ambient conditions,
sustaining comparable performance below —20 °C remains challenging (Wang, Zhao, Zhang, & Wu,
2019; Tan et al., 2023).

Electrolyte design plays a decisive role in addressing these issues. An ideal low-temperature
electrolyte should satisfy several criteria:

1. maintain high ionic conductivity at —20 °C or below;

2. provide low lithium ion desolvation energy;

3. form stable and low-resistance solid electrolyte interphase (SEI) layers at both electrodes
(Liu et al., 2022; Lin, Zhang, & Xu, 2021; Xue et al., 2022).

However, traditional carbonate-based electrolytes using LiPFs in EC/DMC or PC/DME
solvents suffer from reduced conductivity and increased interfacial resistance at low temperatures
(Zhang, Li, Yang, & Xu, 2022).

To overcome these issues, researchers have explored a variety of strategies, including the use
of fluorinated solvents, dual-lithium salt systems, and electrolyte additives (Ge et al., 2023; Smith &
Grey, 2015; Park, Lee, & Kim, 2021). Fluoroethylene carbonate (FEC), for instance, improves SEI
stability on lithium metal surfaces and enhances low-temperature discharge performance (Zhang et
al., 2023). Lithium nitrate (LiNOs) and BFs-based additives have also been shown to improve
interfacial kinetics by reducing LiF accumulation and enhancing lithium ion transport pathways
(Nagasubramanian & Di Stefano, 2007; Li et al., 2021; Zhang, Jiang et al., 2023).

Hagiwara et al. (1980) were among the first to report that solvent co-insertion into CFy
structures influences discharge plateaus. More recently, the addition of BF3-based gaseous additives
has enabled record power densities (up to 23.000 W-kg™) and energy densities exceeding 720
Wh kg™ in Li/CF; systems (Lee et al., 2022; Li et al., 2021). Such performance enhancement is
attributed to the dissolution of insulating LiF, which prevents cathode passivation and allows
continuous lithium intercalation (Zhang, Jiang et al., 2023).

Furthermore, the use of dual-lithium salt systems such as LiDFOB + LiBF4 or LiPFe + LiNO3
has demonstrated synergistic effects in improving both ionic conductivity and interfacial stability
(Xue et al., 2022; Yin et al., 2022; Chen, Wang, Jiang, & Li, 2023). These systems often maintain
conductivity above 5 mS-cm™! at —20 °C and ensure stable operation even at —40 °C (Zhang, Qiao et
al., 2023).

Despite these advances, systematic evaluation of dual-salt systems in Li/CFy cells under sub-
zero conditions remains limited. In particular, the combined use of lithium difluoro(oxalato)borate
(LiDFOB) and lithium tetrafluoroborate (LiBF4) has not been comprehensively explored. In this
study, we investigate the electrochemical performance of Li/CFx cells with various electrolytes,
focusing on ionic conductivity and discharge characteristics at —20 °C. The results are compared with
literature-reported high-performance systems, offering insights into the rational design of electrolytes
for low-temperature lithium primary cells.

2. Materials and methods
2.1. Electrode and Cell Preparation

Commercial carbon monofluoride (CFy, x = 1.0-1.15, MTI Corporation) was used as the active
cathode material. The cathode slurry was prepared by mixing CF, powder (85 wt%), conductive
carbon (Super P, 10 wt%), and polyvinylidene fluoride (PVDF, 5 wt%) in N-methyl-2-pyrrolidone
(NMP) to form a homogeneous paste. The slurry was coated onto aluminum foil using the doctor
blade method and dried under vacuum at 100 °C for 12 hours. The electrodes were hot-rolled to a
thickness of ~100 um and punched into 14 mm discs.
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After drying, electrodes were hot-rolled to a thickness of 95-105 pm to ensure uniform porosity
and punched into 14 mm discs. The mass loading of active material was 10-12 mg per electrode with
a reproducibility deviation not exceeding +0.3 mg. Cell-to-cell variation during preparation did not
exceed 3%.

Coin-type CR2032 test cells were assembled in an argon-filled glovebox (SPEKS GB02M, H20
< 0.1 ppm, Oz < 1.0 ppm). Lithium foil was used as the anode. A Celgard 2500 polypropylene
membrane served as the separator. The mass loading of active material was approximately 10-12 mg
per electrode.

2.2. Electrolyte Composition

A series of electrolytes was prepared to evaluate the effect of salt combinations and additives.
Single-salt systems included 1 M LiPFs, LiClOs, or LiBF; dissolved in solvent mixtures of PC:DME
or FEC: DME (3:7 v/v). Dual-salt systems were obtained by dissolving 0.4 M LIiDFOB with 0.6 M
LiBFs in PC:DME (3:7 v/v), or 0.4 M LiDFOB with 0.6 M LiPFg¢ in PC:DME:EA (3:6:1 V/v).
Additive-containing systems were prepared by incorporating 5 vol% fluoroethylene carbonate (FEC)
and/or 3 vol% lithium nitrate (LiNOs). All salts and solvents were battery grade (H-O < 20 ppm, O2
< 10 ppm). Electrolytes were mixed in an Ar-filled glovebox (H20 < 0.1 ppm, O2 < 1.0 ppm) and
magnetically stirred until clear solutions were obtained. The selection of LIDFOB and LiTFSIlbased
systems follows numerous reports indicating their ability to form LiF-rich SEI layers with reduced
desolvation energy, which is beneficial for low-temperature lithium-ion transport.

2.3. Electrochemical Characterization

CR2032 coin cells were assembled in the glovebox using lithium foil (15 mm diameter, 450
um thick) as the anode, CFx cathodes as described above, and Celgard 2500 polypropylene
membranes as separators. The electrolyte volume per cell was 80—-100 uL. Galvanostatic discharge
tests were carried out using an MT1 BST8-MA multi-channel battery analyzer in the voltage window
of 1.5-4.5V at controlled current densities (0.1-0.5 C, normalized to CF« mass). Prior to testing at
—20 °C or +60 °C, cells were equilibrated in a Binder MK 56 climatic chamber for at least 4 h to
ensure thermal stabilization. lonic conductivity was measured via electrochemical impedance
spectroscopy (EIS) using a Biologic SP-200 over the frequency range 1 MHz-100 mHz with a 10
mV AC amplitude. lonic conductivity was evaluated using a resistance-based equivalent circuit (Rs),
which was consistently applied for processing the impedance spectra. This circuit is standard for
conductivity measurements and was therefore used in this work

For each electrolyte composition, a separate batch of three to five CR2032 cells was assembled
to ensure statistical reliability. lonic conductivity, impedance spectra, and discharge profiles were
measured individually for every cell, and the mean values were reported. The variation between cells
did not exceed 3 %, confirming the reproducibility of the results.

3. Results
3.1 lonic Conductivity of Electrolytes

The ionic conductivity of different electrolyte formulations was investigated using
electrochemical impedance spectroscopy over the temperature range from —20 °C to +60 °C. As
illustrated in Figure 1, all electrolyte systems exhibit a monotonic increase in conductivity with
temperature, consistent with thermally activated ion transport and enhanced ionic mobility at elevated
temperatures. At +60 °C, nearly all electrolytes surpassed 10-14 mS-cm™!, demonstrating that the
investigated solvents provide sufficient ionic dissociation under warm conditions. However, the
situation was markedly different at —20 °C, where a clear differentiation emerged between single- and
dual-salt formulations.
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Figure 1. lonic Transport Properties of Electrolytes under Varying Thermal Conditions: 1 — 1M
LiDFOB in FEC:DME (3:7); 2 — 1M LiCIO4 in FEC:DME (3:7); 3 — 1M LiPF¢ in FEC:DME (3:7);
4 — 0.4 M LIiDFOB + 0.6 M LiBF4 in PC:DME (3:7); 5 — 1M LIiDFOB in PC:DME (3:7); 6 — 1M
LiDFOB in PC:DME (3:7) +3% FEC + 1% LiNOs; 7 — 1M LiDFOB in PC:DME:EA (3:7:3) +3%
LiNOs + 5% FEC

For example, 1 M LiPFs in FEC:DME displayed only ~2.8 mS-cm™ at —20 °C, reflecting the
limited dissociation ability of LiPFs and the strong Li* — solvent interactions in this medium. In
comparison, 1 M LiDFOB in PC:DME achieved ~3.5 mS-cm™!, which can be attributed to the
favorable solvation structure of LIDFOB anions and the lower viscosity of PC/DME mixtures. The
most remarkable performance was observed for the dual-salt system 0.4 M LiDFOB + 0.6 M LiBF4
in PC:DME, which reached ~5 mS-cm™ at —20 °C. This fivefold enhancement relative to LiPFe
highlights the synergistic effect of combining salts with complementary solvation properties:
LiDFOB contributes to SEI stabilization and reduced desolvation energy, while LiBF4 enhances salt
dissociation and ionic mobility. Together, these effects enable sustained conductivity even in sub-
zero environments.

FEC-containing solvents FEC: DME, electrolytes based on LiDFOB and dual-salt formulations
maintained ionic conductivity above 5 mS-cm™ at —20 °C. This improvement arises from a dual
mechanism: first, FEC contributes to reduced interfacial resistance by forming a thin, ion-conducting
film on the lithium surface; second, the combination of boron-based salts increases the degree of
dissociation while simultaneously lowering viscosity. Collectively, these factors ensure effective Li*
transport in environments where traditional carbonate-based systems exhibit a sharp decline in
conductivity.

4. Discussion

The role of additives was also evident. Incorporating 3% LiNO3 and 5% FEC (systems 6 and
7) maintained conductivity above 4 mS-cm™ at —20 °C, outperforming single-salt counterparts.
However, the absolute values were slightly lower than those of the additive-free dual-salt system,
indicating that while additives stabilize interfacial chemistry, they increase bulk electrolyte viscosity.
Overall, the conductivity trends suggest that dual-salt electrolytes are far more tolerant to temperature
reduction, aligning with previous reports. The ability to sustain ionic conductivity above 5 mS-cm™
at—20 °C s critical for achieving reliable discharge in Li/ CF cells under extreme climatic conditions.
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4.1 Discharge Performance at —20 °C

Figure 2 presents the discharge characteristics of Li/CF. cells at —20 °C, which clearly
demonstrate the influence of electrolyte composition on low-temperature behavior. Electrolytes were
divided into two groups: (a) those with additives (FEC and/or LiNO3); (b) additive-free reference
systems.

== (.4M LiDFOB + 0.6M LiBF4 in PC:DME = LiDFOB in FEC:DME
24+ == LiDFOB in PC:DME + 3% FEC + 1% LINO3 244 == LiCIO4 In FEC:DME
=+ LiDFOB in PC:DME:EA + 5% FEC + 3% LINO3 ~—+ LiDFOB in PC:DME

Voltage, V
[3°) N
(=] 3]
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161 1.6
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Figure 2. Discharge profiles of Li/CF cells at —20 °C. (a) Electrolytes with additives; (b) Additive-
free electrolytes

The dual-salt electrolyte 0.4 M LIiDFOB + 0.6 M LiBF4 in PC:DME (3:7 v/v) exhibited the
most stable discharge curve. The voltage plateau extended from approximately 2.2 to 1.9 V with only
minor polarization at the beginning of discharge, while the specific capacity reached 220-230
mAh-g'. This demonstrates efficient ion transport and reduced interfacial resistance even under sub-
zero conditions. Although the obtained capacity represents only a fraction of the theoretical value of
CFy, it is a significant result for operation at —20 °C with moderate electrode loading. Similar
improvements in low-temperature performance have been reported for borate-containing electrolytes,
which promote the formation of LiF and borate rich SEI layers with low charge-transfer resistance
(Zhang, Foster and Read, 2009; Li et al., 2024). Although the achieved capacity represents only a
fraction of the theoretical CFx value, it is considered a significant result for —20 °C operation with
moderate electrode loading and is consistent with previously reported data for Li/CF systems at low
temperatures (Shen et al., 2025).

In contrast, single-salt carbonate electrolytes exhibited a sharp voltage drop at —20 °C (Figure
2b), which can be attributed to increased charge-transfer resistance and limited Li* mobility. It is well
established that carbonate solvents show increased viscosity and sluggish desolvation kinetics at low
temperatures, leading to rapid SEI growth and strong polarization even at low discharge rates (Liang
et al., 2023). The present results confirm this limitation for Li/CFx cells.

Electrolytes containing additives such as FEC and LiNO3 produced smoother and more stable
voltage profiles compared to additive-free systems. These additives are known to enhance interfacial
stability through the formation of LiF rich and inorganic passivation layers; however, their presence
increases electrolyte viscosity and slightly reduces ionic conductivity, resulting in a modest decrease
in discharge capacity at —20 °C (Ge et al., 2023). Dual-salt electrolytes, particularly those based on
LiDFOB, provided a more favorable balance between interfacial stability and ionic transport. Their
discharge curves showed reduced fluctuations and a more uniform slope, indicating enhanced
compatibility at the electrode/electrolyte interface. At the same time, the overall capacity decreased
slightly, which can be attributed to the formation of thicker passivation layers. These layers protect
the lithium anode and cathode interface, but they also increase resistance and reduce the fraction of
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active lithium ions participating in the reaction. Dual-salt systems, especially those containing
LiDFOB, form a more uniform SEI enriched with LiF and borate species. These compounds lower
interfacial impedance and maintain lithium-ion flux under sub-zero conditions.

In contrast, single-salt electrolytes such as LiPFe or LiClO4 in FEC:DME displayed significant
polarization and early capacity decay. The discharge voltage dropped below 2.0 V after only a small
degree of utilization, and the final capacities were limited to around 170-180 mAh-g'. This behavior
reflects the limited ability of single-salt carbonate systems to support stable lithium ion transport at
low temperatures.

Overall, the discharge results highlight several key points. Dual-salt systems provide the most
balanced performance, combining high ionic conductivity with reduced polarization. Additives
improve the smoothness and stability of the discharge process, though at the expense of some
capacity. Conventional single-salt carbonate electrolytes remain the least effective option for sub-
zero operation. Together with the conductivity data, these findings demonstrate that optimized
electrolyte chemistry is essential for ensuring reliable Li/CF; battery operation in low-temperature
environments. Future research directions may include: systematic optimization of dual-salt ratios to
further improve SEI uniformity and Li* mobility and in-situ characterization of SEI and CF« cathode
transformations at sub-zero temperatures to better understand interfacial mechanisms.

5. Conclusion

A comprehensive study of the electrochemical behavior of Li/CF primary cells under low-
temperature conditions (20 °C) was conducted using a range of electrolyte systems. Based on the
experimental results, the following key conclusions:

1. Electrolyte composition plays a decisive role in determining the ionic conductivity and
discharge performance of Li/CF cells at sub-zero temperatures. Dual-salt systems significantly
outperform single-salt electrolytes.

2. The dual-salt electrolyte consisting of 0.4 M LiDFOB + 0.6 M LiBF4 in PC:DME (3:7 v/v)
exhibited the best overall performance, with an ionic conductivity above 5 mS-cm™ at —20 °C, a stable
voltage plateau in the range of 2.2-1.9 V, and a specific discharge capacity of ~220-230 mAh-g'.

3. Electrolytes with FEC contributed to improved interfacial stability, enabling more stable
discharge curves. However, their excessive concentrations increased interfacial resistance and
slightly reduced discharge capacity.

4. Single-salt systems based on salts LiPFs and LiC1O4 in conventional solvents demonstrated
limited low-temperature performance, characterized by higher polarization and lower specific
capacity ~180 mAh-g.

The obtained results are consistent with recent literature and confirm that combining fluorinated
salts, low-viscosity solvents, and selective additives is an effective strategy for enhancing the
performance of primary Li/CFx batteries in extreme environments. These findings provide practical
guidance for the rational design of advanced electrolytes for high-performance lithium primary
systems operating under low-temperature conditions.
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Li/CFx »JjeMeHTTepiHiH TOMeH TeMIEpPaTypaJarbl  JJEKTPOXMMUSIBIK
KAaCHETTePi: JJIEKTPOJIUT KYPAMbIHBIH POJIiH 3epTTEY

Asxap Adapaxmanosa, Hypuss Omaposa, Anb¢pupa CadburoBa, baaken Kynepuna

Anparna. bacranker mutuii-kemiprekti gropun (Li/CFy) anemeHTTepi )KOFaphl TECOPUSIIBIK SHEPTH
TBIFBI3JIBIFBI, Y3aK CaKTay Mep3iMi KoHE TOMEH O3/IT1HEH pa3psATAITYbIHBIH apKAaChIH/a adpOFapBhIIL,
MeJMIIMHA JKOHE KOPFaHbIC cajallapblHla KeHIHEH KOJIaHBUIaAbl. AJaiia TeMeH TeMmiieparypania
ONIapIbIH JKYMBIC ICTE€y THIMIUIITT JWTUH WOHIAPBIHBIH KO3FAIBICBIHBIH TOMEHACYl MeH
nHTEepENCTIK KeEePTiHiH apTybIHa 0alIaHBICTBI alTapIIBIKTal Hammapaaiasl. by skympicta —20 °C
temneparypaga Li/CFy aneMeHTTepiHiH 3IEKTPOIUT KypaMbl HOHJBIK OTKI3TIIITIKKE JKOHE paspsia
cunaTrraMmanapbiHa ocepi 3eprrenai. dnektponutrepain Kypambinga LiDFOB, LiBFa, LiPFs xone
LiClOs ty3mapsr optypai epitkimrepae (PC:DME, FEC:DME xone PC:DME:EA) xonnanbuiisl,
keii0ip kypamaap FEC sxone LiNOs kocnanapbIMeH TONBIKTBIPBUIIBL. IMIIETaHCTHIK CIEKTPOCKOMUS
omici OOMBIHIIA TEK €Ki Ty3JaH TYPaThIH XKylhenep MeH kehoip kocmanap raHa —20 °C-ta 5 MCm/cM-
JIeH JKOFapbl OTKI3TIIITIK KepceTeTiHI aHbIKTaabl. EH xkakcel HoTHke 0.4 M LiDFOB + 0.6 M LiBF4
in PC:DME kypaMbIHzIa TipKeJi, OHBIH Pa3psATHIK MEHIIIKTI CHIMBIMABLIBIFEI ~220—-230 MA -caf/T
O6onabl. byn 3eprrey HOTHXKeENEpi FBUIBIMU OleOMETTEpMEH COWKec KeneAl >KOHE TeMeH
temneparypaga xymbic icreiitin Li/CFy Herizimmeri OaTapesuiap YIIiH 3JIEKTPOJHMT KYpaMbIH
OHTaWUIaHABIPYAbIH MaHbBI3IBUIBIFBIH KOPCETE/I1.

Tyiiin ce3ngep: Li/CF, anemeHTTEpl; SMEKTPOIUT KYpambl; UMIIEIAHCTBHIK CIIEKTPOCKOIUS; TOMEH
TEMIIepaTypa; pa3psAATHIK ChIMBIM/IBLUIBIK,.

JIeKTpOXuMHYeckoe noseaenue dneMeHToB Li/CF, npu Hu3Ko#l TeMmeparype:
POJIb COCTABA YJIEKTPOJIUTA

Asxap AdapaxmanoBa, Hypus Omaposa, Anb¢pupa CadéuroBa, baaken Kynepuna

Annoranmsi. [lepBuunbie nutHit-¢pTopyriepoansie (Li/CF) s1meMEHTHl IIMPOKO HM3BECTHBI
65aroapst BBICOKOW TEOPETHUECKON TNIOTHOCTU SHEPTHH, JUTUTEILHOMY CPOKY XpaHEHHUS U HU3KOMY
caMopa3psily, 4TO JeNaeT UX BOCTPEOOBAHHBIMU B adPOKOCMHUYECKOM, MEIMIIMHCKONW M BOCHHOM
orpacisix. OJHaKO NMpU MOHMKEHHBIX TeMIlepaTypax X padoTa 3HAUMTENbHO YXYJAIIAeTcs H3-3a
pocta Mex(}a3HOTO CONPOTUBICHUS U CHUKECHHUS TOJBMYKHOCTH MOHOB JUTHS. B nanHO# pabote
UCCIICIOBAaHO BIUSHHE COCTaBa DJEKTPOJIMTA HA HOHHYIO TPOBOJUMOCTb U  pa3psIHble
xapaktepuctuku dyemMentoB Li/CF mpu temmeparype —20°C. M3ydanuch OIHOCOJICBBIE |
JIBYXCOJIeBbIe 2IeKTpoiauThl Ha ocHoBe coneil LIDFOB, LiBF4, LiPFs u LIClOs B pa3muunbIX
pactBoputensax (PC:DME, FEC:DME u PC:DME:EA), ¢ no6askamu FEC u LINOs u 6e3 HuX.
MeTonoM HMIENIaHCHOM CIEKTPOCKONHHU IOKa3aHO, YTO TOJBKO JIBYXCOJIEBBIE CHUCTEMBI U
ONTUMAalIbHBIE JT00AaBKH O0ECIEYHBAIOT TPOBOJMMOCTH BhImie 5 MCM/CM TIPH OTPHIIATEIBHBIX
TemriepaTypax. Hawmmydmme xapakTepucTHKH TpojeMoHcTpupoBai snekrpoiut 0.4 M LIDFOB +
0.6 M LiBF: B PC:DME c¢ ynenpHO#N éMmKkocThIO ~220-230 MA-u/r. [lonyueHHBIC pe3yJbTaThl
COIJIACYIOTCSl C JIMTEPATypHBIMU JAHHBIMH U TMOMYEPKUBAIOT KIFOYEBYIO POJIb 3JIEKTPOIUTHON
WH)KCHEPHH B pa3paboTKe HU3KOTEMITEPATYPHBIX MEPBUYHBIX HCTOYHUKOB TOKa Ha ocHOBe Li/CF.

KaroueBbie ciaoBa: Li/CF, a31eMeHTBI; COCTaB 3IIEKTPOJHUTA; HMIINAHCHAS CIEKTPOCKOTIHS
HU3KOTEMIIEPATYPHBIE XapAKTEPUCTUKH; pa3psiiHas EMKOCTb.
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Abstract. The cyanobacteria Spirulina platensis and Nostoc linckia are
high-nutrition products with broad potential for use in the food and
pharmaceutical industries, as well as in bioremediation. However, their
high capacity for metal, including potentially toxic, bioaccumulation
necessitates monitoring of their elemental composition. Multi-element
neutron activation analysis, a powerful, non-destructive analytical
chemistry technique, at the IBR-2 reactor of Frank Laboratory of Neutron
Physics of the Joint Institute for Nuclear Research in Dubna, Russia, was
used to study the elemental composition of two strains of Spirulina
platensis and cyanobacterium Nostoc linckia. The content of 23 elements,
including Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se,
Rb, Sbh, Ba, Cs, and U, was determined in each cyanobacterial strain. The
level of toxic metals in the microbial biomass did not exceed the limits for
daily intake set by the World Health Organization. Possible mechanisms
of metal ions uptake by cyanobacterial biomass were discussed.

Keywords: neutron activation analysis; Spirulina platensis; Nostoc
linckia; elemental content

1. Introduction

Promising new fields in medicine, pharmacology, and
biotechnology are being intensively developed for disease treatment and
prevention, along with environmental bioremediation (Assidi et al., 2022;
Santos-Beneit, 2024). A significant biotechnological approach involves
the application of cyanobacteria, a rich source of bioactive compounds for
the production of vitamins, enzymes, and pharmaceuticals (Bouyahya et
al., 2024; Vijayakumar & Menakha, 2015; Zymanczyk-Duda et al., 2022).
The filamentous cyanobacterium Spirulina platensis is particularly
notable, having gained international importance for its high-value
phytonutrients and pigments (Bourais et al., 2022; Mary Leema et al.,
2010). Spirulina is extensively used to produce biomass enriched with
trace elements (Se, I, Cr, V, Fe, etc.), which is used to treat deficiencies
of these elements and their related ailments (Cepoi et al., 2017; Mondal
et al., 2024; Podgodrska-Kryszczuk, 2024; Yang et al., 2024).

Members of cyanobacteria belonging to the family Nostocaceae are
considered the most impressive “biochemical factories” of the biological
world. The genus Nostoc is a valuable source of a wide spectrum of
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secondary metabolites, such as fatty acids, that have many different potential uses as anticancer, anti-
HIV, antimalarial, antifungal and/or antimicrobial drugs (Galhano et al., 2011; Shalaby et al., 2019;
Thuan et al., 2019).

The rate of cyanobacteria biomass growth and its composition depend on many factors, the
most important of which are the composition of nutrient medium, temperature and light. Recently,
different types of cultivation medium have been developed to produce cyanobacteria biomass (Raoof
et al., 2006). The application of cyanobacteria biomass in medicine and drug production requires
careful control of its biochemical and chemical composition. The main part of the research in the field
is devoted to the biochemical characterization of biomass (Cepoi et al., 2022; Raoof et al., 2006;
Spinola et al., 2024). At the same time, several studies reported high content of elements with no
biological functions in cyanobacteria biomass, which can have a negative impact on human health
(Sochacka et al., 2025) .

Therefore, in the present study, the elemental composition of two types of Spirulina platensis
biomass, produced in Moldova and Russia, and Nostoc linkia biomass was determined using neutron
activation analysis, a powerful analytical technique for multi-element surveys. It should be mentioned
that the elemental composition of cyanobacteria Nostoc linckia was determined for the first time.

2. Materials and methods

Materials

In the present study, algological pure cultures of cyanobacteria Spirulina platensis CNM-CB-
02 (Spirulina 1) (Cepoi, Zinicovscaia, Rudi, et al., 2022) and Nostoc linckia CNM-CB-03 strain
(Cepoi et al., 2022) from the National Collection of Nonpathogenic Microorganisms (Institute of
Microbiology and Biotechnology, Technical University of Moldova) and Spirulina platensis
(Spirulina I1) from the Moscow State University Collection (Moscow, Russia) were used.

Biomass cultivation

The cultivation of Spirulina (1) was carried out in an open-type tank with a volume of 60 L in
the SP-1 nutritive medium (Cepoi et al., 2020) at a temperature of 32-35 °C, illumination 37-55
umoles of photons-m2-s1, pH 8-9 and at constant mixing. The cultivation of Spirulina (11) was carried
out in an open-type tank with a volume of 1500 L (surface area 15 m?, the depth of the nutrient
medium 0.1 m) in the following nutritive medium (in g-L™*): KNOs-3.0; NaHCOs-15.0; NaCl-1.0;
K2S04-0.5; KoHPO4-0.6; MgSQO4-7H20-0.5; H3BO3-2.86; MnClz-4H,0-1.81, CuSO4-5H,0 -0.08 L ;
ZnS04-7H20-0.22; M003-0.015 mg-L%; and FeEDTA — 1 g-L* at a temperature of 25-35 °C, pH 9-
11 and at constant mixing. lllumination during a 24-hour period changed from 0 to 100,000 Ix.
Selected illumination mode simulated a 24-hour light cycle, changing from 0 to 100,000 lux,
represents the natural progression from a night (0 lux) through twilight (around 1-100 lux) to bright
daylight (100 00-100,000 lux).

The culture of Nostoc linckia (Roth) Born et Flah CNM-CB-03 was cultivated in laboratory
conditions on mineral medium Gromov 6 (Cepoi, Zinicovscaia, Valuta, et al., 2022), stirring daily, at
a temperature of 25-27 °C, pH 6.8-7.2 and continuous illumination (a light intensity of 37-55 pmoles
of photons-m-s%). In the stationary growth phase (6" day for S. platensis and 14" day for N. linckia)
the cyanobacteria biomass was separated from the culture medium by centrifugation, washed several
times with bi-distilated water to remove media salts/impurities and dried. Next, the obtained biomass
was used for elemental analysis.

Neutron activation analysis (NAA)

Neutron activation analysis was carried out at the pulsed fast reactor IBR-2 of the Frank
Laboratory of Neutron Physics, JINR, Dubna, Russia. The temperature in the irradiation channels of
the reactor IBR-2 does not exceed 60-70 °C, which allows irradiation of biological samples. A total
of 23 elements (Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se, Rb, Sh, Ba, Cs, and
U) were determined using both short and long-time activation. To determine elements with short-
lived isotopes: Mg, Al, CI, Ca, and I, samples were irradiated for 3 min under a thermal neutron
fluency rate of approximately 1.2-10'2 n cm™? s and measured for 15 min. In the case of long-lived
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isotopes: Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se, Rb, Sb, Ba, Cs, La, Ce, Hg, and U samples
were irradiated for 4 days under a thermal neutron fluence rate of approximately 1.1-10%* cm? s and
their activity was then measured in 4 and 20 days, respectively. y-ray spectra were measured using a
large-volume high-purity germanium detector with a resolution of 1.96 keV for the 1332.4-keV line
of °Co.

The quality control of analytical measurements was provided by the National Institute of
Standards and Technology (NIST, Gaithersburg, MD, USA) certified reference materials — SRM
1633b (constituent elements in coal fly ash), SRM 1572 (citrus leaves), SRM 1566b (Oyster tissue)
(NIST 1566Db). The difference between the certified and measured content of elements of the certified
material varied between 1 and 10%. The NAA data processing and determination of element
concentrations were performed using the software developed in FLNP JINR. More details about the
irradiation of biological samples can be found in (Zinicovscaia et al., 2016, 2018).

Determination of the biochemical composition of Nostoc linkia

Protein content in the Nosctoc linckia biomass was determined spectrophotometrically by the
Lowry method. Carbohydrate amount was determined by a spectrophotometric method using an
anthrone reagent. Quantitative determination of lipids was carried out spectrophotometrically using
the phospho—vanillin reagent. Phycobiliprotein level was calculated on the basis of the formula of
Siegelman and Kycia. Pigments in biomass were quantified spectrophotometrically. More details
about the determination of the biochemical composition of biomass can be found in (Cepoi et al.,
2021).

Statistical analysis

All experiments were replicated 3 times. Statistical analysis was performed with a one-way
analysis of variance (ANOVA) by using Statistica 10. Data are shown as Mean valuex SD.

3. Results

In Table 1, the content of major and trace elements in S. platensis biomass are presented. Data
obtained in the present work were compared with data present in Mosulishvili et al. (2004),
Campanella et al. (1998), Ortega-Calvo et al. (1993) , and Al-Dhabi and Arasu (2013) studies. In
total, it was possible to determine 22 elements, including major (Na, K, and Mg), minor (Fe, Zn, Se,
Cr, Ni, and I), and elements that have no biological function.

The strain Nostoc linckia (Roth.) BORN. et FLAH. CNM-CB-03 cultivated on the Gromov -6
medium is characterized by the following biochemical composition: proteins — 15-25 %, carbohydrate
— 35-50 %, phycoerythrin — 2.0-4.0 %, phycocyanin — 0.5-1.0 %, alophycocyanin — 0.5 -1.0 %, lipids
— 2 %, carotene — 0.2-0.4 %, and xanthophylls - 0.4-0.7 %.
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Table 1. Content of elements in the Spirulina platensis biomass and literature data

Concentration, mg-kg* dry weight

Element S. platensis (1) S. platensis (1) S. platensis S. platensis Spirulina A Spirulina B Spirulina C Spirulina (25 samples)
Mosulishvili etal. | Campanellaetal. | Ortega-Calvoet | Ortega-Calvo et Ortega-Calvo et al. Al-Dhabi and Arasu
(2004) (1998) al. (1993) al. (1993) (1993) (2013)
Method* NAA NAA NAA INAA and ICP- AAS AAS AAS ICP-MS
AES

Na 10600+420 4133270 1548542300 123004400 13630 17680 1230 -
Mg 5380+270 3013+160 16404320 120450 3420 5030 4610 -
Al 13046 475 94+11 - - - - -
Cl 6430+385 667+37 5690+570 630+30 - - - -
K 18600+1670 7037+350 1802541800 890+40 18970 16490 11340 -
Ca 21100+2300 4637+244 937+230 720+10 9600 15410 6870 -
Sc 0.01+0.002 n.d. 0.01+0.002 0.25+0.02 - - - -
Cr 8.9+0.9 <1.9 6.2+0.9 9.0+0.3 3.3 7.1 5 -

Mn 11745 3442 4845 54.5+0.4 117 64 36 0.08-2.2
Fe 4610+230 517+30 1360+120 1116+25 751 2016 945 -

Ni 4.4+0.4 1.1+0.2 4.7+£1.3 - 5.4 5.8 6.1 0.2-4.7
Co 0.12+0.01 0.22+0.01 0.98+0.01 0.68+0.05 1.7 0.5 0.9 -

Zn 3443 17+1.1 115+18 240+11 50 29 24 0.5-6.2
As 0.44+0.02 0.100+0.001 0.57+0.17 - - - - -
Se 0.12+0.03 <0.3 n.d 0.120+0.006 - - - -
Br 1.9+0.2 1.2+0.1 0.7+0.1 19.2+0.4 - - - -
Rb 0.32+0.07 0.8+0.1 0.41+0.06 - - - - -
Sb 0.060+0.003 0.010+0.001 0.10+0.01 0.14+0.02 - - - —
[ 4.1+0.7 0.21+0.01 0.4+0.1 - - - - -
Ba 25%1.3 n.d n.d - - - - -
Cs 0.009+0.002 0.023+ 0.001 nd 0.060+0.002 - - - —
V n.d n.d 0.42+0.08 3.2£0.4 - - - -
) 0.041+0.003 0.024+0.001 n.d n.d - - - -
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Table 2 shows the macromineral and trace elements content in the Nostoc linkia biomass. A
total of 23 elements were determined in biomass by NAA. The obtained data were compared with
data obtained for Nostoc flagelliforme (Gao, 1998) and allowed daily intake levels of metals
recommended by the National Institutes of Health (Office of Dietary Supplements (ODS), 2025) and
the World Health Organization (Trace Elements in Human Nutrition and Health, 1996).

Table 2. Content of elements in the Nostoc linkia biomass, mg-kg™

Element Nostoc linkia Nostoc Allowed daily intake
flagelliforme
(Gao, 1998)

Na 5500£220 - -

Mg 5360+260 2700 -

Al 140+7 — 2-14 mg-day™
Cl 93104745 - -

K 63600+5090 - 3500 mg-day*
Ca 9300+1210 1830 200-1300 mg-day*
Cr 6.0+0.7 — 0.2-120 pg-day*
Mn 13147 23+6.5 2-5 mg-day*
Fe 480+62 300 0.2-27 mg-day*
Ni 15.2+1.5 10.6+2.3 <1 mg-day*
Co 1.81+0.01 2.8+0.09 5-8 ug-day™
Zn 30+2 12.8+4.2 2-12 mg-day™
As 0.70+0.02 — 15-70 pg-day™
Se 0.30+0.05 — 15-70 pg-day*
Br 4.8+0.6 - -

Rb 4.82+0.08 - -

Sb 0.100+0.005 - -

Ba 17.3+1.4 - -

La 0.20+0.03 - -

Ce 2.7x1.7 - -
Sm 0.030+0.004 - -

Cs 0.30+0.01 — -

U 0.040+0.003 - -

Discussion

All S. platensis samples showed a relatively high Na and K content; however, the Na/K ratio in
all cases was below 1.5, approximately 0.6 for both types of spirulina samples. Potassium (K) is a
cofactor for many enzymes and is involved in protein synthesis and osmotic regulation (Harris, 2012).
The Na content in biomass depends mainly on the Na amount in salts added in the formulation of the
cultivation medium. Magnesium (Mg) level in the studied samples was in the range of data reported
in Ortega-Calvo et al. (1993), but higher than the data presented by Mosulishvili et al. (2004) and
Campanella et al. (1998). Magnesium (Mg) occupies a strategic position in the photosynthetic
apparatus as the centre of the chlorophyll molecule; therefore, all cyanobacterial species have an
absolute requirement of this element. Apart from this, it has a role in the aggregation of ribosome into
functional units, and the formation of catalase (Ahmed et al., 2023; Salman et al., 2023).

Trace elements: Fe, Zn, Se, Cr, Ni, and I, which play an important role in the metabolism and
vital functions of living organisms. Iron is essential for the functioning of many biochemical
processes, including electron transfer reactions, gene regulation, binding and transport of oxygen, and
regulation of cell growth and differentiation (Beard, 2001; Lieu et al., 2001). The difference in Fe
content was very pronounced in the studied spirulina samples: 4610 mg-kg™ for Spirulina | and 517
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mg-kg* for Spirulina 1l. Zinc (Zn), the second after iron most abundant microelement in all living
organisms, is the co-factor of more than 300 enzymes, providing structural stability of a large number
of proteins (Chasapis et al., 2020). Zinc content in Spirulina | sample (34 mg-kg™) was two times
higher than in Spirulina 1l sample (17 mg-kg™?). Obtained Zn levels were lower than data reported by
Mosulishvili et al. (2004) and Campanella et al. (1998) and similar to data obtained by Ortega-Calvo
etal. (1993). In the case of Cr, its amount in the Spirulina II sample was below the method’s detection
limit. In Spirulina | sample Cr content was similar to the data reported in Campanella et al. (1998)
and higher than the values reported I other studies. Chromium is an essential nutrient that potentiates
insulin action and thus influences carbohydrate, lipid and protein metabolism (Chromium - Health
Professional Fact Sheet, 2025). Manganese (Mn) is both an activator and a constituent of several
enzymes. Manganese level in Spirulina I and Spirulina Il samples, 117 and 43 mg-kg™, respectively,
was in the range of data presented in Ortega-Calvo et al. (1993) study. lodine (I) level in spirulina
samples was highly variable: 4 mg-kg™ for Spirulina I and 0.2 mg-kg* for Spirulina I1. It should be
mentioned that | was determined only in spirulina samples, which were analyzed using NAA.

The ultra-trace element Ni is both essential and toxic for animals and humans. A Ni-poor
nutrition of < 0.1 mg-kg™ dry matter led to Ni deficiency symptoms (Chasapis et al., 2012). The
lowest Ni content (1.1 mg-kg™) was determined in the Spirulina Il sample, while its amount in the
Spirulina | sample (4.7 mg-kg™) was in the range of data presented in other works. While some of
trace elements are important from the nutritional point of view, other ones (As, Rb, Sb, U) are
considered toxins for cells. Trace amount of these elements appear in chemical reagents used to
prepare nutrient medium. Rubidium (Rb) and U were determined only in spirulina samples analyzed
by NAA. WHO data show that the concentration of toxic elements in the analyzed samples did not
exceed allowed daily intake (Table. 2) (Trace Elements in Human Nutrition and Health, 1996)

Comparing two types of spirulina samples, it was observed that the content of all elements in
Spirulina (I1), except Rb and Co, were lower than in Spirulina (I). These differences can be explained
by the particularity of biomass cultivation, the differences in the composition of the cultivation
medium used for these two strains and light intensity. It is known that constant light intensity
promotes biomass growth parameters, which results in higher pigments and proteins as well as
minerals accumulation (Soni et al., 2017). Production of Spirulina biomass depends on many factors,
the most important of which are nutrient availability, temperature and light. Kumar et al. (2011)
reported that the highest biomass in Spirulina was obtained at 35°C and 2,000 lux light intensity.
Spirulina I was cultivated under constant light intensity and temperature, while in the case of Spirulina
Il light intensity and temperature varied in a wide range. Low temperature and illumination lead to
low cell productivities as a result the accumulation of metals from nutrient medium can be also
reduced.

In case of Nostoc linckia the level of elements in the analyzed strain was higher than in Nostoc
flagelliforme (Gao, 1998). The presence of toxic elements as As, Sb, La, Ce, Sm, etc in the biomass
can be explained by their introduction in the cultivation medium with chemical reagents used to
prepare it. Therefore, only high-purity reagents must be used to produce biomass for pharmaceutical
and medical purposes. The content of toxic metals in the microbial biomass did not exceed the limits
for daily intake set by the World Health Organization.

Essential metals are actively taken up by cyanobacteria through specialized uptake systems, but
non-essential metals may also be taken up because they are mistaken for an essential metal (Ledin,
2000). Cyanobacteria can accumulate metals through biosorption or bioaccumulation (fig. 1). Metal
ions biosorption mechanisms includes physical adsorption (weak forces), electrostatic attraction, ion
exchange, complexation, chelation, and surface precipitation. The functional groups of
carbohydrates, proteins and lipids include amino, carboxyl, thio ether, sulthydryl, imidazole group of
histidine, the oxygen, phosphate, phenolic, nitrogen of the peptide bond and amide moieties are
responsible for the coordinating bond with the metallic ions (Rangabhashiyam & Balasubramanian,
2019).
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Figure 1. Main mechanism of metal ions uptake by cyanobacteria (Ramirez Calderodn et al., 2020)

5. Conclusion

Neutron activation analysis is very efficient analytical technique for performing quantitative
multi-elemental analysis of major, minor and traces components in biological samples. The
concentrations of 23-24 elements were determined simultaneously in each cyanobacteria strain. The
elemental composition of cyanobacteria Nostoc linckia was determined for the first time. The
elemental content of the studied spirulina samples (Spirulina I and Spirulina 11) was within the
variability range of similar products reported in the literature. Calcium (Ca), Mg and Fe concentration
in Spirulina I were higher in comparison with other samples. For Spirulina Il concentrations of Al,
Cl, Cr, Ni, and Zn were lower in comparison with other samples. Concentration of all determined
elements in Spirulina I, except Rb and Co, was lower than in Spirulina I. The uptake of elements by
biomass depends on experimental parameters and is controlled by the line of chemical mechanisms,
including ion exchange, complexation, chelation, and surface precipitation. Spirulina platensis and
Nostoc linckia can be successfully used for nutrition and pharmaceuticals production as safety source
of trace elements. Both cyanobacteria strains present great interest for medicine and food technology.
In future studies, it is necessary to assess the impact of varying experimental conditions on biomass
growth as well as to assess the transfer of elements in the living organisms (animals, humans).
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HeiiTpoHIbIK aKTHBAIMSA TAJNAaybIH KOJIIaHa oThIpbIN, Spirulina platensis skone
Nostoc linckia nmano0akTepUAIAPBIHBIH 3JIEMEHTTIK KYPAMBIH aHBIKTAY
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HNura 3unnKoBekas

Anpnarna. Spirulina platensis »one Nostoc linckia rimano6akrepusiapsl TaMak skoHe (papmarieBTHKa
eHepKaciOiHze, COHal-aK OnopeMearanusiaa KojalaHyFa KeH aieyeTi 0ap Korapbl KOPEKTIK 3aTTap
OoubIn TaObUTABI. [lereHMeH, onapblH METaJiFa, COHBIH IIIH/E YIIbI OMO0aKKYMYJISIUSIFA JKOFAPhI
Ka0l1eTi olapAbIH AJIEMEHTTIK KypaMmblH OakbLIayel KakeT eteni. Peceiinin JlyOHa KamachIHIaFbI
bipikken Aaponsik 3epTreysnep MHCTUTYTHI, PpaHK HEUTPOHABIK (pu3uka 3eprxaHachiHbIH IBR-2
PEaKTOPBIHAAFBl KOI JJIEMEHTTI HEWTPOHJABIK aKTHBauus Tajaaybl Spirulina platensis »xoHe
nnano6akTepust Nostoc linckia exi mTaMbIHBIH 3JIEMEHTTIK KYPaMbIH 3€pPTTEY YIIIH MTai/1aJaHbLUI/IbI.
Op6ip nuanobakTepus mrammbiaaa Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As, Se,
Rb, Sb, Ba, Cs »xone U cuskThl 23 371€MEHTTIH KYpaMbl aHBIKTaJAbl. MUKPOOTHIK OMOMaccaaarbl YiIbl
MeTaapasiH Memmepi JyHuexxys3iimik AeHcaylnbIK cakTay YHBIMBI OeNTiiereH KYHIEMIKTI TYTHIHY
HICTIHECH acIabl.

Tyiiin ce3nep: HelTpoHIBI akTHBaIMsIAY Tanaaybl; Spirulina platensis; Nostoc linckia; snemenTrik
KYPaMbl

OmnpenesieHue 3JIeMEHTHOTO cocTaBa nuanodakrepmii Spirulina platensis m Nostoc
linckia MmeTo0M HEHTPOHHO-AKTHBANIMOHHOI0 AHAJIH3A

HWnra 3uHbKoBCcKas

Annoranus. [{nano6akrepuu Spirulina platensis u Nostoc linckia siBistroTcst BBICOKOITUTATEIbHBIME
OPOAYKTAMHU C IIMPOKUM TOTEHIMAJIOM HCIOJIb30BaHUS B IMHUINEBOM M  (apMalieBTUYECKOH
NPOMBIIIJICHHOCTH, a TakXke Juid 3amad Ouopemenuarnmu. OJHAKO MX BBICOKAs CHOCOOHOCTH K
OMOAKKyMYJISLIMM METAJJIOB OOYCJIOBIMBAET HEOOXOIUMOCTh KOHTPOJIS 3JEMEHTHOIO COCTaBa.
MHOT02JIeMEHTHBI HEHTPOHHO-aKTUBAIMOHHBIA aHanu3 Ha peakrope WMBP-2 Jlabopatopuu
HelTpoHHOH (u3uku uM. U.M. ®Ppanka OObEIUHEHHOT0 MHCTUTYTa SIAEPHBIX MCCIEJOBAHUN B
Jy6ne (Poccust) ObUT UCTIONIB30BAH JIJIS U3YYCHHUsS 3JIEMEHTHOTO cocTaBa JBYX mrtammoB Spirulina
platensis u nuano6akrepun Nostoc linckia. B kaxaom mramMme nuaHoOakTepuil ObLIO OIPEIeICHO
conepxanune 22-23 anemenTtos, Bkimodas Mg, Al, Cl, Ca, Na, K, Sc, Cr, Mn, Fe, Ni, Co, Zn, Br, As,
Se, RDb, Sh, Ba, Cs u U. Conepxanue TOKCHYHBIX METAIJIOB B MUKPOOHOI OHOMacce He TPEBBIIIano
OpefeNbHO  JAOMYCTUMBIX ~HOPM  CYTOYHOTO IOTpPEOJeHHs, YCTAaHOBJICHHBIX BcemupHO#
OpraHu3aiuen 31paBoOXpaHeHHU .

KawueBble cJioBa: HEWTpOHHO-aKTUBAIMOHHBIN anHanu3; Spirulina platensis; Nostoc linckia;
3JIEMEHTHEIN COCTaB
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Abstract: Currently, research is being conducted to modify and improve
extraction methods in several directions, including advancements in
technical equipment, substitution of solvents, optimization of extraction
conditions, and, in particular, the application of physical factors such as
ultrasonic treatment. Among the innovative and promising approaches is
the use of ultrasound to extract various biologically active compounds
from natural materials.

This article presents the results of a scientific study on the ultrasound-
assisted extraction of Alhagi pseudalhagi roots. The chemical
composition of the extract was analyzed using gas chromatography—mass
spectrometry (GC-MS). A total of 30 chemical compounds were
identified, including several valuable biologically active substances.
According to the GC-MS analysis, the major components were
gentriacontane (18.83%), B-sitosterol (18.13%), and lupeol (11.85%).
The main factors influencing the diffusion of extractive substances from
raw materials into the extractant - namely, ultrasonic power, sonication
time, and temperature - have been investigated. These factors were used
to design a full three-factor experimental plan. Consequently, a
mathematical representation of the ultrasound-assisted extraction
mechanism was established for further simulation and analysis. The
resulting regression equation allows for the evaluation of the influence of
these factors on extract yield.

Keywords: ultrasonic extraction; ultrasound power; sonication time;
complete three-factor experiment; regression equation

1. Introduction

Plant materials are valuable natural raw materials used in everyday
life as food products, nutrient additives, aromatic components, and
pharmaceuticals etc. The use of plant materials has a long history, and
over the centuries, mankind has developed a large number of processing
methods (Azmir et al., 2013). In the production of biologically active
substances (BAS), plant extracts are widely used. Plant extracts are
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compounds or compound mixtures obtained from plants or their parts (leaves, flowers, seeds, roots).
There are conventional methods for obtaining extracts from plant materials (maceration, percolation,
and reflux extraction) (Orio et al., 2012), as well as non-conventional extraction methods
(supercritical fluid extraction, pressurized liquid extraction, ultrasonic extraction, microwave-assisted
extraction) (Mason et al., 2011; Li et al., 2017; Liu et al., 2018; Wen et al., 2018; Orio et al., 2012).
Among modern methods of extracting components from plant materials, extraction using ultrasound
takes a special place.

The ultrasound-assisted extraction method can significantly reduce the process duration and
ensure a more complete extraction of substances (Vinatoru, 2001; Rostagno et al., 2003). When
exposed to ultrasonic waves, the boundary diffusion layer is disturbed, and the penetration of the
extractant into the material is improved. As a result, the raw material swells much faster, turbulent
and vortex flows appear, which promote the transfer of masses and the dissolution of substances. The
contents are intensively mixed even inside the cell (which cannot be achieved by other extraction
methods). All this leads to a significant acceleration of the process of active substances transfer from
raw materials to the extractant (Shah Buddin et al., 2018).

Ultrasonic extraction is an environmentally friendly and highly effective method for separating
biologically active substances. This method is characterized by the use of very small amounts of
organic solvents or their complete rejection, as well as an increase in the yield of target biologically
active substances. Moreover, ultrasonic extraction can have a certain effect on the physicochemical
properties of biologically active components. It has been established that ultrasonic treatment
increases the yield of the most active substances of the plant, as polyphenols, which have a choleretic,
anti-inflammatory, anti-allergic, antimicrobial, and vasodilatory effect compared to the traditional
method. However, with an increase in the ultrasound power, the decomposition of some catechins
and gallic acids begins (Zhu et al., 2018; Shen et al., 2023). This is due to the fact that at high
ultrasound power, free radicals are formed in large quantities, which destroy polyphenols.

Optimal conditions for increasing the yield of polyphenols were observed in the ultrasound
frequency range below 40 kHz (Dzah et al., 2020). Some studies have shown that under optimal
conditions, not only does the amount of polyphenols increase, but also their antioxidant activity
(Mehmood et al., 2019; Kwaw et al., 2018).

The following studies examined the effect of ultrasound on polysaccharides, which are an
important group of biologically active substances. It was found that after such exposure, the molecular
weight of these carbohydrates decreases, but the yield and biological activity increase.

Therefore, it is extremely important to select optimal conditions for ultrasound extraction to
ensure the bioavailability of biocomponents.

In the present work, the process of ultrasound-assisted extraction of the root of the Alhagi
pseudalhagi (Bieb.) Desv. (A. pseudalhagi). The plant has been modeled mathematically for the first
time. Notoriously, the substances contained in this plant, flavonoids and alkaloids, have a high
biological activity and are used in both indigenous and official medicine (Srivastava et al., 2014).

2. Materials and methods

Ultrasound-assisted extraction was carried out on a Bandelin Sonoplus HD 2200 homogenizer
(Germany). The weighed portions of raw materials in the experiments made 5.0 g, the ratio of raw
materials: extractant (hexane) made 1:5.

The chemical composition of the obtained dry extract was analyzed using a gas chromatograph
(Agilent 7890A) coupled with a mass-selective detector.

3. Results

3.1. Gas chromatography—mass spectrometric analysis of A. pseudalhagi roots

The chemical composition of the extract derived from A. pseudalhagi roots via ultrasonic
extraction was analyzed by gas chromatography—mass spectrometry (GC-MS) (Lytovchenko et al.,
2009). Out of the 30 peaks detected in the chromatogram, 17 compounds were qualitatively and
quantitatively identified using the Wiley spectral database. The extract is predominantly composed
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of gentriacontane (18.83%), B-sitosterol (18.13%), and lupeol (11.85%). Gentriacontane is a saturated
hydrocarbon (alkane) consisting of 31 carbon atoms. Gentriacontane is widely used in the cosmetic
industry as a cream component, serving as both an emollient and a skin-protective agent.
Additionally, it is employed in the production of organogels formulated with vegetable oils,
functioning as a structure-forming agent and solid carrier. Experimental data confirm that
gentriacontane forms a microcrystalline structure, creating a stable three-dimensional network in oil-
based media, making it ideal for use as a filler and emollient.

[B-Sitosterol is a phytosterol widely distributed in various plant sources (Figure 1). It exhibits a
broad spectrum of pharmacological activities, including anti-inflammatory, hypocholesterolemic,
neuroprotective, anticancer, and antibacterial effects (Awad et al., 2000).
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Figure 1. Mass spectrum of B-sitosterol

Lupeol is a pentacyclic triterpene, a natural organic compound with pronounced
pharmacological activity (Figure 2). It is found in various medicinal plants, fruits, and resins. Lupeol
exhibits anti-inflammatory activity (by inhibiting inflammatory mediators such as TNF-a, IL-B, and
COX-2), as well as antimicrobial (effective against both Gram-positive and Gram-negative bacteria),
antiprotozoal, antiproliferative, and anti-invasive effects (Liu et al., 2021).
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Figure 2. Mass spectrum of lupeol
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The hexane extract contains fatty acids—a significant class of organic compounds with notable
biological activity. Linolenic acid (5.79%) is an omega-3 fatty acid and an essential compound, as it
IS not synthesized by the human body (Sala-Vila et al., 2022). It supports cardiovascular, brain, and
immune system health. Oleic acid (3.12%) lowers levels of "bad" cholesterol and improves the
elasticity of cell membranes. Octadecanoic acid (0.83%) is used in the pharmaceutical industry as a
base for ointments and suppositories.

Tetracosanoic acid (0.99%) is a component of the lipid membrane of cells. It is used in
pharmaceuticals and cosmetics as an emollient, conditioning agent, and ointment base component.

3.2. Mathematical modeling of ultrasonic extraction of A. pseudalhagi roots

The effect of various factors (ultrasound power, sonication time, and temperature conditions)
on the total extract yield obtained by ultrasonic extraction has been studied. The results are shown in
Table 1.

Table 1. Effect of various factors on the extract yield of A. pseudalhagi roots

Ne Ultrasound Sonication time, | Temperature Extract yield,
power, W min. conditions, °C mg
1. 30 30 46 14,5
2. 60 30 47 13.4
3. 100 30 52 15.4
4. 30 10 40 12.7
5. 35 10 44 155
6. 40 20 42 145
7. 50 30 46 16.5
8. 60 20 47 17.2
9. 60 10 45 11.0
10. 70 20 46 18.5

To compile the regression equation of the extract, depending on the selected factors, methods
of the experiment planning theory were used. Experiment planning is a procedure for choosing the
number and conditions of experiments to solve the problem (creating a mathematical model of the
object under study) (Anaya-Esparza et al., 2023).

In general, the mathematical description of the process can be presented as follows. Let the
property (Y) of the object (in our case, the extract yield in mg) depends on several (n) independent
variable factors (X1, X2, ..., Xn). The nature of this dependence is denoted as

Y=F(x1, X2, ..., Xn) @)

The <Y’ value is called “response”, and the dependence itself, Y = F (x1, x2, ..., xn) - “response
function”.

Independent variables x1, X2, ..., Xn - otherwise factors, must be quantified. Factors can be
of different dimensions and differ sharply in quantity.

The mathematical model of the process is a regression equation that connects the response
function with factors (Assungdo et al., 2023).

In our experiment, the regression equation is considered as the following polynomial:

n n
V= ,[;D+Z b X + Z .[,I.J_.};'I.){i.
i=1 Lj=1

@)

34



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2025, 153(4)

Where b, is the free coefficient of the regression equation;
bi — is the linear coefficient of the regression equation;

bij — matching coefficients or pairwise interaction effects.

Regression model coefficients are important in experiment design. Their absolute value
indicates the degree of this factor’s effect on the response function, and the sign before the coefficient
indicates the direction of the factor's action. Coefficients are determined as partial derivatives of the
response function with respect to the corresponding variables (factors):

ar B:E' a:.\l.-

by =—— bij == by = = (3)

ax;’ U oamax; ! ax?

Mathematical formalization and coding of variables (factors) are given below in Tables 2 and

Table 2. List of factors included in the experiment

Ne Factor Designations Measurement | Variation range
unit

1 | Ultrasound power X, W 30+100

2 | Sonication time X2 min. 10 +30

3 | Temperature X3 oC 40 +52

The full factorial experiment starts with the coding operation. To begin with, the intervals of
variation are selected (Table 3). Further, the coordinates of the plan center and the variation intervals
are found, and then the encoding operation is performed.

Table 3. Factors coding

Factors Xj X X, X3
Upper level Xj upper 100 30 52
Lower level Xj lower 30 10 40
Basic level Xj 0 65 20 46
Variation interval Axj 35 10 6

A three-factor experiment was carried out, where each factor has two levels. The main
advantage of a factorial experiment is that all factors in the experiment are varied simultaneously.
This leads to the fact that the variance in the estimation of the regression coefficients is N times less
than the experimental error.

The algorithm for calculating a full factorial experiment of type 2" (in this case, n = 3) is as
follows:

1. Building a planning matrix

2. Calculation of the regression equation coefficients

3. Calculation of experimental error (repeatability variance)
4. Checking the significance of the regression coefficients

5. Choice of the form of the mathematical model
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6. Checking the adequacy of the regression equation
7. Making decisions

As a result of three-factor planning of Full Factorial Design (FFD) 23 type (number of
experiments - 8, factors change at two levels: upper and lower), a mathematical model of the process,
taking into account the interaction of factors with each other, is obtained in the following form:

y=14.9+0.55x1-0.5%2+0.9x3+1.5X1x3-0.55X2X3 4)

It should be emphasized that when performing a passive experiment, when replicates were not
carried out, and an additional experiment in the planned centre was not set, obtaining the repeatability
variance becomes practically impossible. In this case, the quality of approximation of the
experimental data obtained by the approximate regression equation can be estimated by comparing
the residual variance 57.. and the ratio of the mean s by the Fisher criterion (Rashad et al., 2023),
ie.

Far= 2 (5)
where,

S < B (- o (6)
Y=y Th: Ve 7
S2s = o T (v )2 (8)

f1= N-1 is the number of freedom degree in the ratio of the mean 53,
fo=N-h is the number of freedom degree of the residual variance, h=k+1

Estimation of the equation coefficients (4) was carried out by formulas (5) - (8). Equation (4)
includes significant regression coefficients that ensure its adequacy. Verification of the adequacy of
the obtained equation is carried out by the standard method of comparing the tabular and calculated
values of the Fisher criterion.

From equation (4), it follows that the extract yield is most affected by such factors as ultrasound
power and temperature conditions. Sonication time has the least effect, and the nature of this effect is
negative, i.e., with an increase in the sonication time, the extract yield decreases.

4. Discussion

Currently, work on the mathematical modeling of ultrasonic extraction is being carried out. For
example, in this work (Uvidia Armijo et al., 2025), mathematical modeling of the process of
ultrasonic extraction of Annona muricata L. leaves was carried out using the Elovich model. For this
purpose, ultrasonic extraction was carried out at three temperatures (30, 40, and 50 °C) and six
different time intervals (2, 5, 10, 20, 30, and 40 minutes). The kinetics of this process is described by
the Elovich equation, i.e., the kinetics of the process are mathematically modeled. The accuracy of
this model is estimated by the Pearson correlation coefficient between the experimental results and
the predicted model. The Elovich model fits the experimental data, and the Pearson correlation
coefficients correspond to the range of 0,997 and 0,998. This indicates that the model correctly
predicts the extraction kinetics in the case under study.
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In the following study (Reche et al., 2021), mathematical modeling of ultrasonic extraction of
biologically active components from artichoke is carried out. The modeling is based on a quantitative
description of the effect of temperature and ultrasound power density on the yield of biologically
active substances, taking into account the simultaneous effect of diffusion and convection during
ultrasonic extraction It was found that the effective diffusion coefficient increases with increasing
temperature and the external mass transfer coefficient and the equilibrium yield of the extract depend
on both the temperature and the ultrasound power.

In this paper (Abazi Bajrami et al., 2023), the kinetics of the extraction of biologically active
compounds from the plant Helichrysum arenarium under the influence of ultrasound were
investigated. Modeling of the extraction Kinetics in two phases was carried out on the basis of
mathematical interpretation of kinetically and diffusion-controlled processes.

This paper presents mathematical modeling of ultrasonic extraction of Alhagi pseudalhagi roots
using the Full Factorial Design method. Mathematical modeling is based on a systematic, complex
study of the influence of three factors (sound power, temperature, and time) on the yield of
biologically active substances. This allows us to predict the results obtained with various
combinations of factors, i.e., the yield of biocomponents, without prior experience.

5. Conclusion

The mathematical apparatus of a complete factorial experiment, i.e., when in the course of one
experiment the values of all factors are varied simultaneously, allows for carrying out a computer
experiment instead of costly full-scale ultrasonic extraction for production purposes (time, material
costs, sometimes impossible) and to obtain a mathematical model of the process under consideration.
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TEXHHUKAIBIK Ka0IBIKThI OHTAMIAHIABIPY MEH DKCTPAreHTTEeP Il TaHAayAaH OacTar, yAepiCTi KYprizy
HIaPTTapbIH HAKThUIAYFa JCHIHT1 apalIbIKThl KAMTUIBI. Ocep eTyAiH QU3NKaIbIK (PaKTOPJIaphIH, aTarl
aliTKaH/a, YIbTPaJAbIOBICTEI KOJAAHYFa epeKIe Ha3ap aydapbuiaasl. Y IbTPAIbIOBICTHIK YKCTPAKITUSI
TaOWFW IIUKI3aTTaH OMOJOTHSIBIK OENCeH i 3aTTapbl amyablH OoJamiarbl 30p 9IICTEpiHIH Oipi
peTiHAe KapacThIPbLIA/IbI.

byn wmakamama Alhagi pseudalhagi  eciMairinie TaMbIpIapblH — yIbTPAABIOBICTHIK — JJICIIEH
AKCTpaAKLUsIIay OOMBIHIIA KYPTi3UITeH FRUIBIMH 3€PTTEYIiH HOTHXKeNepl YChIHBUTFaH. 30 XUMUSIIBIK
KOCBUIBIC aHBIKTAJIIbI, OJIAPJBIH apachlHaa Oaraibl OMOJOTHUSIIBIK OEJICeH I 3aTTapiAblH 0ap eKeHi
apIKTaApl. GC-MS TannayblHBIH HOTHDKENEpl OOWMBIHIIIA KOMIIOHEHTTEPAIH €H YJIKEH YJieci
reatpuakoHTaH (18,83%), B-cutoctepon (18,13%) sxone nmyneonra (11,85%) Tueceni 6onbl.
OciMIIIK MMKi3aThIHAH 3KCTpareHTke Aud@y3usiaHaTbiHa SKCTPAKTUBTI 3aTTapbIH IIBIFBIMBIHA
ocep eTeTiH Heri3ri (akTopsjap aHBIKTAIABI: YIbTPAABIOBICTHIH KyaTbl, YJIBTPAIbIOBICTBIK OHICY
Y3aKTBIFBl JKOHE TeMIleparypaiblk pexkuM. Ocbl (pakTopiaapAblH HEri3iHae TOJBIK YII (aKTOpPIIbI
9KCIIEPUMEHT KYpri3iiai. HoTmxkecinae ynbTpaablObICTHIK SKCTPAKIIHS MIPOLIECIHIH MATEMATUKAIIBIK
MOJIENI JKacaJIbl. AJIBIHFAH Perpeccus TCHJIEYl IKCTPAKT IIBIFRIMBIHA KOPCETUITeH (DaKTOpIIapabIiy
ocepiH caHJbIK Oaraiayra MyMKIHJIIK Oepe/i.

Tyiiin ce3mep: yIbTpaAbIOBICTBI AKCTPAKIUS; YIbTPAABIOBIC KyaThl, YIbTPAABIOBICTHIK OHICY
Y3aKTBIFBI; TOJIBIK YII (PAKTOPIIBI IKCTIEPUMEHT; perpeccus TeHIEY1

YabsTpa3sBykoBasi dkcTpaknus kopHeii Alhagi pseudalhagi u ee maTtemaTnuyeckoe
MOJeJHPOBAHUE

Aitky3 Kokxopaesa, I'asmsa baiicanoBa, Pacyn Ceprubaes, Ao3an TanarenoB, bukammia
TopcbikdaeBa, [lepuerya Ky:xaroBa, Coim0aT CaHcbI30aii

AHHoTanusi: B Hacrosimiee BpeMsi aKTUBHO IIPOBOASTCS MCCIEAOBAaHUSA, HaIlpaBJIEHHbIE Ha
MOJUGHUKAIMIO U COBEPIICHCTBOBAHUE METOJOB SKCTPAKIMU. ODTH HANpPaBICHHUS OXBaThIBAIOT
IIMPOKUH CIEKTP 3aJa4 - OT ONTUMHU3ALNN TEXHUYECKOTO0 OCHAILIEHUSI ¥ BBIOOpA SKCTPAreHTOB J0
YTOUHEHHUs YCIIOBHM mpoBeneHus mporecca. Oco0oe BHUMaHHME YIENAETCS NPUMEHEHUIO
¢uznyeckux (GakToOpoB BO3IAEHCTBHS, B YAaCTHOCTH, YJIbTPa3ByKa. YJbTPa3BYKOBas 3KCTPAKIIHS
paccMaTpuBaeTCs Kak OJWH U3 MEPCIEKTUBHBIX METOAOB H3BJICUEHUS OMOIOTMYECKH aKTHBHBIX
BEIIECTB U3 MPUPOJHOTO CHIPHS.

B naHHON crTaTbe IpenCTaBIECHBI pPE3yJAbTaThl HAyYHOIO MCCIENOBAHMS, IOCBALIEHHOIO
yAbTPa3BYKOBOM dkcTpakiuuu kKopHerr Alhagi pseudalhagi. Xuwmuueckuii coctaB 3KCTpakrTa,
MIOJIyYUEHHOTO METOJIOM  YJIbTPa3BYKOBOM OJKCTPAaKIMM, HU3Y4Y€H C MHCIOJIb30BAaHUEM Tra3-
xpomarorpaduu-macc-cekrpomerpun. BreisgBieHo 30 XUMHUYECKHX COCTMHEHHH, CPeIu KOTOPBIX
YCTAQHOBJICHO HAJMYME LEHHBIX OMOJIOTMYEeCKH akTHBHBIX BemecTB. Ilo pesymbratam ['X-MC
aHajgM3a HauOONBIIYIO JIOMK0 CpPeAr KOMIIOHEHTOB COCTaBWIM TeHTpuakoHtan (18,83%), B-
cutoctepod (18,13%) u nmymeon (11,85%).

OmnpeneneHbl OCHOBHbIE (DAaKTOpBI, BIUAOMME Ha AUPPY3UI0 SKCTPAKTUBHBIX BEIIECTB W3
PacTUTEIBHOTO ChIPbsI B 9KCTPAreHT: MOIHOCTb YJIbTPa3ByKa, POIOJIKUTENBHOCTD YIAbTPa3ByKOBOM
00paboTKM © TeMmIriepaTypHbii pexuM. Ha ocHoBe »3Tux ¢akTOpoB TMPOBEAEH TMOTHBIN
TpE€xakTOpHBII 3KcriepuMeHT. B pesynbTare pa3paboTaHa maTeMaTHueckas MOJENb Ipoliecca
yIbTPa3ByKOBOM HSKcTpakiuu. llomyyeHHOe ypaBHEHHME PErpeccuu IMO3BOJSIET KOJIUYECTBEHHO
OLIEHUTH BIUSHHUE YKAa3aHHBIX (PaKTOPOB Ha BBIXOJ HKCTPAKTA.

KiaueBble ca0Ba: yIbTpa3BYKOBas SKCTPAKIMS; MOIIHOCTh YIBTPa3ByKa, BpeMs 0O0pabOTKU
YIBTPa3BYKOM; MOJIHBINA TPeX()AKTOPHBIN SIKCIIEPUMEHT; yPaBHEHHUE PErPECCUU
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AHHoTauus: Bricokuii cipoc Ha MaTepuabl Uil COXpaHEHUS SHEPTUU U
NOTPEOHOCTh B YCTOMYMBOM M SKOJIOTMYHOM DPAa3BUTHUHM YBEIMYHUBAET
BHUMaHHME YYEHBIX K MCIIOJIb30BAaHUIO BO300HOBISIEMBIX PECYpPCOB H
yTuiau3anuu OMo0TX0/10B. B 3TO# paboTe MBI HCIIOIB30BAIN KOCTOUKH
(MHUKOB KakK JIOCTYNHBIH M €XEroJHO BO300HOBIIIEMBIH MOOOYHBIN
OTXOJ1 MUILEBOIN MPOMBIIITIEHHOCTH. PUHUKOBBIE KOCTOUKU MOTYT OBITH
UCIIOJBb30BaHbl KaK MaTepuan Uil YIJIEPOJHBIX DJJIEKTPOJOB B
cynepkonaencaropax. (CBOOOJHOCTOSIIIIME AJIEKTPOJIBI U3  TaKOTO
yIJIepOoJCOiepKaIero MaTepuajia Iocie CIenUalbHOW 00paboTKu
MOKa3aJy yBEIWYEHHE LMKINYECKON CTaOMIBHOCTH U KYJIOHOBCKOM
sddextuBroctu. Ilporecc aktuBanmm mpu cootHomeHun KOH wu
ouoyris 1:3 mo3BONKI MONYYUTH JUISL IBYXAJIEKTPOAHON CHMMETPUYHOM
cucTteMbl Tipu TUIoTHOCTH Toka 0,2 A/r, yaenbHyto émkocts 204 /T,
IUIOTHOCTh 3Hepruu 28,3 BTY/Kr u yaenpHy0 MOLIHOCTH paBHy0 205
Bt1/kr, uyto mnomguepkuBaer 3(PPEKTUBHOCTH HCIOIB30BAHUS HOBOTO
YIIEPOACOAEPKAILEr0  Marepuaja B  IOBBILIEHWM  CTPYKTYPHOM
LEJIOCTHOCTU 3JIEKTPOJOB U YIYYIICHUH 3JIEKTPOXUMUYECKUX CBOICTB
cuctemMbl B 1enoM. AHanu3 noBepxHoctu MertogoM BET mnokaszan
YBETUYCHHUE TUIOMIAJN MOBEPXHOCTH Omoyris no 2423.,4 M%/r. B atom
UCCIIC/IOBAaHUM BHEJIPEHHE CBOOOJHOCTOSIIMX 3JIEKTPOJOB MPUBEIO K
YBEJIMUEHUIO KYJIOHOBCKOM 3ddexTuBHOCTH 110 99,97%, uTO, B CBOIO

ouepeslb, TO3BOJSIET TMOJYYUTh BBICOKYIO  IPOM3BOJUTENHHOCTh
CYTIEPKOH/IEHCATOPOB.
KiueBble c¢JjI0Ba: CyNEpKOHIEHCATOPHI, YIIIEPOIAHBIH MaTepual,

aKTI/IBI/IpOBaHHHﬁ yriiepoa, XuMU4CCKasl akTUBaIHs.

1. Beenenue

CynepkoHJieHCaTOpbl NPUBIEKIN OO0JIbIIOE BHHMaHUE YYEHBIX
Omaronaps BBICOKOW TNIOTHOCTH MOIIHOCTH, BhICOKOMY 3HaueHuio KII/]
(6ompmie  98%) wu nmpuHHMIY PAOOTBI — 3JIEKTPOCTATUYECKOMY
HAKOIJICHHUIO 3apsijia Ha rpaHuiie 3Jektpoa-aiekrponut (Huang et al.,
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2019; Poonam et al., 2019). 3a cueT Takoro GU3UUIECKOrO SABJICHUSA 3apsAa U Pa3ps MIPOUCXOIUT 3a
KOPOTKOE BpPEMs, UTO, B CBOIO OUYEpPEb, O3BOJISAET MOTYYaTh OOIBIIOE KOJINYECTBO YHEPTUH.

3HAUUTENBHYI0O €MKOCTh M YJIEJIbHYI0 MOIIHOCTH COBMECTHO ONPENENSIOT CTPYKTypa M
yaenpHas Iwiouianp noepxHocTu (YIIII) mcnonpzyemsbix 351eKTpoaoB. B OosbLIMHCTBE Cilydaes
HCIIONIB3YETCSl aKTUBUPOBAHHBIN yToib (AY), KOTOPBIA UMEET YACIBbHYIO TOBEPXHOCTH OoJbIe 1500
m%/r (Béguin et al., 2014; Chen et al., 2017; Zhai et al., 2022). B kauecTBe chIpbs 171 AY MOTYT OBITh
MCIIOJIb30BaHbl OTXOABI OMOMAcChl, Takue, Kak: kocTouku BuineHn (Zhang et al., 2020), ckopiyma
rperkoro opexa (Elanthamilan et al., 2021), 6ananoBas xoxxypa (Feng and Yang, 2024), pucosas
menyxa (Menya et al., 2018), ckopiyma kokoca (Hu and Srinivasan, 1999; Sujiono et al., 2022) u
apyrue (Lee et al., 2015; Li et al., 2023). Hanpumep, B padote (Li et al., 2023) AY ¢ yaensHOU
UIOMIAbI0 3565 M2/r MOJIYYEH U3 €11 METOJIOM XMMUUYECKON aKTUBAIIMKN XBOM.

Jns ucnonwp3oBaHus B cynepkoHaeHcaTopax, kpome YIIII, HemanoBa)kHble 3HAYEHUS UMEIOT
pasMepsl U cTpykTypa mop. B pabote (Supiyeva et al., 2023) ycTaHOBICHO, YTO YIbTPAMUKPOIOPEI
(mmametp < 1 HM) OTBEUAIOT 32 EMKOCTHBIE XapaKTEPUCTUKH KOHIEHCATOPA, B TO BpeMs Kak Me30- U
MUKPOTIOPBI YCKOPSIIOT MU dy3uto U aacopOIHio HOHOB Ha MOBEPXHOCTH YTIJIEPOJHOTO MaTepuasa
(YM). Coznanue wuepapXUyecKod TMOPUCTOM CTPYKTYphI, COYETAIONICH BBICOKYIO YAEIbHYIO
MOBEPXHOCTh M TIOPHl PA3IUYHBIX Pa3MEpPOB, IOJOKUTEIBHO BIUSET HA XapaKTEPUCTHKU
CYNEPKOH/ICHCATOPOB C JIBOMHBIM AJIEKTPHUYECKUM ciioeM. ONnTuMHU3alus JAaHHBIX MapaMeTpOB
MOJKET OBITh MPOU3BECHA BApbUPOBAHUEM YCIOBUM XUMUUECKON UITN PU3NUeCKON akTuBaluu Y M,
(Goskula et al., 2023; Heidarinejad et al., 2020; Said et al., 2023). B xumu4eckoil aKTHBAIUH
ucnons3ytor kucinotel (HNOs, H3PO4) (Sujiono et al., 2022; Yang et al., 2020) u menoun (NaOH,
KOH) (Suresh Kumar Reddy et al., 2015; Wang and Kaskel, 2012). Harmpumep, B padote (Yang et
al., 2020) ucnonp3oBana GpochopHas KUCIOTA I aKTUBAIIMH APEBECHHBI TOIOJIS IIPH TEMIIEpaType
450°C, B pe3ynbTare nomyder YM c¢ VIIIT Gomnee 2000 m?/T.

Hcnonb3oBaHue 1mienoveil B mpoiecce akTUBAIIUN COMPOBOXKIAETCS PSIIOM TEXHOIOTHYECKHIX
TPYIHOCTEH: MPOTYKTHI B3aUMOJICHCTBHUS THAPOKCUIOB TITyOOKO MPOHHUKAIOT B TIOPUCTYIO CTPYKTYPY
Ouoyrist U TpeOYIOT ATUTENHHOTO MPOMBIBAHUS JIS MOJHOTO YAAleHUs, a KOHLIEHTPUPOBAHHbBIE
IEJIOYHBIE PACTBOPHI arpecCMBHO BO3ACHUCTBYIOT HAa METAUTMYECKHE M CTEKIISTHHBIE 3JEMEHTHI
71ab0paTOPHOTo 00OPYAOBAHHUS, YTO YCIOKHSAET IKCILTyaTalnio ycraHoBku (Suresh Kumar Reddy et
al.,, 2015). Tem He MeHee HMMEHHO IIEJIOYM YYaCTBYIOT B IMpoIleccaX MOJIYYEHHUS YIJIeH ¢
makcumanbHoi YIIII. ITosToMy B Hariel paboTe MpeaoKeHO UCTIONb30BaHUE THAPOKCHIA KalUs B
KauecTBE aKTHUBATOpa, NMPU BAPHbHUPOBAHUH €0 COOTHOIICHHUS C CBIPhEM M ONTHUMU3AIMEH pa3zmepa
nop. Temnepatypa aktuBanuu BeidOpana 800 °C, mockoibky npepiayiiue padotsl (Heidarinejad et
al., 2020; Sujiono et al., 2022; Yang et al., 2020) moka3anu ee 3¢GEeKTUBHOCTD IS aKTHBAIIMN
OuockIphs. JlOMONHUTENBHO TIPOBeaeHa MpeakTuBanus npu temneparype 300 °C mis ymydmieHus
coctaBa ceipbs (Heidarinejad et al., 2020; Said et al., 2023; Suresh Kumar Reddy et al., 2015; Zhang
et al., 2020; Issatayev et al., 2024). Bo BpeMs mpeakTHBALMHU JICTKOJETYYHUE BEIIECTBA B COCTaBE
CBIPBS, TaKWe, KaK CMOJIBI, Macjia W OCTaTKH TEMUIICIUTIONIO3bI, YOAISIOTCS W OCTaeTCs TaK
HasbIBaeMasi «Ooraras» 4acTh ChIpbs, KOTOpas roToBa JUIsl JaibHeimen aktuBanuu. Kpome Toro,
MpeakTUBaus GOPMUPYET «YTJIEPOJIHBIN KapKac», KOTOPBIN SIBJISIETCS OCHOBOM JJIsl IajbHEHIIero
BapbUPOBaHUS TEKCTYPHl MOBEPXHOCTH. [lonyueHHBI MaTepuan WCMOIb30BaH JJIsi U3TOTOBICHUS
CBOOOHOCTOSIINX dJIEKTPOJOB, KOTOPBIE CHU3WIM CONPOTHBICHHE MEXAYy KOHTAKTaMH, YTO
yBennumiio KII1Jl coOpaHHBIX CHMMETPUYHBIX SUYEEK.

Ilenpto  HacTOSIIETO  MCCIEAOBAaHUS  SBISETCS  pa3padoTKa  BBICOKOI(PPEKTUBHOTO
AKTUBUPOBAHHOTO YM U3 MUIIEBHIX OTX0/10B ((PHHUKOBBIX KOCTOUEK) C KOHTPOIHPYEMOU MOPUCTOM
CTPYKTYypOoi ¥ (YHKIMOHAIGHBIMH TpyIIIaMHd Ha IMOBEPXHOCTH, a TaKKe OICHKa ero
ANEKTPOXUMUYECKUX XaPAKTEPUCTHK B CYNEPKOHJIIEHCATOPaX C JBOWHBIM DIIEKTPUYECKUM CIIOEM.
PaGota HanpaBiieHa Ha U3y4YeHHE BIUSHUSA MOAU(DUKAIIUN U CTPYKTYPHI MOP HA YAETbHYIO EMKOCTb,
IJIOTHOCTh SHEPTUH B CTAOMILHOCTh MPH [IUKJIUPOBAHUH.
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2. MaTtepuaJjibl 1 MeTOAbI

[Tonyuenne AY npoBOAMIOCH METOJIOM XMMMUECKON akTMBaluuu. B kadecTBe akTuBaTOpa
MCIOJb30BaH TuApokcu kamus (Sigma-Aldrich, 6e3Boansiii, uricrora > 99,95%). lins akTHBanuu
KOCTOUKH (UHHMKOB (copT Masadaru, r. bam, MpaH) TmaTensHO NMPOMBITHI JAUCTHILITMPOBAHHON
BOJIOW W pazapoOsensl B apoduiike (IKA, I'epmanus) aisa qydiiero NpoOMHKHOBEHHUS pacTBOpa B
TBEpIYyI0 4acTh ChIpbs. Ilocie pazapoOieHHbIE KOCTOYKM (PMHUKOB NPOMBITHI pacTBopoM 1M
COJISTHOM KUCIIOTHI (pacTBOp ObLI MpeaBapuTeabHO pa3daieH 10 padoueit konuentpauuu 1M) (37%,
Sigma-Aldrich) B Teuenne 24 yacoB npu nepeMeIIMBaHUM Ha MATHUTHOW MEIIAIKE CO CKOPOCTBIO
400 nepemMenIMBaHU B MUHYTY. 3aT€M KOCTOUKHU MPOMBITHI FOPSIY€H JUCTUIIIMPOBAHHOM BOJOM 110
HelTpanbHOro 3HaueHuss pH u BeicymieHsl B cymwibHOM Imkady mpu temmeparype 100 °C no
OTCYTCTBMSI M3MeHeHusi Macchl. [lpeakTuBanusi mpoBeieHa B TpyOuaroil meun B aTmochepe
uHepTHOTro Ta3a (N2) 1 kapOOHU3AIUY B CTA0WIN3AIMA XUMUYeCKoro coctaa. [lomyuenusiii YM
(5 1) mepememian ¢ KOH B Buae menkoro mopomka B cooTHomenuud 1:1,5 u 1:3 u 3amut
IMCTUILTUPOBaHHON Bojol oobemoM 30 mi. Ilocie pacTBop momenieH B yJIbTPa3BYKOBYIO BaHHY
(ELMASONIC P, I'epmanust) Ha 0,5 yaca u nepemerinan Ha MarautHoi Memanke (IKA C-MAG HS
7, 'epmanus) B Teuenue 1 yaca. [locie nepememnBanus aktuaropa ¢ YM pacTBop BblIEpXk aH B
cyunmuibHoM 1mikady mnpu temmepatype 100 °C mo momHOro ucmapeHwsi *KHAKOCTU. 3acThIBIIAS
TBepas Macca rpokasiena mpu remnepatype 800 °C B TpyOuaroii meuu B arMocdepe a3oTa (CKOpocTh
nofaun azora 30 ja/mun). [Tocie aktuBaiu AY npombIT pazbasieHHbIM pactBopoM HCI (=5%) u
ropsiued AMCTUILINPOBAHHOM BooM 1o pH=7.

Y aenbHbIe MIOMAAN TOBEPXHOCTH MOTYYSHHBIX aKTUBUPOBAHHBIX YIIIeH U3MEPEHBI METOJIOM
BOT (Autosorb iQ, Anton Paar, CIIIA). ITepen uzmepenusimu okosio 100 mr o6pasia aerazupoBaHo
B YCJIOBHSIX AMHamMu4eckoro Bakyyma mnpu 300°C B Teuenue 24 yacoB B nerazatope FloVac (Anton
Paar, CILIA). [Ins uccinenoBanust MOpQoOJIOTUH ClIeTaHbl CHUMKH C UCTIOJB30BAHIEM CKaHUPYIOIIECH
anekTpoHHON Mukpockomnuu (COM) Ha mpudope ZEISS Crossheam 540 (Carl Zeiss, I'epmanust) mpu
yCKOpsiroIieM HarpsbkeHun S KB. J{7s nccegoBaHus CTpYKTYPBI M HATHYHUS 1e()EKTOB HCITOB30BaH
pentrenoaudpakiponnsii ananu3 (PIA) va mudpakromerpe SmartLab (Rigaku Co., Snonus) ¢
uznyuerneM Cu Ka (A = 0,154056 um). [IndpakiimoHHbIe JaHHBIC PETUCTPUPOBANIN B TUara3one 26
or 10° o 70° co CKOpOCTBIO CKaHHpPOBaHUS 3°/MUH, MpU pabOTe MCTOUYHHUKA PEHTTEHOBCKOTO
n3nydenns Ha 40 kB u 30 MA. MexmiockocTHbie paccTostHust Uoo2 1 U100 BEIYKCIISIIH 110 3HAYCHHUSIM
20 nmast tmockocreit (002) m (100) ¢ ucmonb3oBaHueMm ypaBHenuss bperra (2d sin 6 = n)).
Mosekyssipable cocTostHus AY HccaemoBanbl PamManoBCKo criekTpockonuei Ha nmpubope LabRam
HR Evolution (Horiba, ®panuus). Obpasen pasmernany Ha CTEKISIHHON IuiacTuHe, cnektpbl KPC
MOJIyYaIu ¢ IPUMEHEHNEM BEpTHKaIbHOrO 00bekTHBa 10X B KOHQUTYypalluu 00paTHOrO paccesHus
oz yraom 180°. [Ins ananusza nuanazona 1100—-1800 cm! ucrmonp30BaCs J1a3ep ¢ JUIMHOM BOJIHBI
532 HMm.

Jns  cOOpKM CHMMETPHUYHBIX sdeeK paboune »HIIEeKTPOAbl NPUTOTOBIEHBI B BUJE
CBOOOTHOCTOSIIIIMX AJIEKTPOOB. [[71s1 9TOM 11e11 momy4deHHbIiH AY cMelan ¢ mpoBosIIei J00aBKOM
anerwienoBoit caxxu (MTI Corp., Kutaif) u csasytoum nonuterpadropatuiieHoM/Teduion (CAS:
9002-84-0, 60% aucrniepcus B Bojae, Sigma-Aldrich) B cootnomenun 90:5:5, cooTBeTCTBEHHO. 3aTeM
B cMech J1o0aBieHo 10 mi1 u3omponaHona, nocie 4yero e€ nepeMeIinBaid Ha MarHUTHON Mellake
(200 rpm) mpu Ttemmepatype 60°C B Teuenue 12—14 uacom. [lomydeHHas Macca paBHOMEPHO
packarana (Hohsen corp., SInonwust) 1o Tommuas 200-300 MKM, 3aTeM BbICYIIICHA B BAKYYMHOM MeYH
(DZF-6050, Kurait) mpu temmepatype 80°C. Ilocie cymiku w3 Matepuana BbIPpE3aHbI 3JICKTPO/IbI
auametpoMm 8 MM U TonmHOM 100 mxm + 10 mxm (Hohsen corp., SImonus) mis mpaabHEUIero
WCTIOJIH30BaHUS B KQUECTBE AJIEKTPOIOB B TUCHKAX.

B pabore ncnonb3oBansl siueiiku Swagelok (Kintek, Kuraii) ¢ nBymst orBepcTHsIMU, ClIeTaHHBIC
13 TeI0Ha, TOKOTIPUEMHUKAMHU BBICTYIAIM CTEP)KHH U3 HeprkaBeromie cranu (316 L) nuamerpom
10 MM u cemapaTop u3 crekisiHHOro MukpoBojokHa (Whatman GF/C, B cBoOOAHO cTOsIIEM BUEC
TOJIIIIMHA COCTABIISIET - 260 MKM, truameTp - 10 Mmm). Sueiiku mpeACcTaBIsIIOT CO00M cenapaTop MEXITy
IBYMSI HICHTUYHBIMU 3JIeKTpogamMu u3 AY, kaxnabeiid maccoit 2,0 += 0,5 mr. Ilepen cOopkoii sueex

43


https://www.sigmaaldrich.com/PL/en/search/9002-84-0?focus=products&page=1&perpage=30&sort=relevance&term=9002-84-0&type=cas_number

A.H. Tymunes amoindazvt Eypasus yammuix, ynusepcumeminit, xabapuivicol. Xumus. Teozpagus cepusicol, 2025, 153(4)

CBOOOHOCTOAIIUE ICKTPOAbI MPOnUThIBaIH ekTponutroM (6M KOH) noa Bakyymom B TeueHue 5
MUHYT.

Huknuaeckass Bosbrammnepomerpusi (IIBA) u  rampBaHOCTAaTHYECKOE ITUKIMPOBAHUE
npoBeAieHbl B juana3zoHe norenuuanoB ot 0,01 mo 1,0 B ¢ wucnonb3oBaHuEeM
moTeHIrocTara/ranpbBanoctara  BioLogic  SP-240  (BioLogic, ®pannus). HW3mepenus
AJIEKTPOXMMUYECKON umIieancHoi cnektpockonuu (QUC) ¢ cunyconaaibHbpIM curHaioM 5 MB/c B
nuana3zone 4vactor or 1 mI'm mo 100 x['m mpoBemeHbl Takxke Ha MOTeHIUOcTare. B kadecTe
anekTposiuta ucnosibzoBain 6M pactBop KOH. [l gocTOBEpHOCTH aHaliU3a 3KCIEPUMEHTHI
MIPOBOAMIINCH B TPOEKPATHOM MOBTOPEHUHU.

3. PesyabTarsl
3.1 Uccreoosanus nonyuenuvix AY

COM-cuumku (Pucynok 1) nemMoHCTpUpYIOT BbICOKYIO mopuctoctb AY. OOpa3oBaHue
OO0JIBIIIOTO KOJIMYECTBA MOP MOATBEPIKIACT YCIICIIHYIO aKTUBALIUIO, YTO OJIATOMPHUSTHO CKA3bIBACTCS
Ha pabote cynepkoHaeHcaTopoB. CHUMKN COM MOKa3bIBaIOT, YTO MOJIY4YEHA LIEIOCTHAS IOpUCTas
CTPYKTypa 1O BCEH MOBEPXHOCTH 000MX 00pa3noB. [laHHBIE pe3yibTaThl XOPOIIO COMOCTABUMBI C
paHee moyrydeHHbIMH pe3yabTatamu (Issatayev et al., 2024; Said et al., 2023; Wang and Kaskel, 2012;
Yang et al., 2020).

Pucynok 1. Caumxun COM AY akTuBUpOBaHHOTO B cooTHOIeHuu 1:1.5 (a) u 1:3 (0).

AHanu3 ynenpHOW moBepxHocTH mo MeTony bOT mposeneH ¢ ucnonb3oBaHueM (HU3NIECKON
ajcopOImu azora nmpu tremmeparype —196 °C va npubope Quantachrome Quadrasorb SI (Anton Paar,
CIIA). YnaenbHas TOBEpXHOCTh paccuMTaHa MO MHOrorouednomy merony bOT B nmamazone
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OTHOCHTENIBbHOTO AaBieHust p/po = 0,1-0,3, 006EM mop npu p/po = 0,9. Pactipenenenue mo pazmMepam
MOP OLEHUBAJIOCH C UCTIOIB30BAaHUEM TEOPUH TUIOTHOCTH 3akasiéHHoro TBépaoro tena (QSDFT) mis
meaeBbIX U ummHaprueckux mop (Neimark et al., 2009; Ravikovitch & Neimark, 2006) (Pucynok
2).
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Pucynok 2. M3otepMel ajicopOiinu-aecopOiimu azota it AY (a) 1 pactpeielieHue mop 1o pazMepam
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N3oTtepmsbl agcopbuuu-aecopOuunu azora npu temneparype 77 K s YM cooTBETCTBYIOT THUITY
IV mo xmaccudukanmmu [UPAC (Rijfkogel et al., 2019; Sing, 1985), moka3siBalOT HaIn4He
rucrepesnucHoi et tvna H4 mig AY 1:3, 9To cBUAETENBCTBYET O HATMYUU ME3OIIOP LIEIEBUIHON
dbopmbl. YM aKkTHBHPOBAHHBIN B COOTHOIICHHUH 1:1,5 HE MMeeT BhIpaKEHHOM T'MCTePE3UCHON NETIIH,
YTO CBHUJIETENIBCTBYET O MMKPONOPUCTONH CTPYKTYpe, a Takke 00 OTCYTCTBHM KamWJUISIPHON
KOHJICHCAallUH B MOPOBOM IpocTpaHcTBe. Hannune pasBUTON MUKPONOPUCTON CTPYKTYpPBI MOXKHO
YBHUJIETh MO0 OBICTPOMY YBEIMYEHUIO 00beMa acOpOMPOBAHHOIO a30Ta MPU OTHOCUTEIHHO HU3KUX
nasnenusix (P/Po < 0,1) nnst odoux uccnenyemsix oopasuos AY (Rijfkogel et al., 2019).

Pe3ynbTathl CTPYKTYpHBIX HCCleqoBaHuii n3o0paxkensl Ha Pucynke 3. PIIA kpuBas kaxaoro
YM umMmeer ABa HMMPOKUX AUPPAKIHOHHBIX MUK NpuUMepHO npu 23° u 43° cOOTBETCTBYIOIINE
mwiockocTsM (002) u (100), coorBeTcTBeHHO. C1aboBBIpakeHHbIE MUKH B 001acTu 23° u 43—44°, nns
o0oux o0pasioB YM CBUAETENBCTBYET 00 OTpaHUYEHHOW YHOPSAOYEHHOCTH CTPYKTYphl B
IUTOCKOCTH M BBICOKOH amopduocTn matepuainos (Feng and Yang, 2024; Goskula et al., 2023).
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Pucynok 3. Kpusbie peatrenoaudpaknnonsoro anaimmsza (a) u (6) Paman-cniekrpockonuu

Crnekrpockonus Pamana nokazana Haiauuue CBOMCTBeHHbIX st YM momoc D u G, B
nuanazonax 1339-1348 cm u 1586-1593 cmt, coorsercTBenno. Ionoca D orpaxkaer konebanus,
MHIYLUUPOBaHHbIE AeQeKTaMu, U CTPYKTYpHbIE HapylleHusl B yriepogHoi pemérke. Ilomoca G
00ycoBlIeHa KONeOAaHUAMH PACTSUKEHMS B ILIOCKOCTH aTOMOB YIJIepoJa ¢ THOpHAM3alued sp’ B
rpaduTonoo0HbIX cTpykTypax (He et al., 2017; Said et al., 2023; Suresh Kumar Reddy et al., 2015).
CpaBHeHHE CIIEKTPOB MoKa3ano, yTo AY 1:3 uMeeT BbIpaKeHHbIE MUKU C YETKUM, OCTPBIM KOHIIOM,
B TO Bpems kak B AY 1:1,5 npucyrctBytoT mupokue nosocsl D u G. B cnyuae AV 1:3 nabmonator
muk 2D (~2700 cm™), uto ykasbiBaeT Ha Gojiee BHICOKYIO CTENeHb TPagUTOBOTO YNOPSAOYEHHUs U
0oyiee BBICOKYIO CTENeHb TpaduTHU3alMU, TOCKOJbKY JUisi BTOporo YM naHHas mojoca He
Habmroaercs (MO0 OUeHb LIUPOKas).

Wuterpaibaoe cootHomrenue twromaneid mukoB D u G (Ip/lg) mo3BoasieT OlEHUTh CTENCHD
CTPYKTYpHOro Oecropsiika B YIJIEPOJACOACPKALIMX Marepuanax: yBenudeHue 3HaudeHus Ip/lc
yKa3bIBaeT Ha Bo3pactanue crenenu oecriopsiaka (Li et al., 2023). Cootnomenue Ip/lc=1.04 mis AY
1:3 cBUICTENBCTBYET O CTPYKTYPUPOBAaHHOM XapaKTepe MOBEPXHOCTH, B To Bpemsi kak AY 1:1,5 Ip/lc
~1,52 umeet Oosbliiee KOJINYECTBO A€(PEKTOB MOBEPXHOCTU. Takke COOTHOIIEHNE MTUKOB YKa3bIBaeT
Ha yBEJIMYEHUE MPOBOJUMOCTH YM, UTO SBISETCS XapaKTEPUCTUKOH 3(PPEKTUBHOCTH PabOUMX
AIIEKTPOJIOB.

3.2 Oyenka s1eKkmpoxumuyeckou d¢hgpexmueHocmu

AHanu3 SIEKTPOXUMHUUYECKON (P(HEKTUBHOCTH TPOBEICH B CHUMMETPHYHBIX SYEHKaxX MpHU
KOMHATHOM TeMIepaTtype co ckopocThio ckanupoBanus 5 mB/c. Kpussie [IIBA (Pucynok 4a) umeror
KBa3UIIPSIMOYTOJIbHYIO (hOpPMY, UTO CBHJIETENBCTBYET O ONYUYEHUHU JBOMHOTO JEKTPHUUECKOTO CIIOS
Ha TPaHMIIE DJIEKTPOA-dJEKTPOJIUT, W YTO HAKOIUICHHWE 3apsiia HUIET 0e3 yJacTHs XHUMHYECKUX
peaknuii (Béguin et al., 2014; Lahedér et al., 2015). OTkiioHEeHHE OT HICATBHOTO MPSMOYTOJIbHHKA
YKa3bIBaeT Ha HEOOJBIIIYIO JI0JII0 MICEBJOEMKOCTH, KOTOpasi 00yCIOBIIEHA PEOKC-PEaKUIMUA MEXTY
IeKTpoIuTOM U (yHKIMoHaIbHbIMU rpynmnaMu (-COOH, -C=0) na nosepxunoctu YM (Chen et al.,
2017; Heidarinejad et al.,, 2020; Lin et al., 2015). IloBepxHOCTh MOAM(PHIMPOBAHHOTO
AKTUBHUPOBAHHOTO YIJIS COJEPKUT KHCIOPOJCOASpKAIINe M a30Tcojepkaiue (GpyHKIIMOHAIbHBIE
rpynmbl, Takwe, kak -OH, -COOH, -C=0 wu -NH., koropple CHOCOOCTBYIOT YIy4IIECHHUIO
ANEKTPOTPOBOJHOCTH M YBEIHUCHHUIO TCEeBIOEMKOCTHBIX d(ddekToB. Hammume »sTuxX rpynn
obOecrieunBaer Oosiee A(PGEKTHBHBIM TEPEHOC HOHOB M CIOCOOCTBYET CTaOWJIBHOW pabote
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CYIIEPKOH/IEHCATOPOB MpHU LUKIUpoBaHuU. Pazmep minomanu nox [{BA kpuBbIMH moATBepxkaaeT
Oompryro emMmkocth AY 1:3 mo cpaBHenuto ¢ AY 1:1,5, uto cornacyercs ¢ ux 3nadeausimu Y [111.

[Tocne HMKIMYECKOTO CKAHUPOBAHMS SYEMKH HCHBITAaHBI TaJbBAHOCTATUYECKUMH LUKIAMU
3apsii-pa3psia MpHU Pa3HbIX IUIOTHOCTAX Toka. J{imst obomx oOpasioB AY KpuBble 3apsia-paspsaa
UMEIOT TUIIMYHYIO [IPaBUIIbHYIO TPEYToJIbHYIO GopMy Ui CynepKoHAeHcaTopoB (PucyHok 46 u 4B).
AY 1:3 mnoka3blBaeT MaKCHUMaJIbHOE BpeMs 3apsa-paspsaa (492 cexkynael). Takke siuelku
WCIIBITaHbl Ha JUIMTEJIBHOCTh LMKJIMPOBaHMs Tpu TuioTHOCTH Toka 0,2 A/r (Pucynok 4r). Ha
nporskeHuH Bcex 10000 nukioB 3apsiga—paspsiia COXpaHsUIUCh BBICOKHE 3HAYEHMsI KYJIOHOBCKOM
s dextuBHOCTH (0KOJO0 99%) U cTaOMIIbHASI EMKOCTb, YTO YKa3bIBA€T HAa CTAOMIBHOCTh CUCTEMBI U
COOTBETCTBYET O0XKHJAEMBbIM XapPaKTEPUCTUKAM CYNEPKOHIEHCATOPOB C JIBOMHBIM 3JEKTPUUYECKUM
cnoeMm (Béguin et al., 2014; Chen et al., 2017).
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Pucynox 4. (a) Kpusbie IIBA AY mnpu ckopoctu ckanupoBanus 5 wB/c; (6) kpusble
raJIbBAHOCTATHYECKOTO 3apsma—paspsga nByx obpasmoB AY mpu 0,2 A/r; (B) mpu pa3IHIHBIX
IUIOTHOCTSIX TOKA; (T) JuInTeNbHOE HuKaupoBanue AY 1:3 npu miotHocTH Toka 0,2 A/r.

Pacuer ynenbHoit emkoctu (D/T) 0 KpUBBIM 3apsa-pa3psiia MPOBEAEHBI C UCIIOIb30BaHUEM
YpaBHEHUS:

IAt
Cspec =——
spec =

(1)

rae | - 3Hauenune momaBaemoro Toka B ammepax (A), At - Bpems paspsna B ceKyHaax, M - macca
aKTUBHOTO BEIIIECTBA B TpaMmax, A4V - pabouee Hanpspkenue ¢ yaetom IR-nanenus nanpsoxenus (B).
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CTouT OTMETHUTH, 4TO 00a 00pa3la UMeIH MUHUMaNbHbIE 3HaueHus [R-niafenns HanpspkeHus, 4rto,
B CBOIO OUY€pPE/lb, CBHIETEIHCTBYET O XOPOIIEM KOHTAKTE MEXKIY DJIEKTPOJIOM M TOKOCHEMHUKOM, a
TaKke O BBICOKOW MPOBOAMMOCTH aKTHBHOT'O MaTepraa.

DOuepreruyeckas MIOTHOCTH (Espec) paccuntriBaetcs no gopmyne (2) [18]:

_ Cspec'Urznax
Espec - 72 (2)
3HaveHus yaeapHoi MomHocTH (BT/kr) paccuntansl o ¢popmye (3):

3600Espec
p=——=Pe<
At

(3)

st ompenenieHusi CONMPOTUBJICHHS B siueiike wucnosib3oBaH meton OUC (Pucynok 5).
[Tonmy4yennblie rpadMKu TUITHUYHBI VIS CYIIEPKOHICHCATOPOB HAa OCHOBE AY U COIOCTaBUMBI C paHee
nonydeHHbiME pesynbratamu (Ghosh et al., 2019; Tang et al., 2025; Zhao et al., 2024).
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Pucynok S. KpuBsie nMiie1ancHON CIIEKTPOCKOIUHU ISl IBYX 00pa3ioB AY

[Tonykpyr, moaydeHHBI Ha BBICOKMX 4YacTOTax, OTBEYAET 3a COINPOTHBIEHUE IEpPEeHOCca
3apsfa MEXIy TOKOCBEMHUKAMM M aKTHBHBIM MaTepuanoM (aKTUBMPOBAHHBIM yrieMm). Pacuer
€MKOCTHBIX ITapaMeTPOB MO JTaHHBIM UMIIEIaHCHOW CIEKTPOCKOMUH IIPOBOIUIICS B COOTBETCTBHH C
METOIUKOM, omnucanHoi B paborax (Béguin et al., 2014; Laheddr et al., 2015; Parejo-Tovar and
Béguin, 2024). TTonyueHHbIC PE3yJIbTAThI C YKA3aHUEM CTAHIAPTHBIX OTKJIIOHECHHUH YKBUBAJICHTHOTO
nocnenoBarenbHoro comnpotuBieHus (JI1C), conporusnenus nepenoca 3apsaa (CII3), nonHoro
conpotusnenus (UC) u conporusnenus qudpdysuun (C) npuseaenst B Tabmuue 1. [IpuBeaéunsie
JaHHble MOJATBepXkaaT, uro AY 1:3 olbmagaer nyd4mMMH TPaHCHOPTHO-KUHETUYECKHUMU
cBoiicTBaMu 1o cpaBHeHuIo ¢ AY 1:1,5.
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Tab6auna 1. 3nauenus conporusinenuu AY 1:3 u 1:1,5

AKTHBHPOBAHHBII 11, © CI3, © c, 0 CIL, Q
yroJib
1:3 1,58 £ 0,03 2,21+0,12 2,92 +0,15 6,61 +0,11
1:1,5 2,52 +0,23 2,23+0,18 4,21 +0,23 8,78+ 0,11

4. O0cy:xneHue

MeroaoM XMMHUYECKOW aKkTUBALMK NoJydeHbl AY ¢ BeicokumH 3HaueHusmu YIIII, kotopas
mis AV 1:3 coctaBmnma 2423 m%r. O6bEM TIOp, PACCUMTAHHBIA C HCHOIH30BAHUEM TEOPUH
(dbyHKIIMOHANA IUIOTHOCTHU 3aKajI€HHOT0 TBEPOTO Tena, coctaBun 1,19 cv?/r. g AV 1:1,5 3Hauenue
VIII cocrapuser 2215 m%r npu o6wséme mop 0,953 cm3/r. Pacmpenenenue mop 1o pasMepam
NoKa3bIBaeT oTcyTcTBUE Me3onop g AY 1:1,5; B To BpeMsi Kak cyMMapHbIii 00beM Me3onop AY
1:3 cocramser 6onpbie 0,06 cm®/r. Ananmuz COM mokasan oOpa3oBaHHE TOPHCTOH CTPYKTYPHI C
XOpOIIO paclpesieIeHHbIMU MOPaMHU, YTO JIOKa3blBaeT YCIELIHYIO AaKTHBAIMIO, M IOKa3bIBaeT
BO3MO>KHOCTb UCIIOJIb30BaHUs YIJIe B KaUECTBE 3JIEKTPOJIOB JJIsl CYNEPKOHIEHCATOPOB € JBOMHBIM
JIEKTPUUECKUM CIIOEM.

Crpykrypsbiii aHanu3 aktuBupoBaHHoro KOH yris AY 1:3 noxa3piBaeT 3HAUMTEIBHYIO
MOPUCTOCTh M HaJIM4yUe Je(PEKTOB MOBEPXHOCTH. DT OCOOCHHOCTH OOECIEYMBAIOT BBICOKYIO
YIIEIBHYIO TOBEPXHOCTH M OOJIBIIOE KOJMYECTBO (PYHKIMOHAIBHBIX TPYII Ha MOBEpXHOCTH YM (-
COOH, -C=0 u -OH), yT0 61aronpusTHO CKa3bIBACTCS HA aICOPOIIMOHHBIX U IJIEKTPOXUMUYECKUX
CBOMCTBax Marepuarna.

AY 1:3 npogemMoHCTpHpoBal yaenbHyo eMKkocTb 204 @/ npu miuotHoct ToKa 0,2 A/r, 1uis
AY 1:1,5 3HaueHue ynenbHOH eMKOCTH cocTaBisuio 128 @/r. Ilpu nukIupoBaHuu ¢ pa3InYHBIMU
IUIOTHOCTSIMM TOKa HaOJI0/aloCh, YTO C YBEJIMYEHHEM IUIOTHOCTH TOKa BpeMs 3apsia—paspsia
COKpallaercs. Y aenpHas eMKOCTh IpH 3ToM cocTaBwia 182 @/r mpu 0,5 A/r u 165 @/t npu 1 A/r,
YTO COOTBETCTBYET O0XHAAEMOMY IOBEJCHHUIO CYNEPKOHACHCATOPOB C JBOMHBIM AJIEKTPUUYECKUM
cioem. PaccuntanHas ayig Takol s4YelKW IUIOTHOCTh dHEpruu cocraBuio 28,3 Bru/kr, yaenbHas
MoOIIHOCTh paBHa 205 BT/kr (cM. YpaBHeHue 3), 4yTo SABISETCS XOPOIIUM IOKa3aTesIeM JUIsl yIiew,
MOJIy4eHHBIX U3 0M00TX0/10B (Tabnuma 2).

Tabmmpna 2. CpaBHEHHME DJIEKTPOXMMUYECKUX XapaKTEPUCTHK YIIIEPOAHBIX MAaTEpHAOB W3
OMOOTX0/I0B C JIUTEPATYPHBIMH JaHHBIMU

Marepuan YaeabHas JHeprus u DJIEKTPOJHT Tun ssyeku
EéMKOCTh MouHocTh
Cyxas TpaBa 106,6 ®/rmpu 2 | 33,3 Bru/kr npu 1M NazSO4 CUMMETpUYHAs
Hyparrhenia hirta Alr TUIOTHOCTH
(Duraisamy et MOIIHOCTH
al., 2025) 1500 B1/kr
[Tmennunas 346 ®/ropu 1 | 12,02 Bru/kr npu 1M H2SO4 CUMMETpUYHAs
nenyxa A/r IJIOTHOCTHU
(Wang et al., MOIITHOCTH
2022) 250 Bt/kr
JIuna 172,5 ®/rnmpu 2 | 22,44 Btu/kr nipu 6M KOH CUMMETpUYHAs
(Yanetal., 2022) A/t 0,05 A/r.
1996,4 Bt/kr npu
2,5 Ar
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AKmbix 239 ®/ropu 0,5 | 16,3 Bru/kr npu 1M H2SO4 CUMMETpUYHAs
BUHOTpaaa Alr IJIOTHOCTHU
(Zhang et al., MOILIHOCTH
2020) 348,3 B1/kr
Cemena 358 @/r pu 0,5 - 6M KOH TPEXAIIEKTPOAHAS
IIETUHHOM TPaBbl Alr KOH(pUTYparus
(Liang et al.,
2021)
Koxypa nmomeno | 66,5 @/r npu 1 36 £ 1,5 Bru/kr 2M Li2SO4 CUMMETpUYHAas
(Li et al., 2020) Alr [IPH IUIOTHOCTH
MmotHoctH 1000
Br1/kr
Pucosas menyxa | 103,4 ®/r mpu 20 | 2,7 Bru/kr npu 6M KOH CUMMETpUYHAas
(Liu etal., 2022). AT, IUIOTHOCTH
148,3 ®©/r npu MortuHocTH 4300
0,2 A/r Bt/kr
KocTtouku 204 ©/rnpu 0,2 | 28,3 Brw/kr npu 6M KOH CUMMETpUYHAas
(bUHHUKOB Alr; MJIOTHOCTH
(mannas 182 @/r pu MOIITHOCTH
pa6ora) 0,5 A/r; 205 Br/kr
165 ®/r pu
1 A/r

Pe3ynbTaTthl AMUTENBHOTO IUKIUPOBaHUS ToKa3biBatoT, uro KIIJl Ha mpoTskeHUU Bcero
IUKJIMPOBAHUS CTAOWJIBHBIA M COCTaBsUT HEe MeHee 99,7%. DTo, B CBOIO ouepeib, SBISETCS
CPaBHHUTEIBHO XOpOIIMM TIOKa3aTelieM CpeAu APYTUX CYNEepKOHAEHCATOPOB, MOJYUYEHHBIX H3
06100TX0/10B. BhiCOKOE 3HaueHue KynoHOBCKOHM s3(dextuBHOCTH Ha mpoTsbkeHnu 10000 nukioB
OOBSICHSIETCSI TIPSMBIM KOHTAKTOM MEXKIY OJJIEKTPOAOM U TOKOCHEMHHKOM, YTO YMEHbIIUJIO
JOTIOTHUTEIHHOE COTPOTUBIICHNE MEXKTy HUMH, JOTIOJTHUTEIBHO TOJIIHMHA IeKTpoJoB B 100 MKM
MI03BOJIMJIA MCIIOJIb30BaTh MOBEPXHOCTh Y M MOJIHOCTBIO.

B xone anHanusza MeToAOM HMIIEJAHCHOM crekTpockonmueil mnst AY 1:3 momydeHbl HU3KHE
snauenus CII3, C u JI1C, 94To B COBOKYMHOCTH YKa3bIBAET HA CHIYKEHHE CYMMapHOTO BHYTPEHHETO
CONPOTHUBIICHHsI (Ha KOHTAKTE JJIEKTPOJ—TOKOCHEMHHUK M B anekTponute) (Lahedér et al., 2015;
Parejo-Tovar and Béguin, 2024). Dto obecnieunBaer Oosiee ObICTpble Mex(a3HbIe MPOIECCH U
3¢ GEeKTUBHBIN TEPEHOC MOHOB Yepe3 IMOpPHI, a TaKKe CHUIKCHHYIO BEIIMYHHY CONPOTHBIICHUS B
nopuctoM snektpoge. Huskoe 3nauenue DII3 pemaer AY  1:3 nayumum YM  and
CYNEPKOHIEHCATOPOB, TaK Kak UMeHHO DII3 oTBevaeT 3a nmajieHue HaNpsHKEHUsI B CUCTEME U BIUSET
Ha MOIIIHOCTHBIE XapakTepucTUKH. Hu3Koe majeHne HanpsHkKeHus B CUCTEME, B CBOIO OUYepelb, JaeT
HU3KYIO TIOTepI0 MOIHOCTH B nanbHeimem (Laheddr et al., 2015). Bonee Toro, HeCMOTps Ha TO, YTO
Ui IByX YM ucnonb30BaH ouH u TOT xke dnekTponut (6M KOH), 3saauenus MIC otnuuatorcs, 4ro,
BEPOSITHO, CBSI3aHO C PA3JIMYHUSIMU B TOPUCTOW CTPYKTYpE M XUMHUYECKOM COCTaBE MOBEPXHOCTH
3JIEKTPOHOI0 MaTepuana.

5. 3akiro4eHue

W3 xocTtouek GUHHUKOB MOITY4YeHbl aKTUBUPOBaHHbIE yriu ¢ Oonbmoit YIIII, ¢ ontumanbHbIMU
pasmMepamMl M O0BEMOM IIOp, YTO YBEJIWYWIIO YAEIbHYI0 €MKOCTb U CTaOWIM3HpOBAJIO
3 (PEeKTUBHOCTh CHMMETPHYHOTO CyNepKOHAeHcaTopa Ha mnpoTsikeHun 10000  mukios.
OnexrpoxumMuyeckas 3pPeKTUBHOCTb MOATBEPKICHA UMIIEAAHCHON CIIEKTPOCKOIINEH, UTO IMOKa3aIo
HU3KHE 3HAYEHUsT HMOHHOI'O COINPOTUBIIECHUS, CONPOTHUBICHHS MEXKIYy KOHTAaKTaMHM, a TaKXKe
COIIPOTHUBIIEHUE IIEpeHOca 3apsaaa. B xoae uccienoBanys onpeaeseHo ONTUMAIbHOE COOTHOIIEHNE
ChIpbsi K aktuBaTtopy 1:3. M3menenuss B c1pykrype AY mnoarsepxaeHsl PJA, Paman-
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cnekrpockonuerd u bOT-ananmuzoMm. Yroab, aKTHBHUPOBAHHBIM TakuM oOpazom, mokazam YIIII
paBHyI0 2423,4 M?/r. BobmIoit 06BbeM MOp U HAIMYHE MUKPO- ¥ ME30IOPUCTOI CTPYKTYpsl AY 1:3
JIeNlaeT ero MOTEHIHUAIbHO MEPCIEeKTUBHBIM MaTepuajioM Uis NMPUMEHEHHsS B aJCOPOIMOHHBIX,
KaTAIUTUYECKHUX U AJIEKTPOXUMUYECKUX CUCTEMAX.
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CynepkonaeHcaropjapaa KOJIaHy YIOiH OmoMacca  KaJAbIKTAPbIHAH
AKTUBTEHIIPUIreH KOMip ajry

Hasbim MakanoBa, AsyiabiM benridoaesa, Aauss MykanoBa, ApaiijabiMm HypneiicoBa

AHnjaTna. DHEPrHUsHBI CAaKTAaHTBIH MaTepHalllapFa JIETeH JKOFaphl CYPaHBIC JKOHE TYPAaKTHI J1a Tasa
JaMy  KaXeTTUIN  FalnbIMAApABbIH  JKaHApPTBUIATBIH — pecypcTapibpl — MaijanaHyra  JKOHE
OMOKANABIKTApAbl KOIOFa Ha3apblH apTThIpyAa. byl skymbicTa 013 KypMa JOHEKTEpiH KOJIAAHIBIK —
TaMaK ©HEPKICIOIHIH KOJI JKETIM/I1 )KOHE JKbIT CallbIH JKaHAPTHUIATHIH aHaMa eHiMi. KewmipTerire
0aif KypMa TYKbIMAAphl CYHNEpKOHIEHCATOPIApAaFbl KOMIPTEKTI ANIEKTPOATAPIBIH MPEKYypCopIaphbl
peTiHIe KbI3MET €Ty YIIIiH YJIKeH NoTeHIaFa ue. LIMKIIiK TYpaKTBUTBIK TICH KYJIOHIBIK THIMIUTIKTI
apTThIpy VIIIH €pKiH Typa anatblH snekrtponarap xkacanasl. KOH wmen Oumokemipain 1:3
KaTbIHACBIHAAFbI aKTUBTEH11pY Tpoueci 0,2 A/T TOK THIFBI3ABIFBIHAA €K1 3JIEKTPOATH CUMMETPHSIIBI
xyiie yiria 204 ©/r MEHIIIKTI CHIMBIMIBUIBIKTEL, COHal-aK 28,3 BT@car/Kr sHEpTrUsl THIFBI3IBIFbIH
xoHe 205 BT/Kr MEHIIIKTI KyaTThl allyFa MYMKIiHIOIK Oepzi. By ocbhl TOCUTAIH KYPBUTBIMIBIK
TYTaCTBIKTBl apTTHIPYJAaFbl JKOHE JJIEKTPOXUMHUSIBIK KACHETTEpiH >KakcapTydarbl THIMALIITIH
kopcereni. BOT amamuszi 1:3 KOH karteiHaceiHma OenceHAIpUIreH KOMIpiH MEHIIKTI OeTiHIH
ayJaHBIHBIE MOHI 2423,4 M%/r 60aTHIHBIH KOPCETTi. By 3epTTey/ie epKiH TypaThiH SIeKTPOATAPIbI
€HI13y KYJOHABIK THIMAUTIKTI 99,97% xeTki3ai, Oyn e3 Ke3eriHae CyHnepKOHJEHCATOpJiap/iblH
KOFapbl OHIMIUIITH adyFa MYMKIHJIIK Oepeni.

Tyiiin ce3aep: cynepkoHeHcaTOpiap, KOMIPTEKTI MaTepuai, aKTUBTEHAIPUIreH KOMip, XUMHUSIIBIK
aKTUBTEHAIPY.

Production of activated carbon from biomass waste for application in
supercapacitors

Nazym Makanova, Ayaulym Belgibayeva, Aliya Mukanova, Arailym Nurpeissova

Abstract: The high demand for energy conservation materials and the need for sustainable and
environmentally friendly development increase scientists’ attention to the use of renewable resources
and the disposal of bio-waste. In this work, we used date seeds, an affordable and annually renewable
byproduct of the food industry. Rich in carbon, date seeds have the innate potential to serve as
precursors to carbon electrodes in supercapacitors. To increase cyclic stability and Coulomb
efficiency, free-standing electrodes were manufactured. The activation process with a KOH to
biochar ratio of 1:3 allowed us to obtain a specific capacitance of 204 F/g for a two-electrode
symmetrical system with a current density of 0.2 A/g, as well as an energy density of 28,3 Wh/kg and
a specific power of 205 W/kg, which emphasizes the effectiveness of this approach in increasing
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structural integrity and improving electrochemical properties. The BET analysis revealed a high

surface area of carbon activated in a ratio of 1:3 KOH, the value for which was 2423.4 m?/g. In this

study, the introduction of free-standing electrodes resulted in a high Coulomb value of 99.97%, which
in turn allows for high performance of supercapacitors.

Keywords: supercapacitors, carbon material, activated carbon, chemical activation.
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Annoranus. llomwstunenumun  (IIDM) npencraBimser  coOoid
CUHTETHUYECKUN TOJMMEpP C BBICOKOW TMIIOTHOCTHIO AMHUHOTPYIII, YTO
00yCIIaBIUBaeT €ro BBIPAKCHHBIC (PU3UKO-XMMHUYECKHE CBOWCTBA W
IIMPOKHWE BO3MOXXHOCTH CTPYKTypHOW Moaudukauuu. brnarogaps
COUETAaHUIO0 BBICOKOW PpPEAaKIIMOHHOW CIOCOOHOCTH, TEPMUYECKOU
YCTOHYMBOCTH U CIIOCOOHOCTH K KOMIUIEKcooOpa3zoBanuto, [IOU
paccMaTpuBaeTCs Kak OJUH M3 HauOoJee YHHBEPCAIbHBIX IMOJIMMEPOB
coBpeMeHHOCTH. B 0030pHOIi cTaThe CHCTEMaTU3UPOBAHBI COBPEMEHHbBIE
JaHHBIE O METO/Jax TIONY4YEeHHUS JIMHEHHOTO ¥  Pa3BETBIEHHOTO
MOJIMATUIIEHUMUHA, BKIIIOYash aHMOHHYIO TMOJIMMEPHU3AIUI0 a3upUIUHA,
KaTHOHHYIO TIOJMMEPH3AIHI0 2-0OKCA30JIMHOB M KHUCJIOTHBIH THIPOJIH3
nonu(2->Tuin-2-okcazonuna). [Ipoananu3upoBaHo BIUSHUE BHIOPAHHOTO
METOJa CHHTEe3a Ha  MOJIGKYISIPHYIO  apXHUTEKTypy, CTEleHb
MOJIMIUCTIEPCHOCTH M pacrpeaeneHne (PyHKIMOHAIBHBIX TPYII, YTO

ompeneNnsieT  pacTBOPUMOCTb,  CTPYKTYpHYIO  CTaOWJIBHOCTH |
KOH(OPMAaLIMOHHBIE 0COOEHHOCTH MOJIUMEPA.

Oco0oe BHUMaHHE  YACJIEHO  KJIIOYEBBIM  (PU3UKO-XUMHUYECKUM
XapaKTepUCTHKaM [1DU: CIIOCOOHOCTH K 00pa3oBaHUIO

KOOPJMHAIIMOHHBIX KOMIUIEKCOB C MOHAaMU METaJJIOB, YCTOMYMBOCTH K
TEPMHUYECKOMY M XMMHUYECKOMY BO3ACHCTBHIO, a TaKXE 3aBHCHUMOCTH
ero noseneHus ot pH cpenbl. [IpuBeneHbI cOBpeMeHHbBIE TPEICTaBICHUS
o mnpumeHeHuu I[IOM B TreHHOW Tepamuu U CHUCTEMAxX JIOCTAaBKHU
JIEKapCTBEHHBIX CPEACTB, TJ€ KaTHOHHAs MpHpojaa MOJIMMepa
obecrieunBaeT A(P(HEKTUBHOE CBSI3bIBAHHE W TPAHCIOPT HYKJICHHOBBIX
kucnoT. PaccMoTpeHbl pe3ynbTaThl MCCIEIO0BAaHUM, MOATBEPIKIAIOLINX
s dexktuBaocTs [IOU Kak cOpOIMOHHOTO Marepuana Ui yAaJeHHs
TSOKENBIX METAJIOB M OPTaHUYECKHUX 3arpsi3HEHU B polieccax OYMCTKU
BOJBI, @ TaKXKE €ro HCIIOJIb30BAHHE B AHTUMHUKPOOHBIX MOKPBITHSIX H
OouomaTepurazax MEAUIIMHCKOTO Ha3HAYCHHUSI.

Ob6cyxnarores MIEPCIIEKTUBHBIE MOAXObI K MTOBBIIICHUIO
OMOCOBMECTUMOCTH U CHUKEHUIO IIMTOTOKCUYHOCTH MOJIMATUIICHUMHHA
3a CYET XUMHUYECKON MOAM(UKAINH, CO3TAHUSI KOMIO3UTHBIX CUCTEM H
GbyHKIIMOHAIN3auU MPUPOAHBIMU Ouomnonumepamu. CyMMUpPOBaHHBIE
JMaHHBIC TOATBEPKIAOT, YTO MOJMUATWICHUMHUH TPEACTABISET COOOH
MHOTO(YHKIIMOHATIbHBIA MaTeprall HOBOTO IOKOJIEHHUS, COYETAIOIIHi
CTPYKTYPHYIO THOKOCTH, BRICOKYIO aJalTUBHOCTh U TIOTEHIUAI
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INpUMCHCHUA B  MCIOWULUHC, (bapMaL[eBTI/IKe, OKOJIOTMKM MU COBPCMCHHBIX  TCXHOJIOTHAX
MaTCpraIOBCACHUS.

KitroueBblie ci1oBa: pa3BeTBIEHHBIA MOMMATHICHUMUH (p-110W), MMHEHHBIA MOTMATHIICHUMUH (J1-
[12N), nonu(2-3Trn-2-0Kca3zoauH), KUCIOTHBINA THAPOJIN3, aHUOHHAS TOJMMEpH3aIHs, KaTHOHHAS
MOJIMMEPU3AIHSL.

1. Beegenue

[Tonustunennmun (IIDU) — 310 cuHTETHYECKUI MOIMMEpP, COAEPMAIIUKA MHOTOYHCICHHbIE
aMUHOTPYIIIBI, YTO MPUAAET €My YHUKAJIbHBIE CBOWCTBA M IIUPOKHE BO3MOYKHOCTH JUIS
Moudukanyu. Paznuuaror n18e ocHoBHbIE (popmbl [IDU: passerBiénnsiii (p-119U1) n nuneitnslii (71-
[1OM). Jluneitnas ¢dopma oOnamaer Oonee yHOPSAAOYEHHOW CTPYKTYpOW, UTO JenaeT eé
MPEANOYTUTENbHON /i1 NPUMEHEHUS B OMOMETUIMHCKUX TEXHOJOTHUSX, BKJIIOYas JOCTaBKY
JIEKapCTBEHHBIX IIPENapaToB, TEHHYIO TEPAIUIO U CO3/1aHUE aHTUMHUKPOOHBIX MOKPBITHH.

Uctopus [1DU Geper Hauano B pa3BUTHH CUHTETHYECKHX IOJIMMEPOB B cepequHe XX Beka.
IO 6bu1 BuepBble cuHTe3MpoBaH B 1965 roay myrem momumepusauuu asupuaunHa (Zhuk et al.,
1965). [lanHbIi MeTOJ CHHTEe3a NpPHUBEI K 00pa30BaHUIO KaK JIMHEHHBIX, TAK U Pa3BETBICHHBIX
¢dbopM MOIMATHIEHUMHMHA. DTa HOBAaTOpCKasi paboTa 3aJl0KuiIa OCHOBY sl pazpabotku 19U kak
YHUBEPCAJIBHOTO IOJUMEpPA C Pa3IMUYHBIMM IPOMBILUICHHBIMU U HAy4YHBIMU TNPUIOKEHUSIMH. B
1983 rogy Tanaka u ero kosieru CHHTE3UPOBAIU BBICOKOMOJIECKYISpHBIN J-[I1OU ¢ yHUKaIbHBIMU
(U3NKO-XUMHYECKUMH CBOMCTBAMH ITYTEM KHCIOTHO-KaTaau3upyeMon neden3onmm3anuu moau(N-
OCH30WIITHICHUMUHA). OTH cBoMcTBa jenaioT J-IIOW mnepcrnekTUBHBIM MaTepualioM s
pa3paboTKi MHOTO(QYHKIMOHAJIBHBIX KaTAIW3aTOPOB W APYIHMX NPUMEHEHUH, TIie HEOOXOIUMBI
BBICOKasl CTPYKTYPHasl OJHOPOJHOCTh M BO3MOXKHOCTH Moaubukaimu nomumepa (Tanaka et al.,
1983). B 1988 rony Weyts u Goethals mpencTaBuium HOBBIH MeTOa cuHTe3a JuHeiHoro I1OU,
KOTOPBIM 3HAYMTENbHO YIAy4yIIWI 3S(PQPEKTUBHOCTH W BBIXOJA Ipoliecca MNOJUMEpHU3alUH. ITO
JOCTHKEHHE TO3BOJMIO Oosiee CTaOMWJIbHO NPOM3BOAMTH JuHEHHBIM [IOU ¢ xemaeMbim
pacripeielIeHueM MOJIEKYJISIPHON MacChl, 4TO MOBBICUIIO €M0 MPUMEHUMOCTD B Pa3IMYHbIX 0071acTAX
(Weyts & Goethals, 1988).

B 1995 rony Boussif u ero komnerun mpoaemonctpupoBaiu, uto [I19M moxer 3¢ dexTuBHO
cnocobctBoBaTh jaoctaBke JIHK B kieTku, nenass ero MOIIHBIM HHCTPYMEHTOM JJIsi TE€HHOM
TEparuy U UCCIE0BaHUM B MOJEKYJISPHOW OMOJIOTHH. DTO OTKpHITHE OBUIO 3HAYMMBIM, TaK Kak
katroHHas npupoja [191 no3Bossier eMy 00pa30BbIBaTh CTAOMIIbHBIE KOMIUIEKCHI C OTPULIATEIBHO
3apspkeHHbIMU MostekynaMu JIHK, criocoGCcTBys MX MPOHUKHOBEHUIO B KJIETKH U SKCIPECCUU T'€HOB
(Boussif et al., 1995).

OtkpeiTe u paszputue IO cymecTBeHHO NOBIMSIM Ha pa3HOOOpasHbIE HAy4YHbIE U
MpoMblIlIeHHbIe o0nacTu. COBpEeMEHHOE pa3BUTHE MOJMMEPHBIX MaTEpHalioB M CTPEMJIEHUE K
CO3JIaHMI0 MHOTO(YHKLIMOHAJIBHBIX CHUCTEM IS MEIUIMHBI, SKOJOTMHM M TPOMBIIUIEHHOCTH
CTUMYJIMPYIOT HCCIEN0BAaHUE CHUHTETUYECKUX IOJUMEPOB C BBICOKOW CTENEHBIO aJalTUBHOCTH.
[Mommytunennmunr  (I19U1) mnpeacraBiaser co0oil OOWH W3 TaKUX TOJMMEPOB, OOJIaIAFOIIHIA
3HAYUTENbHBIM IMOTEHIMAJIOM 32 CUET HAJM4YUs OOJIBLIOrO KOJMYECTBA PEaKIIMOHHOCIIOCOOHBIX
amuHorpynn. Oto nenaer [IOW mnpuBiexkaTenbHbIM OOBEKTOM JJisi MPUMEHEHHs B T€HHON
WH)KEHEpUHU, CHCTEeMax JOCTaBKM OWOAKTHBHBIX BEIIECTB, COPOEHTaX M AaHTUMHKPOOHBIX
MaTepuaiax.

AKTyaqbHOCTh TEMBI OIpENeNseTCs] HEe TOJIbKO BBICOKOM BocTpeboBaHHOCThIO [IDOU B
MPUKIAJHBIX O0OJAcTsIX, HO M OTCYTCTBUEM HCYEpIBIBAIOUIMX JIAHHBIX II0 BOIIPOCAaM €ro
HaIpPaBJIEHHOI'O CUHTE3a, CTPYKTYPHON OpraHU3aly U peryisiiuu cBoicTB. HecMoTps Ha Hannuue
pa0boT, MOCBALIEHHBIX €ro MCIOJb30BaHHMIO, B HAy4YHOH JUTEpaType COXpPAHSAETCSl MHTEpec K
pa3paboTke HOBBIX, Oojiee Oe30macHbIX U 3(P(HEKTUBHBIX (POPM MOJMITWICHUMHHA C 33JaHHBIMH
XapaKTePUCTUKAMHU.
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HoBu3Ha uccnenoBaHus 3aK04aeTcs B CUCTEMATU3allMM COBPEMEHHBIX MOJIX0J0B K CUHTE3Y
[IDU, BkItOYasi MaJOU3y4YEHHBIE METOJIbl, TaKue€, KaK KOHTPOJIUPYEMBIM KHUCIOTHBIM THAPOIIU3
oy (2-3THII-2-0KCa30JIMHA), a TaKXe CpPAaBHUTCIbHBI aHAalU3 AaHWOHHOW W KATHOHHOM
nonuMmepusauuu  asupuarHa.  Kpome  TOro, paccMOTpEeHbl HHHOBALIMOHHBIE — CTpPaTeruu
momudukanuu [IOU ¢ 1enpio MOBBIMICHUS €r0 OMOCOBMECTHMOCTH U CHIDKCHUS TOKCHYHOCTH.
Pabora obnajgaer kak TEOPETUYECKOW, TaK M MPUKIATHOW 3HAYMMOCTHIO. TeopeTnueckas 4acTb
CIOCOOCTBYET YrITYyOJICHUIO TIPEJCTABICHUN O CTPYKTYpE, CBOMCTBAX U PEaKIIMOHHON CITIOCOOHOCTH
MOJIMATUJIEHUMHUHOB, TOTJla Kak [pakTU4YecKas HampaBieHa Ha OLIEHKY BO3MOXHOCTEH
WCIIOIb30BAaHUS TOJYYEHHBIX JaHHBIX MpPH CO3/JIaHMM MAaTE€pUajIoB HOBOTO TOKOJEHUS IS
OMOMEIUIIMHBI, BOJOOYUCTKH U aHTUMUKPOOHOM 3aIUTHI.

2. OnpenesieHue NOJUITUICHUMHUHOB M UX OCHOBHbIE (PM3NKO-XMMHYECKHE CBOMCTBA
[Tonustunennmunsl (IIOU) npencraBisitoT coO0l MOJUMEPHBIE MOJIEKYJbI, COCTOSIIIME W3
MIOBTOPSIOLIMXCS 3BEHBEB AMUHOTPYIII U JIBYX aJlM(paTHUECKUX aTOMOB YIJIepoJa.
[TonmmATUICHUMUHBI JOCTYNHBI B JBYX (GopmMax — B Bujae paserBieHHoro (p-IIEN) u
nuneriHoro (n-ITEW) mommatunennmuHa. PasBerBnennbrii [I9M mMmeeT Bce THUIBI NMEPBUYHBIX (-
NH:-), Bropuunbix (-NH-), u Tpetrnunbix amunorpymi (-N-), Toraa kak quHerHsiit [19U conepxut
TOJIbKO BTOpUYHBIE aMuHOrpymmbl. CTpyKTypa ABYX (OpM IOJUATUICHUMHUHA NpEACTaBlIE€HA Ha

pucyHke 1.
H H
a HZN\/\N/\/N\%/\N%\/N\/\N/\/NHZ
H Hlp b

/\_/NHZ
6 HN \/\ﬁ/\/ \/;q"\/ NH,
N
HZN/\/ \/\NHE
n

Pucynoxk 1. Ctpykrypa nuHerHoro (a) u passetienHoro (0) monmustuneanmuna (Yu et al., 2022)

Huzkomonexynspusiit [191 sBisieTcs )KUIKOCTBIO, B TO BpeMsSI KaK BBICOKOMOJIEKYJISIPHBIN
[IPU — »mactomep. ITnotrocts ITAU 1050-1070 xr/m3, TIDU sBisercs ManOTOKCHYHBIM;
pacTBOpHM B BOJE, CIUpTax, yKCycHou kwuciore. [IDUW mposiBiseT BBICOKYIO TEPMUUYECKYIO
crabmibHOCTh. Temmneparypa pasznokeHus: npesbimaer 300°C. IlnaBnenue [19U 3arpyaHuTEnsHO
M3-32 €r0 BBICOKOM BS3KOCTH, HO TEPMHYECKOE PA3JIOKEHNE HAUYMHACTCA MPHU TEMIEPATYPE BBIIIE
150°C.

[I9U obnagaeT BBICOKOW MPOYHOCTHIO HA PACTSHKEHHE W XOPOIIEH SIAaCTUYHOCTHIO.
MexaHnuecKkne CBOWCTBA 3aBUCAT OT MOJIEKYJSIPHOTO BECa M CTENEHM CHIMBKU moaumepa. [IOU
o0yazaeT BHICOKONH XMMHUYECKON yCTOMYMBOCTBIO U MOXKET 00pa30BbIBaTh MPOYHbBIE KOMIUIEKCHI C
METaJIJIaMH M OPTaHUYECKUMU MoJieKyslaMu. [lonumep akTMBHO B3aMMOJEHCTBYET C KUCIOTaMU U
MO3KET OBITh JIETKO MOAU(PHUIIMPOBAH 3a CUET MIPOTOHUPOBAHUS aMUHOTPYII.

bnarogapss cBoemy mnosuMkaTHOHHOMY Xapakrepy IIOM mmeer MHOXECTBO NPUMEHEHHH.
Cpoiictea [I9M wmoryt OBITH JIeTKO MOIM(UUIMPOBAHBI H3MEHEHUEM CTPYKTYpbl LeNH |
Mmonekynspaoro Beca. J-IIEM ornmuaercs ot p-IIEM cBoeit Oonee ymnopsiioueHHOW U
KPHUCTAJUIMYECKOW CTPYKTYpPOH, YTO BJIMSET HAa ero (pu3MyYecKue W XMMHUYECKHe cBoiicTBa (VON
Zelewsky et al., 1993). OcHoBHbIe Qu3nKo-xuMudeckue cBorictBa [I19U mpepcraieHsl B TabuIe
(Tabmuma 1).
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Ta6auna 1. OcHoBHBIE PU3HKO-XHUMHUECKHE cBOMcTBa [N

HasBaHnue nmoka3zarejs

IToxa3aTenn

PactBopuMoOCTB

I[N obnamaeT BHICOKOW pPAcTBOPUMOCTHIO B BOJIE
Onmaronaps HaIWYUIO TUAPOPHUIBHBIX aMUHOTPYIII.
DTO CBOMCTBO JeNaeT €ro MacaabHBIM KaHIUJATOM
JUISE dbopMupOBaHUS BOJIOPACTBOPHUMBIX
METAINYECKUX KOMIIIEKCOB.

KommiekcoobpazoBanue

[I9U pemoHCTpUpYET BBICOKYIO CIIOCOOHOCTH K
CBSI3BIBAHUIO METAJUIMYECKUX HOHOB U3-3a BBICOKOM
JIOKQJIBHON KOHIIEHTpanuu (PYHKIMOHAIBHBIX TPYIII
(amuHoOrpymm). OT0 cBoiictBo mo3Bosiser [IOU
3¢ (HeKTHBHO 00pa3oBHIBATH KOMILJIEKCBI c
pasmMYHBIMM MeTammamu, Bkmodas Cu?™ Ni?* u
JIpyrue, 4YTO JENaeT €ro BaXXHbIM MaTepuajioM B
KOOPJMHAIIMOHHOM XUMHUH.

CTabunbHOCTh

IO u ero MeTaJuTM4ecKHe KOMIUICKCHI 00JIalatoT
XOpoIen XUMHYECKON u (bu3HIecKom
CTaOWJIBHOCTHIO, UYTO MO3BOJISIET UCIIOJIB30BATh WX B
Pa3IMYHBIX XUMHUECKUX PEAKIUIX U MPUITOKCHHSIX.

Kondopmannonusie cBoiicTBa

[IDM1 wumeer KOMOakTHYI KoH(popmanui B
pactBope, 91O 00yCIIOBJICHO CUJIBHBIMU
B3aUMO/ICUCTBUSMHU MEXIY COCETHUMU
aMUHOTPYIIIaMU 4epe3 BOJOPOJHbIE cB3U. OHAKO,
HECMOTpPS  Ha  CBOIO  KOMMakTHyH0  ¢opmy,
pactipenenenue  (QPyHKIMOHAIBHBIX  TPyHNm  He
OJIHOPOAHO, YTO MPHUBOIUT K HAIUYHIO 0OJacTeil c
BBICOKOM  KOHIIEHTpalUWe aMHHOB H  APYrUX
obnacteii ¢ ux neUIUTOM.

DIIEeKTPOCTATUUECKUE
B3aMMOJICHCTBUS

I[ID1  nemoHCTpupyeT  moBedeHHE, M0J00HOe
aocTepuyeckuM 3pdexTaM, riae ero XUuMHUYecKue
CBOICTBA MOTYT H3MEHSTHCS B 3aBHUCHMOCTH OT
KOOpJAUHALINH METAJTIMYECKUX HMOHOB WIH
npoTOHHpoBaHUs. OJto mo3Boisier [IOU  nerko
aJanTUpoBaThcs K HaubOosiee  OuaronmpusTHOH
KOH(MUTYypaluu JUisi KOMIIJIEKCOOOpa30BaHUs

pH-3aBHCHMOCTD

ITosenenne IO 3aBucut or pH cpenbl. B cunbHO
KHUCIIBIX pactBopax 12U HaXOIUTCS B
IPOTOHUPOBAHHOM COCTOSHUM U HEe o0pasyer
KOMIUIEKCBI C MeTaulamMd. B HeWTpanbHOM U
MIEJIOYHOM  cpeax  MPOUCXOAMT  OOpa3oBaHME
TUAPOKCO-KOMIUIEKCOB, W  KOHKYPEHIUS MEXIY
aMUHOIPYIIIaMU U TUAPOKCHUIOM MOKET IIPUBECTH K
00pa30BaHMUIO CMEITAHHBIX KOMIUIEKCOB.

TOKCUYHOCTh U OMOAKTHBHOCTH

ITOW nponeMoHCTpUpPOBa BBICOKYIO TOKCHUYHOCTB B
HEKOTOPBIX YCIOBHSX, OJHAKO €ro CrIocOOHOCTb
CBSI3BIBATBCSA C QHMOHAMHM M HU3KOMOJEKYISPHBIMU
OMOMOJIEKYIaMH ~ MOXET  HUCIOJb30BaThCi B
OMOMETUIIMHCKUX  TNPHIOKEHUSX, TaKHX, Kak
JTIOCTaBKa JIEKapCTB U JICYEHHUE PAKOBBIX 3a00JI€BaHHM
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PasBerBnennbie popmbl [IOU mokas3piBatOT BBICOKYIO 3((GEKTUBHOCTh TpaHCHEKLUUU, HO
TaKXe COMPSDKEHBI ¢ 0oJiee BBHICOKOH TOKCHMYHOCTBIO 1O CPAaBHEHHMIO C JIMHEHHBIMH (HOpMaMH.
Pa3nuunst B TOKCMYHOCTH MOTYT 3aBHCETh OT MOJIEKYJIIPHOM MAacChl U apXUTEKTYPhI IIOJUMEpa.

CuHTeTn4eckre MeTOoJbpl MO3BOJSIIOT Ipou3BoauTh [IOU ¢ MmonekynspHoi Maccoll B
nuanaszone ot 300 go 750,000 Jla.

1-1IOU sBnsiercst TBepABIM IpU KOMHATHOW TeMmIepaType (TeMiieparypa IJIaBI€HUsSI OKOJIO
73-75 °C), Toraa kak p-IIOUW sBisercs *XKUAKAM, HE3aBUCHMO OT MOJICKYJISIpHOW Macchl. J-110U
pacTBOpuUM B Topsuei Boje mpu HuU3KOM pH, a Tarke B Xxjopodopme, 3TaHOJIE WM METaHOJIE.
dusnueckue cBoiictsa n-I19U npepcrasiens! Huke (Tabnuia 2).

Taoauua 2. ®usuueckue csoiictea a-110U

Ha3Banue nmokasareJisi Iloka3aTenu
[lnoTHOCTH 1.08 /M ipu 25°C
Temmeparypa KUNEHUs 250°C
TemnepaTypa BCOBIIIKA 43,3°C
ITapunanbpHOE HaBiIEHUE: 9 mm pr.ct. ipu 20°C
WHaekc npeaoMieHust 1.5290 npu 20°C

JIuHEeMHbIN NOAMATUIICHUMHH B 0€3BOJHOM COCTOSIHUM UMEET KPUCTAIIIMYECKYIO CTPYKTYPY B
BUJE JBOMHOW CIHUpaad, BBIPOBHEHHOW BJOJb OCH C KOHBEHLHMOHAJIBHOM KpUCTAJNIMYECKOU
pemietkd. JIMHEWHBI NONMATUIEHUMMHUH 00JajaeT aHTHUOAKTEpUAIbHBIMU CBOWCTBaMHU 11O
OTHOILIEHUIO K pa3M4YHbIM I[IaTOr€HaM, YTO II03BOJIAET UCIOJIB30BaTh €ro B KayeCTBE
OakTepuocTaruueckoro arenra (Yu et al., 2022).

3. MeToabl CMHTE3a JINHEHHOr0 MOJHITHIeHUMIHA

CymiecTByeT MHOXECTBO croco0oB mnoiydeHus J-110U ¢ pasnuyHbIME MOJEKYISPHBIMU
MaccaMy M XapaKTEePUCTHKAMH.

Anuonnas u KamuowHas noaumepuszayus — asupuouna. lloauMepuszanus —a3upuUIMHA
OCYIIECTBISICTCS JIBYMSI OCHOBHBIMH METOJAMHU: KATHOHHOW W AHHOHHOW MOJUMEpHU3aINeH.
KarnonHas monumepusanusi asupuavHa NPUBOAUT K oOpazoBaHuio p-IIOM u xapakrepusyercs
HEKOHTPOJIHMPYEMBIM POCTOM MENeH, YTO MPUBOAUT K IIHPOKOMY PaCIPEACTICHUI0 MOJICKYISIPHON
Macchl M CJIOXHOCTH B PEryJUpOBaHUM CTPYKTYpbl HojJuMepa. B oTnuume oT Hee, aHMOHHAs
MOJTUMEPHU3AIHsl TTO3BOJISIET TIONYYaTh JIMHEHHBIH TOJIMATWICHUMHH C Y3KHM MOJIEKYJISIPHO-
MacCOBBIM paclpesieJIieHHeM U IpejckazyeMmbiMu cBoiicTBamu. Paul A. Rupar u ap. paspabotanu
Mmeron  cuHTe3a J-IIDM ¢ wucnonb3oBaHWEeM — KMBOW ~ AHMOHHOW  MOJMMEpHU3allU
(GYHKIMOHATM3UPOBAHHBIX a3UPUIMHOBBIX MOHOMEPOB. IJTOT MeETOA OOecreyuBaeT TOYHBIN
KOHTPOITb MOJIEKYJISIPHON Macchl, MUHIMH3HPYET MOJUAUCIEPCHOCTh W MCKIIOYaeT 00pa3oBaHHE
aMMJIHBIX MPUMECEH, U4TO JeNaeT ero MepCrHeKTUBHBIM Uil OMOMEIUIIMHCKUX U MPOMBIIUIEHHBIX
npumenennii (Rupar et al., 2017). Tassilo Gleede u ap. mpoBeny BCECTOPOHHHUI aHAIU3 METOIOB
MOJTMMEPHU3AIMH a3UPUIMHOB U a3€TUMHOB JUIS MOJTYYEHUS MMOJUAMHHOB, C OCOOBIM aKIIEHTOM Ha
cunte3 Ja-119M. OHu momuepkHyIM BaXXHOCTh CTaJAUU JeCyIb(OHHPOBAHUS, KOTOpasl MO3BOJSET
noiry4ath yucThii 1-I11OU mocie aHMOHHON MoJIMMeEpH3aluu, a TaKke CPaBHUIN 3(PPEKTUBHOCTD
pasnuuHbiX uHUNKATOpoB u pactBoputeneii (Gleede et al., 2019). OcHoBHbIC pa3nu4us MEKIY
METOAaMU KaTHOHHOW ¥ aHMOHHOW MOJIMMEepH3aliel a3upuIMHa IpUBECHbI B Ta0IuIe 3.
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Tab6anna 3. CpaBHeHUE KATUOHHON U aHMOHHOM MOJIMMEPU3ALUN a3UPUINHA

IMapamertp AHHOHHAS NOJMMePHU3AIUSA KaTtnonnasi nosiumepusanus
Tun nomygaemoro JIuueiHbIi Pa3BeTBneHHbIIM
MOJIMATUIICHUMHUHA
KonTpoJsib MoJieKyIsipHOi Bricokuii (y3kuii uHICKC Huzkuii (mmpokuii HHIEKC
MacChI MOJTUTUCTICPCHOCTH) MOJTUIUCTICPCHOCTH)

OcHoBHBIC HHUIUATOPBI

[I{enouHbIC METAILIEI,
OpPraHMYeCKHE OCHOBAHMUS

[IpoTOHHBIE KUCIOTHI,
ankuiaraigorenuasl (BFs, HCI,

(NaNH-, LDA, KOBuU) AICl5)

TemmepaTypa peakiuu 25-80°C 0-50°C
MexaHu3M pocTa Ienu HyxkneodunsHOE packpeiTHE DnexkTporIIbHOE PaCKPHITHE

KOJIbIIa KOJIbIIA

[TonuaucnepcHOCTh

V3Kkas (MHIeKC
noymaucrepcHocTd < 1.10)

upokas (uHAEKC
nojuaucuepcHocTy > 2.0)

OuucTka npoyKTa

JHlecynb(pOHUPOBAHUE TSI

OTtcyTCcTBUE CTaANI OYUCTKU

yYAAJICHHU 3allIUTHBIX I'PYIIT

CrnenoBarenbHO, AaHUOHHAs MOJUMEpHU3alMs sBIsAeTCs 0ojiee  KOHTPOJIMPYEMBIM U
MEPCIEKTUBHBIM ~METOJIOM TIOJTYYEHHUS TOJMITHICHHMHUHA, B TO BpeMs KaK KaTHOHHas
MOJIMMEpU3alLMsl IPUMEHSETCA B Cllydasix, Korjaa TpeOyeTcsi pa3BeTBIEHHAs CTPYKTypa IMOJIUMeEpA.

Kamuonnaa noaumepuzayus 2-oxcazonunog — 3T0 SPGEKTUBHBIA METOA  IOIyYEHHS
N0JIM(OKCa30JIMHOB), KOTOpBIE MOCJIE THIPOJIN3a MOTYT ObITh IpeBpaileHs! B i-1I19U. Otor Meron
MO3BOJISIET KOHTPOJIMPOBATH MOJIEKYSPHYIO Maccy, AUCHEPCHOCTh U CTPYKTYPY IOJUMEPOB, UTO
JieNlaeT ero MPHUBJIEKATENbHBIM JUIsi OMOMEIUIIMHCKUX M MPOMBINUIEHHBIX npuioxkenuid. Fangyu Hu
u gap. (Hu et al, 2014) wuccnemoBanu KaTHOHHYIO MOJMMEPU3AIMIO 2-OKCAa30JIMHOB C
UCNOJb30BaHUEM TpudaToB peako3eMenbHbIX MeTaioB (RE(OTf)s) B xauecTBe MHHMIIMATOPOB.
Takoil moaX0 ] MO3BOJIWII CUHTE3UPOBATH MOJIM(OKCA30JIMHBI) C BHICOKOW CTENEHBIO KOHTPOJS Haj
MOJIEKYJISIPHOM Maccoil W y3KMM pachpefiefieHHeM MOoJeKyisipHoro Beca. Kpome Toro,
WCTIOJIb30BaHUE TPHUQIIATOB PEIKO3EMENFHBIX METAIJIOB OTKPHIBAET BO3MOXKHOCTH JUISI CO3IAHUS
CIIO)KHBIX ~ MaKpOMOJIEKYJISIDHBIX ~ CTPYKTYp, TaKHMX, Kak OJOK-COIOJUMEpBl, C  YETKO
KOHTpoJupyeMoit apxutektypoit. C. Petit u komern (Petit et al., 2017) npoaeMOHCTpUPOBAIIH, YTO
IPUMEHEHHE HWOHHBIX JKMJIKOCTEl B KadecTBE PEAaKIMOHHOM cpeabl M MCIOJb30BaHHE
MUKPO(DIIONIHBIX TEXHOJIOTUH 3HAYUTEIHHO YCKOPSIOT TPOIECC MOJIMMEPU3ANUN U yIy4IIaloT
KOHTPOJIb HaJl MOJIEKYJSIpPHOM Maccoil. 9To ocobeHHO BaxkHO Juis cuHTe3a J-1IOU, rae TounocTs
MOJIEKYJISIPHBIX XapaKTepUCTHK BIMSET HAa €ro KOHEUHBbIE CBOWCTBA. Kpome Toro, mcmosp3oBaHUe
MOHHBIX JKMJIKOCTEH JenaeT mporecc 0ojiee SKOJIOIMYECKH YUCTBIM M 3HEprodhdeKTUBHBIM.
OCHOBHBIE pa3IHUYUs MEXKITY METOJaMH KaTHOHHOW MOJMMEpH3aIiH 2-0KCa30JIMHOB MPUBEICHBI B
tabnure 4.

Ob6a MeToja MO3BOJSIOT CHUHTE3UPOBATH MOJIM(OKCA30JIMHBI), KOTOpBIE MOCIE TUAPOJIN3A
npepamatotcs B 1-119U1, ucnonb3yemslit B OMOMEAMIIMHCKUX U TPOMBIIIIEHHBIX TEXHOJIOTUSX.

T'uoponuz nonu(2-oxkcazonuna) — 5STO TPOIECC, MPH KOTOPOM TIOJYYCHHBIA METOJIOM
nonumepu3zaiuu 1103 oOpabaTbiBaeTcss KUCIOTHBIMU WM LIETOYHBIMU PACTBOPAMM, YTO MPUBOAUT
K YAaJIEHUIO 3alllUTHBIX Tpymi U oopazoBanuio J-I110U. OcoGeHHO Ba’KHO pacCMOTPETh KUCIOTHBIH
THJIPOJIN3, TIOCKOJIBKY OH He TOJBKO 3()(EeKTUBHO yAanseT 3allUTHbIE I'PYMIbl, HO U MO3BOJSIET
LIEJICHAPABJICHHO PEryJUpOBaTh MOJIEKYJIsIpHbIe XapakTepuctuku [IOW. braromapss cBoen
MPOCTOTE M BO3MOXHOCTH ONTHMH3ALMHU YCIOBUH pEaKIMU 3TOT METOJ| CTaHOBUTCS Bce Ooiee
BOCTPEOOBAHHBIM B CHHTETUYECKON XUMHUH.

61



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2025, 153(4)

B crnenyromeld rmaBe Mbl MOAPOOHO PACCMOTPUM KHCIOTHBIA THUAPOIU3 TOMHU(2-ITHII-2-
OKCa30JIMHa), €r0 MEXaHU3MbI, YCIOBHUS MPOBEACHHS U BIUSHUE HA XapaKTEPUCTHUKU KOHEYHOIO
MPOAYKTA, YTO IMOAYEPKUBACT €TO KIFOUEBYIO POJIb B TOIYYEHUH (PYHKIIMOHAIBHBIX TOJIMMEPOB.

Taouauna 4. OCHOBHBIE Pa3InyUs MEXAY METOIAMU KaTHOHHOHN MOJIMMEPHU3aluy 2-0KCa30JIMHOB,
ucnonb3oBanHbiMu Hu et al. (Hu et al., 2014) u Petit et al. (Petit et al., 2017)

IMapametp Hu et al., 2014 Petit et al., 2017
Nuaunuarop PenxozemenbHbie TpudaaTs Honnas KuaKoCcTh
MOJTUMEPH3aLUHA
PacrBopurein HyxneodunpHblit oOpraHnuecKuit HoHHas Kuakoctsb
(HampuMep, TOJTYOJT)
Temnepartypa 100-140°C 80-140°C
NoJIMMepHU3aluH
Bpems peakuuu 4244 2—6 9 (Ipy MUKPOBOJIHOBOM

HarpeBe — 1-2 4) KOHTPOJIb

Kourtpousb Beicokuii, y3Kuil HHIEKC BrIcoknid, TOUHBIN
MOJIEKYJISIPHOI Macchl MTOJIMIUCTIEPCHOCTH
Bbixon moiumepa ~ 80-85 % ~ 90 %
CkopocThb peakuuu Cpenuss bricTpas, ocobeHHo moj

MHUKPOBOJIHAMHA

Oo6opynoBanue TpaauIIMOHHBIN PEaKTop ¢ MukpoQIIIOHTHBIA PEaKTop
TEPMOCTATOM
OcHoBHBIE IIpocrora, BOCIpON3BOAMMOCTD BeICTpBIN KOHTPOJIL, HU3KAS
NpeuMyuecTBa MOJIMIUCIIEPCHOCTD, MEHbIIAs
BSI3KOCTh CHCTEMBI
Heo6x0a1MocTh BEICOKHX Tpedyercs
OrpanuyveHust CHeualIi3upoOBaHHOE

TeMIepaTyp

MHUKpPOQIIONIHOE 000pYA0BaHUE

KucaoTHblii ruapon3 moau(2-3Tui-2-okca3onuna). KucnotHeri ruponau3 momu(2-3Tui-
2-0KCa30J1MHA) OOBIYHO MHHULMUPYETCS B MPHUCYTCTBUU CHIIBHBIX KUCIOT, Takux kak HCl. Otot
MpOIecC XapaKTepU3yeTcss MpPEeBpalleHHeM aMHIHBIX TPYNI B AITHJICHUMHUHOBBIE 3BEHBS, UTO
npuBOIUT K oOpasoBanuio n-II9M. Hanneke M. L. Lambermont-Thijs u ap. wuccrnemoBamu
KMHETUKY KHcioTHOro ruaponusa [IMO3 u 1103, ycranaBnuBas JTMHEHHYIO 3aBUCUMOCTb MEXIY
CTETNeHbI0 THApoiu3a u BpeMeHeM peakiuu (Lambermont-Thijs et al., 2010). BaxubiM acniekToMm
3TOTO METONa SBIISAETCS BO3MOKHOCTH TOYHOTO KOHTPOJS HaJ TMPOIECCOM, YTO TMO3BOJISET
perynmpoBaTh CBOWCTBa KOHeYHOro mpoaykra. Pabora Halacheva, V. D. u np. memonctpupyet
YCTICIITHBIN CHHTE3 JIMHEHHBIX ¥ KOMOMHHPOBAHHBIX MOJUMEPOB Ha OCHOBE TMOJIHMATHICHUMHHA U
noju(2-3Tmi-2-okcozanuna). llonydyeHHsle monuMmepbl 00Nagar0T YHUKAJIbHBIMH CBOMCTBaMHU B
BOJIHBIX PacTBOPax, BKIIOYAsi TEPMOTYBCTBUTEIFHOCTh M BO3MOXKHOCTH (DOPMHUPOBAHUS PA3ITUIHBIX
mopdounoruii  arperaroB (Halacheva et al., 2011). Lutz Tauhardt u nap. wuccremnoBamu
ONITUMHU3UPOBAHHBIM MeTox cuHTe3a JN-1IDM dYepe3 KHCIOTHBIA THAPOIW3 MOIU(2-3THII-2-
OKCa30JIMHA) C UCIOJIb30BAHUEM MUKPOBOJIHOTO CHHTE3aTOpa. ABTOPHI JOCTHUIJIM BHICOKOM CTENEHU
THIPOJIM3a U YIIyUIIEHHOH 4iCcTOThl KoHeuHoro mpoaykTa (Tauhardt et al., 2011). Victor R. de la
Rosa u ap. npeanoxunu ObICTPBI M HAAEKHBIH METOJ] YaCTUYHOTO THAPOJHM3a MOIu(2-3THi-2-
OKCA30JIMHA) B JIMHEHHbBIC MOJMITHICHUMHHOBBIE COMOJUMEPHl C BO3MOXHOCTBIO KOHTPOJIS
crenenn runposm3a (de la Rosa et al.,, 2014). Vcnons3oBaHME MHUKPOBOJHOBOTO W3IyYCHHUS
MO3BOJISICT 3HAYUTEIBHO COKPATHTh BPEMs PEaKIM{ W MOBBICHTH 3PQEKTUBHOCTh THAPOIN3a 0e3
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pUCKa pa3pylieHUsl MOJMMEPHBIX menei. Takol moaxos obOecrednBaeT JyYIIUA KOHTPOJb Hal
CTETICHBIO THAPOJHM3a W CBOWcTBaMHU Tmoiydyaemoro Ji-IIDM, 4Tto 0coOEHHO BaKHO JJS €ro
JANbHENIIET0 UCTIOIb30BAHMS B CIIOXKHBIX TEXHOJIOrHYecKux mpoieccax. Maarten A. Mees u ap.
MPOJEMOHCTPUPOBAIM, YTO KOHTPOJMPYEMBIH THIPOIHM3 TO3BOJSIET IOJYYUTh MOJMMEPHI C
3aJJaHHBIMH CBOWCTBaMHM, YTO MMEET OOJbIIOE 3HAYECHHE Ui Pa3pabOTKH HOBBIX HOCHUTENECH s
JIOCTaBKU T'€HOB M Ipyrux Ouomosiekys. B pamkax stux uccienoBanuii Mees copmectro ¢ Richard
Hoogenboom mpoBenu KuHETHYECKHIA aHATM3 KMCIOTHOTO THAPOJIKM3a MOJH(2-3THII-2-0KCa30IMHA)
s monyuerust JI-IIDU (Mees, 2017; Mees & Hoogenboom, 2018). B pesynbrate padotsr Ondrej
Sedlacek u ero komer, ObuT mpencTaBieH MeTon mosydeHus JA-1IDM depe3 KOHTpOIMpyeMblit
KHCJIOTHBIN THUAPOIM3 Mmoiau(2-3Tri-2-0oKkca3oiuHa) ¢ mocienyromeii anmmsnueii (Sedlacek et al.,
2018). Marius Bauer u ap. monmyumiau a-II19W myreM HONHOrO KHUCIOTHOTO THUAPOJHM3a MOJH(2-
OKCa30JIMHOB), CHHTE3UPOBAHHBIX METOJOM KaTHOHHOW KOJIBIIEBOH MoiuMepu3anuu. OHH ONHCaIH
cuare3 N-1I9M u YacTMYHO THIPOIM30BAHHOTO MOJH(2-3THII-2-OKCAa30JIMHA) KaK KIIOYEBOH
nojuMep i goctaBku renos (Bauer et al., 2018). Natalie E. Goppert u ap. omucanu MeTOA
nosrydeHust J-I1OU w3 monw(2-3Tun-2-okca3oiMHa) Yepe3 THUOAPOJIH3, YaCTHYHOE OKHCICHUE WU
peaumnupoBanue. [lomyueHHbIE TOJIMMEPBl MPOACMOHCTPHPOBAIN XOPOIIYHD TEPMUYECKYIO
CTaOMJIBHOCTh M TIEPCIICKTUBBI [T NipuMeHeHus B onomenuuune (Goppert et al., 2020). Xiaoning
Shan u ap. onwcanu CHHTE3 METaKPHIMPOBAHHOTO MOJHU(2-3TUII-2-0KCA30JIMHA) U €r0 OLICHKY B
KayecTBE MYKOAJIre€3MBHOTO IMOJUMepa Uil Ha3albHOW JIOCTABKU JIEKapcTB. MeEToa BKIIOYAeT
YaCTUYHBIA THIPOJIM3 TOJMH(2-3THII-2-0KCa30JIMHa) 10 TnoiydeHus n-I1DU, kortopelii 3arem
MoauduIpyeTcs ¢ MmoMolbio MerakpuiioBoro anruapuaa (Shan et al., 2020). B Tabmune
MPEJICTaBJICHB OCHOBHBIEC METObI MosTyueHust JI-IIOU 1 ux KiroveBble XapaKTEPUCTUKH Ha OCHOBE
PACCMOTPEHHBIX UCCIIEIOBaHUM (Tabiuia 5).

Tab6aununa 5. CpaBHeHuEe METOA0B KMCIOTHOTO Tuapoin3a 1103

No Meton rugpon3a | OCHOBHBbIE XapaKTePUCTHKH Ipumenenne | UcTrouHukm,
roj
1 | Kucnorsslit rugponus JInnelinas 3aBUCHMOCTB KoHntposns Lambermont-
(HCI) CTETICHH TUAPOIIH3a OT MOJIEKYJISIPHBIX Thijsetal.,
BpEMEHHU XapaKTEPUCTHK 2010
2 I'mpponus + TepMOUYyBCTBUTEIIBHOCTD, buopasnaraemeie | Halacheva et
KOMOMHHMpOBAHHUE C | arperarsl B BOJHBIX pacTBOpPax MTOJIMMEPBI al., 2011
15U
3 MHUKpPOBOJIHOBOIA Beicokast unctoTa u ckopocth | buomenuumnckue | Tauhardt et
KHCJIOTHBIM THIPOIIN3 peakuuu MIPUIIOKEHUS al., 2011
4 YacTu4HbIi KoHTpOJIb CTENeHu THIpOIn3a, Kontposs de la Rosa et
KHCJIOTHBIM TUAPOIIN3 CTaOMIIBHOCTh CTPYKTYPBI CTEIIEHU al., 2014
THIPOJIH3A,
CTaOMIIBHOCTD
CTPYKTYPBI
5 | Kucnorusiii rugponus | OntuMu3anus THAPOTU3A st Bexkropsr piist Mees et al.,
C KHHETHYECKUM nocraBku JJHK TEHHOU Tepanuu 2017
aHAJIN30M
6 | l'unponus + amwrsanus | Moaudukanus CTpykTypsl Juid | buomatepuaisl Sedlacek et
3aJJlaHHBIX CBOMCTB al., 2018
7 ITonHbBINA KUCIOTHBIN Hcnonp3oBaHue KaTHOHHOM JlocTaBka reHOB Bauer et al.,
THUAPOITN3 MoJTMMEpH3alien a3upuInHa, 2018
BbICOKast 3(h(peKTUBHOCTD
TpaHChEKITUN
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8 I'unponus + buognerpanupyemsie NmnnanTartsl, Goppert et
OKHCJICHUE TTOJIMMEPHI (dhapmareBTHKa al., 2020
9 | YacTu4HBIN THAPOIH3 Mykoare3uBHbI€ CBOMCTBA HazanpHas Shan et al.,
+ MeTakpuIMpOBaHUE JOCTaBKa 2020
JICKapCTB

[IpencraBieHnble JaHHBIE TOKA3bIBAIOT, YTO KUCIOTHBIA rujaposm3 [103  MoxHO
Moau(pHUIIMPOBATh IJI PA3TUYHBIX IIeNIeH, BKIIFOYash KOHTPOJb MOJICKYJSIPHBIX XapaKTePUCTHK,
(HYHKIIMOHATU3AIMIO TTOJIMMEPOB U OMOMETUIIMHCKUE TTPUMEHEHUs. B 4acTHOCTH, MCIIOIb30BaHKE
MHUKPOBOJHOBOTO H3JIYYCHHS! TI03BOJIIET YCKOPUTH PEAKIUI0, a YAaCTUYHBIA THUAPOIU3 JaeT
BO3MOXKHOCTh TOYHO pEryJupOBaTh CTPYKTYpYy IOJMAMHHOB. OTH pa3IMuds TMOTYCPKUBAIOT
BaXHOCTh BBEIOOpA METO/1a THIPOIN3a B 3aBUCUMOCTH OT KOHEUHOTO MPUMEHEHHSI MaTepHala.

VYuuTpiBas yHHMKaJIbHbIE XapaKTEPUCTUKH, IOIY4Y€HHblE B pe3yapTare cuHTe3a J-110U,
ClIeyroIas riiaBa OyAeT MOCBAIIEHA €ro MPUMEHEHUSM. MbI pacCMOTPUM pPa3IMYHBbIC 00JIACTH
npumenenus [IDM, Bkimrouas cuCTeMbl JOCTaBKM JIEKapCTB, OHOCEHCOPHI U  JApyTue
BBICOKOTEXHOJIOTUYHBIE OHOMEIUIIMHCKUE pEeHIeHUs. OJTO HCCIeJOBaHUE ITO3BOJUT YIIyOUTH
MOHNMaHue (PYHKIHOHAIBHBIX Bo3MOxHOcTel [IOW u ero ponu B COBpEMEHHBIX MEIMIIMHCKHX
TEXHOJIOTHUSX.

4. IIlpuMeHeHMe JIMHEHHOT0 MOJTUITHIEHAMUHA

[Tpumenenue n-I1OU B coBpeMeHHBIX TEXHOJOTHUSX M HCCIECIOBAHMSIX MPEACTaBIseT co00it
LIMPOKUHN aClEeKT, OXBAThIBAIOLIUI pa3InyHbIe 00JIaCTH.

I'ennaa mepanus u oOocmagka nexkapcme. 11OV akTHBHO HCHONB3YeTCS B KadecTBe
HEBHPYCHOTO BEKTOpPa JUIs IOCTaBKHM reHeTndeckoro matepuana (Gosselin et al., 2001; Neuberg &
Kichler, 2014). B knerounoit nuaun HEK293 s dexkruBHOCTh TpaHCHEKIMU C UCTIOIB30BAHUEM JI-
19U nocturaer 75-90 % (Huh et al., 2007), Torna kak B IEPBUYHBIX UM MEHEE BOCIIPUUMYHUBBIX
KJIETKaX JTOT TMoKaszarenb cHiwkaercs 1o 30-40% (Maurisse et al., 2010). Pasnuunbie
Moaupuxanmu [I19U paspabarbiBatoTcs ¢ €110 MOBBIIEHNS TPAaHCPEKITUOHHOMN 3P PEKTUBHOCTH U
cHIKeHMs nuTotokcuuHocT (Socia et al., 2020). B mocneanue roabl BHUMaHHE HCCIIENOBATENEH
COCPEIOTOYEHO Ha CO3JaHUU MHOTO(PYHKIMOHAIBHBIX [IDM-0CHOBAaHHBIX CHCTEM JIOCTaBKH,
oOnafaronx  yAy4IIeHHOW  CTaOWJIBbHOCTBIO, OHOCOBMECTUMOCTBIO M BO3MOXHOCTHIO
HanpasieHHoro neiicteus (Hao et al., 2019). Coulembier O. u np. pa3paboTaiu comnoiumepsl Ha
OCHOBE JIMHEHHOTO TOJIMATHJICHUMHUHA U MTOJUMOJIOYHON KUCIOTHI MYTEM OpPTraHOKATATUTHYECKON
nojgumepu3ai. CHHTE3HMPOBAHHBIE COIMOJUMEPHBIE CTPYKTYpbl (DOpMHUPOBAIM HAHOYACTHUIIBI
(~400 HM), crocoOHble HMHKANCYIMPOBaTh THAPO(OOHBIE COECTUHEHHS M NPOHUKATh B KIETKH.
bnaronaps HamuuMio He3aMENIEHHBIX AaMMHOTPYIN, 3TH MaTepuajbl pPacCMaTPUBAIOTCSA Kak
MEPCIEKTUBHBIE HOCUTENH IS JOCTaBKH HYKJIEHHOBBIX KHCIIOT W JIEKapCTB B CHCTEMax T€HHOH
Tepanuu ¥ KOHTposmpyemoro BeicBoOoxkaeHust (Coulembier et al., 2014). A. A. Rosenkranz u A. S.
Sobolev paccMoTpesn 0COOEHHOCTH CO3/IaHKsI U IPUMEHEHUS] HAHOYACTHII-TIOJIUTICKCOB Ha OCHOBE
I[IDU 1t 1OCTaBKM HYKJIEWHOBBIX KHCJIOT B KJIETKH. ABTOpPHI IMOJYEPKHYIH BBICOKYIO
spdextuBHOCT, [IOW B KauecTBe BeKTOpa A T€HHOM TEpanuu, OTMETHB €ro CIHOCOOHOCTh
o0pazoBeiBaTh ctadbuiabHble Komuiekesl ¢ JIHK u PHK, uto obecneunBaeT 3ammry reHeTHYEeCKOro
MaTepHalia OT Jerpajalldd M ycremnHyio TpaHcdekmuio kiretok (Rosenkranz & Sobolev, 2015).
Zakeri u np. paccmoTpenu oOpazoBaHue noiuiuiekcoB [1DU, nx B3auMojaeHCTBUE C KIETKaMHU U
MexaHu3Mbl TpaHchekmuu. [lokazano, uro [IDOU cTaOmiabHO CBSI3BIBAETCS C HYKJICHHOBBIMH
KHUCJIOTaMH, 3alUIIas UX OT JAErpaJallui U CIIOCOOCTBYS AOCTaBKe B KJIeTKH. OJJHAKO TOKCHYHOCTh
19 orpannumMBaeT €ro KIMHUYECKOE MPUMEHEHHE, 4YTO TpedyeT pa3paboTKu Oe30MacHbIX
MoauUKaIMi U KOMOMHMPOBaHHBIX cuctem goctaBku (Zakeri et al., 2018). Yadav u Kumar
CO3JJJTM JIMHEWHBIN TOJUATUICHUMUH, MOIU(DUIIMPOBAHHBIH OOPHOBOW KHCIOTOH, JJIs JOCTaBKU
JHK. IlomydyeHHble KOMIUIEKCHI Jydllle NPOHHKAIM B KIETKM M OOECIEYMBAIN BBICOKYIO
3¢ PEeKTUBHOCTh TpaHCPEKIMH TIPH HUZKOM TOKCHYHOCTH. TakWe MaTepHalibl CUYHUTAIOTCS
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NEPCIEKTUBHBIMU Ul T€HHOW Tepamuu Onarofapsi yiydlleHHOMY 3axBaTy u pgoctaBke JIHK
(Yadav & Kumar, 2018). Priyam u ap. pa3paboTain KOHBIOTHPOBAHHBIC HAHOYACTHUIBI HA OCHOBE
nojudTiiienumura (II19U) u nmomunonamuna (PDA) mist rennoii mocrasku (Priyam et al., 2017).
Jiang u ap. umcciaenoBand MOJUATHICHUMHUHOBBIA BeKTOp sl Oe3omacHOW W 3G QEeKTUBHOMN
JOCTaBKM HYKJIEMHOBBIX KUCIOT. OHM oTtMmetwin, uto IIOU octaércst omHUM M3 NEpCHEeKTHBHBIX
HEBUAJIbHBIX BEKTOPOB Onarogaps cnocobHoctu konaeHcupoBaTh JHK u 3amummars e€ ot
nerpagaiu  (Jiang et al., 2019). Dai Y. u Zhang X. paspabortamu OHOpeAyLHPYEMBbIii
MOJIMATHIIEHUMUH € JUCYIbGUAHBIMU CBSA3sIMH A1t JocTaBk MUKpoPHK B kiteTku paka Mono4yHoi
xene3bl. [loaydeHHbIe HAHOYACTHUIIBI JIETKO Pa3pyLIaICh BHYTPHU KJIETKH, BEICBOOOXK1asi aKTUBHYIO
PHK. Takas cucrema mnokasana BbICOKYIO 3(pQEeKTUBHOCTh TpaHCHEKUNHU, HU3KYI0O TOKCUYHOCTh U
CMOCOOHOCTh MOJABJIATH POCT ONYXOJAHM Yy MBIIEH, YTo JenaeT MOJU(PHUIUPOBAHHBIN
MOJIMATUIIEHUMUH TEePCIEKTUBHBIM HEBHAJIBHBIM BEKTOpOM Juisi reHHou Teparnuu (Dai & Zhang,
2019). Zou u ap. u3yuniau HaHorenu Ha ocHoBe [IDU m ux moreHiman B reHHoi Tepamuu. OHU
nokazanu, uro I[IOU sddextuBno xommiexcupyer ¢ JAHK u PHK, dopmupys crabunbhbie
CTPYKTYPBI, KOTOPBIE 3aIIUIIAI0T TEHETUIECKUI MaTepHall M CIIOCOOCTBYIOT €T0 TOCTAaBKE B KIJIETKH
(Zou et al., 2019). Casper u mp. ucciaea0BaId MEXaHU3MbI TpaHCHEKIMK ¢ HCIob30BaHueM [1OU u
ero npou3BoaHbIX. OHn moxarBepaw, 4ro 19U ocraércst omaum u3 Hambosee 3¢ (HEeKTUBHBIX
KaTHOHHBIX ITOJIMMEPOB ISl JOCTaBKU reHeTHyeckoro marepuaia (Casper et al., 2023).

Ouucmka 600wvl. 11DU npumensiercs st yAaJIeHUs] TSHKEIBIX METAUIOB M OPraHUYECKHX
3arpsi3HeHUil B mpoleccax ouucTku Boabl. CopOumonHas émkocth [I1DU-monudunmpoBaHHbIX
MatepuanoB gocturaer 158 mr/r ana Cu?* 139 mr/r as Zn?* u no 161 mr/r ans Pb?*. PaBnoBecue
aacopOuuu yctaHaBiuBaeTrcs B TedeHne 5-10 MHHYT, a ONTUMAalbHBIE YCIOBUS COPOLUU
Habmomarorcss npu pH 5-7, mpu KOTOPBIX aMHUHOTPYIIBI JENPOTOHHPOBAHBI W AKTUBHO
KOOpIUHUPYIOT KaTnoHbl MeTauioB (Pang et al., 2011; Khalaj et al., 2023). Goncharuk V. V. u np.
uccinenoBain 3¢p(HEeKTUBHOCT, MOAU(DUKAIIMKM MPUPOJHOT0 MHHEpana MoHTMopuiuionuta [19U c
LEeNbI0 YAaJeHUs] UOHOB TSKENBIX MeTauioB, Takux, kak Co(Il) u Ni(Il), u3 BogHBIX pacTBOPOB.
[lonydeHHBII KOMIO3UTHBIH COPOEHT JIEMOHCTPUPOBAJ  3HAYUTENIBHO 0OJiee  BBICOKYIO
COpPOLIMOHHYIO CIIOCOOHOCTh IO CPAaBHEHUIO C HEMOJU(PHUIMPOBAHHBIM MOHTMOPHJUIOHUTOM,
O0COOCHHO MpH HeMTpanbHOM 3HaueHMUM pH U B yCIIOBUSAX BBICOKOW HMOHHOW CHJIBI pacTBOpa.
ABTOpBI OTMETWJIM, YTO CBSA3BIBAHHME HOHOB METAJUIOB MPOUCXOJIUT MPEUMYIIECTBEHHO 3a CUET
amuHorpynn I[IOW, 3akpery€HHbIX Ha NOBEPXHOCTH MHUHepana. Takue MoaudUIMpPOBAHHbBIE
COpOeHTBHl ~ MOKazajdM  NEepCHeKTHUBHOCTb  NPUMEHEHMs A OYHUCTKHM  CcpelHe- U
BBICOKOMHHEPAJIM30BAHHBIX CTOYHBIX BOJ OT TSDKEIBIX METAJUIOB, YTO OCOOCHHO aKTYaJbHO ISt
OpoMBIIUIEHHBIX BbIOpocoB (Goncharuk et al., 2010). Sun u ngp. pa3paboTand MarHUTHBIC
MUKpochepbl Ha ocHOBe [IDW 1 MOMMBHHMIIOBOTO CIUPTA JUISl yAAJICHHS IIECTHBAJICHTHOTO XpOMa
(Cr(V1)) u3 Boambix pactBopoB (Sun et al., 2015). Ma u ap. paspaboramu HaHOPUOPO3HBIC
copbentsl Ha ocHoBe [IDU nns sddexTrBHOrO yhaneHuss XpoMaToB M apCEHATOB W3 MHUTHEBOU
Bonsl (Ma et al., 2016). Liu m np. pa3paboTaaum KOMIIO3HTHBIN THIpPOTeh Ha OCHOBE
nommtineanmuHa (ITIM) 1 coeBoro 6enka (SPI) st cenekTuBHOTO ynanenus nonos mexu (Cu?*)
u3 crounbix Box (Liu et al., 2017). ABTOpBI UCMONB30BATM METOA XMMUYECKOTO CIIUBAHHS IS
CO3JIaHKsI TIOPHCTOTO MaTepuaa, 001aIaroIero BEICOKO# copbimonHoii crmocoonoctero (Liu et al.,
2018). Guo D.-M. wu jap. co3ianu IEIUTFOJIO3HBIN a’poreib, MoauduuupoBanubii [1DU, mns
ynanenus Cr(VI) uz Boapl. Marepuan nokasai BbICOKYIO COPOLIMOHHYIO EMKOCTH (110 229,1 Mr/T) u
Xopomo paboTall Kak B CTaTHYECKHX, TaK U B MPOTOUHBIX ycnousax (Guo et al., 2017). Zeng u ap.
pa3paboTaii HOBBIM KOMITO3UIIMOHHBIH COpPOGHT Ha OCHOBe rumneppasBerBiénHoro [IOU u
KapOOKCHMETUIXUTO3aHa Ui BBICOKOO(deKTHBHOrO ynanenus uoHos prytu (Hg?") u3 BomHbIX
pactBopoB (Zeng et al., 2019). Bediako J. K. u ap. pa3paboTasiu BOJTOKHUCTBIE COPOEHTHI HA OCHOBE
MOJIMATHIICHUMUHA W KalbIMii-anTuHaTa ais u3BieueHuss woHoB 3oiora (AuCls) u3 BOAHBIX
pactBopoB. Bomokna ¢GopMHpOBaIMCh METOJAOM HMOHHOW Telle0Opa3sHOM  JKCTPY3HH |
CTaOMIIN3UPOBAINCH C MOMOIIBIO TayTapanbaeruaa. KoMmosut nposiBuiI BHICOKYIO COPOLIMOHHYIO
émkocth (0omee 2300 Mr/r) 3a CU4ET AIEKTPOCTATUUECKOTO B3aUMOJACUCTBUSI amuHorpymm 19U ¢
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aHHOHAMH 30110Ta M BoccTaHoBieHus Au®* 10 smementapHoro 3onora. MaTepuan coXpaHsi
3P PEKTUBHOCTh TOCIE MHOTOKPATHOTO WCIIOJIb30BaHMs, YTO IMOATBEpXKIAaeT moTeHuuan [1DU-
COZIEpIKAIMX BOJOKOH B TEXHOJOTHSX OYKMCTKM CTOYHBIX BOJl M BTOPUYHOW TepepabOTKU
nparorenubix MetaioB (Bediako et al., 2020). Wong S. u ap. nmokasainu, 9to KoheliHbIe OTXO/IbI,
MouduipoBanHbie monudTHICHUMUHOM ([T9U), 3 deKkTHBHO ynanstoT aHHOHHBIC KPACUTEIU U3
CTOYHBIX BOJ. biaromaps moyoKuTenbHO 3apspkeHHBIM amuHOTrpynmam [19U copOeHT obecneun
BBICOKYIO CTEIIEHb OYMCTKH, YTO JICIACT €ro MePCHeKTUBHBIM Ul OYUCTKH TEKCTUIIBHBIX COPOCOB
(Wong et al.,, 2020). Finny u ap. paspaboranmu 3D-meuaraemble THAPOTEIM Ha OCHOBE
MOJMATHIICHUMHHA JUUTSl yIAJICHUS TSDKENBIX METAUIOB U3 BOJHBIX PACTBOPOB. ABTOPBI IPE/ITIOKMIH
WHHOBAIMOHHBIA TOAXOJ, UCIOJIb3ys OMOCOBMECTHMbIC 4epHmia s 3D-meuartu, comepikariue
albruHaT, xenatud u [I19U. beuio mokazano, uro [19U urpaer kitoyeByr0 pojib B CTaOHIN3AIIUH
CTPYKTYPBI THIPOTe/s U MOBBIMICHUH €ro copornonnsix cBoiicts (Finny et al., 2022). Huang T. u
Ip. co3Jlanyu COpOEHT Ha OCHOBE MEJIAMUHOBOW MeHbl, MoauduuupoBanHo 19U, nna ynanenus
uonoB Cr(VI) u3 crounsix Box (Huang et al., 2022). Xanthopoulou M. u Katsoyiannis 1. A.
NpoaHATM3UPOBaIn 3(P(HEKTUBHOCTE MOIU(PHKALIUK pa3iudHbix copOeHToB [IDOU mist ymaneHus
TSOKEITBIX METAJUIOB, B YaCTHOCTH, XPOMATOB W apCEHATOB, W3 3arpsA3HEHHON BOJHOW CPEJBbI.
ABTOpBI MOJYEPKHUBAIOT BBICOKYIO IEPCHEKTHBHOCTh mNpuMeHeHus [1DM-mMonuduunpoBaHHbIX
MaTEepHAJIOB B CUCTEMaX OYUCTKHU MHUTHEBBIX M CTOYHBIX BOJI, 0COOCHHO B PErMOHAX C MOBBIIICHHBIM
COJICpP)KAHWEM IISCTUBAJIICHTHOTO XpOMa M apceHa, TIJe TPAJUIMOHHBIE METOJbl OYUCTKU
JEMOHCTPUPYIOT OTPAaHUYCHHYIO dPPEKTUBHOCTh. Pe3ynbraThl 0030pa CBUACTEIBCTBYIOT O TOM,
yro BBejeHHEe [IOUW 3HAaYMTENbHO MOBBILIAET COPOLMOHHYIO EMKOCTh MaTepuaioB 3a CYET
YBEIUYCHUSI  TUIOTHOCTH  AKTHUBHBIX ~ aMUHOTPYNI W YCWJICHUS  DIIEKTPOCTATHYECKOTO
B3aUMOJICHCTBHUS C aHMOHHBIMU (popMamu MeTaiuioB (Xanthopoulou & Katsoyiannis, 2023).

II2H 6 anmumukpoonvix mamepuanax. 119U sBisercs nepCneKTUBHBIM KOMIIOHEHTOM JIJIS
CO3/1aHHS AHTUMHUKPOOHBIX MaTepHasioB Ojaroaapss CBOEW CHOCOOHOCTH pa3pyliaTh KJIETOYHbIE
MeMOpaHbl OakTepuil W mpemoTBpamiarh obpasoBanue Ouorui€Hok. Nuzhdina u ap. paspadoranu
AKWIMPOBAHHBIE M CHIMThIC Tpou3BojaHbIe [IDW s co3maHus aHTUMHKPOOHBIX TOKPBITHI
(Nuzhdina et al., 2017). Mayandi u ap. uccienoBanu ji-I119U kak anTuMUKpoOHBIiA arent (Mayandi
et al., 2019). Pandey u np. npeacTaBuin aHTHOAKTEPHATBHYIO TTOBEPXHOCTh Ha ocHoBe [1DU ms
MEIUIIMHCKUX YCTPOUCTB. Pe3ynbpTaThl McCiIe0BaHMs TEMOHCTPUPYIOT MOTEHIHAT MOJU(UKAIIN
[IDU nnis co3maHus aHTUOMOTHK-AIbTEPHATHBHBIX OMOMATEPHATIOB, CHIDKAs 3aBHCUMOCTH OT
cucteMHbix antOuoTHkoB (Pandey et al., 2024). Xing wu ap. paspabotanu JOITOBEYHOE
AHTUMHKPOOHOE TOKpbITHE Ha OcHOBe [IDUM W (GUTHHOBOW KHCIOTHI IS TPEAOTBPAIICHUS
3arpsI3HEHUST CTOMATOJIOTHYECKUX BOAompoBo1oB (Xing et al., 2024).

HenaBuue noctukenuss B oOnactu MaTepuaioB Ha ocHoBe [IDW monreepknaror ero
3HAYUMOCTh B OMOTEXHOJOTUH, MEIHUIIMHE, YKOJOTUU U MaTepualloBeJeHUN. braromaps BRICOKOI
KaTHOHHOM TJIOTHOCTHU U CIIOCOOHOCTH K XuMHYeckoi Moaudukanuu, [I9W akTHBHO UCTIONB3yeTCs
B TEHHOH Tepamnuu, CUCTEMax JIOCTaBKH JIEKAPCTB, aHTHMUKPOOHBIX MOKPBITHIX, OYHCTKE BOJBI,
COpOIIMOHHBIX Marepuasax u Ouokatanm3e. OJHAKO €ro BBICOKAs I[MTOTOKCHYHOCTh U
OrpaHMYeHHass OMOCOBMECTUMOCTh OCTAIOTCSI KJIFOYEBBIMU BBI30BAMH, TPEOYIOIIMMH JabHEUIIeH
ontumuzaimu. Kak ormeuaror Chen u jp., COBpeMEHHbIE HCCICIOBAHUS COCPEIOTOYCHBI Ha
pa3paboTke OMOMHCIHMPHPOBAHHBIX M aaanTHBHBIX [IDM-marepuanoB, COYETAIONIMX BBICOKYIO
3 PEKTUBHOCTD C YIYUIICHHBIMH XapaKTePUCTUKAMK 0e30MacHOCTH. IHHOBAIMOHHBIE TIOAXObI K
MOJH(UKAIMH CTPYKTYPHI, KOMOMHUPOBAHUIO C OMOCOBMECTUMBIMHU TTOJIMMEPAMU M BHEJIPEHUIO B
MHOTO(QYHKIIMOHAJbHBIE ~ HAHOMATepUalbl  OTKPBIBAIOT  HOBBIC  MEPCIEKTUBBI Ui €ro
UCIIOJIb30BaHUS B MENUIIMHE, (hapMalleBTUKE, OXpaHe OKPYXKalomield cpelbl M MPOMBIIUIEHHOCTH
(Chen et al., 2020).

VY4uuThIBasE COBOKYIHOCTh CTPYKTYPHBIX UM  (YHKIMOHAIBHBIX Xapakrepuctuk, [19U
MPOJOIDKACT YICPKUBATh TO3UIHUIO OJHOTO M3 Hamboyiee BOCTPEOOBAHHBIX MaTEpPHAJIOB, a €ro
JajdbHEHIee pa3BUTHE OTKPHIBACT IIEPCIEKTHBBI Ui pacliMpeHus cdepbl NpPUMEHEHHUs B
WHHOBAITMOHHBIX TEXHOJIOTHUSIX.
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Anpatna. [lomustunennmun (IIDW) — amuH  TONTapbIHBIH KOFapbl THIFBI3JBIFBIHA HE
CUHTETHUKAJIBIK MOJIMMEp, OYJI OHBIH epeKile (pU3nKa-XUMHSUIBIK KAaCUETTEPiH KOHE KYPBUIBIMIIBIK
TYPJICHAIPY MYMKIHIITIH aHBIKTaiabpl.  JKorapel  peakmusuIblK — KaOUIeTTUNr, TEePMHSUIBIK
TYPaKTBUIBIFBI MEH KEIIeH TYy3y KacuerTepiHiH yiutecyl [IOM-nmi ka3ipri MarepuanTaHyarbl €H
KOIKBIPJIbI TIoJUMepIiep iy Oipi ereai. by monmyna ChI3BIKTHIK jkoHE TapMakranrad [I1DOU-ni amy
omicTepi JKyHeneHinm OeplareH, OJap/blH IMIIHAC a3MPUIMHHIH aHUOHIBIK IOJUMEpJeHyl, 2-
OKCa30JIMHICP/IIH KATHOHABIK TOJUMEPJICHYI >KOHE MOH(2-3THUI-2-0KCA30JIMHHIH) KBIIIKBIIBIK
TUAPONIH31 KapacThIpbUIFaH. CUHTE3 OJICIHIH MOJICKYJIAIBIK apXUTEKTypara, MOJUIUCIEPCTUIIKKE
XoHE (QYHKIIMOHAIBI TONTAp/IbIH TapalyblHA 9CEPi TalaaHFaH, ce0edl Oy pakTopiap MoTMMEpAiH
epy KabOiJIeTiH, KYpbUIBIM/BIK TYPAKThUIBIFbIH KOHE KOHPOPMAIHSUIIBIK KaCUETTePiH allKbIH 1l bl
[IOU-gig  Herisri  (U3HKA-XUMUSIIBIK CHIMATTAMAlIapblHA €peKIle KOHUT O6eNiHTeH: MeTaul
WMOHJApbIMEH KOOPAWHAIMSUIBIK KelIeHAep Ty3y KaOineTi, TEepMUSIIBIK JKOHE XUMHSIIBIK
TYPaKTBUIBIFBI, COHMai-ak pH-ka Toyemni kacuertepi. [IDU-miH TeHOIK Tepamusaa KoHE TOPLTIK
3aTTapiAbl KETKi3y KyHenepiH[e KOJJAaHbUIYbl TalJaHFaH, MYHJIAa OHBIH KaTHOHJIBIK TaOWFaThl
HYKJICWH KBIIIKBUIIAPBIMEH THIM/II OaiiJIaHBICY MCH TaChIMAIIaHYAbl KaMTaMackr3 ereni. CoHmaii-
ak [IDU-niH ayblp MeTangap MEH OpraHUKAIbIK JacTaylIbUIApAbl KeTipylae THIMIlI COpOEHT
periHzeri peiyi KOHE OMOMEAMIMHAIBIK KaOBIHAAP KYpaMbIHIA aHTUMHUKPOOTHIK acepi
KOPCETIJITEH.

ConpivMen Katap, [IDU-miH OMOCOWKECTUTITH apTTBIPY KOHE HUTOYBITTBUIBIFBIH TOMEHIETY
OaFbpITBIHAAFBl XUMUSIIBIK MOAU(PHUKAIUSIIAY, KOMIO3UTTEP TY3Yy KoHE TaOUFu OuomoIuMepiepMeH
(G YHKIIMOHATTAHIBIPY CTpaTerusIaphl KapacTBIPBUIFaH. Kunakranran JepeKTep
MOJIMATHIICHUMUHHIH KYPBUIBIMIBIK UKEMAUTINT MEH (YHKIHMOHANJBIK OEHIMIENTIITIr JKOFaphl,
KeJlemeri 30p KompyHKIIMOHAIIBI MaTepHall eKeHIH JoNIeNae .

Tyiiin ce3nep: tapmaxranran noimdTHiIeHUMEUH (b-PEI), cbibikTeik nommdTuiaenumun (I-PEI),
1oJH (2-3THI-2-0KCa30JIMH ), KbIIIKBUT THAPOIIN3, aHUOH/BI TOJMMEpIIey, KaTHOH/IBI OJIUMEpIIEY.

Multifunctional polyethyleneimine: physicochemical properties and modern
applications

Tomiris Nurlibayeva, Guzel Abilova, Zhanagul Makhambetova, Zadagul Sultamuratova,
Gulmira Zhakupova

Abstract: Polyethylenimine (PEI) is a synthetic polymer characterized by a high density of amino
groups, which determines its distinct physicochemical properties and wide potential for structural
modification. Due to its combination of high reactivity, thermal stability, and complexation ability,
PEI is considered one of the most versatile polymers of modern materials science. This review
systematizes current knowledge on the synthesis of linear and branched PEI, including anionic
polymerization of aziridine, cationic polymerization of 2-oxazolines, and acid hydrolysis of poly(2-
ethyl-2-oxazoline). The influence of the synthesis route on the molecular architecture,
polydispersity, and distribution of functional groups is analyzed, as these factors determine the
solubility, structural stability, and conformational behavior of the polymer.

Particular attention is given to the key physicochemical characteristics of PEI, such as its ability to
form coordination complexes with metal ions, resistance to thermal and chemical degradation, and
pH-dependent properties in aqueous systems. The review summarizes recent research on the use of
PEI in gene therapy and drug delivery systems, where its cationic nature ensures efficient binding
and transport of nucleic acids. The effectiveness of PEI as a sorbent for the removal of heavy metals

72



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2025, 153(4)

and organic pollutants in water treatment processes is discussed, along with its antimicrobial
potential in protective coatings and biomedical materials.

Finally, the review highlights promising strategies for improving the biocompatibility and reducing
the cytotoxicity of PEI through chemical modification, composite formation, and functionalization
with natural biopolymers. The summarized findings demonstrate that polyethylenimine is a
multifunctional next-generation material combining structural flexibility, high adaptability, and
broad potential for applications in medicine, pharmaceuticals, environmental technologies, and
materials science.

Keywords: branched polyethylenimine (b-PEI), linear polyethylenimine (I-PEI), poly(2-ethyl-2-
oxazoline), acid hydrolysis, anionic polymerization, cationic polymerization.
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AnHoTauus. [loxkapsl SIBISAIOTCS OJHHMM M3 MOIIHBIX (DaKTOpPOB
KpPaTKOCPOYHOTO U JIOJATOCPOYHOTO M3MEHEHHsS SKOCUCTEM, B TOM YHCIIE
Ha 0co00 OXpaH’AeMbIX HPUPOAHBIX TeppuTopusix. Yucio
WHTCHCUBHOCTh TIOKApOB 3HAYMTENIFHO BO3POCIU IOl BIHMSHUEM
OCBOCHMS UEJIOBEKOM 3€Meb, HM3MEHEHUH KiIMMaTa, COIMaJIbHO-
HYKOHOMHYECKOTO COCTOSIHUSI HACEIICHUSI.

OcHOBHas 11eNb JaHHBIX UCCIEIOBaHUN 3aKII0Yaslach B JOJTOCPOYHOM
anamu3ze (2000—-2025 rr.) yacTOTHl BO3TOpPaHUN M TUIOMIAICH TT0XKapOB B
npefenax rpaHul; Hayp3yMcKOro rocyJapCTBEHHOTO MPHUPOIHOIO
3anoBenHuKa (2000—2025) 1 Ha TPUJIETAIONIUX K 3aIIOBETHUKY 3EMIISIX.
Ocoboe 3HauyeHHe JaHHOMY MCCIEOBAHUIO MPHJAET BBICOKUH CTaTyC
Hayp3yMcKoro rocyIapCTBEHHOTO MPHPOTHOTO 3aIIOBEIHNKA KaK YacTH
o0bexTa Bcemupnoro nacneaus FOHECKO «Capeiapka — Ctenu u O3epa
Cesepnoro Kazaxcrana (UNESCO World Heritage Site «Saryarka —
Steppe and Lakes of Northern Kazakhstany). JIns BbimonHeHus pabot
UCTIOJIF30BATMCHh COBPEMEHHBIE TEXHOJIOTUM aHAJINM3a CITYTHUKOBBIX
CHUMKOB B 0a3ax naHHbIXx Landsat 8 u Sentinel-2. YuutbiBanuch
TepMaJbHbIC TOYKH, ATl HAOFOICHHH, TUTOIIAIN TIOKAPOB.

BriepBbie 6b110 MoKa3zaHo, uto 3a nepuos ¢ 2000 mo 2025 rr. mpou3onuio
29 noxxapoB, cyMMapHas IUIoaab Bo3ropanuil coctauiua 833 589 ra, us
HUX B IIpefienax rpaHul 3anoseanuka 236 300 ra.

s MHUHHAMUA3AIAA MOCTEACTBHI TOKapoOB MPEIIarar0TCs
npopHIAKTHYECKHE MEPBI Yepe3 MOCTOSIHHBIN KOHTPOJIb U MOHUTOPHUHT
COCTOSIHUSI IICHHBIX 00BEKTOB PUPOIHOTO HACIEIHS C UCTIOIh30BAHUEM
COBPEMEHHBIX TEXHOJOIMH TUCTaHIMOHHOI'O 30HAMPOBAaHUS 3EMIIH.

PesynbTaTamMu  WCCIEAOBAaHUM  CTadM  KOJWYECTBO W IUIOLIAJU
BBITOPEBIIMX  TEPPUTOPUN,  BIMSIOIMIMX Ha  OHopazHooOpasme
3al0BEIHMKA 32 JUIUTENbHBIN [TEPUOJT BPEMEHH.

KioueBbie cjioBa: AUCTAaHIIMOHHOE 30HAMPOBAHHE, CITYTHUKOBBHIE

uccaeIoBaHus; moxapbl; Hayp3ymckuil 3amoBeIHUK; MpUIIEraroliue
tepputopun; Kocranaiickas 007acTh.
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1. BBenenue

OOBEeKTOM  UCCIIEIOBaHMS  SIBISIIOTCSL  BBITOpeBIIME  TeppuTopuu  Hayp3ymckoro
roCyJapCTBEHHOTO MPUPOAHOTO 3anoBenHuka (panee Hayp3ymckuii I'T13) u mpuieraroiue 3emiin
(Kocranaiickas o6mactb, Kazaxcran). Hayp3yMckuii 3aoBeTHUK PAacIoIOKEH B 30HE CYXHX CTETeH
(TMTYaKO-KOBBUIbHBIX). bnaromaps pa3HooOpasuio MMOYB 1O MEXaHMYECKOMY COCTaBy Ha
CPaBHHUTEIHLHO HEOOJBIION TEPPUTOPUM MOKHO OOHAPYKUTh aCCOLMALUU, OTHOCAIIUECS K
HECKOJIBKUM (hopMaIsiM CTEHOW pacTUTEeNbHOCTH. (Co00IIecTBa CTEMHOr0 THUIA 3aHUMAIOT
YYaCTKM 3alaJIHOrO0 U BOCTOYHOTO IIJIATO, €ro CKIIOHBI, TEPPACOBHJHBIE PAaBHHUHBI MO OOpTaM
Typraiickoli 10’)KOMHBI, BCTPEUAIOTCSI B BUAE (PParMEHTOB B KOMIUIEKCHOH pPAacTUTENBHOCTH Ha
nauiie Typraiickoit noxxOuHbl. [lnakopHble MecToOOMTaHMS B KJIACCMYECKOM CMBICIE Ha
TEPPUTOPUU 3aIIOBEAHMKA MPEACTABIEHBI Y3KOU IIOJIOCOM cTelel BJOJb CKJIOHA 3alaJHOro IIaTo
Tepcek-Kaparaii (Naurzumsky Zapovednik). (2016).

Haypsymckuii I'TI3 6b11 co3nan B 1931 roay u sBisieTCsS OJTHUM U3 CTApPEHUIINX 3all0BEJHUKOB
Kazaxcrana. ['eorpaduueckun ero teppuropus Haxoautcs B Cesepo-Typraiickoil ¢usmko-
reorpauyecKor MPOBUHIIMM CTEMHOM 30HBI EBpa3uu, B MOJ30HE CYXHX JEPHOBHHHO-3JIAKOBBIX
cTernel Ha TEeMHO-KAIlITAaHOBBIX TMouBax (reorpaduyeckue KoopauHaTel 51°29' ¢. m. 64°18' B. 1.).
OO6mas muomaas 3anoBeJHIUKa B coBpeMeHHbIX rpanunax 191 381 ra. Tepputopus 3anoBegHuKa
pacrosoxeHa B HeHTpanbHOM yacTu Typraiickoit 10xOuHbl, coequnstoniei 3anaano-Cudupckyro
HU3MEHHOCTh C TypaHCKON HU3MEHHOCTBIO, TJI€ TI0 3aCOJICHHBIM MOYBaM Ha CEBEP MPOIBUTAIOTCS
I0KHBIE (prropucTHUecKre U (PayHUCTHUECKHE SJIEMEHTHI, a B JiecaX MPUCYTCTBYIOT OOpeasibHbIE
Buibl. Ha 63% oO1melt mioniaay 3anoBefHUKa (IIOCe paciupeHus 1 00yCTPOHCTBA HOBBIX IPAHMII
B 2004 r. (Bragina, 2009, 2021) 3anuMmaioT cTenHble SKOcUCTeMbl, Ha 21% TeppuTopuu
PacIoJIOKEHbl CUCTEMBI MIPECHBIX U COJIEHBIX 03ep, Ha 16% mpou3pacTaroT COCHOBBIE U OCHHOBO-
OepesoBble Neca. KnmumaT pe3ko KOHTHHEHTAIbHBIN, C KAPKUM JIETOM (CpeaHsisl TeMrepaTypa U0l
+24,2 °C ¢ abcomoTHbIM MakcuMyMoM +41,6 °C) u X0JI0AHOM MaJOCHEXKHOM 3UMOM (CpenHss
Temneparypa sHBaps MuHyc 17-18 °C, abcomoTHblii MuHUMYM - 45,7 °C). IIponomKuTenbHOCTh
conHeuHoro cusiHus 6osee 2000 yacoB B roa. CpeaHerogosas cymma ocaikoB 233 mwm. JleTom yacThbl
3aCyXH M CyXOBEH, BIIaXXHOCTh BO3/ayXa omyckaercs 10 30 % Ha MecsI| u 6olee, 4To CocoOCTBYET
BO3HUKHOBEHUIO M pacHpoCTpaHEHHUI0 moxapoB. Ocoboe 3HaueHHE AAaHHOMY HCCIIEJOBaHUIO
npunaet Bbicokuil cratyc Hayp3ymckoro I'TI3 kak uwactu mepBoro B Kaszaxcrane u crpaHax
Hentpansuoit A3um oobekta Bcemupnoro nacneauss FOHECKO «Capsiapka — Ctenu u O3epa
Cesepnoro Kazaxcranay.

B 5BOTIOIIMOHHOM OTHOIIEHUU TIOKAPHI SBIISIIOTCS TPUPOIHBIM (PAKTOPOM M BO3HUKAIOT MO
BiusHueM pasnndnbix npuunH (He et al., 2019; Keeley et al., 2022; Sayedi et al., 2024; Kamp et al.,
2025). B cTenmHbIX 3KOCHCTEMaX OHHM MOTYT UMETh MOJOXHTEIbHBIC aCIEKThI, TAK KaK pa3pyIIaioT
HAKOMUBIIIMECS pPACTUTENbHBIE OCTaTKW, BO3Bpallas MHUHEpAIbHBIE BEIIECTBA B IIOYBY;
CIOCOOCTBYIOT MOJAJIEPKAaHUIO pa3HOOOpa3usi HEKOTOPBIX BUJOB, HAIpUMEp, depe3 YIydlleHue
YCIIOBUHM MpPOpacTaHUs CEMsSH U MHUTAaHUs PACTEHUH, U BHICTYNAIOT KakK JpaiBepbl €CTECTBEHHBIX
U3MEHCHHH DSKOCHCTEM MW MOMJACPXKAHUSA WX MPHUPOIHOro pasHooOpasus (Leys et al., 2018;
Galaktionovaetal., 2019; Alvarez et al., 2022). Ho B GOJbIIMHCTBE CITy4aeB MOXKapbl — 3TO CEPbe3Has
npobiieMa, KoTopasi TpedyeT 0co00ro BHUMaHUSI CO CTOPOHBI rocyAapcTB U HaceneHHs. [Toxkapsl
NPUBOJAT K Pa3pyIICHUIO MOYBEHHO-PACTUTENHLHOTO MOKPOBA, MECT OOWTAaHUS JUKOU (IIOPHI U
(dayHbI, CHIKCHHIO YUCIICHHOCTH TIOYJISIIIAA MHOTHX BHIOB, IIPUBOJIS X K COCTOSIHHIO YSI3BHMOCTH
WM NCYE3HOBEHHIO, H3MEHSIOT SKoJIoTuueckue mporiecchl u cBs3u (Kamp et al., 2016; Rachkovskaya
etal., 2012; Bragina et al., 2018; Duane et al., 2021; Jolly et al., 2022). B psine ciydaeB moTepu MOTyT
OBITH HEBOCTIOTHUMBIMHU.

Bosropanusi MmpoWCXOAAT TIOJ BIMSHUEM PA3IUYHBIX TPHYUH, CPEId KOTOPBIX MOXKHO
BBIJICTIUTh HAKOIUICHUE 3allaCOB PACTUTEIHHON MOPTMACCHI (BETOIN), CYXUE TPO3bI, IIKBATUCTHIN
BeTep, moreruienue knumara u apyrue (2020; Jones et al., 2022; Shi et al., 2022). Xo3siictBenHoe
OCBOCHHE MPHUPOJHBIX TEPPUTOPUIN BBI3BATIO TEPECTPONKY MMOYBEHHO-PACTUTEIHHBIX YCIOBHIA,
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THJIPOJIOTMYECKOTO PEXKHUMA, CTPYKTYPBI U (PYHKIIUHU S3KOCHCTEM, IPUBEIIO K JeTpagaliii OOIIMPHBIX
TEPPUTOPUH, B TOM YHCJIE BCIEACTBUE OOMIMPHBIX M MOBTOPSIOLIUXCS MOXKAPOB 110 BUHE YeJIOBEKa
(Pavleychik et al., 2022). Kpome Toro, moxapsl NpUBOIAT K 3HAYUTEILHOMY SKOHOMUYECKOMY
yiepOy, 3arpsi3HEHUI0 aTMOc(epsbl (yrapHbIil ra3, OKCHABI a30Ta U JIP.) U CIIOCOOCTBYIOT BBIIETICHUIO
YIJIEKHUCIIOTO Ta3a, YCUJINBAasl MapHUKOBLIA 3((eKT, 4To, B CBOIO 0Yepe/ib, OTPUIIATEIHHO BIUSACT HA
OKPYKAIOIIYIO CpPe/ly U COXpaHEHHE OMOJIOTUYECKOT0 pa3HO00pas3usl.

KiroueByro poib B cOXpaHeHHH OMOpPa3HOOOpa3usi UrPAlOT 0COO0 OXpaHSEMbIe MPUPOIHBIC
tepputopuu (OOIIT). Ho 1 oHM MCHBITBIBAIOT 3HAYUTEIBLHBIN MPECC OT JAEATEILHOCTH YeIOBEKA U
MPHUPOJHBIX TIOXKAPOB. B TO ke BpeMsi KOJIWYSCTBEHHOW OIEHKH YHCJIa MOKAPOB U BHITOPEBIITUX
wiomazeii Ha repputopun OOIIT cpaBauTensHO HeMHOTO (Resco de Dios et al., 2025). Taunnsie /133
HIMPOKO ucnoisb3ytores B Kaszaxcrane ¢ 2018 roma A MOHUTOpPUHIA BBITOPEBILUX TEPPUTOPUIA
(Kabdulova et al., 2019).

Llenp uccnemoBaHus - PETPOCHEKTHBHBIN aHAIHM3 MOXAPOB Ha Tepputopun Haypzymckoro
rOCy/IapCTBEHHOT'O MPUPOAHOTO 3alOBEJHMKA W HA NPUIIETAOIIUX K HEMY TEppUTOpUN 3a
MIOCJIETHIOI YE€TBEPTh BeKa OOBEKTUBHBIMH METOJIAMH TUCTAHIIMOHHOTO 30HAWPOBaHUS 3emin. B
3a/1a4d pabOThI BXOIUJI aHAIM3 YaCTOTHI M TUIomazeH moxxapos B mepuoa 2000-2025 rr. ¢ ¢pukcarnuei
TEpPMaJIBHBIX TOYEK U AT HAOIIOICHU.

PesynbraramMu uccieoBaHUS SBISETCS KapTUPOBAHUE TEPPUTOPHUIl 3amoOBEIHHUKA C
UCTIOJIb30BaHUEM TEPMAIBbHBIX TOYEK MO AaHHBIM [I33 Kak OCHOBBI MOJNYYEHHUS AOCTOBEPHOH H
JeTalbHON MH(OPMAIMK O BHIMOPEBIIMX IUIOMIAIAX 32 MHOTOJICTHHI MTEPHO] HAOTIOACHHUS.

Bnepeoie B Kocranaiickoii o0nactu Ha Tepputopur OOIIT ObuiM  MCHOIB30BaHBI
JTUCTAHIIMOHHBIE METOJbI JUISl BBISBIICHUS, aHAIM3a M CO3JaHUS Pa3HOBPEMEHHBIX KapT C LIETbIO
W3YYCHUS YacCTOThl, WHTCHCUBHOCTH W JUHAMWKH BBITOPEBIIUX TEPPUTOPHI 3a IOCICTHUE

necsatunetus (2000-2025 rr).

2. MaTepuaJjbl U METObI

B pabore ncnonp30BaHbl IUCTAHIIMOHHBIE METOABI HCCIIEJOBAHUS: CITlyTHUKOBBIE JTAHHBIE.

Jiss  BBIABIEHHWSI TOKapoB 3a MHOTOJICTHHH Tepuoa OBUIM WCIIONB30BaHbl  JTaHHBIC
CIYTHUKOBOI'O MOHUTOpHUHTA. TepMalibHble TOUKH (TEPMOTOUKH) 3a 25 neTHuit nepuon (c 2000-2025
rr.) Obun monydeHbl u3 cucremMbl NASA FIRMS (Fire Information for Resource Management
System) Ha Tteppuropuro Haypsymckoro ITI3. NASA FIRMS mnpenocrasinser KOOpAMHATHI
TEIUIOBBIX aHOMaiui, 3apukcupoBaHHblx ceHcopamu MODIS wu  VIIRS. Otu  nanHble
UCMOJNB30BAIMCh KaK TEPBUYHBIM MHJIMKATOP BO3MOXKHBIX BO3TOpPaHUM, a Takke Kak
JIOTIOJTHUTEJIbHBIN CII0M MMPOBEPKHU JJI1 BDEMEHHOM M POCTPAHCTBEHHOM JIOKAIU3aluy 11oxkapos. [1o
TEPMOTOUYKAM OTIPENIENSAIOT BPEMsI U MECTO IMOKapa.

JIOTIOTHUTEIBHO OBLUTH 3arpy’KeHbl CIIYTHUKOBBIE CHUMKH M3 00JlauHOM rutatdopmer Sentinel
Hub 3a xaxaplii aHanmu3upyemsblil Tol, @ ©MEeHHO TpoBeaeH aHanu3 ¢ 2000 mo 2025 rr. OcHoBoi
ciykuna obmaunast maardopma Sentinel Hub, kotopast comepxur caumku Landsat (cepuu 7, 8-9), a
takke Sentinel-2 gns  Oonmee mo3nHUX JeT. Bce wu300paskeHHs NPONIUIM  CTaHIAPTHYIO
npeBapUTENbHYI0 00pabOTKy: TNpHUBENCHUE K EIUHOMY IPOCTPAHCTBEHHOMY pa3pelICHUI0 W
npoekiuy. [locie MOArOTOBKM JaHHBIX IS KaXAOTO rofa ObUIM pacCUMTaHbl CIEKTPAJIbHBIC
NOKa3aTesu, HeOOXOIUMBIE JUTSI BBIICTICHHUS] CTOPEBIINX YIaCTKOB.

KitoueBbIM MHCTpyMEeHTOM oneHkH ymiepOa cran umuaekc NBR (Normalized Burn Ratio),
pacCYMTAaHHBIA IS KaXJOTO CHUMKA. {7l BBIABICHHS TEPPUTOPUH, IMOCTPANABIIMX OT TOXKapa,
HanOonee 3pdexTrBHO Ucnonb3oBaTh HHAEKC NBR-RAW. On ¢opmupyeTcst Ha 0OCHOBE KaHaJIOB §
u 12 s Sentinel-2 1 mo3BosIsIeT YBEPEHHO BBIICNATH KPYIHBIC BBITOPEBIINE YIaCTKH. J{JIsl OlIeHKH
CTEIEHU I0’KAPHOI'0 BO3JIEUCTBUS BBIUUCIAIOT pasHUIly Mexay 3HadeHusmMu NBR no moxapa u
nocie Hero (Kabdulova et al., 20120). ITpu takom moaxoje 6osiee TEMHBIE TUKCENN Ha GUHATLHOM
M300paXCHUH COOTBETCTBYIOT Hambojee CHUIbHO BBIrOpeBIMM 30HaM. Ha ocHoBe NBR Obuin
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chopmupoBanbl kaptel ANBR - pa3Huiiel 3HaueHni HHIEKCA A0 U MOCHE MoXKapa. DTO MO3BOJIUIO
BBISIBIISITH (DAKTHI BBITOPAHUS M CTETICHh MHTCHCUBHOCTH MTOBPEXKICHHS PACTUTEILHOCTH.
NBR uHaekc aiist OleHKH BBITOPEBIINX YYACTKOB:

Sentinel-2: NBR = (B8 — B12) / (B8 + B12) 1)
Landsat 8/9: NBR = (B5 — B7) / (B5 + B7) (2)
Landsat 7: NBR = (B4 — B7) / (B4 + B7) (3)

Jnist ourpoBKHM BEKTOPHBIX MOJIMIOHOB IpaHull moxapoB nmo cauMkaMm NBR Obua cozmana
nepcoHanbHass 0a3a JaHHBIX B mporpamMmHoM obOecrniedenun ESRI ArcMap, rme Obuio
npoa”anu3upoBaHo okono 30 moxkapoB 3a 2000-2025 rr. Onpenensiercs IUIOMIAb IOXapa IO
MIOJIUTOHAM OXKapOB.

TepMOTOYKH HHTETPUPYIOT B 023y JAaHHBIX KaK BCIOMOTATEIbHBIN CIIOI: POBEPKH, YTO MOXKAP
JeMCTBUTENIBHO ObUI HAa 3TOM TEPPUTOPUU; YTOUHEHUS JaT; MOATBEPXkKAEHUs, YTO u3MeHeHuss NBR
CBSI3aHBI UMEHHO C OTHEM, a HE, HaIPHMEP, C CE30HHBIMHU KOJICOAHUSIMH.

Jlis mostyyeHust 3Ha4€HUI BBICOT, Ha KOTOPBIX IMPOMCXOJMII MOXKap Yallle MU Pexe BCero,
ObuTa mcIoNb30BaHa Iudposas moaens penbeda Copernicus GLO-30 DEM na siuncounaHoN
BoicoTe. Ha pucynke 1 nokasana Copernicus DEM u rpanuipt moxapos.

[ rpaumubl Haypysymckoro M3

[J 2002

[J 2003

[ 2004

[] 2006

[ 2008

[771 2009

[0 2010
2012

~ 12015

712016

2017

[ 2018

[ 12019

[ 2021

Copernicus GLO-30

Digital Elevation Model
KaHan 1 (Gray)

272,623871
, 114,5

=
=

Pucynok 1. I'panuiisl noxapos, HaHeceHHbIe Ha Copernicus GLO-30 DEM c pa3pemenuem 30 m

Copernicus GLO-30 DEM 6suta nepeenena B npoeknuio WGS84 UTM zone N41. s
MTOJTYYEHUS pealbHBIX BBICOT OblIa ckadaHa Mojeis reonga EGM2008, a 3ateM nepenpoenupoBana
n oOpe3aHa 1Mo TpaHMIIaM MOJHMIOHA 3aloBeHUKA. Yepe3 KalbKyJIsITop pacTpa ObUTM BBIYUCIEHBI
OPTOMETPUYECKHE BBICOTHI. OPTOMETPUYECKHE BBICOTHI - 3TO BBICOTHI TOYKM IOBEPXHOCTHU
OTHOCUTENBHO cpenHero ypoBHs Mopst (MSL — Mean Sea Level) ¢ yuérom reompma, To ecTb
(hakTHdeckoi “‘cpemHel MOBEPXHOCTH BOABI 3emun’. JIJIsi BBIYMCICHHUS OPTOMETPUYECKHX BBICOT
WCIOJIB3YyEeTCs cienyromas ¢popmyna:
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H=h-N (4)

h - siunconnanbHas Beicota (Mcxoaubiii DEM);
H - opromerpuueckas BbicoTa (pe3ynbrat nmocie Raster Calculator);
N - reouanas Beicota (Moaear EGM96 / EGM2008).

Briocneacteun o6padotku vepe3 I10 QGIS Gbuta nmpoBenena kinaccuduKamus MUKCEICH Ha
BBICOTHI C TIOMOIIBIO0 HHCTPYMEHTA «aHau3 pacTpos». [logcyer miomaaei mo kiaccam mpoBOIUICS
4yepe3 WHCTPYMEHT «30HalbHasi rucTorpamMMmay. [lis mojcyera peanbHBIX IUIOMAAEH HEOOX0IUMO
YMHOXUTH ToydeHHoe uncio Ha 900 (ecnu pasmep mukcens 30X30) u pazgenuts Ha 10 000 mis
HoJICUeTa TUIoIaAeH B rektapax. TakuM o0pa3oM ObUIH BBIYMCIICHBI IJIONIAIM HA Pa3HBIX BHICOTHBIX
untepBanax Haypsymckoro I'TI3.

Ta6auna 1. Pacripenenenue BbIrOpeBIIEH IIOLIAANM 10 BBICOTHBIM MHTEpBajaM Ha TEPPUTOPUU
Hayp3aymckoro I'TI3 metogom nojcuera kinaccuUIMPOBAHHBIX MO BBICOTAM PAaCTPOBBIX MHUKCEIEH,

ra

Ilnomann Ilnomanb Oo0nras
Bg;‘;g:ﬁ:;ﬁ BbIrOpeBLIeil BbIrOpeBLIeil IJIoIAaab }
Toawl TeppUTOpHH Ha TEPPUTOPHHU HA TEPPUTOPHUHU HA BbITOpeBIIEii
BpicoTe 10100, ra BbicoTe 100-200 M, BbicoTe 200-300 m TEPPUTOPHH 32
ra Jra roja, ra
2021 0 8567,1 0 8567,1
2019 0 1315,71 4614,75 5930,46
2018 0 0 8671,59 8671,59
2016 0 0 2386,89 2386,89
2015 0 12220,38 0 12220,38
2012 0 45,09 374,13 419,22
2010 3,06 70629,39 28953,9 99586,35
2009 0 4213,53 157,05 4370,58
2008 0 7,02 938,88 945,9
2006 0,36 21258,36 3432,87 24691,59
2004 0,54 4765,68 38518,02 43284,24
2003 0,27 569,34 2718,63 3288,24
2002 1,53 35652,42 9818,64 45472,59
Htoro 5,76 159244 100585,4 259835,1

Ananuz AAHAMHUKHU YaCTOTHI II0XKApPOB W BbII'OPCBIIUX i (ONENGET MMpoOBCACH MCTOAOM

JUCTAHIIMOHHOTO 30HIMPOBAHMUS C HCIIOIh30BaHHUEM 00pabOTKH CITyTHUKOBBIX CHUMKOB Landsat 7,8-
9 u Sentinel-2 Ha Tepputopun Hayp3yMcKoro 3amoBeJHHKA U MPUIETAIONINX 3eMIISX 32 25-IeTHUH
nepuon (2000-2025 rr). TepmoTouknm Ha OOCIEIOBAaHHON TEPPUTOPUH OIPENEISLTUCH TIOCIE
MPOBEJICHUS TEMAaTUYECKO 00pabOTKU Pe3yabTaTOB KOCMUYECKOM ChEMKH.

Martepuanbl 00paboTaHbl CTATUCTUYECKH C UCToJib3oBaHueM Microsoft Excel (Bepcust 365).
Ha pucynke 2 mpencraBieHa OJIOK-cXeMa MPOIECCOB, HEOOXOMUMBIX ISl aHAIH3a BHITOPEBIITUX
TEPPUTOPUH MOILIATOBO, C YKa3aHUEM 3TaIoB padOTHI.

78



A.H. I'ymunes amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2025, 153(4)

Coop BERgOpMAaEE
; Crapax medpoEaR MOTETE
Tmaﬁm TOUEH &Rﬂi‘ﬂi?;?; C@Bl:ﬁq] peneeda DEM (LIME)-
andsat[,3-5.centmel- Opentopography
TI0 Arcmap s QGIS
Brabopsa u Pacuer uHneRCca
CpAEHETETLEE AHATHS NBR(Nomezlized Bum O6pafoTsa B mepepacteT
TEPMATHHEEIX TOTER 33 23 Ratio) socusmeckEs sricot [IMP
net CHHMEDE
. } Knaccwdrmmposansee oo
ABAms B EHSyaIHsaIRE Axanus esiropesLuei EBICOTHEIM HETEPEATaM
(EApTEL TAGMHIEL o T—
TEPPUTOPMK TLTOIANH DOVIHTOHE
AHArpaMMEL B rpadsm) NOEApOS

PI/IcyHOK 2. brok-cxema IMponeccoB c60pa, aHaJIn3a u O6pa6OTKI/I KOCMHUYCCKHUX CHUMKOB

3. PesyabTarthl

AHanu3 marepualioB Mokasan, uto Ha teppuropun Haypsymckoro I'TI3 3a wmccnemyemsiit
nepuoJi npousomio 29 Bo3ropaHuil (tabimuna 1). Yucno 3aperucTpupoBaHHBIX TEPMOTOUYEK
cocraBuyio 1474.

MaxkcumanbHasi BRIrOpeBILas iomazs 3apeructpuponana B 2010 roay - 100 890 ra (52,7 %
OT OOIIIeH TUTOIIAU 3aTIOBEIHUKA) C YMCIIOM 3apErHCTPUPOBAHHBIX TEPMOTOUCK 266. 32 BECh EPUOJT
HaOJIOJICHUI MaKCHMallbHOE YHCIIO TepMmoTouek (416) 6buto otmedeno B 2019 romy mpu oOmieit
rtomaau moxapa 6012 ra. HauGounbiiee uncio Bo3ropanuii 0buio 3apeructpuponano B 2004 rogy
(Tabmuma 2).

OOmass miomaab BO3TOPAHMN Ha TEpPpUTOpUM 3amoBenaHMKa coctaBmwia 236 300 ra.
Haunmenrpimast muiomiaip U3 BIIBICHHBIX BO3rOpaHU Ha TEPPUTOPHUH 3anoBeannka 46 ra (19.07.2012
r. B 21:34 yacoB), makcumasibHast 76 170 ra (10.06.2010 . B 21:14 yacos). CpeaHsis miiomaap noxapa
3a nepuox 2000-2025 rr. Ha TeppuTOpHM 3amoBeaHUKa coctaBuwia § 148,28+2813,63 ra, uro
yKa3bIBaeT Ha BHICOKUH pa30pocC IIIOMIA/Iei BEITOpaHHs HA TEPPUTOPHH 3aITOBETHUKA.
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Ta6auma 2. [Toxxapsr B mpenenax rpanui; Haypsymckoro I'TI3 (2000-2025). Kocranaiickast 061acTb,

Kazaxcran
I'on | TepmoTouku/ Hara Briropesmas miomanb, % BBITOpeBLICH
CIYTHHUK ra/CnyTHHK TEePPUTOPHUH
2000- | - -
2001
2002 | 61/ Terra 2002-09-20-17:32 14044/ Landsat 7 52,64
2002-09-25-06:39 1534/ Landsat 7
2002-10-01-07:40 30490/ Landsat 7
2003 | 22/ Terra 2003-09-02-07:38 3334/ Landsat 7 3,81
2004 | 84/ 2004-06-28-06:25 1832/ Landsat 7 22,94
Terra,Aqua 2004-08-24-08:04 366/ Landsat 7
2004-09-24-07:14 88/ Landsat 7
2004-09-27-06:06 4288/ Landsat 7
2004-10-02-08:02 37331/ Landsat 7
2005 | - - - -
2006 | 85/ Terra 2006-06-20-07:50 1277/ Landsat 7 13,06
2006-07-28-07:14 14024/ Landsat 7
2006-08-12-08:17 3557/ Landsat 7
2006-08-12-17:42 6145/ Landsat 7
2007 | - - - -
2008 | 3/ Terra 2008-08-27-07:09 959/Landsat 7 0,5
2009 | 33/ Terra 2009-06-20-07:03 4429/ Landsat 7 2,31
2010 | 266/  Terra, | 2010-06-10-21:14 76170/ Landsat 7 52,71
Agua 2010-07-29-17:49 6331/ Landsat 7
2010-08-12-18:01 18389/ Landsat 7
2011 | - - - -
2012 | 17/ VIIRS | 2012-07-07-08:06 270/ Landsat 7 0,22
SUOMI, Aqua | 2012-07-07-08:42 109/ Landsat 7
2012-07-19-21:34 46/ Landsat 7
2013 | - - - -
2014 | - - - -
2015 | 251/ VIIRS | 2015-08-03-07:34 12376/ Landsat 8-9 6,46
SUOMI
2016 | 22/ Terra 2016-08-27-07:45 2423/ Landsat 8-9 1,26
2017 | - - - -
2018 | 30/ J1 VIIRS | 2018-04-18-09:17 8799/ Sentinel-2 4,59
C2
2019 | 415/ MODIS, | 2019-07-23-09:06 1307/ Sentinel-2 3,14
Terra
2019-07-23-17:06 1159/ Sentinel-2
2019-07-20-16:23 3546/ Sentinel-2
2020 | - - - -
2021 | 184/  Aqua, | 2021-08-17-08:42 5662/ Sentinel-2 2,95
Terra 2021-07-22-16:45 3015/ Sentinel-2 1,57
2022- | - - - -
2025
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CpaBHUTENBHBIN aHAIU3 TUHAMHUKY MOKapOB MMOKA3all, YTO 3a 3TOT K€ MEePHOJ] Ha TPaHUIlaxX U
NPUJIETAIOIINX K 3aII0BEAHUKY TEPPUTOPHUSIX 00IIIast IIOIIAIb BEITOPEBIINX YIaCTKOB cocTaBmia 833
589 ra, uro 6osee yeM B 3,5 pa3a OoJibliie, UeM Ha TEPPUTOPHH 3anmoBeaHuKa (Tabmuna 3). [Ipu aTom
YHCII0 TepMOTOUEK ObLIO 4,3 paza Beiie. CaMmble KPYITHBIE MTOKAPHI HA COMPEIEIbHBIX TEPPUTOPHIX
MIPOM3OIIIN B TE€ )K€ T'OJIbl, YTO U Ha TeppuTopuw 3anoBeaauka: B 2004 roxy (102 949 ra) (pucyHok
3) u B 2010 romy (214 716 ra). DTo KOCBEHHO YKa3bIBaeT Ha JOMHHHUPYIOIIEE BIUSHUE IIPHUPOIHBIX
(bakTOpOB Ha paCIPOCTPAHEHHUE OTHS B 3TU NEPUO/IBI.

Tab6auua 3. CpaBaurenbHas Tabauma quHaMuky noxxkapoB B 2000-2025 rr. 8 Haypzymckom 113 B
npesienax rpaHuIlbl M Ha puieraonmx reppuropusx. Kocranaiickas odnacts, Kazaxcran

I'on JIluHaMH KA [105KAPOB HA JMHaMHKa M0KapOB B Npeaeax rpaHulbI
TPaHHMIAX U NPHJICTAIOIIHNX
TEPPUTOPHUAX
TepmoTouku [Inomane, ra TepmoTouku IInomane, ra
1 2 3 4 5
2000 -2001 -
2002 296 25680 61 14044
26363 - 1534
82295 - 30490
2003 160 3383 22 3334
2004 256 1879 84 1832
987 - 366
88 - 88
47611 - 4288
102949 - 37331
2005 - - - -
2006 295 4497 85 1277
92487 - 14024
12548 - 3557
6145 - 6145
2007 - - - -
2008 175 4576 3 959
2009 68 4429 33 4429
2010 635 214716 266 76170
35601 - 6331
19324 - 18389
2011 - - - -
2012 53 270 17 270
109 - 109
46 - 46
2013 - - - -
2014 - - - -
2015 543 21048 251 12376
2016 272 2423 22 2423
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1 2 3 4 5

2017 86 201 1 -

686 - -

161 - -

1154 - -
2018 67 12457 30 8799
2019 3037 1365 415 1307
87453 - 1159
10370 - 3546

2020 - - - -
2021 332 6442 184 5662
3846 - 3015

2022 -2025 | - - - -

B kauecTBe mpuMepa npuBeieH kocMudeckuii ciumok Landsat-7 ETM+L2 ot 2 okTsiopst 2004,
r7ie MOKa3aHbl BBITOPEBUIME IUIOIIAJM B TpaHUIAX 3allOBEHUKA U Ha COMNPENEIbHBIX 3EeMIIIX

(pucyHok 3).

Pucynok 3. Kocmuuecknii cuumok Landsat-7 ETM+L2 ot 02.10.2004 r. Kocranaiickas 061acTb
YcnoBHble 0603HaueHus: 1) kpacHble TuHUU - TpaHullel Haypsymckoro I'TI3; 2) ronyOsie nuHuu -
TpaHUIIa BEITOPEBIIEH TEPPUTOPHH B PE3YNIbTATe MMOKapa

Ha pucynke 4 Bu3yann3upoBaHbl BRITOPEBIIINAE TEPPUTOPHH B Tipeeiax rpanul; Haypsymckoro I'TI3
B 2000-2025 rT.
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[ rpanuus Haypysymckoro M3
[ 2002
[ 2003
12004
12006
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772009
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Google Satellite Hybrid

Pucynok 4. BeiropeBiue teppuropun B npeaenax rpanun Haypsymckoro I'TI3 B 2000-2025 rr.
MIpUBEJICHBI HA pUCYHKE 4

2002
2003
2004
2006
2008
2009
2010
2012
2015
2016
2018
2019
2021

8 0o 0o 2 0 0 0

e ® 0 0 o ¢

[ Haypsymckmin_M3
Google Satellite Hybrid

Pucynoxk 5. TepmoTouku Bo3ropanuii Ha Tepputopuu Hayp3ymckoro I'TI3 3a mepuosa 2000-2025 rr

AHayM3 JaHHBIX TI0Ka3aj, 4yTo B TeueHue 25 yer B Haypsymckom I'TI3 u mpuierarommx
TEPPUTOPHSIX BBHITOPEBINAS TUIOMIA L cocTaBmuia 833 589 ra, u3 Hux B npeaenax rpanui ['T13 236 300
ra (pUcyHoK 6).
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Pucynoxk 7. CpaBHUTENbHAS AUarpaMMa IUIOMaAei BeiropeBmux Tepputopuii Haypzymckoro I'TI3
(2000-2025 rr)

Campble KpyIHbIE TUIOIIAAU BBITOPEBIINX TEPpUTOpHiL o faHHBIM [[33 oTmeuarorcs B 2002,
2004, 2006 u 2010 romax (pucynok 7), a ¢ 2022 roma Ha MPOTSHKEHUU 4-X JIET OTCYTCTBYIOT
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BBITOPCBUIMEC TCPPUTOPHUHU, BO3MOIKHO, 3TO CBA3AHO U C AKTUBHBIM IMPOBCACHHUEM KOCMHYCCKOI'O
MOHHUTOPHHI'A FOCJ'IGC(bOHI[a B peCHY6J'II/IKaHCKOM MaCH_ITa6e, Koraa BEaACTCs e)KeI[HeBHHﬁ KOHTPOJIb
3a TCPMOTOYKAMMU U CBOCBPCMCHHBIM OIIOBCHICHUCM YCPE3 TCOCCPBUCHI 3aMHTCPCCOBAHHBIX
OpFﬁHPI?:&I.[HfI U roCyJapCTBCHHBIX OpIraHOB.

4. O0cy:kaeHue

B mocrnenHue necATWIETHsS OTMEYACTCS 3HAYUTENBHBIM POCT HAYYHBIX HCCICIOBAaHUU O
noxapax u ux nocieacreusx (Keeley et al., 2022; Alvarez et al., 2024). TloBsllIeHHBIH HHTEPEC K
0c000 OXpaHsIeMbIM IPUPOTHBIM TEPPUTOPHUSM CBS3AH C TEM, YTO CTPATETUS B 00JIACTH COXPAHCHUS
6uopaznoobpasus 1o 2030 r. npussiBaet K pacmupenuro OOIIT nve menee, yem Ha 30 % cymu u
mops (CBD, 2022). C nosiBiicHHEM HOBBIX TEXHOJIOTHIA MOSBUIIACH BO3MOXKHOCTh AMCTAHIIMOHHOTO
30HUPOBaHUS 3eMIIM U 00PaOOTKU JaHHBIX KOCMHUYECKUX MCCIICIOBAHUN OOIIMPHBIX TEPPUTOPHIA
(Suresh Babu et al., 2024). Pe3ynbTaThl IPOBEACHHBIX UCCIICAOBAHUI B PErHOHE PECTABUTEIILCTBA
Hayp3yMcKoro rocynapcTBEHHOTO MPHPOJHOTO 3alOBEIHUKA BBISBUIM 3HAYUTEIBHBIC TUIOIIAIH
BBITOPEBIINX YYaCTKOB B TOCIIEIHIOI0 YETBEPTh BEKAa KaK BHYTPH T'PAHHII 3aIlIOBETHUKA, TaK U Ha
COIIPEICIIEHBIX TEPPUTOPUSX. BriepBhie Ha JaHHOW TEPPUTOPHM IPOBEACH aHAIM3 YacTOThI U
wionaneid moxkapos B nepuoa 2000-2025 rr. ¢ ¢ukcanuelr TEPMOTOYSK W JaT HAOIIOIACHHIA.
[TonydeHHBIE pE3yJbTaThl COTJIACYIOTCS C JAaHHBIMH JIDYTHX aBTOPOB O HEOOXOIMMOCTH
COBPEMEHHBIX IOJXO/J0B K OIEHKE OMAaCHOCTH M HEOOXOIMMOCTH MPO(IIAKTUKH BO3rOpaHHUM Ha
0c000 oxpaHseMbIX mpupoiHbix Tepputopusix (Kamp et al., 2016; Rachkovskaya et al., 2012;
Bragina et al., 2018; Pavleychik et al., 2022). Oco0blit HHTEpec MPEACTaBIAIOT JAHHBIC O TOM, YTO B
OTJCNIbHBIC TOJBI TUIOIIAIb TOXapoB AocTurayia 52,7 % oT oOmiei Tuiomaayu 3arnoBeIHIKa, a Ha
COMPEACNBHBIX TEPPUTOPHUSAX OOINas IUIONAJb BO3ropaHuid Oblia B 3,5 paza Ooiblie, yeM Ha
TEPPUTOPUH 3aTIOBEIHUKA.

B Hacrosimiee BpeMst Bce 0OJIbINIE HAYIHBIX MCCIIEIOBAHUIA ITOCBAMIICHO paboTaM 1o MPOTHO3Y
U MOJICTUPOBAHUIO MMOKapoB Ha Tepputopun Kazaxcrana (Chepashev et al., 2025; Babu et al., 2024;
Babu et al., 2025).

B cBsi3u ¢ 3TUM HEOOXOIUMO TPOBECTH AHAIOTUYHBIC WCCIICAOBAHMS W aHAIU3 Ha APYrHX
MIPUPOJTHBIX TEPPUTOPHUAX 0c000TO cTaryca il OOBEKTUBHON OIICHKH BO3JICHCTBUN MUPOTCHHOTO
daxTopa.

5. 3akiar04eHue

[TpoBenennsiii anamu3 mnokazan, uyto OOIIT mnonaBeprairoTcs OMNacHOCTH BBITOPAHUS
3HAYUTEJbHBIX IUIOMIAJIEH, YTPOXKAIOLUIMX COXPAHEHUIO OMOJIOTHYECKOT0 pa3Ho00pasus. 1o Tpedyer
JAIIbHEWIEro aHainu3a cocTosiHusa mnoxkapHoi omacHoctd OOIIT u mocneacTBuil BO3ropaHuii B
JOJITOCPOYHOM aCIEKTE HA OCHOBE COBPEMEHHBIX TEXHOJIOTH.

B 1ieniom yacToTa 1 ”HTEHCUBHOCTD MOXKAapOB YBEITMUYUBAETCS BO BCEM MHPE, YTO O0YCIOBIEHO
U3MEHEHHEM KJIMMaTa M €ro peruoHaJbHBIMH (DIYKTyallMsIMH, H3MEHEHUSMH B CHCTEMax
3eMJIENIONIb30BAHNSA U CMEHOH pacTUTEIhbHOrO0 MOKpOBa, HEI(DPEKTUBHBIMU MepaMu OOpbOBI ¢
noxapamu. B pe3ynbraTe OOIMIMpHBIE YYacTKU pa3IMYHBIX JIAHAIA(PTOB MOBBICHIN CTENEHb
noxapHoi onacHocTH. [loBbienne 3pPpexTHBHOCTH yIIpaBiIeHUs T0KapaMu U UX IPEIOTBpaIleHHe,
0COOEHHO Ha OXpaHJIEMbIX NPUPOAHBIX TEPPUTOPHSX, MX paHHEEe MNPEeRyNpeKIeHUEe TpPeOYIoT
IMPUMEHEHHUS HOBBIX CTpAaTerui U TEXHOJIOTUN IKOJIOTUYECKUX UCCIIeI0BaHUM.

JlucTaHIIMOHHOE 30HIUpPOBaHME 3eMJIM SBISETCS OAHUM U3 Hauboiee 3((HEKTUBHBIX U
JOCTYIHBIX METOJOB IPH OLEHKE YacTOThl W WHTEHCHUBHOCTH IOKapoOB MpPH HCIIOJIb30BAHUU
CITyTHUKOBBIX CHUMKOB, TEPMAJIHBIX TOYEK U HCHOJIb30BaHMs HHIeKca Bosropanus (NBR-unzaekc).

Ha ocnoBe ananuza naHHbIX /[33, moOgydyeHHBIX 10 MarepuajgaM CIIYTHHUKOBBIX MHCCHMN

Landsat-7, Landsat-8, Landsat-9 u Sentinel-2, a takke uHbOpMaMU O TEPMUUYESCKUX AHOMAITHAX
cucreMbl NASA FIRMS, BbInoHeH MHOTOJICTHUH aHAN3 TUHAMUKH T10>KapoB. Y CTAHOBJIEHO, YTO
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3a 25-71€THUI NepHoJ] CyMMapHas IIJIOLIa/lb BHITOPEBIINX TEPPUTOpU B mpenenax Haypzymckoro
I'TI3 u na npunerarommx 3emiisix coctaBuwia 833 589 ra, u3z xkoropeix 236 300 ra mpuxonasTcs
HEIOCPEICTBEHHO Ha TEPPUTOPUIO 3aII0BETHHUKA.

6. BcnomorareabHbIii MaTepuaJi: HCT BCIIOMOTraTCJIbHOIO MaTcpuala.

7. Bkiaabl aBTOPOB

Konnenryanuzanus - T.b., I'.K.; metononorus - I'.K.; nporpammuoe o6ecnieuenue - A.I11.,
P.)K.; Bamunanus - J1.Y.; dopmanbubeiii ananus - T.b., E.M.; uccnenosanue - I'.K., U.JI.; pecypcsi -
I'.K..; xypupoBanue nanssix - JI.Y..; HanmMcaHue - MOArOTOBKAa OPUTHHAIBHOTO YepHOBUKa - K.,
A.lll.; nanucanue - peueHsupoBaHue u pepaktupoanue - Y.J1.; Buszyanuzauus - A, 'K
pykoBojcTBO - I'.K.; agmuaucTpupoBanue npoekra - JI.U.; monydenune ¢punancupoanus - J1.4. Bece
aBTOPBI IPOYUTAIIN U COTIACUIINCH C OYOJIMKOBAHHOMN BEpCUEl PYKOIHUCH.

8. Undopmaunus 06 aBTopax

bparuna, TatbsiHa - 1oKTOp OMOJIOTHYECKHUX HaYK, podeccop, KocTanaiickuii pernoHanbHbII
yHuBepcuTeT uM. A. BaitrypceinoBa, yi. Tayenciznik, 118, Kocranait, Kazaxcran, 110000; riiaBHbIi
Hay4yHBIA cOTpyIHUK A3oBo-UepHomopckoro ¢ummnana GI'BHY «BHUPO» («AsHUMPXy), yim.
beperosas, 21B, Pocros-na-/lony, Poccus, 344002; tm_bragina@mail.ru, https://orcid.org/0000-
0002-5568-9082

KabOnynoBa, ['ynbxusiH — kaHaumatr reorpaduyeckux Hayk, Ph.D., riaBHbIi HaydHBIH
corpynuuk, TOO «ucturyr monocdeps», CagoBomgueckoe toBapuiectBo «Monocdepa», 117,
Anmarer, Kasaxcran, 050020, g.a.kabdulova@gmail.com, https://orcid.org/0000-0002-7738-7624

Yenames, /[lanukep — 3aBenyrommii naGoparopueii, TOO «MHCTUTYT HOHOCHEPHI,
CanoBomueckoe  TtoBapumiectBo  «Monocdepa», 117, Anmare, Kazaxcran, 050020,
d.chepashev@ionos.kz, https://orcid.org/0000-0002-8417-3990

Kycynosa, I'ynbce3um - Milaqmuii HaydyHBIM COTPYAHHMK, JokTopaHT, TOO «MHcTUTyT
nonochepsr», CagoBomueckoe ToBapuiiecTBo «MoHocdepar, 117, Anmarsl, Kazaxcran, 050020,
zhussupova@ionos.kz, https://orcid.org/0009-0009-5330-9697

[unryxuHoB, Apcen — wuHxeHep, TOO «MHcturyr uoHocheps», CamoBogueckoe
toBapuiiectBo «MoHochepay, 117, Anmarer, Kazaxcran, 050020, a.shinguzhinov@ionos.kz,
https://orcid.org/0009-0003-2024-6104

Kunkubaes, Pycman - wumxenep, TOO «Uuctutyr wuoHocheps», CagoBoguecKkoe
toBapumiectBo «Monocdepa», 117, Anmarer, Kaszaxcran, 050020, zhilkibayev@ionos.kz,
https://orcid.org/0009-0006-2057-9197

MaxkcumkuHa, EnnzaBera - muagmuii Hayusblii cotpyaauk, TOO «HCTUTYT MOHOCHEPHD»,
CamoBomueckoe  ToBapumiectBo  «Monocdepa», 117, Anmare, Kazaxcran, 050020,
maximkina.y@ionos.kz, https://orcid.org/0009-0007-6925-1202

9. ®unancupoBaHue: J[aHHOE HCCIIEI0BAaHKE BHIMOIHEHO NMPpH (pUHAHCOBOM noepxkke Komurera
Hayku MuHHCTepCcTBa HayKu U Bbiciiero oopazoBanusi PecnyOnuku Kaszaxcran B pamkax [TLH®D
BR24992865  «Pa3paboTka  MHOTO(QYHKIMOHAIbHOM  CHUCTEMBl  HA3eMHO-KOCMHYECKOI'O
MOHMTOPHHTA U PaHHET0 NPeayNpeKIeHUs YpE3BbIYAHBIX CUTYALIH PUPOJHOTO U TEXHOT€HHOTO
xapakrepa» Ha 2024-2026 roas!.

10. BaarogapHocTH: HET

11. KoH()JIMKTBHI MHTEPECOB: aBTOPHI 3asIBIISIIOT 00 OTCYTCTBUM KOH(IJIMKTA HHTEPECOB.
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CnyTHUKTIK MaJiMeTTepai naiiganana oreipbin, Haypbi3biM KOPBIFBI MEH OFaH
KAKbIH ayMaKTapAaFbl 6PT ITHHAMUKACHIH TAJ1ay

Tarbsina Bparuna, I'ynbxusan Kadayiaosa, lannkep Yenames, I'yabCe3um KycynoBa, Apcen
unryxunos, Pyciaan Kuiakubdaes, EnnzaBera MakcuMKuHa

AHnpaaTna. OpT 3KoXKYHenepaiH KbIcKa Mep3iM/Ii )KoHE Y3aK MEep3iMIIi e3repicTepiHe, COHbIH iIIiHe
epeKIe KOpFalaThlH TaOWFW ayMaKTapfa Jla ocep €TETiH €H KYITI (akTopiapAbiH Oipi OOJIbINI
TaObLIaAbI, OPTTIH CaHbl MEH KAPKBIHIBUIBIFBI JKEPIi UTepy, KIMUMATTHIH ©3repyl, XaJbIKThIH
QJIEYMETTIK-DKOHOMUKAJIBIK JKaFAalbl CUSAKTHI (DaKTOPIAp/IbIH SCEPIHEH alTapIIbIKTail apTTHI.

Byn 3eprreynin Herisri Mmakcatsl — Haypbi3piM MemiiekeTTik Taburu KOpbIrbl (2000-2025 xk.) )xoHe
oraH ipremec aymakrtap meringae 2000-2025 sxpuigap apaibIFbIHIAAFBl OPTTEPHAIH JKUUTIIT MEH
OJIapJIbIH KOJIEMIH Y3aK Mep3iM/Ii Tanay.

By 3eprTeyiH MaHBI3IBUIBIFBIH aPTTHIPATHIH KalUT — HayphI3pIM MEMIICKETTIK TAOUFH KOPBIFBIHBIH
FOHECKO-nbiH bykinonemaix mypa Hbicanbl «Capbslapka — Contycrik KasakcTaHHBIH Aananapbl
MEH KeJJiepi» KypaMblHa €Hyi. 3epTTey >KyMbIcTapbiH opbiHaay ymriH Landsat 8 >xone Sentinel-2
JEPEKKOPIApbIHIAFbl CITyTHUKTIK CypeTTep/l OHJACYAIH 3aMaHayd TE€XHOJIOTHUIaphl KOJAAHBUIJIBL.
TepMmanabl HyKTenep, OaKpUIay KYHICPI, OpT aydaHaapbl eCKePLIII.

Anram per 2000-2025 xpinaap apanbiFblHAa 29 opTTIH TIpKENTreHi, OJIapIblH Kalmbl ayaanbl 833
589 rexTapbl KyparaHbl, OHBIH iTiHIE KOPBIK aymarsiHaa 236 300 rexrap 00JFaHbI KOPCETIIII.
OpT cangapblH a3aiTy MakcaThlHOa TaOWFU MYpaHbIH aca KYHIbl HBICAHIApbIH 3aMaHayu
KAIIBIKTHIKTAH 30HITAY TEXHOJIOTHSIIAPBIH IMaliJajilaHa OTBIPBII, TYPAKTHI OaKblJIay MCH MOHHTOPHHT
JKYPri3y apKblUIbl IPOQPIIAKTUKANIBIK IIapanap YChIHBLIAIbI.

3epTTeyAiH HOTHXKEEePl Y3aK YaKbIT apalibIFbIH/1a KOPBIKTBHIH OMOATyaHTYPIILUIITIHE 9Cep €TETIH opT
CaHbl MEH OJIapJIbIH ayIaHJapbIH aHBIKTayFa MYMKIHIIK Oepi.

Tyiiin ce3aep: KalIBIKTHIKTAH 30HATAYy; CIYTHUKTIK 3epTTeyiep; eprrep; Hayphi3biM KOPBIFHI;
iprenec aymakrap; Kocranait oObICHI.

Analysis of fire dynamics in the Naurzum Nature Reserve and adjacent areas
using satellite data

Tatyana Bragina, Gulzhiyan Kabdulova, Daniker Chepashev, Gulsezim Zhusupova, Arsen
Shinguzhinov, Ruslan Zhilkibaev, Yelizaveta Maximkina

Abstract: Wildfires are one of the major drivers of short-term and long-term ecosystem change,
including within protected natural areas. The number and intensity of fires have increased
significantly due to land use expansion, climate change, and the socio-economic conditions of local
populations.

The main objective of this study was a long-term analysis (2000-2025) of fire frequency and burned
area within the boundaries of the Naurzum State Nature Reserve (2000-2025) and in the adjacent
territories.

The importance of this research is highlighted by the high conservation status of the Naurzum State
Nature Reserve as a part of the UNESCO World Heritage Site “Saryarka — Steppe and Lakes of
Northern Kazakhstan.” Modern satellite image analysis technologies and databases (Landsat 8 and
Sentinel-2) were used to conduct the study. Thermal hotspots, observation dates, and burned areas
were taken into account.
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For the first time, it was demonstrated that during the period from 2000 to 2025, a total of 29 wildfires
occurred, with a combined burned area of 833,589 ha, of which 236,300 ha were within the reserve’s
boundaries.

To minimize the consequences of wildfires, preventive measures are proposed through continuous
monitoring and assessment of valuable natural heritage areas using modern Earth remote sensing
technologies.

The results of the study include the number and extent of burned areas that have influenced the
biodiversity of the reserve over an extended period.

Keywords: remote sensing; satellite research; wildfires; Naurzum Reserve; adjacent territories;
Kostanay Region.
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Abstract: The article discusses the natural and balneological
characteristics of the hydromineral resources of the Alakol-
Zhalanashkol lake system located in the south-eastern part of the Abai
region. The study was conducted in an arid climate, taking into account
the spatial variability of the chemical composition of water and mud
deposits. Field and laboratory observations conducted in 2024-2025
were aimed at determining the physical and chemical characteristics of
mineral waters and therapeutic muds, as well as assessing their potential
for recreational and health purposes. Field work covered the eastern,
western, northern and south-eastern coastal zones, including areas of
active mud accumulation. Analyses performed in the laboratories of the
“Shakarim University” NCJSC and the Sanitary and Epidemiological
Service of the Zhetysu region showed that concentrations of the main
chemical elements and minerals meet acceptable sanitary standard.
Variations in water chemistry between the eastern and western sectors
were found to depend on hydrological and climatic factors. Sulfates,
chlorides, and bischofite (MgCl.) were found to predominate in the
composition, imparting pronounced therapeutic properties to the muds.
The results confirm the high balneological value and environmental
safety of the lakes, supporting their potential use in health tourism,
balneotherapy and sustainable regional development.

Keywords: Alakol; Zhalanashkol; hydromineral resources; therapeutic
mud; bischofite; recreation; tourism; balneology; chemical composition;
sustainable development

1. Introduction

The southern and south-eastern regions of the Abai region are
characterised by high natural resource potential, determined by the
unique hydromineral resources of the Alakol Lakes system. These water
bodies represent a complex natural and geographical complex,
combining a wide variety of landscapes, climatic conditions and
recreational opportunities. In recent decades, this territory has been the
subject of intensive research by domestic and foreign scientists studying
its natural-geographical, hydrochemical and recreational features, as
well as the impact of anthropogenic factors on the state of ecosystems.

One of the first comprehensive studies devoted to assessing the
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natural resource potential of the Alakol Basin was the work of S. Erdavletov and A. Aktymbaeva
(Erdavletov et al., 2012), in which the authors characterised Alakol as a natural resource subsystem
of the local tourism and recreation complex. The scientists substantiated the spatial structure of
recreational development, identifying key nodes and functional zones of tourist activity. This
research was continued in the work of A.S. Aktymbaeva and M.T. Taukebayeva, which provided a
geo-ecological description of the region, assessed its tourism and recreation potential, and identified
limiting natural factors (Aktymbaeva et al., 2015).

Previously, A.S. Aktymbaeva studied the hydroecological characteristics of the Alakol group
of lakes, identifying patterns in the distribution of hydrochemical parameters and their seasonal
dynamics (Aktymbaeva, 2006). K.A. Iskakova, A.A. Zhakupova, Sh.T. Abdreeva, and G.R.
Aizholova made a significant contribution to understanding the current state of the recreational
potential of the Alakol basin by assessing the level of anthropogenic pressure and proposing
methods for monitoring the recreational transformation of coastal landscapes (Iskakova et al.,
2013).

A geo-ecological assessment of the territorial recreational systems of the Alakol Lake basin
was presented by Zh.T. Mukaev, who emphasised the need for spatial analysis of natural resource
use and biodiversity conservation (Mukaev, 2017). These provisions were developed in a collective
monograph by J.T. Mukaev, K.M. Dzhanaleeva, L.D. David, Zh.O. Ozgeldinova, M.A.
Beisembayeva, G.T. Ospan, Z. Kishkenbayeva and E. Sailaubay, which examines in detail the
environmental challenges associated with the development of tourism and proposes approaches to
the formation of a sustainable model for the recreational use of natural resources (Mukaev et al.,
2017). In later works by Z. Kishkenbayeva and E. Sailaubay, the issue of environmental
sustainability is considered in the context of integrating environmental protection measures into the
region's tourism policy, emphasising the importance of balancing economic development and
ecosystem conservation (Kishkenbayeva et al., 2024).

The works of N.A. Amirgaliyev, T.Y. Lopareva, L.A. Gogol, and Sh.Ch. Kanagatova present
an analysis of the hydrochemical regime of the lakes, determine the key parameters of their mineral
composition, and identify the factors influencing the formation of their balneological properties
(Amirgaliev et al., 2003). In her dissertation, N.E. Snegireva was the first to systematise data on the
chemical composition of surface waters in the Sasyk-Alakol basin and determine their dependence
on climatic and geomorphological conditions (Snegireva, 1970).

Research into hydromineral resources was continued in the works of D.M. Dzhetimov, E.A.
Tokpanov, B.K. Asubaev and A.K. Esengabylova (Dzhetimov et al., 2014), who conducted
physical, chemical and microbiological analyses of the therapeutic mud deposits at the Kossor site
on Lake Alakol. The scientists identified a high concentration of biologically active elements,
confirming their potential for medical use and the prospects for the development of balneological
tourism. Recent foreign studies (Carbajo et al., 2017; Quattrini et al., 2017) confirm similar patterns
in the study of hydrogen sulphide and mineral waters, emphasising their therapeutic and
rehabilitative value.

In the context of comparative analysis, Kazakhstani authors (Akimzhanova et al., 2024)
studied the chemical composition and physicochemical properties of natural therapeutic muds from
the salt lakes of Kazakhstan, including the Alakol system, and identified directions for the rational
use of their recreational potential. An important contribution to the understanding of historical and
scientific aspects was made by S. Kairgeldina, K. Tekebaev, M. Baurzhan, K. Absattarova, and N.
Slivkina made an important contribution to understanding the historical and scientific aspects,
tracing the main stages of the development of Kazakh balneology and its connection with
geographical research into natural therapeutic factors (Kairgeldina et al., 2024).

The problems of ecosystem degradation under the influence of anthropogenic factors are
reflected in the works of T.I. Moiseenko, E.L. Cesonien and co-authors, as well as J.F. Artiola, I.L.
Pepper and M.L. Brusseau, which show that the growth of recreational and economic pressure on
water bodies requires constant monitoring of water quality (Moiseenko, 2022; Cesonien¢ et al.,
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2021; Artiola et al., 2004). Foreign authors A. Duran Sanchez, J. Alvarez-Garcia and M.C. Del Rio-
Rama note the importance of active tourism and its impact on the sustainable development of
regions, while M. Tosic and colleagues propose comprehensive approaches to assessing pollutant
loads on coastal areas (Sanchez et al., 2014; Tosic et al., 2018). In turn, S.B. Wassie justifies the
need to develop adaptive strategies to prevent the degradation of natural resources, which is in line
with the objectives of environmental regulation of tourism activities in the Alacol Basin (Wassie,
2020).

The relevance of this study is determined by several important scientific issues. First, there is
a need for a more detailed study of the chemical composition of the waters and therapeutic muds of
the Alakol lakes. It is of considerable importance for the development of balneological practices
and medical tourism in the region. Secondly, the impact of anthropogenic factors on the ecosystems
of this water system remains insufficiently studied, which requires the development of effective
methods for monitoring and assessing the sustainability of natural resources.

In addition, the study is of general scientific importance for the geoecology of arid areas,
where specific climatic conditions and a high degree of water evaporation determine the formation
of unique hydrochemical characteristics of water bodies. The results of the work may be useful for
expanding knowledge about geoecological processes in other arid and semi-arid regions, as well as
for developing methods for the rational use of natural resources in a changing climate.

Thus, analysis of existing studies shows that the issue of recreational development and
rational use of the hydromineral resources of the Alakol lake system is multifaceted. Despite the
availability of fundamental works, issues related to the variability of the physical and chemical
composition of water and therapeutic muds, as well as the consequences of anthropogenic impact
on the region's ecosystems, remain unresolved. This study aims to fill these gaps by conducting a
comprehensive study of the hydromineral resources of the eastern and south-eastern parts of the
Alakol lake system, assessing their recreational potential and developing recommendations for
environmentally safe use.

2. Materials and methods

The Alakol Lakes system is a unique closed natural water body located in the intermountain
basin of the same name between the Zhetysu Alatau (4,642 m), Barlyk-Maily (2,242 m) and
Tarbagatai (2,992 m) mountain ranges. The main water supply for the reservoir comes from the
Tenteq, Zhamanty, Yrgayty, Terekty, Kusak, Emel, Makanchi, Urdzhar and other tributaries. The
geographical coordinates of the system range from the northern point (Lake Sasykol) at 46°41'48"
N, 80°44'51" E to the southern point (Lake Zhalanashkol) at 45°31'56” N, 82°11'12" E. The
western border is Lake Alakol (46°06'44” N, 81°20'48"” E), and the eastern border is 46°11'27" N,
82°03'11" E.

The total area of the mirror surface of the lakes Sasykkol, Uiyaly (Koshkarkol), Alakol and
Zhalanashkol is 3,589.5 km?, with a total water volume of 61,58 km3. The average depth of the
reservoirs is 22 m, with a maximum depth of 52 m. These physical and geographical characteristics
determine the specific hydrochemical regime and the formation of therapeutic mud in the region.

Between May and October 2025, fieldwork was carried out to determine the physical and
chemical composition of the water and therapeutic mud. Samples were taken from the northern,
southern, western and eastern parts of Lake Alakol and Lake Zhalanashkol, as well as at the mouths
of the Tenteq, Zhamanty and Yrgayty rivers. Additional samples were taken from three therapeutic
mud deposits located in coastal areas of tourist and recreational activity. A total of 60 water samples
and 12 therapeutic mud samples were taken.

Water and sludge sampling and analysis were carried out in accordance with generally
accepted methods and current standards (GS 26449.1-85; GS 26449.2-85).

The selected samples were placed in sterile containers, sealed tightly and delivered to the
laboratory. Only fresh samples that had not been frozen were used for analysis.
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Classic methods were used to process the data obtained: statistical, geoenvironmental and
cartographic, as well as systematic analysis to assess the tourist and recreational potential of the
region's natural tourist and recreational resources.

The following analytical methods were used to determine the chemical composition of water
and mud samples: scanning electron microscopy (SEM) combined with energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), and measurement of physicochemical parameters
using pH-metry and portable devices.

A scanning electron microscope (SEM) equipped with an EDS system allowed for qualitative
and quantitative analysis of the elemental composition of the samples. During the analysis, X-ray
spectra were obtained, including Ka and Lo lines characteristic of each element. Based on the
intensity and energy of the spectrum peaks, the mass (%) and atomic (%) fractions of the elements
were calculated. ZAF correction was used to process the data, taking into account the atomic
number (Z), absorption (A) and fluorescence (F).

Additionally, the surface micro-morphology of the samples was analysed, and particle sizes,
porosity and surface texture features were determined. Images obtained at the micron and
nanometre scales were subjected to graphic processing.

3. Results

Field expedition studies with water sampling were conducted on the eastern, western,
northern and south-eastern shores of Lake Alakol and Lake Zhalanashkol. The samples were
analysed in the laboratories of Shakarim University, NCJSC and the sanitary and epidemiological
service of the Zhetysu region.

The results of laboratory studies showed that the content of chemical elements and minerals in
the water does not exceed the maximum permissible concentrations and is suitable for health and
recreation (Table 1).

Table 1. Chemical composition of water in the eastern (Kabanbay village) and western (Akshi)
parts of Lake Alakol

Cations Share, mg/dm? | Difference, | Anions Share, mg/dm? | Difference,

East | West % East | West %o

B 9.00 0.55 <8.45 Sulfates 13.2 36.0 >22.8

Ca 165.54 | 130.28 <78.7 Chlorides 6.3 11.2 >4.9

Si 2.74 1.40 <1.34 HCOs 29.0 23.0 <6

Mg 18.81 0.79 <18.02 CO5™ 4.0 3.1 <0.9

K 35.51 13.41 <54 NH4* 0.3 0.4 <0.1

Hg 9.71 Nitrates 2.5 2.7 <0.2

Fe 5.25 Nitrides 1.031 1. 034 <0.003

Sr 0.31 0.34 >0.03

Li 0.26 0.40 >0.14

Total 1920 1450 <4.70 pH 7.9 8.6 >0.7

mineralization

Field analyses showed the presence of 16 chemical elements in the eastern part of Lake
Alakol and 14 in the western part. In the western part, the concentrations of B, Ca, Mg, Si, K,
HCO3™, and CO3%™ are lower than in the east, but there is an increase in the content of Li, Sr,
chlorides, sulphates, nitrates, nitrites, and ammonia (Tokpanov et al., 2021). In the western
recreation area of Akshi, Fe and Hg, which are present in the eastern part, have not been detected.
The total mineralisation of water in the western part is lower, which is explained by the confluence
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of the Zhamanta and Yrgayty rivers with an average annual water flow of more than 7.8 m3/s
(Aktymbaeva et al., 2015; Tokpanov, 2016).

The results of the analysis of water samples from Lake Zhalanashkol showed significant
differences in the chemical composition of the eastern and western parts (Table 2).

Table 2. Chemical composition of water in the eastern and western parts of Lake Zhalanashkol

Cations Share, mg/dm?® | Difference, | Anions Share, mg/dm? Difference,
East West % East West %
B 9.00 9.00 Sulfates 13.2 36.0 >22.8
Ca 2.04 23.60 >21.56 Chlorides 6.3 11.2 >4.9
Si 2.74 1.40 <1.34 HCOgs 29.0 23.0 <6
Mg 9.08 | 93.02 <83.22 | COs? 4.0 4.6 >0.6
Na+ + K 43.3 43.4 <0.1 lodides 0.004 0.012 <0.0028
K 3.22 32.84 <29.62 Bromites 0.39 0.49 >0.1
Fe 0.01 Fluorides 0.23 0.21 <0.4
Sr 0.02 0.34 >0.03 NH4* 0.28 0.36 >0.1
Li 0.03 0.31 >0.14 Nitrates 2.45 2.6 >0.2
Hg 0.36 0.27 <75
Ammonium 0.01 0.01 Nitrides 1.029 1.031 <0.002
Total 991 1010 >0.19 pH 7.8 >0.6
mineralization

The main difference between the water of Zhalanashkol and Alakol is the absence of Hg and
the presence of iodides, bromides and fluorides (Tokpanov, 2021; 2016). The concentration of
magnesium in Zhalanashkol is relatively high, and the total mineralisation of water is slightly
higher in the west.

Field and laboratory studies have shown that the water in the eastern part of the lake (pH =
7.8) has a mineralisation of 991 mg/dms3, a dry residue of 3.024 g/l, and a total hardness of 0.4-5.6.

HC0355.150,23.8
Na84.0

M3.0 pH7.8

In the western part (pH = 8.8) - mineralization 1010 mg/dm3, dry residue 3.022 g/l, total
hardness 0.39-5.3.
HC0355.250,25.2
Na82.4

M3.0 pH8.4

During field studies (May—October 2025), samples of therapeutic mud were collected from
four deposits located in the eastern and south-eastern coastal zone of Lake Alakol. The
geographical location of the sampling points was 46°0524" N, 82°02'01" E (Figure 1). Deposits
(No. 1 and No. 2) are located on the northern edge of the recreation area of the village of Kabanbay,
at a distance of 300-400 m from the shore, in areas with close groundwater deposits. Two
additional deposits (No. 3 and No. 4) were identified within 30-40 m of the lake shore, also in areas
with shallow groundwater (Figure 1).
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Figure 1. Satellite images of the recreation area of the village of Kabanbay on the eastern shore of
Lake Alakol (a) (deposits No. 1 and No. 2) and the therapeutic mud deposits on the northern shore
of Lake Zhalanashkol (b) (deposits No. 3 and No. 4) (Source Google maps, resolution 30 cm by 1
pixel)

Spectral and X-ray phase analysis showed that the composition of therapeutic muds No. 1 and
No. 2 differs in the amount of chemical elements. Mud No. 2 contains more Ca (27.24 mg/g), Fe
(14.34 mg/g), Al (11.44 mg/g), B (0.11 mg/g), Si (0.11 mg/g), Mn (0.52 mg/g), Sr (0.18 mg/g), Li
(0.02 mg/g), Cr (0.51 mg/g), K (2.45 mg/g), while sample No. 1 has higher concentrations of P-Os
(3.36 g/kg), Mg (1.75 mg/g), Ag (1.03 mg/g). Cr and Si ions were detected only in the second
sample (Figures 2, 3).

P lmmmmmm 3 67

Li ] 0.02
Ag mm 1.07
Mg jmmmmm 3_09 Sr Jlll 0.04
K w145
Fe mmmmmm 397 Mn [0 ©.11
Ca 11.18
Al B B TNV 049
0 5 10 15 0 02 04 0.6

Figure 2. Chemical composition of therapeutic mud from the northern outskirts of the Kabanbay
recreation area, mg/g (P20s, g/kg)
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Ti 1118 Cr 0.51
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Figure 3. Chemical composition of therapeutic mud 300-400 m north of the Kabanbay recreation
area on the eastern shore of Lake Alakol, mg/g (P-Os, g/kg)

Deposit No. 3 (east coast) contains more B (0.57 mg/g), Ni (0.34), Ti (1.78), Cr (0.53), Al
(14.77), Fe (16.38 mg/g), K (4.28 mg/g), Li (0.01 mg/g), Mg (3.51 mg/g), Sr (0.02 mg/g), P-0Os
(3.36 g/kg) than deposit No. 4 (north coast), where the concentrations of Ca (21.61 mg/g) and Mn
(0.02 mg/qg) are higher. Ag ions were recorded only in mud No. 4 (Figures 4, 5).

P205 [ 4.63 Cr 0.53
Ti W 1,78 Ni 0.34
Mg NN 10,96 Li Wm 0,05
Fe 35,15 Sr [N 0,08
Ca NN 14.66 Mn 0.41
Al T 36,21 B N . 57

0 10 20 30 40 0 0.2 0.4 0.6

Figure 4. Chemical composition of therapeutic mud from deposit No. 3 in the eastern part of Lake
Zhalanashkol, mg/g (P,Os, g/kg)
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Figure 5. Chemical composition of therapeutic mud from deposit No. 4 in the northern part of Lake
Zhalanashkol, mg/g (P,Os, g/kg)

The content of all chemical elements in therapeutic mud does not exceed the maximum
permissible concentrations.

Field observations have established that in arid climates, lake water evaporation increases in
summer, the concentration of dissolved substances rises, and a layer of highly mineralised silt forms
at the bottom of water bodies. The mud is a three-component system: a clay solution, a medium-
grained skeleton, and a fine-grained colloid.

The crystalline skeleton is composed of calcite, dolomite, heavy metals, organic plant
residues, and silicates (up to 56%). Depending on the predominance of components, mud is
classified as silicate, carbonate or mixed types.

According to Table 3, the therapeutic mud of Zhalanashkol belongs to the sulphide group.

Table 3. Composition indicators of sulfide therapeutic muds on the coast of Lake Zhalanashkol

Ne Indicators Standards, % Actual

1. | Consistency, color, odor The mud is black in color, quickly
becomes covered with a gray film,
spreads easily, has a dense
consistency, smooth structure, and
is odorless

2. | 180°C humidity, % H>0O 37-70 26.15

3. | Diameter>0.25 mm cavity fill, % <3 0.76

4. | Filling types Mineral crystals, plant remains

5. | Resistance to movement, dynes/cm?® 1500-2000 1260

6. | Loss on heating (900°C), % 12.99

7. | Heat capacity, cal/g, deg no less 0.400 0.847

8. | Volume mass, g/dm?® 1.2-1.6 1.90

9. | Total mass of CO, composition, % 3.62

10.| Saturated thermal index, total, pH 6.91

11.| Total proportion of H>S, % 0.14
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The colloidal fraction accounts for about 7% of the mass and includes organic acids, lipoids,
pigments, oxide hydrates and sulphur, which determine the plasticity and therapeutic properties of
the mud. The composition includes sulphates (62.38 g/100 g), chlorides (1.90 g/100 g), potassium
(0.02 /100 g), sodium (0.21 g/100 g), CaSO4 (0.62%), MgSOs (0.83%), NaCl (2.78%), KCl
(0.03%), MgCl2 (92.35%).

The mud of the eastern shore is dominated by bischofite (MgCl:), which is used in balneology
for diseases of the musculoskeletal system, nervous system and cardiovascular disorders.

4. Discussion

This study is the first comprehensive assessment of the hydromineral resources of the eastern
and south-eastern parts of the Alakol lake system. The results expand existing scientific knowledge
about the hydrochemical characteristics of the lakes' waters and therapeutic muds, as well as the
impact of anthropogenic factors on the region's ecosystems. In particular, a difference in the
chemical composition of the waters and muds of the western and eastern parts of the lakes has been
established, which can be used to refine approaches to the recreational and medical use of these
resources.

In addition, the study proposes new approaches to the ecological assessment of the region's
recreational potential and methods for monitoring the impact of tourism on the state of natural
ecosystems. Particular attention is paid to the sustainable use of hydromineral resources in the
context of growing anthropogenic impact and the need to create environmentally safe conditions for
recreational development.

A comparative analysis of the chemical composition of the waters of Lake Alakol and Lake
Zhalanashkol showed that both reservoirs are characterised by high mineralisation, which is due to
their location in an arid climate zone, where high temperatures and minimal precipitation lead to
intense evaporation, increasing the concentration of dissolved substances (Baimyrzayev et al.,
2018). These patterns are also observed in other saltwater bodies around the world, such as the
Great Salt Lake in the United States (Johnson et al., 2016) and the Dead Sea (Bawab et al., 2018),
where high temperatures and a lack of freshwater inflow create similar conditions for
mineralisation.

The differences in the chemical composition of the waters of the eastern and western parts of
Lake Alakol and Lake Zhalanashkol are explained by hydrological features such as the degree of
evaporation and river inflow, as well as the general circulation of water in the lake. Alakol is
characterised by the inflow of fresh water from the Zhamantau and Yrgayty rivers, which leads to a
decrease in mineralisation and the concentration of a number of chemical elements, such as sodium,
calcium and magnesium. In contrast, Lake Zhalanashkol has a lower inflow of fresh water and, as a
result, has a higher concentration of iodine, bromides and fluorides, which makes its waters
potentially suitable for balneological procedures. This fact is confirmed by studies of the chemical
composition of saltwater bodies such as the Dead Sea, where the high content of bromides and
iodides is also due to geochemical processes (Bawab et al., 2018).

Statistical methods such as correlation and clustering were used for further analysis, which
allowed us to identify the relationship between water mineralisation and temperature regimes. For
example, a strong positive correlation was found between water temperature and mineralisation (r =
0.75, p < 0.01), which is confirmed by similar data for the Great Salt Lake (Johnson et al., 2016),
where high water temperatures contribute to significant evaporation and mineral concentration. A
negative correlation was also found between the level of freshwater inflow and mineralisation (r = -
0.60, p < 0.05), confirming the influence of freshwater river inflow on the reduction of salt
concentration in water, as observed in Lake Alakol.

The results of research into the therapeutic muds of both lakes confirm their unique chemical
and mineralogical composition, which makes them suitable for medical use. The content of
elements such as Ca, Mg, Fe, Al, Sr and Cr significantly affects the therapeutic properties of mud
(Aktymbaeva et al., 2015; Mukaev, 2017; Amirgaliev et al., 2003; Tokpanov, 2016). The
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predominance of bischofite (MgClz) in the muds of Lake Alakol deserves special attention. This
mineral has a beneficial effect on diseases of the musculoskeletal system, which is also noted in
scientific publications devoted to the medicinal properties of bischofite (Schwalfenberg et al.,
2017).

The results of studies of the therapeutic muds of both lakes confirm their unique chemical and
mineral composition. Differences in the content of Ca, Mg, Fe, Al, Sr, Cr and other elements
determine the difference in therapeutic properties (Aktymbaeva et al., 2015; Mukaev, 2017;
Amirgaliev et al., 2003; Tokpanov, 2016). The predominance of bischofite (MgCl.) indicates its
potential for widespread use in medical practice, especially for diseases of the musculoskeletal
system.

The physicochemical structure of muds - the presence of colloids, clay phase and sulphide
compounds - contributes to their high heat capacity, plasticity and ability to retain active substances.

At the same time, the increase in anthropogenic pressure in the recreation area on the eastern
coast of Lake Alakol (500-600 thousand tourists per season) requires environmental regulation
(YYessengabylova et al., 2025; Berezovikov, 2008). According to laboratory studies, pollution of
Lake Alakol by anthropogenic factors such as solid waste and sewage significantly increases
microbiological risks and deteriorates water quality. The average values of microbiological
contamination of water exceed the maximum permissible concentrations (MPC) for coliphages
(2.1x10° MPC/100 ml) and total coliform bacteria (1.5x10° MPC/100 ml), which exceeds the
permissible MPC values by 1.5 times (SanR, 2023). Exceedances are also observed for chemical
oxygen demand (COD), which indicates contamination of water with organic substances originating
from runoff from coastal areas.

Pollution from solid household waste and sewage increases the risk of coastal ecosystem
degradation. To stabilise the situation, it is necessary to introduce public-private partnership
mechanisms, build treatment facilities and waste processing plants, and strengthen sanitary and
environmental control in accordance with the Law of the Republic of Kazakhstan ‘On Public-
Private Partnership’ dated 31 October 2015 No. 379-V RKZ (Law of the Republic of Kazakhstan
dated October 2015).

Thus, the results of the studies confirm the high potential of the hydromineral resources of
Lake Alakol and Lake Zhalanashkol for the development of medical and health tourism, provided
that sustainable environmental management of the territory is ensured.

5. Conclusion

The development of tourism in the Alakol region has significant potential. Given that
traditional holiday destinations are often unaffordable for the majority of the population, it is
important to identify local and relatively inexpensive tourist and recreational resources. Tourism is
a profitable sector of the national economy that contributes to the comprehensive development of
the region's social infrastructure, the improvement of territories and the formation of more
progressive forms of life and recreation for the population.

According to hydrological and geographical studies, as well as expeditionary and laboratory
work carried out in 2024-2025, analysis of the composition of the water and therapeutic mud of
Lake Alakol and Lake Zhalanashkol showed that the content of macro- and microelements,
sulphates, nitrates, nitrides and carbonates does not exceed the maximum permissible
concentrations.

The data obtained indicate that the composition of water and therapeutic mud complies with
the sanitary and epidemiological requirements established by Decree No. 104 of the Government of
the Republic of Kazakhstan dated 18 January 2012, applicable in sanatoriums and during
physiotherapy procedures.

Consequently, for the effective use of therapeutic mud during the bathing season, compliance
with sanitary standards and protection of the environment from pollution, it is advisable to open
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specialised medical institutions (mud therapy centres) with resort doctors to serve holidaymakers in
the recreation area.

Observations and analysis of statistical data have shown that on the eastern and western
shores of Lake Alakol in the summer, due to the increase in the number of holidaymakers, the
recreational load on the territory increases, which leads to environmental pollution with solid
household waste and sewage.

Industry institutions in the Abai and Zhetysu regions, as well as the local authorities of the
Makanchinsky and Alakol districts, should pay special attention to finding the best solutions to
these issues within the framework of public-private partnerships.
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AJlaKkes1 KeJiIep JKYHeCiHiH IIBIFBIC JK9HE OHTYCTIK-IIBIFBIC 06JIKTepiHiH
THAPOMHUHEPAIABIK PEeKPealHsAIbIK PeCypCcTAPbIH Fe03KO0JOTHAJIBIK TYPFbIIAH
Oarajay

Mpip3abaii [xetumoB, ToknanoB Epkun, Myxutaunosa Po3a, Aiiman EcenradblioBa

Anparna. Makanaga AOaii OOJIBICBIHBIH OHTYCTIK-IIBIFBIC O6JIITiHJE OpHAaJacKaH AJlakel-
JKamanamike:n kel )KyHeciHiH THAPOMHHEPAIIIBIK PECYPCTAPBIHBIH TaOUFH KOHE 0aJIbHEOIOTHSIIBIK
cUMaTTamajapbl KapacThlpbliajpl. 3epTTey KYpFaKk KIMMaTTa CYJblH XHUMHSUIBIK Kypambl MEH
OaIIbIK INeTiHIUIEPIHIH KEHICTIKTIK ©3TeprilTiriH eckepe OThIpbin O Kyprizinmi. 2024-2025
KBUIIAPbl JKYPIi3UINeH JaalblK *OHE 3epTXaHaJbIK Oakbulayjgap MUHEpaJIbl Cyjgap MEH eMJIIK
OaMIIBIKTapAbIH ~ (U3UKA-XUMISUIBIK ~ CHIIaTTaMalapblH  aHBIKTAayFa, COHAAW-aK  OJap/bIH
PEeKpealsUIbIK JKOHE CAybIKTBIPY MakcaTTapbl YIIIH oJieyeTiH Oaranayra OarbITTasiFaH. Jlamasibik
’KYMBICTap UIBIFBIC, OATHIC, COJNITYCTIK JKOHE OHTYCTIK-IIBIFBIC XKaFajlay aiMaKTapblH, COHBIH 1IIiHIe
Oencenal OalmIbIK JKUHAIATBIH aiiMakTapAsl KamTbiabl. «lllokopim yHuepcuteti» KEAK xoHe
XKeticy 0OIBICBIHBIH CAaHUTAPIIBIK-IIHIEMHOJIOTHSIIBIK KBI3METIHIH 3epTXaHaJapbIH/a KYPTi3UIreH
Tangayiap HEri3rli XUMMSUIBIK 3JEMEHTTep MEH MHHEPaJJap/blH KOHIEHTPALUACHl KOJIANIbI
CaHMTApJIBIK HOpMaJlapra CoWKec KeneTiHAiriH kepcerti. LeiFpic jkoHe batbic cekropiapsl
apachlHAAFbl CY XUMMSACBIHIAFbl alBIPMALIBUIBIKTAD TUAPOJOTHSUIBIK  KOHE  KIMMATTBIK
¢dakTopmapra OaillaHBICTB €KeHi aHBIKTaIAbl. Kommosummsanga cynbdarrap, XJIOpPUATEp KOHE
oumodur (MgClz) Gacbim, Oys Kipre aillKplH eMAIK Kacuertep Oepeni. Hotwkenep kenmeplin
KOFapbl OAJIbHEOJIOTHSUIBIK KYHJIBUIBIFBIH KOHE JKOJIOTUSUIBIK KAYINICI3MITIH pacTaiel, Oy
OJIapZblH CAyBIKTBIPY TypU3MiHJE, OallbHEeOTepanusia *KoHe TYPaKThl allMaKThIK AaMyza oJIeyeTTi
naiganaHblUTybIH HET131eH 1.

Tyiiin ce3aep: Anake:n; JXamanamkes; THAPOMUHEPAIIBIK peCypcTap; eMIIK OanmibiK;, OUmodur;
peKpeanusi; TypusM; 0aTbHEONOTHS; XUMUSIIBIK KYPaMbl; TYPAKThl JAMYHI.

I'eodkojiornyeckass OUEHKa THAPOMHMHEPAJbHbLIX PEKPEAlHOHHBIX PecypcoB
BOCTOYHOM M I0T0-BOCTOYHOM YACTH CHCTEMBI AJIAKOJbCKHUX 03€ep

Mpeip3a0aii lzketumoB, Toknanos Epkun, MyxutannoBa Po3za, Aiiman EcenradnuioBa

AHHOTanufA. B craThe paccMaTpuBaIOTCS MPUPOJHBIE W OaTbHEOTOTHYECKHE XapaKTePUCTHKHU
THJIPOMHHEPATBHBIX PECYPCOB 03€PHOM CHCTEMBI AJIaK0JIb-)KaTaHalIkoJb, PaciooKeHHON B 0T0-
BOCTOYHOU yactu obnactu Abaii. MccrnenoBanue mMpoBOIMIOCH B 3aCYIUIMBOM KJIMMATe C YYETOM
MIPOCTPAHCTBEHHON M3MEHUNBOCTH XMMHYECKOTO COCTaBa BOJBI M TPSI3EBBIX OTIOXKeHHH. [ToeBbie
u nabopatopHble HaOmoneHus, mnposeneHHbie B 2024-2025 romax, ObUIM HampaBleHBI Ha
ornpejenieHue (PU3NKO-XUMUICCKUX XapaKTePUCTHK MHHEPAIBHBIX BOJ M JICYCOHBIX Tps3eid, a
Takke Ha OIEHKY HMX MOTEHIHana JUisl PEeKPEallMOHHBIX M O3I0POBUTENBHBIX Iieneid. [lomeBbie
paboOTBI OXBaTHIBAIM BOCTOYHYIO, 3aITaJIHYI0, CEBEPHYIO W FOTO-BOCTOYHYIO NMPUOPEKHBIC 30HHI,
BKJIIOUasi PaiOHbI aKTHBHOTO HAKOIUJICHHsSI TPs3U. AHAW3bI, BRIIOJHEHHBIE B NTaboparopusix HAO
«lIIokopiM YHUBEPCUTET» U CAHUTAPHO-IIHUAEMUOIOTHYECKOH ciryk0b1 0bsacTH JKericy, mokaszanu,
YTO KOHI[EHTPAIIMH OCHOBHBIX XUMUYECKHX JJIEMEHTOB U MUHEPAJIOB COOTBETCTBYIOT MPHEMIIEMBIM
CaHWTAPHBIM HOPMaM. BBIJIO YCTaHOBIEHO, YTO pa3jvYds B XHUMHYECKOM COCTaBE BOJIBI MEXITY
BOCTOYHBIM H 3aIaJHBIM CEKTOPAMH 3aBHCST OT TUAPOJIOTHUECKUX U KIMMaTH4YecKuX (akTopoB. B
coctaBe mnpeoOnanaT cynabdarel, xjopuasl u Oumodur (MgCl:), uro mnpumaer rpsa3aM
BEIpQXCHHBIC JIe4eOHBIC CBOWCTBA. Pe3ynmbTaThl MOATBEPKAAIOT BHICOKYIO OalbHEOJIOTHYECKYIO
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IHEHHOCThP M OKOJOTHYCCKYIO 0€301acHOCTh 03€p, 4YTO 000OCHOBBIBAET WX IMOTCHIIMAILHOE

UCIIOJIb30BaHHUE B O3/I0POBUTEIBHOM TypU3Me, OalbHEOTEpalud U YCTOMYHMBOM PETHOHAIBLHOM
pa3BUTHH.

KiroueBble ciaoBa: Anakons, JKanaHamkosb, THAPOMHHEPAIbHBIE PECYpCHI; JieueOHast Tps3b,
OuIIOpUT; pekpearys; Typu3M; OaTbHEOJIOTHS; XUMHUYECKHI COCTaB; YCTOMYNBOE pPa3BUTHE.
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Abstract: The article is devoted to analyzing the dynamics of spatio-
temporal changes in water bodies within the Semipalatinsk Test Site using
remote sensing data based on the Google Earth Engine platform, with the
aim of developing a map of surface water and irrigation systems to support
landscape planning of the area. Landsat and Sentinel-2 satellite imagery,
ERAB5-Land climatic data, and the SRTM digital elevation model were
used as the primary input datasets. Water surfaces were extracted using
the Modified Normalized Difference Water Index (MNDWI) method. The
results revealed that the largest extents of water surfaces were observed in
years characterized by cold and snowy winters (2000 and 2010), whereas
the smallest extents occurred during warm and low-snow periods (1996,
2012, and 2024). The proportion of temporary water bodies exceeds 60%,
reflecting the instability of the hydrological regime and its strong
dependence on climatic variability. The use of modern platforms such as
Google Earth Engine for identifying spatio-temporal changes in water
bodies has proven to be effective and demonstrates great potential for
water resource management and dynamic assessment. The obtained
results can be applied for environmental monitoring and landscape
planning in the development of the former test site areas for agricultural
purposes.

Keywords: water bodies; Google Earth Engine; remote sensing data; the
Semipalatinsk test site (STS)
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Remote sensing is a key tool for monitoring and assessing surface water bodies. The advantages
of high temporal resolution and repeated observations provided by optical satellite imagery make it
widely used for the mapping and monitoring of water resources (Hossain et al., 2023).

The analysis of spatio-temporal changes in water bodies using the Google Earth Engine (GEE)
platform represents a significant advancement in the field of environmental monitoring and water
resource management (Ngamile et al., 2025; Zhang et al., 2022). It enables comprehensive analysis
of spatio-temporal datasets and provides a cloud-based solution for fast and scalable processing of
remote sensing data (Li et al., 2022; Zhao & Bang, 2024).

This approach employs advanced methodologies, including time series of remote sensing data
and machine learning—based classification methods, to assess the dynamics of surface water. Google
Earth Engine (GEE) has proven its effectiveness in visualizing water presence and analyzing the
factors influencing changes in water bodies (Zhao & Bang, 2024; Alzurgani et al., 2024; Sherjah et
al, 2023). However, the use of GEE for water body analysis is associated with several challenges.
The availability and quality of data remain significant constraints. Methodological limitations, such
as the potential misclassification of adjacent vegetation types, may also affect the reliability of the
results. Moreover, the integration of community-sourced data presents both opportunities and
challenges for the validation of satellite observations, highlighting the need for collaborative efforts
in data collection and analysis (Alzurgani et al., 2024; Sherjah et al, 2023).

The aim of this study is to identify the spatio-temporal changes of surface water within the
Semipalatinsk Test Site using satellite data and the analytical capabilities of the Google Earth Engine
platform.

2. Materials and methods
2.1. Study Area

The Semipalatinsk Test Site (STS) is located in the eastern part of Kazakhstan, at the junction
of the Abai, Pavlodar, and Karaganda regions, covering an area of approximately 18300 km? (Figure
1).
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Figure 1. Study area
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The territory of the test site extends from the Irtysh River valley southwestward for
approximately 180 km and lies within the eastern part of the Kazakh Uplands, which are characterized
by an arid, sharply continental climate. The mean annual air temperature ranges from +0.6°C to +5°C,
and the annual precipitation amounts to 250-300 mm.

The hydrographic network is represented by the Shagan River with its tributary Ashchysu, as
well as by small streams and lakes that become active during the spring flood period. In summer,
most of the water bodies dry up, forming saline depressions. The primary source of water supply is
snowmelt, which accounts for up to 95% of the annual runoff.

A distinctive feature of the study area is the complex combination of natural and anthropogenic
factors resulting from the long-term use of the site for nuclear weapons testing during 1949-1989.
This analyzes the spatio-temporal dynamics of water bodies crucial for assessing the current state and
transformation of the region’s aquatic ecosystems (Nazarbayev et al., 2016; Batyrbekov et al., 2021).

2.2. Data Sources

This study utilized all available surface imagery from Landsat (TM, ETM+, and OLI) and
Sentinel-2 MSI covering the territory of the Semipalatinsk Test Site for the period 1996-2024. The
analysis was performed on the Google Earth Engine (GEE) platform, followed by visualization and
map composition in ArcGIS Pro.

For each image, a cloud, shadow, and snow masking function was applied to ensure high-
quality scenes suitable for analyzing the dynamics of water bodies within the test site. Only images
acquired during the vegetation period (May—September) were used in the analysis, which made it
possible to minimize seasonal and atmospheric distortions.

A total of 90 scenes were used in the study, including 30 Landsat scenes (6 years x 5 scenes
per year) and 60 Sentinel-2 scenes (2 years x 2 coverages x 15 scenes per year). In addition, the
SRTM digital elevation model with a spatial resolution of 30 m was used to refine watershed
boundaries and to analyze the influence of orography on the distribution of water bodies.

For the analysis of climatic factors, ERA5 reanalysis data (precipitation and air temperature)
for the period 19962024 were used. These data made it possible to establish the relationship between
changes in the extent of water bodies and the climatic conditions of the region (Gorelick et al., 2017;
Drusch et al., 2012; Hersbach et al., 2020; Farr et al., 2007).

2.3. Processing Methods

The methodology applied for analyzing the spatio-temporal changes in water bodies using the
Google Earth Engine (GEE) platform included several key components, such as data collection,
classification methods, and accuracy assessment (Mutanga & Kumar, 2019). The workflow is
illustrated in Figure 2, which shows the sequence of analysis stages. The approach is based on the
integration of multitemporal satellite data from Landsat and Sentinel-2, climatic indicators from
ERAS5-Land, and the SRTM digital elevation model (Hansen & Loveland, 2012; Kaplan & Avdan,
2017; Yilmaz, 2023; Rodriguez et al., 2006). The use of the cloud-based GEE platform ensured
consistent data processing, automation of calculations, and reproducibility of the results.
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Figure 2. Workflow of the methodology for analyzing water bodies using GEE

The study covers six representative temporal snapshots — 1996, 2000, 2010, 2012, 2020, and
2024. This selection was determined both by the availability of high-quality satellite data and by the
need to reflect key stages in the hydrological evolution of the region. Each of these periods
characterizes a typical state of the water systems under different climatic and anthropogenic
conditions. To minimize seasonal and atmospheric distortions, only images acquired during the
vegetation period (May—September) were used, when water surfaces are most distinctly expressed in
satellite imagery. Such a discrete observation structure made it possible to capture the stage-by-stage
changes in the configuration and area of water bodies over nearly three decades and to ensure
comparability between temporal intervals (Pekel et al., 2016; Xu, 2006).

Preprocessing of the data included spatial clipping to the boundaries of the test site and
atmospheric noise removal using the tools available in Google Earth Engine (GEE). After masking,
the reflectance values of the images were normalized to ensure the comparability of data obtained
from different sensors.

Water surface extraction was performed using the Modified Normalized Difference Water
Index (MNDWI) (Gorelick et al., 2017):

pGreen- pSWIR1
pGreentpSWIR1
MNDW!I=pGreen+pSWIR1pGreen—pSWIR1 1)

MNDWI=

where pGreen and pSWIR1 are the reflectance values in the green (0.52-0.60 pum) and shortwave
infrared (1.55-1.75 pum) bands, respectively.

For the historical composites (2000 and 2010), an MNDW!I threshold of > 0.30 was applied,
whereas for the multiyear analysis and Sentinel-2 data, a more sensitive threshold of > 0.0 was used
(Xu, 2006; Ji et al., 2009). This approach made it possible to account for both permanent and shallow
or temporary water bodies.
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The water frequency (WF) was calculated based on binary water masks, representing the
proportion of observations in which a pixel was classified as a water surface:

WF: ZNWater
ZNvalid
WF=} Nuvalid) Nwaterx100% 2

x100%

where N, . IS the number of observations in which the pixel was classified as water, and N,,4;;4 iS
the total number of valid observations for the pixel.

Pixels with fewer than 20 valid observations were excluded from the analysis (Pekel et al.,
2016; Donchyts et al., 2016). Based on the WF values, categories of water body persistence were
identified: temporary (WF < 40%), semi-permanent (40-70%), and stable (> 70%) water bodies
(Pekel et al., 2016).

To analyze the climatic influence, ERA5-Land data (European Centre for Medium-Range
Weather Forecasts [ECMWF], 2021) were used, including mean winter air temperature (°C) and total
snowfall (mm) for the period from November to March. These parameters were averaged within the
boundaries of the Semipalatinsk Test Site and compared with the time series of water body areas.
Changes in surface water extent were quantified using the dynamic coefficient K (Pekel et al., 2016):

S-S, 1
~ ¥ 100°
S, xTx 00%

K=((St—Sa)/Sa)x (1/T1)x100% (3)

where S,and S,are the surface water areas at the beginning and end of the period, respectively, and T
is the duration of the interval (in years).

To verify the classification accuracy, a quantitative assessment was conducted using reference
samples from Sentinel-2 and Google Earth imagery based on a standard confusion matrix. Validation
was performed using 150 randomly selected control points located within the study area. The year
2010, characterized by the maximum floodwater extent (14993.96 ha), was used as the reference
period, allowing for the evaluation of the model’s performance under extreme hydrological
conditions.

Comparison of the “water” and “land” classes derived from MNDWI with visual interpretation
of high-resolution imagery showed a high degree of consistency. The calculated accuracy metrics
were as follows: overall accuracy (OA) — 94.0%, producer’s accuracy (PA) for the “water” class —
75.0%, and user’s accuracy (UA) — 85.7%. The obtained results confirm the reliability and
reproducibility of the classification, providing a robust basis for further analysis of the spatial
dynamics of water bodies and their climatic relationships (Gorelick et al., 2017; U.S. Geological
Survey [USGS], 2022).

Thus, the proposed methodology integrates automated processing of multitemporal satellite
data and statistical analysis of climatic factors, providing a comprehensive understanding of the
spatio-temporal dynamics of water systems within the Semipalatinsk Test Site.

3. Results
3.1. Spatial distribution and long-term dynamics of water bodies

The Landsat and Sentinel-2 satellite composites (Figure 3) clearly reveal the spatial and
temporal variations of water bodies within the Semipalatinsk Test Site over the period 1996-2024.
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Figure 3. Spatial distribution of water bodies within the Semipalatinsk Test Site: (a) 1996; (b) 2000;
(c) 2010; (d) 2012; (e) 2020; (f) 2024.

The water surfaces are mainly confined to the valleys of the Shagan and Ashchysu rivers, as
well as to the closed depressions in the eastern and southeastern parts of the test site. In the early
imagery (1996), water bodies were limited to small depressions, whereas by 2000 and 2010, a
significant expansion of the water surface area was observed, particularly along the Shagan River
channel and within the central lowlands. After 2010, a gradual reduction in the extent of water bodies
was recorded, which is confirmed both visually and quantitatively.

According to Table 1, the total area of water surfaces varied from 4512.9 ha in 1996 to 14993.9
ha in 2010, accounting for 0.24% to 0.81% of the total area of the test site. The minimum values were
recorded in 1996 and 2012, which corresponded to low-snow winters, while the maximum values
occurred in 2000 and 2010. Thus, the amplitude of area fluctuations reached nearly a threefold
difference, reflecting the extreme sensitivity of the hydrological regime to climatic variations during
the winter—spring period.
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Table 1. Water body areas within the Semipalatinsk Test Site area (1996-2024)

Year Area of water bodies, ha Share of territory, %
1996 4512.92 0.24
2000 7654.16 0.41
2010 14993.96 0.81
2012 4456.66 0.24
2020 6428.99 0.34
2024 5685.82 0.30

3.2. Spatial Structure Based on the MNDWI Index
The cartographic data derived from the MNDWI index (Figures 4 and 5) made it possible to
visually assess the spatial changes in water surfaces within the test site and using Lake Ashchysu as

an example.
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Figure 4. Spatial distribution of water bodies based on the MNDW!I index: (a) 1996; (b) 2000; (c)

2010; (d) 2012; (e) 2020; (f) 2024
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Figure 5. Dynamics of Lake Ashchysu surface area based on satellite data: (a) 1996; (b) 2000; (c)
2010; (d) 2012; () 2020; (f) 2024
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On the MNDWI maps, zones of permanent and temporary water bodies are clearly
distinguishable. The highest positive index values (above 0.3) are associated with the Shagan River
valley, the depressions in the southeastern part of the test site, and the water area of Lake Ashchysu,
where water persists throughout the entire vegetation period.

In the central part of the test site and in the interfluve areas, regions with moderate or negative
MNDWI values are observed, corresponding to seasonal water bodies that fill during the spring flood
and dry up in summer.

In 2000 and 2010, the most extensive distribution of water bodies was observed, particularly in
the area of Lake Ashchysu, whereas in 2020-2024, the water surfaces became more fragmented and
localized. This indicates a gradual reduction of temporary water bodies and an overall decline in the
water availability of the territory over recent decades.

3.3. Interannual and Seasonal Variability

The graphs of interannual and seasonal dynamics (Figure 6) show that the area of water surfaces
within the test site varies greatly from year to year. In spring, water bodies consistently occupy a
significantly larger area than in summer or autumn, which is associated with the inflow of meltwater.
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Figure 6. Changes in the surface water area within the Semipalatinsk Test Site: (a) interannual
variability; (b) seasonal variability

According to Table 2, in the spring of 2010, the area of water bodies reached 17,826 ha,
decreasing to 10774 ha in summer and 6202 ha in autumn. This indicates a typical spring maximum
followed by a gradual reduction of water surface area throughout the summer. In dry years (1996 and
2012), the spring water area did not exceed 2-5 thousand hectares, reflecting weak floods and low
snow accumulation during the winter.

In recent years (2020-2024), a trend toward faster drying of water bodies has been observed,
with their areas starting to decrease as early as mid-summer. This is associated with an increase in
mean air temperature and warmer winters, which cause earlier snowmelt and faster evaporation.

Since 2020, the region has shown a tendency toward an earlier peak in water availability and
accelerated drying of temporary lakes by mid-summer. This corresponds to an increase in mean air
temperature by 1.5-2 °C above the climatic norm, enhancing evaporation and shortening the duration
of the water phase in small ponds and lakes. Such changes are particularly evident in the central part
of the test site, where previously stable water bodies have gradually acquired a seasonal character.

114



A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2025, 153(4)

Table 2. Seasonal dynamics of surface water area

Year Spring, ha Summer, ha Autumn, ha
1996 2106.16 3605.7 2947.36
2000 10371.52 5813.7 4515.5
2002 4205.9 4020.11 949.8
2010 17826.13 10774.09 6202.42
2012 4810.16 3701.59 2582.64
2020 13072.35 5654.45 5966.43

3.4. Stability of Water Surfaces

The analysis of water surface stability (Figure 7) shows that temporary and seasonal water
bodies prevail within the territory of the test site. Their share exceeds 60%, whereas permanent water
bodies occupy about 30-35% of the total area (Table 3).

Table 3. Distribution of the water surface area by stability categories (1996-2024)

Category Area, km? Area, ha Share of Total Share of
(Class) Water, % territory, %
Permanent water 44.05 4405 31.91 0.24
Seasonal water 94.10 9410 68.09 0.51

The “River Network™ layer data were taken from a previous study conducted by the authors.
There are four large river basins located on the territory of the Semipalatinsk Test Site. These are the
Saryozen river from south to north, Aschyozek and Karabulak from the center to the north, and
Shagan from the south to the northeast. They are all left tributaries of the Irtysh River (Valeyev et al.,
2025).

The total length of the talwegs of the rivers in the study area is 13874 km, with sixth-order
watercourses accounting for about 361 km or 2% of the total length of temporary and permanent
watercourses. The main length of 95% of the talwegs, considering the factors of arid climate and
steppe landscapes, falls on temporary watercourses. In summer, they form a dry gully-beam network
or inconspicuous depressions. They are formed mainly during floods due to meltwater flows, as well
as during precipitation in the warm season (Valeyev et al., 2025).

Permanent water bodies are located in the valleys of the Shagan and Ashchysu rivers, as well
as in the southeastern depressions where water persists for longer periods. Temporary and seasonal
water bodies occur in the central and western parts of the test site and appear only in years with heavy
snowfall. This distribution indicates that the region’s hydrological system is highly dependent on
weather conditions and exhibits an unstable character.
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Figure 7. Surface water within the territory of the Semipalatinsk Test Site

3.5. Influence of Climatic Factors

Comparison of satellite data with ERA5-Land climatic indicators (Table 4) shows that
interannual variations in the area of water bodies within the Semipalatinsk Test Site are directly
related to winter season conditions - primarily to the amount of snowfall and air temperature.

In years with colder winters and higher snowfall, an expansion of water surfaces is observed,
whereas warm and low-snow winters lead to a reduction in water area. For instance, in 1996, a
moderately cold winter (-11 °C, 57 mm of precipitation) resulted in limited flooding and a minimum
water surface area of about 4.5 thousand ha. In 2000, an increase in snow accumulation to 96 mm
contributed to an expansion of the water area to 7.6 thousand ha.

The most pronounced hydrological anomaly was recorded in 2010, when the combination of
the lowest air temperature (-13 °C) and record snowfall (106 mm) resulted in the maximum
development of water surfaces-nearly 15 thousand ha. This situation highlights the role of the winter
season as a key factor in shaping spring runoff and floodwater recharge of water bodies.
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Table 4. Water Area Dynamics and Climatic Control (1996-2024)

Year Area (_)f water Share of Mean Winter T, S_nowfall,
bodies, ha territory, % Nov—Mar, °C Winter, mm
1996 4512.92 0.24 -11 57.0
2000 7654.16 0.41 -10 96.0
2010 14993.96 0.81 -13 106.0
2012 4456.66 0.24 -13 65.0
2020 6428.99 0.34 -7 83.0
2024 5685.82 0.30 -6 52.0

In 2012, despite similarly low air temperatures (-13 °C), a decrease in snowfall to 65 mm led
to a reduction in the water surface area to about 4.5 thousand ha. In recent years (2020 and 2024),
with warmer winters (-7 °C and -6 °C) and precipitation deficits (83 mm and 52 mm), earlier
snowmelt and increased evaporation have been observed, limiting the water surface area to 6.4
thousand ha and 5.7 thousand ha, respectively.

4. Discussion

The results of the analysis confirm that the hydrological regime of the region is determined by
winter climatic conditions rather than by the amount of summer precipitation. The volume and
persistence of water bodies depend on the accumulation and preservation of the snow cover, which
forms the main spring runoff. The peak water surface areas recorded in 2000 and 2010 correspond to
periods of lower air temperatures and heavy snowfall, confirming the key role of winter moisture
accumulation in shaping spring flow. In contrast, years with warm and low-snow winters (1996, 2012,
2024) are characterized by a sharp reduction in the extent of water bodies, reflecting the high
sensitivity of local ecosystems to climatic fluctuations. Thus, long-term variations in temperature and
snow reserves act as the primary drivers of the spatio-temporal variability of water systems within
the Semipalatinsk Test Site.

Comparison of satellite observations with ERA5-Land reanalysis data revealed a clear negative
correlation between mean winter air temperature and the area of water surfaces. At the same time, the
amount of summer precipitation has a much weaker influence on the dynamics of water bodies, which
is consistent with the sharply continental climate of the region. In this climate, the main recharge of
water systems is formed by snowmelt, and the stability of water bodies is primarily determined by
the snow balance of the winter season.

In addition to climatic factors, anthropogenic and technogenic impacts also play an important
role. The territory of the Semipalatinsk Test Site, which was subjected to long-term nuclear and
engineering activities, is characterized by a disturbed structure of soil-hydrological systems, altered
permeability, and redistribution of surface runoff. This partly explains the spatial fragmentation of
water surfaces, particularly in the central and western parts of the test site, where the highest
instability of temporary water bodies is observed. Furthermore, the degradation of irrigation systems
previously used for agricultural purposes has weakened the connection between surface and
groundwater, reinforcing the seasonal nature of water bodies.

Comparison of the obtained data with the results of similar studies (Pekel et al., 2016; Ji et al.,
2009) shows that the identified trends of decreasing water surface area and increasing seasonality
correspond to global climatic patterns observed in the arid regions of Central Asia. However, the
uniqueness of the Semipalatinsk Test Site lies in the combination of natural and technogenic factors,
which makes this territory a model area for assessing the consequences of climatic and anthropogenic
changes.

5. Conclusion
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The analysis of spatio-temporal changes in water bodies within the Semipalatinsk Test Site for
the period 1996-2024 revealed a pronounced climatic dependence of the region’s hydrological
regime. The main factors determining the extent and persistence of water bodies are winter conditions
— air temperature and snowfall amount. The largest surface water areas were observed in years with
cold and snowy winters (2000 and 2010), whereas the smallest areas occurred during warm and low-
snow periods (1996, 2012, and 2024).

Spatial analysis showed that permanent water bodies are concentrated in the valleys of the
Shagan and Ashchysu rivers, while temporary and seasonal ones are mainly distributed in the central
and western parts of the test site. The share of temporary water bodies exceeds 60%, reflecting the
instability of the hydrological regime and its high dependence on climatic fluctuations.

The use of the Google Earth Engine platform and the MNDWI index made it possible to
effectively assess spatio-temporal changes, classify water body types, and establish their relationship
with climatic parameters. The methodology demonstrated high reliability with an overall accuracy of
94% and can be applied for the monitoring of similar arid territories in Kazakhstan and Central Asia.

The obtained results have practical value for environmental monitoring, landscape planning,
and the assessment of climate change impacts on the degraded lands of the former test site. Future
research should focus on the integration of optical and radar sensor data, the application of machine
learning models for automated classification, and the development of predictive models of water
resource dynamics under global warming conditions.
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CeMel MOJIMIOHBI AyMarbIHAAFbI 2Kep 0eTi CyJIapbIHbIH KEeHICTIKTIK-YaKbITTBIK
e3repicrepin Google Earth Engine miiardopmacsl Herisinge tajaaay

Ha3sbeim KenicoBa, Omipkan Toykebae, Kammar Temip0aeBa, Aifxkan Acblii0exoBa
AngaTna. Makanaga Cemeil ChIHAaK TOJUTOHBI AyMaFbIHIAFbl CY HBICAHIAPBIHBIH KEHICTIKTIK JKOHE

YVaKbITTBIK ©3TepICTEPiHIH JMHAMHKACH TajJaHFaH. 3epTTey OapbIChIHAA KEPHl KAIIbIKTHIKTaH
3oHATay nepekrepi Herizinge Google Earth Engine mmatdopmackl KOMAaHBUIBI, JAHAMAPTTHIK
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JKocTapiiay Ke3iH/e >KepYCTi cylap MEH UPPUTANMSIIBIK KYHelep KapTachlH KYpacThIpy Makcar
eringi. bacrankel gepektep peringe Landsat »xone Sentinel-2 rapsithik cyperrepi, ERAS5-Land
KIMMATTHIK jaepekTepi xoHe SRTM canapik Oemep mopmeni maiganansuinel. Cy alabpIHAApBIH
aHBIKTAy YIIIH Moau(UKanusUIaHFaH HopMmananfaH cy umHaekci (MNDWI) omici KoggaHBUIIBI.
Hormxenepre coiikec, cy OSTiHIH €H YJIKEH ayIaHIaphl CYBIK opi Kapibl Keictapaa (2000, 2010 xoxk.)
Oalikaspl, ajl €H a3 KOpCeTKIIITep XKbUIbI dpi Kap a3 TyckeH kezeHaepzae (1996, 2012, 2024 xoxk.)
TipKenai. YakpITIIa Cy alablHIApBIHBIH yieci 60%-maH acanbl, OYJI THAPOIOTHSUIBIK PEKUMHIH
TYPAKCHI3JBIFBIH KOHE KIMMATTBIK aybITKyJIapFa JKOFaphl Toyenaiunirin kepceremi. Google Earth
Engine cuskThl 3aMaHayu 1uiaTdopmanap/sl naiigagany ¢y HbICAHIAPbIHBIH KeHICTIKTIK-yaKbITTBIK
©3repiCTepiH aHBIKTay/a THUIMIUIITIH JKOHE Cy pecypcTapblH OacKapyla 30p QJICYETIH KOPCETTi.
ATBIHFaH HOTIIKENEP DKOJIOTHUSIIBIK MOHUTOPUHT TEH JaHAMAQTTHIK KOcmapiay KYMBICTapbIH/A,
COHJIaii-aK OYPBIHFBI TIOJMIOH ayMaKTapblH aybll IapyallbUIBIFEIHA UTEPY Ke3iHe Mai aJaHbuTybl
MYMKIH.

Tyiiin ce3nep: cy usicanmapsl; Google Earth Engine; XXK3 nepexrepi; Cemeli ChIHAK MMOJUTOHBI
(CCII).

AHaJIN3 NPOCTPAHCTBEHHO-BPEMEHHbIX H3MEHEHHiHl NOBEPXHOCTHBIX BOJA B
npenenax CeMUNATATHHCKOIO MOJMIOHA Ha OCHOBe miaTgopmsbl Google Earth
Engine

Ha3sbim KenuncoBa, Omup:kan TaykedaeB, Kammar Temup0aeBa, AifkaH Acbli10exkoBa

AnHoranusi: CtaThs MOCBSIICHA aHAIN3Y AUHAMUKH MPOCTPAHCTBEHHO-BPEMEHHBIX W3MEHEHUH
BOJHBIX OOBEKTOB Ha TeppuTopuu (CeMHUIIaJaTMHCKOTO TOJWITOHA C MPUMEHEHHEM JaHHBIX
JUCTAaHIIMOHHOTO 30HIMpoBaHus 3emyin Ha ocHoBe muaTgopmel Google Earth Engine s
JANbHEHIIEr0 COCTABJIEHUS KApThl TMOBEPXHOCTHBIX BOJ M HPPUTAIIMOHHBIX CHUCTEM IpHU
JaHAIa@THOM TUTAHUPOBAHUM TeppuTopuil. B  KauecTBe HCXOMHBIX [aHHBIX MPUMEHSUIHCH
cnyTHUKOBBIE cHUMKH Landsat u Sentinel-2 u xknumarnyeckue nanasie ERAS-Land u uudposoit
mozenun penseda SRTM. Brinenenne BOJHBIX MOBEPXHOCTEH OCYLIECTBIISIIOCh C IMPUMEHEHUEM
MeToJa MOIU(UIIMPOBAHHOTO HOpPMalIM30BaHHOTO BoaHoro wuHaekca (MNDWI). PesynbraTs
MOKa3aJIk, YTO HAauOOJIBIINE TUIOIIAX BOJHBIX TOBEPXHOCTEH HAOIIIOIATUCH B TOBI C XOJIOHBIMHU U
caexubiMu 3umamu (2000, 2010 rr.), a MUHUMAJIbHBIE — B TEIUIBIE M MAJIOCHEKHBIC TTepro/Ibl (1996,
2012, 2024 rr.), 1 10y BpeMEHHBIX BOJOEMOB mpeBbimaeT 60%, 9To oTpaxkaeT HECTaOMIHLHOCTH
TUAPOJIOTUYECKOTO PEKMMA U BHICOKYIO 3aBUCUMOCTD OT KIIMMAaTUYECKUX Koliebanuii. [Ipumenenue
coBpeMeHHbIX Tuardpopm, kak Google Earth Engine nns omnpeneneHus mnpocTpaHCTBEHHO-
BPEMEHHBIX M3MEHEHUI BOJHBIX 00BEKTOB TOKa3al CBOIO 3(PPEKTUBHOCTh M OTPOMHBIN MOTEHITHAT
B YIIPaBJIEHUU BOJHBIMH pECypcaMy MpPH OICHKE WX NWHAMHUKHU. [loydeHHBIE pe3ynbTaThl MOTYT
MCTIOJIE30BATHCS ISl IKOJIOTUYECKOTO MOHUTOPUHTA U JTaHIITAPTHOTO TNIAHUPOBAHUS IPU OCBOCHUU
TEPPUTOPHUI OBIBIIETO MOJIUTOHA JUIsI BEACHUS CEIBCKOTO X035 HCTBA.

KawueBble ciioBa: Boaubic 00bekThl; Google Earth Engine; manusie J133; CUIL.
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Abstract: The article deals with the specific features of the Russian motor
transport heritage preservation based on the example of museums. This
heritage also allows to develop the space of the cities themselves. Space
reclamation represents one of the key aspects for Russian civilization. In
addition, it is important to address motor transport heritage because it has
no legal protection in Russia, though museums are being created actively
and collections are growing, starting to change space in cities and their
cultural environment. The current research aims at revealing space
peculiarities of the motor transport museums development in Russia and
the way they influence the cities where they are situated. The factors that
favour the creation of museums include motor transport or neighbouring
productions at the location, especially during the first stages of creation.
Later, population number and the level of social and economic
development of Russian cities and regions start to play an important role.
The main territories where the museums are located include Central and
Ural districts. Some museums are located in rural areas alongside with
cities and towns. About half of the museums have foreign motor transport
exhibits in their collections. The creation of children and public transport
museums becomes an important event. The main directions, where
museums develop local communities, create working places as well as
many cultural events, include automobile rallies, the work with
collections, devoted to the Soviet era, and joint projects with
transportation companies (OAO “RZhD”), State archive and grant
foundations. The work with big companies, state institutions and
foundations is exemplified by the museum complex UGMK in
Verkhnyaya Pyshma and Perm motor transport museum “Retro-garage”.

Keywords: motor transport heritage; Motor transport museums; Russian
automobile museums; Technical museums; Scientific and technical
heritage of Russia; Automobile culture; City museums; Russian cities and
towns.
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1. Introduction

Soviet automobile industry will celebrate its 100th anniversary on
the 1st of November 2024. This was the lorry AMO-F-15 that started this
industry. This is a specific feature of Russian automobile production
because in other countries the production started with light motor cars, not
lorries. Though the factory “Russo-Balt” produced light motor cars in
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tsarist Russia in 1912-1919, the mass production of Soviet cars started only in 1932 (Karasev, 2024).

Motor transport (automobile transport) represents the kind of transport engaged in mainly short
and medium-distance transportation of cargos and people by cars and lorries from one place (region,
country) to another by trackless roads (Gorkin, et al., 2013). In Russia, the motor transport production
meant the production of light motor cars, lorries, motorcycles, mopeds, buses and other vehicles on
wheels (Lyadova, 2023). That is why this article will examine the automobile industry as a whole
variety of vehicles. Moreover, the article refers to the products of all factories of all Soviet republics
and the countries of the Council for Mutual Economic Aid as the Soviet automobile industry. The
products of modern Russian factories are referred to as Russian automobile industry; the ones of other
countries are referred to as the foreign automobile industry.

A museum represents a key object of motor transport heritage preservation. The motor transport
museum is understood as the museum of motor vehicles, whose collection demonstrates either the
history or/and modern development trends of motor transport production of producing countries. It is
important to note that sometimes these museums are more than just museums. They have scientific
and technical collections (military vehicles, airplanes and others), tell the history of engineering
research, display the collection of culture and everyday life of the time when motor transport was
created. This enriches the collection and gives a complex impression about geography, history,
economy and people of those days. There are other preservation ways, such as automobile clubs,
private collections, but we will discuss the museums.

The automobile industry represents the essence of engineers’ daring and successful calculations
of business people. It also reflects the economic development of producing countries. Motor transport
is a part of the transport complex, which means it is also a part of transport heritage (Zaparii, 2008).
But Russian researchers do not consider motor transport as a subtype and hardly ever study it,
compared to transport infrastructure (stations, roads and others). At the same time, this is included in
the equipment, which is protected as an object of cultural heritage, but motor vehicles are not referred
as a separate part of the technical heritage. Pipelines and spaceships are examples of transport, but
they are studied as technical heritage. It is largely connected with the fact that the products of the
automobile industry are the objects of science and technology; moreover, they move (Lyadova, 2023).
The Moscow Museum of Transport is trying to solve this legislation problem.

In geographical sciences, the heritage is studied within the landscape approach (the study of
cultural landscapes). The experience of cultural and landscape territorial zoning on different
hierarchical levels (macro-, mezzo-, and micro-) allows evaluating the territorial richness in the
monuments of natural and cultural heritage integrally. However, these studies do not consider motor
transport and automobile heritage (more broadly, it is necessary to research transportation systems,
which include transport, highways, stops and bridges). There are several reasons why this heritage is
excluded. 1) Urban landscapes and geosystems do not attract attention as sources of heritage.
Researchers became interested in Russian industrial heritage only in the 1970s, but they started to
study it in the 2000s. These were economic historians who first paid attention to industrial heritage.
2) According to legislation, heritage is seen as immovable and nonmaterial objects. 3) Transport
systems have their own specific features, such as the infrastructure (highways, railroad tracks, railway
stations, airports, spaceports), is used for a long time, but the means of transport are often changed.
Therefore, the rapid change of these means, which is associated with disposable, market consumption,
does not allow them to be considered as a heritage.

However, in Russian history, especially in the Soviet period, the development of transport was
of epochal significance, in particular as a part of urbanization processes, the development of the
country's space, and the work of practically all industries. Moreover, this was important for the
development of design and service. The lack of continuity led to the situation when modern
automobilization poses serious fundamental problems for geosystems themselves (including the
historical and cultural heritage. This gives grounds to the ideas about “car dead end” (Rodoman,
2010) and the growing role of public transport and public places. The problem of “automobile
culture” also appeared. It is based not only on management systems at factories and road safety rules
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(Chongyang, Du, 2024; Panteleeva, Prokofieva, 2021), but also serves as a foundation of the
development culture of Russian space at all space levels. Therefore, the solution to the problems of
this heritage opens the opportunities for broadening of semantic and civilizational discoveries in
Russia, as well as the optimization of its space development.

2. Materials and methods

There is no consolidated data source about Russian motor transport museums. Therefore, the
author previously conducted a historical and geographical research on the development of museums’
network of Russian automobile industry from the 1960s to 2025 (Lyadova, 2023).

The network analysis included the following steps:

1) creation of a database with the following data: official name, official status, location,
contacts, year of foundation, and composition of the exposition. Data on existing private, corporate
and other non-state museums in a simplified version can be collected thanks to data from the
Association of Private and Folk Museums of Russia (Associaciya chastnyh, 2025), the National
Award Corporate Museum (Nacional'naya premiya, 2025), data from the Register of Non-Profit
Organizations of the Ministry of Justice of the Russian Federation (Reestr nekommercheskih, 2025)
and author’s studies in “Vkontakte” and information from founders and directors of these museums.

2) historical and geographical analysis of the development of a network of museums and
museum entities. The key points of the analysis are the features of the periodization of the network
and the identification of types of museums based on the composition of their exposition. The main
factors for the location and development of museums in different parts of the Russian Federation were
identified. At this stage, the comparative method is widely used;

3) analysis of existing ways for museums to participate in the development of their cities and
regions: car rallies, preservation of Soviet life and development of urban space. The last point was
considered using the example of museums in the cities of Verkhnyaya Pyshma and Perm.

3. Results
3.1. Historical and geographical features of the museum network of motor transport museums in the
Russian Federation and factors of its development

In Russia, as of May 1, 2024, there are 72 museums and collections in 46 cities and 7 rural
settlements in 35 constituent entities of the Russian Federation (figure 1). It is worth noting that the
number of museums exceeds the number of collections, but the information is difficult to find in the
Internet. The majority of museums are the museums of light motor cars, though the share of
motorcycle and other motor transport museums is also significant (Figure 2).

M automobile

& automobile-motocycle
(3 motocycle

O technical

B collection

62% ]
B custom vehicles

W public transport

Figure 1. Structure of motor transport museums in Russia (based on data (Lyadova, 2023))
The museums appeared not in an even manner throughout the country. This process had several

stages, which differ in the number and structure of the created museums. Several peculiarities can be
singled out:
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1. If we consider the appearance of museums by stages (before 1991 and after that by decades),
it is obvious that the creation of museums was fostered (at least at initial stages) by motor transport
or neighbouring production existing in a city or territorial entity. However, a direct correlation is not
always seen (e.g. in Vladivostok). Later, population numbers and the level of social and economic
development become important factors.

There are motor transport museums practically in all million cities, excluding Rostov-on-Don,
Voronezh, Volgograd and Omsk. On the one hand, these cities did not have industries connected to
the motor transport complex (except Volgograd). The enterprises of the aerospace industry and
corresponding museums are situated in these cities. On the other hand, at present, there are no
investors to create museums (social and economic factors).

2. The main regions where motor transport museums are situated include the Central and the
Ural economic areas (figure 1). Moreover, they possess the widest variety of museums and their
collections. These areas show high social and economic indicators, compared to others (Sharygin,
2016), but the Trans Volga economic Area, which falls behind (Gusev et. al., 2021) and traditionally
specializes in motor transport production, does not demonstrate such a variety of museums.

First museums in the Asian part of Russia appeared in 2002. They are represented by Russian,
European and American exhibits. Moscow is ahead of all regions, as the museums of all kinds of
transport are situated there (except motorcycles). All museums are private.

3. More than half of the museums are private. Moreover, half of them appeared in the period
between 2011 and 2020 (Table 1). The collections of about half of the museums consist of foreign
exhibits (this phenomenon requires a study). It is worth noting that private museums in Russia have
their own peculiarities, that is why a private museum in Russia is not always a licensed and fully-
featured museum institution (Yureneva, 2024). It is possible that a rapid growth in the number of
museums will be replaced by the closure of a part of them, especially in the case of the owner’s death.
This creates a problem of collection preservation for local communities and the owner’s relatives.
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Figure 2. Russian motor transport museums (based on data, Lyadova, 2023)

Table 1. Stages of museums’ and collections’ creation according to their status (made by the author)

Quantity Status

exhibit non-
total foreign corporate | state governmental
automobiles organization

Period

private,
NPO

1965-1991 12 1

2

1992-2000 4

3

2001-2010 12

9

2011-2020 39

37

N OO
OO0 |O0|O|00
OININ|FP(F

0
1
0
2021-2024 6 0

5

4. Having started with automobile collections, the museums in the town of Tolyatti,
Arkhangelskoe settlement (a part of the town of Krasnogorsk), and the town of Verkhnyaya Pyshma
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actually created technical museums, which include aviation, space, military and other types of
equipment. Though the Polytechnical museum in Moscow is a national museum of science and
technology, the three museums mentioned above became its alternatives, whose collections and the
work scale exceed those of the Moscow Museum.

It can be said that the UGMK museum complex is practically the only operating and actively
developing technical museum-park, that accumulates different activities and harmonically develops
the culture of Verkhnyaya Pyshma. It is visited by more than 200,000 visitors every year.

5. The museums appeared in rural area alongside with towns and cities of different sizes. They
are often created by auto enthusiasts and former racing drivers, but not by professional museum
workers. Currently two of them are closed due to the owner’s death, collections of soviet and Russian
automobiles are not protected and therefore are lost.

3.2. Motor transport museums and the development of their cities and regions

There are different approaches to assessing the contribution of the cultural sector: 1. economic
approach (within the framework of cultural economics). Within its framework, the impact is assessed
on the basis of statistical data on the activities of cultural objects (income and expenses, costs and
benefits, consumer behavior, impact on other sectors of the economy, for example, tourism), standard
indicators of cultural consumption (Bychkova, 2016; Tishchuk et. al., 2023). 2. socio-cultural
approach. Considers the features of forming the identity of the population, instilling patriotism, and
preserving memory. 3. The geographical approach, first of all, considers the placement of museums
as elements of the cultural landscape of the region, studies cultural objects in all the diversity of their
influence on the life of the community, and assesses the impact on the urban environment and cultural
policy (Amelkina, 2021; Lyadova, 2023a; Streletsky, Gorokhov, 2022).

After all, the main task of such museum formations is cultural activity. A similar position is
supported by economists themselves (for example, Muzychuk, 2025).

The emergence of children’s and public transport museums (in Moscow and Ufa) became an
important factor. The development of urban transport systems includes public transport and, possibly,
in the future, it will also involve children’s transport. Moreover, the development of off-street
transport is already on the urban development agenda (Merkushev, 2022).

Private museums often work within a certain business model when a museum becomes a part
of a hotel, restaurant and wine business. This feature characterizes the museums of the North
Caucasus, the town of Kovrov (Vladimir oblast) and the VVologda oblast. Probably, this model will
expand to other private museums. This symbiosis appeared due to several reasons: diversification of
business, including the owner’s hobby into business, and “saving” the collection by joining it to a
more profitable enterprise.

Museums can participate in life of cities, towns, regions, and the country in different ways.
Museums and collections play an educational role (Chirkov, 2025). Alongside demonstrating
achievements, they create an environment to develop the engineering and creative abilities of children
and youth. Chief engineers and veterans of production inspired the creation of museums at factories
producing motor transport with the aim of transferring experience (Mazur, 2021). Corporate museums
at motor transport producers in Russia still do this job.

As motor transport museums are situated in different regional centers, cities and towns, they
allow the space in these settlements to progress. Furthermore, these museums develop local
communities, as the majority of them were created by these societies. This is connected with specific
features of the heritage itself, its mobility and functional diversity, local communities’ active
participation in its preservation and establishing connections outside cities, towns and territorial
entities. The following kinds of work represent such space relations:

— Automobile rallies. This is the earliest and most direct way to show automobiles. It is also a
campaign to participate in the production on purchase of cars. Modern automobile rally includes
moving Soviet and Russian cars, military vehicles, more seldom motorcycles, in the city, where the
museum is situated, as well as between cities. As before, the rallies are devoted to important dates in
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the history of the country and the city: the 1st of May, Victory Day, City Day, the Day of Russia, and
different professional holidays. Practically all museums take part in Victory Day parades in the cities
of their location, and sometimes in other cities. Moreover, when a museum is situated in the city, it
became possible to include this city in the routes of international automobile rallies (e.g., the rally
“Paris — Beijing”) (Aktualizatsiia promyshlennogo, 2020).

During automobile rallies, museums use not only their own exhibits, but also invite automobile
clubs, re-enactment clubs, private collectors and moto transport companies. These rallies help to
demonstrate the main feature of motor transport heritage: it can seamlessly connect different layers
of historic and cultural heritage and demonstrate spacial relations between different periods of
Russian history.

— The demonstration of the heritage of the USSR and urban heritage of those days. Almost all
museums possess collections of Soviet motor transport, exhibit the objects of everyday life, household
appliances, interiors, collections of modelmakers, posters, paintings, toys and other characteristic
things of the Soviet era. This feature of the museums requires a careful study. It allows not to put the
equipment into the opposition to other spheres of society, but vice versa, it helps to find common
development routes. As the BMW experience shows (Tafintseva, 2021), such combinations set new
trends in urban planning, architecture, management, museum’s work and art (Gelfond, 2016) and
develop tourism (Michnicka, Kotodziejczyk, 2022).

— There is no research dedicated to the impact these museums made on the development of
communities, culture and economy in cities. However, its important influence can be seen through
special and regular events. Some museums demonstrate an active position in attracting attention to
themselves and creating different places of attraction. The most ambitious and complex projects
include the ones with OAO “RZhD”. The project, which especially stands out, is the locomotive-
hauled tourist retro train “Ural Express”, going from Ekaterinburg to the territory of the museum
complex in Verkhnyaya Pyshma. This is a unique example of such a form of work with a museum in
Russia. But it is not known how many workplaces it created, as well as how many taxes it collected
for the Sverdlovsk oblast. During 3 years, the train carried over 65,000 passengers — tourists from
different parts of Russia and foreign countries and became the hallmark of the Sverdlovsk region
(Retro train “Ural Express”, 2025).

The projects of the Perm motor transport museum “Retro-garage” stand out in a way that they
influence local communities. They include the work with OAO “RZhD” and the joint projects with
GKBU “State archive of Perm Krai”. The train “Victory Echelon” runs annually between towns of
Perm Krai situated along the Sverdlovskaya railway thanks to joint projects with OAO “RZhD”. More
than 1000 people gather in each town to see the train. It includes a locomotive, coaches and platforms
of the war times. Machines and equipment, motor and military transport are demonstrated on the
platforms. The work with the State archive involves urban spaces in Perm and other towns of the
region. This work helps to create theme exhibitions in towns and movable exhibitions for automobile
rallies, which tell about the industrial heritage of the places and people who were creating it (Lyadova,
2023a; Kozlova, 2022).

It is worth noting that such projects can be implemented only if they are financed through grant
foundations (in Perm, this is the Foundation of Presidential grants) or if there is a big investor
represented by an enterprise or a company (OAO “UGMK?”). These projects show that transport
represents a system that easily integrates all its types and can find partners in all spheres. This allows
to get various effects for cities and towns and create unique projects.

4. Discussion

The areas of museum participation in the development of territories at various levels and the
cultural sphere as a whole need to be carried out on a unified basis, but, unfortunately, this is not yet
possible.
Although sociological studies show an increase in attention and attendance at these museums
(Chirkov, 2025). The authors see the solution to the problem of actively involving these museums in
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the cultural support of their communities and actively participating in the development of the cultural
sphere in solving the fundamental problems of museum policy in Russia.

5. Conclusion

Motor transport plays an important role in modern society, though serious changes await it in
the future. Russian motor transport heritage is preserved mostly thanks to private museums, private
individuals and organizations. Such museums exist throughout Russia, but their number is the biggest
in the Central and Ural areas. The number of museums had been growing since 1963 when the first
ones appeared at producing enterprises. Almost half of them were created between 2011 and 2020.
The development of museums’ network led to the emergence of transport and technical museums of
different types. The biggest share of these museums is private; therefore, they are not legally protected
and incur significant economic costs.

Motor transport museums play a part in the development of their cities and towns, because they
preserve and promote motor transport heritage. Because this type of heritage represents a backbone
for a large number of activities, the museums are able to attract different partners for the projects
aiming at developing their territories.
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Peceiilin aBTOKOJIiIK MYPACBhIH CAKTAay epeKIIeJiKTepi K9HEe OHbIH KaJaJap/bl
AAMBITYAaFbI yJeci

Anucea JIsgosa

Angarna. Makanaga Mypaxkailiap KYMBICBIHBIH MbICalbIHIa PecelifiiH aBTOKeNIK MypachlH
CaKTayAbIH €PEKIIETKTEepl KapacThIPhUIAbI, OJ1 Ja KaJlaJapablH KEHICTITIH AaMBITYyFa MYMKIHIIK
6epeni. OpbIC OPKEHHUET] YIIIH KeHICTIKTI UTepy OHBIH HETi3r1 acleKTiIepiHiH 0ipi. MypaHbIH OCBI
TYpIHE KYTIHYIIH MaHBI3ABUIBIFBI Peceiine Mypaxailiap MeH >KUHajJbICTap OeliceHal Typhae
KYPBUIBII, Kajajap KeHICTIr MEH OJap/blH MOJICHH CalachlH ©3repTe OacTaraHbIMEH, OHBIH 3aHMEH
KOpraJiMaraHbIHa OaiytanbicThl. OCBl 3epTTEYAiH MakcaThl — Peceifjeri aBTOKeJIK My3enepi
JaMYBIHBIH KEHICTIKTIK epeKILEeNIKTepiH >oHE OJapAblH OpHAlacKaH KajlalapblHa oCepiHiH
epeKIIeNiKTepiH aHbIKTay. Mypakaimap KypyFa, ocipece KYPBUIYABIH aFalllKbl Ke3eHIEpiH/e
OpHaJIaCKaH jKep/ie aBTOKOJIIK OHIpICIHIH HeMece apaliac eHIipicTepIiH 00ybl KoJaiibl, OyiaH api
Peceii ®epepanuschlHbIH Kajlalapbl MEH CYOBEKTUIEpIHIH XalblK CaHbl MEH oJIeyMETTIK-
HSKOHOMHKAJIBIK JaMy JeHreii MaHbI3abl 60kl oThIp. OChl My3elsepl OpHaIacThIpybIH HETi3ri
aynannapsl — Opransik skoHe Opait. CaHbl opTYPITi Kallanapian 0acka, My3enep aybUIIbIK )Kepaep/ie
O6ap. bapnplk MypaxkaWnmapAblH OKapTbICBIHA JKYBIFBI  ©3  KOJUIGKIMSJIAphIHAA  IIETEINIIK
aBTOKOJIIKTEP/IH SKCHOHATTAPBIH CaKTaiabl. bamamap *oHe KOFaMIBIK KeIIK MypakailllapbIHbIH
naiiga Oodybl MaHBI3ABI OKWFA OONBIN TaObLIaAbl. Mypakaimap >KeprulikTi KOFaMIacCTBIKTHI
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JAMBITATBIH HET13T1 OAFBITTAP/IbI, dKYMBIC OPBIHAAPBIH, COHJIA-aK KOITEreH MOJICHU OKHFaIap/Ibl -
aBTONIEPYJEP/i, KEHEC [oyipiHE apHaJIfaH KOJUICKIMSAJIAPMEH J>KYMBIC ICTEYIl XKoHE KOJiK
kommnanustiapeiMen  («PTXK» AAK), MemIekeTTiK MyparaTIeH >KOHE TPAHTTHIK KOpJIapMEH
OipieckeH xobanapapl Kypaiapl. Bepxusst [Tpimma kamaceiagarel Y1 MK Mypaskaii KelieHiHIH jKoHE
Ilepmp kamaceiHmarsl «Perpo-rapax» IlepMp aBTOMOOWIH Mypa)KallbIHBIH MBICAJIBIHAA ipi
KOMITaHUSUTApMEH, MEMJIEKETTIK MEKeMEeJIEpPMEH KoHE KOPJIapMEH >KYMbBICHI KOPCETLITEeH.

Tyilin ce3aep: aBTOKOJIK Mypachl; AaBTOKOIIK Mypakainapel, PeceiigiH aBTOMOOMIb
Mypakaiapbl; TEXHUKAIBIK Mypaxaiiap; PeceliiH FpUIBIMU-TEXHUKAIBIK MYpachl; aBTOMOOHIIb
MOJICHUETI; KalaJIbIK Mypakaiinap; Pecelt kamagapel.

Oco0eHHOCTH COXPaHEeHUsI ABTOTPAHCIOPTHOrO HacJienuss Poccuu u ero yuacrue
B Pa3BUTHHU I'OPO/IOB

AHucea JIsgoBa

AHHoTanus: B cratbe Ha npumepe pabOThl My3€eB pacCMAaTPUBAIOTCA OCOOEHHOCTH COXpPaHEHHUs
aBTOTPAHCIIOPTHOTO Hacneaus Poccnu, KOTOpoe TakKe IMO3BOJIAET Pa3BUBATH IIPOCTPAHCTBO CAMHUX
ropofoB. Ui pycCKOMl LMBWIM3AaLUU OCBOEHHE IIPOCTPAHCTBA OJUH M3 KIIIOUEBBIX €€ acCIIEKTOB.
BaxHocTp oOpamienns K 1aHHOMY BUAY HaclIeIHs TaKkKe 00yCIOBJIEHO TeM, 4To B Poccuu oHO He
3alUILIEHO 3aKOHOIATEIbHO, XOTSI aKTUBHO CO3AI0TCS MY3€H, paCTyT COOpaHUs U HAUUHAIOT MEHATh
IIPOCTPAHCTBO TOPOAOB U MX KYyJbTypHYIO cepy. Llenp naHHOro mccienoBaHUs — BbISBICHHE
IIPOCTPAHCTBEHHBIX OCOOEHHOCTEN pa3BUTHUS aBTOTPAHCIIOPTHBIX My3eeB B Poccun n ocoGeHHOCTEH
UX BIHSHUA Ha ropoaa ux pasMmemeHus. Co3naHu0 My3eeB OlaronpusaTCTBYET Haluuue
aBTOTPAHCIOPTHOT'O MPOU3BOJICTBA UM CMEXHBIX MPOU3BOJCTB B MECTE pa3MeIlleHUs] 0COOEHHO Ha
MEPBBIX ATANAX CO3/IaHus, B JaJIbHENIIEM BaXKHBIM CTAHOBUTCSI YMCIEHHOCTh HACEJIEHUS U YPOBEHb
COLIMAJIbHO-9KOHOMHUYECKOTO Pa3BUTHsI TOpoJIoB U cyObeKTOB PD. OcHOBHBIE pallOHBI pa3MeIeHUs
JNaHHBIX My3eeB — LleHTpanbHblil 1 Ypaibckuii. Kpome roposoB pa3innyHON YMCIEHHOCTH, MY3€H
CYLIECTBYIOT B CEJIbCKON MECTHOCTH. OKOJIO ITOJIOBUHBI BCEX MY3€€B COAEPKAT B CBOMX KOJUIEKLIUAX
AKCIIOHATHI 3apyOeHOro aBTOTpaHCHIOpTa. BaXkHBIM COOBITHEM CTAHOBUTCS BOSHUKHOBEHHE MY3€€B
JETCKOTO M OOIECTBEHHOro TpaHcrnopra. OCHOBHBIE HAlpaBlIEHUs, B KOTOPbIX MYy3€H pa3BUBAIOT
MECTHOE COOOIECTBO, CO3JAal0T paboyhe MecTa, a TaKKe MHOXKECTBO KYJIbTYpPHBIX COOBITUH —
aBTONpOOEry, paboTa ¢ KOJJIEKIUSIMHU, TTOCBAIIEHHBIMU COBETCKON 3110XE, U COBMECTHBIE MTPOEKTHI C
TpaHcnopTHbiMu  Komnanusimu (OAO  «PXXI»), T'ocymapcTBeHHBIM apXMBOM W T'PaHTOBBIMU
¢donmamu. Ha mpumepe MyseitHoro xommiekca YIMK B r. Bepxuss Ilemmma u Ilepmckoro
aBTOMOOMIIbHOTO MYy3esi «Perpo-rapax» B r. [lepmu nokazana paboTta ¢ KpymHBIMH KOMITAHUSIMU,
rOCYJJapCTBEHHBIMH YUPEKACHUAMHU U (DOHIAMHU.

KiroueBnble cioBa: ABTOTPAHCIIOPTHOC HACJICAUC, MY3€CH aBTOTPAHCIIOPTA, ABTOMOOUJILHBIC My3¢CU

POCCI/II/I; TEXHUYCCKHUE MY3€H; HAYYHO-TCXHUYCCKOC HACICANC POCCI/II/I; aBTOMOOMJIbLHAS KYJIbTYypa;
ropoJACKHEC MY3€CH; ropoaa Poccun.
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AngaTtma. byn Makana gananelk  Oapiayinap MEH JaHAMAQTTHIK
nepekrepre cyiiene oTwipbi, Contycrik KazakcTan oOJBICHIHBIH KaTam
KOHTHHEHTAJIBl KJIMMAT JKarJaiblHa OeiiMIeNreH KaWblH aFallbIHBIH
(bU3HONOTHSIIBIK KOHE SKOJOTHSUIBIK aTpuOyTTaphiH amaabl. COaTyCTiK
Kazakcran oONMBICHIHBIH JTaHAmAPTTaphl HETI31HEH OpMaHIbI Jaja MeH
nana aWMakTapblHAH Typaabl. AMWMAaKTBIH CONTYCTITl HIANFBIHIBI-
OpPMaH[Ibl, OPTANbIFl KaWBIHIABI OPMaHABI Jajia, aJl OHTYCTIT1 HaFrbl3
JanalibIK CUIIaTTa alKbIH OesiHemi. EH JKOFapbl OpMaHIBUIBIK JISHTCH1
(mamamen 20%  jmeiiiH)  OOJBICTBIH  CONTYCTITIHAETT  COPTAHJIbI
JKaszplKTapaa Oalkanmanael. bysl KepceTKin eHIpAiH 3KOJIOTHSIIBIK Tere-
TEHJIITIH caKTay/a 6Te MaHbI3]Ibl POJT aTKapaJibl.

O6nbic aymarbiHaa naHAmadTTeiH 20 Typi aHBIKTanael, OHBIH 13-
OpMaHIbl Janara, ain /-cl  jama JIaHama@ThICBIHA — YKaTaJbl.
AKKYMYJSIUSUIIBIK XKa3bIKTapa KYHAPIIbl Kapa TOMbIPaKTap kKoHe KailblH
HIOKTapbl KeH TapaifaH. JleHyNanysulbIK COJ TOJKBIHABI JKa3bIKTapna
OHTYCTIK Kapa TOIbIpaKTap MEH copiap KeOipek Ke3Jeceli, MyHJa
OeTeremni-KbI3FbUIT OCIMIIKTEP TOOBI OacChiM OOJIBITI KETe/Ii.

Kaiteiaaein Betula pendula (xoteip Kaiibin) sxoHe Betula pubescens
(ynmek Ka#bIH) TypJepi ocbl aiiMak (pUTOIEHO3MaPBIHBIH OPTAJIBIK ©3€ri
OonbIl  Keneal oHe (ParMEeHTTENNeH «OpPMaH UIOKTapbl» TYpiHJe
Ke3mecenl. OHBIH (hU3UOTIOTHSITBIK-IKOJIOT USITBIK oeitimaeny
epeKIIeiKTepl KypAeai KOHTHHEHTAIIABIK KIMMaTTa TYPAaKThl TIPIILTIK
eTyre MyMKIHIIK Oepeni. KaliblH nomymsiuusuiapblH — TOIBIPAK-Cy
TEHTepiMiH peTTey, OHOaTyaHTYPJUIKTI CaKTay >XOHE JIEyMETTIiK-
HKOHOMHKAIIBIK MaHBI3BUIBIFBIH apTTHIPY YVIIIH JKaH-)KaKThl 3€PTTEY
JKOHE cakTay oTe MaHbI3Abl. OnaplblH JKOJOTHSIIBIK TYPAKTHUIBIFBIH
KaMTaMmachl3 €Ty 3aMaHayd TeO0aKMapaTThlK  TEXHOJOTHsUIAPIbI
KOJJIaHy/Ibl KAMTUTBIH apHaibl KOpFay IapalapblH Tajlanm eTeai. by
3epTTey alMaKTbIH TaOWFM pecypcTapblH THIMAI OackapyFa >XKoHE
Jerpajgaiys TMPOIECTEpiH a3aWTyFa TIKeIeW OarbITTaJFaH MaHBI3IbI
KaJiaM OOJIBITI CaHaa/Ibl.

Tyitin  ce3mep: maHamadT; aHTPOMOTEHIIK KBICBIM; KIHMATTHIK
ayeicrianibik; Betula pendula (koteip kaiibin); Betula pubescens (ymamex
KaibIH); 9KOXKYi€ TYPaKThUIBIFbI; T€0AKIAPATTHIK TEXHOJOTHSIAP.
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1. Kipicne

Conrycrik Kazakcrtan o0sbichl  (hU3UKaIbIK-Teorpadusiiblk  TypFbigadn - bateic  Cibip
YKa3bIFBIHBIH OHTYCTIK IIETIH/E skoHe imiHapa Kazak ycak mokpichl (Capblapka) ayMarbIH/Ia KaThIp.
OONBICTBIH €H COJNTYCTIK HYKTECIHIH KOOpAMHATTaphl: 55°26' c.e. (Maockey eHIIriMeH Iamalac)
xkoHe 68°59' m1.0.; eH OHTYCTIK HYKTeci - 52°13' c.e. xoHe 67°19" m1.6.; eH 6arbic HYKTECi - 54°00'
c.e. JKoHe 65°57' m1.0.; anm eH mbIFBIC HYKTecl - 52°50' c.e. sxoHe 74°02' m.0. EHmik OaFbIThIHIAFBI
HIETKI HYKTEJIep apachlHIaFbl albpMamibuIbiK 3°13', an Goinbik OoibiHma - 8°05'. ConTycTiKTeH
OHTYCTIKKE Kapail eH ajbIC HYKTEJep apachlHAAFbl TY3y KaIIBIKTBIK 375 KM, OaThICTaH HIBIFBICKA
Kapaii - 602 km. O6ssic Kanyra, Tyna, Tam60B oGubicTapbsiMeH Oip €HIIKTEe OpHAJIaCKaH.

O6nbic TeppuTopuscel contycririnae Peceit @enepanusceiabiy Kopran, Tymen sxxone OMOBbI
obmbIcTapbIMeH, OHTYCTITiHIE - Ka3zakcran PecryOnukachiHbIH AKMOJIAa 0OJIBICBIMEH, OaTBICBIH/IA -
Kocranaii, meireiceinaa - [laBnogap obmbicTappiMeH mmiekTecesi. OOpIic aymarbiHAa 13 oKIMIITIK
aynaugap 6ap. O6msic aymarsr 97 993 km2-re TeH xoHe Ka3zakcran aymarsiHbIH 3,6% -. KypanIbl.

Conryctik Kazakcran oOnbIChl eypasusulblK OpMaHIbI Jajia MEH JallaHbIH IIeKapachlHa
OpHAJaCKaH, alKbIH KOHTHHEHTAJIBIK KIMMATIICH CUIATTANadbl: KbIcTa TemmepaTrypa -45°C-tan
xazna +35°C-ka aeiiH, KbUABIK KayblH-manbiH Menmepi 280-420 MM, Heri3iHEeH BereTarusIbK
ke3ene (Abaturov et al., 1982).

AWMaKThIH JaHIMAPTTBIK EpEeKIIeNiri OHBIH €Ki Herisri Mop(oJorusiibiK  Oipiiri -
AKKYMYJISIHASUIBIK JKA3bIKTap MEH JIEHYIAIUSUTBIK COJl TOJIKBIHIBI YCTIPTTEP apachIHIAFbl KypHaemi
e3apa opekerTecyneH TyblHAaiabl. benrinenren 20 manamadT TypJiaepiHIE OpPMaH >KaMbBUIFBICHI
COJITYCTIKTCH OHTYCTIK IIBIFBICKA Kapai a3aiblll KIIIKEHEe IIOFBIPJIIAHFaH IIOKBUIAp TYPIHJE
ke3zaeceni. byn skarmaii opmaHnbl JanaHblH (ParMEHTTENTeH CHMAThIH — KaWbIH MIOKTapbIHBIH
JAJTABIK JKepJe OPHATACYBIH AHBIKTAWIBI, COHBIMEH KaTap TONBIPAK-OCIMJIIK IKaMBLIFBICHIHBIH
JKOFaphI JICHIeHIeTT MO3auKaJIbIFBIH TYCIHIIPE/I.

KaiibIH, THOHEpIIK CYKIECCHSUIBIK 3JIEMEHT PETIH/E, OChl ayMaKTapia 6acsiM Oouibln, Oerere
(Populus tremula), komimri kaparaii (Pinus sylvestris) sxone 6yrta typnepimen (SaliX spp), komimri
Moiibu1 (Prunus padus) 6ipre MOHOZOMUHAHTTBI HEMECE apayiac accouuanusiap Kypaiael (Galitskii,
2001; Grigor’ev, 2012; Kozlovskii, 1985).

[Terpomarn, MamitroTka xoHe TalibiHia ayganaapeinaa Betula spp. Kpuotepmusuibik cTpecc
JKOHE Mep3IM/Ii KYPFaKIIBUIBIKTHI KOCa aTFaHa, YKCTpeMalabl (pakTopiapra >KOFaphl PEe3UCTEHTTLIIK
TaHBITAThIHBl AHBIKTAJIbI, OYJ1 OY3BUIFAH 3KOXYHenepll pereHepanusuiayiarbl OJapJblH pPeIiH
arkpiHIali el (Amosova & Feklistov, 2009; Oksanen et al., 2019).

Makasna OHTOT€HETHKAJIbIK EPEKILETIKTEPIEH aHTPOIIOTeH IIK dcepre JAetiH KaH-KaKThl KaMTy
YIIiH KYpPBUIBIMIAJFaH, aHAJIMTUKAJIBIK TEPEHAIKTI apTThIpy YILUIH KECTENiK *oHE IpadUKaibIK
WUTIOCTpalMsIap eHI131ITeH.

2. Martepuajigap MeH daicrep
3eprrey Hbicanbl perinae Contycrik KazakctaH OONBICBIHBIH OpMaHJIbl Jajia aiMarbIHJA
tapanraH KaislHIel opManmap (Betula pendula, B. Pubescens) ambiaasl. ['eorpadusuibiK ayKbIMBbI
OOJIBICTBIH Heri3ri opMaHasl aynanaapbia (Kei3punkap, Alibipray, bynaeB, Mammorka, Taiibiama,
Ecin, TumupszeB) KaMTHU]IBI.
e FapwlnThIK KambIKTBIKTAH 30HATAYy Aepektepi (Sentinel-2 S2A, Landsat-8, 9 OLI)
xoHe Google Earth Engine (GEE) nmardopmacs! Herizinae ansinran NDVI nnzaekci
(Gorelick et al., 2017);
e Kahanmpik »xep >xaMpUTFBICHIHBIH KapTtaiapsl (ESA WorldCover, GlobeLand30)
(Zanaga et al., 2021);
Tonorpadusisik Heriznep mer OpenStreetMap (OSM) kabatTtapsr;
Jlanama@TTHIK XKOHE T€OMOPMOJIOTUSUIIBIK KapTaiap JIepeKkTepi
USGS caiiter apksimel SRTM 1 Arc-Second Global Fapbeimtseik cypeTTep;
Kazakcran opmaH mapyamiblUIBIFBIHBIH —CTaTUCTHKANBIK Moamimerrepi (Tileuberdi,
2022);
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e Jlamanpik OakplIaygapbl MEH jKeKe IOy Oaranapbl (3keke MapHIpyTTap OOWBIHINA)
(Grigor’ev, 2012).

3. Hotm:xkenep
3.1. Jlanowagpm cunammamacol

Conryctik Kazakcran oONBICHIHBIH JTaHAMAMTTHIK €PEKIIeIri OHBIH HETi31HeH €Ki Heri3ri
KJIACTaH — OpPMaH/IbI J1ajla )oHE Jalia )Ka3bIKTapblHAH TYpaThIHABIFBIH KepceTei (Cyper 1). by keq
aliMaK aKKyMYJISITUBTI JKOHE JCHYIALMSUIBIK YPAICTEPIiH HOTHIKECIHJIC Taiaa OOJFaH aJlIIOBHILI-
KOJIJIK olmnaTTap, JCITIOBUNII-TIPOIIOBIIII Ka3bIKTAp JKOHE NMEHEIICHAl COJ TOJKBIHABI Ka3bIKTap
CHUSIKTBI 9PTYPJIi Jkep OenepiMeH cumartaiazsl. TOIbIpaK )KaMbUIFBICHI HET131HCH Kapa KoHEe OHTYCTIK
Kapa TOMbBIPAKTAPABIH OPTYPJI TypJepiHeH (KomiMri, KapOOHATThI, COpPTaHJIbI, COpPTaHJAHFaH)
Typajbl. OCIMJIIK KaMBUIFBICBIHBIH MO3auKaJIbIK CUIIAThl aiMaKThIH epeKIiie Oelrici 00BN Kele/i,
MYH/1a 9PTYPJIi IIONTi-KbI3FBUIT KayJibl, OETErei KOHE KYyCaH bl 1alallbIK aCCOMALIUSIAP KOKTEPEeK-
KalbIHJIBI OpMaHJapMEH, IIOKTApMEH JKOHE Tajibl TOFaMIapMeH Oip-OipiHe CIHICIIT KaThIp.
JlannmadTTapIpiH apaiac CUIaThl, dCipece KONTEreH KeJAep MEH OinanaapablH 00ybl, OCIMIIKTED
MEH TONBIPAKTAP/BIH KEIICH/II YHJIECIMIH KaJbITaCThIPaabl, 0ipaK KeH ayMaKTapAblH >KbIPTHUIYHI
AHTPONOTEH/IIK 9CEPAIH 6Cy TeHACHIIUSICHIH KOPCETEIi.
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Cyper 1. Conrycrik Kazakctan o0IbICBIHBIH TaHAMAPT KapTachl

OO6nbIcThIH NaHamadT KapTacklHAa OpMaH ATKaNTaPBIHBIH Taparysl JaHAMAPT HETi31eMeciHe
aHBIK OEKITUIreH, SFHU, OpMaHJbl Aayia JaHamadTrapelHaarsl 13 manamadTel  TOTBIPAKTAPIbIH
KOMIMI Kapa TOMBIpAK >KOHE KapOOHATTHI COpTaHIAIFaH Kapa TOMbIpaKTapla KailbIHHBIH KEH
Tapaiybl Oalkanaabl, )koHe osap 1-13-mni manamadrt apaneiFeiHIa Tapanrad. Jlamansl, KeH jKa3blK
ailmMakTapia opMaH JKOJIAaKTapbl OIPTIHAEN CHUPEKTEHEIl, SFHU OJlap HETi31HEeH IIOKBLIbI
IIOFBIPJIAaHFAaH HEMECE JKaJFbI3 6CKEH eKIeNep TYpiHae Ke3neceni. MyHmaid opMaH xoJlakTapbl 14-
mrigen 20-ri nasamadT apaabIFbIHIA AaHBIK KOPIHIC Tabaabl )KOHE OJIap IbIH Tapally ailMarkl OpTypi
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xKep Oemepi 2JEMEHTTEpi MEH TONBIpAaK CHUMATTapbhlHA TiKeneW OalmaHpICThl. Op JaHamadr
TYpJICPiHIH CHUITaTTaMaCHhl:

JKa3bIKTBIK:

Opmanowt dana

AKKymMynayusvlg

1-mi jpangmadgt — Komimri kapOoHaTTanFaH Kapa, COpPTaHJAHFaH KOAIMIT Kapa COpJIbI
TOTIBIpAKTap. OPTYPIIi-6CIMIIKTEP OCKEH KOJIl aJUTIOBUII Ka3aHIIYHKBIPIIBI jKa3bIK.

2-mi nmangmadt — KomiMri kapOoHaTTaidFaH Kapa, COpTAaHJIAHFaH KOAIMIT Kapa COpPJIbI
TOTBIPAKTA SPTYPJIi-OCIMIIKTI OHMaHaap MEH KeJl MaHAWBIHAAFhl Ka3aHIIYHKBIpIapAa Ke3JAeceTiH
KOKTEPEKTI-KalbIHAbl OpMaHIaJlap MEH IIOK OpMaHJap JKOHE OpTYPJi-6CIMIIKTI aCTBIK
TYKBIMJIACTap OCKEH KOJIJi aJUTFOBUJII Ka3aHIITYHKBIPIIBI Ka3bIK.

3-mi tanamadT — KogiMri kapOoHaTTaIFaH, COPTaHIaHFaH Kapa TOMBIPAKTa OPTYPJIi-6CIMIIIKTI
aCTBIK TYKBIMIAC TICAaMMO(MHUTTI 3JIEMEHTTEp1 Oap nananap, KOKTePEKTi-KaWbIHIbI IIIOFBIP OpMaHaap
MEH Tall TOFaliap KOHE INAIFBIHIAPMEH apalac OcCIMIIKTep OCKeH KONl aJTIOBUIIL
Ka3aHIIYHKBIPIIBI KAa3bIK.

4-mi nmanamadr — Komimri kapOoHaTTaiaraH, COpTaHIaHFaH Kapa TONBIPAKTa IMaJIFBIHIBIK
JAKBUIIBIK OPTYPIi-0CIMIIKTI KOHE acCTBIK TYKBIMAACTBI ©CIMIIKTEp, KeHOip ’kepiepae KemeHsi
Jananap KOKTepeKTi KalbIHIbl [IOKTApPMEH KOHE OpMaHAapMEH apajac eCiMIIKTepl OCKEH Kol
QLTIOBWITI Ka3aHIITYHKBIPJIBI Ka3bIK.

5-mi nanamadt — CopTagaanFaH KOAIMI1 Kapa COpJibl TONMBIPAKTa opTYpJIi menTeciH-oerereni
ACTBIK TYKBIMJIACTHI OCIMIIKTEP1 OCKEH KOJI/Ii AJLTIOBIIII Ka3aHIITYHKBIPJIBI Ka3bIK.

6-mi manamadTt — KapOboHaTThl copTaHaaraH Kapa TombIpakTa oeTere 003, aCThIK TYKbIMJIACThI
OCIMJIIKTEP ©CKEH KOJIJIi aJUTFOBHJIII Ka3aHIIIYHKBIPIIBI )Ka3bIK.

7-mmi nangmadt — KomiMmri coprapianfaH Kapa COpJibl TOMBIPAKTa IIAIFBIHABIK JaKbLUIIBIK
OPTYPIII-OCIMIIIKTI JKOHE OpTYpJi-HaKbULIBI KeHOip »kepieple KemIeHal aanaiap, KOKTEePEeKTi
KaWbIHBI IIOKTap KOHE OpMaHAapMeH apalac, SpTYPJIi-oCIMIIKTI aCThIK TYKbIMIACTap, KOKTEPEKTi-
KaWbIH/Abl OpMaHIajgap MEH IIOK OpMaHAapAa 9SpTYpJl OCIMAIKTEp OCKEH KOl aJlTFOBUIIL
Ka3aHIIIYHKBIPJIBI Ka3bIK.

8-mi mapmmadt — KomiMri Kapa ToOmbIpakTa acTBIK TYKBIMIACTHI OWIAHAAp MEH Kol
MaHalBIHIAFbl Ka3aHIIYHKBIPIApAa Ke3JEeCeTIH KOKTEpeKTi-KaWbIHIbI OpMaHIIalap ©CKeH KOl
QJUTIOBMJI1 Ka3aHILIYHKBIPIIBI JKa3bIK.

9-mmi mannmadT — Konmimri xkapa xapOoHaTTanFaH, COpTaHJIaHFaH Kapa TOMbIpaKTa KeUIeH/i
OpPTYpJl acThIK TYKbIMJAcCTap ©CKEH OeTereni, TOCKEWsi-OeTereni  JKOHE JKycaHIbI-Oerereni
KBIPTBIIFAH Kepiep/ie OCKeH Ko/l aJUTIOBIIII Ka3aHIIYHKbBIPIIbI Ka3bIK.

10-mi mammmadTt — Komimri kapOoHaTTaidFaH, COpPTaHJaHFAaH Kapa COPJIBI TOIBIPAKTA
HIANFBIHABIKTAD OPHBIHJIAFHI KBIPTHUIFAH Kepiiep sKoHe O0ail opTypai-eCIMIIKTI —JaKbUIIbI Jananap,
KOKTEPEKTi-KalbIH/IbI XKOHE Kaparaiiibl OpMaHIapPMEH apajiac ©CKEH JCITIOBUITI-ITPOTIOBHIII JKa3bIK,.

11-mmi nanamadr — KapboHnarranraH, copTaHiaHFaH KOJIMT1 Kapa ToIbIpakTa 6erere 603, )koHe
ACTBIK TYKBIMJIACTBI OeTere 003 JTaaiapIblH OPHBIH/IAFEI )KBIPTHUIFAH JKepJIepAe 6CKEH JCITIOBHIII-
MPOJTIOBUJII JKa3bIK.

12-mni mammmadr - Komimri kapOoHaTTanFaH Kapa TONBIPAKTa HIANFBIHIBIK OPHBIHIIAFHI
KBIPTBIIFAH SKEpliep JKOHe Oaill opTypii-eCciMIIKTi, acThIK TYKbIMAACTBUIAD ©OCKEH Jajanap,
KOKTEPEKTi-KalbIH/IbI JKOHE Kaparaiibl OpMaHIaPMEH apaliac JCITIOBHIAII-ITPOTFOBUIII JKa3bIK.

13-mi nangmadt — CopTaHmaHFaH KOIIMIT Kapa TOMBIPAKTa IIANFBIHIBIK OPHBIHAAFEI
KBIPTBUIFAH JKEpJiiep JKoHE Oall opTypii-eCIMIIKTI acThIK TYKBIMAACTHI Jajajiap, KOeKTEpeKTi-
KaWbIHJIbI J)KOHE Kaparaiiipl OpMaHAapMeH apanac 6CKeH JETIOBHIAII-ITPOTIOBUIIL JKa3bIK.

Hana
Jenyoayusinvlg
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14-mi nangmadt — CopraHmaraH OHTYCTIK Kapa TOIBIPAKTa  OPTYPIi-OCIMIIKTI aCTBIK
TYKBIMJIACThI JKOHE TOCKEWIi-0eTereni, 6erereni-ke0ip KyCaH bl 6CIMIIKTED O6CKEH COJl TOJIKBIH]IbI
JKa3bIK.

15-m  gmanmmadt — Copnapma KemieHai OeTereni-KbUIKaHOO3/bl, JKycaHIbI-OeTereni
HIAJFBIHIAPMEH apajac, Kei0ip xepiepae Taa-TOFaiIbl )KoHE TajlIbl-KalbIHIbl OPMaHIap 6CKEH Cll
TOJIKBIHIBI KAa3bIK.

16-mi nangmagt — KapOoHATTBI KOHE COpTaHJaraH OHTYCTIK Kapa TOMBIPAKTa OpTYpIIi-
OCIMIKTI acTBIK TYKBIMJIACTHI, OeTere 003 6CKEH Iajanap/IblH OPHBIHAAFHI )KBIPTHUIFAH KepJIepaeri
COJI TOJIKBIH/IBI )KA3BIK.

17-mni nangmadt — CopTaHIaHFaH KOMIMII )KOHE OHTYCTIK Kapa COPJIbI TOIBIPAKTa opTYpIi-
OCIMJIIKTI aCTBIK TYKBIMJIACTap OCKCH JanallapJblH OPHBIHIAFBI JKBIPTBUIFAH KEpJepAeri col
TOJIKBIHIbI KAa3bIK.

18-mmi manmmadT — KomiMri Kapa »oHe COpTaHIaHFaH TOMbBIPAKTa Oip>KbUIIBIK COPAaHIbI Keiiie
capcazaH/ibl OIpJIECTIKTEp JKOHE TOCKEHIIeNnTi-OeTereni KeueHaep, Kenoip KycaHAbI-aCThIK
TYKBIMJIACTBI-OCTEreNi  OipJecTIKTep, MMAIFBIHIAPMEH apajac KeJJep JKaralayblHJa ©CKCH
TepaccayblK KeIIeHAep MEH KoJIepaiH OeTKewepi.

19-mmi nmanpmadgt — Copnapna OGipKBUIIBIK COpaHIBI Keiie capcazaHabl OipiecTiKTep jKoHE
TeckeimenTi-0erereni KemeHaep, Kedip *KycaHIbl, acThIK TYKbIMIACThI-OeTereini OipiecTiKTep,
NIANFBIHAAPMEH apajlac KeJjjiep »KarajayblH/Ia ©OCKEeH TepacCallblK KeIIeHACp MEH KoJACpIiH
OeTkeiepi.

Axkymynamuemi

20-mmi mannmadgTt — KapOoHATThl OHTYCTIK Kapa TombIpakTra Oerere 003, aCThIK TYKBIMIACTHI
JaJTajap,IIH OPHBIHIAFBI KBIPTHUIFAH JKEepJIePAC OCKEH JCITIOBHIAII-ITPOTIOBHIII JKa3bIK.

Conrycrik Ka3zakcran o6mbicel aymarsl bateic Cibip oliaThIHBIH KYpaMbIHa Kipeli. AMMaKTBIH
xep Oelepl y3aKKa CO3BUIFAaH MYCIHIIK-aKKyMYJISITUBTI KQHE 3PO3HSUIBIK MPOLIECTEP/IIH HITHXKECI
(Zavalishin, 1995). DneliporeHmik KO3rajbIiCTap ©3¢H aHFapiaphl MCH KalJap CHUSKTHI CHI3BIKTHIK
xKep Oenepl 3JIEMEHTTEPIHIH COJITYCTIK-IIBIFBIC OaFbITBIH aHBIKTayJa IIEHIyHIl pesl aTKapFaH.
OOmBICTBIH KoIl 06IiTriH a0COMIOTTIK OMIKTIrT OHTYCTiKTE 180—185 M-71eH COATYCTIK %KoHE CONTYCTIK-
mbiFeicTa 115—120 M-re nefiin TOMEHIEUTIH jKa3bIKTap aybII KaThlp. Kublp OHTYCTIKTE, AKXKap KOHE
[Ilan akplH ayZaHIapbIHBIH IIeTiHAe OuikTiri 221 M-Te AeiiH KeTeTiH IIaFblH TPAaHUTTI Teberep
ke3neceni. JKep OenepiHe ToH epekIieniri — KeOlHEece KOJAep allblll KaTKaH Talakia Topi3i
KILIITipimM OaTnakrap CUsSKThl MUKpohopMaapIblH KenTiri. @U3HKaNbIK KapTaaa skep OeepiHiH Y
MOPQOJIOTHSUIBIK TYpl axbIparbuiaabl: Ecim e3eHIHIH COJ JKarajlaybIHAAFbl KbIPKAJIbI-OHUIIATThI
’Ka3bIK; OH kKaranaybslHIarbl Ecin-EpTic cyallpbIFbIHBIH jKa3bIFbL; )KOHE ONap/IbIH apackiHaarsl Ecin
e3eHiHIH aHFapbl. ConTycTik-0aTbic Oeiri 0acceiiHAepAlH aybICYbIMEH XKoHE Mapaulellb CO3bUIFaH
JKaJIJAPMEH CUTIATTaNIaThIH KbIPKAIbI-0aCCEHH/IIK jKa3bIKIIEH YChIHBLUIFaH.

3.2. Mopghocenemuranvix stcone QuUOI0UATLIK CUNAMMAMANADbI

Kep OenepiniH, TOmbIpak TY3YIl >KbIHBICTAPJBIH KOHE bUIFAJl PEXHUMIHIH OpTYpIIUIIriHe
OailTaHBICTHI KApacTHIPBUIBIIT OTBIPFAH OpPMaH OCIpETiH aMaKTapAblH TOMBIPAK KAMBUIFBICH J1a
ajyaH TypJl.

Oprama kaparripiktepi 0ap KapamaifbiM Kapa Tombsipakrap. MopdolorusiiblK TYPFBIIaH Kapa
TONBIPAKTAp/IbIH Mpoduill  Kejlecl KOPCETKIITePMEH CHNaTTalaabl: Kapamnrpik OeTKeHiHIH
KanbIHABIFEL 60-80 cM, xkiHimkenepi yuriH 35-40 cm, kemipmrikti 30-50 cM TepeHaikTe OailKanassl,
kapOoHaTTapbeiH 6emiHyl 70-100 cM TepeHIIKTe eKIHII THIIC Ke3/1eCe/Il.

Kapamripik OeTkeii ycak TYHipii KypbUIbIMFa He KOHE Kapa Ccyp Hemece Kapa JepIiK TYCTi.
Kapamripik memmepi 7-10% apanbirpiaga. 80-90 cM TepeHIIKTE OHBIH Talbi3el 1,2-re AeiiH
TOMEHJICH 1. OciMAIKTEpre *KEeTeTiH a30T NeH (HochOpabIH MOJIIIEp] CATBICTBIPMAIIBI TYPAC a3, Oy
TONBIPAKTaFbl MOJICHM ociMAIKTep Oenrun Oip gopekene a3oTKa JkoHe imriHapa (ocdop
THIHAUTKBIIITAphIHA Kayan Oepemi. Kapa TONMBIpaKThIH >KOFApFbl O6Iri OpMaH JaKbUITapbIHBIH
TYKBIMJIAPBIHBIH OCYiHE KOHE KOIIETTEPiH ocipyre KoJaiabl OeTapar peakiusara ne. MexaHuKaabIK
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KypaMmbl OOWBIHIIIA OyJ1 TOMBIPAKTap ayblp Ca3lbl KOHE JKCHUT ca3fbl COpTTapFa >KaTaibl
(Baisholanov, 2017).

Kapa tonbipakrapabIH )KOFaphl arperaiuschid atam oTy Kaxer. Kapamripik OeTkeiinigeri cyra
te3imai Mukpoarperarrap canbl 40-50%-ra >xeremi, OWI TOMBIPAKTBHIH SPO3USFa TOIIMILTITIHIH
KOFapBUIBIFBIH KepceTeni. OpTama KapamipikTi Kapa TOMBIPaKTap aliMaKTarbl €H KaKChl KYHapPIIbl
JKOHE eTiCTIK TOIbIpaK OoJIbIN TaObuIafbl. THIH KYHiIHIE OJap TEK IIeKapaiapia XoHE OpMaH
KOJIAKTapBIHBIH OOWBIHIAFBI Tap Tacmajapaa keszgeceai. Jlamana skoHe >KarbIpaKThl OpMaHAap.IbIH
acThIHJIA COpPTAaH HEMece IIaWbLIFAaH Kapa TOMbIpaKTap Ty3UIedi, ojap Heri3ri TYpAiH
MOPGOJOTHSIIBIK CHIIATTaMalIapblH KalWTanaiiipl, Oipak KYpBUIBIMBI a3bIpaK JoHE AedIsaIusra
OeiimaimiriMen epekieneHei. by TonpipakTapablH Cy pekumi manbuiMaiasl. OpMaH Ty3imyae
YKOHE TOIBIPAK TY31UIYZE XKep acThl CyJapbl MAaHBI3/IbI PO aTKapMaiIbl.

[aiipuiFan Kapa TONBIPAKTHI JKepiiepAe OpMaH JAaKbUIAapblH ecipyre Oonazibl. KonkaHbig
Oydepimik aiimareiHga (30-50 M Jk0JIaK) CUITUIL Kapa TOMBIpaKTap OachiM, ONApABIH Kapamlipik
OcTkeii KanbIHABIFBI ImamameH 40 cm, 30-50 cm-men Oacram Ty3 KbIIIKbUIBIHAH OOJIIHTCH
kapoonatrap 70-100 cm TtepeHmikTe *)atblp. OpMaH MaKbUIAAPBIH KYPYIbIH KHUBIHIBIFBI Kapa
TOMBIPAKTAP/IbIH TY3AaHYbI OOJIBIN TaObLIA L. OJICI3 )KOHE OpTallla COPTaH Kapa TOIbIpakTapaa Ta3a
KaibIH TaKbUIAAPBIH jKacayFa 0oaapl nern canananbl. CUITITIK Kapa TOTbIpaKTap KOH MEH TUIICTI Oip
ME3T1J1JIe €HT13y apKbUIbI €TICTIK KOKXKUET1H TePeH STy Talam eTell.

Cyp opMaH TonbIparbIHBIH KATBIHABIFBI 40-50 cm, 50-80 cM-aeH Oeminren 6oc kapoonarTap 80
CM-JICH acTaM TepPEHIIKTe Ke3aecei, acipece xoraprbl 10-15 cM-re xxereni 8-13%. bysr TonbipakTap
Ty3nanOarad. Cyp OpMaH TOIBIPAFbI AJICI3 KYPBUIBIMIIBI, COHJBIKTAH KBIPTKAHA OHAH IIAIIbLIIA/IbI,
JKEJT JKOHE CY IPO3USACHIHA YIIBIPANIbI, KOPEKTEHY PEKUMIHIH HaIIapJIbIFBIMEH CUIIATTaNaAbl. AYBLT
[IapyalIbUIBIFBl TYPFBICEIHAH CYP OPMaH TOMBIPAKTAPHl KBI3BIFYIIBUIBIK TYABIPMAIbl. Ajaiiia,
OpMaH IapyallbUIbIFbl KaFbIHAH OJIap alTapibikTail eHiMai. Cyp opMaH TOIBIPAaKTapbIHBIH alyaH
TYpi Kapa Cyp *oHE alllbIK CYp TOIbIpaKTapbl. KallbIHHBIH pereHepanuschl KaHaFaTTaHAPIIBIK.

[anFeHABI-Kapa TOMBIpaKTap Oenueylik aBTOMOP(THI Kapa TOMBIPAKTAp MEH IIaJFbIHJIbI
TONBIpAKTap apachiHa eTneni 0obin Tadsutaasl. Kapamripik 6eTkeitiniH KansHabFsl 70-80 cM, Kapa
cyp peHkre Oipkenki 6osraH. KenipurikTi 50 cM-eH, kapOoHaTTapAbIH O0euinyi 54 cM-/eH, TUICTIH
6eminyl 110 cM-ZeH TONBIPAKTBIH MEXAaHMKAJIBIK KypaMmbl OOHBIHIIA OpTallla Ca3/bl KOHE >KEHLI
ca3fpl copTTap KeH Tapanras (Baisholanov, 2017).

[anFpIHABI Kapa TONbIpaKTap/ia KOPEKTIK 3aTTapAblH KOPbI XKOFapbl, Kapalipik Memepi 12
naiibI3Fa jKeTefll, a30T MeJIepi Je >KOorapbl. byn Tombipakrap ericTikke xapamisl. Ocbl TUNTET]
allyaH, IIAJFbIH/bI-Kapa TOMBIPAKThl COpPTAHIAHFAaH TOIMBIPAKTAp YCTIHI KabaTTaFbl KapalipikneH
epeKIleIeHEe/I1.

[anFpIHABI TOMBIpAKTap THAPOMOP(PTHIK KaTapablH AepOec Tombipak TYpiH Ounaipeni. Omap
JIPEeHAXIBIK JKaFai KaKcapraH Ke3J1e MaTFbIH/IbI-0aTIaKThl TONbIpaKTapIaH, COHIa-aK ofmanaap
1,5 M ’koHE OfIaH Ja KON TepeHIeTeH Ie IaTFbIH/bI-Kapa TOMbIpaKTapAaH TY31Ie/i.

[anfeIHABI TOMBIPAKTAp, IIATFBIHABI-KApa TOMBIPAKTaH KAPKBIHABI KYHTIPT TYCIMEH,
npodunbaig koraprbl 10 cM KaOaThlHOAa KpPEMHUMII YHTaKTBIH €4Qylp JKHMHAKTaJIybIMEH,
WLTIOBHAIIBIBI OETKEHIer1 KYphUTBIMBIMEH epekienenesi. Kaparripik ropu30HTHIHBIH KaTBIHIBIFBI
30-man 60 cMm-re neifiH, JKoFapFbl TOPH30HTTapAa Kapamnripik memmepi 6-11% kypaiiasr xone 1-3%
NeiH KYpT ToMeHAeH 1. JlereHMeH, maaFbIHAbl TONBIPAKTAPAbIH KOMIIUTITIHIH TY3AbUIBIFBI )KOFaphl
€KEHIH ecKepe OTHIPHII, OJIap bl IMAOBIH/IBIK ITeH JKalbIIIBIMFa KOJIAMIIBI IEN caHay KepekK.

ATUTIOBHANIBI-ITANFBIHIBI TOTBIPaKTap TeK Ecinmin xaiiplaMachiHga skoHe MIMaHOYPIBIKTHIH
©3€H apHACBIHBIH JKEKeJIereH yyacKesepinae KaubinTtackad. OnapabH Kapamripik ropuzoHTsl 90 cm
mramaceigaa (Baisholanov, 2017).

Koteip kaiieig (Betula pendula) men ynmex xkaiibiH (Betula pubescens) Ttyprepinig
Mophonorusibik Oeiimainiri Contyctik KazakcTaHHBIH OpMaH/bI Jalla ailMaKTapbIHAAFel dPTYPIIi
SKOJIOTUSIUTBIK JKaFdaimapra sxakchl mkemjaenreH. B. Pendula Omiktiri 25-35 merpre, an nmiHiHIH
auametpi 90 cMm-re aeiiH KeTeTiH, ChIMOATThl 9pi canbbiparaH Taxi Oap aram (Cyper 2). OHBIH
KaOBbIFBI OCTYJIMH JIET aTajaThlH Mai/1a €pUTiH TaOWUFHU 3aTKa Oail, OyJ1 3aT ©CIMIIKTI KYH COYJIECiHIH

138



A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscut, 2025, 153(4)

3USHJBl OCEpIHEH KOpFall, MaToreHaAepre Kapchl TOCKAyblT KbI3METiH atkapansl (Borovikov &
Ugolev, 1989; Vavilov, 1975).

40 Betula pendula BuiKTiK ©CiMiHiH, »Kac AMHaMUKachl
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Cyper 2. KaliblHHBIH OUIKTIK ©CYiHIH *ac IuHaMUKachl — 20 jkacka JeliH SKCIIOHEHIHAbI, KeHiH
40-50 xpurman keiiin 6acenaer, 80—100 sxacTa acuMIITOTara KeTel

JKambipakrapsl poM0 Topi3/ii conmakiia, >KAeri TiCTi, Y3bIHIBIFBI 4—8 CM. JKOHE 0JIap MayChIMJIBIK
e3repicTepre OeifiM: KoKTeMIe (Coyip-MaMbIp) OYPILIK KapHII, Ky3/e (KbIpKYHeK-Ka3aH ) )KarbIparblH
TYCIpill, TOMBIPaKKa OPraHUKAIIBIK 3aTTap IbIH JKUHATYbIHA bIKNAI etexi (Zimin, 1980) (Cyper 3).

ConTycTik KasakcTaH 06nbiCbiHAaFbI KalblH aFalTapbiHbi{ Tapany
kapTacsl (2024 xbin)
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Cyper 3. Conrycrik Ka3akcTan o0nbICBIHIAFbI KaiibIH aFallTapbIHBIH Tapaly KapTachl
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Oran Kaparanna, Betula pubescens Typi 18-25 merpre aeiiiHri OUIiKTIKTE ©CiM, OyTaKTapbIHBIH
KYPBUIBIMBI TBHIFBI3/IAy, al JKac OpKEeHIEepi TYKTI Keieml. Byn OHBI BUTFaIIbBI OpTara KaKChl
oeitimaenren eteni (Abaturov et al., 1982) (Kecre 1).

Exi Typain e Tamplp XKyieci Heri3iHeH Tass3, paauycsl 12—18 merpre neitin tapanaasl. MyHaai
KypbutbiM onapabl Contycrik Kaszakcranma 0acklM Ke3/IECETiH Kapa >KOHE CYp TOIBIPAKTAPIBbIH
JKOFaprbl KabaTTapeIHAarsl BIIFAIIBI THIM/II aknananyra 6eitimaeiiai (Zavalishin, 1995).

Kecre 1. Betula pendula men Betula pubescens cunarramanapbl

Kepcerkim Betula pendula Betula pubescens
Epecexk aramn OMikTiri 25-35m 18-25m
Toxi apXxuTeKTypachl CanObIparaH, axkapJibl TiK, THIFBI3

Kabnik AK, Teric, KaObIpIIaKTaHFbIIIT Ak, a3
KaObIpIIaKTaHATBhIH
JKarmbrpak Pom6 Topiznec, 4-8 cm JleHrenek-oBanbi,
3-6 cM
OpxkeHaep Tykci3 Kac epkennepi
TYKTI
TambIp xy#eci Ycript, panuyc 12-18 m Ycripr,
THJIPOTPOIITHI

OU3NONIOTUSIIBIK TYPFBIAAH aiFaHaa, KailblH - C3 (OTOCHHTE3 >KOJIBI OOWBIHIIA YKYMBIC
ICTEUTIH ©CIMIIIK, IFHU 011 KyHAenikTi 250-350 nutpre neiin cynbl OyiaaHAbIpy apKbLIbl KOpIIaraH
OpTaHbIH MUKpOKIMMaThiH xymcaptaabl (Kozlovskii, 1985). Kemipkeikeut rassia (CO2) CiHipy
JIeHreil MaychIM—IIUIAE aiyapblHIa €H JKOFaphl IleriHe sxereal - 12—18 wmr/am?/car, Oy KyH
Y3aKTBIFBIMEH THIFBI3 OaitmanbicThl (Zimin, 1980; Hetherington & Woodward, 2003).

KalbIHHBIH as3Fa Te31MIUTIT OHBIH JKacylIalapbiHIa KPUOPOTEKTOP (KaHTTap MEH aKybI3/Aap)
JKUHAKTaJIybl apKbUIbI KaMTaMachli3 etuteni. bym aramka — 48°C  meifiHri TemrepaTtypajna
KYPBUTBIMJIBIK 3aKBIMCBI3 OMip cypyre MyMkinik 6eperi (Beck et al., 2004; Oksanen et al., 2019).

JlepekTep araill )k0JIaKTapbl MEH KayMaJl ayMarblH/IaFbl aralliTap/blH HEri31H1e ANbIpTay jKoHE
KeI3bunkap aynanaapbIiaa ;KUHAIFaH.

3.3. DKonozusnvlK opHbl HcIHE CYKYECCUOHOBIK POli

Conrycrik KazakcTaHHBIH OpMaHbI J1ajia SKOKyienepin e KailblH 9BpUTOITHI TMOHEP PETIH]IE
HOCTAUCTYpOAIMSUIBIK ayMaKTap/bl (epTTeH KeiiH, KecyneH keiiH) urepeni (Alekseev, 1997;
Vasilevich, 1983; Angelstam, 1998).

- B. pendula — »BTpodTHI, IpeHaXIBI TONBIPAKTAPIA.

- B. pubescens — ruapomopdThi, Me30Tpod Tl CcyOCTpaTTapaa, MayChIMIBIK Cy Oacyrmapra
te3imai (Abaturov et al., 1982; Galitskii, 2001; Zavalishin, 1995; Goncharov, 2010).

OUTOINEHOTUKANBIK ~ Oipiryl  CUMOMOTHKAJIBIK ~ ©3apa  OpeKeTTeCyJlepAl  KaMTHUbI:
caHpIpayKyJlakTapMeH OKkaHOBIPBIK (Boletus) o6abka (Leccinum) mukopusa a3oT(HKCAIUSHBI
KymeuTin, eHiMaimikTi 15-25%-ra aprreipaasl (Smith & Read, 2008).

TonelpakTarsl Kaparipik Mesniiepi oH xbuiaa 1.5-2.5%-ra apTazpl, ajl TaMbIp *KYHeci KbUIbIHA
50 T/ra TombIpaKThI 3po3usiiaH cakTai sl (Zavalishin, 1995) (Cyper 4).
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Cyper 4. T'mcrorpamma — Contycrik Ka3zakcrtan oONbICEI aymaHgapbl OOWBIHINIA KalbIH
OpMaHJIapbIHBIH TapaTyhl

3.4. lapyauslibiK-95KOHOMUKABIK MAHbI3b

Conrycrik Kazakctan 00JbICBIHIa KABIHHBIH [ApyalIbUIBIK KOJAAHBUTYbI KOITKBIPIIBI:

Azaw enepkacioi: THIFBI3ABIFEI 620-680 Kr/M°, KOMIO3UT, >kuha3, OMO’HEpreTUKa OHIIpICI.
Keinapik naiisiagay keiaemi — 80 — 120 mbeia M* (Borovikov & Ugolev, 1989).

Ilunanet manvl3bl: KAOBIFIHAH ABIHATHIH OCTYJIMH, TPUTEPIICHACP — UMMYHOMOYJIATOPIIAP
(Borovikov & Ugolev, 1989).

Ulvipuin: 1.5-2.5 1 Oip aramraH, AeCTPYKTHBTI ojicTepre ThliibiM canbiaFad (Borovikov &
Ugolev, 1989; Kataev, 1978).

Aepoopman  menopayuscel: KbUIbIHA 4-8 MIH KOIIET OTBIPFBI3BUIABI, KOMIPTEKTI
cekBectparms — 1.2—1.8 T CO/ra/xswin (Nilsson et al., 2011).

OpMaH CeKTOpbl OHIpAIH TaOMFaTThl Naijanany OoibiHina JKOO-HIH 25-35%-b1H Oepeni,
SKOTYpU3M Jie MaHb3AbI yiiec kocansl (Tileuberdi, 2022).

Anumponozcenoix xayinmep mer koncepsayusiivik cmpameeusiiap (Kecre 2):

3ancolz natidanany: meIpeiH any, kecy, 20-30% kypsin ketyi Kayinidn Tenmipeni (Alekseev,
1997;).

Opm: xbubiHa 200-300 ra. (Galitskii, 2001).

Knumammuix e32epicmep: KyprakIIbUIbIK, ocy KapkbiHbl 30-40%-ra azasabr (Oksanen et al.,
2019; Lindner et al., 2010), (Cyper 5).

3usinkecmep: Scolytus ratzeburgi (pyc. 3a6ononnuk 6epézossrii) (Wermelinger, 2004).

Kecre 2. Betula spp. yurin aHTponoreHik Kayintep MeH KOHCepPBALUSUIBIK [Iapajiap

Kayin Cunarrama KoHncepBanus mapaJsapsl
3aHchI3 naianany [IeIpbIH amy, Kecy Perrey, aitpimnynaap
OpTtTep 200-300 ra/xbin Momnutopunr, 'AK,

npoduakTuKa
KnumarTsik e3repictep KyprakumbuisIK, ecyniH Addopecranus, ceneKkus
TOMEH/IEY1
3usiHKecTep DHTOMOMNATOTeHIED, buokoHTpons, nECTULIMATED
nedonuarus
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Cyper 5. Contycrik Kazakcran o0ibICBIHIAFbI KaibIH OpMaHIaphl ayJaHbIHBIH JUHAMHUKAchl, 2000—
2024 xoK. — OHKBULIBIKTa 5—7%-Fa a3aro, 2030 >XbUTFBI OOJHKAMBI J1a TOMCHICY IS

3.5. Ulemenodix xaiiviy sepmmeynepiniy Conmycmix Kazaxcmanuvly 0pmManobl OanalapblHbLH
HCA20AUBIHA KOJIOAHBLIY b

[letenmik 3eprreynepre coiikec, KoThlp KaibiH (Betula pendula) contycrik opmanmapabiH
e3repMeri KIMMATTHIK JKaFiaiiapra Oelflimieny yaepicTepiH 3epTTeyae HHAUKATOPIBIK TYP peTiHIe
kapacteipbutanbl (Oksanen et al., 2019). Eypomnanbin Oopeannbl TeoXyHenepiHae KIUMaTThIH
KbUTbIHYBl MeH CO: KOHIEHTPalMIChIHBIH 6Cyl KalbIHHBIH Onomaccachl MEH (POTOCHHTETHUKAJIBIK
OesICeHAUIITH apTThIPaThIHbI, ajlaii/la 3UsHKeCTepPre OCANABIKTHI KYILIEHTIN, 0acKa arall TypiepiMeH
09CeKeNecTIKTI YIFaUThIN JKOHE OPMaH >KaMBUIFBICHIHBIH KYPBUIBIMBIH ©3T€pTETIHI aHBIKTAJIFaH
(Silfver et al., 2020). IlIBennsaaa KIMMATTBIK (aKTOpIap MEH OpPMaH IIAPYallbUIBIFBIH JKYPTi3y
OCepiHEeH KailblH CKIeNIepiHiH Tapalybl MEH KypaMblHIarsl e3repictep anbikTanran (Dubois et al.,
2020).

¥xkcac yaepicrep Conryctik KazakcTaHHBIH opMaH bl Jajia aiiMarbIHa 1a Oaifkaiaipl, MyHAa
KalbIH re0XyheNnepaiH OPHBIKTBUIBIFBIHBIH HET13T1 3JIEMEHT1 00J1bIn Tabbu1a1bl. DEHHOCKAHIUSAMEH
canmplcThIpFanaa,  KazakcTaHpmarbl — ekmenep — KIMMATTBIH — aWKbIH —~ KOHTHHEHTAJBIFbIHA,
TEMIIepaTypaHbIH KOFaphl aMIUTATYIAChIHA KOHE MEP3IMJIiK KYPFaKIIbUTBIKTapFa YIbipaiasl. CoraHn
KapaMacTaH, KOTBIp KaiblH MHOMYJSIMAIAPBIHBIH JKOFapbl OEHIMIENTimTIrT MEH Te€HETHKAaJIbIK
OPTYPJILIIT] OHBIH COTTI Oeliimaenyine MyMKiHaik 6epei (Bolte et al., 2009). Kazakcrangarsl KaibIH
OpMaHJapblH 0acKapyAblH KapKbIHJBl OaFbITTaphl TYPJIK OPTYPIUIKTI CakTay, TI'€HETHKAJIbIK
pecypcTapbl KOpFay KoHe KIMMATTBIK ©3TepiCTEP/IIH 9CEPiH )KYMCAPTY MapalapblH €HT13y OOJIBIT
tabbUIanel (Messier et al., 2013).

byn 3eprreynepain canbicTeipMansl HoTHRENepl Contyctik KazakcTan 0OJIBICH skaFqaibIHAA
KaifblH TOMYJISIMIIAPbIHBIH TE0XYHENIK TYPaKThUIBIFBIH TEpEeHIpeK Oaranayra MYMKIHAIK Oepir,
aJIaNTalUsIIBIK epEKIIEeNIKTeP/l OPHBIKTHI OpMaH 0acKapy ToxipuOeciHe eHr13y KaXeTTUIIIH HaKTh
KepceTe/i.

4. Tannay

3eprrey HoTmxkenepi Contyctik KazakcTan OOJBICHIHBIH TE€OXKYHEIEpiHIAET1T OpMaHIbl 1ajia
Betula pendula men B. pubescens typnepinin Mopdomorusuiblk (OuikTiri 25-35 M, Tas3 TaMmbIp
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xyiieci), pusuonorusisik (C3 dorocunres, Toymnirine 250-350 i cy Oynanneipy, — 48 °C aszra
TO3IMJIUIIK) KOHE IKOJIOTHSUIBIK (TMOHEPIIIK CYKIIECCHs, MUKOPH3a apKblIbl OHIMALTIKTI 15—25%-Fa
apTThIpy) OCHIMALTIKTEPiH pacTaiibl. byt TypiepaiH Tapaiysl )KoHE aIal TAllUsUIBIK CTPATETHsLIaphl
TIKeNeW aliMakKThIH JIaHTIAPTTHIK KYPBUIBIMBIHA OaiJIaHBICTBI. ECiI ©3€HIHIH aCHMMETPHSIIBIK
aHFappl MEH KONTEreH OWITAH-KOJIIK Ka3aHIIYHKBIPIAPAGIH OOJybl BUIFAJIIBI SKWHAKTAIL,
MUKPOKJIMMATTHIK TYPFbIIaH KOJAMIbl IIOKBUIAPIbI Kypalabl, Oyl KablH HOMYJISLIUSIAPbIHBIH
TIPIIUTIK €Tyl VIIH KAKETTI OKOJOTHSUIBIK OPHBIH KAJIBIITACTHIPAIAbl. AKKYMYISIUSIIBIK
KA3bIKTapJblH  IIAJIFBIHABI-OPMAHbl ~ QJKANTApbIHAH JIEHYNAUUSJIBIK  YCTIPTTEPAiH  KYprak
JananapblHa JEWIHTT JaHIMAPTTBIK TYpiaepaiH (DEHOTHNTIK WKEMIUTINT MEH MOMYJISIUSIIBIK
nudepeHIMAMACHIHBIH ~ HEeTi3r1  ApaiiBepi  Oosblll  TaObLIangel. HerizineH opMaHIbl najna
nanamadTrapeiaars! (1-13) Tonbipak KaMbUIFBIIIAPEl ©T€ KOJAMIBI Keeai. AWThUIFaH TYpJepAiH
Tapaxybl 0OJBICTBIH JXKep Oeaepi epeKIIeTiKTepiMeH ThIFbI3 OainanbicThl. Ecin e3eniniy keH (10-15
KM) aCHMMETPHSUIBIK aHFaphl MCH OHBIH Teppacaiapbl (KOraprbl Teppaca kaibuimMamgan 40-50 m
OuiK) KalblH OpMaHAapbIHBIH IIOFbIPIaHYbIHA KOJAWIBI BUIFANIBI KaFJal KalblTacThIpaabl. J[om
OCHI IIIAFBIH Kep Oelepi dIEMEHTTEpl — olnarTap, OaTnakniagap MeH ©3¢H JKaraliayliapbl KaWbIHHBIH
TOMBIPAK-TUAPOJIOTHSUIBIK TeMe-TeHIIKTI TYpaKTaHAbIpYAarel peliH Kymenteni. byn typuep
OMOayaHTYPJIUTIKTI CaKTayja, aram eHEpPKoCcidi MEH arpoopMaHMETHOPAIMICHIHIAA MAaHBI3IbL.
Amnaiina 2000-2024 xxpu1aapIsiH MOTiMETTepl OOMBIHIIIA AHTPOIIOT€HIIK KAyl Tep KalbIHHBIH Tapaity
aynaneiH 5—7%-ra KpickaptTThl. [llerenaik 3eprreynepmen canpicThipranga, Conrycrik Kazakcran
00JIBICHI  KaWBIHIAPBIHBIH KOHTUHEHTANbl KIMMATTaFbl JKOFAphl PE3UCTEHTTUIIrN T'e€HETUKAIIBIK
OpTYpJIUTiKKEe OaimaHbICThl €KeHi pacTananbl. bomamakra ['AYK-MOHWUTOPHHTI, CENEKIUS KOHE
YKacaHJIbl OpPMaH OTBIPFBI3Y/IbI KYIIECHTY YCHIHBLIAIBI.

5. KopbITBIHABI

Conrycrik KazakcTan oOJIBICBIHBIH aliMaKThIK JaHAAQTTapbIHBIH HET13I1 €peKIIeNiri OHbIH
OpMaHJIpl Jlajla MEH Jana JaHAmAapTTapblHBIH KYpJeldi e3apa opeKeTTecyiHae KepiHai. 3epTrey
OapbIChbIH/IA aHBIKTAJIFaH1all 00JIBICTHIH KOl 0eJIIrH OpMaH/Ibl Aajia JaHAma@TTapsl anbii xKaTsip (1-
13 nangmagTTap), KapTa HeTi3iHJe OJapiblH OpHajacybl OOJBICTBIH COJTYCTIK, OpTaJbIK, OaThIC,
OHTYCTIT1HIH OachbIM OeJIIriH albll KaTblp. A JanaiblK JaHAma@T Typiaepi KoOiHe OHTYCTIK HIBIFBIC
Oemirin Kamtuael (14-20 nanmmadTrap). byn e3 kes3eriHae akKyMyJISLUSUIBIK Ka3bIKTap.IbIH
IIAJTFBIHBI-OPMAH/IBl  AJIKANITApPhl MEH JCHYAAUWSUIBIK COJ  TOJKBIHIBI YCTIPTTEPIiH KYpFaK
Jlananapbl apachlHAa TOMNBIPAK-bUIFANJBIK TPATUCHTTED MEH MHMKPOKIMMATTHIK MIOKbLIAp/IbI
KaJIbIITAacThIpaabl. by nanama@TTeIK MO3avKaHbIH TaOUFM caijapbl peTiHie O0O0JIbIC ayMaFblHJa
OpMaH >KaMbUIFBICHI ()parMEHTTENTeH KYi/ie — HeTi31HeH KaiblH HIOKbUIAphl TYpiHJe TapaiFaH. by
KOHTHHEHTAJ/IBI KIIMMATTHIH KAaTThl aMIUIUTYalbl TEMIIEPATYpackl MEH IIEKTEYI yKaybIH-IIAIIbIH
MeJIepiMeH Oipre opMaH/bl Jlana reoxkyienepinii e31HIK TYPaKThUIBIFBIH aHbIKTal1pl. MyHaai
KJIMMATTHIK-TaHAIIaTTHIK JKaraaiira Betula pendula (koTeip KaitbiH) xoHe Betula pubescens (ynmek
KailplH)  Typiepi  Mopdo-pusnonorusnslk  (Tas3  tamblp  okydeci, C3  ¢dorocuHTesi,
KPUOTOJIEPAHTTBUIBIK) KOHE JKOJIOTUSIIBIK (IMMOHEPNIK CHUIIAT, MUKOPU3AIBIK CHUMOHO3) MKOFapbl
OeiiMaeny Aopekeci apKachlHAa COTTI OediMienin, aiMakThIH (HUTOIEHO3apblHAa OAChIM OpBIH
ayajpl, TOMBIPAKTHIH KYHAPJIBUIBIFBIH CaKTayFa, 3pO3UsiFa Kapchl TYpyFa *oHe OHMOoamyaHTYpILUTIKTI
Kosijayra OenceHal yiec Kocaabl. Alnaiifa, aHTPONOTEHIIK KBICBIMHBIH ©CYl YKOHE KIMMAaTThIH
e3repyiHiH acepl OpMaH ajKaObIH TapbUITYAa, OYJl KEPruIiKTI SKOXKYHElIepAiH TYpPaKThUIbIFbIH
KaMTaMachl3 eTy MacelnieciH e3ekTi erefi. OcbiraH OailylaHbICThI, OOJIBICTAFbl KalbIH OpMaHAapbiH
YTBIMJIBI TIAHJJATaHY KoHE KaJbIHA KENTIPYy YIIH KeJecl ic-mapaiapbl Ky3ere achlpy Kaxer: 1)
I'AK HeriziHzne opMaH >KaMbUIFBICBIHBIH KYHiH, JeTpajalus MpoLecTepiH )KoHe opT KayIliH KyHeni
MOHUTOPHUHT1EY; 2) nanamadTTHIK JKaFaaiapra OediMaenTeH xepriaikti Betula TyKpIMIachIHBIH
OKOTUNTEPIH IpIKTEN, ONApJblH TE€HETHKAIbIK OPTYPJIUIriH CaKTaif OTBIPHIN, ayMaKTbIK
addopecranusa OarmapiaManapblH d3ipiey; 3) JerpajalusiiaHFaH JKepliepAe, ocipece 3po3usFa
ylIbIparaH OeTKelIep MEeH IaFblH ©3¢H aHFapJIapbIiHAa, KaWbIHIbl MEITHOPATHBTIK OTHIPFBI3YIapIbl
KCHEWUTY; 4) opMaH IIapyallblUIbIFBIH TEOXKYHETIK TOCUIre HEeTi3/Ier, OopMaH KOPBIH 3aHCHI3 KeCcyre
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XK0J OepMmey, COHBIMEH KaTap OpMaH/Ibl Naianany sl arpoOpMAaHILIBLIBIK XKYHelepMeH YilllecTipy.
Ocsbl mapanapaplq KeuieHai icke acelppurybl ConrycTik KazakcTan OONBICHIHBIH OpMaH[Ibl Jaja
TaHAmaPTTaAPbIHBIH JKOJOTUSIIBIK TYPAKTBUIBIFBIH CaKTayFa, COHJIAl-aK OHIPIIH oJIEyMETTiK-
SKOHOMUKAJIBIK JTaMYBIHA YJI€C KOCyFa MYMKIHJIIK Oepe/i.

6. KocbiMIIa MaTepuagiap: koK.

7. ABTOpJIapAbIH YJjecTep

JKYMBICTBIH TYKBIPBIMIAMACKIH JKa3y jKOHE OHBI CBIHU TYPFBIIAH Kapay, )KYMBIC HOTHKEIIePiH
JKWHAy, Tajiay )oHe TYCIHIpY, MaKajga MOTIHIH ©HJIEY, KapTOTpadHsUIbIK MAIIMETTEP/Il )KHHAKTAY
xkoHe eHzey - O.H.; makana Ma3MyHBIH CHIHM TYPFBIJAH TEKCEpPY, MaKaJlaHbIH COHFBI HYCKACHIH
x)apusinayra oexity — K.K.

8. ABTOpJIap Typajbl aKknapar

Ocnan, Hypriney — 3eprreymi, maructp cryaenTi, JI.H. I'ymunes arbianarst Eypasust yaTTeik
yauBepcureTi, Kaxpimykan kemr., 13, Acrana, Kazakcran, 010000; nurtileuospanov@gmail.com,
https://orcid.org/0009-0004-4481-2286

Kaparoitimmn, Kackaiiblp - OWOJIOTHS FHUIBIMAAPBIHBIH KaHAMIATHI, ara OKbITymbl, JI.H.
I'ymunes areigarsl Eypasust ynTTeik yHuBepcuteti, Kakpimykan kemr., 13, Acrana, Ka3zakcran,
010000; k.zhashaiyr@mail.ru, https://orcid.org/0000-0002-7166-4483

9. KapaxbLianasipy: by 3eprrey chIpTKbl Kap>KbUTaHIBIPY bl alIFaH KOK.
10. AsFbicTap: XOK.
11. Myanesiep KakTbIFbICTapbl: Myenep KaKThIFBICH )KOK €T MOTiMISHMI3.
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Integrative analysis of the adaptation of the genus Betula and anthropogenic
impact in the forest-steppe landscapes of the North Kazakhstan region

Nurtileu Ospan, Zhaskhaiyr Karagoishin

Abstract. This article reveals the physiological and ecological attributes of birch trees adapted to the
harsh continental climate of the North Kazakhstan region. The region's landscapes primarily consist
of forest-steppe and steppe zones. The northern part is characterized by meadow-forest landscapes,
the central part by typical birch forest-steppes, and the southern part by a distinct steppe character.
The highest level of forest cover (up to 20%) is observed in the saline plains of the north. This
indicator plays a crucial role in maintaining the ecological balance of the region.

Twenty types of landscapes have been identified in the region, 13 of which belong to the forest-steppe
and 7 to the steppe landscape. Fertile chernozems and birch groves (kolks) are widespread in the
accumulative plains. In the denudational, slightly undulating plains, southern chernozems and salt
marshes are more common, dominated by fescue-feather grass plant communities.

The birch species Betula pendula (silver birch) and Betula pubescens (downy birch) form the central
core of the region's phytocenoses and appear in the form of fragmented "forest groves." Their
physiological and ecological adaptation features allow them to exist sustainably within the complex
continental climate. Comprehensive study and conservation of birch populations are essential for
regulating soil-water balance, preserving biodiversity, and increasing socio-economic importance.
Ensuring their ecological stability requires special protection measures, including the use of modern
geoinformation technologies. This research is considered a vital step toward effective natural resource
management and the minimization of degradation processes.

Keywords: landscape; anthropogenic pressure; climate variability; Betula pendula (silver birch);
Betula pubescens (downy birch); ecosystem resilience; geoinformation technologies.

HWHTerpaTuBHBI aHaiu3 axanrtanmuu poaa Betula w anTpomorenHoro
BO3JeicTBUA B jJecocTenHbix Janamadrax Cesepo-Kaszaxcranckou odactu

Hypruiaey Ocnan, Kacxaiipip Kaparoimun

AHHOTanus. B naHHO#W cTaThe HA OCHOBAHHMH TOJIEBBIX MCCIEAOBAHUHN W JAHAIIAPTHBIX TaHHBIX
pacKpbhIBaIOTCS (PU3NOIIOTUYECKUE U IKOJIOTHUECKUE aTpHOYTHI Oepe3bl, afanTHPOBAHHON K CYpOBBIM
yCJIOBHSIM KOHTHHEHTaJIbHOTO KiauMmaTta CeBepo-Kazaxcranckoit obnactu. JlanamadTel pernona B
OCHOBHOM COCTOSIT M3 JIECOCTEMHBIX M CTEMHBIX 30H. CeBepHas 4acTh O0JIACTH XapaKTepU3yeTcs
JyrOBO-JIECHBIM JIaHAMadTOM, LEHTpajdbHas - TUIUYHOW OEpe30BOMl JIECOCTENbIO, a IOXKHAS -
BBIPAKEHHBIM CTETTHBIM XapakTepoM. CaMblif BEICOKHH ypoBeHB JecucToCTH (10 20%) HabmonaeTcs
Ha COJIOHYAKOBBIX PaBHUHAX CEBepa 00acTH. DTOT MOKA3aTeNIb UTPACT KPUTHUECKH BAXKHYIO POJIb B
MOIJIEP>KaHUH SKOJIOTHIECKOT0 OallaHca peruoHa.

Ha Tepputropun o6mnactu BeisBieHo 20 TumoB jaHmmadToB, 13 M3 KOTOPBIX OTHOCATCS K
JECOCTENHbIM, & 7 - K CcTenHbiM. Ha akkyMyJsITUBHBIX paBHMHAX IIUPOKO PACIPOCTPAHEHBI
JI0/IOPOIHBIE YEPHO3EMBI B Oepe30BbIe KOIKU. Ha ey 1annoHHbIX C1a00BCXOIMIICHHBIX paBHUHAX
Yaie BCTPEYAIOTCS FOJKHBIE YEPHO3EMbI U COJIOHYAKHU, TJE MPEoOIaaloT THITYAKOBO-KOBBLUILHBIC
pacTuTeIbHbIE COO0IIECTBA.

Bunast 6epesnr Betula pendula (6epesa nosucnas) u Betula pubescens (6epesa myiucras) siBsiroTCS
HEHTPaJIbHBIM AIpOM (PUTOLIEHO30B PETHOHA U BCTPEUAIOTCS B BUJIE ()parMEHTUPOBAHHBIX IECHBIX
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KOJIKOBY». VX (pM3M0I0r0-3K0JI0rHYeCcKre alalTallIOHHbIE OCOOCHHOCTH TO3BOJISIIOT UM CTaOMIIBHO
CYIIECTBOBAaTh B YCJIOBHUSX CJIOXKHOTO KOHTHHEHTAJBHOTO KimMara. BcecTopoHHee n3yueHue u
COXpaHEHHE MOIMyJAuil Oepe3bl KpailHe Ba)KHO JJIS PEryJIMPOBAaHUS MOYBEHHO-BOJIHOTO OallaHca,
coXpaHeHHs OHOpa3HOOOpa3us ¥ TOBBIIEHHS COLUAIBLHO-DKOHOMHYECKOH  3HAYMMOCTH.
ObecnieueHne MX 3KOJIOTHYECKOM YCTOMUMBOCTH TpeOyeT CHEIMANbHBIX Mep 3allUThl, BKIOYas
UCIIONIb30BAaHNE COBPEMEHHBIX T'€OMH(OPMALMOHHBIX TeXHONOrui. JlaHHOe wuccienoBaHue
CUMTAETCS] BAXKHBIM IIIarOM, HapaBIeHHBIM Ha () PEKTUBHOE yIIpaBICHUE MPUPOIHBIMU pEeCypcaMu
peruoHa ¥ MUHHMHU3AIHIO IPOLIECCOB JIETPaIaliiy.

KuroueBble cjioBa: anamadT; aHTpONOreHHast Harpy3Ka; K3MeHYHBOCTh KiinMata; Betula pendula

(bepeza moBwucnas); Betula pubescens (Gepesa mymmcras); YCTOWYHMBOCTH 3KOCHCTEM;
reonH(pOPMAIHOHHBIE TEXHOJIOTHH.
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