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Abstract. This article presents the regularities of equilibrium statistical mechanics
in the hypersurface formalism, the Hamiltonian of quantum electrodynamic plasma
on hypersurfaces, and the kinetic characteristics in a strong electromagnetic field in a
covariant form. The research method is based on the relativistic von Neumann equation
for nonequilibrium statistical operators defined on spacelike planes in Minkowski space,
canonical quantization of the system on hypersurfaces, and the covariant model of
Coulomb gauge. Methods for deriving kinetic equations in the hypersurface formalism
and transformations of correlation functions and nonequilibrium statistical operators
with respect to unitary time evolution in an averaged electromagnetic field are shown. By
applying inhomogeneous Lorentz transformations to state vectors on hypersurfaces, the
covariant form of the Schrédinger equation and an equation similar to the nonrelativistic
von Neumann equation for the statistical operator and a mixed quantum ensemble were
derived. These equations and the equations of motion of operators were written in the
Heisenberg and Schrodinger representations. Using the Legendre transformation, an
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expression for the Hamiltonian of quantum electrodynamic plasma on a hypersurface
was derived, kinetic equations were obtained by expanding field operators into plane
waves, as well as equations for correlation functions and the photon density matrix.
The dispersion law for photons on a hyperplane was uniquely defined as the average
value of the operator of the photon density matrix. Taking into account the above-
mentioned representation of field operators, expressions of the photon density matrix
through operators were derived and presented. For the photon and fermion matrices
obtained in these relations, chain equations for correlation functions arising in the
calculation of commutators with the interaction Hamiltonian are constructed. These
equations represent the fundamental canonical model of electromagnetic interactions
in covariant form.

Keywords: hypersurface, quantum electrodynamic plasma, Hamiltonian, kinetic
equation, Minkowski space, state vector, statistical operator
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AHHOTaIUs1. ¥ CHIHBUTBIN OTHIPFAH MaKaiaja THIeP)Ka3bIKTEIKTap (GopMann3Mi-
JIeTi Terme—TeH/IIK CTaTHCTHKAIBIK MEXaHUKAHBIH 3aHIbUTBIKTAPHI, THTICPIKAa3bIKTHIKTAP-
JIaFrbl KBAHTTHIK—3IEKTPOAMHAMHKAIBIK MIa3MaHbIH TAMUJIBTOHMAHBI MEH KYIIITI 3JI€K-
TPOMArHUTTIK ©PICTETi KMHETUKAJIBIK CHUIIATTAMAChl KOBAPHAHTTHIK HYCKajia Oepiiii.
3eprrey Toculi MUHKOBCKHMI KEHICTITIHJCTI KEHICTIK TEKTEC THUIEpPIKa3bIKThIKTap/Ia
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aHBIKTAJIFaH TEMe—TEHCI3 CTaTHCTUKANBIK OlleparopiiapFa apHalfaH pEISTUBUCTIK
¢on Heliman TenzaeyiHe, rUMep:Ka3bIKTHIKTApJAFbl )KYHEHIH KaHOHUKAJIBIK KBaHTTa-
JybIHA )KOHE KYJIOHBIK KaTMOPOBKAaHBIH KOBAPUAHTTHIK YJTiciHe HerizaenreH. [ unep-
XKa3bIKTBIKTap (hOpMaM3MiHAET KWHETHKAIBIK TEHACYICP/Al WIBIFAPBII aly KOJIJaphl
KOHE OpTalllallaHFaH DIEKTPOMArHUTTIK epic OOMBIHIIA KOPPENSUUSUIBIK (QYHKIHS-
Jlap MEH Tene—TEeHCI3 CTaTUCTHKAJIBIK OMepaTopiapAblH YHUTAPIBIK YaKbIT OOMbIHILA
TYpIeHAIpynepi kepceTinreH. [ unepika3pIKThIKTapaarbl KyH BEeKTOpIapbiHa OipTeKci3
Jlopenn TypieHaipyiH KoinaHy apksuibl llpeauHrep TeHAeyiHIH KOBapHaHTTHIK,
HYCKachbl MEH apajac KBaHTTBHIK aHCAMOJbIe apHalFaH CTATHKAJBIK ONEpaTop YLIIH
¢on HelimaHHBIH PENATUBUCTIK €MeC TeHICY1 TOpi3/l TeHIEY LIBIFaPbUIbINT KOPCETiN-
Ii. By renzaeynep skoHe onepaTopiaapIiblK KO3Fajbic TeHaeyepi [ eli3en0eprrik xoHe
penunarepnik OeliHenepae xa3bUiabl. JlexaHap TYpieHIIpyl apKbUIbI THIIEpKa-
3BIKTBIKTAFbl KBAHTTBIK—AJIEKTPOANHAMUKAIBIK MJIa3MaHbIH FaMUJIBTOHUAHBI, OPICTIK
oreparopiapAbl JKa3bIK TOJKbIHAAp OOMBIHINA JKIKTEY apKbUIbI KHHETHUKAJBIK TCHIE-
yJep, KOPPeSIIMSIBIK (GYHKUUSUIapFa apHalfaH TeHACYJIep MEH (OTOHABIK ThHIFbI3-
JBIK MaTPHULACHI MIBIFAPBUIBIT KOPCETLNAi. ThHIFbI3ABIKTHIH (POTOHIBIK MaTpPUIIACHIHBIH
opTala MoH peTiHJIe ONepaTopAbIH OpTaIlachkl TUIEP)Ka3bIKTHIKTaFbl (DOTOHIAP YIIiH
JUcTIepcrs 3aHbl Oip MOHIII peTiHle aHBIKTANAbl. OPICTiK onepaTopiaapAbIH KOFapbl-
Jla atan eTiIreH OeiHeCiH ecKepe OTBIPBIN THIFBI3ABIKTHIH ()OTOHABIK MaTPUIIACHIHBIH
oreparopiap apKbUIbl ©pHEKTEpi LIBIFAPBUIBII KOPCETLTii. AJBIHFaH OChl KaTblHa-
cTapAarsl POTOHABIK JKoHE (HePMUOHIBIK MaTpHULaIaphl ocepiecyiiep raMiuiIbTOHUAHBI
0ap KOMMyTaTOpJapAbl ecenTey Ke3iHae naina OoJaThlH KOPPEISUUSIBIK QYyHKIHI-
Jlapra apHaJFaH Ti30eKTi TeHIeyNnep Kypblianbl. byn TeHaeynep KoBapuaHTThI Typrajia
ANIEKTPOMATHUTTIK dCepiecyaepAiH HEeTi3r1 KaHOHABIK YArici OObIN TaOblIaabl.

Tyiiin ce3gep: rUMep:Ka3bIKTHIK, KBAaHTTHIK—3JIEKTPOIMHAMUKAJIBIK IUIa3Ma, ra-
MWJIBTOHHAH, KHHETHKAIBIK TeHACY, MUHKOBCKUI KEHICTiri, Kyl BEKTOPBI, CTaTHKa-
JIBIK OTIepaTop
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AHHOTanus. B crarbe npeacTaBieHbl OCHOBHBIE ITOJIOXKEHUS PAaBHOBECHOM cTa-
TUCTHYECKON MEXaHWKH B (POpMalIM3Me TUIIEPIUIOCKOCTEH, pACCMOTPEH TaMUJIBTOHH-
aH KBaHTOBO-IEKTPOAMHAMUYECKON IUIa3Mbl Ha TMIIEPINIOCKOCTSX M MCCIIEIOBAHBI
KMHETUYECKHE XAaPAKTEPUCTUKU IIJIa3Mbl B CUJIBHOM NIEKTPOMAarHUTHOM IIOJIE B KO-
BapuaHTHOH opme. MeTo HccineoBaHUsI OCHOBAaH Ha PESITUBUCTCKOM YpaBHEHHUH
¢on HeiiMaHa 11 HEpaBHOBECHBIX CTAaTUCTHUYECKUX ONEPATOPOB, ONpeACTIEHHBIX Ha
POCTPAHCTBEHHOMOO0HBIX THUIIEPIUIOCKOCTSIX MPOCTPAaHCTBA MUHKOBCKOTO, KaHO-
HUYECKOM KBaHTOBaHUM CHCTEMBI B (hOpMau3Me THIIEPITIOCKOCTEH U KOBAPUAHTHOM
MOZIETI KYJIOHOBCKOHM KanmnOpoBKH. PaccMOTpeHBI crocoOBbl BhIBOJIA KHHETHYECKUX
YpaBHEHH, a TaKKe MPeo0pa3oBaHus KOPPEISAIMOHHBIX (QYyHKIMH 1 HEPABHOBECHBIX
CTaTUCTUYECKUX OIEPATOPOB 10 BPEMEHU B YCPEAHEHHOM IEKTPOMArHUTHOM IIOJIE.
C ucronb30BaHnEM HEOJHOPOIHBIX peoOpa3zoBaHuil JIopeHIia 1 BEKTOPOB COCTOS-
HUSI Ha TUIIEPIUIOCKOCTSIX MOJTYy4eHbl KoBapuaHTHast opma ypaBHeHus LLpénunrepa
U ypaBHEHHE, aHAJIOTHYHOE HEPEIITUBUCTCKOMY ypaBHeHHUIO GoH Heiimana amns cra-
TUCTHYECKOTO OTepaTopa CMEIIaHHOTO KBAaHTOBOTO aHCaMOIs. YpaBHEHUS JABHKCHHS
oreparopoB IpeacrapieHsl B popmanusmax [eiizendepra u Llpénunrepa. Ha ocHoe
npeoOpazoBanust Jlexkanpa BbIBEJCHO BBIpaKEHUE JUIS TAMUJIBTOHHAHA KBAHTOBO-3-
JIEKTPOJMHAMMYECKON IJIa3Mbl HA TMIIEPINIOCKOCTH, NOJy4EHbl KUHETUYECKHUE YPaB-
HEHHSI, ypPaBHEHUS 1JIs1 KOPPEISLMOHHBIX GYHKIUH U (POTOHHAS MATPHIIA TUIOTHOCTH.
3akoH nucrniepcry OTOHOB Ha TUIIEPIUIOCKOCTH OMPENENIEH Yepe3 cpejiHee 3HaueHHe
oreparopa (pOTOHHOUM Marpuilbl WIOTHOCTU. i GoTOHHOM M (pepMUOHHOI MaTpuIl
MOCTPOCHBI IEMOYSYHbIE YPABHEHHUS ISl KOPPEISIHUOHHBIX (DYHKINH, BO3HUKAIOIIIX
IIPY BBIYMCIIEHUU KOMMYTAaTOpPOB C FaMUJIBTOHHAHOM B3auMojeicTBus. [lonydeHHble
pe3ynbTathl (OPMHUPYIOT KaHOHHYECKYIO MOJENb 3JICKTPOMArHUTHBIX B3aUMOJICH-
CTBHI B KOBapUaHTHOH (popme 1 MOTYT OBITh HCIIOJIB30BAHBI IIPH AalIbHEHIIIEM Pa3BH-
TUHA KUHETUYECKON TEOPUU PEJIATUBUCTCKOM IIA3MBI.

KurodeBble cjioBa: rHNepIIOCKOCTh, KBAHTOBO—AJIEKTPOAMHAMHUYECKAs I1JIa3Ma,
raMUJIbTOHNUAH, KUHETUYECKOE YPAaBHEHUE, IPOCTPAHCTBO MUHKOBCKOIO, BEKTOP CO-
CTOSIHUSI, CTATUYECKUN OIIeparop

Kipicne. OTte Kymiti 3JeKTpOMarHuTTIK ©picTepAe OpHAacKaH IUIa3MaHbIH KHHE-
TUKAJIBIK TEOPHSICHI ChI3BIKTHIK 3P PEKTTEp, TapaMeTpIlik OPHBIKCHI3BIK JKOHE PEIIsTH-
BUCTIK KO3FaJIbICTa CEKIIJII JKaFIaimapabl eCKepill, 3apsATaiFra OeeKTepiH Ko3Fa-
JIBICBIHA KATBICTBI OipKaTap KacHeTTepJi TepeHiHeH 3epTTed anaapl. KaiichlOip ker
OOIIIEKTIK KYHeJlep/eri )KYNTackaH COKTBIFbICYJIap apKbUIbl eMec, KYIOH/BIK aJbl-
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CTaH 9cep €Ty KYIITEPi apKbUIbI KApacThIPy bIHFAWJIbl. ATanFaH KYIITEP YKbIMIACTHIK
Ko3apIpyiapra (kBazuOenmexTep) cedenuri. byn ke3ne bonbIMaHHBIH KHHETHKAIBIK
TEHJACYIHJET1 COJ )KaK MYIIeJIepPMEH FaHa IIEKTeill, COKTBIFBICY HHTETPaJIbIH KOJAaH-
Oayra 0oJapl. DIEKTPOHABIK Ta3JaH XKOHE ayblp HOHJAPAAH KYPbUIFaH 3JIEKTPIi Hel-
TpaJl KYHEeHIH Tene—TeHal KYHiHiH Oiplik KeJeMJeri JIeKTPOHAap MEH HOHIApIbIH
caHbl TeH OONFaHABIKTaH, IEKTP OpiCiHIH KepHeyiri Henare TeH 6onaasl. KymTi epi-
cTep OeJIeKTepIiH TPAaeKTOPHUSICHIH ©3repTe ajajbl, COHBIH CalJapblHAH JIIEKTPOH-
HBIH OCLMJUISLVSUIBIK SHEPTHACHl OHBIH THIHBIIITHIK KYHiHIH YHEPTUsACBIHAH Kol 00-
nanbl. byn skaraii Oesiiex rmeH epicTiH acepiecy SHEPrHsChl KBUTYIIBIK KO3FasbIcTap-
JIIH PHEPTUsChIHAH Kot JnereH i ouraipeni. Con ceOenTeH, KHHETUKAIBIK TEOPUSHBIH
3epPTTEYLIIIK HOTHKECIH XKOFapbUIaTy MaKcaThIHAA KyaTThl CBIPTKbI ©PICiTI €CKEpETiH
BnacoB—MakcBesut TeHaeyiH KosigaHyra Typa kenenai. KymTi epictep skaraalbiHaa
MPOLIECTEPTE KYMCAIAThIH YaKbIT peJIaKCalsl YaKbITbIHAH a3 OOJFaHABIKTaH KYIITHIK,
COKTBIFBICYJIAp €CKEepiIMEi, COHABIKTaH BnacoB TeHaeyiH 0acThl MaTeMaTHKaJIbIK
Kypai Jemn anbiHaasl. KymTi epicTep oCHMUISIIUSIIBIK BIFBICY, YAECTIPIM QyHKIHUSICHI-
HBIH ©3repyi jKoHE KOHE MapaMeTpIliKk OPHBIKCBHI3ABIKTAP CHSIKTBI CHI3BIKTBI eMeC d(-
(dexTTepaiH TaOUFaThIH allbln Oepe anaabl. DIEKTPOHAAp PEISTHBHUCTIK KaCHeTTepre
ne OOJFaHABIKTaH AIIEKTPOH—TIO3UTPOH KYOBIHBIH Maia OOIybl KOHE paJualHsIbIK
TeXeTyJIepi eCKepeTiH KBAaHTTHIK KMHETHKAJBIK TEHJICYIEPl KOIJaHyFa MOKOYpIiK
natiga 6onazasl (Kukushkin et al., 2023; Mironov et al., 2018).

Kymri nazepriepiik ©MImyabCTEpIiH 3aTIEH dcepiiecyliepine apHalFaH 3epTTeynep
KYIITi BJIEKTPOMAarHUTTIK OPICIEH 9CePIeCeTiH PENSTUBHUCTIK MIa3MaHbIH TEOPHSICHIH
KAapKBIH/BI TYP/E IaMBITYFa CeNTITiH THTi3/1. TYKbIpbIMAaIFaH TEOPUSUIBIK KO3KapacTap
MEeH MPUHLUNTIK YCTaHBIMAAP KBAHTTBHIK SJIEKTPOAMHAMHMKA MEH TeNe—TeHCI3IIK
CTaTUCTHKAJIBIK MEXaHUKa 3aHJapbl apKbUIbl ICKE acaThIHABIFbI alKbIHAAIBL. Tene—
TEHCI3/11K KBAaHTTHIK—3JIEKTPOINHAMHKAIIBIK [J1a3MaHbIH TEOPHSICHIHIA OpTallaJaHFaH
OPICTIK JKYBIKTayldarbl KHHETHUKANBIK TEHACYIep Heri3ri peyai aTkapa ajajbl.
OpicTik onepaTopiap YIUiH a3blIFaH KO3FallbIC TEHACYJIEepi apKbLIbl KOBAPHAHTTHI
KMHETHKAJIBIK TEHACYAl aTyFa MyMKIiHIIr1 MoJI. ByJ TeHaeyaiH memimMiH KOBApUAHTTHIK,
(dbopmanu3M Ke3KapachlHAa KapacThlpy Ke3iHae Oipkarap KHUBIHIBIKTapFa Ke3iremis.
Omnbiy OacTbl ce6ebi, KoBapHaHTTHIK (GyHKIMAHBIH 4—emmemai Oypbe TypiaeHaipyi
Ke31HJle KOPPeSIIMAIBIK (DYHKUUSUIap HHTETpajaay KakeT Oomansl. Koppemsuusibik
(YHKUMSTApABIH CIEKTPIiK KacHeTTepi €Ki YakKbITThl [puH (QyHKOUICH OOHBIHIIA
KapacThIPbIIATBIHEI MOJIiM, OJ1 KOBAPHUAHTTHIK (YHKIUSIIAPMEH THIFBI3 OaillaHBICTHI.
Ocbl KoHE OCHl TEKTEC Maceienep KeWiHT1 JKbUIAaphl PENSATUBUCTIK KBAaHTTHIK
KMHETHKAJIBIK TEOPHs TYPFBICBIHAH LIemIitin Kyp. OChl KeNTipiireH Ke3KapacTapbl
opTama epicTeri mia3MaHbIH TEOPHSCHIHA KOJJIAHBIN, IWCCHIATHBTI MpPOLECTEepi
KaH—KaKTbl cumartayra Oomagsl. CoHbIMEH Oipre, TBHIFBI3IBIK MaTPUIIACHIHBIH
PENIATUBUCTIK SIiCiH eckepilm Oip yaKBITTHIK (OpMaIu3MIi KOBAapUAHTTHIK OeiiHene
KazyFa JKoHE OpTallla epic KybIKTaysl IeHOepiHeH mbiryFa aa 6onansl (Koshtybayev
& Aliyeva, 2024a; Koshtybayev & Aliyeva, 2024Db).

Byn makana nnazma TeOpHUsICHIHAAFBI KOBAPHAHTTHIK Oip YaKbITTHI (hopMalu3MiHe
JKOHE OHJIaFbl KMHETHKAIIBIK TeHJeyNepre apHanraH. [ nnepxkas3blKThIK (OopMannu3MiH-
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Jeri Teme—TEeHIUIIK CTaTHCTUKAIBIK MEXaHWKa 3aHAPBI, TUIEPKA3bIKTBIKTAFbI I1J1a3-
MaHbIH TaMHJIBTOHUAHBIHBIH ©PHET] JKOHE KYILUTI 3JEKTPOMArHUTTIK epicTeri KuHe-
TUKaJIBIK CHIIaTTaMachl KOBApHMAHTTBHIK HYCKana OepiieTiH Ooxaiasl. 3epTTey Tocimi
petinge MUHKOBCKUH KEHICTITIHIETT THIIEPIKa3bIKTHIKTAP/Ia aHBIKTAIFaH TeIe—TeHCI3
CTaTUCTHKAJIBIK OTIEpaTopIiap YIIiH )Ka3bUIFaH pesIITUBUCTIK GoH HeliMan Tenaeyine,
THIEPKA3BIKTBIKTAPAAFhbl KYHEHIH KaHOH/ABIK KBaHTTATybIHA JKOHE KYJOHJIBIK Kalli-
OpOBKaHbBIH KOBapUaHTTHIK OeifHeciHe HerizaenreH. KuHeTukaiblk TeHACYyIep rUmep-
XKa3bIKTBIKTap (OpPMaIM3MiH KOJJAHBIN MIBIFAPBUIBINT KepceTineni. Opramaianran
ANIEKTPOMATHHUTTIK ©pIiCTEri KOPPEesUUsUIbIK QYHKIHsIIAp JKOHE Tele—TEeHCI3 CTaTH-
CTHKAJIBIK OINEPaTOPAbl JKIKTEY TYTAC YaKbITTBIK TYpPJICHAIpYyJIep OOMbIHIIA OpbIHIA-
Jaibl.

3eprTey MaTepuagaapbl. MarHuTTenareH IiasMaiarbl SJEKTPOHAAp MEH
HMOHJAPABIH apachlHAAFbl SHEPTHUs aJMacybl apKblIbl iCKe achIpbUIAThIH IJIa3MalIbIK,
KaHangap MeH OeTki KadaTTapAblH TY3UIylH 3epTTeydi MaTepuanjap KarapblHa
KaObUIiayra Oomanpl. PensiTUBHCTIK CTATHCTHUKAIBIK MEXaHUKAaHbl KHHETHKAJBIK,
TEOpHsiFa KOJAAHBUTY, OIepaTopiapAblH THIIEPKa3bIKTHIKTapAarbl KOBAPHUAHTTBHIK,
TYpi, OIp YaKbITThl KOPPEISLMSIIBIK (QYHKUUSIIAP, dIEKTPOJUHAMUKAHBIH KaHOHIBIK
KBaHTTaJIybl Jla TaKbIPBIIKA HEIri3JeNnreH 3epTTey Marepuaizapbl Ooma anagbl.
CraTucTHKAIBIK OnepaTopabiH 3G GEeKTHBTI raMHIbTOHUAHBI, (oH Heliman Tenaeyine
ColiKkec Kellyl THUNEpPXKa3bIKTBIKTap (opMain3Mi KHHETHKAIBIK TEHICYIEpIl amyra
MYMKiHzik Tyrbizansl (Lukin et al., 2021a).

3eprTey oaicrepi. PensTHBHCTIK KHHETHKANbIK TEOPHSAAFbl HHTEIPANIBIK
TEHACYNEPi YaKbITThI [ puH (DyHKUMSIApBl apKBUIBI MISITYAIH TEOPHSIIBIK 3epTTEyep
YILIiH MaHBI3bI 30p. ATalFaH 9IiCTI acCTPOPHU3UKAIIBIK XKYHenepre Ae Kojaaayra 6onaabl,
MYHJIa OpTalla epic MapThl pei aTkapMaiinel. [lna3MaHbIH KHHETHKAIBIK KacHeTTepi
YIIiH KyaTThl Ja3epiiK UMIYJIbCTEP apKbUIBI ocep €Ty JKEeTKUIIKTi. MHHKOBCKHM
KEHICTiri OOMBIHILA THIIEPKAa3BIKTHIKTAPAAFbl MPOLIECTEPAIH A€ 3epPTTey OaphIChl YLIIH
ne MaHbI3bl Oap. OmnepaTtopiapra apHanFaH KO3FaJblC TEHIEYJIEpiH KOJIaHy apKbUIbI
IUTa3MaHbIH 3JIEKTPOAMHAMUKAIBIK TAOMFATHIH allly KOHE KMHETHUKAJIBIK TeHIEYyIepai
KOBapHaHTTHIK HYCKaJa jkazy oHainaHaabl. bonbiiMan Hemece BrnacoBa TeHaeynepin
CBI3BIKTBHIK emec 3(PQeKTTpre KIoAaHy apKbUIbl HETI3ri JIereH HOTIKeJIepre Kol
KETKI3UIITIH Oonaapl. KonaHbIIaThIH HET13T1 9/1icTepre TePMOSAPOIIBIK CUHTE3ALCY/II,
Ja3epiiK Tia3Ma MeH acTpo(M3HMKalblK HbICAHIAPAAFbl YIECTIpIM (YHKIHUSICHIHBIH
MOMEHTTEPIH, CaHIBIK MOJENBbACY OMICIH, KYLITI epicTepre apHalFaH BIFBICYIIAp
TEOPHSCHIH, COHbIMEH Oipre OemeKkTep KYOBIHBIH Taiga OoiyblH, OeIeKTepaiy
JUHAMUKACHl MEH TUIa3Mara apHajfaH KyJOHBIK JOrapruQMIi )KaTKbI3a ajJaMbl3.

Horumxenep. ApHaiibl CaJbICTBIPMANBUIBIK TEOPUSICHl  OOWBIHIIA KYHEHIH
KBaHTTBIK KYisiepi MUHKOBCKMH KEHICTIr1 apKbUIbl OaKblIaHYIIBUIAPABIH >KUBIHBI
apKbpUIbl cUmarTanaibpl. Artamran MyHpmaid OeTTepHiH ImIiHAE YII  eJmeMIl
TUIEPKA3BIKTBIKTAp MOCEIICHI Ientyli KubiHaataasl. Kanmait nqa 0ip KeHICTIK TEKTeC
O =0, runmepsKasbIKTHIK 71" Gipilik BeKTOpiapMeH oHe cKansap T MapaMeTpivMeH
(MHBapHaHTTHI yakKeITIIeH) OepineTin 6osceH (Deminov, 2023) sxoHe OHBIH TeHAEY1
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) m, =1 (1

n* :(1,0, 0,0) caHaK KyHeciHae T Tapamerpi ¢ yaKbIT alHBIMAJBICHI PETIH/IE

xypemi. O,.—Fa QyHKIMOHAT OOJIaThIH |\P[GM] KYWd BEKTOPBIH MaiialaHblIl,
O, 6 =Lo THIEPKA3bIKTHIKTApJarkl KYH BEKTOPJApBIHBIH apachlHJArbl apa—
KateiHactapra L :{a,A} Oiprekciz JlopeHI] TYpJICHIIpYiH KOJJIaHy apKbUIbI
Hlpenunrep TeHIEYiHIH KOBapUAHTTBHIK TYpiH MibFapbin amyra Oomaner (Lifshic &
Pitaevskij, 1979; Silin, 1998). [ = {a, A} TYPJCHAIPYiHIH HAKTHI TYPi

oc—>6=Lo: x>X=Ax+a 2)

Kyit BekTopmapbIiHbIH apachlHAarsl OailiaHbICTap TOMEH/IE KeNTipiireH:

U(L)|¥[Lo])=|¥[o]) 3)

myngarst U (L):U (a,A)—6ipTeKci3 Jlopenir T06b1. Bys TonThIH %u , W
rEHEPaToOpIIapbl  SHEPTHA—UMITYJIbCTIH 4—BEKTOPBI MEH OYpPBIITHIK MOMEHTTIH 4—
emmemai TeH3opsl (Izvekovaetal., 2021; Lukinetal.,2021b). T —apig MyMKiH 6071aThIH
MOHJIEPIH ©3repTeTiH YaKbITTHIK TPAHCISIHSIAPFA CIMKeC |\P[6n,r :|> =|lP(n’T)>
Genrineyin skacanm, omap ymin U(a,1)=exp iﬁa“) ckepin, a’ =n"ot
TPAHCISIUSCHIHA apHAJFaH

|‘P(n,r+5r)>+i51’($pn“)|‘l’(n,r)>=|‘P(n,r)> (4)

epHeTiH ana anmambi3. Oceinan [lpenuHTepIiH PeISTHBUCTIK TCHICYIH MBIHA TYpIe
aaMbI3:

.0
| ¥ (n.o)) = H ()| ¥ (7)) )

OchlI TeHCYTE COMKEC TUIIEePIKA3BIKTHIKTAFbI OCTTEP/IIH FraMHJIBTOHHAHBI
_ u
H (n)=F,n (6)

AafHBIMAJTBI CBIPTKBI ©PIiCTE SHEPTUS—UMITYJILC BEKTOPHI MEH TaMHJIBTOHHAH T —
ra toyenai (Kolesnikov & Manujlov, 2004; Kosarev, 2008). (5)-ke llpeaunrepin
TYHIHJEC TEHJCYIH KOJIJIAHBIN KBAHTTHIK aHCAMONbIACPAIH CTATHKAIBIK /1(71,1' )
OTepaTophl VIINIH JKa3bUIATBIH PEISTHBHUCTIK emec (oH HeliMaH TeHjaeyi TekTec
TEHJACY/I aryFa 0onaibl:
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oA(n,T)

=z _i[x(n,f),ﬁf (n)}:() o

CratukayiblK ~ OMEpaTOpABIH Tei3eHOeprTik OeliHeci T —Fa TOyenmi emec,
mekrenren Onr, TUNEPKa3bIKTHIKTAFbIbl (PyHKIIMOHATIAP K (x) oreparopiapbIMeH
aHbIKTaNaabl. by T mapameTpiHiH QpyHKIHUICH OOJIBIN TaObLIa bl KOHE OJap YIIiH

A¥, =0", —n"n, (8)
MPOEKTOPBIH €HT13y apKbLUIbI 4—BEKTOP/IbI

xt=n't4+xt T=n-x )
Typae >xa3bIn anambi3. MYHIAFbI

x=A" x" (10)

X —TiH KeJIIeHeH KypayIbichl. By sarmaitna K 5 ( x) oleparopiapsl ja T MEH

u .
X| —TiH (QYHKIHACH OOIBIT TaObLTA B

K (x)=Ku (n+x,)=Ku (1,x,) (11)
%# Te T —Fa TOyell eMec, IFHU
0, K (x)=—ilKu (x),Pu] (12)

Typaeri Ko3rajbic TeHACYIH maiaanansii, (6) TypJeri raMUJIbTOHHAHBI 0ap TEH-
Jeyli ainyra 00Jajbl:

Ko (1,x, ) = expli (7 7, ) Ko (n)K o (2o, )expl—i (v —7, ) K ()] (13)

O, . TUIEP)Ka3bIKTBIFbIHAAFEl H * (n) raMuIbTOHUAHIbI JIexkaHap TypieHIipyiH
oHe (6)—HBblI MaiiJaTaHbIl aHBIKTaHMBI3:

H'(n)= P (n)n* = [ don*T, n" (14)

n;t

mynnarer 7, (x) —3HEPTUS—HUMITYJIbC TEH30PBHI.
ITnasmaznarel KWHETUKAJBIK IporiecTepli O, ;) TMNEPKa3bIKTHIK (OpMann3Mi YIIiH
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CIIMHOD Ka3bIKTBIKTaFbl MaTpuua Oojbin Tabbutatein W, (x, p;‘L’) KaJIHOpIIeyirt
(DYyHKIUSTHBI €HT13eMI3:

W, (x, pit)= jal“ye"”fS (y'n)exp{iel\(ﬂ%y,x—%y;fj}Naav (H%y,x—%y;rj (15)

MYHOarbl

A(x,x',r)zjds(x“—x'“)AH (T,x'+s(x—x')) (16)

kamuOpaneymi GyHKuus. bip OeMIeKTiK THIFBI3IBIK ONepaTOPbIHBIH (W ')
OpTaIlachIH Ka3ahbIK:

N, (x,x'1)= <waa' (x, x’)>r

KI/IHCTI/IKaHLIK TCOpUsiIa (bOTOH,Z[LIK TBIFBI3ABIK MAaTPULACBIH T'HIICPIKA3bIKTBIKTap
u

(dbopmanu3MiHIe aHBIKTAy YUIIH orepaTopiiapblH Ka3blK TOJKBIHJAp OOMBIHIIA
xikren any Kaxer 6onansl (Koshtybayev et al., 2025):

Ly (z,x) =I ” ((j;;](zﬂ)3 5(q-o, (q))k_zl;ze# (g.k)e™ 17

Mynparsr e (q,k)—HOJIﬂpI/ISaL[I/ISIHBIH HAKTBUIbI 4—BEKTOpBI, all THUIEep-
Ka3bIKTBIKTarbl (DOTOHIAPFa apHAJFaH AUCIEPCHS 3aHbI

wn(q)=wn(—q)=m (18)

TBIFBI3NBIKTHIH (DOTOHIBIK MAaTPUIIACHIH TOMEH/IET1 OTIepaTopiiap apKbUIBl O©PHEKTEH
aJlaMbI3:

v ()= [ 245 (q)exp(-igx)a, (4)
(27r) (19)

vi(x)=] %‘5 () exp(igx)a; (q)

Byt oneparopnapapy apachiHIaFbl OPBIH aybICTBIPBIMIIBIIBIK aMaliapbl TOMCH/IE
kepcerinired (Timohin et al., 2022):
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[l//k (x),q/,: (x')il =58’ (x—x')

(v (x) v () ] =[wi (%) (x) ] =0

!
TeIFBI3ABIKTEIH (DOTOHIBIK MaTPULACBIHBIH OPTAIIachlH A (”»T) CTaTUCTHKAJIBIK
oIepaTopIbIH KOMETIMEH icKe achlpa anambl3 (Zaitsev et al., 2018):

N, (x, x';‘L’) = <R[kk’ (X, X')>T (20)
MyHnarbl
N (%) =y (¥ )w, (x) @1)

Erep, ¢hoTOHABIK MaTpHULIaHBI ),'(n,r)—HLIH opTamacsl OOWbIHIIA Ka3ap OOycak,
oHJa:

Ny (%,x57) = <wk"' (x, x,)>f _<l//k (x)>f <l//Z (x')y (22)

(15) »xoHe (20) epHekTepre apHaIFaH KMHETUKAJIBIK TCHICYJICPII IIBIFAPBII ATy
YIIIiH TOMEHJIET1 KO3FaJIbIC TEHCYJICPiH MaijaiaHy KepeK:

LN (im) =T {[w (), Ho (n) + o1 (n)}}/l'(n,r)
0

2 Ny )= _m{[%(x,x'),ﬂr;(n)@,f (n):i};t’(n,r)

OchbI KaThIHACTAP/IBIH OH JKaK O6JIIKTEPIH ThIFbI3IBIKTHIH (DOTOH/IBIK XKOHE
(hbepMHOHIBIK MaTpHIIAJIapbl ApPKBUIBI ©pHEKTeN ayFa 0onaael (Shaihitdinov, 2014).

. T .
Oun yirin g (n) ocepIiecy TaMHUJIBTOHHAHEI €CKEePIITeH KOMMYTaTOPIIapabl €CeTTey
Ke3iHzeT1

B (15e3m,7) = (01 ()04 (1))

KOpPEJSIIMSIBIK (QyHKIMATIApFa apHaIFaH TOMEHACT] Ti30€KTi TeHAeYyNIep/li KypbIIl
anaMbl3:

or

P SR S
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A nin)=(0,(3)- 000 |

MyHarbl @i (x,- ) —(hepMHUOH/IBIK )KOHE JICKTPOMArHUTTIK ©pic orneparopiiapbiHaH
kypsutral lpexunrep oneparopiapsl, ai <>T CUMBOJIBI KBa3UTENe—TEHII
opramranap neresni 6ingipeni (Charles et al., 211008; Lafleur et al., 2010).

KopbiThinabl. COHBIMEH, MaKalia/la KBAaHTTHIK JIEKTPOAMHAMUKAIIBIK TIa3MaHbIH
ANEKTPOANHAMUKAIIBIK KACHETTepl KBAHTTHIK JKYBIKTayJa KapacTBIPBUIBII, OHBIH
KYIITi 2JIEKTPOMArHUTTIK OPICIIEH dcepiiecy JKarIaibIHIarbl KHHETHKAIBIK TEOPHSCHI
seprrenai. Ecenrteynep rumepxaspIKTBIK (GOpMaTU3MiH KOJJAHY apKbUIBI iCKe
aceIppULIBl. ATanraH (OpMaTM3MHIH KOBapHWaHTTHI YITiJe KOIJAHBUIYBI Oipkarap
KYBIKTayJTapJsl KOBapHAHTTHl TypjAe >Ka3yFa MyMKiHIIKTep Oepemi. Maxkamana
OasHIaNFaH oicTep MEH KO3KapacThIH PEISATUBHUCTIK €MEC THIFBI3IBIK MaTpPHUIIACHI
omiciHeH OipKaTap e3remienikrepi 0ap eKeHiH alTHII Ty KePeK, OYJT PEISITHBUCTIK eMeC
CTaTHCTHKAJIBIK MEXaHUKAHBIH KOTITETCH 91ICTEPiH IJIa3MaHbIH JIEKTPOINHAMHUKACHIHA
KOJIJIaHa aJIaTBIHABIFBIMBI3IBI Aosenneiini. HakTel aiiTcak, runep)ka3bIKTHIKTapIarbl
TEMe—TeHCI3MITIKTI CHUMATTAMTBIH CTaTHCTUKAJBIK OIeparopiap  Kem OeImmeKTi
Koppensuusuiapasl  eckepe  amansl.  CoHbIMEH — Oipre,  TI'HIIEp)Ka3bIKTBHIKTAaFbl
rei3eHOeprTiK OeifHeneynep WHBApUAHTTHI YyaKbITKa TOyelNl Tere—TeHcizmi [puH
(GYHKIHSITaph! apKBIIBI PEISATHBHUCTIK eMecC KYHenepaiH JHarpaMMallblK TeXHUKACHIH
»acarn Oepe anmaapl. Makanaa KelTipiireH KybIKTayIap/ sl OpicTiK TEOPHUSHBIH OacKa
J1a Moceienepine, MbICaIbl KBAPKTHI-TJTFOOHIBI TU1a3Ma IaFbl TAChIMaJI KYOBIIBICTaphIHA
KoJlaHyFa Oomajbl.
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Abstract. The widespread use of lithium-ion batteries (LIBs), particularly driven by
the rapid growth of the electric vehicle industry, is expected to lead to a sharp increase
in the volume of spent batteries in the near future. Improper disposal of such batteries
may result in environmental pollution, accumulation of heavy metals, and the loss of
valuable resources. Commercial LIBs contain high-value metals such as lithium, cobalt,
nickel, manganese, copper, and aluminum, as well as flammable organic electrolytes
and fluorinated salts, which complicates their safe processing.

Currently, pyrometallurgical, hydrometallurgical, and direct regeneration methods
for LIB recycling are being extensively studied. Pyrometallurgy enables the recovery
of metals in alloy form, while hydrometallurgy focuses on obtaining high-purity
ionic solutions. From these solutions, cobalt, nickel, lithium, and other metals can
be recovered through electrolysis or chemical precipitation and subsequently used to
synthesize new materials. Recent studies have demonstrated the high efficiency of
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resynthesizing cathode materials such as LiCoO,, LiNi /,Co /;Mn /,0,, and LiFePO,/C
using precursors derived from spent LIBs.

However, the recycling sector faces several challenges: the structural diversity of
batteries, complex module assembly, material mixing, lack of standardization, and
safety concerns. Additionally, the development of cobalt-free cathode materials may
reduce the economic viability of some traditional recycling methods. To improve future
LIB recycling systems, it is necessary to standardize battery sorting and labeling, design
batteries with recyclability in mind, strengthen regulatory frameworks, and implement
environmentally safe technologies. Establishing an efficient recycling system will help
conserve resources, reduce environmental impact, and support the transition toward a
circular economy.

Keywords: lithium-ion batteries, electrolytes, recycling technologies, waste
management, greenhouse gas emissions (GHG)
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Aunnoranus. Jlutuii-uonnsl axkymymstopnapabiH (JIMA) keHiHeH Tapaiysl,
acipece IEKTP KOJIKTEpl MHIAYCTPHUSICHIHBIH KapKbIHIbI JaMybl, KaKbIH OoOJaliaKTa
naijagaHblUIFaH aKKyMYJSITOPJIap/blH KeJIEMIHIH KYpPT apTyblHa okesnemi. Mynnuai
AKKyMYJISITOpIIApbl JAYPBIC KOJIeTe Kapariay KOpIIaFaH OpTaHBIH JIACTAHYBIHA, aybIp
MeTalIap/iblH JKHHAIYbIHA JKOHE Oarajbl pecypcTaplblH bIChIpan OoyblHA ceder
6onybl MyMKiH. Kommeprusuibik JIMA KypaMbIHIa TUTHHA, KOOATBT, HUKEIb, MapraHell,
MBIC, IFOMUHHAN CHSIKTBI )KOFapbl KYH/IbI METAIJApPMEH KaTtap, )KaHFbII OPTaHUKaIIbIK
IEKTPOJIUTTEP MEH (GTOpPKYpamabl Ty3faap Oap, Oy ojapabl Kayilci3 eHueyl
KYpJICJICeHIIpesi.

Kazipri Ttanma JIMA-HbI KalTa OHJCYNIH HHUPOMETAJUIYPrHsUIBIK, THIPO-
METAJUTyprUsUIBIK JKOHE TIKEeJIeH pereHepamus oJiCTepi KEHIHEH 3epTTelyje.
[Mupomeraiutyprust MeTanaapsl KOpbITHa TypiHzue Oerinm ajmyra MYMKIHAIK Oepce,
THIPOMETAILTYPIHsI KOFaphl Ta3ajbIKTaFbl MOHIBIK EePITIHIUIep alyFa OarbITTalFaH.
Byt epitinainepaeH KoOalbT, HUKEIb, JINTHIA )KoHe 0acKa MeTajiap MJIEKTPOIN3 Hemece
XUMUSUIBIK TYHJIBIPY apKbLIbl OOJIIHIII, )KaHa MaTepraiap CUHTE3IeyTe KOJIaHbLIa bl
Conrbl 3eprreynep mnaimananeuirad JIMA-naH anpiHFaH mpekypcopiiap HerisiHzae
LiCoO,, LiNi/,Co/Mn /0, LiFePO,/C cusaKkrbl Karogx MaTepuaiiapblH KaiTa
CUHTE3/ICY/IiH JKOFapbl THIMIUTITIH KOPCETTI.

Amnaiina Kaiita eHuey cajackl OipKarap KHBIHIBIKTApFa Tall: aKKyMYJISTOPIapAbIH
KOHCTPYKIMSUTBIK OPTYPIILUIIri, MOIYIbICPAIH KYpIENi KYpacThIpbUIYbl, MaTepHal-
Jap/IbIH apajiacybl, CTaHAAPTTAPAbIH O0JIMaybI JKOHE Kayircizaik Macenesnepi. CoHbIMEH
Karap, KoOAJBTChI3 KaTOJ| MaTepUaIapbIHbIH JaMybl KEHOIp JOCTYpIi KalTa eHJICY
OICTEPIHIH PKOHOMHUKAJIBIK THIMJAUIIIH TeMeHaeTyl MyMmkiH. Bomamakra JIMA-HbI
KaliTa eHJIey KYHECIH )KETULAIPY YIIiH aKKyMYJISITOPIap/Abl CYPhINTAay MEH TaHOaIay bl
CTaHJapTTay, KaiiTa eHjeyre bIHFAWIBI IW3aliH Kacay, 3aHHAMAaJIbIK 0a3aHbl KYLIEHTy
JKOHE SKOJIOTHSUIBIK Kayillci3 TEXHOJIOTHsUIApbl Hri3y KakeT. TuiMji KalTa eHJey
KYHECIH Kypy pecypcTapibl YHEMJEyre, SKOJIOTHSUIBIK JKYKTEMEHI asaiiTyra >KoHe
affHaJIMaJTbl 5KOHOMHKA KaFUIaTTapbIH JKY3€re achlpyFa MYMKIHJIIK Oepesi.

Tyilin ce3aep: TUTHH-HOHIBI AKKyMYJSTOpIIAp, AJIEKTPOIUTTEP, KalWTa OHICY
TEXHOJIOTUSUIAPHI, KaJJIBIKTap/ sl OacKapy, MapHUKTIK Tazaap mbirapeiaasuiapsl (GHG)
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AnHortamus. Hlupokoe pacpocTpaHeHHe JTUTHIH-HOHHBIX akKKyMyasTopoB (JIMA),
OCOOCHHO B YCIOBUSAX CTPEMHUTEIBHOTO pA3BUTUS HWHIYCTPUU DIEKTPUUIECKOTO
TPaHCIOpPTa, B OMVKAMIINe okl MPUBEAET K 3HAYUTEILHOMY YBEIHUYCHHUIO 00bEMOB
00pasyronmxcss OTpaOdOTaHHBIX aKKyMynsiTOpoB. Hempapuibhas yruiamzanust JIMA
MOXKET CTaThb NPUYMHOW 3arpsi3HEHMsI OKPY’KAIOLIEH CpeJlbl, HAKOIUIEHUS TSXKENBIX
METAJUIOB M HEPALMOHAIBHOIO HCIIOJIB30BAHUS LEHHBIX pecypcoB. Kommepueckue
JTUTHH-UOHHBIE aKKYMYJISITOPBI COAEPKAaT JIMTHU, KOOAIIBT, HUKEJb, MapraHel, Me/b,
AJIOMUHUI U IPYTUe LICHHBIE METAJIIBI, & TAKXKE FOPIOYHE OPraHUYECKUAE IEKTPOJIUTHI
u QropcomepKame CoiM, YTO CYHICCTBEHHO YCIOXKHSET MPOILECCHl MX 0e30macHou
nepepaboTku. B HacTosmiee BpeMsl aKTMBHO DPa3BUBAIOTCS MHPOMETALTyprHUYECKUE,
TUAPOMETAILUTYPrUYECKUE METOJbl M TEXHOJOTMU IPSIMOM pereHepaluu MaTepHalloB
JINA. TlupomeTayurypridecKuii IMOAXOJ TO3BOJSET H3BIEKATh METAUIBI B BHUIC
CIUIaBOB, TOTJIa KaK THUIPOMETAJUTYyPTrHYECKHE IMPOLECChl 00ECIeUNBAIOT MOMyueHHEe
BBICOKOYHMCTBIX MOHHBIX PacTBOpPOB. M3 Takux pacTBOpOB KOOANIBT, HUKEINb, JIUTHH H
JIpyTUe MEeTajlIbl MOTYT OBITh BBIJENIEHBl METOAOM XHMHYECKOTO OCAXKJEHHUS WU
ANIEKTPONIM3a M HMCIONB30BaHbI JIJIsl CHHTE3a HOBBIX (YHKIIMOHAJIBHBIX MaTEpUAJIOB.
Pe3synbTarsl COBpeMEHHBIX HCCIIEI0BAHHN CBUACTENLCTBYIOT O BRICOKOH 3D (heKTHBHOCTH
MMOBTOPHOTO CUHTE3a KaTOAHBIX MaTepuaioB, Bkitodast LiCoO,, LiNi;/3Co:/3Mn, /50, u
LiFePO./C, Ha 0CHOBE MPEKYpCOPOB, MOIYUYEHHBIX U3 OTPAOOTAHHBIX aKKYMYJISITOPOB.
Hecmotps Ha mocTurHyThIl mporpecc, oTpacib nepepaborku JIMA crankuBaercs c
psiioM mpoOiieM, cper KOTOPBIX KOHCTPYKIIMOHHOE Pa3HOOOpasue aKKyMYISITOPOB,
CIIOKHOCTh JIEMOHTa)Xa MOJYJIbHBIX CHUCTEM, CMEIICHHE pa3JIM4YHBIX MaTepUasosB,
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HEeIOoCTaTouHasi CTaHJapTH3alusi W BOMPOCHl Oe3omacHocTtu. Kpome Toro, mepexon
K KaToOIHBIM MaTepualaM C IOHIKEHHBIM COJIepKaHHUEeM KoOallbTa MOXET CHU3UTh
SKOHOMHUYECKYIO A(P(GEKTHBHOCTh TPAAWIMOHHBIX TEXHOJIOTHH TepepaboTku. B
MEPCIEKTUBE Pa3BUTHE OTpacii TpeOyeT CTaHAapTH3alMUd CHUCTEM MAapKHUPOBKH H
COPTUPOBKH aKKyMYJSITOPOB, NPOCKTUPOBAHUSI KOHCTPYKIHMA, OPUEHTHPOBAHHBIX Ha
MOCJICAYIONIYI0 TiepepaboTKy, COBEPIICHCTBOBAHUS HOPMATHBHO-TIPABOBOW 0asbl W
BHEIIPCHUS SKOJIOTHUYECKH Oe30TacHBIX TeXHomoruit. Cozmanue 3(pPpeKTUBHOM cCHCTEMBI
nepepaboTKH JTUTUH-HOHHBIX aKKyMYJIITOPOB TIO3BOJHMT OOECIIEUHTH paIlOHAIBHOE
HCTIOJIb30BAHUE PECYPCOB, CHU3UTD IKOJIOIMYECKYIO HArpy3Ky U OyAeT criocoOCTBOBATh
peanu3anuy NPUHIUIIOB IUPKYISIPHONH SKOHOMHKH.

KuroueBbie cjioBa: TUTHI-WOHHBIE Oaraped, dJIeKTPOIUTHI, TEXHOJOTHU TIepepa-
00TKH, yIIpaBJIeHHE 0TX0IaMH, BRIOPOCH TapHUKOBHIX Ta3oB (GHG)

Kipicme. Dnektp Keuiri WHAYCTPUSACHIHBIH KapKbIHIBl JTaMyblHa OalIaHBICTHI
JTUTAA-UOHIBI AKKyMYIISATOpJIApFa JIETeH CYpaHbIC Y37ikci3 ecim kememi. COHBIH
HOTHIKECIHJIC JKaKbIH OoJlalllaKkTa YJIKEH KOJIEMJIETl JINTHH-UOH/BI aKKyMYyJsITopIiap
KBI3MET €Ty MEpP3iMiH asKTal, KoJIere xKapary MIcelelepiH KypAeleHipin, Kopiaran
OopTa MEH OJHeprus YHeMiaeyre arapiblkrail 3usiH Kenrtipyl MyMmkiH. Kasipri
KOMMEPLHSIIBIK INTUH-HOH bl aKKyMYJISITOPIIap KYpaMbIH A ay bICTIAJIbI BAJICHTTI METAJLI
okcuarepi Hemece docdarrap, aTIOMUHUN, MBIC, TpaduUT, 3USHIABI JUTHA TY3IAPHI
0ap OopraHuKalbIK JIEKTPOJIUTTEP, MOJUMEPII cenaparopiiap jKOHe IUIACTHK Hemece
MeTaiul Kopmycrap Oomansl (Aaltonen et al., 2017). Ilaligananbuirad JTUTHA-HOHIBI
AKKyMYJISITOpJIapAbl  IYPBIC KOJEre >Kaparmnay KOopIlaraH OpTaHbIH JIaCTaHYybIHA
JKoHe Oarajbsl PeCcypCTapiblH BICHIpan OoMyblHA oKemyi BIKTEMaN. COHABIKTaH
COHFBI KbUIIAPhl MYHAAW aKKyMYJIATOpIApAbl KalTa eHJEY MoceleciHe Hazap apra
Oactanpl. Anaiiia SHEPTUSl THIFBI3ABIFBl KOFApPbI, KAyilNCi3Airi apTTHIPBUIFAH >KOHE
Oarachl KOJDKETIMI JTUTUH-NOH/BI aKKyMYJISITOpJIapFa JeTeH CYPaHbICKa OaiIaHbICThI
OJIapIbIH MaTepUaIIbIK KypaMbl YHEMI €3repill, opTapantaHsll oTbipazbsl. by xarnait
naiaanaHbUIFaH aKKyMYJISITOPJIap bl KaiTa eHey MPOLECiH KypAeIeHIIPeIi.

byn makanaza naijanaHblUIFaH JIMTUA-UOHJBl aKKyMYJIATOpPJIapAbl KaiTa eHJIEY
CaJIaChIHJIaFbl COHFBI JKETICTIKTEPTE 10Ty Oepije/ii: KaliTa eHJiey POIECTePiHiH JaMYybl,
KaiiTa OHJey HOTH)KECIH/Ie alIbIHATHIH OHIM/IEp JKoOHE KaiiTa OHIeY/iH dKOJIOTHIFa dcepi
KapacThIPbUIAIbL.

Conrpl OipHelle KbUIIA SHEPTUSl THIFBI3ABIFEI MEH KyaT MIBIFApy MYMKIHIITI
JKOFapbl jKaHa SJIEKTPOA MaTepHalAapbiHbIH AaMybiHa Oaitnansictel JIMA konmmany
asicwl anekTp kerikrepine (OK) neitin kenetini (Shakoor et al., 2023, Wang et al., 2022,
Kaya et al., 2022). 3K HapbsIfel eHAl FaHa KapKBIH aJBIN Kelle JKaTKaHbIH jkoHe DK
AKKyMYJISITOPJIAPBIHBIH KbI3MET eTy Mep3imMi TD-/1e KoNnIaHblIaThiH aKKyMYJIsITOpIIapra
KaparaHJia y3arbIpakK OOJIaTBIHBIH €CKepCeK, afarsl OipHeme xpiiia JK-1eH mbIKKan
xapamcbl3 JIMA kenemi aca Kyplesi Kojere jkapaTy MOCEJECiH TybIHAATIAYbI
mymKkiH (Corbus et al., 1995, Rantho, 2017). Anaiina DK-men xammaii msIFapbUTaThIH
naiinanansutrad JIMA-HBIH pecypc YHEMJIEY MEH KOpIaraH OpTaHbl KOpFayFa 9cepiH
IJBIH ana OOoJDKaybIMBI3 KaKET JKOHE ojapibl Oackapy YIIH KaHJal Imapanapiisl
KasipyieH Oactan KaOblay KEPEKTIriH TYCiHY MaHbI3/IbL.
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JIMA xaronTaH, aHONTaH, CEMapaToplaH, SEKTPOJIUTTEH, CBIPTKbI KamnTamalIaH
YKOHE THIFBI3IAFBII OemIekTepaeH Typansl. Kasipri kommepuusinbik JIMA-napaa xartox
MaTepuabl peTiHe SPTYPIi TUTUH-KYpaMIbl OKCUATEP MeH Gocdartap KoIJaHbLIaIbL:
LiCo0,, LiMn,04, LiFePO,, LiNi;_x_,CoxMn,0, (NCM) xoHe 3epTTey HOTHKENEpI
Oo¥MbIHIIA KATO[ MaTepHaliapbl HapbIFBIHBIH jKapThiChiHaH actaMbiH LiCoO, sxone
LiNi ,,Co,,,Mn ,.O, KyparaH, aji 0nap/bIH KYpaMbIH/Ia KayilTi aybIp METAIL — KOOAJIBT
oap (Tong et al., 2019).

CoHbIMEH Karap, OpraHMKajbIK OJCKTPONUTTEPIEC JKAHFBIII OPTaHHKAJBIK
epiTkimrep MeH (TOp-KypamIbl JUTHH TY34apbl CHSAKTHI 3USHABI 3arTap Oojabl
(Idrees et al., 2019). Connpixran JIMA-HBI TYPMBICTBIK KOKBICKA TIKEJIEH TacTay aybIp
IKOJIOTHSUIBIK, JIacTaHyFa okenendi. bynan 6enek, JIMA kypambiana Li, Co, Ni, Cu, Al
CHSIKTBI XKOFapbl KyHJIbI MeTangap Oap. Omapasiy iminge Co men Li cupek ke3neceni
YKOHE CaJIBICTBIPMAIIBI TYpAe KbiMOart, an onapasiy JIMA-nars1 Memnmiepi THicinme 5—15
wt.% xoHe 2—7 wt.% Kypaiiipl, 0yJ1 TaOUFH KSHJIEPJIET] MOIIIIEPACH dJIeKaii/1a KOFaphl
(Labbé et al., 2012, Vega-Muratalla et al., 2024).

Ocpl alfTburranapra cyileHe oTelphlin, naganansiirad JIMA-Hbl KaiiTa eHzey aca
MaHBI3/Ibl, )KOHE TOJBIKKAH/bI KaliTa OHeY KYHECiH KYpy YLIIH THICTI TEXHOJIOTHUsIIAp
MEH HOPMAaTUBTIK Tajantap o3ipieHyil KaxeT. IlIbIH MoHIHIE, KOPFaChIH-KBIIIKbIIIbI
AKKyMYJISITOpIIapbl KaiiTa eHeY JKyieci )KaKChl XKOJIFa KOMbUTFaH jKoHe 011 Oenrifi 0ip
ToxipnOe MeH OarbiT-Oarnap Ocepe amansl. Meicanbl, AKIII-Ta KOpFachIH-KBIITKBLUIIBI
aKKyMyJISITOpIapAblH maMaMeHn 99% kaiTa emuenenai, Oyl TIOTI MIMHANAp, Karas,
ATIOMHHUAN OaHKiepi, OWHEK CHSAKTHI KYHICTIKTI KaJJbIKTapJblH Ke3 KelreH
TYpiHEH >kofapbl KepceTkim Oonbin Tadbut1agsl (Thompson et al., 2020). Anaiina
KOPFaChIH-KBILIKBUILIBI aKKyMyJsiTopiap MeH JIMA KypaMIpIK KaFblHaH aiTapibIKTan
epekuieneneni. bipiHmiiciHme akkymymnsaTop MaccachlHbIH ~60%-bI KOpPFAaChIHHAH
TYpaJbl )KOHE OHBI OOJIILIEKTETeHHEH KeiiH 0acka KOMIIOHEHTTEPCH OHAll akplparyra
6onanel (Pillot, 2017). An JIMA-1a KongaHbIIaThIH MaTepUaAapAbIH SPTYPIILIIri KaiTa
OHJICY TIPOIICCIH dJ/IeKalia KYpACICHIipe .

JIutuit-nonap! akkyMynaTopsiH (1-cypet) emipiik nukii maidganansuirad JIMA-Hel
KQJIETe JKapaTylarbl KYPIeIUTIKTI alKbIH Il b1, ce0e01 KaiiTa Ko 1any, KaiiTa OHIipuUIreH
Marepuangapapl Oartapesuiapia NaifanaHy, COHIAH-aK KaTOATBI CTEXHOMETPHSUIBIK
Kocrnajsap apKbUIbl OaTapesi camachlHAarbl MaTepuall peTiHAe KailTa eHjeyre AeHiHTi
perenepanus CUSIKTBI apajblK OareiTTap 6ap. JIMA enzipici MeH onapasl KaliTa eHIeyTe
KaTBICTBI €TKeH-Ter eIl SKOJIOTHSITBIK Oaranay >Kyprisisiin, KopiiaraH opTara eH Kell
3USH KENTIPETiH JKOHE MapHUKTIK Ta3Aap LIBIFapBIHABLIAPBIHA €H KOl YJec KOCATbIH
HAaKThl TEXHOJIOTHSIIBIK OTIepaIHsLIap bl AHBIKTAY KAXKETTLIITT KOPCETIIII.
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Cyper 1. JIUTHI-HOHIBI aKKYMYISTOPABIH OMIPITIK IIUKIII.

3eprTey  MaTepuajaapbl.  3epTTEy  HBICAHBI  PETIHIAC  JIMTUH-HOHBI
akkymyssitopnapaei,  (LIBs) opTypii  KaTonThlk Marepuanapbl KapacThIPBLIIBL.
Kazipri yakpiTTa KEHIHEH KOJJIAHBUIATBIH KATOJITBHIK MarepHaliiapFa JUTHH-TEMIp-
¢dochar (LFP), nuruii-uukens-mapranen-kodainstT okcuai (NMC), nutuii-mapraser
okcuai (LMO) xone mnutmii-kobansT okcuiai (LCO) »xkaramel. Byn wmarepuanmap
AKKyMYJISITOPIIApABIH 3JICKTPOXUMUSIIBIK CHIIATTaMallapblH aHBIKTall KaHa KoWMaii,
oJlap/IbIH OHJIIPICl MEH KaliTa eHJIey MPOIIeCTEePIHIH KOpIIIaFaH OpTaFa 9CepiHe e bIKITal
ereni. Jluruii-noner akkymynstopaapasl (LIBs) enzipy OapbickiHIa Cy pecypcTapbIHBIH
nacTaHybl, aTMocdepara 3HWSHABI 3aTTapAblH IBIFAPBUTYBl, COHJAW-aK KaTThl
KaJIBIKTap/IbIH TY31Tyi OpBIH allybl MYMKIiH, OyJI aiaM JeHCayJIbIFblHA J1a, KOpIIaFraH
oprara Ja aWTapibIKTail 3MsH KenTipedi. MyHJail akKyMyIsiTopiapFa CYpPaHbICTBIH
TYpaKThl ©cyiHe OaiaHBICTHI ONApbIH OHJIpiciMeH OailaHBICTBI MAPHHUKTIK Ta3aap
(GHG) mibrrapbiHAbUTaphl MaHBI3BI YKOJOTUSIIBIK MOCEIE PETIHJE KapacThIPhLIYJIA.
XKyprisren 3eprrey HoTmKenepi Ooibama (Lin et al., 2020) keHiHEH KONJaHBUIATHIH
yur Typui karon marepuangapsl yuriH GHG msirapeiaabuiapsl 6arananrad. OnapabiH
MasiMeTTepi OolibiHIIa, 28 KBT: car chritbiMapuibirbl 0ap LFP, NMC sxone LMO karoTbt
aKKyMyJISTOpJIapbiH OHipy Ke3inge tuicinme 3061 kr CO,-3kB, 2912 kr CO,-5KB, KoHE
2705 kr CO,-5KB NapHUKTIK ra3aapbl OeriHe/i. DKOHOMUKAIIBIK TYPFbIIAH THIMII JKOHE
KeH TapajraHblHa Kapamactad, LCO xaronraps! xainsl GHG misiFapbIHIbUIapEIHBIH
mamameH 80% Kypaiapl.

Owntipic GapbIChIH 1A O6JTIHETIH ra3aapablH KypaMbl iraMamMeH: 40% KeMIpTeK TOTHIFbI
(CO), 20% xemipkpiukbL rasel (CO,), 30% cyrek (H,), connaii-ak <3% cyrek Gpropuai
(HF) xone mamamen 7% kemipcyTekTepiieH Typanbl. Kemeci 1 — kectene aneMHIH
OpTYpIi ennepiHAe OpHajJacKaH KOMIAHWSUIApABIH KOJAAHBICTAFbl KOMMEPIHSIIBIK
KaiiTa OHJICY TEXHOJOTHSUIAPBIH JKOHE OJIAPJbIH KaiTa eHJEHTIH Oarapes TypJepiH,
COH/Iali-aK aJbIHATBIH COHFBI OHIMICP/Il CaIBICTBIPMAIIBI TYP/E IIONY JKacalFaH.

31




ISSN 2224-5227

2.2026

Kecre 1. KoMmMmepuusuibIK rmporecc jxoHe Oarapesuiap/isl KailTa oHJIeyMeH aliHaJIbICaTbIH

KOMITaHUsLIIap.
[Iponece Komnanus (Araysl sxone | LLukizar Hotmxe Cinteme
Opnanackas JKepi)
IPGNA Ent. (Recupyl), |Bbarapesmapasig LiCoO, xone Ellis, Mirza (2011)
Dpannms OapIIbIK TYpi Co(OH),
Tunpo- Sumitomo-Sony, JINA Co(OH), Saloojee, Lloyd
MeTannyprus | JKanoHus (2015)
Toxco, Kanana Li, Ni-Herisinaeri LiCoO, Saloojee, Lloyd
Oarapesuiap (2015)
Eurodieuze, ®pannms | Batapesuapzsig Ni, Cd xaHe Kushnir (2015)
OapIIbIK TYpi oonar
Zimaval, ®panmus Zn, Mn, Hg Zn xoHe Mn Ellis, Mirza (2011)
Heri3igaeri
Oarapesuiap
Dowa, XKaronus Barapesutapzbig Ni, Co Ellis, Mirza (2011)
ITupo- GapIIbIK TYPI
MCTAILLYPIIA | Umicore, Benbrus JINA xone Ni-MH | Co xone Ni Saloojee, Lloyd
(2015)
Nippon Recycling Ni-Cd, Ni-MH, JIMA | Ni, Co, Cd, Al, |Ellis, Mirza (2011)
center, XXanonus Cu
INMETCO, AKII Ni-Cd Cd, Ni, Zn Saloojee, Lloyd
(2015)
[Mupo-ruapo- | Glencore Plc., JIMA xoHe amexTp Cu, Ni, Zn, Li Saloojee, Lloyd
metamuryprus | LBeitmapus KeJKTepi (2015)

OJICMHIH KONTEreH eIJICPIiHJIe aKKyMYJIATOpJIap/ibl KalTa OHJICyMEH aliHaJIbICAThIH
JIUIICH3USUTaHFaH KOCIOPBIHAAp KyMbIC icTeiai. Jlutuit-uonael 6arapesnapas (LIBs)
KaiiTa eHJeyre MaMaHjaHFaH Heri3ri kommnaHusuiapra Accurec, Umicore, Batrec AG,
Sony-Sumitomo, Toxco xoHe Oacka na (upmanap jkaraabl. OHEPKACINTIK IKOHE
3epTXaHAIBIK JICHIelIe OaTapesiap/bl KaiiTa eHJCydiH 0acThl MakcaThl —KOOAJET,
JIUTHH, HUKEJb )KOHE MapraHell CUSIKThI METaJIap bl KaJIbIHA KeATIpy. JINTUH-UOHIBI
akkymynsropiapiabl kata exaey Ni-Cd xone Ni-Mn OarapesuiapbiHa KaparaHja
annekaiina keH Tapairas (Ellis et.al., 2011).

LIBs kypaMbIHJIaFbl >KETUIIIPUITCH XUMUSJIBIK JKYHelep KalTa eHjaey yAepiciH
9KOJIOTHSUTBIK TYPFBIIaH THIMII eTeli, ce0ebi oiapa KayinTi 3arTap a3 Mesiepe 6oa bl
JKOHE KalTa eHJey VIIH MUPOMETAJUTYPrusifa KaparaHJa THUAPOMETaUTypPIrHsUIbIK
oicTeplli KolaHyFa MYMKIHIIK Oepeni. Pecypcrapapl TiMl maiinananymMeH Karap,
KaiiTa eHJIey TiKeJIeH 3KOJIOTHSUITBIK Maiaa akesneni. Mbicanbl, LMO THUIITI AUTUNA-UOHIBI
aKKyMyJaTopbiH eMipiik mukiiniaeri GHG mibirapeiHabUIapel OacTankpl IMIHKi3aT
OpHBbIHA KailTa OHAENIIeH KaTroj, aJIOMHUHHMI KOHE MbIC KOJIJIaHBUIFaH XKaraaiiaa
50%-ra neiiin azarobl MyMKiH (Dunn et al., 2012). JIuTuii-noHapl aKKyMynsTopiaapaa
KOJJIAaHBLJIATBIH ~ OPTYPJl  KAaTOATHIK MarepHaAap/blH METaUIbIK KYPaMbIHBIH
alTapibIKTal ©3repeTiHIH KOpCeTeIi: LiCoO2 KYHenepiHae KOOAIBTThIH MacCajblK
yJieci ete sxorapbl 6onca, NCM tunTi Marepuaiiapaa HUKeIb MEH MapraHelnTi yieci
OacbIM. by iepexTep KaTo1 XUMHSICBIHBIH YBOJTIOIUSCHIH, SIFHU KOOAJIBTKA TOYEIIUTIKTI
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a3aiThIN, HUKeNIbre Oaii, SKOIIOTHSIIBIK Kayilll TOMEH JKylenepre Kelly YpAiciH alKbIH
kepceteni. CoHbIMEH Karap, JUTHHAIH YJeci Oapiblk Marepuangapaa LiaMaMeH
TYpaKTBl JACHIeiie CaKTalbll, KaliTa eHJeY CTpaTerusuIapbiH JKocnapiayaa MaHbI3abl
napameTp OOJIbIN TaObLTaAbL.

Owmipnik  mukngi  Oaramay (LCA) HoTmKenepi NHPOMETATypPrusi  KOHE
THAPOMETAILTYPTHsl  apKbUIbl  OHIIpUIreH Oarapes MarepuaifapblH — OacTamKsl
LIMKI3aTIeH CaJBICThIPFaHIa, TUPOMETAIUTYPIUSIIBIK OHIIPICTIH AJIEKTP IHEPTHSICHIH
KoOIpeK TYTBHIHATHIHBIH, COHJai-aKk eTe ycak KarTel Oemmekrep (PM2.5) >xone
opranukanblk ymmna KocbuibicTap (VOC) mblFapbIHABUIAPBIH THAPOMETAITYPTHUsFa
KaparaHJia eKi ece ke OesieTiHiH kepceTe/i (Arambarri et al., 2019).

Barapest >kyienepiHiH eMIpmiK IMKIiH >KOHE OHKOJOTHAJIBIK JCepiH Oaranayna
aca MaHpI3[bl HapamMeTp  Oartapesnarbl MarTepualgapAblH XUMHUSUIBIK (HOpMACHL.
Onerre Ni, Co, Cd, Mn, Zn CHAKTB 3JEMEHTTEPIIH YBITTBUIBIFBl OJAP/IbIH
KOpLIaFraH opTaja OHAll MHUTIpalMsIaHybIMEH OaiJaHbICTBI KapacThIpbUIAAbL. Ajaiia
Oarapesi eHAIpYyLIIEpI XUMUSUIIBIK KypaMbl KU1 ©3repTill OThIpaabl, Oyl KajlblHa
KeNTIpUIreH MarepuangapAbl KaHa >Kyhenepre eHrizyai KublHaaTaasl. Meicansl, Ni-
Cd GarapesuapblHga KOJAAHBIIATEIH HET13T1 KOCBUIBIC HAIIAp €PUTIH KaJAMHUI OKCUAL,
OipaK TOKCHKOJIOTHSJIBIK 97icOneTTepaAe KoOiHe KOFaphl pUTiH KaAMUN XJIOPHII HeTi3re
anbiHangel. Con cusIKTHI, maiimananpuirad LIBs KypaMbIHAAFsl MnO2 JKoHE Mn30 s
(mapranen), ZnMn, O, (Mbipbim), LiNiO, (Hukens) (azanapbl KaablIThl TEMIEPATypa
MeH KbICBIMJa OHall epiMeili, COHIBIKTAH ONapIblH DKOJIOTHSUIBIK 9CepiH Oaranayna
Oyt (akTOp MIHIETTI TYpAE eCKepiiyi THic.

JIMTUI-NOHBI aKKyMYJISITOPIAPIABIH KbI3MET €Ty Mep3iMi oeTTe 3-4 Kbll, HeMece
opta ecemnreH 1000 mukin (Chen et al., 2018).

Harun:xesiep Mmen Tankbliaynap. MakpoaeHreiaeri Kaiita eHaey yAepicin tanjay
0apbICHIH/IA HET13T1 TEXHUKAJIBIK Macenenep iy 0ipi 6aTapest ")KHHAKTaPbIH, MOIYJIbJeP/i
YKOHE JKEKE AIIEMEHTTEP 11 Kayilci3 opi THiM/Ii OeJIIeKTey eKeH T aHbIKTan bl Keismer
KOpceTy Mep3iMi ilIiHAe MEXaHMKAJIBIK OCpIKTIKTI KaMTamachl3 €Ty KaKeTTiTiriHe
KapaMacTaH, KOHCTPYKIHS KaliTa eHJIey Ke3eHiHIe OHall alryra MYMKIHIIK OepeTiH
mrenriMaepai e KapacThlpybl THIC.

3eprrey HoTXKeJepi Oartapesuiapipl OeIeKTey Ke3iHIe MeTaml Kypalgapsl
KOJIIaHy KbICKAa TYHBIKTay KaylmiH apTTHIPATBIHBIH JKOHE IIIKI KOMIOHEHTTEpPIiH
KbI3ybl MEH TYTaHybIHa OKelyl MYMKiH eKkeHiH kepcerTi. COHABIKTaH KalTa eHAeY
YZepiciHiH KayillCi3AiriH KaMTamachl3 €Ty YIIiH 3JEKTp OTKIi30eHTIH Kypanmap MeH
apHaiipl OeIIeKTey TEeXHOJOTHsJIapbhlH KOJIJaHy YChIHBLIAaAbel. Bynm macene acipece
OHEPKOCINTEe KCHIHEH MaliJaJaHbUIaThIH MPU3MATHKAJIBIK XOHE LUWIMHAPIIK JUTHI-
MOH/JIbI 3JIEMEHTTED YIIIiH 63eKTi 00BN TaObLIabl, ce0e0l OMapabIH KOHCTPYKIUSITBIK
epeKLIeTiKTepl OeMmeKTey Ke3iHAe KOChIMINA KayilCi3[iK InapaiapblH Tajall eTei.
Kenrteren 3eprrey TonTapsl MOAYIbIAEp MEH Oartapesi >KUHAKTApPbIH OOJIIEKTEY
KYMBICTapblH aKbUIABI pOOOTTap apKbUIBI OPbIHAAY KaKeT JAereH mikipae. MyHBI
KMHAK JACHreHiH/Ie jKy3ere acklpyFa 0onaabl, Oipak opTyp:ii *KHHAK KOHCTPYKIHUSIIAPHI,
OeKITKIITep MEH >KeNIMAEPIiH KOmTiri Oy mpouecTi KublHAaraabl. JKuHaKTapIbiH
mimiHAepi MeH KoH(Urypanusjapsl eHAIpYIIJiep apacblHOa fFaHa emMec, Oip
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OHJIIPYIIIHIH 63 MOJCIbACPIHAe JIe alTapiblKTail e3repeii. DIeMEeHTTIH (popMaThiHa
KapaMmacTaH, 9[eTTe OipHele 3JIeMeHT MOy Ibre OipikTipinieni, Oipak 3IeMEeHT CaHbl MEH
Tiz30eKTell/mapaiens Kocbuly KOH(pUTypauusiapsl eTe opTypii. Ker sxaraiina Momymb
iminzeri aneMeHTTep Oip-OipiHe TYpaKThl Typae OEKiTiNe Al JKoHe TEXHUKAIBIK KbI3MET
KepceTy Ke3iHje OeseKTeyre apHanMara. JKanmsl anFania, KbI3MeT KopceTy Hemece
OeJIeKTey TYPFBICHIHAH aFaH/a, TOFbI3 TYPl OipIKTIpY TEXHOJIOTHUSCH aHBIKTAIFaH,
oJIapabIH OapibIFbl TYPAKTHl KOCBUTY 9IicTepi OOMbIN TabblIaabl, COHABIKTAH ONapIbl
XbIpary KeOiHe IeCTPYKTUBTI Mpoecc 60Iybl MyMKIH.

Monynbaep apachlHAAFbl KOCBUIBICTAp 9JIETTE KBI3MET KOPCETYIe bIHFAHIIbIPaK
XKoHe OypaHIalibl HEeMECe MOMEHTIICH TapThUIaThIH KOCBUIBICTAP/bI, COHIAN-aK apHalb
MEXaHHMKaJBIK KbICY apKbUIbl OekiTineTiH push-fit TUNTI KOCBUTBICTapAbl KOJAAHYBI
MyMKiH. MyYHJail KOCBUIBICTAP/IbIH KaHTalaHATBIH CEHIMIUIIr MOIYIbAEP/i KbI3MET
KOpCeTy Ke3iHAe OHall aybICThIpYFa JXOHE OMIPIiK LUKJI COHBIHAA OeJIueKTeyai
KEHUIZCTYTe MYMKIHJIIK Oepe/ii. DIeMEeHT JACHIeHiH e CTaHIapTTay dJIeKaiaa KUbIH,
ce0edi nmmHApIiK, pouch jkoHE MPU3MATHKAIIBIK HIEMEHTTEP KEHIHEH KOJNJaHbIIa/Ibl.
KakplHma OKypri3iireH 3eprreyiepAe SJIEeKTPOATap  apachblHIAFbl  HOJIUMEPIi
cernaparop/bl AIEMEHTTIH OeJICeH I KOMITOHEHTTEPIH aXbIpaTy 9JIiCi peTiHae KONIaHyFa
OonatbiHbl KepeeTinai. Li xoHe apinTecTtepi jkacaraH KYpbUIFbI BaKyyMIIbl KOHBeHep,
KBICKBIIITAP JK9HE OipHele CKpUMepIIep apKblUIbl aHOATHI, KATOATHI JKOHE CenapaTropbl
aXbIpaTyFa MYMKIHJIK Oepei.

Hatioananvinzan JIHMA-nvl Kaiima oenOey HamudiceciHOe aIblHAMbIH OHIMOep.
Barapesmapapl KadiTa eHjey NpPOIECIHIH COHFbI Ke3eHiHIe manpanansiiran JIMA
KYpaMbIHAAFBl METaJUl KYHIBUIBIKTaphl KOpBITHANAp, LUIAKTap, €piTiHALIep >KoHE
TyHOanmap cusAKTBI Oacka 3arTapra alHamaabl. MeIcalbl, MUPOMETAILTYPrHSUIBIK
OHJICY/ICH KeHiH JITHH, alFOMUHUAHN jKoHEe TeMipAiH Oip Oeiiri muiakka erteni, an Oy
uutak OETOH OHAIPICiH/Ie MaiiaIbl TONTHIPFBIL PETIHAE KOAAAHBUTYBl MYMKIiH; a1 MBIC,
KOOAJIbT, HUKEJb JKOHE TeMipAiH Oip OemiriHeH TypaThlH KOpbITIAa KeHiHHEH OeiHim,
Ta3apThUIBII, KalTa KOJAaHyFa JKapam/ibl Ta3a METaJlapra aiiHanazbl.

I'uapomeTammyprusuiblK mpoLecTe MaiManay Ke3eHiHeH KeliH KypaMbIHaa SpTypii
noH7ap Oap epiTiHAl anbIHagbl, OHbI METANAAP, XUMHSIIBIK PEareHTTe, JKaHa IEKTPO
Marepuangapsl koHe 0acka (yHKIMOHAIABIK MaTepuangap CUSKTBl KYHIbI OHIMIepre
OHJIEyTe 0OJIaIbI.

Memandap oicone xumusnvlx 3ammap. OJETTe Taza MeTangap IIaiManay
epITIHAICIHEH AJEKTPOXUMUSIIBIK TYHABIPY apKbUIBI albIHAIbl. MBICANIbI, FHUIBIMU-
3epITey JKYMBICTAapbIHIA TNalJalaHbUIFaH Ysiabl TenedoH OartapesuiapblHaH Tas3a
KOOAJIBTTBI SIIEKTPOXUMHSIIBIK dicnie koHe Li—CoxNiy_xO, Kalnablk MaTepuajbiHaH
Ta3a HUKEJb/II ANIEKTPOIN3 apKbUIbI O6JiN ajnFaH. DIEeKTPOXUMHUSUIBIK IIaiiManay >KoHe
KeUiHT1 anekTponu3 apkKeuibl 99.2% kobanbt, 99.5% Mbic xoHE 96% 3IMEKTPOIUTTIK
Mmapranen nuokcuain (EMD) enpipreHi skailbl Makajiajgapia MoJliMETTEp Ke3Iecei.
Kangeik LiCoO, maiimanay epitingicinen 99.5% Ta3aibIKTarbl KOOAIBTTHI IEKTPOIIH3
apKbUIBl KaJlllblHA KENTipreH. AJIbIHFAH MeTanjgap KeiiH KOpbITIa jkacayFa Hemece
XUMHSUTBIK [IIUKI3aT PETiHAC OHJIEYTe Ki0epiiei.

[atinananpirran JIMA-nan XUMUSUTBIK TIMKI3aT ajly YIIiH THIMII TOCLI IIaiManay
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epITIHAICIHEH TiKeNel KOFapbl Ta3aJIbIKTaFbl, )KOFapbl KOCBUIFaH KYHBI 0ap XUMHUSIIBIK
KOCBUIBICTAap/Ibl cCHTE3Aey. Kazipri 3epTTeynep Taza MetaigapAbl anynaH repi spTypii
KOCBUIBICTApIbl TiKeNeH CUHTe3[eyre KeOipek OarbITTairaH. MbIcajbl, allbIHATHIH
KOCBLIBICTAP:

KobansT kocbutbictape: CoC,0,:2H,0, Co(OH),, Co0,0,-2H,0, CoCO,, Co,(PO,),,
CoSO,-7H,0.

Huxens xoceutsictapsl: Ni(OH), , NiCl, , NiSO,-6H,0.

JluTnit KOCBUTBICTAPHI: Li2C03, Li3PO "

backa enimzep: CuSO,, MnO, , MnSO,-H,O, F eC13, Ni—Co—Mn ruzapokcuarepi.

By XUMHSIBIK 3aTTapablH KOMIILTIrT KOFapbl Ta3aJlblKKa HE >KOHE KOCHIMIIA
TazapTynbl KaeT eTHei-ak jkaHa Marepuanjap eHAIpiCiHae MIMKi3aT peTiHae
KOJIAAHBLTYbl MYMKIH.

Dnexmpoo mamepuandapei. YKorapeina aiiteurrannai, nananansurad JIMA-HbIH
KaToll MaTepHaJIapbIHIAFbl JIMTHH, KOOaJbT, HUKENb, MapraHel, TeMIp CHSKTBI
MeTalnaapibl KaiiTa eHJey apKbUIbI JKOFaphbl TA3albIKTa KAJNIbIHA KENTipyre OOsambl.
CoHFBI KbUIJAPBI KONITET€H aybICTIabl BAIEHTTI MeTai okcuarepi JIMA yurid oneyerti
aHoJ Marepuangapsl peTinae ae Kapactbipeiayaa. CoHAbIKTaH nainanansuiran JIMA-gan
KaJmblHAa KENTIPUIreH MeTaul KYHABUIBIKTApbl jKaHa OSJEKTPOA MaTepHajlapblH
CHHTE3/IeyTre apHaAJIFaH MaHbI3/Ibl MIMKI3aT K631 Oona anajibl.

Muxkpooeneeiioeei  xauma onoey macenenepi. DIEKTPOIUTTEH, cenapaTopAaH
KOHE KanTamasiaH OeNliHreHHEH KeiiH, KYpaMbIHJa Heri3ri KyHIbUIBIK IIOFbIPIaHFaH
ANIEKTPO], MaTepualJapblH OJapAbIH JKEeKe KOMIIOHEHTTEpiHe axbIpaTy KaxkeT. Kaiita
OHJICY/IeT1 HEeTi3ri Kelepri — TOK J>KMHAFBIII TIeH OeJICeHIi Marepuall apachIHIArbl
uHTEepercTi axpipary. bainanplcTRIprbIUThH  (binder) MaHBI3ABUIBIFBL  KOOiHE
eckepinMeiini. MyHna eki Typii Oy3buty MexaHu3Mi Oap:

1. Tok »XMHAFbIII MEH OeJICeHII MaTepHuajl apachbIHAAFbl aare3usuIbIK OaiIaHbICThI
Oy3y;

2. Oencenni OeIeKTEp apachIHAAFbI KOTE3HMSUTBIK OaliIaHbICThI Oy3Yy.

OpraHukanblK epiTKiITep OalJaHbICTBIPFBILITHI €piTy YLIIH JIMraHj] peTiHae
KOJIIAHBUTYbl MYMKIiH, ajl CIITUIIK JUraHATap alIOMUHHKAL oiibin (etching) xibepeni.
Cynbl TOTBHIKTBIPFBILI KBIIKBUIAAP MBIC TEH alOMHHHUIAI TOTBIKTBIPBIN, MeETajll
OKCHATEpIH e epiTe ananpl. TOK >KWHAFBIII MaTepHalAapbIHBIH OWBUIYBl KEHiHT1
OHJICY caTbUIapbIHAA KUBIHABIK TyAbIpajabl, ce0e0i MeTana OKCHATEPiHIH MBIC HEMece
ATIOMUHMAMEH JlacTaHybl KaliTa KalIblHA KENTIPIIreH KaTol MaTepuaiJapbIHBIH
OHIM/ILTITIHE Kepi acep eTe.

Amnaiifa cyFa epuTiH KOcHanap/sl IypbIC TaHAaY KoHe 00Ty IpoLeciH OHTalIaHAbIPY
YKachl epITKIIITEPAl KOJIJaHa OTHIPBIIL, JKaKChl OOJIiHTeH jKOHE Ta3a KaJIbIK aFbIHIaPbIH
ayra MyMKiHAIK Oepeni. MyHaaii 6emy oficTepiMeH aHO| TICH KaTOATHI KbICKA IIUKIIIL
Kaiita engey MyMkiH. Cymbl Kylenepae rpaguTTi KaliTa eHJIeN, OHAl KallTa KoJaaHyra
Oomajel, Oipak KaToj MaTepHalibiH KahTa NaijanaHap ajiiblHAa KOOiHE peuTHaIMs
(xaiiTa TUTHIIMEH KaHBIKTHIPY) HEMECE «CayBIKTBIPY» KaJaMbl KaKeT, SHUTIece OHBIH
MEHIIIKTI CHIABIMABUIBIFBI KETKUIIKCI3 OOIabl.

KocpimMIa xeHinaeTy peTiHAe TOK JKMHAFBIII TIeH OeJceH/l MaTepuall apachlHIa
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0aliIaHBICTHIPFBIIITHI KKET ETIEHTIH ’KaHa AJIEKTPO] KOHCTPYKIMSIapbIH KapacThIpyFa
Oonaznpl. Byn kaHa waes emec: OacTamkpl CUITLTIK HUIHHIPIIK Oarapesuiap MyHBI
Y3aK yakKpITTaH Oepi KOJJaHBIN KeJell OHE JJEKTPOI pEeTiHAEe TOK >KWHAFBILITApFa
TBIFBI3JIAJIFAH OCJICeH/ I YHTAKTap Il Al aaHabl. Ajaiiaa OyJ1 TOCT oIl TUTUNH-UOHIBI
KyHenepre €Hri3iIMereH jkoHe OoJamak 3epTTeylep YIUiH MepCleKTHBA bl OarbIT
00JTybl MYMKiH.

KopsIThIHABI MeH YCBIHBICTAP. DIEKTp KONIKTEPiHIH OHIIPICIHIH alTapibIKTal
apTyBI)KaKbIH 00JalIaKTa KONTEreH aliJalaHbUIFaH TU THIH-UOHIbI aKKYMYIISI TOPIapIbIH
(JIMA) naiina GomybiHa okenesi. Onapabl QYpbIC KaiiTa OHJIEY 6Te MaHBI3/Ibl, OUTKEHI
oJlapIbIH KypamblHAa Oarayibl METalap MEH 3usHAbl 3artap Oap. llaliganmanbuiran
JIMA-nan MeTamt KYHIbUIBIKTapblH KaJIbIHA KeNTipyre OarbITTalfaH KONTereH KanTa
OHJICY MPOIECTEPl 3IPJICH/Il, OJNIApPIbIH KeWOIpi TIMTI OHEPKICINTIK JACHIEHIe Ky3ere
achIpbLTYA.

Wnean xatita exuey nporieci naiipanansuirad JIMA-HBIH OapiiblKk KOMIIOHEHTTEPIH
TOMEH DHEPTrHsl LIBIFBIHBIMEH JKOHE KOpIIaraH OpTaHbl JacTaMail KajlblHa KeJITipyre
KaOineTti Oomybl Tuic. Kasipri yakpITTa MyHIail Tanantapra CoHKec KeleTiH
TexHoJorusiap OoiibiHIIa Oenrinai Oip FeUIBIMH KeTicTikrep Oap. Amaiina JIMA
KYpaMbIHAAFBl MaTepuaNJapAblH OPTYPIIiriHe OallIaHBICTBI OJapAbIH  OapibIFbI
KYpZAeTi eHJey caTbUIapblH HeMece KbIMOaT peareHTTepli KaxkeT eremi. COHABIKTaH
aHaFypibIM THIMAI KaliTa eHJACY TeXHOJOTHSUIAPbIH JaMbITy YIIiH o e KOl Kyl
KyMmcay Kaxer.

Conbimen Karap, JIMA kaiita eHaey HHIycTpUsCh OipHerie 0acka KUBIHABIKTapFa
na  Tam  Oonmaabl.  BipiHINAEH, KOPFACBIH-KBILIKBUIABI  aKKyMYJSTOpJIapaaH
aiipipMambUIbFel, JIMA TeXHONOTHSACHI MEH XUMHSICHI YHEMi ©3repill OThIpabl, ai
KaliTa eHJIey TEXHOJOTHsIaphl Oy e3repicTepre iece aamai keneni. Mpicanbl, erep
KaTonTap KOOaNbTChI3 MaTepHajjaplaH jKacajca, MUPOMETAJUTYPIHsJIBIK IpoIece
9KOHOMUKAJIBIK TYPFBIJAH THIMCI3 O0JIybl MYMKiH.

Exinminen, JIMA kaiita eHaey WHIYCTPUSCHI JaMblFaH CalblH KaiTa eHICY
aFbIHBIHAA AaKKyMYJSITOp TYPJIEpiHIH apanacybl Mocelleci TyBIHAAybl MYMKIH.
Mpicanbl, KeWOip MIaFblH 2JEKTP KONIKTepli HeMece 3JIEKTpP BEIOCHIEATEpl YLIiH
JIMA MeH KOpFachIH-KBIIIKBUIABI aKKyMYJISTOpJap TeOMETPHSJIBIK JKaFbIHAH e3apa
aIMacTBIPbUIATBIH eTilm jkacanmybl MyMKiH. bynm JIMA-HBIH KOpFachlH OajKbITy
nemTepine Kate xiOepiayiHe oKelil, opT, XKapbUIbIC XKOHE JIACTAHY KayIiH TYIbIPaIbL.

Ywminmigen, JIMA xkalita eHmeyre KaTbICThl TOJBIKKAHIBI 3aHIap, epexkenep
KOHE CTaHAapTTap Kykeci oK. MyHzaail kyie KaiiTa eHJey MPOLeCiH CTaHaapTTall,
naiinanansuiran JIMA-HBI  Kayinci3 JKUHAy[bl, TacbIMalAaydbl JKOHE OHICYyal
KaMTaMachI3 eTep ei.
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Abstract. In this paper, we study a simplified scheme of a fermionic dynamical-
symmetric model designed to describe multiparticle nuclear systems with identical
fermions. Interest in such an approach is related to the need to create more compact
and computationally efficient methods for analyzing the collective properties of atomic
nuclei while preserving the key features of the microscopic interaction of nucleons.
The study considers the possibility of reducing the number of independent variables
by identifying dominant collective paired states that play a major role in the formation
of the core spectrum. Shell-nucleon description of the collective states of nuclei of
medium and heavy atomic weight remains a difficult task. Therefore, the macroscopic
study of collective excitations of the model has always been involved in the problem,
the connection of which with the usual shell structure of nuclei was not strong. In
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contrast, the fermionic dynamical-symmetric model proposed for describing collective
excitations of multi-nucleon systems is directly related to the shell model of nuclei.

The main attention is paid to the procedure of mapping fermionic operators into
bosonic space. This transition makes it possible to replace the complex description of
the system of interacting fermions with a simpler algebraic scheme based on effective
bosonic operators. It is shown that after the transformation, the structure of the
Hamiltonian becomes much more compact, and the study of energy levels, collective
excitations, and transition probabilities is significantly simplified.

Additionally, it is noted that the proposed method preserves the fundamental
symmetric properties of the original fermionic model, thereby achieving a correct
description of the physical characteristics of nuclear systems. The use of algebraic
and group-theoretic methods expands the possibilities of analyzing spectral patterns
and facilitates the interpretation of the results obtained. The proposed approach can
be effectively applied in the study of spherical and weakly deformed nuclei, and also
helps to reduce computational costs in problems of theoretical nuclear physics.

Keywords: fermionic model, dynamical symmetry, identical particles, model
simplification, bosonic space, mapping (transformation), quantum system, operator
formalism, second quantization, symmetry algebra
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Annortanusi. Bbyn skymbicta Oipaeld ¢epMHOHIapIaH TYpaThiH KOIMOOIIIEKTI
SIIPOJIBIK, KYHeNepai cumnarrayra apHaifaH (DepMHUOHBI AMHAMHUKA-CHUMMETPHSUIIBIK
MOJIETIB/IiH bIKIIAMAAIFaH HYCKAChl KapacThIpbuIabl. MyH/Ial TOCIITe KbI3bIFYIIBIITBIK
sIIpoJIaparbl HYKJIOHJIAPJbIH MHUKPOCKOIHUSJIBIK ©3apa acepiiecy epeKIISTIKTepiH
CaKTail OTBIPHII, YKBIMIIBIK KACHETTEP/I1 CUITATTAY IbIH BIKIIIAM 9pi €CerTey TYPFhICHIHAH
THIMJII 9[IICTEPIH KYPy KOKETTUTITIMEH OaiaHbICThI O0JI/IbI. 3epTTey OaphIChIHA SAPO
CHEKTPiHIH KaJBINTACYbIHA MaHBI3[bI POJI aTKAPaThIH Y)KBIMJIBIK JKYNTHIK KYWIep/i
0eJIin KepCceTy apKbUIbl TOYEJICI3 alHBIMAJIBLIAP CAaHBIH a3alTy MYMKIHJIITI TaJl1aHa bl
XKoHe Kepcerinai. Opramia XoHe ayblp aTOMJBIK MacCallbl SIIPONAPIBIH YIKBIMIIBIK,
KYHJIepiH KaObIKIIAIbIK-HYKJIOH/IBIK TYPFBIJIAaH CUIIATTAY dJI1 JIe KYPJIei MaceleaepIiH
Oipi Gonbin oThlp. COHIBIKTAH, YXKBIMIBIK KO3YJapAbl MaKPOCKOIMUSUIBIK TYpAE
3epPTTEUTIH MOJICIBIEP OpAalbIM YIIKEH KbI3bIFYIIBUIBIK TYABIPAYMEH KaTrap oJap/blH
SIIPOJIAPBIH, IOCTYPIi KAOBIKIIATMBIK KYPBUIBIMBIMEH OalIaHbIChl JKETKUIIKTI Typle
Oepik emec. An Oynapra KaparaH/a, KOITHYKIOH/bI JKYyHelepiH YKbIMIBIK KO3yJIapbiH
CHUIIaTTayFa YCBIHBUIFaH (EPMUOHIBI AMHAMHUKA-CUMMETPHUS MOJAECIbI SIIPONAPIIbIH
KaOBIKIIIAJIBIK MOJEIIMEH TiKeJIeH OallyIaHbICTHI OOJIBII TA0OBLIA IbI.

Herisri Hazapaa, ¢hepMUOHIBIK ornepaTopiapAbl O030HIBIK KEHICTIKKe OeciHeney
npoleaypachkiHa ayaapbuirad 0OojarbiH. MyH7ail TyplieHIIpy e3apa acepieceTiH
(dbepMuOHAap KYHECIHIH Kypaeal cuUlaTTamMachiH THIMII OO30HIBIK oIleparopiapra
HETI3/ICJITeH KapanahbiM aireOpasblK CcXeMmara aybICThIpyFa MYMKIHIIK Oepe/i.
Typneunnipynen keiin [aMHIBTOHHAH KYPBUIBIMBIHBIH €lI9Yip BIKIIAMAAIaThIHbL, all
SHEPrHs ICHTeHIIePiH, YKBIMIBIK KO3YJIap Il )KOHE aybICY BIKTUMAJIBIKTapbIH 3ePTTEY
adTapIbIKTal KEHUIICHTIHI KOPCeTIII.

CoHBIMEH Karap, YChIHBUIFAH 9J1ic OacTamkbl (PEPMHUOHJIBIK MOJCIIb/IIH HETri3ri
CUMMETPHUSIIBIK KACHETTEePIH CaKTaHTBIHBI aTam oTuieAl. bysl saposblk xyheaepaiH
($u3MKaNBIK cHUMATTaMalIapblH AyphIC OeliHeneyre MYMKIiHIIK Oepemi. AnreOpaibik
YKOHE TEOPHUSUIBIK-TONTHIK diCTepli MalanaHy CIEKTPIiK 3aHABUIBIKTAPIbl TaJaay
MYMKIHJIKTEPIH KEHEHTIN, ajblHFaH HOTIKEIepAl TYCIHAIpYIl KEHUIICTEI.
Y CBIHBUIFaH TOCI cepaliblK JKoHe diIci3 nedopManusIanFad sapoapibl 3epTTeyae
THIMJII KOJJ@HBUIBIN, TEOPUSUIBIK SIPOJIBIK (U3MKAZAaFbl €CeNTey UIBIFbIHIAPbIH
azalTyra MYMKiHJIK Oepei.

Tyitingi ce3mep: KemOeNmeKTi sSIPONBIK JKyie, (EpMUOHIBIK KYPBUIBIM,
JUHAMUKAJIBIK CHMMETPHs1, 0030HIBIK OMEpaTop, KBAHTTHIK MOJIEIb, SIIPOJIBIK CIIEKTP,
eKiHII PEeTTIK KBAaHTTAy OMici, anreOpaiblK oJiC, HYKJIOH >KYNTapbl, TCOPUSIBIK
TYpICHIIpYIIep
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AnHoTanus. B nanHoit padote uccieayercs ynpougHHas cxema GepMUOHHON JTU-
HaMPIKO-CPIMMeTpI/I‘{eCKOﬁ MOJCIIN, HpeI[Ha?:Ha‘IeHHOﬁ JJI OIIMCaHHsI MHOI'O4YaCTHU4-
HBIX SIZICPHBIX CHCTEM C WACHTUYHBIMU (pepmuonamu. MHTEpec k momo0HOMY MOIX0-
1y 00yCJIOBJIEH HEOOXOAMMOCTBIO Pa3pabOTKK 00JIee KOMIAKTHBIX U BBIYUCIUTEIBHO
3(1)(1)GKTI/IBHBIX METOAOB aHaJIn3a KOJIJICKTHBHBIX CBOMCTB aTOMHBIX AA€p Opu coxpa-
HEHHU OCHOBHBIX OCOOEHHOCTEH MHUKPOCKOITUYCCKOI'O BSaHMOZ[eﬁCTBHH HYKJIOHOB.
B nccnenoBanuu paccMaTpuBaeTcs BO3MOKHOCTh COKpAIIEHHS Yncia HE3aBUCHUMBIX
NEPEMECHHBIX HYTéM BBIACIICHUSA JOMUHHUPYIOIINX KOJIJICKTHUBHLIX ITaPHBIX COCTOHHI/Iﬁ,
HTPAOIIUX KIIFOYEBYIO POJIb B POPMHUPOBAHUH sJICPHOTO criekTpa. CieyeT OTMETHUTb,
YTO 000J0YEHYHO-HYKIIOHHOE OIMCaHWe KOJUIEKTUBHBIX COCTOSHHM SIIEp CPEHETo H
TAKEIOr0 MacCOBOrO JMariazoHa Mo-rnpekHeMy OCTaETcs CI0KHOU 3amayei. [1o aToi
NprU4YnuHe 3HAYUTEIILHBIN HHTCPEC TpaJUIIMOHHO BbI3bIBAJIM MAKPOCKOIIMYECKUE MO-
JIeNTd KOJUICKTHBHBIX BO30Y>KACHUH, CBSI3b KOTOPBIX C KIACCHYECKOH 000JI0YedHOM
CTPYKTYpO# siipa Obljla HEOCTATOUHO 00OCHOBaHA. B OTIMYME OT TaKUX IMOJXO0B
q)epMI/IOHHaH JUHAMHUKO-CUMMETPUUCCKad MOJC/b, IMPEAJIOKCHHAA [JI1 OIIMCAaHUA
KOJIJIEKTUBHBIX BOS6y)KI[GHHI71 MHOT'OHYKJIOHHBIX CHCTEM, HCIOCPCACTBECHHO CBA3aHa
¢ 000JI0YEYHON MOJIEIIBIO SI/Ipa U MO3BOJISIET COXPAHUTh MUKPOCKOTIMUECKYIO OCHOBY
onmcanusi. OCHOBHOE BHUMaHUE B paboTe yIelIeHO Mpoleype OTOOpakeHus pepMu-
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OHHBIX ONEpPaTopoB B 0030HHOE MPOCTPaHCTBO. Takoil mepexon Mmo3BoJsieT 3aMEHUTh
CIIO)KHOE OMHCaHUE CHCTEMBbI B3aUMOACHCTBYIOUIMX (epMUOHOB OoJiee MPOCTO aj-
reOpandecKoil cXemMoil, 0CHOBaHHOW Ha 3P PEeKTHBHBIX 0030HHBIX oneparopax. [loka-
3aHO, YTO MOCJIE COOTBETCTBYIOIIETr0 MPeo0pa30BaHus CTPYKTypa raMHIBTOHHAHA CY-
LIECTBEHHO YIIPOIIAETCS, & UCCIEAOBAaHNE YHEPTETHUECKUX YPOBHEH, KOJIIEKTUBHBIX
BO30Y>KICHUH U BEPOSITHOCTEH NIEpEeX0A0B CTAHOBUTCS Oojiee yIOOHBIM. YCTaHOBJICHO,
YTO MPEAJIOKEHHBIN MOAXO0]] COXpaHseT (pyHIaMEHTAIbHbIE CHMMETPUITHBIC CBOWCTBA
HCXOAHOM (PepMHUOHHON MOJIeNH, 00eCIIeunBasi KOPPEKTHOE OMUCaHne (PrU3nYecKux xa-
PaKTepUCTHK SAEPHBIX cucTeM. Mcnonp3oBanue anredpandeckux U TEOPETUKO-TPYII-
MOBBIX METO/IOB PaCIIMPsIET BOSMOKHOCTH aHAJIM3a CIEKTPaIbHBIX 3aKOHOMEPHOCTEH
u o0sieryaeT MHTEPIpPETALMIO MOJyYeHHBIX pe3ynbTatoB. [Ipemioxkennas cxema Mo-
KeT 3QPEKTUBHO MPUMEHATHCS MPHU UCCIENOBAHUU CPEepUUECKUX U ciadbonedopmu-
POBaHHBIX SI/IEp, a TAKKE CIIOCOOCTBYET CHIKCHUIO BBIYMCIMTEIBHBIX 3aTpar B 3aja-
Y4ax TEOPETHUUECKOU SACPHON PHU3HUKH.

KaroueBbie cioBa: (pepMHOHHAS MOJAENIb, TMHAMHYCCKAs CUMMETPUS, HICHTUY-
HbIC YaCTHIIBI, YIPOIICHUE MOEIH, 0030HHOE MPOCTPAHCTBO, OTOOpaxeHue (mpeod-
pa3oBaHue), KBAHTOBAs CHCTEMa, ONIepaTOPHBIN (popMain3M, BTOPUYHOE KBAHTOBAHHUE,
anrebpa CMUMMETPUU

Kipicne. TeopusiiblK SaponblK (pU3UKaHBIH MaHBI3IbI OaFBITTapBIHBIH 0ipi — Oip-
Jeil GemIIeKTepAeH TYpPaThlH KBAHTTHIK KYHeNepliH KYpbUIbIMBI MEH JTUHAMHKAJBIK,
KacueTTepiH 3epTTey Ooubin Tabbuiaabl. MyHaai sxyienepaid Gu3nKaiblk KacHeTTepi
OJIapAbIH KBaHTTHIK-CTATUCTUKAJIBIK E€peKLIeNiKTepiMeH aHblKTanaapl. [layau TeiiibiM
caiy MpUHLUIIHE OaFbIHATHIH (PEPMUOHAP aTOM SIPOJIAPBIHBIH KYPBUIBIMBIH, YHEP-
TETUKAJIBIK CIIEKTPJIEPiH KOHE SAPOJBIK 3aTThIH KAaCHETTEePiH CUMATTayAa HEeTi3ri pen
arkapazabl. COHIBIKTaH (EPMUOHIBIK KYHenepal 3epTTey SApOIbIK KYObUIBICTApIbIH
MHUKPOCKOTHUSUIBIK TAOUFATBIH TYCIHYAIH MaHBI3bl AIFBIIIAPTHI OOJIBIN CaHaIa bl

Kenbenmiekri saponblk >Kylenepai cumartayia JUHAMUKAIBIK CHMMETPHS
KaFuaajgapblHa HETi3/1eIreH TEOPHSUTBIK MOJIeNbAep KeHiHEeH KongaHbuiansl. MyHai
MOJeNbACp KYHEHIH 1IIKi CAMMETPHSIUIAPbIH aHBIKTAYFa, YKBIMIIBIK KO3FaIbICTapAbIH
epeKIIeNiKTepiH TaljayFa JKOHE DSHEPreTUKajlblK JACHTCHIepHiH  KaJbINTacy
3aHIBUIBIKTAPBIH 3€pPTTEyre MYMKIHIIK Oepeni. Anaiina (pepMHOHABIK MOIEIbACPAIH
MaTeMaTHKaJbIK alNapaTblHBIH KYPACTUNri onapAbl MPaKTUKAIBIK ecerTeyiaepae
KOJIJIaHybl KUBIHIATANbl. OcCipece, KememeMIi KOH(QUTYpaIUsUIbIK KeHICTIKTEpIi
KapacThIpFaH >KaFjaia ecenTey KeyieMi KYpT ©cCil, aHaJUTHUKAJIbIK >KOHE CAaHIBIK
ozmicTepAiH THiMALTITT TeMmenaenai. Oceiran OaiiaHbICThl (PEPMUOHIBIK KYHemepi
KapamaidplM opi ecenTey TYPFhICBIHAH THIMII (QopManu3Maep apKblUIbl CHIIATTay
TEOPHSUIBIK AAPOJIBIK (PU3UKAHBIH ©3€KT1 MacenenepiHiy 0ipi O0nbIn TadbLIa b

CoHFBI KbUTAApEl PEPMHUOHABIK JKYHETIepAl CHMATTayAblH BIKIIAM OHE >KOFaphbl
THIMJII TEOPHSUTBIK TOCUIAEPIH 93ipiiey Macesieci ©3eKTi FhUIBIMH OarbITTapblH OipiHe
aitHanapl. ConapablH imiHzae GepMUOHIBIK OomepaTopiapisl 0030HABIK oreparopiap
KyHeciHe OeiiHeney ofici epekine OpblH anaabl. byn dopmanusm kendepMHOHIBI
KYHenepliH KypAedl JIWHAMHMKACBIH KapamaiblM MaTeMaTUKajJblK KYpbUIBIMFa
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KeJNTIipin, ecenTey MpoueaypailapblH enodyip skeHingereni. bynan Gesek, 6030HIBIK
OeliHeney Y)KbIMIIBIK KO3FaJIbICTap MEH CHEKTPIIK 3aHABUIBIKTapAbl 3epTTeyae KOPHEKi
opi THIMII Kypai OOJbIN TaObLIa bl

SAnponblk  cmeKTpiepAi  cumartayga  KaOBIKIIANbIK — Momenb MeH  bop-—
MoOTTEIbCOHHBIH Y)KBIMIBIK YJTiCI MaHBI3ABI HOTHKEIEP OepreHiMeH, KOMHYKIOH IbI
KYHeNepaiH CHUMMETPHUSUIBIK KAaCHETTEPiH TOJIBIK allblll KOPCEeTy YIIiH HEeFYpIJIbIM
YKAJIIBl TEOPUSIIBIK TOCUIIEPl KOMAaHy KakeTTimiri cakranyna (Bohr et al., 1975).
Ocbl TYpFBIIAaH allFaHja, TONTHIK-TEOPHSUIBIK OMICTEpre HEri3feireH MOJAEIbIEp
epeKIle KbI3BIFYIIBUIBIK TYABIPAIbl, OUTKEHI ONap YXKBIMABIK KO3FalbICTap MEH
KO3YyJIap/bl YHUTAPJIBIK KOHE OPTOTOHAIJABIK CUMMETPHS TONTApPBIHBIH anreOpasibiK,
KYpbUIBIMIAaphl apKbUIbl cumartayra MyMmkiHaik Oepeai (Elliott, 1958; Wybourne,
1974). Mynaaii Tocinnep sApoJbIK KyHeIepaiH CeKTPIIiK epeKIIeTiKTepiH 3epTTeyae
TUIMAI KypaJl peTiHje KeHiHeH naiaanaHbury/a.

DepMHOHABIK AMHAMHUKAIBIK CHMMETPHUS TYKBIPbIMAAMAachlHa CYHEHE OTBIPBII
KYPri3iireH 3eprreyiep KOMHYKIOHIbl KYHeNlepOiH MHKPOCKONMIBIK MOJACTIH
xetinaipyre myMmkinmik Ooepai (Wu Ch. et al, 1987). Aranran ojicte XyHeHIiH
lamuibToHMaHbl ©3apa OailaHBICKaH (EPMUOHIBIK JKYITApAblH OIlEepaTopiapsl
apKbUIBl KypbUtagsl. OnaH opi Oy oneparopiap 0030HIBIK OciiHeney mpoueaypachl
HEri3iHgae THUiMAI OO030HIBIK KCHICTIKKE aybICTBIPbUIAJbl. HoTmxkeciHae alibiHFaH
0030HIBIK [ 'aMMIBTOHHAH YIXKBIMABIK SAPOJBIK KO3FAJBICTApAbl  CHIATTAWTBHIH
(EHOMEHONIOTHSINIBIK ~ OO30HABIK ~ MOJENBIACPMEH  CalbICTBIPBUIBIN,  OJAPJbIH
apachIHAAFbl COMKECTIKTEp MEH albIpMallbUIBIKTApAbl TalfayFa MYMKiHAIK Oepeni.
MyHpaii Tocin GepMUOHIBIK KoHE 0030HABIK CHIMAaTTaMasIapIblH e3apa OalTaHbICHIH
3epTTeylle MaHBI3Ibl POJI aTKAPBII, Y)KBIMIBIK KYOBUIBICTAPIABIH MHKPOCKOHSIIBIK,
TaOUFATBIH TEPEHIPEK TYCIHIIpYyTe JKaFaai KacaiIbl.

CumMeTpusi YFBIMBIHBIH SIIPONBIK (M3MKara eHri3idyi BurHepaiH M30CHUHIIK
SU(2) cummeTpusichiHa apHAJIFaH 3epTTeyaepiMeH ThIFbI3 OaitnansicTsl (Wigner, 1937).
Byn Tocin HyKIOHJAapAbIH 1IIKI KAaCHETTEPiH CUIATTaydblH >KaHa MYMKIHAIKTEpiH
amtel. Keitinnen Onuort SU(3) cMMMeTpHsICbIHA HETI3AENTeH MOJENbAl YCBHIHBII,
OHBIH KeMeTiMeH aedopManusulaHFaH SAPOIApAAFbl KBAAPYIOIBABIK YKBIMIBIK
KO3yJlapAblH TaOWFaThlH TYCiHAipyre jxon amTbl. OChl KyMbICTap anreOpaibiK
O/liCTEpIiH SAPOJBIK KYPBUIBIM TEOPUSCHIHIAFbl MaHBI3bIH aWKbIHOaAbl. bByrinri
TaHOa SIpONBIK JkyHenepai 3eprreyae Sp(6), SO(8) Topismi Kypaeni cUMMeETpus
TONTaphl MEH CYNEPCUMMETPUSUIIBIK opManu3maep KeHineH Konnansutaast (lachello,
1987; Cejnar, 2010). Mynzaii oxictep KerndepMHOHIBI )KYyHeIepaiH CHEKTPIIK KoHEe
KYPBUIBIMIBIK, KAaCHETTEPiH OipTYTac TEOpHWSUIBIK HETI3[e KapacThlpyFa MYMKIiHIIK
Oepeni. CoHbIMEH Karap, Kasipri ecenTey TEXHOJNOTHSUIAPBIHBIH JIaMybl Kypaeni
TONTHIK-TEOPHSIIBIK MOJAEIBIEPl CaHIBIK TYPFBIAAH XKY3€re achlpylbl KEHUIAETIMH,
MaTpHUILAIBIK JIEMEHTTEP/Il €cenTey THIMAIITIH apTThipAbl. HoTnxkecinae cuMMmeTpus
MPUHIUNITEPIHE HETI3AeNreH OMICTepAiH KONJaHBUIY MYMKIHIIKTEepi aHTapibIKTai
keHeiai (Rowe, 2010).

Marepuangap xoHe aaicrep. Oprtama XoHE ayblp SAPOJIAPABIH YKBIMIBIK
KYHJIepiH KaOBIKIIANBIK MOAETb MeHOepiHae 3epTTey Ken(pepMHUOHIBI KyHenepain
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KYpZesni TaOuraTbiHa OaiiIaHbICThI 1€yl KUBIHABIKTAP TYbIHAATabl. AJlaiia KONTereH
(hEHOMEHOJIOTHSUIBIK  MOJENBIACP Y)KBIMIBIK KAaCHETTEepHi COTTI CHUMAaTTaraHbIMEH,
OJIapABIH ~ MHUKPOCKOMMSUIBIK ~ KAaOBIKIIAJIBIK ~KYPBUIBIMMEH OaiaHbIChl  TOJBIK
aiikpiHganmarad. DepMUOHIBl JUHAMHUKAIBIK-CUMMETPUST MOZAENbi Oyl MoceneHi
LISIITY/IiH THIMI KO AapBIHBIH O01pi O0IBIN TaObLIa b1, ce0e0i 01 YKBIMIBIK KO3YTap bl
KaOBIKIIAJIBIK MOJISJIBJIIH HETi3iHJe KapacThpyFa MYMKIHIIK Oepemi. MojenbiH
0azanblK OOBEKTiNEepl peTiHAae KoppeisuusUianFan S xoHe D jkynrapsl TaHOabIIl
anbiHagpl. OCBl JKYOTapiabl TYABIPY JKOHE OO OINepaTopiapbl MYJIBTHIONBIIK
omeparopinapmen Oipre Tyiblk Jlu anreOpacein Kypaiabl. Mysnail anreGpaibik
KYPBUIBIM KOMHYKJIOHIBI KYHeNnepaiH CUMMETPHSUIBIK KaCHETTEPiH 3epTTeyre >KoHe
OJIApABIH CIIEKTPIIIK CHIIaTTaManapbiH Oipi3ai Typlae cumaTTayFa MyMKiHIIK Oepeni.

HyxmonnapaslH ~— YKBIMABIK ~— KO3FalNBICTApbH  cumarrayga  (pepMHOHIBI
JUHAMHUKAJIBIK-CHMMETPUS MOZIEbl (DeHOMEHOIOTHSIIBIK ©3apa dcepiecyli 6030H1ap
MOJeNbiHe KaparaHJa aHaFyplIbIM TOJBIK MHUKPOCKOMMSJIBIK HEri3 ycbHaabl. TinTi
TEK KoppessiuusuianFan S skoHe D KynTapblH KapacThIpFaHHBIH ©31HJE, Oy MOJeNb
YKBIMIBIK KYOBUIBICTApbl CUNATTayAblH IMIKi Oipi3Aimirin cakraiinel. 3eprreyne
®JICM-HiH s—d KeHiCTiriMeH MIEKTENITeH KaparaibIMIaFaH HYCKAChI A 1alaHbLUIIbI.
Byn dopmanusmue YXKBIMIBIK KO3FalbICTApAblH CUMMETPHSUIBIK KacueTtepi Jlu
anreOpachl TeHepaTopiapbl apKbUIBI CUNATTANbIN, >KYHEeHiH | aMHIbTOHHMAHBI COJ
anreOpaHbIH WHBapUAHTTAphl HeTi3iHAe Kypbutagbl. OcbIHIAN Tocin KendepMUOH b
KYHeNepaiH CHeKTPIiK KAaCHeTTEepiH 3epTTeyadl KEHIIAETIN, ecenTey KYpACTUIiriH
TOMEHAETYre MyMKIiHIK Oepeni.

SAnponbIK KyHeJIepAiH TOMEH HEPTUsIIbl YKBIMIBIK KYHIEPIH KaJblITacThIpyna
KorepeHTTi S skoHe D xymnTapsl wenryii pei arkapaabl. OnapablH MaHbI3ABUIBIFBI OChI
KYNTapAbIH SIAPOHBIH KaOBIKIIAIBIK KYPBUIBIMBIHAH TYBIHIAUTHIH MHKPOCKOTIHSIIBIK,
TaburaTbiMeH aHbIKTanagsl. OcblFaH OaiaHbICTBl (EPMUOHIBI JAMHAMHKAIIBIK-
CUMMETPHS MOZAEJbl YKBIMIBIK PEKUMIEPAi KaOBIKIIANBIK MOJEIbMEH TiKenen
OaliJaHbICTBIpa OTBHIPBIN CHINATTayFa MYMKIHIIK Oepemi. MyHpmall TocCiin YKBIMIBIK
KacueTTepi (GEepMUOHIBIK >KYHEHIH iIIKI CHMMETpHUsIapbhl HETi3iHIe TyciHmipyre
XKaraai xacai 1. byan 0enek, 0030HIBIK MOJIEIbSPTe TOH ANHAMHKA-CUMMETPHSIIBIK,
3aHIBUIBIKTApAbl (epMUOHIBIK ACHTele ae anyra Oomajbl, COHIABIKTaH KONTETeH
xKaraainapaa GepMuoH—0030H TYPIIEHAIPYIEpPiH eHri30ei-aK Y)KbIMIIBIK CIEKTPICPAIH
HET13T1 KaCUEeTTEPiH 3epTTey MYMKIHJIT1 CaKTaIaIbl.

JlMHaMUKaNbIK CUMMETPHUSl 9MiCi KOMOeJIIeKTI KBaHTTBIK JXYHeNepliH Kypreni
KO3FaJIBICTApbIH CHUIMaTTayna aMOedan TEeOpHsUIBIK ammnapar peTiHle KOJIJaHbUIAIbI.
OnblH 0acThl apTBHIKUIBUIBIFBI — TOJBIK | aMHMIIBTOHMAHABI OPTYPJi KO3FaJbIC
peKUMAEpiHE ColiKec KeseTiH OeJiKTepre JKOHE CHMMETPHUSHBIH OY3bUTYybIH
CUMATTAWTBIH MYILIENepre OXKiKTey MYMKIHAIr. MyH#ail jKiKTey aHaJUTHKAaJIbIK
JKOHE CaHJBIK ecemTeyaepl eloyip >KeHimeTeal. SIApoNblK KYpbUIBIMHBIH OapiibiK
YKBIMIIBIK KacueTTepi (PepMUOHIBIK EPKIHIIK JopekKeIepiHeH TYbIHAaWThIHIBIKTaH,
OCBl JKYMBICTa JMHAMHUKANBIK CHMMETPUSJIAPAbIH KalbIITaCy epeKUIeTiKTepi
(hepMHOHIBIK-KaOBIKIIIANIBIK TACLT HET13iHe 3epTTEeNe/I.

Hoatumxenep :xoHe Tankbliay. 3eprrey OapbicbiHna Oipael ¢epmuoHIapan
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TYpaThIH JKyHenepre apHajiraH (PEpMUOHJBI JMHAMHKAJIBIK-CUMMETPHUS MOJCIbIHIH
BIKIIaMIaJFaH (OpPMAachl KapacThIPbUIBII, OHBIH 0O30H/IBIK KEHICTIKKE TYPJICHIIPLITY
poLeaypachl JKy3ere achipbliibl. CHUMMETpPHUS NPUHIUOTEPIH MalJalaHy >KoHE
YVKBIMJIBIK KO3FaJIbICTap bl aHBIKTAUTBIH HETI3T1 ©3apa acepiiecysepai 0eJin KepceTy
apKbpUIbl ['aMUJIBTOHMAHHBIH MAaTEMAaTUKAJBIK KYPBUIBIMBI €Iayip KSHUIISTUIII.
MyHpaii Tocil €CenTiH THIMII eJIIEMIH KbICKAPTHIN, KOMOeJIIeKTI KyHheaepai
CHUIIaTTay/larbl €CelNTey UWIBIFBIHJAPBIH a3aiiTyFa MyMKiHAIK Oepeni. Typrenuaipy
HOTHXeCiHIe (QePMHUOH/IBIK OIepaTopiap MeH THIMII 0030HIBIK AopekKeTep epKIHIIr
apachiHaa OIPMOH/I COMKECTIK OPHATBUIALI. BYJI Y)KBIMJBIK KO3yJapibl KaparmaibiM
anreOpajiblk (QopMaln3M asChblHAa CUIATTayFa kargail skacanel. Ecenreynep
KOPCETKSHJICH, QJICI3 oHE OpTallla Koppessauusiap aliMarbiH/a aJblHFaH 0O30H/IbIK
MoJiesib OacTamnkbl (HEPMHUOHIBIK KYHECHIH YHEPreTHKAIBIK CICKTPIH, CHMMETPUSIIBIK
KaCHETTEPIH JKOHE HEri3ri (pU3MKAaJBIK CHIIaTTaMaapblH JKOFaphl JQJIIKIECH KalTa
XKaHFpIpTa anajsl. Ocbulaiiina, YChIHBIIFAH 9MIICTIH YKBIMJIBIK KYWJIEpHi 3epTTeyeri
KOJ1IaHOaJIbl THIMJILIITT MEH TEOPHUSIIBIK HETI3/IITIrT pacTalbl.

DepMUOH bl TUHAMHUKAIBIK-CHMMETPHSI MOJICIbIHIH KaparnaliblM aCUMITTOTHKAJIBIK
IICKTEPIH ©3apa oacepiecyln 0030HIAP MOJACIbIHIH COHKEC CHMMETPUSIIBIK
pPeXUMAEPIMEH CaJbICTBIPY YIIH (DEPMUOHIBIK >KYHeHIH O030HIBIK OciHenenyi
xky3ere aceipbuiasl (Baktybaev, 2008). byn mporenypa eki MoJenb apachIHIAFbI
0ailJIaHBICTBIH ~ MaTeMaTHUKAJbIK  KYPBUIBIMBIH  JKOHE  OJapAbIH  (PU3HKAJIBIK
WHTEPIPETAIMIAChIH TEPEHIpeK 3epTreyre MyMKiHAiK Oepenmi. CoHbIMeH Oipre, omic
HaKThI SIpoJIap YIIiH SHEPTeTHKANIBIK JCHICHIeP i, CIEKTPIIIK 3aHIBUIBIKTAP b )KOHE
JIEKTPOMArHUTTIK aybICyJap BIKTUMAJIBIKTAPBIH CaJBICTBIPMANIBI TYPJAC TalljayFra
JKarJal kacahel. 3epTTeyne OesliHOereH >KynTap MEH KaJbIIThl )KOHE aHOMAJIbIbl
KYITBHIK OpOUTanap apachblHIAFbl apanacy MpolecTepi ecKepiiMelTiH (GepMHOHIIbI
JIUHAMHUKAJIBIK-CAMMETPHST  MOJICJIHIH BIKIIAMJIAJFaH HYCKAChl KapaCThIPBUIIbI.
Ocel  Mojmenb 1ieHOepiHae GepMUOHABIK [aMUIBTOHUAHIBI THIMAI OO30HIBIK
laMunsroHManra TYPJACHAIPETIH aHATUTHKAIBIK OJICTep 3CPTTEINIlN, OJapiblH
YVKBIMJIBIK KYWJIEP/Il CUIIATTayarbl KOJNJIAHbLTY MYMKIHJIKTEP] TanJaHabl. AJIbIHFaH
HOTHXKEJIEP YChIHBUIFaH (POPMAJIM3MHIH HAKTBI SPOJAP/BIH CIEKTPJIIK KaCUETTEePiH
3epTTeyle THIMII TEOPHUSUIBIK Kypas 00Jia anaTblHbIH KOPCETTI.

Bosongpik Oeiineney omictepi OypbiH ['MHOKYMO Mojenmi meHOepiHae OipTeKTI
HYKJIOHJIBIK JKYHenepli 3epTTey YIIiH TaOblcThl KonmpaHnburaH (Arima, 1981). Ockr
JKYMBICTA OYJI TOCLT KeHEUTLIIN, MPOTOHIBIK JKOHE HEUTPOHIBIK 1K1 KYPBUIBIMIAAPIbI
Oip Mesriije ecKepeTiH KONMHYKIOHJIbl [aMHIbTOHMaH KapacThIpbUIaasl. MyHman
MOJIEJIb AKTUBTI HYKJIOH/Iap CaHbI ©3T€PreH Ke3/1¢ SAPOJIBIK KYyHeaepiH BUOPAIUSIIBIK
CUIIATTaH POTALMSUIBIK pEXHMIe OIpTIHIEN aybICyblH CHMATTayFa MYMKIHIIK
Oepeni. Teopusuiblk (GopMamu3MIi  bIKIIAMJIAY MaKcaTbiHIa [ aMUIBTOHHAHHBIH
KapanaiibIMJIanFraH HYCKachl MaiallaHbUIBIN, KAJJABIK JKYITHIK ©3apa ocepiecyiep
MOHOTIOJIB/IIK JKOHE KBaApyIoibaik komrnoHeHTTepMeH mekrenni (Koilyk, 2023).
Bynan Oesiek, KOpPPENSALUSIIBIK OCEpiepi CHUMATTAWTBIH KYIITHIK MaTPHUIAIBIK
QIIEMEHTTEP/IH MOHAEpi ColiKec KaOBIKIIANBIK JIEHIeHIepIiH JereHepanuscbiIMeH
AHBIKTAJIATBIH [IIaMaJIapFa IPOIOPIIUOHA JICTI abIH bl OChIHIAM )KYBIKTAY MOACIBIIH
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HET13T1 (U3UKAJIBIK Ma3MYHBIH CaKTall OTBIPBIIN, KON(EPMUOHbI €CeNTEPAIH CaH/IbIK,
OPBIHAANYBIH €AQYip KEeHIIIeTe .

DepMHOHIBI AUHAMUKANBIK-CUMMETPUSI MOJENbi mIeHOepiHae Oip HYKIOHHBIH
TOJBIK OYPBIITHIK MMITYIbCI KaJIFaH OPOMUTAJBIK WMIYJIbC MEH >KalfaH CIUHHIH
KOCBIH/IBICHI PETIH/IE KAPACTBIPUIABI | = k+1.

Ocbl  kikTeyre colikec k —{ 0a3uciHIeri HYKJIOHABI TYIBIPY OIEpaToOpsbl
(hepMHOHIBIK rxjm omeparopnapbl apkpuibl Knebm—lopman ko3 duimerTTepin
naijanaHbll OpHEKTENe .

km,{ iy Z{k My, I'm | jm}

-Oetineneyeri GepMHUOHIBIK ONIEPATOP/IbI JKAJIFaH OPOUTAIIBIK KOHE YKaJFaH
CHUHJIIK 0a3UCTEri oneparopiap apKbUIbl KeJIECl TYp/e *Ka3yra O0aibl:

Z (kmy im, |jm}bkm,{zml (1)

kemy imy

Mysnarer { ki, im; | jm }-mamanapsl GYpHIITHIK HMITYIBCTEPAL KOCY epesKe-
nepin cunarraidTeid Knebm—Topaan kosddunmentrepi 0oibin Tabbuiagbl. AtajraH
TYPJICHAIPY (EPMHOHBIK KYHEHIH CUMMETPHSUIBIK KACHETTEPIH NCEBIOOPOUTAIBIK,
JKOHE TICEBJIOCTIMHJIK JOpekKeNep epKiHIIr apKbplIbl CHIIaTTayFa MYMKIHAIK Oepesi
XKoHEe (PEepMHOHIIBI JTUHAMHKAIBIK-CAMMETPHSI MOJICTIHIH anreOpaiblK KYpbUILIMBIH
KYpy/aa MaHbI3/IbI POl aTKapabl.

Byn, k—i OaiinaHbicblH maijanaHy  KaOBIKIIAJIBIK  MOJCNBJIH  TOJBIK
KOH(UTYpALUsUTBIK KEHICTITIHEH Y)KBIMJIBIK KacueTTepi 0achiM OoNaTblH S jKoHE
D skynrapbeiHa CoMKeC KEJIETiH iIIKI KeHICTIKTI OeJin KepceTyre MyMKIHJIK Oepe/i.
MyHpai GepMHOHIIBIK JKYITAp JKOFapbl KOTEPEHTTI KYPBUIBIMIAD OOJBIN TaOblIa bl
YKOHE SIIPOITAPIAFhl Y)KBIMJIBIK KO3FAIIBICTAPBIH HET13T1 TaChIMaJIay IbLIapbl PETiHIC
KapacThIPbLIaJIbL.

ByJ1 KacHeTTi alKbIHBIpaK KopceTy yinin K — I Ga3uciHeH KaObIKIIAIBIK MOENbIiH
Oacrankpl j-6a3ucine Kepi TYpIeH Py KYPTi3iieai. ATanraH TypJaeHipy HOpMaJaHFaH
9 -cuMBOIAAPHI APKBUTHI )KY3€Te aChIPBIIAIbI:

| (kyko)K (i i) 1) = [by ;B 3,]'*"3' | 0) =

ky iy Ja s alm
= ky i, J, [a}-‘_rx}-n];& |IZI) (2)
K I r

AublHFaH OpHEK S-KymrapiablH k JKoHE I-Jopekeniep epKiHAIrT TYpPFBICBIHAH
Kapactelprania Kynep sxynrapbiHa yKcac KacueTTepre ue ekeHil kepcereni. backama
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aiiTkaHga, onap >KYNTHIK KOHICHCAIUS KYyHiHIAe OONaThIH KYIUTI KOppessuusuIaHFaH
(epMUOHIBIK KYpBUIBIMIAAPABl cUmaTTaiapl. KaObIKIIamblK MOAENbIiH OacTamksl
0a3ucinge MyH/ai Kyiep KerTereH KoH(QUTypaluusuIapIblH apanacybIMeH cUIlaTTasica,
k — i Gaiinanbichl Herizinzeri OGeliHeneye onap/bIH KypbUIBIMbI BIKIIAM 9pi KOPHEKI
TYPAC ©pHEKTENe .

OCBIHBIH HOTHXKECIHAC YKBIMIBIK KO3YJIapIblH MHKPOCKONMSUIBIK TaOHFaThIH
3epTTeyre KOJjaiiibl jkaHa 0a3MCTIK KEHICTIK Kaibinracajael. MyHnmaid (opmamusm
KOIHYKJIOHbl JKYHENEepAIH CIEKTPIIK KACHUETTePIH Taiuay[bl JKCHUIIETIN KaHa
KOHMaii, olapJblH YKbIMIBIK KYHJIepiHiH (PepMUOHBIK HET131H TEPEHIpeK TYCiHAiIpyTe
MYMKIiHJIK Oepeni.

Bip ynken kaOblKmia mIeriHae opHanackaH OIpTEeKTI HYKIOHIAp JKyHeciH
KapacThIPBIIl, TEK €KiOeJIIEeKTi KaJAbIK e3apa dcepiecyiepAl ecKepreH xaraanja,
KYHEHIH TOJBIK [ aMUIIBTOHHAHBI KeJIeCl TYPIe JKa3blUlaabl:

H=) gafa,+7, +7, 3)
4

MYHIaFbI £;— OipOemeKTi ACHreiIep/IiH SHEPTUATAPEI, ATl |/, XKOHE Vi coiikecinmure
KYIITHIK JKOHE MYJIBTHUIIONBIIK ©3apa dcepiiecyiepi CUIATTalThIH MYIIenep OObI
TabbIaabl. by oreparopiap Karel karnaia TOMEHIETI OpHEKTEPMEH Oepiseni:

1 |" I"
=3 ) Ui 1 1R ai]? e, a1, ™
ﬂ}':}'z}'i_}';
1 Foal i {
Vo = 4 Z (Jufa7 1 W |j1;2r}[f1;f_ﬂh] " [a;f_aii] . )
‘?"_i'"_.i"z.:"i_.i"rz

Bepinren epHekrepieH ['aMHIBTOHMAHHBIH KYPBUTBIMBI KOICAHIBI MaTPHIIATBIK
AIIEMEHTTEP MEH OVPBIMTHIK WMITYJIbCTAPABI OAMIaHBICTRIPY KOA(DPHUITHECHTTEPIH
KamMTuael. COHOBIKTAH MYHIAW (popmManu3MIi Tikeaelh maiigarany KermHyKIOHIBI KYH-
eJiep VIIiH ecenTeyaepIiH KYPACIIIriH auTapIpIKTail apTThIpa k.

Ochl cebenti Oactanksl ['aMHIBTOHMAHABI (EPMHUOHIBI THHAMHKAIBIK-CHUMME-
TPHUS MOJCNTIHIH anreOpaiblK KYPBUIBIMBIHA KEITIPY MaKCaThIHAA OHBI BIKIIAMIAY-
IIBTH OPTYPHl Tociimmepi KapacThIpbUaaabl. MyHIal BIKIMIaMIay HETi3Tl (H3HKaIBIK
Ma3MYHJIbl CaKTall OTBIPBII, YXKBIMJIBIK KO3FAIBICTAP/bl aHBIKTANTHIH JKETEKII e3apa
acepiecynepai 06 KepceTyre JKOHe eCenTey NpoleaypallapblH eaoyip KEeHUIIETY-
re MyMKiHIIK Oepemni. HoTmkeciame kypaem kendepMUOHABI eCenTepli CUMMETPHS
TIPUHITATITePIHE HET13ACNITeH BIKIIAaM dpi THIMII TEOPHSUTHIK CXeMa IeHOepiHae 3epT-
TE€y MYMKIHIIT1 Tyasbl.

I-macin. OepMUOHABIK TUHAMHUKAIBIK CUMMETPHS MOJCTIHJE KaJJBIK JKYITHIK
e3apa acepiecyaiH 0ackIM 0OJIri MOHOTIONBIIK KOHE KBAAPYTIOIBIIK KOPPEIAIHsIIap-
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MeH anpIKTanagsl. Oceiran Gaitnansictel A = 0 sxoHe A = 2 Mymenepin FaHa cakraii
OTBIPBIT, KYNTHIK ©3apa ICEPIECy/li CUNATTalThIH V, omeparopsl k — i Gasucinme
BIKIIIAM TYPJIE JKa3bLIaJIbl:

1 I,
Vo =5 ) (Geak)KGui) 1217, | (kDK @i Eals b 15 (6)

byn epHek jkamraH OpOMTANIBIK JKOHE JKAJIFaH CIUHIIK J9pEeXelep epKiHairiHe
Herisnenren K — I GallIaHBICHIHBIH APTHIKIIBUILIKTAPBIH Mali1ananyFa MYMKiHIIK
Oepeni. Hotmxecinae e3apa ocepiecyaid KypAeli KYpbLUIbIMBI CHAMMETPHS KAaCHETTEePiH
CaKTail OTBIPHITI KapamaibiM anredpaiblk Gopmara kenripineni. MyHIai bIKIaMaay
MOJIEJIB/IIH HETi3T1 (PM3MKAIBIK Ma3MYHBIH JKOFalTHAl, KOMHYKIOHIBI KyHelepIiH
YKBIMJIBIK KYHIIEPiH CHUTIATTay Ke31H/Ie €CeNTey THIMILUIITIH alTapIIbIKTall apTThIPaJIbI.

2-macin. JKYNTHIK ©3apa acepiecyliH MaTpULAIbIK IEMEHTTEp]l KoppersiysuIaHFaH
KYIITap/bl KYPaWThIH JCHICHICpIiH JereHepanys JopeKeciHe IPONOpPIMOHAN et
KaObU11aHa bl byot skaraaiina omapasl Keneci mapameTpiiey apKbLIbl OpHEKTeyTe 001a Ibl:

—_— ' v
((RE)K(E)IA] Vp | (K'KDE(i')°A) = 24/, 0,0 G.;-EE !
Ochl KyBIKTay/Ibl al1aTaHy HOTHKECIH/IE JKYITHIK 63apa 9CepIeCy/i CHIIATTalThIH

Vp onepaTopsl bIKIIIaM ONepaTopiblK Gopmara KenTipinesni:

V, = Z[ G[';-”f ]5+(cxj5(rx’] - GEMF] D*(a)D(a")]. 7

oo

Mynaarsl OipiHIITI MYIIE MOHOIOJBIIK JKYITHIK KOPPEILSITUSIApIbI, ajl CeKiHIIi
MYILIE KBaIPyHOJIbIiK CUIIATTAFbl YXKBIMABIK KOppesiuusiapas! eckepeni. Oceliaiiima,
OacTarnksl KOIOeIIIeKTi 63apa acepiecyliH Heri3ri Oeiri S jxoHe D xKynTapsl apKbUTBI
CHUTIaTTaJaThIH THIMII anreOpablK (opMara KenTipiiaemi.

k-Gencenni cxema araaiibIHIA KaBIITH KYITBUIBIKKA COMKEC KEJIETiH §-orepa-
TOp @ = n, Kesinjge 5 la=n,) =57 =[b] bfi]"[m} TYpiHJe aHbIKTadanbl. By
oreparop OYPBIIITHIK UMITYJIbCI HOJITE T€H KOTEPEHTT1 KYNTapAbl TyABIPHII, XKyHeneri
XKYIITBIK KOPPENSIUsUIApAbIH HETi3r yiecin cumarraiiasl. An D-oneparopsr ykcac
KYPBUIBIM OOWBIHINIA KYPbLIAbl, GipaK OHBIH TOJBIK OYPBIMTHIK HMIyIbCi A = 2
Oonanpl. COHIBIKTAH OJI KBaJAPYHOJIBIIK YXKBIMABIK KO3YTapAbl KaJbIITACTHIPATHIH
KOppeJsIIMsIaHFaH KYNTapAbl CUIIATTal bl

Ocpinaiiima, 5- JkoHe [-KyNnTapel (EepMHOHABI JHHAMHUKAIBIK-CHMMETPHS
MOJIeITIHIeT] HEeT13Ti Y)KbIMJIBIK JIOpEKeNep epKiHAIri peTiH/e KapacThIPBUIBII, KYPJIei
KOMHYKJIOH/IBI XKYHEJIep/IiH CHEKTPIIK KACUETTEPIH CABICTBIPMAJIbI TYp/Ie KaparnaibiM
anreOpalbIK anmapar KOMETiMeH 3epTTeyre MyMKIHJIIK Oepet.

3-macin. MynbTHIONBAIK ©3apa dcepiecy/i cumartaiiTeie Vg Mymecin bkimamaay
MaKCaTbIH/1a OHBIH MaTPHULAJIBIK 3JIEMEHTTEP1 apHaiibl MapaMeTpiiey apKbuIbl Oepineai:
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)

((RE)RGDLr | Vy | (K'R)EGTIET ) = 24/ 0 0y 3?,

Ocwl mapameTpieyai maijanaHy HOTIKECIHIE MYIBTHIIONBAIK e3apa acepiiecy
OTIEPATOPHI KeJIECi BIKIIAaM TYpre KeATipiIemi:

v, = Z BY*) prn (). @®

P&

MyHnarbl R w(k] = lh [bx; ki]iﬂ’6ip69nmeKTiK MYJBTHIIONIBIIK — OIepa-
Topnapasl Oinxipeni, ai p‘*‘(;:] OIIepaToOpbl OCBIFaH YKcac TYpHe aHbIKTanaabl. by
oreparopiap xyieneri MyJ'ILTI/Il'IOJ'IL,Z[IK KO3yJl1ap MEH YXKbIMIABIK KO3FaJIbICTapAblH
CUMMETPHSIIBIK KACUETTEPIiH cunarrayra MyMKiHIIK Oepeni.

Xorapblna eHri3UIreH >KybIKTayldapAbl €CKEepe OTBIPBIN, k — i CXEMAaChIHJAFrbl
(epMHUOHIBI JTUHAMUKAIBIK-CHMMETPHUST MOJEIIHIH Xalnbl [ aMUIbTOHMAHBI Keneci
BIKILIAM TYPJE Ka3blaalbl:

(xs' .
oz = oty + Sewa + ) 16,/ S*(0S(r) +6,0*D] +

XX

+) B PGP, ©

‘?"LXX

AnbiHFaH OpHEK (EePMHOHIBI JTHHAMHUKAIBIK-CAMMETPHUS MONETIHIH HeTri3Ti
KYPBUIBIMJIBIK, 3JIEMEHTTepiH Oipryrac Typre Oipikripeni. Mynma OGipOesmiekTik
SHEPrusjIap, KYITHIK KOPPENSLIUsIap JKOHE MYJIbTHIIONBIIK YKBIMIBIK €3apa
acepiecynep OipblHFail anreOpaiblKk (GopMannu3M IIeHOEPIHAE KapacThIpbLIabI.
OchIHaH BIKIIAM JKa3bUTy MOJICIIB/IIH JUHAMUKAJIBIK CHMMETPHUSIChIH allKbIH KOPCETII
KaHa KOWMaii, KONMHYKJIOH[bI JKYHEJIEePAiH CIEKTPIIK KaCHEeTTEePiH aHAJIMTHUKAJIBIK
JKOHE CaHABIK ONICTep apKBUIBI 3epTTeydi enoyip keHurmereni. COHBIMEH Karap,
lamMunbTOHMAHHBIH OYJ1 TYpi YKBIMIBIK KO3FAJIBICTAPABIH HETI3T1 MEXaHU3MICPiH
Oeminm KepceTyre MyMKIHAIK Oepir, (EpMUOHABIK KYHEHIH MHUKPOCKOHUSIBIK
cunarraMajgapbl MEH OHBIH MaKPOCKOIHSUIBIK YXKBIMIBIK KaCHETTEpPl apachIHIarbl
0allTaHBICTHI 3ePTTEYTE KOJAUITBI TCOPHUSUIBIK HET13 KAJIBITITACTHIPAIE.

WHepTTi MyJIBTUIONBIIK ONEPaTOPJIapbl €CEKe aly CUMMETPHSUIBIK KYPBLIbIM-
HBIH KYpIeTeHyiHe KoHE MOJCIBIIH alreOpablK anmapaTblHbBIH KEHEIOIHE aIbIT Ke-
nemi. (9)-epHekneH OepiireH GepMHUOHIbI TUHAMUKAIBIK-CUMMETPHS MOJIEb [ aMuIib-
ToHWaHbI §, ) jxoHe 5 iIKi KeHICTIKTepiH PepMHUOH/IBIK KEHICTIKTIH KaifaH OeiriHeH
Oeuin KapacTeipyra MyYMKiHiK Oepeni. COHBIH HOTHIKECIH/IE k-Gencenni cxema YIIiH
mozens Sp(6) X SU(2), an i-Gencenni cxema ymin SO(8) X SU(2) nunamukanbsik
CUMMETPHSIIAPBIH CaKTaNIbl.

[IpakTukanplk ecenTeynepiae MyHAail ['aMUIBTOHHAHABI COWKeC iIIKi TOMTapabIH
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Toyencis Kasumup omeparopnapbl apKbUIbl ©PHEKTEYy aHAFYpbIM THIMIL OOJBII
TabbuTaZbl. Byn Tocinm MoAenbAiH CHMMETPHSUIBIK KaCHETTepiH alKblH KOpceTil
KaHa KoHMali, SHeprus CHIEKTPIH aHAJIUTHKAIBIK TYPAE 3epITEydl ¢ KEHIIAETEeal.
Sp(6) ¥ SU(2)-nMHaMuKaIbIK CAMMETPHSCHI KaFAalibIHIa KYiieHiH | aM b TOHHAHBI
TONTHIK KYpbUIBIMAApAbIH Ka3uMup nHBapuaHTTaphl apKbLIbI KEJIEC] TYpPAE Ka3blIabl:

Hy = Hy + vy Csypzy + V1 Capigy + HDCSPLH:Z} + Vo lapypay T 6205506 T V5 L.

Byn epHex MojenpaiH opTYpil IMHAMMKAJIBIK YJIECTEPiH KEKe KapacThlpyra
MYMKIHIIK Oepeni jKoHEe >KYMEHIH CIEKTPIiK KacHeTTepiHe opOip CUMMETPHSHBIH
KOCaTBIH YJIeCiH aHBIK Kepcereai. ['amunsronnanueiy Hy Mymeci xyldeHiH Herisri
9HEPIreTUKANIBIK KOHE KYPBUIBIMABIK MapaMeTpiepiH CHNATTAUTBIH (OHIBIK OOINIKTi
OuIIipei XKoHe KeJieCl TYp/Ie aHbIKTala bl

Tp(Tp — 1) ny(n; —1) + n(n—1)
2 h 2 T

MyHarel apaMeTpiaep OipOeIeKTIK YHEPTUsIap/bl )KOHE HYKIOHIAp apachlH-
JaFbl THIMJI1 ©3apa dcepiecynepi cumarraiasl. A Kazumup oneparopiapbl CHMMETPHS
TONTAPBIHBIH MHBAPUAHTTHIK KACUETTEPIH €CKEPIl, KYHUCHIH YIKBIMIBIK KO3FaIBICTAPhI
MEH CIIEKTPJIK KYPBUIBIMBIH aHBIKTaWmbl. Ocbutaiiima, ['aMUIbTOHMAHHBIH OapiIbIK
MyIIenepi e3apa OaiyIaHBICKAH CUMMETPHSIIBIK YJIECTEP PETIHAE KapacThIPHUIHII,
KOMMHYKJIOHIBl O KYHENepaiH JUHAMUKAIBIK KacHeTTepiH OipTyTrac anreOpaibiK
dbopmanmm3M asChIHIA CHUMATTayFa MYMKIHIIK Oepemi. MyHmai TOCIT YIKBIMIBIK
KYWJIEepAiH KanblnTacy MEXaHW3MIEpiH TYCIHAIpYMEH KaTap, SAPOJIBIK CHEKTpIepl
€CeNTEY/IiH TUIM/II TCOPHSUTHIK HET131H KaMTaMachl3 €T/,

An §0(8) X su(2) AVMHAMHKAIBIK CHMMETPHSCHI JKY3ere acKaH JKarJaiia
l'aMuIBTOHMAHHBIH ~ KYPBUIBIMBI  KYPIEJICHE TYCIll, KOCBIMINA CHMMETPHUSIBIK
WHBAPUAHTTAPALI KaMTHUIBl. MyH@mail skarmaiifa KydeHiH [ aMuIbTOHWAHBI Keieci
TYpIe Ka3bUIa bl

Hy = hy+ 5575 + &4ny + 17

Hg+ Hy+ vy Cyy, T4, Cqy, + HacgyI + 95Csp, T 96Csp, T G2C5p, + gL*. (10)

Bepinren epHek KOIMHYKIIOHIBI KYHEITESPIiH SHEPTHUSI CIIEKTPIH OpTYPIIi CHMMETPHUS
TONTaphIHBIH, Kasumup omepaTopmapbl apKbLIBI CHUTIATTayFa MYMKIHIIK Oeperi.
CoHbIMEH Karap, 0J1 PepMHOHIL THHAMHUKAIBIK-CAMMETPHS MOACIIHIH anre0pabIk
KYPBUIBIMBIH JKOHE Y)KBIMJIBIK KO3FAIBICTAPJIBIH CUMMETPHSUIBIK TaOUFAThIH alKbIH
KepceTei.

Kanmer xarmaiima (GepMHOHABI JTHHAMHUKAIBIK-CHMMETPUS Momelli 0ec Typii
ACUMITTOTUKAIBIK MIeKKe ue Oonaabl. by mekrep/iH GU3nKaIblKk Ma3MYHBIH Taliay
YIIiH aJJIbiIMeH MOJIENbJIH KapanaibIMIairaH HYCKAachl KapacThIpbuiaabl. MyHnuai
KybIKTayna ['aMUIBTOHMAH KYpaMbIHJA TEK JKYNTHIK JKOHE KBAJPYIOJBIIK ©3apa
ocepIecysep/ii CUITATTAWTBIH MYIIeNiep FaHa cakTanaabl. HoTmkeciHae bIKIIaMaanran
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(bepMHOHABIK JTUHAMHUKAIBIK CUMMETpHs | aMHIbTOHMAHBI TOMEHJETI TYypHe
OpHEKTENIe/Ii:

Hinen = Go ST ST+ B, PTP". (11)

Byn epHekTe OipiHmI MyIe >KyHeneri »KYNTHIK KOppeIsIUsIapAbl cumarraca,
SKIHIII MYIIE KBaJPYIOJbIIK YXKBIMIBIK KO3FAJIBICTAPAbIH YJCCIH aHBIKTANIbI.
OchLiaiiina MOAEIbIIH Heri3ri (PU3MKAIBIK Ma3MYHbI CAKTAJIBII, KYP/EIIi KOITOOJIIeKTI
e3apa acepiiecysepiH 0ackiM 06JIiri THIMJII Typ/Je €CKepuIe/Ii.

KapanaiipiMaanran ['aMuibTOHHAH HET131H/IE TMHAMUKAJIBIK CHMMETPUSHBIH HET13T1
exi weri §p(6) % SU(2) xoue $O(8) X SU(2) »xarnaiinapsl KapacTbIpbuiasl. By
mekTep/e ['aMuIbTOHMaHHBIH KYPBUIBIMBI €19Yip BIKIIaMJIaJbII, TOJIbIKTall Kasumup
orepaTopiapsl apKblIbl OpHEKTeNe . MyHaai Tocil xKYHEHIH CIEKTPIIK KACHETTePiH
AHAJMTUKAIIBIK TYpPJE 3€pPTTEYre MYMKIHIIK Oepill, YXKBIMIBIK KO3FaJbICTAP/IbIH
CUMMETPHUSIIBIK TaOWFAThIH alKbiH KepceTeni. COHbIMEH Karap, aCHUMIITOTHUKAJBIK
MIEKTEP/i Taljay OPTYPJi YKBIMIBIK PEKUMACPAIH KaJbIITacy MEXaHU3MACPiH
TYCIHIIpyAE MaHBI3IBI POJT aTKapabl.

Bipinmi acumnrorukanslk mek Sp(6) X SU(2) nuraMuKanslk CHMMETPHSICHIHA
colikec kenexi. by karmaiia pIKIamMaanFad ' aMUIBTOHNAH KeJleci TYplie OpHEeKTeNei:

G 00 +2 3B,
Hy = en — fﬂ(ﬂ— 1) + Gy [Eslru.::}_ %] tByCsyzy — 5 L

-
.

An 50(8) x SU(2) cuMMeTpusachl Ky3ere ackaH »karaaitna [ aMUIsTOHHAHHBIH
OaJjiaMaJibl TYpl TOMEH/IETI OPHEKIICH aHbIKTaIa bl

Gyn(n—1)
H, = sn—ﬁT-i- G, [cgyz

n(n+2)
_Tl + Bzcsoﬁ - BZCSGE (12)

AnplHFaH ~ OpHEKTep  (EepMUOHIBl  JTUHAMHKAJIBIK-CAMMETPHS ~ MOAEJIHIH
HETi3T1 JAWHAMHKAJIBIK HIEKTEPiH alKblH KOpCETeAl KoHE Kypleni KemdepMHOHIBI
["aMuIbTOHMAHBI CHMMETPUS TONTAPBIHBIH Kazumup oneparopiapsl apKbUIbl BIKIIAM
TYpAE cunarTayra MYMKiHIIK Oepeni. MyHiai Tocia )KyHeHiH CIEeKTPIIiK KacCueTTepiH
3epTTEeyYi KEHUIACTII, 9pTYPJi YKBIMABIK PEeXXUMICPAIH KajbIITacy MEXaHU3MACPiH
CUMMETPHS IPUHIUNITEP] TYPFBICBIHAH TYCIHAIpYTe Karail xKacanabl.

(12)-epnexrepni Tangay kepcerkenaed, B, = 0 Oonran sxarmaiina sxyleHiy
JMHAMHKAChl HETi31HEH MOHOIOJIBIIK JKYITAacy OCepiMEeH aHbIKTanaasl. MyHnai
pexumae SU(2) cummeTpuschl 6ackiM OPBIH allbIM, Ky HEHiH SHEPTreTHKAIBIK CTIEKTPi
BHOPAIMSUTBIK CHITaTKA We 0omabl. Byt skarail 5Ky IThIK KOppessIHsIapablH )KETeKIII
POl aTKapaThIH SPOJIBIK KYHIepre Colkec Kejei.

Kepicinmwe, G, = 0 HeMece OHBIH YJECi eneyci3 a3 GonFaH Ke3je KBaJpynoib—
KBaJIPYNOJIBIIK ©3apa ocepiiecy Herisri Qakropra aiiHamanel. Hotwkecinme k
-OeJicenIi cxema YIIiH suU [.3J, an i-OernceHai cxema yuIiH § D(E] JTUHAMUAKAJIBIK
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CUMMETpUSIIAPHI XKy3ere acajasl. GU3NKaNbIK TYPFbIIAH anfania, §U(3) meri ochTik
CHMMETPHSIIBI POTOPJIBIK KO3FAIBICTAP/BI CUMIATTAN/b!, an SO(6) weri y-Typakcsis
nedopManusIaHFaH SAPOIAPAbIH YKBIMIBIK KaCUETTEpiH OeiHeneni.

Ocbunaiiia, SKYprisiireH Tanfay O KYNOTapAblH BIABIpAy TpOLECTEPl MEH
KaJIBIIITHl KOHE aHOMaJIbAbl JKYNTap JAEHICHIep apachlHAAFbl ILAIIbIpay ocepiepi
CCKEepPIIMENTIH (EepMHOHIBl AMHAMHUKAJIBIK-CHMMETPHUSL MOJEINIHIH bIKIIAMIAIFaH
HycKachl meHOepiHae jKy3ere achIpbuiafbl. MyHIall KybIKTay TOMEH 3HEPTHSUIBI
YKBIMIBIK KYHJIEpIiH HEri3ri KacMeTTepiH CUMaTTay YIUiH JKeTKUIIKTI AJIiK Oepeni.
Hotwxecinne >xyieneri OipOesuekTiK >KoHE eKiOeJIIEeKTiK e3apa ocepiecyiepai
KaMTHUTBIH, TapaMeTpiIep CaHbl LIEKTEYII bIKIIAaM [ aMUIBTOHUAH aJIbIHAIBI.

[IpoTOHABIK >KoHE HEUTPOHABIK IOpEKENep epKIHIIr ecKepiireH Xaraanhaa
(epMUOHIBI TUHAMUKAJIBIK-CHMMETPHS MOJAENIHIH Heri3ri ['amuibToHMaHbl Keneci
TYPZAE Ka3bUIajbl:

Hgﬂm{ = GDRS.:S.‘? + GDV‘S':SV + B;W'P'rzpvrz + Bivpvzpvz + B;m-' 'P‘T:'P'Ir': (13:]

Byn epHekTe anFamkbl €Ki MyIIe MPOTOHIBIK >KOHE HEHTPOHIBIK >KYIITBHIK
KOppeJsIIMsIapAbl CHMaTTaca, KajFaH MYLIeJep KBaIpyMOJNbIiK YKBIMIBIK e3apa
oceprecyiepaiH yJieciH aHblKTaiael. Ocbulaiilia MOAENb SIAPOHBIH  YIKBIMIBIK
KacHUeTTepiH KaJbIITaCTHIPAaTBIH HEri3T1 MeXaHu3MIepai OipTyTac Typ/ie KaMTHIBL.

['aMubTOHMaHMEH KaTap SIEKTPOMAarHUTTiK KBaIPyTONb/IiK aybICYIap bl CUIIATTaY
yIiH OipOeIIeKTiK KybIKTayaa KeJleci ayblCy OmnepaTopsl eHri3ie1i:

T(E2)=e P’ +e,P. (14)

MyHJarbl €, %KoHE €,, IaMaIapbl COMKECIHIIE TPOTOHBIK XKOHE HEHTPOHIBIK THIM-
Il 3apsiitapsl cunarTaiael. by oneparop EZ2-aybICyNlapbIHBIH BIKTUMAIABIKTAPBIH
€CenTeyre XoHe TCOPHUSUIBIK HOTHKEIEPAl TIKIPUOENiK JepeKTePMEH CallbICThIpyFa
MYMKIHJIIK Oepei.

Keneci kezeHume (epMHOHIBI JTUHAMHUKAIBIK-CHMMETPHsI MOJCIbIHIH HETI3Ti
UCSCHI )KY3€Te aChIPBUIAIBI, SIFHU KOPpEIsIUsUIaHFaH QepMUOHIBIK KYITap bl THIM/II
0030H/IBIK JIOPESKECP SPKIHIIT apKbLIbI CHIIATTAy KapacThipbuiajibl. OChl MakcarTa
YKAIITIBI )KYNTHIK OIIEpaTop TOMEHET] Typ/e aHBIKTaJa bl

L
Bl = Z aP (ala] )., (15)
ij

Mynparsl L sxoHe M KBaHTTBIK CaHAApbl JKYITBIH TONBIK OYPBILITHIK HUMITYJIbCI
MEH OHBIH KEHICTIKTET1 MPOESKIUSICHIH aHBIKTANIbI, aJl {x:'j.} K03 HUIHEHTTEP] KYIITHIH
KYPBUIBIM/IBIK CHUIIATTaMaiapblH Oepesi. Atanran omneparop (GEepMHOHIBIK JKyHeaeri
YKBIMJIBIK KOPPEISIHsIIapAbl THIM/I O030H/BIK alfHBIMAIbIIAP apKBUIbI CHIIATTAYIbIH
OacTankpl HETi31H Kypaubl xkoHe (HepMUOH/IBIK KeHICTIKTEH 0030HABIK (hopMannu3mre
OTY/IIH HETI3r1 3JIEMEHTI OOJIBIN TaObLIA b
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JKynTeIK onepaTopiapliblH aHBIKTaMachlHa COWKEC YIKBIMIBIK KO3FalIbICTAP/Ibl
cUmnarTayla Heri3ri pejl aTKapaThlH ©H TOMEHT1 MYJIbTUNONBIIK Kyimep L = 0
xoHe L = 2 Oonbin TaObuiazpl. bo3oHABIK OcitHeney mporeaypackiHIa Oy Kyiiep

COUMKECIHIIE 5- KOoHE d—603OH,Z[apMeH ColfkecTeHIipineni:

steprldl <Pl . (16)

Byt colikecTik TeK (popMalib/ibl aIMaCThIPY/IbI OiiaipMeiini. OHbIH HETri3ri MaKcaThl
(hepMHOH/IBIK XoHE 0030HBIK Oleparopsiap apachlHIarbl alreOpaibiK KYPhLUIBIMHBIH
CaKTaJlyblH KamTamachl3 eTy Oosbin Tabbuiagbl. Ochbl ceOenTi YIKBIMIBIK KYIITHIK
oreparopiap OO30HIBIK OIleparopjapra TOH KOMMYTALHUSJIBIK KaCHETTEPIl KYBIK
TYpJC KaHaFaTTaHIbIPaJIbI:

['PLM’P_:}M"] ROy Oy (17)

Mynnarsr & ;¢ xKoHE & pea1' Kpomexep cuMBOITIApHI GOIBIT TabbLTa b1, ByT KaThiHaC
VKBIMIBIK (DepMUOHABIK KYITapIbIH 0030HIapFa yKcac KacHeT KOPCETETiHIH XKoHE
ONIapABIH THIMAI OO030HIBIK IOpEKeNep EepKIHIITT PeTiHAe KapacTBIPBUTYBI MYMKIH
eKeHiH Oumipeni.

Hotmwxkecinme Oactamkpl Kypraenai KemdepMHUOHABI JKylie OO30HIBIK KEHICTIKKe
OcitHeeHIN, YKBIMIBIK KO3FAJIBICTApALl CHUTIATTAy €Ioyip KapamalbIM opi ecernTey
TYPFBICBIHAH THIMII ¢opMara Kemripimemi. MyHmall TypAeHAIPY KOTMHYKIOHIBI
JKYHeNepaiH CHeKTPIiK KaCHETTEPiH 3epTTEeydi KEHIUIACTIN KaHa KoWMal, oJapIbIH
VKBIMIBIK KYHJICPIHIH HETI3Ti (U3UKANBIK EPeKIISTKTEpPiH caKTayFa MYMKIHIIIK
Oeperi.

Ochuraifra,  GepMUOHABI  TUHAMUKAIBIK-CHMMETPHS ~ MOJICTIHIH  OacTamKbl
lammbTOHMAHBI THIMII 0030HABIK (hOpMaTH3M asChIHIA KalTa Ka3bUIBII, YYKBIMIBIK
KYWIepai CUMaTTalThIH OO30HIBIK MOICTBIIH KYPBUIBIMBIHA KeNTipiiemi. by Tocin
(hepMHOHABIK JkoHE O030H/BIK CHITaTTaMaTapABIH apaCchIHIaFbI OAHIaHBICTH TAJ/IayFa,
COH/Tai-aK aJIbIHFaH TEOPHSUTBIK HOTHXKENIEep i 0030HBIK OciHEeIey HeTi31H e aJIbIHFaH
KOPBITBIHIBUIAPMEH CATBICTRIpYFa MyMKIHAIK Oepei. O3 Kke3eriHae MyHIai CaTbICTRIPY
(hepMUOHBI TMHAMHUKATBIK-CHMMETPHS MOIEIIHIH (PU3UKAIBIK HET13IITITiH Oaramaymna
MaHBI3/IbI POIT aTKapaIbl.

3epTTeyain KolmanOaasl HBICAHBI PETIHIE ayblp MacCalblK aiMaKTa OpHajIacKaH
AJIPOJIAp TAH 1AM abIHAEL. ATan aiTKanaa, ipoToHasK 2 = 20 — 82 xone HeHTPOHIBIK
N = 82 — 126 xaObIKIanapbl apachlHIaFbl KEHICTIK KapacThIpblIaasl. by aiiMakTa
HEHUTPOHBIK KOHE MPOTOHIBIK OPEKeNep epKIHIITIHIH e3apa oacepiiecyi MaHBI3IbI
peN aTKapaTHIHIBIKTAH, KYHEHIH CHMMETpPHSUIBIK KypbUlbiMbl Sp.,(6) & SO_(8)
CXeMachl apKBUTBI CUTIATTANIAIIBI JeTT OOJKaHAa IbI.

YchHbpUTFaH  (OpMATM3MHIH MYMKIHTIKTEpIH TEKCepy MaKCaThIHIA SKYI-)KYI
190,192,194 Pt mjaTHHA M30TONTAPBIHBIH Ti30eri 3epTTey OOBEKTICI PETiHIe TaHIaIIbl.
AtasiFraH M30TONTap KaTapblHAA MPOTOHIBIK JKYNTap CaHBl TYPAKTHI OOJBIN KaJbII,
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N_ =2 wmomine TeH, an HeHTpoHABIK xynrap cadel N, = 4-tem N, = 7-re
nerin e3repeni. MyHmail skxyienep Y)KBIMIBIK KACHETTEPAiH DBOJIIOIHUSCHIH KOHE
HEHUTPOHBIK KOH(MUIYpaIMsUIapAbIH CICKTPJIIK CHUIlaTTamaliapFa acepiH 3epTreyre
KOJaiel MyMKiHAIK 6eperni. COHFBI XKBUIIAPHI TUIATHHA W30TONTAPBIHBIH KYPBUIBIMBIH
3epTTeyre apHaJFaH »JKCICPUMEHTTIK JKOHE TEOPHSUIBIK JKYMBICTAPIBIH CaHbI
aliTapibIKTail ecTi. [lereHMen, Oy anporapAblH TOMEH YHEPTHsUIBI KYWJIEPIH TOJIBIK
opi Oipi3mi cHUNATTaWThIH oMOeOanm TEOPUSUIBIK MOJAEIL dJIi JIe KaJbITACKaH JKOK.
COHIBIKTAH TUIATHHA W30TONTAPhl YIKBIMIIBIK KO3FAIBICTAPABl CHITATTAUTHIH OPTYPII
MOJAENBICPAIH THIMIUTITIH TEKCepyTe apHAIFaH MaHBI3IbI TECTLUTIK XyHenepain O0ipi
00bII TaOBUIAIEL.

Bypsin xyprizuiren 3eprreyinepae, acipece bop—MoTTenbCOHHBIH T€OMETPUSIIBIK
MOJIEITi asChIHIA, OTIENl aiMaKTa OpHAaCKaH SAPOJapIbIH KYPBUIBIMBIHIA OPTYPIIi
nedopMaIusIBIK peKUMICPAIH O0oceKenecTiri OailkamaTeIHBl KopceTinreHn. MyHaai
SIpoJIap/aa CO3BUIFAH JKOHE CHIFBUIFAH IIIIHISP apachIHIAFhI TETIe-TCHIIKIICH KaTap,

¥ -TypakchI3abIK KyObLIBICEI MaHbI3Ib! POl aTkapabl. COHBIH HOTHKECIH/E ONApIbIH
CHEKTPIIIK KYPBUIBIMBI MEH AJIEKTPOMArHUTTIK aybICy CHIIATTaMallapbl KYpJIei CHIIaTKa
ne Oonabl.

Ocbl  epekuiernikrepre — OaimanbicTel  %1921%Pt  y3oTonTapel  hepMUOH/IBI
JUHAMUKAIBIK-CHMMETPUSL MOJICNiHIH ~OOKamMIapblH TeKcepy YIIiH —KOJaHJIbl
oObekTizep OombIn TaObLIaabl. By saponapasl 3epTTey YKbIMIBIK KO3FaIbICTap IbIH
TaOWFaThIH TEPEHIpEK TYCIHyre >KOHE MOJENBJIH OTHeNl ailMaKTarbl SAPOIapbl
CUNaTTay MYMKIHAIKTEepiH Oaranayra MYMKiHAIK Oepei. AranfaH KypbUIBIMIBIK
epeKIIenikTepre OalIaHbICThl [UIATHHA W30TONTAPBIH CUMATTay OapbIChIHIA ©3apa
oceprecymi 0030HIap MOAETIHAE TOJNBIK [ aMUIBTOHUAH/IBI 97T AUATOHAAAY O/iCiH
KOJIJIaHy KOKETTUIIr TyBIHAAH bl BYJ1, €H anapIMeH, OJIap IbIH CIICKTPIIIK KACUETTEePIHIH
MOJIEJIB/IIH OCNTili KapanaiiblM aCHMIITOTUKAJIBIK IICKTEPiHIH CIIKANCHIChIHA TOJBIK
colikec kenMeyiMmeH Tycinmipineni. COHABIKTAH MYHIAH saponap eTmeni aiMakra
OpHaJlacKaH Kyhenep peTiHe KapacThIPbUIBII, OJapAblH KYPbUIBIMBIH CHIIATTAY YIIiH
HEFYPJIBIM KaNIIbl TEOPHSUIBIK TOCLUIAEPAl KONJaHy/ bl Talal eTe/i.

Ocpl xymbicTa 9192194 Pt riaTiHA H30TONTAPBIHBIH TOMEH SHEPTUsUIIbI KYIICpiHIH
CHEKTPJIK  KYPBUIBIMBI  ()EPMUOHABI  JWHAMHKAIBIK-CAMMETPHsI  MOJENiHIH
pIKIamaanFad [amunsronnansl (13), KBaAPyNoOIbIiK AIEKTPOMATHUTTIK aybICyTap bl
CUNATTAUThIH E2-0mepaTopbl JKOHE OJIapJAbIH OO30HJBIK KEHICTIKKe OciiHeleHyil
Herizinzae 3eprreneai. MyHaal Tocil YKbIMABIK KO3FaIbICTAPABIH MHKPOCKOTHSIIBIK,
TAOMFaThIH CaKTal OTBIPHIN, CIEKTPIiK CHMAaTTaManapibl THIMII TYpAE €cenTeyre
MYMKIiHJIK Gepei.

AJBIHFAaH TEOPHSJIBIK HOTHXKEIECPHAIH CEHIMAUIITH Oaranay MakcaThblHIa €CemlTey
HOTHXKeNepi OipHemie Oenriii MoAenbAepAiH OOomKaMIaphIMEH CalbICTHIPHLUIAIBI.
Atan aWTKaHAa, CaJdbICTHIpMANBI Tangay 5U [6] JIOJI CUMMETPUSICBIHA HETI3/CIITCH
e3apa acepiecyini 6o3onaap moaenimer (Dalelkhankyzy, 2025), JlaBbiioB—HabaHHBIH
reomeTpusiblK  TocimiMer (Davydov, 1960) xoHe KOJDKETIMII 3KCIEPUMEHTTIK
JepeKTepMeH Kyprizinemi. MyHpaii canbicThipy (EpMHOHIBI  JAMHAMHKAIBIK-
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CUMMETpPHS MOJETIHIH OTIHeNi alMaKTarbl ayblp SApoJapAblH YKbIMIBIK KAaCHETTEPiH
CUMaTTay MYMKIHIIKTEpiH JKaH-)KaKThl OarajayFa JKOHE OHBIH  KOJJAAHBLIY
HIeKapajapblH aHbIKTayFa MYMKiH/IK Oepei.

Ocbunaiinia, TUIaTMHA W30TONTAPBIHBIH CIEKTPIiK CHUIaTTamMalapblH JpTYpIi
TEOPHUSUIBIK TOCUIZEP HETi3iHAE CaJbICTBIPY YXKBIMIBIK KO3FAIBICTApAbIH TaOUFaTHIH
TEePEHIpEeK TYCIHAIpyre XoHEe (EPMHUOHIBI JTUHAMUKAIBIK-CHMMETPHSI MOJCIIHIH
OoJDKaMIIapbIHBIH JKCIEPUMEHTTIK JEPEeKTEPMEH COUKECTIK IOpEeKeCiH aHBIKTayFa
JKaraay skacamabl.

I-kectene ¢GepMHOHABIK AMHAMHUKAIBIK-cumMMeTpust monemi (DJCM) men ezapa
acepaecymri 6030Hap Mozei (ObM) OobIHIIA JOJI AUMaroHaIU3alus 9ici apKbUIBI
aNbIHFAH POTALMSUIBIK XKOJAKTAPbIH CalbICTHIPMAIbl CrieKTpiepi xoue '*°Pt, 1°2Pt,
194Pt uzortonTapel yuin toxipubenik nepexrep (Koilyk, 2026; Finger et al., 1972;
Cummane et al., 1976; Lederer, 1978) kenripinren. Kecrene opbip sapo ywiH 6ip
FaHa pPOTAlUSIIBIK KOJAK KapaCThIPBUIBIN, CaJBICTBIPMANBI Tajlay >KYPri3iii.
DKCHEPUMEHTTIK UPacT-pPOTALUSIIBIK JKOJAKTBIH dHEpreTUKalbK AeHreinepi ®ICM
xoHe OBM meHOepinae ecenTenreH HOTHKEIEPMEH CaIbICTBIPBUIBIIN, MOJIEIbACPAIH
cunarrTay JQJIIiri OaranaHbl.

Kecre 1. DkcriepuMeHTTIK poTanusuibik **121%4Pt upacr-xonakrsl ®ICM xone OBM OoiibiHIa
€CEeIITENICH MOH/ICPMEH CaJIBICTHIPY.

I IKCHepUMeHT OICM 9BM
" IQOPt 192Pt 194Pt lQOPt 192Pt 194Pt lQOPt ]‘)ZPt 194Pt
+ 0 0 0 0 0 0 0 0 0
01
5 + 0,30 0,32 0,33 0,30 0,32 0,32 (0,32 (0,32 (0,34
1
4;— 0,74 0,78 0,81 0,72 0,76 0,78 10,78 (0,76 0,80
6 + 1,29 1.37 1,41 1,24 1.34 1,38 | 1,28 [1.28 |1,36
1
. + 1,92 2.02 2,10 1,89 1.98 2,08 |1,80 [1.94 |2,01
1
0 + 2,25 2.52 2,44 1,17 |2.50 2,40 2,40 [2.34 |2,64
1
. + 2,73 2.62 2,83 2,64 |2.64 2,78 2,82 [2.62 [3,04
1
” + 3,06 3.00 2,98 [3.02 3,36 |3.02
1
+ 3,77 3.54 3,61 3.56 3,72 |3.44
161
+ 0 4.20 425 4,16 [3.86
181

1 -11i KeCTe e KeNTipiIreH HOTHIKe e OOMBIHIIIA € CENTENITeH OPTAIa CaTbICTHIPMAIIBI
karenikrep Pt mzoronsl yimin OICM sxone OBM Mozenbaepinae colkeciHiie
8.29% sxone 5.02%, 2Pt yuuin 1.19% sxone 3.54%, an **Pt yurin 2.20% xone 4.62%
Oonapl. Hotmxenep (HepMHOHIBIK IMHAMHKAIBIK-CHMMETPHUSUIBIK MOJEIbIiH 2Pt
koHe '°*Pt M30TONTApBIHBIH POTALMSIIBIK CIICKTPIIEPIH CHIIATTAyIa JKOFAphl IAJIIK
KepcereTiHin, an '"°Pt yiin e3apa ocepiecynn 0030HAAp MOIETIHIH TIKipuOETiK
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JIepEeKTepMEH JKaKChlpaK CoMKec KenleTiHiH kKepcereni. JKanmbl anraHaa, €Ki MOJENTb
Je TUIATHMHA W30TONTAPBIHBIH TOMEHT1 DHEPreTHKAJbIK KYWJIepiH KaHaraTTaHapIbIK
JONAIKIECH CUNAaTTalAbl. AJIBIHFaH HOTHXKENEPAl 3epTTey TEOPUSUIBIK ecenTeyiep MeH
9KCTIEPUMEHTTIK MAIIMETTEP apachbIHIAFbl COMKECTIK ASPEKECiH aHBIKTayFa, COHJIAli-
aK KOJIJTaHBLIFaH MOJICIbCP/IiH CCHIMILIITT MEH KOJaHbLUTY IIeKapaiapblH OaranayFa
XKaraan skacailpl. DHEPreTHKAIBIK CIIEKTPICP/Al CANBICTBIPY OapbIChiHAa (PEePMHUOHIBI
JUHAMUKAIBIK-CHMMETPUSL MOJEIIHIH BIKIIAMJATFaH HYCKAChl HETi3Ti Y)KBIMIBIK
KYHIIEpaiH OpHaJIacy 3aHbUIBIKTAPbIH KETKUIIKTI JONAIKICH KaiiTa OHIipe aaaThIHbI
OaMKaIaibl.

CoHBIMEH Karap, €CeNTeNreH JKOHE TIKIpHOeNiK dHeprusl JeHreiIepiHiH e3apa
COMKeCTIr MOZETb/Ie €CKEPIITreH JKYNTHIK KOHE KBaJPYMOJIbAIK KOPPEIILUUsIIapIbIH
IUTATHHA W30TONTAPBIHBIH YKBIMIBIK KACHETTEPIH CHIATTayla MaHbI3Ibl pel
aTKapaTbIHBIH KepceTeni. ANl e3apa acepiecyin 0030HAAp MoOJeNiMEH KYPTi3iireH
CaJIBICTBIPY €Ki TOCUIMIH Ji€ HEri3ri CHEKTPINIK 3aHJbUIBIKTAP/bl KaHAFaTTaHAPIIIK
JIeHrei/le cUmaTTail ajaThIHBIH, ajai[a >KeKellereH Kyiiep YIIiH onapAblH AQJIIK
JeHreiHae albIpMalIbUIBIKTap OO0yl MYMKIH €KeHIH KOpCeTe .

OepMHOHIBI AMHAMUKAIBIK-CUMMETPHUST MOJIENI MEH e3apa acepiecymr 0030HIap
MOZIENI HETi3iHJe €CENTeNreH JHEePreTHKAJbIK ICHreHIepaiH HoTmkenaepi '70192194
Pt wn3oromTapsl yIIiH TOXIpHOENIK IEpEeKTEPMEH CalbICTBIPBUIbIN, OIapAbIH [5-
XKOHE ¥ -)KOJaKTapblHA KATBICTBI MOHAEP] 2-KecTenepie KeNTipiareH. ¥ ChIHBUIFaH
CaJIBICTBIPMAJIBbl TANAAY SPTYPIIl TEOPHSUIBIK TOCUIACPAIH TOMEH SHEPTUSUIBI YKBIMIBIK
Ky#uepai cunarray KaoineTiH Oaranayra MyMKiHZAIK Oepeni. Ocblnaiiia, 2-kecTenepae
KEJTIPUITeH HOTHXeJep (EPMHOHIABIK TUHAMUKAIBIK CUMMETpPHS MOJACTIHIH aybIp
IUTaTHHA M30TONTAPbIHBIH KYPBUIBIMBIH 3€pTTEyAE KOJNAAaHyFa KapaMabl TCOPHSUIBIK,
KYpaJl eKeHiH pacTaii/ibl >koHe OHBIH OOJKaMIapbIHbIH SKCIEPUMEHTTIK JepEeKTepMEH
COMKECTIriH CaHABIK TYPFhIJaH Oaranayra MyMKIiHIIK Oepeni.

Kecre 2. ®epMHOH/IBI JTUHAMUKA-CUMMETPHSIIIBIK MOJIENb JKOHE ©3apa dcepiiecyii
6030H1ap MOJIEITi KOMETIMEH €CeITeNTeH YHEPIHAHBIH IKCIIEPUMEHTTIK MOH/IepiHiH *%192194Pt
aapocelelE .y —monaETapsIMer canbICThIPY.

I JKCIepuMeHT OICM 9BM
190pt 192pt 194Pt 190pt 192pt 1%4pt 9Pt | 92Pt 9Pt

= 0,60 0,61 0,62 10,58 0,60 0,65 0,60 {0,60 0,65
37 0,92 0,92 0,92 10,89 0,90 0,89 1.05 10,99 0,80
43 1.13 1.20 1.23 |1.10 1.17 1.17 1.07 |1.11 1.06
55 1.45 1.48 1,50 | 1,46 1.45 1.45 1,55 |1.55 1.35
63 1,73 1.65 1.73 | 1,70 1.61 1.64 1,65 |1,70 1,60
73 1,95 2.11 2,11 1,91 2.06 2.01 2,0 2.0 -

g% 2,03 2.15 2.19 (2,0 2,10 2.11 2,15 [2,15 2.20
af 2,43 2,36 - 2,45 2,39 2,37 2,55 (224 -
103 2,52 2,61 2,45 12,50 2,58 2,40 2,70 [2,42 2,54
0 0,92 1,01 1,12 0,95 1,0 1,37 0,95 10,95 1,14

56




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

2% 1,20 1,25 1,65 [1.22 123 [1.59 125 [1.17  [1.42
4+ 1,49 1,68 | 245 |[151 1,60 [2.40 1,63 [151 [241
63 1,97 | 2,02 | 062 [1,99 198  [0,65 206 [1.88 [0,65
gt 220 | 235 | 092 [2.20 230 0,89 241 (212 [0,80
10 + 2,50 | 2,67 | 123 [245 2,61 [1.17 255 (2,50 [1.06

2-mi Kecrene OepinreH [B JKoHE Y-)KOJNAKTapHblH JHEPreTUKAINBIK CIEKTpIepi
OoMbIHIIA KYpTri3iiareH caisicTeipMaibl Tannay GICM HoTmkenepiHiH ToxXipuOeik
JIEPEKTEPMEH JKaKCBIPAK COHKeC KeNeTiHiH KepceTTi. Oprama CalbICThIpMAaIbl
karemikrep '°°Pt, 2Pt xone **Pt u3oronrapsl yurin coiikecinme 1.74%, 2.11% xone
5.21% OGonnpl. An OBM OoiibiHIa Oyn kepcetkimrep 5.63%, 5.84% xone 7.88%-
ra TeH. Ocpulaiiia, KapacThIPBUIFAH H30TONTAPABIH [ JKOHE Y-)KOJAKTapbIHBIH
KypbUIBIMBIH cutiatTayaa OACM mozeniHiH AT )KOFaphl eKeHIr OaiKamabl.

Kecrenepne xenripinreH HoTmkenep KepcerkeHumed, 4 MboB-ka npeiinri kosy
SHeprusuiapel aiimarbiga %1219 Pt p3oronmTaphIHBIH OENTii TOMEH SHEPTHSUIBI
KY#HJIepi eKi TeOpUSUIBIK TOCIT apKbUIbI Ja KaHAFaTTaHAPJIBIK JAQJIIKIICH CHITATTaJIA b,
XKanmer anfaHma, ecemTenreH SHEPrUs ACHreHNIepiHiH ToKIpUOeNniKk MoHIEpIeH
aybITKybl 5—10% mamaceiaga Gomaasr. Coubiven karap, SU(6) cummerpusceina
HeT13/IeNIreH e3apa acepiecyii 0030Haap MOAETIHIH KeiOip Karaainapaa GepMHOH b
JUHAMUKAJIBIK-CAMMETPHST MOJISIIHE KaparaHlla TOMEHIPEK JIONIIK KepCeTeTiHi
Oaiikananpl. JKekenereH Kyiuiep YIIIH TEOPHSJIBIK YKOHE SKCIEPHUMEHTTIK MOHIED
apaceIHAaFbl ailbipMatiblIbIK 20%-Fa AeiiH )KeTyi MYMKIH.

Exi TeopusiHBIH MaHBI3IbI HOTIKENEPIHIH Oipi — pOTAIUSIIBIK CHITATTaFbl
KyHiiepMeH KaTtap cepajblK KYpbUIBIM 3JI€MEHTTEPIHIH KaTtap eMip CypeTiHiH Ayphic
cunarTaybl Ooinbin Tabbutagbl. COHbBIMEH Oipre oyiap ayblp IUIaTHHA W30TONTAPBIHAA
OaliKanaTblH «03KOCHIMHI» KYOBIIBICHIH CalalIblK TYPFBIIAH Aa, CaHABIK TYPFbLAAH
na TyciHaipe amangsl. Bynm KyObUIBIC OYPBIITHIK HMIYJIBCTIH ©CYIMEH JSHEprus
JICHIeMIIepiHiH OpHaNacy 3aHJABUIBIFBIHBIH ©3repyiMeH cumaTrTanaabl. baxOeHanHT
s dekricin Tanpay ywin oxerre AE; = E; — E;_, mamacsl KapacTbipbuiaibl. Kimi
OYpBIILTBHIK HMITYIbCTEp aliMarblHAa Oyl alblpMa POTALMSUIBIK MOJAEIBIE COHKec
OipKanbINTHl ©3repeni. Anaiina OyphIIITHIK UMITYJIbC OeNrisii 6ip KPUTHKAIBIK MOHTE
xetkennen keitin (1) sHeprus apabIKTapEIHBIH 03repy 3aHIbLTBIFB KYPT OY3bIIa/Ibl.
MyHzai epeKIeniKTep sSapo iiHAeri HyKIOHIBIK KYNTapAblH KaiTa KypbUTybIMEH
YKOHE KOFapbl HMITYJIBCTI OpOUTANap/IbIH KaTbica 0acTaybIMEH TYCIHAIpiIedl.

3epTTeireH IuiaTHHa M30TONTAaphl YIIIH Oy KYObUIbIC aliKbIH OaliKanajabl. ATar
aiitkanna, Pt xone '?Ptamponapeinia kputukansik aiimak mamamen I, % 12k
MoHiHE colikec keneni, an *Pt sapockinma Gy e3repic eprepek, mamamen . % 10A
MaHbIH/a GacTanausl. Meicansy, '"Pt sapocs! ymin AE(8T — 107) = 0.62 MaB, an
AE(10% — 12%) = 0.12 M3B Gounbin e3repexi. DHeprusi albIpMaChIHBIH OCHIH/AI
KYPT KeMyi O3KOCHIWHT KYOBUIBICBIHBIH aWKBIH KOPiHICI OOIBIT TaOBUTANBI >KOHE
SIIPOHBIH YKBIMIBIK POTANMSUIBIK PEKUMIHEH KBA3HOOIIIICKTIK KOH(PUTYparusIapIb
MaHBI3/IbI POJI ATKAPAThIH JKaHA AMHAMUKAIBIK KYHTe aybICYBIH KOPCETEI].
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Ocplnaiinia, (epMUOHIBI AUHAMHUKAIBIK-CHMMETPHS MOZIEI JIe, ©3apa dcepiecymi
0030HIap MOAENI Je TUIaTHHA M30TONTAPBIHAAFEl CIEKTPIIK 3aHABUIBIKTApAbI KOHE
YKOFaphbl CIUHI KYWJepae OalikanaTblH KYPbUIBIMIBIK ©3TepiCTepAl COTTI CUIIATTalAbI.
Anaiina pepMUOHIBI TUHAMHUKAIBIK-CUMMETPUS MOJCIIIHIH HOTHKEJIEP] TOxipuOemiK
JepeKTepMeH OipIiaMa XaKChIpaK COMKeC Kelill, OHBIH ayblp OTIeNi SAPOJapAbIH
YKBIMJIBIK KACHETTEPiH 3epTTeyAeri THIMAIIITTH KopceTei.

KopsiTeinasl. 3eprrey OapbicbiHaa (EpMHUOHABI IUHAMHKAJIBIK-CUMMETPHS
MOJIENiHIH BIKIIAMJAJIFaH HYCKAChl KapacThIPBUIBII, OHBIH OO30HABIK KEHICTIKKE
OeifHeNneHy MYMKIHJIIKTEp] TajaH/bl. AJIBIHFAH HOTIIKEICD YCHIHBUIFAH BIKIIAMAy
MpoLeNypachiHbIH ~ KOm(epMUOHIBl KYHeJlepaeri Heri3ri  YKBIMIBIK — EpKiHIIK
JIOpexkeNiepiH 0ein KepceTyre MYyMKIHJIK OCpeTiHIH JKOHE MOJCTbAIH (U3UKAIBIK
Ma3MYHBIH CaKTail OTBIPBIN, €CeNTey KYpACTiIiriH eqoyip TOMEHACTETIiHIH KOPCETTi.
DepMHOHIBIK OmepaTopiapAbl THIMAI OO30HIBIK AHHBIMAIBLIAPMEH aIMacThIPY
Kypaeni KemOejIeKTi ecenTepAiH  aireOpaiblK  KYpbUIBIMBIH  YKEHIJIIETIM,
9HEPreTUKANBIK CIIEKTPJIEpP MEH 3JICKTPOMArHUTTIK aybIcyaapAbl 3epTTeyAiH THIMI
KYpaJIbIH YChIHA]IBI.

XKyprizinren tanmay oJci3 *KoHe opTalla ACHIeHIeTi Koppesiuusiap KaraalblHaa
YCBHIHBUIFAH ~TOCUIMIH OacTanmkpl (EPMUOHIBIK OKYHEHIH HEri3ri  CHEeKTPIiK
cunarTaMajapblH OJKETKUIIKTI JIQJIIKIICH KailTa eHIIpeTiHIH KepcerTi. Auaiiga
KOPPEJBSIIMSIIBIK 9cepiep KYHISHTeH Ke3/1e )KybIKTayIbIH ASJIIr ToMeH el OacTaiiabl,
Oy MomenbIi OofaH opi KETIIAIpY >KOHE JKOFapbl PETTi acepiecylepAl ecKepy
KaXKETTIT1H KOpPCEeTe/Ii.

KonnganOanbl ecenteysep HOTHKECIH/IE IIIATHHA U30TONTAPBIHBIH TOMEH SHEPTHSUIBI
KYHJIEpiHIH KYpBUIBIMBI 3€pTTENIN, OJapAbIH CHEKTPIIK KacHETTepi TaKipuOemik
JePEKTEPMEH CaJIBICTHIPBUIIBL. AJIBIHFAH HOTHXKENEP KOPCETKeH e, KapacThIpbUIFaH
M30TONTAPBIH YKBIMIBIK KacueTTepi HerizineH (O(6)) AMHaMHUKaIbIK CHMMETPHSICHIHA
coiikec keneni, an (SU(3)) CHUMMETPHSICBIHBIH YJeCi CalbICTBIpMallbl TYPAE 9JICi3
Oalikanmanpl. MyHmall KOPBITBIHABI 3KCIEPUMEHTTIK CHEKTpiepae OalKaiaThiH
OipkaTap epeKIIeNiKTepi, COHBIH IMIHAE ¥ -TYPaKChI3ABIKKA TOH 3aHIBUIBIKTApP.IbI
TYCIHIIpYTe MYMKIHIIK Oeperti.

CoHBIMEH KaTap 3epTTey HOTIDKEIEepi e3apa ocepiiecylni 0030HAap MOICITIHIH
(U(5)) mexTik CHMMETPHUSCHI ITaTHHA W30TONTAPBIHEIH ACHTCHITiK KYPBIITBIMBIH TOJIBIK
cUTIaTTail aJMaWTHIHBIH KOPCETTI. Ocipece, OV TOCi OIKOCHAMHT KYOBIIBICHIHBIH
Taiiia 0Ty BIH )KOHE KOFAPBI OYPBIIITHIK UMITYJIECTI KYUIIEPIiH KeHOip epeKIIeITiKTepiH
KaHaFraTTaHApIBIK JICHreine TyciHmipe anMaiael. Ayl (epMUOHIBI JHHAMHUKAIIBIK-
CUMMETpHUS MOACI aranraH dQheKTuIep i cunarTayaa aHaFyYPIIbIM THIMII HOTIDKETIEP
Oeperi.

Kanmer  amramga, e3apa  ocepriecymi  0030HmZAp MOHENIHIH — KapamaibiM
ACHMITTOTHKAJBIK IIEKTEpi OapiblK Karmaia JKoraphl IOIAIK KepceTe Oepmeimi.
JereameH, oHBIH TONBIK (s-d) ['aMHUIBTOHWAHBIH HOJI MHUATOHANIAY TOXKIpPHOEIiK
JIEPEKTEPMEH KaKCHI KeIIICETIH HOTWKeNep anyra MyMKiHik 6epemi. CoHbIMEH KaTap
(hepMUOH/IBI JHHAMUKAIBIK-CUMMETPUST MOZEII SAPOJIBIK IKYHENepIiH YIKBIMIBIK
EPKIHIIK JTOpekKEICPiH MHUKPOCKOMISUIBIK NEHIeiIe CUMaTTayra KeHIpeK MYMKIHIIK
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Oepeni. Anaiina MmyHaai xxaraaiaa ['aMUIbTOHMAHHBIH KYPBUTBIMBI KYpJEJIEHE Tycei
KOHE YKBIMIBIK KO3YylapIblH (EpPMUOHABIK TaOUFATBIH TEPEHIpEK 3epTTEydi Tajar
eteni. CoHapIKTaH (PepMUOHBIK XKoHE OO30H IBIK CHIIATTaMallap/Ibl OaiIaHbICTBIPATHIH
TEOPHSUIBIK TACIIAEPl OaH Opi JAMBITY SIIPOJBIK KYPBIIBIM TEOPUSCHIHBIH MaHbBI3IbI
OarbpITTapBIHBIH Oipi OOJBIN Kaja Oepeni.
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Abstract. This work presents an analysis of Yukawa-type short-range interactions
based on neutron interferometry data. The aim of the study is to investigate possible
modifications of gravity at angstrom length scales and to establish experimental
constraints on their parameters. Such interactions are predicted by several theories
beyond the Standard Model and may lead to deviations from the conventional
gravitational potential at very short distances.

Within the framework of a theoretical model describing coherent neutron scattering
in a crystal, the dependence of the normalized scattering amplitude b(Q)/b(0) on the
momentum transfer is examined. The model incorporates the main interactions predicted
by the Standard Model and includes an additional Yukawa-type correction representing
a possible contribution from new physics. As a result, the total theoretical dependence
is expressed as the sum of the Standard Model contribution and the hypothetical
interaction.

The theoretical predictions are compared with available experimental data. The
measured values are in good agreement with Standard Model expectations, and no
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systematic deviations are observed. Therefore, no direct evidence for an additional
interaction is obtained. Instead, the analysis is used to place constraints on its possible
parameters. The fitting procedure yields upper limits on the parameter a,, for A=0.1-1 A.

The obtained results indicate that, if an additional short-range interaction exists, its
strength must be significantly weaker than the gravitational interaction. These findings
demonstrate the high sensitivity of neutron interferometry at atomic length scales and
confirm its effectiveness for probing new physics.

Keywords: Standard Model, dark matter, dark energy, modified gravity, Yukawa
potential, neutron interferometry, short-range interactions, scattering amplitude
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61



ISSN 2224-5227 2.2026

3eprreyniH MakcaThl — aHICTPeMIIK MaciutabTapia TpaBUTALMSUIBIK — ©3apa
OpeKeTTeCyiH BIKTUMaNl MOAU(UKALMSIIAPBIH TEKCEPY KOHE ONlapAbIH ITapaMeTpiepine
9KCIIEPUMEHTTIK IIEKTeynep Koto. MyHpaai 3eprreynepaiH e3ekTiniri CTaHgapTThl
MOJIETIb/ICH ThIC OipKaTap TeOpHsIIapAbIH 6T KbICKA KAIIBIKTHIKTapaa OaiiKamybl MyMKiH
XKaHa QJICI3 acepiiecynepliH OOMybIlH OoJnKaybIMEH OalIaHBICTBHI OOJBINT TaOBLIAIBI.
OcpiHzail acepiecyaep THIOTETUKANBIK JKEHIT OOJIIEKTepAiH alMacybl HOTHKECIHAS
TYBIHJAI, TPaBUTALMSIIBIK TOTeHIManFa FOKaBabIK Ty3eTylep eHri3yi MyMKiH.

HeiitponaapasiH KpucTanaarbl KOTEPEHTT] MIALIBIPAYbIH CUIATTAHTBIH TEOPHSUIBIK
Mozenb asceiHna b(Q)/b(0) HopmanaHFaH IIAMIBIpay AaMIUTMTYIACHIHBIH HMITYJIbC
OepiiciHe ToyenIiiri Kapactepbuiasl. Monenbae CTaHAapTThl MOJICIH IEHOSPIHAeT1
HETI3ri acepiecyiep ecKepiiin, KOChIMIIa bIKTUMan acep perinae KOkaBa TunTi Ty3ery
eHrizinnai. Hotmkecinme ToablK TeoprsuIbIK Toyenainik CTanaapTThl MOAEIH YJIeci MeH
BIKTHMAJI )KaHa 9CePIIeCyAiH KOCBIHABICH TYPIH/E Ka3bLIIbL.

Teopusuiblk ecenTeynep SKCIEPUMEHTTIK IePEeKTEPMEH CaIbICTBIPBUIBII, OJILICHIeH
IaManapablH TEOPHSUTBIK OOJKaMIapMEH jKaKChl COMKeC KeJeTiHi aHbIKTanabl. Jlepek-
TepAe JKYWelni aybITKyJdapAblH OaiKamMaybl kaHa KYLITiH TiKeJeH TipKeJIMereHiH Kep-
cereni. OcblFan OalIaHBICTHI )KaHa dCepIIeCy/l aHbIKTaylaH repi OHbIH MapaMeTpiepi-
HE HIeKTeyNep KO MiHJETi KapacThIpbUIIbL. JKypri3ireH colkecTeHIipy HOTHKECIHAEC
A=0.1-1 A nuanazonbinia 0, TAPAMETPIiHiH KOFAPFbI LIEKTEP] aHBIKTAILIbL.

ANBIHFAaH HOTHIKEJIep KOPCETKEHJAEH, erep KbICKa-KallbIKTBIKTaFbl KOCHIMIIA
e3apa opeKeTTecy IUBIH MoHIHAE Oap Oosica, OHIA OHBIH KYIIi TPaBUTAMSAIIBIK
oceplieCyMEeH CalbICTBIpFaHAa eoyip ouici3 Oonmybl THic. 3epTTey HOTHXKenepi
HEHTPOHABIK MHTEPPEPOMETPHSIHBIH aTOMapalblK MacIITa0TapJarbl epeKIle YKOFaphl
Ce3IMTANABIFBIH pacTaii/ibl )koHE OHBIH KaHa (DM3MKaHBI 137€yAeri, COHgai-aK ipreimi
e3apa opeKeTTecylepli TeKCepyaeri THIMIII SKCIIEPUMEHTTIK Kypall eKeHiH KopceTei.

Tyiiin ce3nep: CranmapTThl MOJENb, KapaHFbl MaTepusi, KAPaHFbl SHEPIHs, MOIU-
¢ukauusianFan rpaButanus, KOkaBa moTeHIMANbI, HEUTPOHIBIK MHTEPPEPOMETPHSL,
KBICKa-KaIIBIKTBIKTAFbI ©3apa acepiecyiiep, Malblpay aMIUIUTYIackl
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AnHoTauus. B mamHOW paboTe mNpoBenéH aHaIN3 KOPOTKOICUCTBYIOIIIX
B3aUMOJICHCTBUI FOKAaBOBCKOTO THITa HA OCHOBE JAHHBIX HEUTPOHHOU HHTEP(hEePOMETPHH.
Llenpro mccenoBaHus SIBISAETCS TPOBEPKAa BO3MOXKHBIX MOAW(DHUKANWN TpaBUTALUN
Ha aHTCTPEMHBIX MacIITa0aX W YCTAHOBJICHHUE JKCIIEPUMEHTAIbHBIX OrPaHUYCHUHN
Ha MapaMeTpbl AOMNOJHUTCIIbHBIX B33HMOI[CIZCTBHI7L AKTyaJ'H)HOCTB HCCIICA0OBaHUA
00yCJIOBJIGHa TEM, 4YTO pPsJi COBPEMEHHBIX TEOPETUYCCKUX MOJeNeH, BBIXOJSIINX
3a pamku CTaHIApTHOW MOJENH, TMPEAINONIaraeT CYIIECTBOBAHME HOBBIX CIa0BIX
B3aUMOJECHCTBUN, TNPOSBISIONIUXCS HA MaJbIX pPACCTOSHUSIX M BBI3BIBAIOLIUX
OTKJIOHEHUSI OT HbIOTOHOBCKOT'O 3aKOHA TATOTeHUs. B pamkax Teopernyeckoil Momeiau
KOTEPEHTHOTO pAacCesiHUsI HEUTPOHOB B KPHUCTAIE UCCIEI0BaHA 3aBUCUMOCTh
HOopMUpoBaHHOU ammuuTyael paccesaus (b(Q)/b(0)) oT mepemaBaeMoro HUMITYNbCA.
HpI/I OTOM YUYUTBIBAJIUCH OCHOBHBIC B3aI/IMO)Z[eI>'ICTBI/I${, OIINChIBACMbIC CTaHHapTHOﬁ
MOJIEJIBIO, @ TAKXKE JOMOJHUTENbHAs NONPaBKa FOKABOBCKOIO THUIIA, pacCMaTpHUBaeMast
KaKk BO3MOXXHOE IIpOsiBJICHHE HOBOW (u3mku. [lomHas TeopeTmueckas 3aBHCHMOCTH
MpeACTaBlIcHAa B BUJe CyMMbl BKIaaa CTaHIapTHOM MOIEIU W JOMOJIHUTEILHOIO
B3auMojeiicTBua. CpaBHEHHE TEOPETUUECKUX PACUETOB C IKCIEPUMEHTATbLHBIMU
JTAHHBIMH [TOKA3aJI0 UX XOPOIIIEe COTIIACKE i OTCYTCTBUE CUCTEMATUUECKUX OTKIIOHECHUH.
B cBs3u ¢ oM MPAMBIX CBHUACTCIILCTB CYHICCTBOBAHUA HOBOW CHIIBI 06Hapy>KeHo
He OBLIO0, OJJHAKO TOJYYEeHBI CTPOTHE OTpaHHuYeHUs Ha e€ mapameTphl. B pesymberare
MPOBEAEHHOTO (PUTHPOBAHUS OIpEACTCHbl BEpXHUE TpeAensl mapamerpa oG B
JuanazoHe XapakTepHbIxX e A~ 0,1-1 A. [TonyueHHbIe pe3ynbTaThl CBUAETENLCTBYIOT
0 TOM, 4YTO B CJliydac CYHICCTBOBAaHUA JOIOJIHUTCIHLHOI'O KOpOTKOIleI\/'ICTByIOHIGF (0]
BSaHMOHeﬁCTBHH €ro0 HHTCHCHUBHOCTH HOOJIXKHaA OLITH CYIIECTBEHHO HHWXC CHUJIbI
TpaBUTALIMOHHOT'O B3aHMO)IeI>’ICTBPIH. 9t0 TOATBCPKIAACT BBICOKYIO YyBCTBUTCIIbBHOCTDH
METOI0B HEUTPOHHOU MHTEPPEPOMETPHH Ha aTOMAPHBIX MACIITA0aX U IEMOHCTPUPYET
X 3((EeKTUBHOCTHh [UIS TIOWCKAa HOBOW (DM3UKH W TPOBEPKH (PyHIaMEHTAIBHBIX
B3aUMOJICHCTBUN HA YIBTPAKOPOTKUX PACCTOSHUSX.

KuaroueBbie caoBa: CranmapTHas Mozenb, TEMHas Marepus, TEMHas 3HEprus,
MoauduIMpoBanHast rpaBuTaIys, NoTeHuan KOkaBel, HeUTpOHHAS HHTEPhEpOMETpHS,
KOPOTKOACHCTBYIOLME B3aUMOACHCTBUS, AMIUIUTYAA PACCESIHUSA

Kipicne. Onemenrap Oenmekrepain CraHgapTThl MOJIENI 3JIEKTPOMArHUTTIK,
QJICi3 JKQHE KYLITI @3apa aceprecyiepli KoFapbl AJMIKIIEH cularTaiasl. Anaiga o
IpaBUTALMSHBIH KBAHTTHIK CHIIATTaMAChIH KaMTBhIMal/Ibl )KoHE 3aMaHayn (PU3UKaHbIH
Oipkarap ipreji MaceleliepiHe TOJBIK Jkayarnm OepMeiii. ATam alTKaH7a, KapaHFbI
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MaTepusi MEH KapaHFbl SHEPTHSHBIH TaOUFaTbhl, COHAANH-aK KbICKA KAIIBIKTBIKTAPIaFbl
MYMKIiH OOJIaTBIH T'PaBUTALUSUIBIK ayBITKYJIap MACENIeNepl allblK KYHiHAe KalbIl OTHIP.
Ocpiran OaiimanpicTel CTaHIAPTTHI MOAENBIACH THIC 9JICi3 jKaHa acepiecyiepai i3ney
Ka3ipri TEOPHUSUIBIK KOHE SKCIEPUMEHTTIK (PU3MKaHBIH MaHBI3AbI OaFbITTapBIHBIH Oipi
oo Tabwiaael (Mostepanenko and Novello, 2001; Bezerra et al., 2010).

Kenreren xeneiitinren teopustapaa (Klimchitskaya and Mostepanenko, 2017)
KoIiMri MaTepusi OeJIeKTepi apachlHa KOChIMIIA 9JICi3 KYLITEPi TyAbIPYbl MYMKIH
JKCHLIT TachIMaJIIay bl OIIIeKTep IiH 00ybl OobkaHaabpl. MyH/Ial jxaHa acepliecyiep
eTe KbICKA KalIBIKTBIKTap/1a TUIMA1 TOTEHIMAJIBIH 03Tepyl apKblIbl 0aliKaTybl MyMKIH.
MakpocKonusbIK MacTadTa HeIOTOHHBIH Kepi KBagpaTTap 3aHbl JKOFaphl INIIKICH
TEKCepiIreHiMeH, CyOHaHOMETPIIK TUana3oHga rpaBUTAIMSHBI TiKeNeH eiiey OHbIH
aca aJ71ci3 OomysiHa OainaHbICTEl MyMKiH eMec. Con cebenTi Oy MacmTadTa bIKTUMAI
ayBITKYJIApbl TEK KOFaphl JOJIKTI KaHaMa dicTep apKbLIbl FaHa 3epTTeyre 0oJaasl
(Chen et al., 2016; Masuda and Sasaki, 2009).

OcpbiHpail oxictepnin 0ipi — MiHCI3 KpUCTanaapia >KYpri3iieTiH HeHTPOHIBIK
HHTEPPEPOMETPHSITBIK JkoHE AU(paKUUsIIBIK oimeynep. Heiitpon snexTpiik 6efiTapan
Oeuiek OONFaHIBIKTAH, AIEKTPOCTATHKAJIBIK (OHABIK ocepiepre a3 YIIbIpanasl
JKOHE 3aT apKbUIbl TEPEH eHe ajaibl. by KacueTTep OHBI aHTCTPEMAIK MacIITaOTarbl
QJICi3 e3apa acepiecyiepi 3eprrey yiniH Trimai Kypan ereni (Heacock et al., 2021).

HeliTpoHHBIH b(@) IanIbIpay aMIUTATYTACHIHBIH OepiireH ¢ AMITYJTECKE TOYEIILUTITIH
Taaay apKbUTBI dcepiiecy TMOTEHITHATBIHBIH KeHICTIKTIK KYPBIIBIMBI JKOHIHAC aKImapaT
anyra 6omanpl skoHe CTaHIAPTTH MOJENHh OODKAaMBIHAH MYMKIH OOJIAaTBIH ayBITKYJIap
AHBIKTATYBl MYMKIH.

OcCBI )KYMBICTAa HEUTPOHIBIK MHTEPHEPOMETPHUS HOTHXKENIEepi HETI3iHIe BIKTHMA
TPaBUTAITUSITBIK MOAH(PUKAITHSIIApFa MIEKTEY KO0 MYMKIHIIITT TajaaaHabl. TeopHsIIbIK
MOJICTb MEH OSKCHEPUMEHTTIK JIEPEKTep/i CTATUCTUKANBIK CAaJbICTBIPY apKBLUIBI
KOCBIMIIIA 9JICi3 9cepiIecy mapaMeTpiepine mekTeyinep Koibuiaasl. Ochlmaiiia, 3epTTey
AHTCTPEM/IIK KAITBIKTBIKTap/Ia ipreii 3aHaapasl TEKCEPY asChIH KeHEHTyTe OaFbITTaIFaH.

3epTTey MaTepHaJaApbI KIHE dicTepi. HeHTPpOHHBIH KpHUCTAIAa MIAITBIPayBIH
CHIATTay YIIIiH CH aJIZIHIMCH OHBIH aTOMJIAPMEH dCepIIeCy MOTCHIINAIbI KAPACTHIPBLIA/IbL.
[amreipay amMIUMTYydackl KEHICTIKTETi OCHI MOTEHIHANALIH Dypbe TYpleHIipyiMeH
AHBIKTAJATBIHABIKTAH, aMIUTATYJTAHBIH OCpiareH HUMITyIbe Q-Fa TOyelnmiuIiri e3apa
OPEKETTECYMiH KeHICTIKTIK KYPBUIBIMBIH Tikelel OeiHemnetini. COHIBIKTAH OJIICHETIH
b(Q)/b(0) mamMackIHBIH TEOPUSIIBIK OOHKaMHAH ayBITKYbI jkKaHa (PU3WKAHBIH OenTici
0omysl MyMKiH. Myrzma b(Q) — 6epinren Q UMITYIbC Ke3iHIET1 HEHTPOHHBIH IIAIIBIpay
amrtuTynacel, an b(0) — HeNmIik UMITYIIbC JKaFJaibIHIAFE! (SIFHU ajFa OarbITTalFaH
marpipay) ammomutyna. Comaitma b(Q)/b(0) mramacsl aMIUTHTYIaHBIH CaTBICTHIPMAITBI
©3TepICIH CHUTIATTAlABl JKOHE ocepiiecy MOTCHIIMAIBIHBIH KEHICTIKTIK KYPBUTBIMBI
Typanel akmapar Oepemi. CTaHAApTTHI MOIETHL asChIHAA OVJI ITaMaHBIH HUMITYIBCKE
TOYEIIIIIT] TONBIK aHBIKTAIFAH YKoHE OapibIK OeNTiimi ocepiecynepi eckepeni. Erep
AKCIIEPUMEHTTIK IEPEKTEP OCHI TOYSIAUTIKTCH JKYHE TYp/ae aybITKbICa, OYJI ocepiiecy
MTOTCHITMAIBIHA KOCBIMINIA OENTiCi3 MYIIe eHTI3iTeHiH, sFHn CTaHaapTThl MOIETbIACH
THIC J)KaHa ©3apa dpeKeTTeCydiH 0ap eKeHiH KOpCceTyl MyMKIiH.
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CranmapTTbl MoOfeNb I[IEHOEepiHAE HEHUTPOH MEH KPUCTAUl aTOMIAPbIHBIH
apacblHAarbl ocepiiecy OipHemie (U3UKAIBIK YIeCTEpAiH KOCHIHIBICBIHAH TYPAaJbl.
Bipinmrizen, HEHTpOH sApOMEH KYIITiI ocepieceni. EKiHIIiAeH, HEHTPOHHBIH iIIKi
KYpBUIBIMBIHA OaiJIaHBICTBI AIEKTPOHAAPMEH 9CEPIECYIiH JICi3 AIEKTPOMArHUTTIK
yiec ©Oap. YIIiHIIAEH, KPHUCTAII TOPBIHBIH SKBUTYJIBIK TepOenmicTepl Iamsipay
aMIIMTyaacklH ancipereai. Ocbl acepiepli e€cKepreHje HOpMallaHFaH aMILTHTYAa
Keneci Typae *Ka3bulabl:

B(@) - b, b,
M=eM(1-zm) LD ZE ()
Mysna W — Jle6aii—Yomiep ¢GakTopsl, Ol aTOMAAPABIH JKBLUTYIBIK KO3FAIIBICHIH
CUIIaTTal/Ibl; Z — aTOMJBIK HOMEP; b — HEHTPOHHBIH SJIEKTPOHIAPMEH IIAIIBIPAY
ammiryzacel; an f (hkl) — kpucrangarsl 3EKTPOHIBIK 3aPSATHIH KEHICTIKTIK TapamyblH
CUTIATTANTHIH KoHE AU(PPAKINSIIBIK Ka3bIKTHIKKA TOYEIIi DIIEKTPOHABIK PopM-(hakTop.
Bepinren Q ummynsc KpucTai reoMeTpusicbiMeH jkoHe Muep naaexcrepimer (hkl)
AHBIKTAJA/Ibl, COHJIBIKTAH SPTYPJIi MAFbLTyIap opTypiti Q MoHIIEpiH Oepeni:

Q=;—R"h2+k2+l2 @)

MYHJIaFbl @ — KPUCTAJUI TOPBIHBIH mapamerpi. Ocbutaiimia, GipHemie Q HyKTeciH
CaJBICTHIPY apPKBUTBI aMIIUTYIAHBIH KAITBIKTHIK MACIITA0bIHA TOYEIIIIT] 3epTTEIe .
Byn cunarrama CtanaapTThl MOZIENb asIChIH/IA TOJIBIK aHBIKTAJIFaH )KOHE KOCBIMIIIA €PKIH
napameTpliepi eHrizoeii. Anaiia erep HEUTPOH MEH aTOM apachIHa KOCBIMIIIA JJICI3
acepJiecy Oap OoJica, 0J1 IOTCHIIMAJIFA )KaHa MYIIE KOca bl. HbIOTOHHBIH OYKITaIEMIIK
TapTBUIBIC 3aHBIHAH MYMKIH OOJaThIH aybITKYJTapAbl CHUIATTay[AblH OipaeH-0ip
oM0Oebarr KoHe KEeHIHCH KOJIAHBLIATHIH ofici — KOkaBa TumTi MomuduKanusiIaHFaH
IPaBUTALMSUIBIK IOTEHIUABI eHTi3y Oonbin Tadbuiaabl (Mostepanenko and Novello,
2001; Bezerra et al., 2010). Byn omictep HakThl Oip (yHIAMEHTAIIBI TEOPHSFA
cyien6erii xkone CTaHAapTThl MOAETBACH THIC BIKTIMAJ 63apa opeKeTTeCYNep IiH KeH
ayKbIM/IBI TOOBIH (DEHOMEHOIIOTHSITBIK QIICTICH, SIFHU DKCIIEPUMEHTTIK KyObLIbICTapFa
HET13/IeJITeH mapaMeTpIiep apKbUIbl CUMIATTayFa MYMKIHIIK Oepeti.

Knaccukansik HploTOH (M3MKachlHIa I' apakallbIKTa OpHANACKaH HYKTEIK 11,
JKOHE 711, MACCANIAPbI aPACHIH/IAFbl TPABUTALMSIIBIK IOTEHIUAT KENEC] Typre ue

My My

Wir)=-6—"7= 3)
MyHAaFbl G-TpaBUTAIMSIBIK TYpakThl. Erep ne TaOwraTTa KOCBHIMINA OJICi3
oceprecynep Oap OonmaTbiH Oosca, OHA MOTEHITHANIBIK DHEPTUS a3 apaKallbIKThIKTa

Kepi KBaJipaTTap 3aHbIHAH aybITKYyFa aJIbIIl KeJIETiH KOChIMINIA KOCBUIFBIIIKA He O0Iapl.
OcwIHai TY3eTYIiH eH KeH TapanraH Typi FOkaBa-nmoTeHIHaNbI TYpiHAE Ka3blIabl:

Vyl(r) = —G%[1+rxe{_—] (4)

65




ISSN 2224-5227 2.2026

B¥J'I >Kepz[eri i 4 napaMeTpi HBIOTOHABIK T'PaBUTALIUAMCH CAJIBICThIpFaHAarbl JKaHa

ocepliecy/liH CcajbICThIpMalbl KYLIIH CHIATTaHabl, ai A napameTpi coJ acepiecyaiH
9CCPp €Ty KAalIbIKTBIFBIH HEMECC CHUIIaTTaMalIblK paJanyCbIH aHI)IKTaI\/’I,HI)I. q)I/I3I/IKaJ'H)IK

A

TYpPFBIIaH “* mapameTpi OomKamzIbl ocepiecyli TachMaliayIibl OeIMIeKTiH macca-
CBIMEH KeJieciieli OallaHbICKAH:

- 5)

MYHJIaFbI M - KOCBIMIIIA 3CEPJICCy/l KaMTaMachl3 €Tyl OO30HHBIH Maccachl.
Ocpinaitia, HOkaBa-moTeHIMAIBI HYKJIOHAAP apachlHIAFbl JKCHIT CKaJlAp HeMece
BEKTOPJIBIK OONIIEKTePAiH aaMacybl HOTKIKECIHIAE TaOWFU Typae maima Ooabl
(Klimchitskaya and Mostepanenko, 2017). @ mapameTrpiHiH TaHOAachl ocepiecyliH
TYpiH aHbIKTalAbl. & 2= 0 aFgaiblHAa KOCBIMINA KYII TapTBUIBIC KYIIi OOJBII, ai
a < 0 xarnaiipiga Te6iTy Ky GobIn TabbUIaIbL.

JKana ocepriecy KymIiHIH ocep €Ty aiMarbl ©Te YJIKCH Karmaija, SFHH _«1 T

JKarmabiHAa KOKaBallbIK KOCBHUIFBINI MIAMaMEH TYPAKTHI IIaMaFra aitHabI (g 4 & 1),
JKaHa 9CEPJIECY/IiH KYIIl TPaBUTAIMSUIBIK TYPAKTHIHBIH THIMJII ©3repyiHe allbIll KeJel,
SIFHU TPaBUTAIMSIIBIK TYPAKTHIHBIH KYIICI01 HEMece dicipeyi Typinae Oaikanaabl. Al
ocepiieCy KYIIiHiH ocep eTy aiiMarbl oTe Kimli karmaiina, sruu A << r xarnaiibiniaa
SKCIOHEHTAJBIK II1aMa ©Te KIIKeHTall MoHTe ue OOJbII (g TN 00), ’KaHa ocepiecyii
KYII T€3 «OIIiN Kajladbl», SIFHU O TIKipuOene OaiikamMainapl. OcbiFaH OaiIaHBICTHI
FOkaBa-NOTEHIMAJIBIH TEKCEPYTe apHalIFaH TIKipubenep A-HpiH Oenrimi 6ip aiiMarbl
YLIiH FaHa ce3iMTan Oomaapl. bip omic MUKpoMeTpai Tekcepce, eKilici HaHOMEeTp/i,
0acKachl MWUIMMETPI, SFHU A-HBIH Oapiblk aliMarbiH Oip FaHa Toxipube xaba
aJIMaIpl. Op 9J1iC ApaMETPIIiK KEHICTIKTIH ISKTey i O6JIiriH FaHa KaMTHU/IbL.

HeiiTpoHHBIH mIamippay aMIUTUTYAAchl 9Cepiiecy MOTEHLMAIBIHBIH KEHICTIKTErl
KYpBUTBIMBIMEH aHBIKTANATBIHIBIKTaH, MOTEHIMANFa KOCBIMIA MyIle eHTi3iice,
aMIUTUTY/AaHbIH UMITYJIbCKE TOYEIAUIIT ae e3repeni. backama aiTkanna, xaHa FOxasa
THUITI 9cepiiecy TOTeHIMAAbIH ()OPMAaChIH ©3repTeai, anl Oy esrepic @ypbe TypiaeHIipy
ApKBUIBI IIAIBIpAY aMILTUTYAACkIHAA KOpiHic Tabaabl. BOpH KybIKTaybIHa aMILTUTY/A
noreHnuangslH Oypre TypiaeHaipyiHe mponopuuoHan OonraHaslkraH, FOkaBa TUNTI
KocbIMIIIa MyIIe Q-Fa Toyenai epekuie GyHKIus Oepeti:

plg)y _ @ %  _w
g (b(ﬁ}) T et (6)

By epHek skaHa ocepIiecyiH KaHJaii )kariaiia 6aiikamybl MyMKiH €KeHiH KOpCeTe/Ii.
Erep QA ere ki Ooica, acep ancipeitni; erep QA mamamen Oipre TeH 0oJica, bIKIAI
MaKCUMaJIJIbl 0OJIaJibl; aJl ©T€ YJIKSH MOHJCPAC (PYHKIUS KAHBIFYy PEKHMIHE OTEIl.
JleMek, 3KCIIEPUMEHTTIH Ce3IMTaIIIBIFbI KOJDKETIMII Q TUara30HbIMEeH aHbIKTAJIa b,

OchLnaifiiia TOJBIK TEOPUSIIBIK TOyeN ik CTaHIapTThI MOJICIb YJIECI MEH BIKTHMAJ
IOkaBa Ty3eTyiHIH KOCBIHBICHI PETIHE Ka3bLIa bl
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o) _ _-w(y _ e o Pne
slo)  © (1 zbiﬁ}} + fetnen Bl0)

(7

Myszarer e " — JleGaii-Yormep (akTopsl, aTOMIApIbIH KBLTYIbIK TepoemicTepin
cunarraiiel, £ - aromuslk Homep, f.(hkl) - smexrponmsik dopma-daxrop, by, —
HEWTPOH-2JIEKTPOH IIAIIBIPAY aMIUIUTYAACHI, b(@)xone b(0) - coiikecinme MMITYITBC
Oepinimi @Ke3iHzeri )oHe HOIIIK UMITYJIbC Ke3iHIET MIaNIbIpay aMIUTUTYAalaphl.

Horuxesniep MeH TajkbLiayiaap. ToxipuOenik JepekTepli Tainaay HEWTPOHHBIH
KpHUCTaJJa IIAIbIpayblH CUIATTAHTBIH TEOPUSUIIBIK MOJENb asichlHAa Kyprizingi. byn
MOJIeNbJie Imambipay amrumntynackiHbiH b(Q)/b(0) xarbiHacel MMIynIbC OepiniciHe
TOyeJIl TYpAE aHbBIKTaNaabl ’KOHE HEWTPOHHBIH ILIAIIBIpayblHA 9CEP ETETiH Heri3ri
Oenrimi  Qu3uKanblK Qaxropnapasl eckepeni. CoHbIMEH KaTap, BIKTUMall JKaHa
ocepiiecynepai ecenke aiy ymin FOkaBa TUNTI Ty3eTy eHIi3I.

Ocpiran OaitnanbicTel oniieHreH b(Q)/b(0) mornmepi CraHAapTThl MOJAETH KOHE
FOkaBa Ty3eryi Oap TEOPHSUIBIK KHUCBHIKTAPMEH CaJBICTBIPBUIABL. Byl canbICThIpyabIH
HOTHXeJepi 1-cypeTTe KepceTiireH.

— Baseline (SM) ]
Yukawa (A =1. A)

----- Yukawa (A =0.5A)

© Yukawa (A =0.1A)

=001

—002+

-0.03

blg)/b(0) - 1

-0.05

-0.06- & ]

a (A1)

Cypert 1. Hopmananran b(Q)/b(0) marsipay aMIUTUTYIaCkIHBIH Q UMITYJIbC OEpUTICiHE TOyeI LTIt
xoHe FOKaBa THIITI TY3€TY/IIH BIKITAJIBL.

CypeTTeH KepiHTeHIeH, DKCIIEpUMEHTTIK HyKTenep CTaHaapTThl MOJIEb KUCHIFbIHA
Kakchl colikec kenmeni. FOkaBa TUOTI TY3eTyAl €HTi3y TEOPHUSUIBIK KUCHIKTBHIH MILIiHIH
asjan e3reprei, ajaiaa Oyl e3repicTep IKCIEPUMEHTTIK KaTeIIKTep IIeriHIe KabIl
oThIp. SI¥Hu, nepekrepae CTaHAapTThl MOJICIBJICH JKYHel aybITKy OaliKaIMai bl

Taxipubenik gepexrepae (Heacock etal., 202 1) alikpiH aybITKy OalikaaMaraHIbIKTaH,
TaJ/Iay/IbIH HETI3r1 MaKcaThl — OJIIICYJIepPMEH YiIeceTiH a, napaMeTpiHiH IIeKTi
MOHJIEPiH aHBIKTay OOJNBIN TaObUIaIBL. OPTYPIi A MOHIEpPI YIIH 0o, MapamMeTpiHiH
YKOFAPFBI IIEKTEPi aHBIKTAJIBII, HOTHKENEPi 1-KecTene KeTipisireH.
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Kecre 1. OkaBa TUITI IOTEHIMAN YLIIH 0, TAPAMETPiHiH XKOFAPFbI IIEKTEP.

A e

1 1.8928x 10728
0.5 2.8367 % 10728
0.1 2.4250% 107%

Kecrenen kepiHrenmed, ocep €Ty paaMyChl a3aiifaH CalblH O, HapaMeTpiHe
KOHMBUIATBIH IIEKTEYep aJcipeiiai. by kpicka KambIKThiKTapaa KOkaBa moTeHunanbIHbIH
yJeci a3aropIMeH OalIaHbICTHI.

JKanmeranrana, aneiarad HOTHRENEP A=0. 11 A nuanazonsingaxxana KYIITiH alKbIH
Oenrinepi OalikaIMaWTHIHBIH KopceTeli. by Tociin HeUTpoHABIK HHTEP()EPOMETPHUSIHBI
AQHICTPEMIIK MAaCIITA0TaFrbl BIKTUMAJI IPAaBUTALMSUIIBIK MOAU(UKALMSIIAPABI 3€PTTEYAIH
»KaHama, Oipak ce3iMTaj Kypalbl peTiH/Ie TailatanyFa MYMKIH/IIK Oepei.

KopsbiTbiHabl. byn  sxymbpicTa HEHTPOHIBIK HHTEPPEpPOMETPHs  IAEepeKTepi
Herizigge FOkaBa THNITI KBICKA-KAIIBIKTHIK ©3apa dpeKeTTecyIepre Tauaay Kyprisiiui.
OKCHEepUMEHTTIK HoTIKesep CTaHzapTThl MOZENb OoKaMIapbIMEH COHMKEeC KeJleTiHi
JKOHE KYHel aybITKylIap OaifKaIMalThIHBI KOPCETUII.

Kyprizinren coiikectennipy HoTmwxkeciHge A ~ 0.1-1 A nmanazonsinma a,
napamMeTpiHe KOFapFbl LIEKTEYJIep KOHbUIIbI. AJIBIHFaH HOTIKEJIEP jKaHa 9Cepilecylin
BIKTHUMAJI KYIIIi TPaBUTAIIMSIMEH CAJIBICTBIPFaH/1a ©Te 9JICi3 OOIYBI THIC €KeHIH KOpCeTe/Ii.

Heiirponapik uaTepdepomerpus aToMapaiblk MaciuTadTapaa )oFaphl ce31MTall 9Iic
Oo0JIbI TaOBIIaIbl )KOHE KbICKA-KALIBIKTBIKTAFbl BIKTUMAJ aHa (U3UKAHBI 3€pTTEyae
THIM1 KYpaJl peTiHe KapacThIPhLIAIbL.
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Abstract. This review article summarizes and systematically analyzes the structural,
electronic, and optical properties of tin (Sn)-based metal halide perovskites, which are
considered promising materials for solar energy and a wide range of optoelectronic
applications. Over the past decade, the power conversion efficiency of perovskite
solar cells has increased significantly and has approached a level comparable to that
of conventional silicon technology. However, in most high-efficiency devices, lead
(Pb) is used as a key component; therefore, its toxicity, the hazards associated with
degradation products under moisture and oxygen exposure, and related environmental
risks remain important factors limiting practical implementation. In this context,
the development of lead-free perovskites, particularly through the substitution of
Pb** ions with the isovalent Sn** ion, represents a promising and relevant research
direction. The paper discusses the structural features of three-dimensional tin-based
perovskites (MASnl;, FASnl;, and CsSnls), including their temperature-dependent
phase transitions and symmetry lowering caused by the tilting of [BXs] octahedra
and changes in bond angles. From the perspective of electronic properties, theoretical
(DFT, GW with consideration of spin—orbit coupling, SOC) and experimental data on
the orbital nature of the valence and conduction bands, bandgap energy, density of
states, and effective masses of charge carriers are compared. In addition, stability issues
related to the tendency of tin ions to oxidize from Sn?* to Sn**, the influence of defects
(deep and shallow trap states) on device performance, and approaches to mitigate these
effects through doping, passivation, and compositional cation/anion engineering are
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discussed. Overall, the reviewed literature indicates that tin-based perovskites exhibit a
high absorption coefficient, favorable charge-transport characteristics, and significant
potential for the development of environmentally friendly, lead-free, high-efficiency
solar cells.

Keywords: perovskite, tin, solar cells, MASnl;, FASnl;, crystal structure, effective
masses
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AHHOTauusi. byn 1mony MakanachblHOa KYH DHEPreTHKAChl MEH KEeH ayKbIMJIbI
ONITORNEKTPOHABIK KoJJaHOamap VOIIH MEpCleKTUBAIbl MaTepuaigap peTiHae
KapacThIpbIIaThIH Kanaiibl (Sn) Heri3iHaeri MeTaIorajJoreHUATI MEePOBCKUTTEPAIH
KYPBUIBIMIBIK, SJEKTPOHABIK JKOHE ONTHKAJIBIK KACHETTEpi >KWHAKTAJBIN, XXYHemi
Typae tanganaasl. COHFBl OHXBUIIBIKTA TIEPOBCKUTTI KYH SJIEMEHTTEPIHIH Maiaaibl
ocep KOA(QQUIMEHTI alTapiablKTail ecim, AOCTYpJi KPEeMHHH TEXHOJIOTHSICHIMEH
Oocekenec neHreiire ;kakplHaa bl JlereHMeH, KoUK )KOFapbl THIM1 KYPBUIFbIIapAa
KoprachiH (Pb) Heri3ri KOMIOHEHT peTiHAe KONJaHbUIATBIHABIKTaH, OHBIH YBITTBIIBIFHI,
BUTFaJl MEH OTTEK dCEpiHEH Aerpalalus OHIMICPiHiH KayiNTidiri >kKoHe SKOJIOTHSIIBIK
TOyeKeNJIep MPaKTHKAIBIK CHTI3yAl MEKTeHTIH MaHbI3IAbl (hakTopiap OOJBIN OTHIP.
Ocpblran OaillaHBICTBI KOPFACBHIHCHI3 MEPOBCKUTTEP/l aMBbITy, acipece Pb** opHbiHa
BaJICHTTIT yKcac Sn** MOHBIH €HT13y — ePCIEeKTHBAJIbI 9pi ©3eKTi OarbIT. KymbicTa Sn-
Herizni ymwemmewmai nepoBckutrepain (MASnl;, FASnl; sxone CsSnls) kpuctangsik
KYpBUIBIM €peKILIeNiKTepi, TeMIepaTypara Toyenni Qaszanslk aysicynapsl, [BXe]
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OKTadpJiepiHiH eHKelol MeH Oainanbic OYpHIITAPBIHBIH ©3repyi apKbLIbl TYBIHAAWTHIH
CUMMETPHsS TOMEHJEyl TalKbUlaHaAbl. OJEKTPOHIBIK KACHETTep TYPFhICHIHAH
BaJICHTTIK JKOHE OTKI3TIIITIK 30HAJApIblH OPOUTANBIK TaOWUFAThl, THIMBIM CaJIbIHFaH
allMaKTbIH €Hi, KYHJIEpIiH THIFBI3ABIFBl JKOHE 3apsia TachIMasAaylIblIapAblH THIMII
Maccanapsbl xeHinzgeri Teopusislk (DFT, GW, SOC eckepy) *oHe SKCIEPUMEHTTIK
nepektep canblCThipbuiansl. COHBIMEH Karap, Kajailbl HOHIAapbhIHBIH Sn2*—Sn**
TOTBIFYbIHA O€WiIMAiNIriHe OalaHbICTBl TYPAaKTBUIBIK Macenesepi, axayilapAblH
(TepeH/Tas3pIpaK TY3aK Kyiiepi) KYpbUIFbl MapaMeTpiepiHe bIKHaNbl )KOHE OJlap/bl
JIeTUpIey, MacCHBaLUsIIAy, KOMIIO3ULMSIIBIK KaTHOH/aHMOH WHKEHEPHUSCHI apKbLIbI
TOMEHAETY Tociijepi KapacTelpbuiafbl. JKanmel anFanga, omeOM nepekrep Sn-
HETi31i MEPOBCKUTTEPIH KOFaphl )KYThUTy KOA(UIMEHTIHE, KOIalbl TachiMalay
CUIaTTaMajapblHa JKOHE KOPFACHIHCBHI3 ASKOJNOTHSUIBIK Kayilci3 KyH JJIE€MEHTTEpPiH
o3ipieyre MyMKiHJIK OepeTiH aiKblH 9JieyeTKe He eKeHiH KOpCeTesl.

Tyiiin ce3mep: I[lepoBckut, Kanaiipl, kKyH osnmemeHTTepi, MASnl;, FASnl;,
KPUCTAJABIK KYPBIIBIMBI, THIM1 Maccanap
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AnHoTanusi. B 0630pH0i#i cTarbe 00001IEHBI U CHCTEMAaTU3UPOBaHbI COBPEMEHHBIE
JAHHBIC O CTPYKTYPHBIX, 3JIEKTPOHHBIX 1 ONITHYECKMX CBOMCTBAX METAIJIOT aJIOTEHU THBIX
MIEPOBCKUTOB Ha OCHOBE 0JI0Ba (Sn), paccMaTpUBAEMBIX B KaU€CTBE MEPCHEKTUBHBIX
MaTepuasoB JUIs COJHEYHOM SHEPreTMKH U  Pa3iMyYHbIX OINTOXJIEKTPOHHBIX
yCcTporcTB. 3a mocinenHee aecatuietrue 3pPeKTHBHOCT MEPOBCKUTHBIX COMHEYHBIX
AJIEMEHTOB CYIIECTBEHHO BO3pOCa M NPUOIM3UIACH K IOKA3aTelsiM TPaIuHOHHBIX
KPEMHHEBBIX TeXHONOTrui. OHAKO MCIIOIb30BaHME CBHHLA B COCTaBE OOJBIIMHCTBA
BBICOKOA((EKTHBHBIX TEPOBCKUTOB COMPOBOXKIACTCS HSKOJIOTMYECKUMH PHUCKaAMH
1 OTPaHUYMBAET MX MIMPOKOE MPAKTUYECKOe MPUMEHEHHUE. B cBs3u ¢ 3TUM 0coObIi
HHTEpeC MpeAcTaBisieT pa3paboTka OECCBHUHIIOBBIX MaTepHajioB, OCHOBAaHHBIX Ha
3aMelieHnd HoHOB Pb?* BaJleHTHO aHAIOTMYHBIMU HOHaMU Sn?*. B paboTe paccMOTpeHsl
O0COOCHHOCTH  KPHCTAUTMYECKOW CTPYKTYphl TPEXMEPHBIX  OJIOBOCOIACPIKALIMX
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repoBckuToB MASnI;, FASnl; m CsSnl;, ux TemmeparypHO-3aBUCHUMBIC (pa30BbIE
NEepexobl, a TAKKEC U3MCHCHUSA CUMMETPUMU, 06YCJ'IOBJ'IGHHBIC HAKJIOHOM OKTas3poOB
[BXs] 1 Bapuamueil yrioB XuMuueckux cBsizeil. [Ipoananu3upoBaHbl TECOpPETUUECKUE
Y DKCIIEpUMEHTAaJbHbIC JJAaHHBIE O MPUPOJIC BaJICHTHOW W MPOBOJISAIICH 30H, IIHMPUHE
3anpen€HHoi 30HbI, TUIOTHOCTH AJIEKTPOHHBIX COCTOSHUHN M 3(PEKTUBHBIX Maccax
Hocuteneir 3apsma. Ocoboe BHHMaHHE YOEICHO TMpobdieMaM CTaOWUIBLHOCTH,
CBA3aHHBIM C OKHCIEHHEM Sn®>* 10 Sn**, BaMsHMIO Je(DEKTHBIX COCTOSHHMN Ha
XapaKTePUCTUKN YCTPOMCTB, a TaKXe€ COBPEMEHHBIM TIOAXOJaM K ITOBBIMICHUIO
CTaOMJILHOCTH MaTepHajioB MOCPENICTBOM JIETUPOBAHMUSA, NMACCHBAIIMM U WH)XCHEPHUH
KaTUOHHO-aHMOHHOI'0 cocTaBa. AHaIU3 JIUTCPATYPHBIX AaHHBIX IIOKa3bIBa€T, 4YTO
MEPOBCKUTHI HA OCHOBE OJIOBAa O0JIaJaloT BBICOKUM KOI(D(OUIIMEHTOM MOTIIOMICHHS
CBeTa, 0J1aronpUsTHHIMU TPAHCIIOPTHBIMY CBOMCTBAMU ¥ 3HAUYNTEIIBHBIM TTOTEHITUAIIOM
JUTSE  CO3JaHUSl JKOJIOTMYECKH Oe30macHBIX OECCBHHIIOBBIX BBICOKOI((PEKTUBHBIX
COJIHEYHBIX AJIEMEHTOB U JPYIMX ONTO3JIEKTPOHHBIX YCTPOUCTB.

KuioueBble ci10Ba: MEpoOBCKUT, 0JI0BO, COMHEUHBIC 3MeMeHTh, MASnI;, FASnl;,
KpUCTAININYECKasi CTPYKTypa, 3QpeKTuBHBIC MacChl

Kipicne. «IlepoBckuT» TepMHUHI Ka3ip )kKaHAPTHUIATHIH SHEPTUS KO3/IEPiH AAMBITYFa
KBI3BIFYIIBUIBIK TAHBITKAH K3 KEJIIeH ajlaMfa TaHbIC. byl KyOBUIBIC 3epTTeyuriiep
MEH TEXHOJIOTTAPJAbIH TEPOBCKUTTEPre HETI3NENreH THOPHITI OpraHUKaJbIK-
OeifopraHuKaIbIK JKapThUIall OTKI3TIMITep - MEeTajul TaJOTeHUATepi Jen arajaTblH
MaTepuajiap TOObIHA EPEKIIE KbI3bIFYIIBLIBIFBIHAH TYBIHIaU 6. BYJT KYphUIFbLIAPIBIH
TAIMJUTITIHIH OYPBIH-COH/IBI OOJIMaraH ©CYiH COHFbI OHXKBUIJIBIKTAFbl €H MaHbI3/IbI
FBUIBIMHM KETICTIKTepAiH Oipi gem canayra Oonagpl. 2007 KbUIBI MEPOBCKUT KYH
OarapesuTapbIHBIH THIMIUTITI XKaubl anFana 3%-1aH acriaca, OyriHie KyH SHepTUsChIH
TYpACHAIPYAiH OYJ1 MaHBI3ABI TapaMeTpi 25%-Fa xkeTTi. byl MoH Ka3ipri yakpITTa €H
KEH TapalifaH KpUCTaJAbl KpEMHHH HETi3iHAeri KyH OarapesyapblHbIH PEKOPITHIK
THIMIUTITIHE ©Te KaKblH. bachlll HIbIFapy TEXHOJOTHSIAPBIH KOJJaHa OTBIPHIIL,
epiTiHmigeH OeyceH i KabarTapapl OACHIN HIBIFapy MYMKIHJITIHIH apKachlHIA KYKa
KaOBIKIIIaJIbl TICPOBCKUT KYH OarapessiapblH OHIIPY ©Te THIMAI O0TYBl MYMKIH.

[lepoBckuTTEpAiH 0achiM KOMIIUTIT HETi3ri OeJCceHal KOMIIOHSHT pEeTiHJIe
koprackiHnbl (Pb) maiimanananel. KoprachlH Heri3iHJEri MeTaul TaJoTeHHITI
MIEPOBCKUTTEP KOPFACHIHHBIH OCJNTIl  YBITTBUIBIFBIHAH 0acKa epeKIle >KOFapbl
TAIMIUTIKTI (25%-1aH acTaM) KepceTKeHIMeH, ojap OipKarap MaHBI3IbI Macesenep i
Tyabipaabl. KOpracklH 9HE OHBIH KOCBUIBICTApPbI Yibl OOJFAaHIBIKTaH, MEPOBCKUT
KYPBUIBIMBIH/IAFbl KOPFAChIH aTOMbBIH KaJalbIMEH alMacThIPy ©Te MEepPCIEKTUBAIBI
JKOHE TapTHIMIbI CTPATETHSIFA aifHAIIIBI.

Ochl MakcaTka colkec KeJeci 3epTTey MaKcaTTaphbl aHBIKTAJI B

1. MeTann xoHE Kayalbl TaJOTeHH/ITI IEPOBCKUTTEPIHAETI KPUCTANIBIK KYPBUIBIM
TYpJEPiH, KEHICTIKTIK TONTApPBIH JKOHE (a3anibIK aybICYJIap/bIH TeMIlepaTypara
TOYEJILIITIH KYHeTi Typae Tanjay;

2. MASnI;, FASnl; xone CsSnl; mepoBCKUTTEpiHIH MEKTPOHABIK KYPBUIBIMBIH,
OHBIH iIIiH/Ie BAJICHTTLTIK )KOHE OTKI3TIIITIK jKOJAKTaPBIHBIH OPHAJACYbBIH, KYHIepIiH
THIFBI3ABIFBIH JKOHE 3apsi]] TaChIMAN 1Ay IIBUTAPABIH THIM/II MaccajapblH 3epTTeY;
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3. TerpablK ¢yHKuuoHANIBIK TeopusickiH (TOT), rubpuari GyHKuMOHAIAAPIBI
KOHE KOJDKETIMII SKCIEePUMEHTTIK JepektepmMen GW IKybIKTayblH MaiifaiaHbII
AJbIHFaH TEOPHSUIBIK HOTHIKENIEPre CalbICThIPMalbl TANAAy XKYPrisy;

4. Kanaiibl Heri3iHJeri NepOBCKUTTEP/IIH ONTUKAIBIK KACUSTTEePiH, COHBIH IIIiH]IE
CiHIpy KOX(QQHUNEHTIH, THIMBIM CalbIHFaH aliMaK CaHbUIAYBIH YKOHE (POTOIIOMHUHEC-
LEHIHUA CUMaTTaMaJapblH KyHelney skoHe oapblH KPUCTAABIK KyphUIbIMMEH Oaiia-
HBICHIH aHBIKTAY;

5. 3apsan TacsIMangaylIblIapbIHBIH PEKOMOWHAIMS TPOLECTEPiH, aKaylblK KyH-
JepiHiH (TepeH koHe OSTTIK TY3aKTap) POIiH KoHe onapAbH (oToPU3UKAIBIK KacueT-
Tepre acepiH Oaraiay;

6. Kanaiipl Heri3iHIeri MEepOBCKUTTEPIETi «BICTBIK» TachIMasJaylIblIapAblH
pellakCalysUIbIK  €PEeKIICTIKTEPiH JKOHE OoNlapAbl JKOFapbl THIMAI (OTORIEKTPIiK
KYpBUIFBUIAp/IA KOJIAaHY MYMKIHAIKTEPiH Tanaay;

7. Kanaiipl HeriziHAeri MEepOBCKUTTEPAIH KOPFACBIH MEPOBCKUTTEPIMEH Calbl-
CTBIPFaHJIAFbl YKOJNOTUSUIIBIK Kayinci3airi MeH (yHKIMOHANABIK apTHIKIIBUIBIKTapbIH
aHBIKTaY;

8. KypbuiFbel apXHTEKTypachlH (ME30CKOMUSIIBIK, Ka3blK N-i-p KOHE p-i-n) KoHE
TUIMJLTIKKE 9cep eTeTiH PaKTopiaapAbl Koca anfaH/a, KyH OarapesiiapblHIaFbl Kaaalbl
HeT131H/er1 MEePOBCKUTTEPIIH AJIEYETTi KOJIJaHbUTYBIH 3epTTEY.

9. Sn** — Sn** TOTBIFYBIH KOHE BUIFAN MEH OTTETiHIH OCEpiH Koca ajfaHja,
KaJlaiibl HeTi31HJeTi MEePOBCKUTTEPAIH TYPAKTBUIBIFBIHA 9CEp €TETiH HEeTi3ri BIAbIpay
MeXaHU3MJIEPiH Kyleney;

10. Kanaiisl 6ap mepoBCKUTTEPre HETi3AeITreH KOPFAChIHCHI3, JKOFAPhl THIMAL KoHE
9KOJIOTHSUIIBIK Ta3a MEPOBCKUT KYH OaTapesuiapblH o3ipieydiH Oonamak OarbITTapblH
Oenrizey.

OpicHamMa. byn momy Merayul TallOTEHUATEpI MEH Kaialbl HETi3iHJeri
MEPOBCKUTTEPre apHaJFaH Ka3ipri 3aMaHFbl PECEMIIIK JKOHE XallbIKApPaJbIK FBHUIBIMH
OachUTBIMIAPABIH JKYHel TajjayblHa HerizmenreH. Ojecouertep Web of Science,
Scopus sxoHe Google Scholar nepexkopiapblHaH ipIKTEIIN aNbIH/IbI )KOHE KPUCTAIIBIK
KypbUIbIM, (ha3aiblk —aybicydap, OJCKTPOHIBIK JKOHE ONTHKAJIBIK KacHEeTTep
XKoHE (DOTODIEKTPIIK TEXHUKAIarbl OJEyeTTi KOJAaHBUIYbl OOWBIHINA TajAaHIbI.
Toxipubenik KoHE TEOPHUSIIBIK 3EPTTEYIEp CANBICTBIPBUIABI, 9Cipece THIFBI3IABIK
¢ynkunonannplk Teopusicel (DFT), GW iKybIKTaybl KOHE CIIEKTPOCKOMHUSIBIK
ozicTepi KoJJaHy apKbUIbl ajblHFaH JepeKTepre Hasap aynapbuiibl. Tanmay Kanaibl
HETI31H/IeT1 IEPOBCKUTTEP/IiH apPTHIKIIBUIBIKTAPhI MEH HET13T1 KUBIH]IBIKTAPbIH, COHBIH
IIiHJe TYPAKTBUIBIKKA, TOTBIFYFa KOHE aKayjapra KaTbICTBl MAceleepAl aHbIKTa bl
YKOHE oJIap/bl KOPFACBIHCHI3 KYH OarapesiiapblH/a KOJIiaHy dJeyeTiH Oaraabl.

HoTmkenep MeH Tankwliay. [leposckum. Anramikpl 1nepoBCKUT 1839 Kbuibl
amwpirad  CaTiO; xumusuiblk  Gopmymacel 0ap KaidbUMH THUTaHATBl MHHEPAJIbI
oongpl. [lamamen 140 xbuinan keiin, 1978 xbuiel, KypambiHaa Koprackia (Pb) Oap
MEPOBCKUTTEP Typajbl alFalliKbl ecemn kapusutanabl. Ocbl KIacTarbl MaTepuangapra
HET13[IeNITeH JKYMBIC ICTEHTIH KYH OaTapesiChlH KOpCEeTy YIIIH TaFbl YII OHXBUIIBIK
Ka)XeT OOJIIbL.
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Byn 3eprreyne KbI3BIFYLIBUIBIK TYABIPATHIH HNEPOBCKUTTEP - HKAIIbl XUMHSIIBIK
¢dopmynacsl ABX; GonaTelH THOPUATI OpraHUKaNbIK-OeiOpraHUKaIbIK KOCBUIBICTAP,
MYHJaFbl A - OpraHUKaJblK Hemece OeHopraHuKalblK Oip BaJeHTTI KaTHOH (9IeTTe
METHJIAMMOHUH, GopMaMUIMHUIA HeMece Le3uil), B - eki BaJeHTTI MeTanl HOHBI
(Sn**, Ge**, Pb*"), an X - rasorenny anuonsl (Cl*, Br* memece I*). 1-cyperte Taburu
MEPOBCKUTTIH KYPBUIBIMBI KOPCETUITEH.

Cyper 1. [TepoBCKUTTIH KYpBUIBIMBI (KOTLIAIP TYCIIEH — KaJIbLUH aTOMBI, CYp TYCIICH — THTaH
aTOMBI, KbI3bL1 TYCIICH — OTTEK aTOMBI).

Bbacrankpiia TIEpOBCKUTTIH KPUCTAJABIK KYPBUIBIMBI KyOTBHIK OOJBINT CaHAIBI,
Oyn OipHemre Xy3 XWUMHSJIBIK KOCBUIBICTApFa TOH IEPOBCKUTTIH KYPBUIBIM/IBIK
TYPiH aHbIKTayFa Heri3 Oomubl. Jlereumen, keiinipek CaTiOs KypbUIBIMBI HI€aJIIbI
KyOTBIK TYpPIHEH COJI aybITKbIIT KETETiHI aHBIKTAIIbl: OeJIMe TeMIlepaTypachiHa
0J1 OPTOPOMOTHIK, Pnma KeHICTIKTIK TOOBI 0ap, ajl KajblMi TUTAHATBHIHBIH KyOTBIK
KypbUIbIMBI TeK 1260—1300°C sxorapsl Temmeparypaaa ¢azaiblK ayblCy HOTH)KECIHIIe
naiiga 6onazasl. [lepoBckut — XKep OeTiHAETI CaabICTHIPMANBI TYPE CUPEK Ke3AeCeTiH
MuHepan. OHBIH KpucTanjapel KyO (TceBnoky0) mimnugi, Ky0 Oerrepi meTTepiHe
napa’suielib OpHaIACKaH KbICKA ChI3BIKTApMEH KaOblUTFaH (2-cyper).

Cypert 2. [lepoBckut munepainsl. Con xakra — Bukumnenusiad, KOFaMIbIK HTUTIK; OH KaKTa —
Ynken Peceit sHIMKIOTICIUSICBIHAH.
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[lepoBCKUT HeTi3iHEH TajJbK XOHE XJIOPUT TaKraTacTtapblHza kesnecemi. OHBI
MHUKPOCKOII apKbUIbl >KaHApTay >KbIHBICTAPBIH/AA, COHBIH IIIIHJEC METHIUT-0a3aJIbT
XKoHe 0a3asbT JlaBachlHIA Aa aHbIKTayFa Oojanel. Herisri keH opblHIapsl Ypannia,
Tuponbae (ABctpus), LBeiinapusaa sxone OuHIAHANAIA OPHATIACKAH.

Kyn osuepeuscoinoaswr neposckummep. Kyn Oarapesutaper  CaTiOs;-ThIH 631
eMec, TIEPOBCKUT KYPBUIBIMBI Oap KOCBUIBICTApAbl MaiganaHansl. EH kemnm Tapanran
MEPOBCKUTTEP KOPFACHIH T'aJIOTeHUATEPIHE HET13/1eNTeH. byl KOpFachlH KYPbUIBIMIaphl
Typansl anraiikbl ecenti Jutep Bebep 1978 xpuibl xapusnansl. OCbl KiIacTarbl
MaTepHaliapFa Heri3elreH KYMBbIC iICTEHTIH KYH OaTrapesiChblH Kacay YIIiH [HIaMaMeH
30 xbut kaxet 0omubl. 2009 xputbl LlyTomy Musicaka sxoHe OHBIH opintectepi 3,8%
TUIMALTITT Oap anFamKbl LIBIHAWBI MEPOBCKHT KyH OartapesutapsiH (PSC) sxacam,
kepceTTi. bys kepceTki kpeMHUI Heri3iHAeri KyH OaTapesuiapblHa KaparaHia TOMEeH
OosiFaHbIMEH, IEPOBCKUTTEP/I Nakjanany keseci OybIH (POTONEKTPIIiK KYPBUIFbLIAP b
o3ipiey YIIiH jKaHa KON allThl. byl cepmijic KYpBUIFbUIAPABIH CHHTE3 SJiCTEpiH,
KYPBUIBIMBIH, KYpPaMblH, CTEXHOMETPHUSCBIH JKOHE OHJIPIC TEXHOJOTHsIAPbIH
KETiAipyre OarpITTanFan OYKiI aieMJe KapKbIHIbI 3epTTEyNep TOIKbIHBIH TyAbIPABL.
Byn camanarel keH ayKbIMIbI 3epTTeyiep OipkaTap TaMalla HOTHIKEIEpre OKewui:
MEPOBCKUT KYH OaTapesiapblHbIH THIMUTIT MBIC MHAMN rajulnii cenenutine (23,4%),
kpemuuiinen (22,3%) sxoHe kaamui TemmypuaineH (22,1%) acem Ttycri. Kasipri
YaKbITTa KOPFAChIH HETi31HJeri MEpOBCKUT (POTOAIEKTPIIK KYpPBUIFbUIAP THIMALIIT
MeH BaTT KyHbI OOHBIHIIA OipiHIII OybIH KYH OaTapesiapbIMeH CalbICTBIpyFa O0aabl.
JlerenMeH, MepOBCKUT KYH OaTapesiiapbIHbIH TaFbl O1p KEMIL1TIT - OapIbIH KbI3MET €Ty
Mep3imi OacTankpia KOMMEPLUSUIBIK KOJDKETIMI KpeMHUH, rajulnid apceHu i Hemece
ChIHAIl KaJAMUN TEJUTYpPHITI KYH OarapesuiapblHa KaparaHia KbicKa Ooibl. 3-cypeTTe
KYH Oarapesuiapbl YIIIH «alTbhlH YHIOYPBIID» KOPCETUIreH, al MEePOBCKUTTEP OHBIH
eKi Herisri TanabbIHa - THIMAUIIK NMEH KyHbIHA cail kenexdi. XKaHapThlIaThlH SHEPTUS
Ke37iepi HapbIFbIHAA KEHIHEH KOJAaHy VIIIH YII TaJanTblH OapibiFbl Oip yakbITTa
opbIHAanybl kepek. Kanran mremrymni ¢akTop - eMip cypy Y3aKTHIFbI, OYJI IEPOBCKHUT
KYH OarapesiiapbIHbIH 09CEKeNIeCTIK OpTaja eMip Cype ajlaThbIHABIFbIH aHBIKTAHIbI.
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Cyper 3. KyH sieMeHTTepi YIIIH «alThIH YIIOYPHIII».

Mopdonorusicel, KYpbUIBIMIBIK BapHalUsUIapbl JKOHE OHIpIC dfictepi apTypri
OotaThiH OYJT KYH OarapesuiapbIHBIH JKOFapbl KyaTTsl Typienaipy tuimainiri (OKKTT)
3epTXaHalblK KaFjaiinapaa MepcrleKTHBAIbl HOTHKenep kopcerti. Kasipri yakpiTTa
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¥ATTBIK KaHapThaThlH SHeprust 3eprxaHackl (NREL) sxone @paynrodep kyH
SHEPIHUACH JKYHeJepi MHCTUTYTHI CHUSKTBl aKKPEAUTTENTeH TIyeJICi3 3epTXaHajapMeH
texcepinred JXTK monzepi xyka KaObIKmanbl (OTOITEKTPOHUKAHBIH, COHAAN-aK
0acka J1a ONTORJIEKTPOHIBIK TEXHOJOTHIIAPABIH OCHI KaHa XKOHE Te3 JaMBIIl Kee
JKaTKaH CaJIACKIHBIH YMITiHE CEHIMILTIK Oepeti.

Me3zockonusinvlx apxumexmypa. EH anramkpel NMEpOBCKUTTIK KyH Oartapesiapbl
OosFpIIKa ce3iMTan KyH OatapesuiapbiHan (DSSC) anblHFaH TeMEH KeyekTi
KOH(QUTYpaLuusiHbl Maiiaananasl. by KypbuibiM OOSFBINIKA CE3IMTal KaTThl Ky#ueri
KYH OaTapesulapblHBbIH apXHUTEKTypachblHa YKCalbl, TEK OOSFBIIIKA CE3IMTaJIJBIKTHI
apTTBIPATBIH  KYPBUIFBI TMEPOBCKUT TalOTEHUJIMEH aybICTBIPBUIABL.  AJFalIKbI
KOPCETUIreH MEePOBCKUTTIK KYH OaTapesuiapbl TUNTIK yiI exmemai (3D) nepoBckuTke
— MeTWIaMMOHHI KoprackiH Homunmine (MAPbDI;) — werizgenren skone 6-10%
apajbIFbIH/Ia KOHBEPCHS THIMILIITiHE KON skeTKi3ai. byn monnep xeitinnen 31%-man
acTaMra JefiH apTThIPbUIABL. OJETTEr1 Me30 CKOMMUSUIIBIK KYPBIIFbI apXUTEKTypachlHAa
¢dTopmen nerupnenren Kanaibel okcuzaiMeH (FTO) xanranfaH IIBIHBI HETi3re KyKa,
TeIFbI3 Ti0, Kabarel (~50 HM) TYHABIPBUIAABI, O MOJIIP OTKI3Till OKCHJ KOHE
AJIEKTPOH/IBI-CEJICKTUBTI OailJlaHbIC pETiHAE OpeKeT eTeli. byn biKmaMm KaOaTThIH
ycrinae mezokeyekTi TiO, kabaTsl TYHIBIPBUIAABI, OJ1 IEPOBCKUT CiHIprilliHiH Heri3i
KOHE AUIEKTPOHABI TacbiManaaymbl Kabatr (ETL) Hemece »IeKTPOHIBI-CENEKTUBTI
kabar (ESL) peringe xbismer ereni. Lllamamen 450 °C temmepaTypaia >KOFapsl
Temmeparypaia KyWIOipyaeH KeWiH epiTiHIiHI eHJey HeMmece BaKyyMJIBIK TYHIBIPY
apKpUIbl KaNbIHABIFEL 300—-600 HM 0OJaThIH MEPOBCKUT CIHIPTINI KabaThl TY3LIEMi.
KypbUTFbIHBIH KYPBUIBIMBIH asKTay YIIiH (4a-cypeT) TeciKk TachbiMaiaaylibl KadaT
(HTL) nemece Tecik-cenextunti kabar (HSL) TyHabpIpbUIasl, cogan KeiiH o oaeTTe
anteiH (Au) Hemece KyMic (Ag) MeTallI AIEKTPOAIIEH KanTalaIbl.
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Cyper 4. (a) ME30CKOMHUSUTBIK IEPOBCKHUTTI KYH 3JIEMEHTTEPIHIH TUITIK KYPBUIFbI apXUTEKTYPACHI;
(b) mepOBCKUTTI KYH AIIEMEHTTEPIiHIH KYMBIC iCTey ChI30aChI; (C) DIEKTPOHIAP/IBI OTKI3TIII TOCeMe/Ie
skuHaiTeiH PSC-TiH cTaHaapTTh mianapisl (n—i—p) kougurypamuscsr; (d) FTO tecemecinme Tecikrepai
JKUHANUTBIH MHBEPTTENTEH IJIaHaPIIbl (p—i—N1) apXUTEKTypa.
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Byn KypbUIFBUTApABIH KYMBIC NPHHLUII TEPOBCKUT CiHIPTilIiHIH KapBIKTHI
ciHipyiHe, CiHiprim ka0arTa 3apsj] TachbIMajIaylIbl >KYNTapIblH Taiina OoiybiHa,
3apsATap/bIH AMCCOIMAIMUIaHYbIHA JKOHE OeJIiHyiHe, COJaH KeWiH oJap/bl Coiikec
AIEKTPOATAPFa ayBICTBIpyFa HerizmenreH (4b-cyper). JKorapbl THIMIITIKKE KO
JKETKI3y VIIiH TEpOBCKUT CIiHIpTIlIiHIH >KONaK apaiblFbl ImamameH 1,55-1,6 5B
JKOHE JKOFapbl CiHipy koahduimenti (~10° cM-') Goiybl Kepek, OYJI OFaH KOpiHEeTiH
JKapBIKTHIH YJIKEH O6JiriH ciHipyre MyMKiHAiK Oepeai. Menaip etkizrim okeuf (TCO)
JKOHE YCTiHE KOMBUIFAH TachMaljiay KaOaThl apKbUIbl KApPBIKTBIH JKYTHUTYBI €leyci3
0OyBl KEpeK, COHJAa TYCKCH COYJCICHYMIH KOI O6Jiri 3JeKTPOH-TECIK >KYIITaphl
(hoToreHepauAIaHATHIH ITEPOBCKHUT CiHIpTIiNIiHE >keTedi. by skyrrap keiiHHeH 00c
3apsi TachIMalAay bUIApFa bIABIPaiabL. [IepOBCKUT CiHiprilTepiHaeri TOMEH SKCUTOH
OalinaHbplc >HEPrusichl, 9AerTe OipHeme M3B, 6oc 3apsa TaceIManaaylIbUIAPIBIH
naiina OomybiHa okeneni. JleMek, KyH Oarapesuiapbl >KOFapbl THIMILTIKIEH >KYMBIC
icTeiifi, cebebi (hororeHepanusIaHFaH MIEKTPOH-TECIK KYNTAPbIH 00Ty YIIIiH CHIPTKBI
KO3FayIIIbl KYIIT KaKeT eMec. OpOip 2IEKTPOaTA TeK Oip THITI 3apsT TaChIMaJAay IIBIHEI
JKUHAyFa MYMKIHIIK OepeTiH 3apsaTbl TaHAaManbsl Kabarrap wWHTEpQEHcTiK
peKoMOMHAIMAHBI a3aiTyFa, 3apsSATHI OOyl KoHE SKCTPAKLMSIHbI KaKcapTyFa jKoHE
HOTIKECIHIE KAXKETTI (POTORNEKTPIIIK MapaMeTpiiepre Kol )KeTKi3yre KOMEKTEeCeIi.

Tex wme3okeyekri TiO, (Hemece Oacka MeTamm OKCHIl) Oap Me30CKOMHSUIBIK
KypbutbiMaapnan 0acka, TiO, xoHe nupkoHuit okcuai (ZrO,) CHSIKTBI €Ki Typii
ME30KEYEKTI OKCUATEPCH TYPATHIH YIIT KAOATTHI IIEPOBCKUT HETI31HAETI (POTOIIEKTPITIK
KYPBUIFBIIAP, KOMIPTETi Heri3iHaeri (OTOINEKTPIIK KYPBUIFBUIAD CHAKTHI, COTTI
kepceTinai. bipiHiricinae KypbUIFbl TONBIFBIMEH Oachlll LIBIFAPY apKbUIbI XKacajlibl:
MEPOBCKUT TPEKYPCOPBIHBIH epiTiHaici Oackuiran kemipTek (C) KabaThl apKbUIBI
keyekti TiO,/ZrO, KaHKachlHa KYWBUIIBI, OJ JKOFApFhl KAaTOJI PETIHJE KbI3MET €TTI.
Tecik TackiManay KaOaThIHBIH OOIMaybIHAa KapaMacTaH, OyJI KYPBUIFBIHBIH YHEPTHSHbI
Typrenaipy tuiMaimiri 12,84% Kypaabl KoHE 0N y3aK Mep3iMAl TYpaKTBUIBIKTHI
kepceTTi. JlereHMeH, ym KaOaTThl KaHKAHBIH KYpZIesi KYpbUIbIMbIHA OaiJIaHBICTHI
MYH/Jai KYpbUIFbUIAp/a MEPOBCKUT KPUCTANIAaHYbIH OacKapy KMbIH OOJIbIN Kasia oepei.

Kasvix  apxumexkmypa. COHFBl KbULIAPbl CTAHAAPTTHI Ka3blK (N—i—p) KoHE
WHBEPTTENTEH Ka3blK (p—i—N) MEPOBCKUT KYH OarapesuiapblHbIH apXHUTEKTypalapbl
KapanaibIMIbIIBIFBI MEH KOFaPBI SHEPTUS TYPIICH I py THIMALTITIHE OalIaHBICTH 0achIM
Ooma Oactampl. byl KypbUTBIMIApaa Ka3blK MEPOBCKUT CIHIPTIII JIEKTPOH OTKI3TIIIT
(n—i—p) HEMece Tecik OTKi3riuI (p—i—n) MaTepuaiFa TikeJael opHanacTeIpbiIaasl (4c, d
CYpET), 0J1 apKbLIbI (poTOreHepalsIaHFaH 3apsATap COUKECIHIIIE aHOAKA XKOHE KaTOIKa
aybicazbl. bysn ka3elk KypbuiFbLiapna Me3okeyekti TiO, kabaTel OONMaraHIBIKTaH,
onapael 150°C-TaH TeMeH TeMIieparypaja eHaeyre 00assl, OVJ1 oJap/sl ipi KejJeMmi
OHIIPIC YIITiH TaPTHIMIBI €TE/II.

CrannaptThl a3blK (N—i—p) apXUTEKTYpachl 3JIEKTPOHAAPAbI KUHAYFa apHaJIFaH
TOMEHI1 MeJJIip KOHTaKTiJieH (aHOJa JIen Te araiajsl), )Kyka bikmam n-tunti ETL
(memece ESL), neposckur ciniprim kabarbiHan, p-tunti HTL (memece HSL) xone
TECIKTepAl KMHANTBIH )KOFAPFbl METAJUT KaTOAbIHAH Typajabl. EH THIMAI KypbUIFbLIAD
temenri ETL petiaae TiO, opHbIHa Kanaibl okcuaid (SnO,) maiimananyra HET130e/TeH.
Tenkepinren p—i—n ¢GoroHAsIK KpucTammapaa ETL sxone HTL xabaTTapbIHBIH peTi
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CTaHJApPTTHl N—i—p OpHajacyblHa Kapama-kapchl. MyHpail kypeuirbuiapaa ETL xone
HTL kaGarrapsl kepi pernen opHanackaH. Temenri HTL xabarer WOy, NiOy xoHe
CuOy CHSKTBI p-THNTI OpTaHUKAIBIK XApThUIAl OTKI3Till HEMece pP-TUMNTI eTmHeni
METaJT OKCHATEPiHEH TYPYHl MYMKiH. COHFBUIAPBIHBIH THIMIIIITI adTapibIKTai
JKaKCapFaHbIMEH, OJapIblH €H MaHbBI3[bl KEeMIITri - ayara YIIbIparaH Ke3/eri
TYPaKCBHI3ABIK. AHTa KeTy KepeK, OYJ KYpBUIFBLIAPAbIH OapibIFbIHAA KOFAPFBI
ANIEeKTponaTap peTiHae anteiH (Au) Hemece Kymic (Ag) CHUSKTHI METald KOHTaKTiJep
naigananbuiaasl. Kemipreri kapacsl MeH rpauT KOCIAChIHA HETI3/ICNINeH KOMIPTEKTI
KOMIIO3UTTEP CHSAKTBHI KOJDKETIMIII OTKI3TIIT MaTepHaiaapAsl METAUT dJIEKTPOATApFa
Oaslama petinze nmagananyra 0onazasl. Onap TOTBIFYFa )KOHE XMMISUIBIK peaknusiiapra
TO3IMJIi JKOHE COHBIMEH Karap IIePOBCKUT CIHIPTillliHEe BUIFAIABIH CHYiHE >KOI
OepMEeNTIH KOPFAaHBIC TOCKAYBLIBI PETiH/IE KBI3MET €TEC aajbl.

Kopzacvin 6ap nepoeckummepoiy yvimmulivizel. OKIHIIIKE Opail, KOPFacblH oTe
yIIbI )KOHE bUTFasIFa yinbiparat ke3ze Pb(OH), cusKTBI KOChUTBICTAp TY3€/1, 0J1ap /1a 6Te
VITBI J)KOHE Cyla *akchl epuii. Pbl, uaTepdeiicinme KoprackIHHBIH TOTHIFYEI Pb xkoHe
I nonmaper apaceHarsl OaliIaHBICTAPABIH Y31TyiHe oKkeneni. byn OeiHy acThIHIAFBI
MetwiamMmonuil omuai (MAI) xabarei amanel. Cy Monekymamapbl Oynl KabaTka
eHiN, ruaparanusi apKbUIbl MEPOBCKUTTIH KaWTBIMCBHI3 BLABIpayblHA okelneni. Erep
KOPFAChIHMEH JIACTAHFaH MYHJal yJibl Cy DKOXKYHere HeMece TaMak Ti30eriHe eHce,
oJ1 ajjamJiapra Ja, 6acka Tipi opraHu3mIepre Jie KeH ayKbIMIbl TOKCHKOJIOTHSITBIK dCep
€Tyl MYMKiH. 5-CypeTTe KOpFachIHHBIH aJlaM aF3aJlapblHa BIKTUMAaJ TOKCHKOJIOTHSITBIK
acepi KepceTireH.

KopracelamMen ynaHy JKylike, ac KOpBITY JKOHE KaH alHalbIM IKylenepiHiH
(YyHKUMOHAIABIK Oy3bUIBICTAphIHA OKeneni. KopracklH agam ar3acblHAa CHICH Kesle
(depMeHTTEepMEH OailJIaHbICa Ibl JKOHE JKYMCAK TiHAEp MEH CyHeKTep/ie KMHATYbl MyMKiH.
Kan aFbIMBI apKbIIbI 01 KOKOAyBIpFa, OYHpeKKe, OaybIpFa xKoHe MuFa skeTe anajibl. Kenreren
aJamzaap KyH caifbiH mamMamet 0,5 Mr KopFachiH KaObITIaraHHaH KeHiH KOPFaChIHMEH yITaHy
Oenrinepin gambitansl. COHIBIKTAH, aam/ap YIIiH Kayirci3 )KoHe IKOJIOTHSUTBIK Ta3a KYH
OarapesiapblH jkacay YILIIH IEPOBCKHUT CIHIprilITepiHAEri KOPFAaChIHABI alMacThIPaThbIH
YIIbI EMEC HEMECE YBITTBUIBIFB TOMEH METaJLT HOHIAPBIH jKacay KayKeT.

KopracsIHMeH yiaHYIbIH KeliGip cajapbl
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Cypert 5. KopraceiaubiH (Pb) agaM aF3achIHBIH MyLIeTepiHe BIKTHMAT TOKCHKOIOTHSIIBIK 9Cepi.
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FeuteiMu  onebueTTepae KOpCETINTeHIeH, MmepoBCKuTTepaeri Pb*'-ra  OGamama
periame Sn**, Bi**, Ge**, Sb**, Mn?* xone Cu?* CHSKTHI YBITTBUIBIFBI TOMCH HOHIAPIBI
nmaigananyra 00manbl, OYJ1 jkaHa KOPFACHIHCHI3 TIEPOBCKUT KYPBUTBIMIAPHIH jKacayFa
MYMKiHAik Oepemi. Kamaitel (Sn) ymbl KOpFachlH KOCBUIBICTAPBIH aIMacTBIpyFa
€H TIEPCTIEKTUBANBI KaHAWAAT OOJNBIT TaObUTambl, cebedi o KYH OarapesurapbIHaa
KOJIJIaHyFa ©T€ KOJalIbl TaMmaila ONTHKAJBIK JKOHE JIIEKTPIIK KacHeTTepre ue.
TeopusblK TYpFbIAaH anfranaa, 1,2-1,4 »B nuama3zoHbIHIAAFbl ONTHUKAJBIK KOJAK
apalbIFel 0ap Kajaiisl Heri3iHaeri mepoBckuTTep 33%-Fa AeiiH SHEPTUAHBI TYPICHIIpY
THIMIUTITIHE KOJ JKeTKi3e anansl. COHBIMEH KaTap, KaJlaibl HeTi31HIeTi TEPOBCKUTTEP
KOPFaCBIH HET131HET1 IEPOBCKUTTEPMEH CaTBICTRIPyFa O0IaTHIH HEMeCe TIiMTi oJlapaaH
YKOFapbI AJIEKTPOHIBIK KOHE ONITHKAJIBIK KACHETTEP/Ii KOpCEeTe i, aTal alTKaH/aa, 3apsT
TachIMaJAay IbUIAP/IBIH KOFAPhl KO3FAJIFBIIITHIFHI XKOHE Y3aK KBI3MET €TETiH «BICTBIK)
TachIMalayIIbLIap.

JlereameH, Kanmaiiel Oap MEpOBCKUTTEPIiH Kayimncizmirine KoHWHTC jKoHEe OHBIH
opinTectepi kymoH kentipai (Babayigit et al., 2016a, Babayigit et al., 2016b). Pbl,
oHe Snl, ocepiHe yibIparaH 3e0pa OambIKTapheIH 3epTTey OapsichiHaa Pbl, ymrix 0,83
MM sxane Snl, ymin 0,09 MM LCs, Mmaumepi (50% emiMre oKeneTiH KOHIEHTPAIINs)
anstHIb (Babayigit et al., 2016a, Babayigitetal., 2016b). Snl, ymia LCs, ToMeH MoHiHE
Cy#eHe OTBIPBIN, aBTOPJIap KaJlalbl HETi31HACT] TaIOTCHUITI TIEPOBCKUTTEP KOPFACHIH
Oap raJoreHuATI IePOBCKATTEPTEe KaparaHaa OfaH Ja Vbl AeTeH KOPBITHIH/IBIFA KE/Ti.
Jlereamen, Oy 3epTTeyiepe oTe KOFapbl KOHIICHTPAHsIIap KOJMIAaHBUIIEI. MyHai
JKaFTaiiapaa meHcayasIKka Herisri Kayinm Pbl, Hemece Snl, e3mepi emec, kepiciHie,
OJTapABIH CYMEH OpEeKeTTeCyi HOTIKeciHae maima Oonran yael HI (cyreri ommmi
HeMece THAPOMUONTHI KBIMKGLUT) Ooneim Tadsutamel. DAO/JACY-HBIH TaraMIbIK
Kocmamap >keHiHmeri Oipiecken capammbiiap komurteTi (JECFA) kamaiier ymria
JIeHEe CalTMaFrbIHBIH KHJIOTPaMbIHA 2 MT allbIH ajla PYKcaT €TUITeH TOYMIKTIK TYThIHY
memmepin (PMTDI) yeeraasr (Blunden et al., 2003). [1epoBckuT KyH OaTapesutapbiH
TUTIOTETUKANBIK TaiaJaHyIbl Tainay KepceTKeHAEW, TINTI eH Hamap >Karmaiaa
Ja Kalalbl TaJOTEHUATI TEPOBCKUTTEP/EH albIHATBIH TOYIIKTIK KaJlalbl TYTHIHY
mamMaMeH 90 MKr/kr 6onaasl. TeImKaHAApAAFEl TOKIpHOETEp KOPCETKeHICH, Kalaibl
rajgoreHUATI TepoBcKUT (MASNI;) skore Snl, TOYIMIKTIK Kamaibl KOHIIEHTPAITUICHIHIA
OYHpeKTiH 3aKbIMIaHybIHA, OayhIp TUCOYHKIMACHIHA )KOHE UMMYHOTOKCHKAIBIK dCEP
etyi Mmymkin. Hereamen, (Xiao et al., 2023) mMakanacelHIa YCHIHBUIFAH HOTIDKEIED,
COHBIH IIIIHAE OpraHAapIblH CaJIMaFblH, KaH aHalIW3iH, WMMYHOTHCTOXHMUSHEI
koHe Kkeneci OywsiH cekBenupieyin (PHK cexBenumpriey), Kamaiibl TrajgoreHUATI
MIEPOBCKUTTEP/lI KEH KoJieMe KONIaHyAbl KAMTHTHIH €H Hamap CIeHapuiae e
eIIKaH/Iall alfKbIH JKEAEN YBITTHUIBIK HEMEeCce TeHETHKAIBIK KayilTep aHBIKTaIMabl.
Ocpinaiiima, Kanaibl TaJOTEHHJITI TIEPOBCKUTTEP o/€TTe OWONOTHSAIBIK TYPFBIIAH
Kayirici3 OOJBIT caHaIabl, ajl TaJOTEHUTI IEPOBCKUTTEPIC KOPFACKIHIIBI KaJalbIMEH
aJIMaCTBIPy MYMKIH IIIETITiM OOJIBIT KOpiHEeT.

Kanativl nezizinoezi neposckummep. 1lepoBCKknTKe YKcac KYPBUTBIMBI Oap TaOuFH
TYpIe Ke3AeCEeTiH KaIaibl HeTi31HaAeTi MUHEpal - MAHUITUUT, XUMHSITBIK (GOpPMYIIachl
(NH,),SnCls 60onarera ammonwmii rekcaxiopcranatei(1V). (Demartin et al., 2006) 6y
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aHa MuHepanabiH Uramusnarsl Cununusgarsl Do apajiaapbiHby Oipi - Bynkano
apansigaarsl Jla docca kparepinzeri oprama temmnepartypagarsl (mmamamen 250 °C)
Kparep imriHzeri ¢pymaponaa TaObUTFaHbIH Xabapnaabl. MuHepan KpHUCTalJapbIHbIH
auamerpi 200 MKM-re AeHiHTi KilIKeHTal, TYCCi3 OKTa’ApiiepAiH arperarTapblHaH

Typazasl (6-cyper).

Cyper 6. AlyHUT YCTiH/ETI AaHUYUHUT KPUCTAIJAPBIHBIH CKAHEePIISYIL AIEKTPOH/IBIK
MHUKpodoTorpaduschl.

[Taamunut KyOTHIK Kyiere, Fm3m keHicTikTik ToObIHA xaramsl (Ne 225), Z = 4;
Bipnik ysmrsrk mapamerpi a = 10.064(1) A, an Gipnix ysamsik kememi V = 1019.4(2) A3
Oxrasnpiik SnClg?* moHsIHAA anThl SKkBUBaTeHTTI Sn—Cl apakambsKTeFs 2,429(1) A,
an C1-N apaxamsIKTsiFs! 3,559(1) A kypaiimsr. Kpructamt KypbUTBIMBIHEIH CXeMAJIBIK
KOpiHici 7-CypeTTe KOPCETIITEeH.

Cyper 7. [TaHUUUHTTIH KpUCTAIIBIK KYpbUIbIMBL: oHIA [SnCls]** okrasnpnepi men NH4* nonnapsr
oeitnenenren (Demartin et al., 20006).

Yw emuemoi (3D) neposeckummep. 3D kanaiivl necizinoezi neposckummepoeei
KPUCIM AN KYPULIbIMbL JcaHe pazanvii ayvicyiap. KOpracklH HEri3iHAer1 MepoBCKUT-
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TEp CHUSKTHI Kanalbl HEri3iHAeri MEepOBCKUTTEPAIH KPUCTAII KYPBUIBIMBL OJapiblH
KYpam/ac MOHIAPbIHBIH TabUFaThIMEH, TemneparypacsiMet, [BXs]*" okrasnpepinin
OarbpITBIMEH )koHe B—X—B OaiinanblcTapbIHBIH OaFbITBI MEH Y3bIHIBIFBIMEH aHBIKTAIIA IbL.
MyMKiH O0NaThIH KPUCTAII KYPhUTBIMAAPBIHBIH 11ITHIE €H CHMMETPHSUIBICH - 5KOFaphI
Temmneparypaibl KyOTBIK KYPBUIBIM, OJ OKTadApiepliH TeOelepiH[e >KaHacCybIHAH
Typazbl, uaeanasl B-X-B Gaitnansic 6ypeimst 180° (8a-cypet). OKkTadapmik KaHKaHBIH
[BX6]** 0Goc opblHIapbIHAa A KaTHOHAAPHl TallOT€HH] aHUOHIAApPbIMEH 12 ece
KyOOKTasIpiIik KoopAnHaus Ty3edi. TerparoHansap! Gaza okTadapiik aiHamyIapMeH
cumarTanaapl, HoTwkecinae B-X-B Oaiinanbic Oypeimbl (0 ab) 180° maeangst
MOHIHEH aybITKUbI (8b-cypet). Opropombansik (hazana Kocemiia nedopmanus maiiaa
Oonazpl: Oip *a3bIKTHIKTa OpHAJaclaraH €Ki OKTadap apachiHaarsl Oypeim (0 c) ga
180°-TaH aybITKUIBI (8a-Cyper).

outwards ¢ a

Cyper 8. a) ByiiipineH kepiHic skoHe b) ®KoFapbIiaH KepiHic: KyOThIK, TETParoHAIIBIK )KOHE
OpTOpOMOAIBIK KypbuTbiMap. TeTparoHanasK KypeuibiMzaa okrasapiep 6, < 180° Gonateiamail etin
Oypburran. OpTOpOMOAIIBIK KYPBUIBIM/IA OKTadIPIIEP/IiH KOChIMINA €HKEr01 Oalikanapl, MyHa 0 < 180°.

Enni ym typmi 3D kanaiier Herizinneri nepoBckuttepaid: FASnl;, MASnl; sxoHe
CsSnl; kpucTanablk KypbUIBIMAAPBIH €IrKeH-TerKeiai Kapacteipaiibik. FASnl;-ka
KeJeTiH OoJicak, FalbIMIap apacbiHaa Oyl KOCBUIBICTBIH HAKTHI KPUCTAIIIOT PAQUSITBIK,
(azacel Typassl o1 e KOHCeHCYC koK. FASnI; kpucTanapIlk KypbUIBIMBIH 3epTTEYIiH
aJFaliKel 3eprreyiepinid OipiH 1997 xbuiel Mutiu men Jluan xyprizmi. Onap
JKOFapbl TeMIleparypalibl KyOThIK KPHCTaJJIbIK KYpBUIBIMABI cumartagsl (Mitzi et
al., 1997). Onap MASnI; xone FASnl; M30KypbUIBIMIBIK €KeHiH, Oipak ojapaarbl
(hopMaMUMHKI MOJEKYJIAJapbIHbIH KE3/ICHCOK OpHAJIACKAHBIH aHBIKTAJbl, ce0eol
OJIApABIH CHUMMETPUSICHl KyOTBIK TMEPOBCKUT KypbUIbIMBIHAAFBl O h ywackeciHiH
cUMMeETpHUsIChbiHa colikec kenmMelai. FASnl;-tarel Sn-1 Oalinanbic y3bHABIFE 3,158 A
Kypaiizbl, Oy yiakeH FA kaTHOHBIMEH OaliIaHBICThI CTEPUKAJIBIK dcepIiepre OaiTIaHbICThI
MA KypambIHAarbl IEPOBCKHTKE Kaparania mamamen 1,2%-ra y3eiH (Mitzi et al.,
1997). 340 K remneparypana FASnl; sxanran KyOTbIK AMm2 KPUCTAIIBIK KYPBUIBIMBIH
Ty3eni xoHe 180 K-neH Tomen opropoMOTHIK (ha3aiblK ayblCyFa YIIBIPAaHbI, TOJISPIBIK,
Imm?2 keHictik ToObiHAa KpucTanaanaasl. [lamamen 100 K remneparypana kapabaiibip
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MOHOKJIMHUKAJIBIK KYPBUIBIMFA KOChIMINA (ha3ajblK aybicy Oarikanaasl. COHBIMEH KaTap,
ysnnep »*oHe OHBIH opinTecTepi OenMe TemreparypachlHaH CajKbIHIaraH Ke3zie
225-250 K Temmeparypa nuamna3oHbslHAa KyOTHIK Pm3m (azackiHaH TeTparoHajbIbl
P4/mbm ¢a3zaceiHa Gipinmn (azanslk aysicyasl anbikTaabl (Schueller et al., 2018).
Keitinri ¢azansik aysicy 125 sxoHe 150 K apanbirpinga xKypeai ®oHe OpTopoMOabIK,
Pnma kypbUlbIMBIHBIH mMaiga OomybiHa okeneni. Jlerenmen, Kaxmanu xoHe T.0.
OenMe TemmeparypacbiHaarsl KyOThIK Qaszanbiy Ilymnep xone T.0. cumarraran
OPTOPOMOMSUIBIK KYPBIIBIMHBIH OpHBIHA mamameH 255 K temmeparypana skoHe 155
K-nen temeH TerparoHaibiabl (pasara eKiHINI TeTparoHajbAbl (as3ara aybICaThIHBIH
anbikTaabl (Kahmann et al., 2020). Onebuerrepaeri Oy colikecCi3iKTepi 3epTTENreH
yiarinepain TaOuFaThIHAAFbl aWbIPMALIBUIBIKTAPMEH, MBbICANbl, MOHOKPHCTAJIAP
MEH TONMKPUCTANABl KyKa KaObIKmiamapmeH Tycinaipyre Oomamsl. 2010 >KbuUIbI
Takaxamm xoHe OHBIH opinTectepi MASnl; kpucTanablK KypbUIBIMBIH CHIATTAIl,
295 K remneparypana KyOThIK (hazansl sxoHe 275 K Temneparypana kyOTsK (Pm3m)
KYPBUIBIMHAH TOMEH CUMMETPHSUIbI TeTparoHanbas! (I4/mem) KypbuibiMra (aszanbik
aybicynel xabapiasl (Takahashi et al., 2011). ABropnap TeTparoHanbbl KYPbUTBIMHBIH
SNig OKTAdIPiHIH TiK 0Ch OOMBIMEH CHKEIyiHe OailIaHbICThI KYOTBIK TOPABIH 2a X 2a X
2a cynepysIbIKKa KeHEI0IMEH CHIaTTajJaThlHbIH KepceTTi. Temneparypa 108114 K
JeiiiH TOMEH/IETeH Ke3/Ie TeTparoHaibablial opropoMobansikka (Pbn2, Hemece Pbnm)
Tarbl Oip (azaiblk aysicy Oalikanmel; Oy Aepekrepli keHiHipek Jlaypura sxoHe T.0.
pactransl (Takahashi et al., 2011). Ma jkoHe T.0. masni; KPUCTaJABIK KYPBUIBIMBIH
[lepapro-bypk-DOpH3eprod kanmbulanFaH TpagueHT KyblKraybiMeH (PBE-GGA)
Oipinmi npunuunTi DFT Tocinin konaana oteipein 3eprreni (Takahashi et al., 2011).
EcenTenren Top TypakThichl 6,34 A Gonnpl, 6y 6,24 A Toxipubenik MoHiHeH con
yiikeH, 0yn PBE-GGA opiciHiH THNTIK maMajaH Thic OarallaHybIMEH TYCIHAIpineni.
ABtopnap conbiMeH Karap C-N OaiinaHbICTapbIHBIH €Ki TYPJi OaFbITHIH: Mapajienb
(TETP) »xone e3apa mneprnenaukyasip (TETV) eckepe OTBIpbIN, TeTparoHalbIbl
KypbutbiMaarsl MA karuonaapbsiaaarsl C-N OalaHBICHIHBIH POJIiH 3epTTEeli KoHE
napa’suienb OarbITThIH TYPaKThIpak ekeHin kepceTTi (Ma et al., 2016).

CsSnl; Tept monmumopdThl (azaHbl Kypainsl: ym Kapa skoHe Oip capsl. 425 K
KOFapbl TeMmIleparypaga Kapa KyOTolk ¢aza (B-o) maiiga Oomaner; 426 K temen
Temmeparypaia oji Kapa TeTparoHanbisl ¢azara (B-f), an 351 K Temmeparypana
Kapa opTopomOansIk Qasara (B-y) aitnananel. KeI3bIFbl, TOMEH TeMmeparypaibl Kapa
¢dazanapna Snls okrasgpiepi ¢azanblk aybiCynap Ke3iHIe eHKeWMeHai, JereHMeH
Sn—I-Sn OGaitnansicTapsl eHAl MiHCI3 CBI3BIKTBI Oommaiiabl. Capel (Y) daszacel 6ip
eJIIIeMIl KOC Ti30eKTi KYpBUIBIMBI 0ap MEPOBCKUT eMeC OPTOPOMOMSIIBIK jKacyliaMeH
cUMaTTanaabl XKoHEe OeJMe TemIeparypacblHIa OpTopoMOMsIbIK B-y daszaceiven
(Pnma) 6ipre emip cype anaznpl. 425 K temneparypana Y azacel Kapa KyOTHIK B-a
¢azaceina aitnananel. Ecenteynep kepceTkeH e, Kanaychl3 capbl (pa3aHbl KYpbIIbIMEa
Br xone Rb kocy apkpuibl Oacyra Oonanabl, Oy Oip yakbITTa Sn** TOTBIFY IOPEKECiH
Sn**-ra neiiin TOMEHIETE Il JKOHE KYH OaTapesuiapbiH/ia KOJIIaHyFa jKapaM/Ibl TYPAKThI
nepoBcKUT, Y-RbyCs;—ySnl; Ty3inyine okeneni.

Dnexmponovix kacuemmep. ONTOAIEKTPOHABIK KYPhUIFbIIap/a Kalaibl HeTi31H1er1
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MEPOBCKUTTEP/II Naiganany olapAblH JJIEKTPOHIBIK KOHE ONTHUKAJIBIK KaCHETTEPiH
MYKHUSAT TYCIHY/II KQXKeT eTe/li. ATan alTKaHaa, Oy KacueTTep KeOiHece BaJICHTTLIIK
KOHE OTKI3rimTIK >konakTapelHbH (VB sxone CB) sHepreTHKamnblK AeHIeHIepiHiH
OpHaJlacybIMEH, KYWJIEepAiH TOJNBIK *koHe imiHapa TeiFbiabiFbiMeH (TDS xone PDS)
JKOHE THIMJII MaccajapMeH aHbIKTananel. byn Oemimuae 613 MASnl;, FASnl; xone
CsSnl; ochl (u3uKanblK cumarraMaiapbl OOMBIHIIA KOJDKETIMII TEOPHSUIBIK YKOHE
IKCTIEPUMEHTTIK aKnapaTThl KapacThIpambl3.

Atimagmuix Kypoiavim. THIFBI3IBIK QYHKIUOHANIBIK TEOPUSICH MEH MepTypOamus
TEOPHSCHl OAICTEPiH, COHBIH IIIiHAE CIUH-OPOUTANBIK e3apa opekerrecydi (SOI)
Kosigana oTeIpeill, MASNI; onak KypbUIBIMBIH ecenTey KyOThIK (azaga bpummtosn
aiimarslHbIH R HykTecinge 1,55 3B Tikenell xoiak apaibifbl Oap eKeHIH KOPCETTi.
TerparoHanpapl *KoHE OpPTOPOMOAINBIK KYpBUIBIMAApAA TiKeleW >konak apaibirbl C
HYKTECiHJe opHanacKaH. [ mOpuaTi QpyHKIMOHANAB! MalialaHbIl €CeNTENreH KOIaK
apanbirbl 1,3 5B Kypaiiabl, Oy SKCIEpUMEHTTIK JepeKTEPMEH KaKChl COKeC Kemesi
(Bernal et al., 2014). Ecenreynep BajieHTTiK aliMakThiH MakcuMyMbl (VBM) HerizineH
Sn 5sxone [ Sp xyiinepi apacslHAaFbl aHTHOAMIAHBIC THOPUAN3ALUSIChIHA OAHIaHBICTHI
eKeHiH, ajl oTKI3rimTiKk aimMakTelH MUHUMYMBI (CBM) Sn 5p xone I Sp kyinepine
OaliaHbICTHI KaJbIITacaThIHBIH KopceTeni (9a, b cyper) (Bernal et al., 2014). 9c xone
9d cyperTepinae OpraHUKaIbIK MBIC MOHOAMUJ MOJIEKYyJanapbl BaJCHTTIK aiiMaKThIH
TeMeHTi Oemiringe —14-teH —7 3B-ka JeliHTi yIml JUCKPETTI dHEpPrus JeHrediH
KYpaWTBIHBl KOPCETUIreH, Oy MBIC MOHOAMHUJA KAaTHOHAAPBIHBIH BAJICHTTIKKE YKOHE
KOHBIOTaTHBTI aiiMakK IIeTTepiHe Tikened ocep ermeiTiHiH kepcereai. Ochlnaiima,
KaJlaiibl HeTi31HJeTi MepOBCKUTTEPET1 ThIMbIM CallbIHFaH alMaK CaHbUIaybl HET131HeH
Kanaiipl-X OainmaHpIChIMEH aHBIKTanaabl. bi3 Oysl HOTHKeNnepli CIUH-OpOUTAIBIK
ocepreplli eCKepeTiH Kem 3JCKTPOH[bl KYBIKTayFa HeETi3fenreH peisTuBucTik GW
O/IiCiH KOJIJaHa OTBIPHIN pacTablK KoHe bpuiitosn alimarbiHbIH [ HYKTECiHAE Tikenen
TBHIMBIM CaJbIHFAH aiMaK CaHbUIAYbIH aHBIKTA/bIK.
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Cypet 9. MASnl; ymrin ecentenren DOS sxone PDOS. Kapa myHKTHD CBI3BIK BaJICHTTIK 30HAHBIH
MakcuMai MoHiH kepceteni (Bernal et al., 2014).
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TaceiManayIIbIHBIH THIMJII Maccachl — TachIMalAdy KacHETTEPiH aHbIKTANTHIH
MaHbI3bl mapaMerp. On BaNeHTTIK 30HaHBIH MakcuMyMbl (VBM) MeH oTKi3rimrik
30HaHbIH MUHUMYMBI (CBM) MaHBIHIAFbI KOJIAKTHIH AJIEKTPOH/IBIK TUCTIEPCHICHIHBIH
KHMCBHIKTBIFBIHAH KeJleCi TeHJey apKblIbl ecenTemeIi:

lhﬂ
m" = (1)
KT

MyH/1a E — SHepTrUsiHBIH TUCTIEPCHUSIIBIK KATBIHACKHI, a1 K — TOPJBIH TOIKBIH/IBIK
BEKTOPBI. byJT Tociy »anmbl anranma xapaMsl OOJFaHBIMEH, PEIATHBHCTIK dcepiep
Pb xoHe Sn Heri3iHeTi HepPOBCKUTTEP/IE OCHI €CENTEYIEPICH eJIeyCi3 eMec aybITKynap
TYBIHAATYBl MYMKiH. T€OPHSIIBIK TYPFbIIaH €CENTeNreH THIM/I Maccallap TeK KOJIaK
JUCTIEPCUSChIHA FaHAa €MeC, COHBIMEH KaTap KOJJIAaHBUIATBIH E€CeNTey oJIiCiHe Jie
OaitmaHbICThl eKeHi aHbIKTanabl. @3 MeH Cso HSEO06 rubpuari QyHKIHOHAIBIH
MaiaIaHbIl, TOMEH U30TPOINTHI JedopMarus Ke3inae opropomOansik MASnl;-Tarsr
I' HykTeciHaeri xolaK JUCIIEPCHUACHIHA JKOHE 3apsJl TachIMaNIayIbUTAPABIH THIM/II
MaccajapblHa CIHH-OpOHTa e3apa opekerTecyiHiH acepiH 3eprrexi (Feng et al., 2014).
I-kecTeneH KepiHIN TypFaHIal, THIMII Maccanap, oferre, opropomoOansik MAPDI;
YIIIiH abIHFaH Maccallapra yKcac.

Kecte 1. MASnI; ymrin yu Typii kpuctamiorpadusuibiK OaFbIT O0HBIMEH €CEeNTENreH TECIKTep MCH
QIEKTPOHAAPABIH THIMAI Maccaapbl MIEKTPOH MaccachlHA M,y KaTHICTHI TypAe kepceTiireH (Feng et al.,

2014).
. Kpucramnorpadusibik OarbITTap
T
uimIi Maccanap [100] [010] [001]
my 3.74 0.81 5.77
m}, 0.59 1.14 0.53

SOC ocepiH KOCY OTKI3TIIITIK KOJIAKTHIH TOMEHT1 OOJIIriHiH eKi 0elieK JKOJaKKa,
pi/> XoHE ps/>-Fa OeiliHyiHe oKesieAl, Oyl JKONaK CaHbLIaybIHBIH TapbUIyblHA JKOHE
AJIEKTPOHHBIH TUIMJII MacCaChIHBIH aHHM30TPOIMUSACHIHA OKenedi. BaseHTTinik
YKOJIAFBIHBIH )KOFapFbl OOTIriHAeT1 KEMTIKTEp YIIiH JeTeHepalysl Heri3iHeH caKTalaibl,
JISTCHMEH JKOJIaK TucrepcTi 0ona OacTaiiibl, OYJI KEMTIKTEPIiH THIMII MacCachbIHBIH
a3arobIHA OKeJIe/li. YMapH JKoHeE T.0. COHBIMEH Karap ajbIHFaH THIM/II Macca MOHIepiHe
OpTYPJIi ecentey MakeTTepiHiH ocepiH aTam oTTi (2-kecte). ABTOpiap CHUH-OpOHTa
e3apa opekerTecyin eckepetiH GW ofici THiMII Maccaiapbl A9 MOJICIIb/LY YILiH €H
KOJIAMIIBI TOCLI JIeTeH KOphIThIHAbIFa Kenli (bepuan xxone 1.0., 2014). MASnl; cuskTsl,
FASnl;-Ta Tikenel ThIBIM calblHFaH aiiMak Oap, >KOFapFbl JKOHE TOMEHT1 BaJICHTTUIIK
KOJIAKTapbl Kajlaiibl MEH WOHHBIH Oipneil opOurtanbrapbiHan typaasl (10-cyper)
(Kahmann et al., 2020, Ma et al., 2016).

85




ISSN 2224-5227 2.2026

Kecte 2. Oprypii ecentey ToCIIEpiH KOJIaHa OTBIPBIN €CENTENTCH MICKTPOH MEH TECIK YIIiH
THIMJII Maccalap/IbIH OpTalia MoHAEPi (JIEKTPOH MaccachlHa Mo KATBICTBI): CIIHH-OPOUTAIBIK
6aitnanbic-GW (SOC-GW), ciimn-op6uTansik 6aitnansic-DFT (SOC-DFT) xaHe crasipIibIK

pemsituBuctik—DFT (SR-DFT) (Bernal et al., 2014).

Tutisni Maccana Ecenrey omici
HMAL Maccaap SOC-GW SOC- DFT SR-DFT
e 0.28 024 0.63
m, 0.13 0.15 0.18

Energy (eV)

TR
XX
et

Cyper 10. DFT ecenteynepi Herizinae ansinran FASnl;-TiH ecentenreH 30HaIbIK KYPbUIBIMIAPHL: a)
100 K — P4bm, b) 200 K — P4/mbm, ¢) 298 K — Pm3m.

[wn >xone T.6. Sn-1 GaiiiaHbIC Y3BIHABIFEI BAJICHTTLTIK JKOJIAFBIHBIH MAKCUMYMBIHBIH
SHEPTEeTHKAIBIK OPHBIH aHBIKTAUTHIHBIH KopceTTi (Shi et al., 2017). FA kaTHOHBIHBIH
WOHJBIK paanychl YikeH OomraHabikraH, FASnl;-tarer Sn-1  OaiimaHBICEIHBIH
y3apybl | MOHBIHBIH S5p koHE 5S opOuTanbiapbl apachlHIAFbl aHTHOAAHC e3apa
opekerTecyiH oucipereni, ochuiaiimia MASnl;-TieH canbICTBIpFaHJa BaJCHTTIK
JKOJIAK MaKCHMYMBIHBIH OpHBIH TemeHpaereni. Horwxkecinme, FASnI;-ThiH ThiiibIM
CaJbIHFaH aiiMaK CaHBUTAYBI COJl YIKeHipek. Tao xonHe T.0. FASnl; skone MASnI;-TeiH
TeTparoHaIbIbI pa3aapsl yiiH, coHAai-ak CsSnls-ThIH OPTOPOMOUSITBIK (pa3achl YIIiH
€CeNTEeNreH KYW THIFBI3IBIFBIH TANIaAbl. EcenTenred HOTHXeIep/i SKCIIEPUMEHTTIK
JIepEeKTEpPMEH CallbICThIpa OTBHIPBII, aBTOpPJAp IUICHKAa OCTiHIH KeMIIUIIKTepi Hemece
aKayJlapblHaH TYbIHJAFaH JKOJIAK IICTTEPIHIH KaHbIHAA KOChIMINA KYHWJIEPJIiH Maiaa
OostybIMEH OalIaHBICTBI eCenTeyepliH bIKTHMal Keminiiikrepin artamn otTi (Tao et
al., 2019). ®unumnmertn xxone T.0. FASnl; skore MASnI; a5eKTpiIik j)KoOHE ONTHKAIBIK
KacHeTTepiH KemeH i 3epTTey ab initio ecenreynepi MeH CiHipy eJeMaepiH KOIaaHy
apkwuibl xxyprizinai (Filippetti et al., 2021). EcentenreH >xoHe OJIIEHTEH IEePeKTePIl
CaJIBICTBIPY OCBI MaT€pPHUAI TYPIHE TOH KOFApPhI aKay KOHIICHTPAIUSChIHA OailIaHbICTHI
KHbIH 001161, JlereHMeH, KOJIIaHbLUIFaH €CeNTey 9iCTepi akayFa ToyesCci3 KaCueTTep/Ii,
MBICAJIbI, HETI3Ti THIMBIM CaJbIHFAH aliMakKTBl Mon Ooipkai amampl. PokHy3zaman
XKoHe T.0. ecemrteynepine coiikec, | anmonmapsiH Br nemece Cl-meH aybICTBIpY
ANEKTPOHAPBIH J1a, KEMTIKTEP/IiH J€ THIMJI MaccachlH apTThIpaabl, Oy 3-kecTene
kepcetinrer (Roknuzzaman et al., 2019).
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. . . s
Kecre 3. FASnls, FASnBr; sxone FASnCl; yiuin snexkrponnapisiy e xkone recikrepain M tuimui
Maccayapsl IEKTPOH MaccachiHbIH OipiikTepiMeH kopcerinreH (Roknuzzaman et al., 2019).

Marepua my mj,

FASnI, 0.28 0.11
FASnBr 0.39 0.26
FASnCl, 0.51 0.35

3apsa  TackIManAayImbUIapAbIH TOMEH THIMII MAaccachl OJapIbIH JKOFaPHI
KO3FaJFbIITHIFBIH  Kepcereni, Oyn FASnl;-Ter ¢orosmexTpmik Kyienep ymIiH
MepCTIeKTHBAIBI MaTepuan eTefni. Sn-ai Pb-MeH aybIcThIpy THIMII MacCaHbl
alTapIBIKTal apTTHIPMAiAbl, ajJ repMaHui Heri3iHAeTi MepoBCKUTTEp Sn- koHE Pb
HETI31HAeT1 KOCBUTBICTAPMEH CaBICTRIPFaH/a YKOFaphl THIMII Maccalapabl KOPCETe .

Keneirpe, Ma xoHe T.0. KeJeMIi MEepPOBCKUTTEPICTI TachIMaIayIIbUIapabIH
THIMJII Maccajapbl TaJOTeHU] aTOMIApbIHA, OPTAHWKAJIBIK MOJICKylTajapra KoHE
OpraHUKAJIBIK-0CHOPTaHUKABIK TaJOTeHU]] KOCBUIBICTAPBIHBIH KYPBUIBIMBIHA Ja
OaitmaHbIcThl exeHiH aHbIKTanel (Ma et al., 2016). 'anoreHn MOHBIHBIH MeIIIEPI
I-nen Br-re peiiin azaiifaH calblH, ICPOBCKUTTIH THIMBIM CaJILIHFAH aiiMarbl apTajbl
(4-xecTe).

Kecre 4. MASnI; sxone MASnBr; yIIiH ecentenreH THIM/I Maccanap MEeH ThIHBIM CaJbIHFaH aiiMak
ennepi (Ma et al., 2016).

DneMeHTap YAIMIBIKTBIH TYpi MASnI MASnBr

Eg, 5B ms mj, | Eg, 9B my mi,
KyOThIK 0.83 0.17 0.11 1.12 0.19 0.14
TerparoHaansK (IPUMUATHBTI ) 0.73 0.11 0.10 1.06 0.17 0.14
TerparoHanpIK (KeJIeMIiK-IEHTPICHIeH) 0.93 0.15 0.14 1.36 0.25 0.19
OpTopomMOaTbIK 1.08 0.19 0.18 1.53 0.22 0.23

Xyan meH JlamOpexT CsSnl; KyOTHIK (ha3achIHBIH jKOJTaK KYPBUTBIMBIH CIIMH-OPOUTA
e3apa OPEKETTECYIH eCKepMel, KBa3ubesmeKkTepai o3iHaik yiecimai GW (QSGW)
XKYBIKTayBIMEH THIFBI3JIBIK (Y HKITHOHAABIK TEOPHUSICHI 9J1ICIH KOJIaHA OTHIPBITI TAJI A IbI
(Huang et al., 2013). ['uOpuaTi opraHuKaabik-0eHOpraHUKaIIbIK KYPbUIBIMAApAaFblIai,
BaJICHTTIK JKOJIAKThIH MAKCUMYMBI Sn 5s xoHe | 5p opOuTanbaapblHbIH aHTHOANIaAHBIC
KYHJIepiMeH, aJl ©TKi3TiIITIK )KOJIaKThIH MUHUMYMBI St Sp skoHe | Sp opOuTanbaapbiHbIH
aHTHOalnankpIc KyiiepiMeH KanbinTacaasl. Cs Sd opOuTanbIapbelHbIH Yieci aMaMeH
~5 5B omueprusna kepinemi. bapneik CsSnl; KypbUIBIMIApBIHBIH TiKeJIeW ThIABIM
CaNbIHFaH aliMaK caHbUIaybl Oap, Oipak oi k-KeHicTiriHueri opTypii HYKTelepiae
opHajacKaH: KyOThIK (ha3a yiriH R, Terparonanbs bl (hasza yiiiH Z 5k9He OPTOPOMOAITBIK
¢aza ymrin I. KyOTeIK cuMMeTpusiian opTOpoMOaNbIK CHMMETpUsiFa (hazajblK aybICy
Ke31HJIe OKTadyIpJiH Kendey OYpBINIBIHBIH apTybIMEH THIHBIM CaJbIHFAH aiMaKThIH
OipriHjen yirarobl Oalikanaapl. Xyan meH JlamOpextr QSGW ecenrteyiepineH ajabIHFaH
SHEPrHs IKOJIAKTAPBIHBIH MapaboNaliblK IUCIEPCHsl KHCBIKTAphIH COHKECTEHIIpY
apkpUIbl CsSnl; yImiH THIMII Maccanapbl €CENTe/l; HOTHKENEP S-KeCTe/Ie KeJITIpiIreH
(Huang et al., 2013).
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Kecre 5. KyoTbik azamarer CsSnl; yurin [100] xxone [111] 6arbiTTaps! 00WbIMEH 371€KTPOHAAPIBIH
sxeHin (le) xane aybip (he) THiMII Maccanapel ecenTtenred. TeciKTiH THIMAI Maccachl YIIiH TeK 0ip
FaHa MoH OepiireH, ceb6ebi BaJleHTTIK 30Ha JereHepanusiiandarad, an VBM MaHbIHAAFbI 30HAHBIH

JIMCIIEPCHACHI H30TPONTHI XKOHE NapaboIalibIK CHITATKa He.

my mMe[100] Meg[111] miz[100] mig[111]
0.069 0573 0.154 0.041 0.068

VBM wmaHplHIa KOJNAK JereHepalusiiaHOaraH JKOHE OHbBIH JIUCIIEPCUSCHI
M30TPONTHI, COHJBIKTAH TEK OIp TEeCIKTiH THiMaI Maccachkl anbiHabl. 0,069 TemeH
THIMII TeCiK Maccachl mamameH 585 cm? V-' s-! nenm OarajnaHraH ©T€ >KOFaphbl
TECIKTIH KO3FaIFBINTHIFEIH Kopcereni. CrnmH-opOUTANBIK Oaitmansic OoaMaraH
Ke3JIe OTKI3TIIITIK >KOJaFbIHBIH MaKCHUMyMBbl YII €ce JeTeHepanusaaHaabl, aj CIIHH-
opOuTanblK OaitnaHblc 0OJFaH Ke3ae Oyl Kyiiep CHHIVIETTIK jKoHe AyOieTTiK OObII
OemiHeni, Oy THiIMJII MACCAHBIH aHU30TPOMHICHIHA OKEJIC/I.

Ocplnaiinia, Kanaibl HeT131H1er1 IEPOBCKUTTEP/IE BAJICHTTIK allMaKThIH MAKCHMYMBI
JKOHE OTKI3TIMTIK aliMaKTBIH MUHUMYMBI HETi3iHEH HONTHIH Sp opOWUTabIapbIMeH
OyIaHIaCTRIPBUTFAH Sn-HiH S5s koHE Sp opOuTanbaapbiHa OaitmaHelcThl. TwiciHie,
TBHIMBIM CalIbIHFAH aliMakK MeH THIMII Maccalap 0elopraHuKaIbIK KYPBUIBIMMEH THIFbI3
OaitnanbicThl. OchUTaifia, TETPAroHAJIBABI KOHE OPTOPOMOMSUIBIK KYPBLUIBIMIApIA
B—X-B 0Gaitnanbic Oypeimtapsl 180°-TaH aybITKbIFaH caliblH, OpOUTaJIbIBI KabaTTacy
OipTiHaen a3asabl, OyJI THIMII Maccallap/IblH apTybIHA SKEJICI.

Onmuxanvlx Kacuemmepi. DHEPTETUKANIBIK alMaK MICTTEPiHIH OPOUTAIbIBI
KypamblHa OallIaHBICTBl KPUCTAJABIK KYPBUIBIM TIEPOBCKUT KOCBUIBICTAPBIHBIH
OTITHKAIIBIK KACHETTEPiHEe TiKelNel ocep eredi. beTi opTak okTa’apiik KypbeUIbIMIapaa
THIBIM CaJIbIHFaH aliMaK KYPBUIBIMHBIH CHUMMETPHUSCHIMEH TiKesield OalIaHbBICTHI:
OKTa3APIiK OypMajiaHy HEFYPJIBIM KYIITI 00Jica, ThIMBIM CaJbIHFaH allMaK COFYPIIBIM
keH Oosajapl. COHBIMEH KaTap, A ydYaCKECIHJErl KaTHMOHHBIH OJIIICMIHIH YJIFarobl
OTITHUKAJIBIK THIHBIM CaIbIHFaH aifMaKThI 1a KeHelTe i, ce6e0i YIKeH KaTHOH KOChIMIITA
KYPBUIBIMIBIK OypMasiaHyIbl TYABIPAIbI KOHE OpOWTANBAbI KabaTTacyasl a3alTaibl.
By KyOBLIBIC 3JEKTPOHABIK THIMBIM CajJbIHFAaH aliMaK KOHTEKCIH/E TaJKbIJIaHFaH.
Meicanbl, ©OenMe TemreparypackiHna MASnl;  TeTparoHalbIbl  KPHCTAJIbI
KypbsuibiMbl  FASnl; opTopoMOasibIK  KypbUIBIMBIHA KaparaHjga Tap IKOJAKTHI
canpuiayra ue (Takahashi et al., 2011). Kepicinme, X OpHbIH/Ia aHUOHHBIH OJIIIEMIH
VIFAUTy JKOJAKTHl CAaHBLIAYABIH TapblIyblHA oKenemi. Keibip MepoBCKHUTTIK emec
KYpBUIBIMIap/ia YKOJIAKTHl CaHBUIAYJBIH CHIIATBl SPTYPIi OOTYBl MYMKiH. MBICabl,
MASnNI; anTeIOyphIITH (pa3achiH/IA JKOJAKTHI CaHBLIAY TEKIIE XKOHE TETParoHabIbl
(hazanmapnuarbl TiKeJIel >KOJIAKTHI CaHBUIAY/IaH aibIpMAIIbUIBIFGI KaHama. 11-cyperrte
OpTYpJIi KaJaiibl HETi3iHIEeri MepOBCKUTTEPAiH JKOIAKTHI CaHbUIAyJIapbl KOPFAaChIH
HETI31HeT1 aHAIOTTaPBIHBIH JKOJIAKTHI CAHBUIAYIaphIMEH cabICTRIphUTans! (Tao et al.,
2019).

Kamaiier Herizigmeri marepuammapabiy imriHae tek CsSnl;, MASnl;, FASnI;
xone FASnl,Br sxonaktel canpuiaynaps! 1,2—1,6 3B nuanazonsinzaa, 0y onapasl 0ip
Tydicneni KyH OaTtapesuiapbl YUIIH €H KOJaiyibl eTemi. A y4dacKeciHJeri KaTHOHIBI
aybICTHIPY THIMBIM CaJIBIHFAH aliMaKKa alTapibIKTal ocep eTmel/Ii, ain X ydacKeciHeri
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ranorerziepai Hemece B yuackecinaeri MOHAApABI aybICTHIPY aUTapibIKTail e3repic-
tepre okeneni (Huang et al., 2013). By kocwuibicTapaa [-ai Br-mMeH aybicThIpy THIHBIM
canbiHFaH aimakThl 1,3-TeH 2,4 »B-ka faeiiin Oipkenki peTTeyre MYMKiHIIK Oepeni,
Oy Oip Ty#icrneni koHe TaHAEMAl KyH Oatapesuiapsl yiiH TuiMai. Harane skoHe T.0.
MASn,_«Ge.ls-Tbl TepMaHuiiMEH JlerHpiiey CiHIpYy ILETiHIH KOFapbl dHeprusiiapra
Kapail MOHOTOH/IBI BIFBICYBIHA OKeseTiHiH kopceTTi (Nagane et al., 2018).
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Cypert 11. EH keH Tapanran 18 MeTaIorajJoreHuATi IEPOBCKATTEP/IiH SHEPTeTHKAIBIK
JICHreHIIepiHiH ChI30ANIBIK THarpaMMachl. bapiiblk KOCBUIBICTAP ONTUKAJIBIK THIHBIM CallbIHFaH aiiMaK
CHIHIH KEMY PETIMEH PETTEITEH.

Kanaiier Herizinzeri mnepoBCKUTTEpHiH (OTOPHU3MKAIBIK KACHETTEPIH TYCIHY
KYPBUIFBIHBl OJJaH 9pl OHTAaMIaHABIPY YIUIH ©Te MaHbBI3ABL. AOcopOIHs KoHE
¢doromromunecennus (PL) ciekrpiepi Marepuan bz canachl Typaibl KYHJIbI aKIiapar
Ocpeni. Aram aiiTkanaa, PL MIBIHBIHEIH OpHATIACYHI, )KapThUTAH MaKCHMYMIaFbI TOJIBIK
eHi (FWHM) »xoHe (HhoTONMOMHHECIEHIMSHBIH KBAaHTTHIK MIBIFBIMABUIBIFEI (PLQY)
COoyJieNieHy YJITICiH, akaynap MeH OipKellKi eMeCTIKTepAiH OOJYBIH JKOHE 3JIEKTPOH-
(doHOHIBIK OaitnaHblc OEpIKTIriH aHbIKTayAa WISyl pes aTkapaibl. Kanaiibl
HETI31H/IeT1 TIEPOBCKUTTED bIIbIpayFa OciiiM OOJFaHIBIKTAH, YIATUICPl OHJICY Ke3iH e
OJIAp/IBIH 1IIKI ONITHKAIBIK KACHETTEPIH aHBIKTAY YIIIH epeKIIe caKk 00y Kepek.

Ozakn xoHe T1.0. MASnI; xoHe FASnl; KOCBUIBICTApBIHBIH ONTHKAJIBIK
KAacHeTTepiH 3epTTeN, ONap/AbIH IUIEHKa camachlHa Toyennimirin aran etti (Ozaki
et al., 2017). ABropnap ciHipy MeH (DOTONIOMHHECLEHIMSIHbIH TOTBIFyFa ce3iMTall
CKEeHIH aHbBIKTaAbl, OYJI MJIEHKaJaFbl TECIK TaChIMaJaylIbICHIHBIH KOHIICHTPALUSChIH
apTThipabl. [lIeHKaHbl Jerupiey CiHipy JKHETiHIH KOKII BIFBICYbIHA OKelesi, Oyl
bepmreitn-Mocc ocepine colikec keneni (12-cyper).
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Cyper 12. Byputeiitn—Mocc 3¢ dexricinin cbr30ansik Oeitneci.
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SnF, xocmacsl peTiHae aBTOpIap TECiK TaChIMaJAAyIIBICHIHBIH THIFBI3/IBIFEI TOMECH
rieHkanap anael. byn karmaiima FASnl; goromomunecnennus meiHel 1,44 5B-Tan
1,40 3B-xa nefiiH BIFBICTHI, aJ XKapThiIail KyarTarsl skapTeutaii edi 110 maB-ka neitin
TOMEHJIC/I1, a1 KOCIACKI3 JaiiblHIaFaH IieHKanapaarel 160 M3B Oouasl. Mumor sxoHe
T.0. Bi3 TecikTepiH Jerupiey THIFbI3IBIFBIH CAaHABIK TYPJE aHBIKTAJbIK KOHE OHBIH
aiikerH beprmTeitH-Mocc acepiHe oKeNneTiHIH KOPCETTIK: TECIK THIFBI3IBIFHI IaMaMeH
10%° cm-3 xetkenje, cinipy merti 300 maB-ka apransr (Milot et al., 2018). By acep
conbiMeH Katap FASnl;-TBIH imIki THIBIM CalbIHFaH JKOJIAFBIH <OKACBIPAIbD», O
OenmMe Temmneparypaceinaa 5 K temneparypana 1,2 3B xone 1,35 3B kypaiiasl gen
xabapiiaHFaH.

KopsiTeinasl. KoprachklH — HeriziHaeri IMEpOBCKUTTEp KOpIIaraH oOpTara
afTapIBIKTall a3 ocep €T€ OTBIPBIN, CANBICTBIPMANBI, ajl KeHOip Jkarmaiiapaa TiMTi
YKOFapbl OTITOIEKTPOHIBIK KaCHETTepli CaKTaiIbl. beTTik akay KyiepiHiH Taparysl
JKOHE y3aK Mep3iMJi BICTBIK 3apsij] TaChIMaAayIIbUIAPIbIH O0IXYybl (DOTOAIESKTPIIIK
KYPBUIFBUIAPIBIH ~ ASCTYPJi THIMAUIIK HIEKTEYJIEpiH JKeHy oJeyeTiH alKbIH
kepcereni. JlereHMeH, OChl apTHIKIIBUIBIKTAPFa KapaMacTaH, oJap/bl KeH KeJeMe
KOJIIaHyaFrbl HEri3ri Keaepri Sn>* MOHBIHBIH IIIKI TYPaKCBI3JbIFbI, aTall alTKaHIa,
OHBIH Sn**-ra meiiH TOTBIFyFa Gelimuiniri Oonbinm Kama Oepeni. KoMImOZMLIUSIBIK
M3aHIaFbl, aJINTHBTI €HTI3yaeri, HHTepPEHCTIK MacCUBAMAAAFEI KOHE KYPBUTFhI
APXUTEKTYPaAChlH OHTAWIaHABIPYAaFbl COHFBI JKETICTIKTEp JerpajalisHbl a3alTyIbIH
JKOHE JKYMBIC TYPAKTBUIBIFBIH JKaKCapTYAbIH THIMJII KOJJIAapbhlH aHBIKTaAbI. YKammsl
aJFaH/ia, KaJlaibl HET131H/IET1 IEPOBCKUTTEP THIMJII )KOHE IKOJIOTHSIIBIK Ta3a IIEPOBCKUT
KYH OarapesuiapblH JKacaylblH TEPCIEKTUBAIBI KaHIUAATTapbl OOJBIN TaOBLIAIBI.
Bomamak 3eprreynep Sn?' TOTBIFY KYHIH TypaKTaHIBIPYFa, aKayJapblH XUMHSIBIK
TaOWFaTHIH OaKplIayFa )KOHE KeJleCi OYBIH (POTONICKTPITIK TEXHOJIOTHSITAphIHIA Kalaibl
HETI31H/eT1 MEePOBCKUTTEPAIH SJEYETiH TOJBIK KY3ere achlpy YIIiH O3BIK KYPBUIFBI
ApPXUTEKTYpaIapbIH OipiKTipyTe OaFbITTATYBl KEPEK.
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Abstract. This study comprehensively investigated the influence of
plasticizers (DBP and ORPP) and the mineral filler ochre on the structural and
physicochemical properties of epoxy composites. The results demonstrated
that the introduced components do not disrupt the structure of the polymer
matrix but instead enable the targeted modification of its properties. FTIR
spectroscopy analysis revealed that the interactions between the components
occur mainly through hydrogen bonding, while the structural stability of the
system is maintained. The use of oligoresorcinol phenyl phosphate (ORPP), a
halogen-free oligomeric flame retardant, together with dibutyl phthalate (DBP)
as a plasticizer for epoxy polymers, is an effective approach for producing
compositions with improved curing kinetics, enhanced flame resistance, and
increased flexibility and mechanical strength. The effectiveness of using ochre
as an inexpensive and active filler was confirmed at a loading of 30 wt. parts
for ORPP-containing systems and 10-50 wt. parts for DBP-containing systems,
resulting in improved kinetic characteristics and a higher degree of cure. The
incorporation of ochre into the epoxy composite reduced the gelation time
of the ORPP-containing system from 50 to 10 minutes and the curing time
from 56 to 14 minutes. This effect is attributed to an increase in the maximum
curing temperature from 104°C to 162°C. For the DBP-containing system, the
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gelation time decreased slightly from 50 to 49 minutes, whereas the curing time
increased from 56 to 65 minutes. This behavior is associated with an increase
in the maximum curing temperature to 142°C. Furthermore, a comparative
analysis of thermally treated and untreated composites showed that the degree
of cure increased from 96% to 99.4% for the ORPP—ochre system (30 wt. parts)
and from 94% to 99.2% for the DBP—ochre system (50 wt. parts). Therefore,
selecting an optimal degree of cure is a crucial factor in ensuring the desired
performance characteristics of epoxy systems. The obtained results provide
opportunities for developing new materials with high flame resistance, improved
strength, and enhanced flexibility.
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of curing, maximum curing temperature
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AHHOTanusi. 3epTTeny OapbIChIHAA SMOKCHIATI KOMIIO3UTTEPIiH KYPBUIBIMIBIK
XKoHe (PHM3MKa-XMMUSUIBIK KacuerTepiHe mactudukaropiaap (AbD, OPDD) wmen
MUHEpaNIbl TONATBIPFBIII — OXPaHBIH dCepl KeWeHII TYpAE 3epTTeiii. 3epTrey
HOTHJKENIEpl  EHTI3UIreH KOMIOHEHTTEPIiH IOJMMEpP MaTPULACHIHBIH KYPbUIBIMBIH
Oy30aif, KepiciHIE OHBIH KacHETTEpPiH MakcarThl TYpPAE ©3repryre MYMKIHIIK
oeperinairi monennaenai. MK-cnekTpockonusi Taiamaybl KOMIIOHEHTTED apachIHIAaFbl
e3apa OpEKETTEeCYNEepAiH HETi3IHEeH CYTEKTiK OailllaHBICTap apKbUIbl JKYPETiHIH
XKOHE OKYHEHIH KYPBUIBIMABIK TYPAKTBUIBIFBl —CAKTaJaTbIHBIHBI OaliKanabl.
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Moaunpukanusiiaysl Kocrnajap peTiHIe COHFBl OJUTOMEpIIi TaJoTreHCi3 aHTHUIHPEH
Kacueti 6ap onuro pesopruHdermipocharTel (OPOD) xone aubytundranar (JbD)
SMOKCUATI TTOJIMMED YLIIH IIIACTH(GUKATOP PETiHAe KOJAaHy KHHETHKAJIBIK KaCHeTTepi
KaKCapTBhUIFaH, OTKa TO3IIMALIIT KOFaphl ’KOHE )Kylere HKeMITiK, OepiKTiK KaCHEeTIH
OepeTiH KOMITO3UIHMSAIAp adyAblH THIMAL Tacimi 6omnbin Tabbutagsl. OPO®D-ra oxpaHbl
(30 maccansbik yiec memmepinae), an Jbd-ke (10, 50 maccanbik yiec MeJIIepiHe)
SMOKCUATI TONMMepre  ap3aH opi OeJCeHIi TONTBIPFBIII PETiHAE KOJAaHYAbIH
TUHIMAUTIT  JONENJeHIl, OJ KWHETHKAJbIK KACHETTEPIH KOHE KaTy JIOpekKeCiH
xaxkcaptaabl. OXpaHbl SMOKCHATI KOMIIO3MT KypaMblHa E€HTi3y TeMIlepaTypaHbIH
yakbITKa Toyenainiri OoiibiHma OP®® ymin renp Ty3iny yakbITel (50 MUHYTTaH
10 muHyTKa neitin) Kpickapybl Oaiikangsl. Kary yakpiTel (56 MunyTTan 14 MUHYTKa
JeiiH) KbICKapraHblH OalKaimbl3. By KyObUIBIC KaTalTy NpOLECiHiH MakcHMal
temneparypacbiibiy (104°C-tan 162°C-ka) neifin sxorapbuiaybIMeH TYCIHAIpiaeai. Al
JAb® yurin (50 munyttan 49 MUHYTKa JIeiiH) KpIcKapybl Oalikanael. Kary yakeIThl
(56 MuHyTTaH 65 MUHYTKa J€HiH) y3apraHIblFbiH OalikaiiMbl3. By KyOBIIBIC KaTalTy
MpOLECiHIH MakcuMal TemmeparypacbiHbly (142°C-ka) geiiiH skorapbliaybIMEH
tycingipineni. CoHbIMEH Karap, CalbICTBIPMalibl TYpAEe TEPMUSAAH OHACITEH KOHE
OHJeIMETeH KOMIIO3UTTEPIiH KaTy nopexenepi OPDD-ra oxpansl (30 MaccanbIk yuec
Meepine) 96%-99,4%-ra ecri, an Abd-ke (50 maccanbik yiec memmepinae) 94%-
99,2%-ra ecti. COHABIKTAH SMOKCHATI KYHenep YIIIH KaTy ASPEKECiHIH OHTaMIbI
MOHIH TaHJay MaTepUaNblH OKCIUTyaTalMsUIBIK CHUIAaTTaMalapblH KaMTaMachl3
eTYIiH MaHBI3bl MAPTHl 00BN TaObUIaAbl. 3epTTey HOTHIKEIEpi OTKA TO3IMAL KoHE
OepiKTIK,MKEeMILIIT1 JKOFaphl jKaHa MaTepuaJapAbl allyFa MyMKiHIK Oepei.

Tyiiin ce3nep: mnactupukarop, OPOD, JIbd, oxpa ynrarsl, UK cnekrpi, Kary
Jopexeci, MaKCUMaIIJIbl KaTy TeMIepaTypachl
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AHHOTanusi. B pa60Te OpOBEACHO KOMIUICKCHOC HUCCICAOBAHUC BJIMAHUSA

mwiactupukaropos - aubytundtanara (AbP) u omuropeszopuundennndocdara
(OPOD), a Taxke MHHEPAIBLHOIO HAMOJIHHUTENS - BBICOKOANWCIEPCHOW OXPHI -
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Ha CTPYKTypHbIE U (U3MKO-XMMHUYECKHE CBOHCTBAa SIOKCHUAHBIX KOMIIO3HTOB.
YcraHOBNIEHO, 4YTO BBeAEHHE MOAW(UIUPYIOIMX KOMIIOHEHTOB HE Hapylaer
CTPYKTYpYy TMOJIMMEPHONW MAaTpUIlbl, a TO3BOJISAET IeJIeHANPaBIeHHO PETyInpoBaTh
e€ cBoiictBa. Pesymbrarsl MK-cnekTpockonmuueckoro aHaiu3a I[OKa3ajld, YTO
B3aUMOJIEICTBHE MEXIY KOMIIOHEHTAMH OCYIECTBISETCS PENMYILECTBEHHO 3a CUET
BOJIOPOAHBIX CBS3EH, MPH ATOM CTPYKTypHasi CTaOMIBHOCTH CHCTEMBI COXPAHSETCS.
[lokazano, 4YTO WHcCHOIB30BaHUE onuropezopuuHdenmidocdara, obnaAAOLIETO
CBOWCTBaMH 0€3rajIOT€HHOTO OJUTOMEPHOrO aHTHIIMPEHA, a Takke NuOyTuidranara
B KauecTBe miactudukaropa sBiseTcss S(PQPEKTUBHBIM CIIOCOOOM IMOMyUYECHHS
SMOKCUIHBIX KOMIIO3UIMH C YIyYHNICHHBIMH KHHETHYECKUMH XapaKTePUCTHUKAMHU,
MOBBIIIEHHONW OTHECTOMKOCTBIO, BBICOKOM MPOYHOCTBIO M TMOKOCTBIO. YCTaHOBIEHA
3G PEKTUBHOCTH MPUMEHEHUS OXphI B KomuuecTBe 30 macc. 4. anst cucreM ¢ OPOD u
10-50 macc. u. quig cuctem ¢ JIb® B kauecTBe JOCTYIHOIO M aKTUBHOTO HAIIOJIHUTEI,
CHOCOOCTBYIONIETO MMOBBIIICHUIO CTETICHN OTBEPIKICHHS U YITYUIICHUIO KHHETUYECKUX
napameTpoB mporecca. Beegenue oxpsl B cucteMy ¢ OPO® npuBeno kK COKpaleHUIo
BpeMeHu resieodpazoBanust ¢ 50 1o 10 MUH 1 BpeMEHH MOJIHOTO OTBEPKIEHUs ¢ 56 10
14 MuH, 4TO 00YCIOBICHO MOBBIICHHEM MAaKCUMaJIbHON TEMIIEpaTyphl OTBEPIKACHHS
co 104 o 162 °C. [ns cucremsl ¢ JIb® Bpems reneodpazoBaHusi yMeHbIIUIOCH ¢ 50
10 49 MuH, Toraa Kak NMpoJODKUTEIBHOCTh OTBEPKICHHUS yBeIW4YmiIach ¢ 56 1o 65
MUH, a2 MaKCUMaJbHas TeMIepaTypa mnpoiecca Bozpocia 10 142 °C. CpaBHUTEIbHBIN
aHaIM3 TepMOOOPAOOTAHHBIX M HEOOPaOOTaHHBIX OOpA3IOB IOKA3all yBEIMYCHUE
CTeneHu oTBepkAeHus ¢ 96 10 99,4 % ans komnozunuu OPDO + oxpa (30 macc. 4.) u
¢ 94 10 99,2 % nns xomnozunuu Ab® + oxpa (50 macc. 4.). [lonmyyeHHbIle pe3ynbTaThl
MOATBEPKIAIOT, YTO BBIOOP ONTHMAJIbHBIX PEKUMOB OTBEPKACHUS SIBISIETCS BXKHBIM
yCIIOBHEM O0OECIIEUCHHUSI BBICOKMX AKCITYaTallMOHHBIX XapaKTEPUCTHK SMOKCHIHBIX
MarepuaioB. PazpaboTanHbpie KOMIIO3UIMK MOTYT OBITH UCIIOJIB30BAHbI AJISI CO3MaHUS
HOBBIX MaTepHaJOB C MOBBIIIEHHOW OrHECTONKOCTHIO, TPOYHOCTHIO U ATACTUYHOCTHIO.

KuawueBbie ciaoa: OPO®, JIb®, nopomok oxpsl, WK-cmekTtp, creneHb
OTBEPKACHUS, MAKCUMaJIbHAas TEMIIepaTypa OTBEPIKICHHS

Kipicne. Ka3zipriyakbITTaXorapbl MEXaHUKaIBIK O PiKTIriMEH, XUMHUSUIIBIK dCEepIIepre
TO3IMIITITIMEH )KOHE TOMEH CaJIMaFbIMEH EPEKIICICHETIH TOTMMEPITl KOMIO3UITHSIIBIK
MaTepuajiapFa JISTeH CYpPaHbIC alTapibIKTail apThill OThIp. OChIHIANH MaTepuaaap
apachIH/a SMOKCUTI MANbIpiIap HETi31H/e albIHATBIH KOMIIO3UTTEP MaHBI3bl OPBIH
anmanel. Onap MaiivHa jKacay, KYPbUIbIC WHAYCTPUSCHI, aBHALUSIIBIK TEXHHUKA KOHE
KOPFaHBIC callalapbiHJIa KEHIHEH KOJIaHbIC Taly/1a. DTOKCHUITI Ky HeIepIiH XUMHUSUTBIK
KacHeTTepl OJIapJbIH MOJCKYJIANBIK KYPbUIBIMBIHA, KOJJAAHBUIATBIH KATAHUTKBIIITHIH
TYpiHE, COHJaii-aK KypaMblHa €HTI3UIETIH MOIU(UKATOPIIAP MEH TOJITHIPFBIIITAPIBIH
epeKuIenikrepine Tikened Toyenai. Ockl ceOenTi AMOKCHUATI KOMIO3UIUSIIAPIBIH
KaTaro MPOIEeCiHIH KWHETUKACKIH 3ePTTEY OJIAP/IbIH TEXHOJIOTHSUIBIK ITapaMeTpiiepi MeH
AKCIUTyaTalMSUIBIK KACUETTEePiH THIMIII OacKapyda aca MaHbI3bl OOJBII TaObLIAIbI.
OHipic TIeH TEeXHUKAHBIH TYPJ cajalapblHa SMOKCUATI KOMIIO3UTTEP IKOFaphl
MEXaHUKAJIBIK OCPIKTUIIr KOHE XUMUSIIBIK TYPAKTHUIBIFBIHBIH apPKACBIHA KONTETCH
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cananapia KeHiHEH KOJNAaHbUIaAbl. Anaiifa onapAblH TaOUFW KaTTBUIBIFBI, COHJAM-
aK CBIPTKbI opTara OedimMaeny ocepiHiH MIEKTEYyNiri Marepuan KacueTiH XKaKcapTyabl
kaxer erexi (Chen, 2021).

Ocbifan  0alNaHBICTBI, DSMOKCHATI KOMIIO3UTTEpAI MoauuKalusiay, —aTarl
aiiTkana THiMAI TacTH(UKaTOpIap MEH MUHEPAJIIbl TOJITHIPFBIILITHI €HT13Y OJIapIbIH
KYPBUIBIMJBIK, JKOHE (HU3UKa-XUMHUSIIBIK KACHETTEPIH JKaKCapTyAbIH ©3€KTi OarbIThI
Oonbin TaObIaAbl. JucmepcTi MUHEpangapAbl €Hrizy Marepuai KYHbIH TOMEHICTIIl
KaHa KoWMail, camacklH apTThIpyFa MYMKiHAIK Oepeni. 3eprTrey OapbichIHIA
MOIU(HKALMSIAYIIBl KOCMA peTiHlIe €Ki Typii miacTHU(UKaTop >KOHE IUCIepCTi
TOJTBIPFBIIII HTI31IIII, )KaHa SMTOKCUATI KOMIIO3UT ally OapBhICBIH/IA SPTYPIIi 9IiICTEPMEH
onapeiH Kacuertepi 3eprremini (Chen, 2021; Chursova, 2020).

Marepuanaap MeH daictep. bailiaHbICTBIPYIIBI: STOKCUATI JUaH b aibip DJ1-20
(1 cyper). KaraiiTkpim: nomustunennonuamut [HIDITA (2 cypet). Momudukanusiay st
kocnanap: 1. HuOyrundranar AbD (3 cyper), 2. Onuro pesopuunpenundocoar
OPO® (4 cyper). Tonteipreiit: Oxpa

CH3
I, c CH CH, O @o CHZ—CH CE, @ Oo CH, —CH- CH2
CH: CH3

Cyper 1. 3/1-20 DNOKCHATI AUAHIBI IIAWBIPIBIH XUMUSIIBIK (DOPMYIIachl.

H H
I |
HoN — € — C — NH—H
l |
H H

Cyper 2. I[IDITA XuUMUSUIIBIK (OPMYIIACHL.
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Q

Cypert 3. lubytundranar (JIbd) mnactudpukaropst (FOCT 8728-88).

O 0
P

CaStRCISheC
© ©-

Cyper 4. Onuro pesopuunpernidocdar (OPOD) - onuromepii raaoreHcis aHTUNKUPEH KacueTi 6ap
1acTU(GUKATOP.
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Oxpa — Tabufu OUCIEpCTi MHHEPAIAbl TONTHIPFBINI OONBIN TaObUIAAbl YKOHE
Heri3iHeH TeMip okcuarepineH (kebinece Fe,0;) Typaapl. On Taburarta KeH Tapajfas,
TYCl capblaH KbI3bUI-KOHBIPFa JEHiH e3repill OTBIPAaThIH YHTAK TOpi3di Marepual.
OxpaHbIH TYCi OHBIH KYpaMbIHIAFbl KDEMHUH JKOHE TeMip KOCBUIBICTAPBIHBIH TYPiHE
KOHE MeullepiHe OalIaHbICThl aHBIKTaNalbl. TaOUFW LIBIFY TEri MEH KapamaibiM
OHJIeY TEXHOJOTHSCHIHBIH apKachblHIa OJl ap3aH apl KOJDKETIMAI MaTepHajaaplblH
KarapblHa xataabl (AxkTede obnbicel, Kasakcran) (Karataeva, 2024; Li, 2022).

Pentren guyopecuentri ananuz S6 Jaguar (Bruker) KOHIABIPFBICBIHIA 3€PTTEATEH
OXPaHBIH XUMUSUIBIK KYpambl MalbI3bIK YiIeclieH kepceTinreH (1-kecte).

Kecte 1. OxpaHbIH XUMUSUIBIK KYPAMBI.
Komnonent SiO Fe O, ALO K0 TiO MgO [CaO |[P,O

2

Konnenrpanus, % |56.80 21.31 18.22 1.49 0.78 0.63 0.53 10.24

By 3eprTey skyMbIChIHAA MBIHAHAAH 9MIICTEP KOJAaHBIIIbL:

1. Komnosurepai naiisinaay GapbeiChiHIa €Ki Typil MOTUpHUKAIMATIAYIIbl KocTanap
MeH IUCTIEPCTI MUHEPAIbI TONTHIPFBIII OXpa abIHBIII,

(100 D-20+15 II2ITA+30 OPDOD+10,30,50 oxpa),

(100 D2[-20+15 TIIBIA+30 JABbP+10,30,50 oxpa) TepMOMETPMEH IKOHE
CEKYHJIOMEpAiH KoMeTiMeH TeMIepaTypaHblH YaKbIT OOWBIHIIIA ©3TePiCiHIHIH MOHAEPIH
anbIHIBL. [ e1b Ty311y, KaTy yaKbITbl, MAKCUMAaJbl KaTy TeMIIEPaTypachl aHbIKTAJbI.

2. DNOKCUATI MaTpulia MEH AWUCHEPCTi MUHEpasl apachbIHIAFbl XUMUSUIBIK ©3apa
OpeKeTTeCyJepAiH CUIAThIH aHBIKTay YIIiH HH(PaKBI3bUT CHEKTPOCKOMUS 9Jici
konganbuasl. Yarimep S6 Jaguar (Bruker ALPHA II) tunti MK-cnekrpomerpae
4000—400 cM-' nnana3zoHaa 3epTTEI/Ii.

3. DNOKCUATI KOMIO3UTTEPAIH KaTy A9PEKECIH aHBIKTAY.

Haruxenep Mmen Tajakspliaay. JKyprizinren 3epTreynep HOTHKECT KOMITO3UIHSIIBIK
MaTepHaJIbIH Jla OChl 3aHIBUIBIKTApFa COWKec KypeTiHiH kepcerTi (5-cyper). byn
Karaaiga renb TY3iUly YakbIThIHBIH 50 MuHyTTaH 49 MHHYTKa JA€HiH KbICKAapybl
Oalikanabl. ANl TONBIK KaTaro yakbIThl 56 MUHYTTaH 65 MUHYTKa NOCHiH y3apraHbl
aHbIKTaNIbl  (2-kecTe). MyHpaall e3repic KaTaro IpoLeci Ke3iHge MaKcuMmal
temneparypanbiH 142°C-ka neiiin ketepinyimen Tycinaipineni (Kumar, 2022).

160

C

"5 100

e,

Temperatur
®
z

0 40 80 120
Time, min

Cyper 5. Dnokcunri oimuromepaiy JIb® KocsuFaH Kataro mponeci Ke3iHaeri TeMIepaTypachHbIH
e3repyi.
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Kecre 2. Komno3uiusiiianFaH SIIOKCHATI MaTepUallAap/IblH KaTalo KOPCeTKILTepi.
Kommoszumms Kypamel, mac. yiec. (kary, 15 Tens Ty3imy Kary yaxpITHI, Katy
Mmac. yaec. [191TA) YaKbITHI, T, MHH T, MUH Temmeparypacsl, °C
100 O/1-20+15TIDITA 50 56 104
100 5/1-20+15TI9ITA+30/1bD 52 78 128
100 D/1-20+15TI2ITA+30I5D+100XPA 49 65 142

Hdon oceuaii exiHmi momudukanusiaymel Kocna perinae OPD®D  anpiHabL.
Kommosurti maiteianay Oapeiceiama  1009/1-20+151191TA+300PDD+10,30,500xpa
OoJIaTBIH  KOCBUIBICTAP/bl apanacThIPbI, TEPMOMETPMEH >KOHE CEKYHIOMEpiH
KOMETIMEeH TeMIlepaTypaHblH YaKbIT OOWBIHINIA ©3TepiCiHIHIH MOHACPIH abIHIbI.
TeMeHe TeMIiepaTypaHblH yaKbITKa TOYEIIUTIK Tpaduri kepceTini (6-cyper).

200
180

160

Temperature, °C
2 » 2 B =
= =3 =3 = =
T T T

»
3

20 n L L 1 ' ' '
0 40 80
Time, min

Cyper 6. Karato nporeci ke3inze snokcuati onuromep OPO®D kocwutran ke3aeri
TeMIIepaTypachIHbIH ©3repici.

Kecte 3. Komno3umusiianras 3OKCHATI MaTepHallIap/bIH KAaTat0 KOPCeTKiITepi.

Kommosnmust Kypamsl, Mac. ynec. (xaty, 15 | ens Ty3imy Kary yaxpitel, 1, | Katy

Mac. yrec. [I9ITA) YaKBbIThI, T, MUH | MUH Temieparypacsl, °C
100 DJ1-20+15TIDITA 50 56 104

100 D1-20+15I13ITA+300PDD 18 27 182

100 5/1-20+15TI2ITA+300PDD+300XPA 10 14 162

3epTTey HOTHKENEpl KOMIIO3WLMSIIBIK MaTepUalIblH OepilireH 3aHIbUIbIKTapra
colikec e3repeTiHiH kepcerTTi (3-kecte). Tanmay OGapbichiHOAa relb TY3UIy Ke3€HiHIiH
aiftapneikraii e3repin, 50 muHytTan 10 MHHYTKa NeiiH KbICKapraHbl aHBIKTAJIJBL.
CoHBIMEH KaTap *YHEHIH TOJBIK KaTalo YaKbITHI 1a apThil, 56 MUHYTTaH 14 MUHYTKa
Jeiiin TeMeHaereHi 0alikanapl. by esrepicrep Karato mpoueci ke3inzie 06aiHeTiH KbLTY
MOJIIIEPIHIH apTybIMEH OalNaHBICTBI, HOTHXXECIHJE TEMIIepaTypaHblH €H YXOFapFbl
MoHi 104°C-tan 162°C-ka aeitin kerepinai. Kopeiteinapuiaii keie, Ib®D xxone OPOD
Heri3iHzeri mnacTuuKaTopiIapAblH MeJNIIepiepiH calblcThpy HoTmkecinae bd
YIIiH eH THiMJII kepceTkim 10 MaccanbIk yiecte Oalikanranbl aHbIKTansL. (Li, 2022;
Zhou, 2023).

OP®® nerizingeri maacTu(uKaTop KOJJAHBUIFAH KYHEAe €H JKOFapbl THIMALIIK
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30 maccanblK yJiecTe aHBIKTaJJIbl, MYH/a T'ellb TY311y JKOHE KaTaro yaKbIThl €AQyip
KBICKapBIIl, ajl TeMIIepaTypaliblK KOpCeTKITepAiH apTKaHbl Oaiikanael. Ocklnaiima,
JAB® ymin oxrainsl menmep 10 maccansik yinec 6osnca, OPOD ymin 30 maccanbik
yJiec eH THimai kypam Oomsin Tadbmanst (Li, 2020; Tlekova, 2024; Zhao, 2023).

O1-20 wmerizingeri smnokcuaTi kommnosuumsiapabiy WK-cnekrpriepi Gacranksl
SMOKCUATI MaTPULIAFa TOH HET'13T1 )KYTHUTY ’KOJIaKTapbIHBIH CaKTaTybIMEH CUITaTTaIaabl,
Oyn xyitere Ib® nnactuukaropsl MEH OXpa TONTHIPFBILIBIH €HIi3y OapbIChIHAA
MOJMMEP KYPBUIBIMBIHBIH XUMHUSIJIBIK JECTPYKIMAFa YIIBIPAMAHTHIHBIH KOPCETel.
2959 cMm-' alimarpIHIAFbl JKYTBUTy >konarbl anugartel C—H OaitnaHblcTapbIHBIH
BaJICHTTIK TepoOericTepine coiikec kenemi. 1500—1600 cm-' apanbiFbiHna OaliKanaThiH
KOJIAKTap apoMarThl CaKWHANAPIBIH TepOeNicTepiMeH >KOHE SIOKCHUATI MaibIp
KYPBUIBIMBIHIAFbI O€H30J1 IAPOCHIHBIH TepOeicTepiMeH Tycinaipineni. 1236 cm-! xoHe
1032 cMm-! aiiMarbiHAaFbl )KYTHUTY MakcuMyMaapbl C—O—C a¢upik OaitnaHbICTapbIHBIH
TepOeicTepiHe TOH, OYJI AMOKCUITI TOPJIbI KYPBUIBIMHBIH CaKTaJIFaHbIH JOJICIICH/ I
(Nurtazina, 2024; Rahman, 2023).
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Cyper 7. 3/1-20, [I2I1A, J1b®, OXPA xypamnapsiabie MK-criektprepi.

JAb® enrizinren yarigze Oy KOMAKTapAblH KAPKbIHBUIBIFBIHBIH — apTYBI
IacTU(HUKATOP MOJIEKYJaapbIHBIH TOJUMep Ti30eKTepl apachblHIa OpHAaJachll,
JKYWEHIH HMKEeMIIITIH apTThIpaTbiHBIH KepceTeni. OXxpa KOCBUIFaH KOMITO3UIIMSIA
1028 cm-' aliMarbIHAAFBl KYTHUTY JKOJAFBIHBIH KYIIEIiI MHHEPAJIBIK TONTHIPFBIIIT
KypamblHgarel  Si—O  xoHe MeTtann—O  OailiaHbICTapBIHBIH — TepOericTepiMeH
OaiimaHblcTel. Byn smokcmATI Marpuiia MEH TOJITBIPFBIN OeJIIeKTepi apachbiHaa
(hM3UKa-XUMUSITBIK  ©3apa OPEKeTTeCyNep/iH KYPETiHIH >KOHE KOMIIOHEHTTEePIiH
JKaKCHI YHeciMaiiria gonenaeiai (7-cyper).
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Cyper 8. 91-20, TIDTIA, OPDD xone OXPA kocsutbicTapbiabiH UK criekrpiiepi.

OP®® eHri3inreH yiariae CHeKTPIIIK JKOJIAKTapIblH KapKbIHABUIBIFEIHBIH 03repyil
I1acTU(HUKATOP MOJIEKYJIATaPBbIHBIH SMOKCUATI TOP KYPbUIBIMBIMEH MOJIEKY/IaapaiblK
OPEKETTECeTiHIH JKoHEe MaTepHalAblH IIIKi KepHEYiH TOMEHJIETII, HKeMIUIIriH
apTTBIPATBIHBIH KepceTeni. OXpa KOCbUIFaH Xyihene ToMeH xuinikTi xxane 1000—-1100
CM-' apaibIFbIHIAFb]l JKOJAKTapABIH KYLICI01 TONTBIPFBII OOIIEKTepi MEH MOIUMED
MaTpUIAChl apachlH/Ia XUMHSIIBIK OaiflaHBICTAP/IbIH KA TACybIH CHIIATTAHIbI.

Kanmer anranga, UK-crexrpiik Tanmay 3/1-20 HeriziHmeri SMOKCHUATI XKyiere
OP®® mnen oxpa eHTi3y OaphICHIHAA TIOTMMEP MATPHUIIACBIHBIH KYPBITBIMIIBIK
TYTaCTBIFbI CAKTAJIaThIHBIH KepceTTi (§-cypeT). CoHBIMEH Karap, )kaHa KOMIIOHEHTTED
KYpbUIBIMIBI Oy30aii, OHBI KaliTa YHBIMAACTBIPY apKbUIbl JKyiere eHeTiHi OaiiKanabl.
1235-1284 cm-!' aiimarsigarsl crektpiik esrepictep C—O-C, P-O-C sxone P=0
OailylaHbICTAPBIHBIH OOJybIMEH TyciHaipinace, 1507 »xoHe 1604 cM-! MaHBIHIAFbI
xonakrap OPOD kypaMmblHIarel apomarThl (parMeHTTEpAiH IKyHere eHreHiH
monennetiai (Rahman, 2023; Sun, 2024).

Komno3urrepain Kary OOpeXeciH aHBIKTay TEPMUSUIBIK OHAEYre IeHiH JKoHe
KediH Tepmusuiblk nemre 90°C temneparypasa | caraT yakpIT illiHAE KbI3ABIPHUIABL.
Toxipube Oapeicbinna exi Typai miaactugukarop (OPOD,JIBD) ymia oxpaHbIH
(10,30,50) maccanbik yiectepi anblHABL. CallbICTBIPMalbl TYPAE pPalMOHAIIBI
HotmwxkeHi OPO® konnansutran xyihene — 30 maccanbik yiec, an J|b® xongansuran
JKy#ene oxpaHbIH THIMII Meumepi 50 MaccanblK yiec eKEeHi aHBIKTaJIb (4-kecTeae
kentipinren) (Saba, 2021; Wang, 2021; Zhang, 2020).
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Kecte 4. DOKCHATI KOMITIO3UTTEPIIH KaTy I9PEKECi.

Kommosumus kypamser, mac.y. [IDITA wmeH |Kary nopexeci, X,|TepMusuielk eHAeyneH KeHiHT1
KaTbIpbIIFaH % Katy nopexeci, X, %

100 O/120+15TIDITA 98,73 98,73

100 5/120+15TI3ITA+300PDD 91,7 93

100 D120+15TIDITA+300PDD+300XPA 96 99,4

100 5/120+15TI123ITA+30/1bD 94 97

100 DJ120+15TIDITA+305D+500XPA 94 99,2

KopsiTeinasl. XKXymbic OapbicbiHna MIacTUGUKATOPIAPABIH TYpl MEH MeJepi
KaTalo MPOLECiHIH KHHETUKAChIHA YKOHE KOMIIO3UTTIH KacHueTTepiHe alTapIibIKTai
ocep eretiHi anbIKTanabel. J|b® HeriziHeH QU3MKAIBIK MIacTU(UKATOP PETiHAE dcep
eTin, Karato nporiecin Oasynarca, OPO®D XuMuUsIBIK OSICEHIUIIT )KOFAPhl KOMIIOHEHT
peTiHaEe KYpBUIBIM TY3UTyiH >KenenaeTeli. 3epTTey HOTHXKECiHAe THIMII Kypampaap
anbIKTabI, JIB® ymiin 10 maccanbeik ynec, an OPO® ymrin 30 maccanbik yiaec eH
OHTAaMIbI eKEH1 TOIEIAEHI].

CoHBIMEH KaTap, SIMOKCHUATI KOMIO3HTTEPAIH KYpPBUIBIMIBIK JKOHE (HU3UKa-
XUMUSIIBIK - KacuerTepine miactugukaropnap (OPD®, JBD) meH MuHepasasl
TONTBIPFBIII — OXPaHBIH dCepl KeWeHIi TYpAe 3epTTeiii. 3epTTey HOTHXKenepi
KOPCETKEH/ICH, CHTI3UIreH KOMIIOHEHTTEp IMOJIMMEP MaTPHIACBIHBIH KYPBUIBIMBIH
Oy30aif, KepiciHIle OHBIH KACHETTEPiH MaKcaTThl TYpAE ©3repTyre MYMKIHIIIK Oepei.
UK-criekTpockonus Tanaaybl KOMIIOHEHTTEP apachbIHIAFbl e3apa dpeKeTTeCyIepAiH
HETi31HEH CYTeKTIK OaiaHbICTap apKbUIbl KYPETIHIH JKOHE KYHEHIH KYpPBUIBIMIBIK,
TYPaKTBUIBIFBI CAKTaIATBIHBIH JOJICIIS/I.

Kary nopexeci OoOWbIHIIA HWKEMJi OSMOKCHATI KOMIO3WTTEp any ymiH Jbd
KOJIJAHBUIFaH JKYHeAe OXpaHbIH THiMAI Menmiepi 50 MaccajiblK yliec, ajl OTKa
Te3iMal antunupeH ymwin OPD® konganbuiran xyheae — 30 mMaccanblk ylec ekeHi
AHBIKTAJIIBL.

XKanmpl anranna, aJblHFAaH HOTHIKENEP SMOKCHATI KOMIIO3UTTEPHAIH KacHETTEpiH
ITacTU(HUKATOPIIAP MEH MUHEPAJJIBI TONTHIPFBIILITAPBI 1YPBIC TAaHJIAY KOHE YHIECTIpY
apKbUIBI THIMII Oackapyra OONaTBIHBIH KepceTTi. by 3epTTey KOpBITHIHIBLIAPHI
KOFapbl OCpiKTi, UKEeM/Ii KoHE y3aK MEp3iM/i KOMIO3HUTTIK MaTepHalgapAbl OHIIpy
TEXHOJIOTHSUIAPBIH KETINAIpyTre MPaKTUKAIBIK HETi3 Ooya anajbl.
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Abstract. In oil and gas industry, monitoring of multistage hydraulic fracturing
(MHF) operations in horizontal wells is a critical task that enables an objective
evaluation of the contribution of each fracturing stage to total well productivity.
Conventional chemical and radioactive tracers face limitations associated with
environmental impact, regulatory restrictions, and signal overlap with reservoir fluids.
The present study addresses the development of new generation of microtracers based
on industrial fly ash, in which the unique combinations of iron-bearing phases (hematite
a-Fe,Os, magnetite Fe;0,4, maghemite y-Fe,O;, fayalite Fe,SiO4, hercynite FeAl,Oy,
and Fe-substituted aluminosilicates) act as a fingerprint detectable by *’Fe Mdssbauer
spectroscopy. Samples of fly ash collected from thermal power plants in Almaty (HPP,
TPP-2), originating from combustion of Ekibastuz, Shubarkol and Karazhyralin coals,
were investigated. Mdssbauer measurements were carried out at room temperature in
the transmission geometry on a specialized experimental rig protected by a Patent of
the Republic of Kazakhstan for utility model. The hyperfine parameters of the spectra
— isomer shift, quadrupole splitting, hyperfine magnetic field and component areas
— were extracted by least-squares decomposition. It was established that each ash
sample possesses a distinct hyperfine fingerprint that allows reliable identification of
the corresponding stage in MHF flowback fluid. The results demonstrate the principal
applicability of fly ash microtracers and the developed Mdssbauer-based identification
protocol for industrial control of fracturing operations.
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AHHoOTanusa. MyHali-ra3 cajacblHJa KeJIJICHEH YHFbIMajdapAarbl Kell CaTbLIbl
runpoxapbuibic  (KCIK) onepanusuiapbiH  0akbputay MaHBI3IbI  MIHIET —OOJBII
TaOBUTaNIbI, OUTKEHI OJ1 Op JKAPBUIBIC CATHICHIHBIH YVHFBIMA OHIMIUTITIHE KOCATHIH
yieciH OOBEeKTHBTI Oaranmayra MYMKIiHIIK Oepemi. JlocTypii XHMHSIIBIK JKOHE
PaanoaKTUBTI Tpaccepiiep SKOJIOTHAJIBIK 9CEpP, HOPMATHBTIK MIEKTEYJIEP KOHE YHFbIMA
CYWBIKTBIFBIMEH CUTHAJIJBIH KabaTTacysl CHAKTHI OipKarap mekTeyiepre ue. bepinren
YKYMBIC OHEPKACIIITIK YIIIKBIII KYJI HET31H/1e )kaHa OybIH MUKPOTpACcCepIIepli a3ipieyre
apHayFaH. MyHIa TeMipaiH KypaMbiHaa OonaTeiH (azamapasiH (rematutr o-Fe,Os,
maraetut Fe;04, maremutr v-Fe,O;, dasumr Fe,SiO,, repumant FeAl,O,, Temip
AIFOMOCHIIMKATTAPhl) epeKile KoMOuHarusiapbl > Fe saponapbinga méccOayspiiik
CIIEKTPOCKOTHS apKBUIBI TIPKEIETIH «TaH0a» PeJIiH aTkapaabl. AIMaThl KaJachIHIaFbl
KbUTy AJeKkTp crannusuiapbiabiH (MADC, JKDO0-2) Ekibacrtys, Illybapken sxoHe
Kapasxbipa keH OpbIHIapBIHBIH KOMIPIIEPiH )KaKKaHIa TY31JTeH YITKbIII KYJIIiH yITinepi
seprrengi. Onmemuaep KP-HbIH nmaiizansl Monenbre NareHTIMEH KOpFajfaH apHanbl
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TOXKIpUOEITIK CTEeHATE OOIME TeMIIEpaTyPaChIH/Ia OTKi3y FTeOMETPUSICHIHAA OPBIHAAIBL.
CriexTpiepAiH yIbTpakyka KYpBUIBIMBIHBIH TapameTpiiepi — H30MEPIiK bIFBICY,
KBaJpYyMOJIIK BIIBIpay, SQGEKTHUBTI MArHUT Opici )KOHE KOMIOHEHTTEpP yiecTepi —
eH Killli KBagpaTTap 9[liCiMEH aHBIKTAJIBII, CIIEKTP KOHTYPBI KBaIPYIONIiK AyOaeTTep
MeH 3eeMaH CeKCTeTTepiHe 0emiHAi. Op KYN YATICIHIH kKeKe YIbTPaXyKa «TaHOachh»
0ap ekeHiri »xoHe OyJl yHFbIMa OHiMiHIe colikec carbiHbl 10*-10° macc. %-ra
JICHIHT1 KOHIIEHTpaIHsJIap/ia CeHIM/II aHBIKTayFa MYMKIHIK OCpeTiH/IIr JoenaCH]I.
Hotwxkenep ymKelmn Ky HETi3iHIEri Tpaccepiep MeH d3ipJieHreH MéccOayspiik
COMKeCTeHAIpY oiCTEMECIH THIPOKAPBUIBIC ONepanrsIapblH OHEPKACINTIK OaKbLIay
YWIH KOJJaHy NPUHLOMITI MYMKIHAIMIH pacTaiibl >KOHE COHBIMEH Karap KeMmip
9HEPreTUKACHIHBIH KYJI KaJIABIKTapbIH KalTa MaiiiaiaHy MoceleciH MIeUIyre BIKIaT
eTel.

Tyiiin ce3nep: MEccOayIpIlik CIEKTPOCKOIUS, YIIKBIII KYJI, MUKpOTpaccepiep, Kor
CaTbUIbl THAPOKAPBUIBIC, YIBTPAXKYKaA KYPBUIBIM, TEMIp Kypamabl ¢aszanap, reMaTuT
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AnHoTanus. B Hedrerazoroii oTpaciu MOHUTOPHUHT ONEpaIUii MHOTOCTAUIHOTO
ruapopaspeiBa  1wiacta  (MI'PII) B TopuM3OHTaldbHBIX CKBKUHAX  SIBISIETCS
KPUTHUYECKU BXKHOM 3a/1aueii, TO3BOJISIONICH 00BEKTUBHO OIICHUBATH BKJIAJ KaXIOH
CTaAiud B OONIYI0 NPOAYKTUBHOCTh CKBAKHUHBI. TpajMIIMOHHBICE XUMUYECKHUE U
PaAMOaKTUBHEIC TPacCcepbl UMEIOT PSJl OTPAHUYCHHH, CBA3aHHBIX C SKOJOTHYCCKUMU
pUCKaMHU, HOPMATHBHBIMU TPEOOBAaHUSMU U BO3MOXKHBIM IEPEKPHITUEM CUTHAJNA C
KOMITOHEHTaMH I1acTOBBIX (monaoB. Hactosimias pabora mocesineHa pa3padoTke
HOBOTO IOKOJICHHSI MHKPOTPACCEPOB Ha OCHOBE IMPOMBINUICHHOHN JIeTyded 30JIbI, B
KOTOPBIX YHUKaJIbHbIE KOMOWHAIMK Kele3ocoaepxkamux (a3 - remarura (o-Fe,0s),
marnerura (Fe;O,), marremuta (y-Fe,0;), pasnura (Fe,Si0,), repunnura (FeAl,O,4)
1 KEJIe30COIePIKALIUX ATFOMOCUIIMKATOB - BBICTYITAIOT B KAUECTBE UHIUBUAYATBHOTO
«OTIEUYaTKa», PETUCTPUPYEMOTr0 METOAOM MECCOaydpOBCKON CIEKTPOCKOIIUU Ha
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aapax *’Fe. B ucciaenoBaHMu WCIOIB30BaHbI OOpasibl JIETyYed 301161 TEILIOBBIX
anekTpocTaniuii ropoma Anmarsl (I'POC, TOLI-2), 00pazoBaHHbBIE IPH CKUTAHIH YTIICH
DxubacTy3ckoro W KapakbpipanmHckoro mecropoknennii Pecrmyonmuku Kazaxcran,
a Takke 00pasmbl 30JbI MECTHOTO aMEPHKAHCKOTO YIvis. M3mepeHus BBHITOIHEHBI
MpY KOMHATHOW TeMIleparype B T€OMETPHH MPOIYCKaHHUS Ha CHEIHaIn3UPOBAaHHOM
SKCMIEPUMEHTAIFHOM CTEH/E, 3alUIIEHHOM mareHToM PecmyOmukm Kazaxcran Ha
oJIe3Hy 0 Mozelb. [lapaMeTpbl CBEpXTOHKOM CTPYKTYPHI, BKITFOUasi U30MEPHBIH CBHT,
KBaJIPYTIOJIbHOE paciierieHne, 3(p($eKTHBHOE MarHUTHOE TOJie M JIOTU KOMIIOHEHT,
oTIpesieNieHbl METOIOM HAaWMEHBINX KBAJpaToB C pas3loKEHHEM CHEKTPAIbHOTO
KOHTYpa Ha KBaJPYIOJIbHBIE yOJNEThl M 3€€MaHOBCKHE CEKCTETHl. YCTaHOBJICHO,
YTO KaXABIH oOpaszer; jeTyded 3016 00NagaeT WHAWBHUIYATbHBIM CBEPXTOHKAM
CHEKTPAbHBIM  «OTIIEYaTKOM», OOECIIEUMBAIONINM HAAEKHYI0 WACHTH(DHUKAIIIIO
COOTBETCTBYIOIIEH CTaaAWW B TPOAYKIIMH CKBAXHHBI TPH KOHIICHTPAIUSAX BIUIOTH
1o 10*-10° macc. %. [lonydeHHBIE pE3yJaBTAThl MOATBEPKAAIOT MPUHIIUITHAIBHYTO
MIPUMEHUMOCTh TPAacCEepPOB Ha OCHOBE JIETydel 307kl M Pa3pabOTaHHON METOIMKH
MEccOaydpOBCKON MACHTU(GUKAIMK I MPOMBIIIICHHOTO KOHTpoJis omeparuii ['PII.
Kpowme Toro, nmpenmoxeHHbIH TOAX0 ] OAHOBPEMEHHO CITOCOOCTBYET PEIISHHUIO 3a/1adn
paIMOHATFHON YTHIN3AINN 30JIbHBIX OTBAJIOB YTOIBHON YHEPTETHUKH.

KuaioueBbie ciaoBa: MéEccOaydpoBCKasi — CIEKTPOCKONHSA, JieTydas  307a,
MUKpPOTpaccepbl, MHOTOCTATUHHBIA THAPOPA3PHIB TIACTA, CBEPXTOHKAs CTPYKTYpa,
xKenesoconepkaniue Gasbl, reMaTuT

BBenenue. Pa3BuTHe TEXHOJIOTHH pa3paOOTKH TPYIHOM3BICKAEMBIX 3aIlacoB
YIJIEBOAOPOAOB B TOPH3OHTAJIBHBIX CKBAXHHAX, B TEPBYIO OdYepelb TEXHOJIOTHUU
MHOTOCTaAWifHOTO THApopaspeiBa miacta (MIPII), tpeOyer Hamwuwms HamaEKHBIX
CPEICTB TNAarHOCTHUKH PEe3yTbTaTUBHOCTH KaXIOH CTaIuu CTUMYIANU. OObeKTHBHAS
OIIEHKa BKJIaJia OT/JIENbHBIX WHTEPBAJIOB Mepdopaii B OOMIHA MPUTOK MPOTYKITHH
CKBOXWHBI, BBIIBJICHHE 30H OOBONHECHHWS W yCTaHOBJICHHE dS(PPEKTUBHOCTH
MPUMEHEHHBIX TPONIAHTOB W JKUIKOCTEH pasphiBa - 3ajladi, PElIeHHe KOTOPBIX
HanpsIMYO OTIpe/ieTIsieT peHTabeIbHOCTh MECTOPOXKACHAN C HU3KOH IMTPOHUIIAEMOCTHIO
(Yang et al., 2024).

Cpenu CyIe CTBYIONINX METOOB IIPOMBICIIOBOM TMATHO CTUKH (MHKPOCEHCMUYE CKUH
MOHHUTOPHHT, OTITOBOJIOKOHHBIE ccTeMbI DTS/DAS, HakiToHOMEpHI, TMarHOCTHYECKUE
nmkeknonasle TecTel DFIT) TpaccepHbIe TEXHOIOTHHM 3aHUMAOT 0CO00€ MECTO
Omarogapsi OTHOCHUTEIHLHOM MPOCTOTE MPUMEHEHHS, SJKOHOMHUIECKON d(PPEKTUBHOCTH
Y BO3MOXXHOCTH TMOJTyYEHHUS KOJHMUECTBEHHBIX JAHHBIX O MPUPOCTE OT KaXI0H CTaun
(Lu et al., 2023; Xu et al., 2024). IlpuHINT TPacCEPHOTO METOAA 3aKIIOYACTCS B
3aKayke BMECTE C JKHJIKOCTBHIO pa3phlBa WHIMKATOPHOTO BEMIECTBA C YHUKAIHHON
HICHTH(DUKAITMOHHOW METKOH B KaKIOH CTaIWH, MOCICTYIOMCH PEruCTpaiy dTHX
METOK B TIPOJTYKITUH CKBaKUHBI M1 PACUETE TOJIEBBIX BKIIAJ0B CTAINH 110 COOTHOIIIEHUIO
UX KOHLIEHTPAIUi.

OpnHako TpaguITMOHHBIC XUMUYECKHe Tpaccephl ((pyopeciieHTHBIE, BOJOPACTBO-
puMEbIe, He(TepacTBOPUMBIC) O0JAMAIOT PSAIOM CYIIICCTBEHHBIX HEIOCTATKOB: OHHU

106




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

MOJBEPKEHBI aACOPOIMH Ha MUHEpalax KOJUIEKTOpa, pa3iaratlorcs B IJIACTOBBIX yC-
JIOBUSIX, MOTYT JaBaTh JIOAKHOIIOJIOKUTENBHBIE CUTHAJBI IPU HAJIMYUU B IJIacTe Op-
TFaHWYECKUX COCTUHEHWH, CIIEKTpalbHO MepekphiBatommxcs ¢ tpaccepom (Lu et al.,
2023). PaguoakTuBHBIE Tpaccepbl, 00Ia1al0NIKe BEICOKOM YyBCTBUTENBHOCTHIO O0HA-
pYXeHHs, B CBOIO O4epellb, OTPAaHUYCHBI KECTKUMH HOPMATUBHBIMU TPeOOBaHUSMU
K TPAaHCIIOPTUPOBKE, XPAHEHHUIO U YTHJIM3ALMU, & TAK)Ke DKOJOTMYECKUMHU pUCKAMU
(Yang et al., 2024).

B nocnennee necAaruneTHe axkTHUBHO BENETCA TOUCK HEpaJHOAKTHUBHBIX,
9KOJIOTUYECKH O€30MacHbIX M OJHOBPEMEHHO BBICOKOUYBCTBHTEIBHBIX CHCTEM
TpaccupoBaHus. [lepcieKTUBHBIM HalpaBiIeHUEM CTal0 HCIOJIb30BAHNE HAHOYACTHUIL
Pa3IUYHON MPUPOABI - OKCUIIOB JKeJle3a, AMKOHBEPTUPYIOIINX HAHOYACTHILI, MATHUTHBIX
HaHO3MYJbCUH - B KauecTBe «yMHBIX» MeTok (Boul et al., 2020; Kanj et al., 2022).
OnHOBpPEMEHHO C 3TUM IOJYYWJI Pa3BUTHE aJbT€PHATHUBHBIN MOAXOMA, OCHOBAHHBIHN
Ha TPUMEHEHUU HE CIEIUaJIbHO CHHTE3HUPOBAHHBIX, a YXKE CYyIIECTBYIOIIMX B
MPOMBIIIJICHHOCTH MaTepHaIOB, 00JaJaloUINX YHUKAIbHON (ha30BOH CTPYKTYpoi, —
JIETy4el 3016l TeIIoBbIX AekrpocTannwmii (Vereshchak et al., 2021; Waanders et al.,
2003).

Jleryyast 3oma oOpa3yeTcsi B TIpolecce TMbUICBUAHOTO CKUTaHUS YIIsA H
MpeacTaBisieT co00M CIOXHBIA MHOTOKOMIIOHEHTHBI Marepuai, CcoAep Kallui
crexnodazy, Myt AlsSi, 013, kBapi Si0,, OKCUIBI XkKelie3a B Pa3IMYHBIX CTEIICHSIX
OKHCIICHHS, & TAKXKe JKeJle30CoAepIKallne aJioMOCHInKaThl Tua repuuanta FeAl,O,
u dasuura Fe,SiO, (Shokanov et al., 2020; Cardarelli et al., 2015). CootHoieHue
9THX (ha3 ¥ mapaMeTpbl UX CBEPXTOHKOM CTPYKTYPBI 3aBUCAT OT COPTa HCXOJHOTO YIJIs,
TeMIIepaTypbl CXKHUTaHUs, peXKUMa OXJIAXAECHHS U YCIOBHUN KOHKPETHON TENJIOBOMN
9HEProyCTaHOBKHU. DTO 03Ha4aeT, uTo 301a pazHeix TOC/I'POC, monyuennas u3 yriei
pasHBIX MECTOPOXKICHHW, 00JanaeT WHAMBHIAYAIbHBIM «()a30BbIM OTIICUYATKOMY,
KOTOPBIA MOKET OBITh 3a()MKCHPOBAH METOJAMH SACPHO-(PU3NIECKOTO aHATIN3a.

Cpenu ssnepHo-(pU3NIECKIX METOA0B Hanbonee HH()OPMaTUBHOMN AJI5l UCCIICAOBAHUS
KEJIe30COIePIKAIINX CUCTEM SIBIIsIETCAMECCOayIpOBCKasi (s AepHasiraMMa-pe30HaHCHas! )
criektpockonust Ha siapax >’Fe. Merox o0ecrieunBaeT paspeuieHue 1m0 U30MEPHOMY
CABHTY O, KBaJpPYyNOJbHOMY PAacIICIUICHUIO A ¥ 3(QPEKTUBHOMY MarHUTHOMY IIOJIIO
H 5¢¢, yto mo3Boisier OAHO3HAYHO MIACHTU(HUIHMPOBATH BAJIEHTHOE COCTOSHHE
xene3a (Fe?/Fe*), ero KoopImHauMOHHOE OKPYKEHHE M MAarHUTHOE COCTOSHHE IIpH
KOHLIEHTpaIMsAX BILIOTH 10 10*-10-° macc. % (Goldanskii et al., 1970; De Grave et al.,
2005; Mashlan et al., 2022).

Lenp HacTOsimedl pabOTBl - AKCIEPUMEHTAIBHO IOATBEPAUTH BO3MOXKHOCTD
HCTONB30BaHMsI 00pa3LoB JIETy4el 30Jbl TETIOBBIX AJIEKTPOCTAHIMN Pa3IUYHOTO
MIPOUCXOXKICHHUS BKaYeCTBE MUKPOTPACCEPOB IUISIKOHTPOIAIPPEKTHBHOCTH OTACIBHBIX
craquii MI'PII Ha OCHOBE YHUKAJIBHOCTH IapAMETPOB CBEPXTOHKONU CTPYKTYPhI
MEccOayIpOBCKUX CIEKTPOB KakJoro obOpasua. B kauecTBe IKCIepHUMEHTANbHOM
0a3bl ObLI MCTONB30BaH CHEUMAIM3UPOBAHHBIA CTEHJ, pa3paOOTaHHBII aBTOpaMHU U
3amUIIEHHBIN maTenToM PecyOnuku Kazaxcran Ha MOne3HyI0 MOAETb.

Jluteparypubiii 0030p. [IpumeHeHue MEccOay3pOBCKON CIIEKTPOCKOIHUU JIIsS
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HCCIIEIOBaHMS JIETYUHX 30J1 UMeeT OoJiee YeM COPOKAJIETHIOI UCTOPHUIO U BeIETCS B
OOJIBLIMHCTBE CTPaH, AKCILTYaTHPYIOMINX YTOJBbHYIO 3HepreTuky. OnHoW M3 paHHHX
cucremarndeckux pabor crama myoOmukarust Williamson u ap. (1984), B koropoit
OBLIO MOKA3aHO, YTO B 30J1€ OYypOTo YIS aBCTpaIMHCKOTO MecTopokaeHus: Hazelwood
KENe30 NPUCYTCTBYET NPEUMYIIECTBEHHO B BHJC KaJbLIMEBOTO altomModeppura
Ca,Fe,_(AlyOs ¢ MUHOpHBIMHU MIPUMECSMHU TeMaTUTa U MarHeTHTa, NpuuéM (ha3oBbId
COCTaB OMNpEAENSETCS HE TOJNBKO COCTAaBOM HMCXOJHOTO YU, HO M TeMIeparypoin
OCaKACHUS 30J1b1 B 3JIEKTPOPUIBTPAX.

Cardarelli u gp. (2015) npu uccnegoBaHUM JIETY4YHX 3051 KomymOmiickux TOC
MeToJI0M MECCcOayIPOBCKOI CIIEKTPOCKOINY B coueTanuu co crangaproM ASTM D3174
0OHapYXHUIIU B HCXOAHOM YyTJIE IUPHT U SIPO3HT, a B 30J1aX - Mapa- 1 heppuMarHUTHbIC
¢aser Fe?/Fe*, rematut u MarHeTuT, B TOM 4YHCJE CylepHapaMarHUTHBIA. DTOT
pe3ynbTaT MPOJEMOHCTPUPOBA BO3MOMKHOCTH OTCIJICKHMBATh MHUHEPATOTHYECKUE
TpaHcopMalMy JKele3a Ha BCEX CTaAMAX TEXHOJOTHMYECKOW LIEMOYKH, HauyuHas
OT JO0OBIYM YIS W 3aKaH4MBasl yJIaBIUBAHHEM 30JIbl. AHAJIOTUYHBIEC MOIXOABI OBUIN
pa3BuThl B paborax Nishida u ap. (2005), mocBAménHbIX aHaNN3y 301 sSmoHCKuX TOC,
B HccaenoBanusx Bajukova u ap. (2009) mist 301 cubupckux yriel, a Takxe Waanders
u ap. (2003), conocTaBUBIINX PE3yJAbTaThl CKAHUPYIOLIEH JIEKTPOHHON MUKPOCKOITHH
n MEccOayIPOBCKUX M3MEPEHUN Ha YIISX, MPOAYKTAaX MX BBHIBETPUBAHUS U 30JbHBIX
ocCTaTKax.

Oco0blii MHTEpeCc MpeACTaBIsieT LUK PadOT, BBHIMOJHEHHBIX KOJIJIEKTHBOM
aBTOpoB u3 Kazaxcrana, mo JeTanpHOMY HccleqoBaHUIO (a3oBOro cocraBa 301
9KnbacTy3ckux yriei. B wactnoctu, B myOnukamuu Shokanov u ap. (2020) metogamu
MEccOaydpOBCKOM CHEKTPOCKONMHM W PEHTTeHOBCKOM nudpakuuu aist 3om TOL-
2 nu TOU-3 r. AnMarel yCTaHOBIEHO, YTO Y3KHE (pPAaKIMU 30JbI COAEPKAT KeIe30
MpPEeUMYIIEeCTBEHHO B Buae marHetuta Fe;O, u remarura o-Fe,Os;, mpuuém B 3011€
TOL-3 1OMONMHUTENBFHO MPHUCYTCTBYET MarreMuT y-Fe,O; Kak MpoayKT MeAJIeHHOTO
OKHCIICHHS MarHeTHTa. ABTOpaMH Take ObUIO MOKa3aHo, YTO J0JIsS MATHETHUTA B 30J1€
SIBIISICTCSL TEMIIEPAaTYPHBIM HHIUKATOpoM ycloBuid gopmupoBanus: npu T > 1400
°C oHa BoO3pacTaeT 3a cu€T pacnaja reMaTuTa, MarreMuTa, FeplHUHATA U CHIKCHUS
COZAEpIKaHUs JKelle3a B MYJIJTUTE.

B mocnenyromux padortax toro ke xoyekruBa (Vereshchak et al., 2021) Opina
MpoBe/ieHa TI'PaHYJIOMETpPUYECKass M MarHUTHAs cemapauusi 30Jbl HKHOACTY3CKOTO
YISl ¥ TIOKa3aHO, 4TO C YBEJIMUEHHEM pa3Mepa rpaHyil JOoJIsi MAarHUTOYIIOPSA0UYEHHBIX
KOMIIOHEHT B MEccOayIPOBCKOM CIIEKTpEe yMeHbIaeTcs; Bo ¢ppakuuu 6oxee 100 Mkm
JOMUHHMPYIOT NapaMarHUTHble MuHepaibl. [locie MarHUTHOW cemapauuu Kejae30
B Qeppocdepax cocpenoTOueHO MpeuMyliecTBeHHO B cTpykType Fe;O./y-Fe,O; u
o-Fe,0s, ¢ moneint Fe;O4 ot 60 no 77 %.

[MapamienbHO MEXAYHApOIHBIE TPYIIBI MPOAOIKAIOT PaOOThl MO MPUMEHEHHIO
MEccOaydpOBCKOM CIEKTPOCKONUHU JJIsl OLEHKH BO3JACHCTBUSI 30JbHBIX YacTUI[ Ha
OKpy»Karolyto cpeny. Tak, Magiera u ap. (2020) ucrnons30Baau METOA A7l HACHTUDH-
KaluK JKene3ocoaepkamux (a3 B moyBax BepxHecuae3cKkoro mpoMbIIIJICHHOTO paio-
Ha [lonpim u mokaszanu, 4To XapakTepHble MEccOay?pOBCKHE MapaMeTpbl MarHETUTA U
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reMaTuTa MO3BOJISIFOT CBA3aTh 3arpA3HEHHE [TOYB C SMUCCUSIMU KOHKPETHBIX TETIOBBIX
anekTpoctanuuid. B padote Joshi u ap. (2009) ananoruyHslii moAxoA ObLT MPUMEHEH
st 301 unauiickoit TOC Kolaghat, roe 0110 ycTaHOBIIEHO TOMUHUPOBAHNE MAarHETH-
Ta ¥ reMaTUTa ¢ IPUMECHIO aJIFOMOCUIMKATHON CTEKI0(a3bl.

IIpumenenne TtpaccepoB B MIPII - OTHOCUTENBHO MOJIOLOE, HO HUHTEHCUBHO
pasBuBatomieecs Hanpasienue. Luu ap. (2023) pazpaboranu METOTUKY HHTEPIIPETALIUT
KPHUBBIX 00paTHOrO MPUTOKA MHOTOCTaIMHHBIX TPACCEPOB JJIS MIIOTHBIX KOJUIEKTOPOB
1 TOoKa3aid, 4to g ckBakuHbl HD4-3H B mioTHOM Komjiekrope BKJaja HepBOH
cranuu B HedrenoObiuy coctraBun 18,65 %, 4to comiacyercs C JaHHBIMHU
MHUKPOCEHCMHUUYECKUX U3MepeHH. Xu 1 ap. (2024) npuMeHNIN XUMHYECKUE TPACCEPHI
Ha TOPU3OHTAIBHOMW CKBaXMHE WHIOHE3WHCKOH cBUTHI Telisa u moaTBepAnIH
BO3MOXKHOCTh JnudepeHupoBanHoii ornieHku 3pdexTuBHOCTH HHTEpBaoB MIPII.
Boul u np. (2020) B 0030pe HAHOTEXHOJIOTHIA JUIsi He(PTEra30BOM MPOMBINIICHHOCTH
MPOIEMOHCTPUPOBAIN TMEPCIEKTUBHOCTh (DYHKIMOHATU3UPOBAHHBIX HAHOYACTHII
OKCHJIOB JKelie3a B KauecTBE CyleprapaMarHUTHBIX TpaccepoB. Kanj u mp. (2022)
MpeNIOKIIN HCIOJIb30BaTh MAarHUTHBbIE HAHOBHUCKephl Ha ocHoBe Fe;Os B BHIE
Pickering-HaHoOMysibCHH ISl ONTUMHU3ALMHM NPOEKTHPOBAHUS CETH TPEIIUH B
IJIOTHBIX KOJJIEKTOpax.

Hecmortpst Ha Gonbiioii 00bEM HAKOIUIEHHBIX JAHHBIX, UCIIOJIB30BAaHUE MPOMBIII-
JICHHBIX JIETyYUX 30 C UX NpUPOIHON (Pa30BOi HEOJHOPOIHOCTHIO B Ka4YeCTBE HEAO-
porux mukpotpaccepoB ansi MI'PII ¢ upentudukanueir MetonomM MEccOayIpOBCKOI
CHEKTPOCKOIHH /10 HACTOSAIIEr0 BPEMEHN CUCTEMATHUYECKH He HccienoBanock. Mimen-
HO 3Ty HUIIY M 3alOJHSAET HACTOsIas paboTa, OCHOBaHHAs HA PaHee BBITOIHEHHBIX
aBropamu nmyonukanusx (Shokanov, 2020; Vereshchak et al., 2021) u matentHOM pe-
LICHUHU B 00J1aCTH KOHCTPYKLMH dKcIiepuMeHTanbHoro crenaa (Shokanov, 2023).

Marepuajabsl 1 OCHOBHbIe MeTOABI. B kauecTBe 00bEKTOB HCCIENOBAHUS OBLIH
BbIOpaHbI TpU 00pa3ua JeTydei 301161, 00pa30BaBLICHCS IPH MBUIEBUAHOM CKUTAHUH
yIJIel pa3inuyHBIX MECTOPOXKICHUI Ha TEMJIOBBIX SHEPTrOyCTaHOBKAX!

* o0paser a - netydas 301a ¢ aekTpopmisTpoB ' POC . AnMarsl, HCXOIHBIN YTOlb
- Dkubacty3ckoe mectopoxkenue (Pecnyonuka Kazaxcran);

* oOpazen b - teryqas 301a TOC CLLA, ucxoaHslil yroib - MECTHBIM aMEePUKaHCKUN
yTOJIb;

* o0paszer ¢ - retyyasi 3oma TOL-2 . AsMaTsl, ICXOAHBIH yroub - KapabIpaTHHCKOTO
MECTOPOKICHUS.

O0pa3upl ObUTH NOTYYEHBI OTOOPOM Y3KUX (DpaKIHii 0 rpaHyTOMETPHUECKON Me-
TOJIMKE C MOCIEAYIOUIMM KOHTPOJIEM I'PaHYJIOMETPUUECKOr0 COCTaBa METOIOM CHTO-
BOTO aHaIM3a B COOTBETCTBHHM C paHee pa3paboTanHO# mpoueaypoil (Vereshchak et
al., 2021). IloarotoBka 00pa3uoB Mg MEccOayIPOBCKUX M3MEPEHUN BBITIOIHSIACH B
COOTBETCTBUH C METOJIMKOH, H3I0XKEeHHOI B MoHOTpaduu [lokanosa (2020): HaBeckn
netydeit 301bl U3 pacuéra 100 Mr/cM? cMemmBaiuch ¢ napauHOM U IPECCOBAINCH B
TaONEeTKH.

Jlabopamopuvie ucnvimanus Ha SKcnepumenmanvHom cmernde. JlaGopaTopHsle
WCIBITAHUS MOAEIUPOBAHUSA TEXHOJOIMH MHOTOCTAJMIHOIO TI'HapopaspblBa IIacTa
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(MI'PII) ¢ ucnonp30BaHMEM TPAcCEpOB Ha OCHOBE JIETY4el 30JbI MPOBOJWINCH Ha
CHENMATM3UPOBAHHOM O3KCIIEPUMEHTAIBHOM CTEHAE, pa3paboTaHHOM aBTOpaMH U
3amuniéHHOM nateHToM PecrmyOnuku Kazaxcran Ha mosnesnyro mojenb Ne 6987 or
27.01.2023 r. (Shokanov, 2023). Ctenn cMoHTHpOBaH B jaboparopuu Kaszaxckoro
HAIMOHAJILHOTO TEAarorMyeckoro yHuUBepcuTeTa UMeHH Abas (. AnMmarel) H
000pyZIOBaH CUCTEMOW NOAAa4YX BOJIBI.

[lpunnunuanpHass cxemMa CTeHJa BKIIOYAET CIENYIOIUe OCHOBHBIC Y3JIBL:
éMKocTh C¢ Bomoi oObémMom 1000 1; EMKOCTH IUIsl OTCEMapHUpOBAHHOW BOIBI;
CaMOBCACBIBAIONIMK HACOC PagUalIbHOTO JEHCTBHA C MaKCHMaJbHBIM IaBICHHEM
HAaKauykd S5 aTM W TPOM3BOAMTENBHOCTBIO 65 JI/MHH; DPErylupylollue 3alopHbIe
BEHTHJIU (JIaTyHHBIE [IAPOBBIE KPaHbl, pACCYMTAHHBIC HA YCIOBHOE JaBlieHHE 10 4—5
aT™M); MarucTpajibHble GUIBTPBI TPyOOH ¥ TOHKOH OYMCTKH ¢ METANTMYECKOW CeTKON
MIPOITYCKHOM criocoOHOCThIO 1, 5, 15,25, 50, 70 1 100 MKM; MMHUTallMOHHASI CKB)KUHA;
MMUTALMOHHAS TPELIMHA; IapOBOM KpaH 0aka; MAaHOMETP; INIACTUKOBBII TPYyOOIIPOBOA
nuaMerpom 20 MM; Tpymna 3aiuThl ¢ pacxogoMepoM. CteH paboTaeT MpH 1aBICHUIX
ot 1 10 4 aTM, YTO MTO3BOJISIET MOJICIMPOBATH PeajbHbIC YCIOBUS CKBAYKHH IPU JOOBIYE
TPYOHOU3BJIEKaeMbIX 3amacoB HedTu u raza (Shokanov, 2020).

TexHOMOT s HKCTIEPUMEHTA, OCHOBAHHAS HA HCTIOIb30BaHIH CYOMUKPOHHBIX YaCTHII
JIETy4eH 30716l B KaUECTBE TPACCEPOB, PEATU3yeTCs B CIIEAYIOIIEH 0 CIe0BaTeIbHOCTH
onepaunii. Ha mepBoM sTane Tpaccupyromme HHANKATOPHI - MOPOLIKH JIETYUYeH 307161
C 3aJaHHBIM T'PaHYJIOMETPUYECKUM COCTaBOM - JOOABISIOTCS B BOLY B IIEPBOM Oaxe,
Mocjie 4ero TMoJlyueHHass CMeCh CaMOBCACHIBAIOIIUM HACOCOM, PaCIOJIOKEHHBIM
HW)KE BOISHBIX KOMMYHHMKALMH M KCIIEPUMEHTAJIBHBIX YYacTKOB, MoAaércs yepes
WMUTALMOHHYIO CKBKUHY WJIM UIMUTAMOHHYIO TPELUIMHY U PETYIHUPYIOMINE BEHTUIH
B MarucTpanbHblid TpyOorpoBo. Ha BTopom sTamne )XuaAKoCTh ¢ Tpaccepamu MPOXOJUT
Yyepes SKCIEePUMEHTAIbHBIA Y9aCTOK C MaruCTpaldbHBIMUA (QUIBTPaAMH: TPOJaBICHHAS
BOJIa IIPOTEKAET uepe3 GUIBTP, a MUKPOYACTHLIBI OCTAIOTCS BO BHEIIHEM KOHTYpe (Ko10e)
¢unbTpa. Ha TpeTheM sTarne u3 SKCepuMEeHTaIbHOTO YUYacTKa OTCeapipoBaHHas BOAA
Yyepes MOANOpHbIE BEHTHIIM BO3BpAIacTCs BO BTOPOW NMPUEMHBIH 0ak, a NU30BITOUHOE
JaBiieHHe cOpachIBaeTCs depe3 TPpyIy 3amuTsl B arMocdepy. Ha deTBéprom sTame
MOCJIe 3aBEPILICHHS IIMKJIIA «3aKadKa - H3BICUCHUE)» KapTPUIKH GUIBTPOB C OCEBIIUMH
MHUKPOYACTHIIAMU TPACCEPOB M3BIEKAIOTCA, OTQUIBTPOBAHHBINA TOPOILIOK CHUMAETCS
C CeTKH, BBICYIIMBAeTCd W MOATOTABIMBACTCS K SACPHO-PHU3HMUECKOMY aHAIIU3Y.
[To uroram nukmna GUKCUPYIOTCS MOKa3aHUS MAaHOMETPOB, PACXOIOMEPOB U IPYTUX
KOHTPOJIbHBIX AaT4ukoB (Shokanov, 2020; Shokanov, 2023).

Crenn mo3BoisieT B J1a00OpaTOPHBIX YCIOBUSX WMHUTHPOBATh MPOLECCHl 3aKAUYKH
TPAacCEpHOTO MaTepualia B MPOMYKTHBHBIM MJACT U €ro MOCIEAYIOUIEro U3BJICUCHHS
C OOpaTHBIM IIOTOKOM, 4YTO 0OeCleunMBaeT BOCHPOM3BOAMMOCTD PE3YJIbTATOB U
BO3MOKHOCTb COTIOCTABJICHUS! Pa3IUUHBIX MapTUH MHUKPOTPACCEPOB MEKAY COOOM.
[lo wrtoram orpaboTku TexHonoruu Ha crtenge B 2019 r. ObUIM TOATOTOBJIEHBI
00pa3ubl TPAcCEPOB, UCIBITAHUS KOTOPBIX OTPAXKEHBI B AKTE MCIIBITAHUH, BBIIAHHOM
Wncturytom saeproi ¢usukun Munucrepcra sHepretuku Pecnyonukm Kazaxcraw,
ot 25.06.2019 1. (Shokanov, 2020).
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Méccoaysposckue usmepenus. BrwicymieHHble o00pasnsl  JeTyuedl 3076l U
MHUKPOYACTHII, OTIEIEHHBIX OT BOABI HA (PUIBTPax CTEH/A, HATIPABISUINCH HA aHAIIN3
METOIOM SIIEpHOM TamMma-pe3oHaHcHOM crnekrpockonmu (JAI'PC) B HucTHTYT
saepHoil ¢uznkn MunuctepctBa sHepretukn Pecnyonmukm Kaszaxcran (MSAD MD
PK, r. Anmarer). PaGotel BemonHsuch B pamkax Memopanayma u JloroBopa o
Hay4qHOM COTPYAHHUYECTBE, 3aKkI04EHHBIX Mexkay HAO «Kazaxckuil HanoHa bHBIN
nenarornyeckuit yausepcureT umenu Adas» MOH PK u USD MD PK na 2020-2023
IT.

Perucrpanusi MéccOay?poBCKUX CIEKTPOB MPOBOAMIACH Ha CrIEeKTpomeTpe MS-
1104Em B pexume MOCTOSHHBIX YCKOPEHHH C MCTOYHMKOM TaMMma-KBaHTOB ° Co
B Marpule Xxpoma npu koMmHaTtHOH Temmeparype (T = 295 + 2 K) B reomerpun
nponyckanus. CrekTpsl peructpupoBanuch Ha 1024 kanama. KanmOpoBka mikassl
CKOpPOCTeH OCylIecTBIsIach IO d3TajJoHHOMY oOpasny o-Fe, oTHocuTensHO
KOTOPOTO TPUBOASTCS 3HAUCHHUs] HM30MEPHBIX CcABUIoB O. CKOpOCTHOW AHMana3oH
CKaHMPOBaHUS 00ECIIEUNBAJl PErHCTPALNIO KaK MapaMarHUTHBIX KOMITOHEHT C MaJIbIMU
KBaJIpYNOJBHBIMHM pacCIlEIJICHUSIMH, TaK W MarHUTOYNOPSAOYEHHBIX CEKCTETOB C
s pexruBabIME TosIME 70 530 kD (Shokanov, 2020).

Maremarnueckass 00paboOTKa 3KCIIEPUMEHTAIBHBIX MEccOaydpOBCKHUX CIEKTPOB
BBHIMOJIHSUIACH € TIPUMEHEHHEM mporpammbl  SpectrRelax meTomamu MonenbHOM
paciiuppoBKM W  BOCCTAHOBICHHMA (YHKIHMH paclpelesieHUus] CBEPXTOHKHX
napaMeTpoB. B KadecTBe KpUTEpHsl HaWIY4IIEro pasiokeHus: MEccOay’poBCKOTO
CIEKTpa HCIONB30BAICS Y>-IIapaMeTp, OLCHHUBAIOIMA MPUONMKCHHE CYMMBI
pacuéTHBIX KOMIIOHEHT K 3KCIIEpUMEHTAIBHBIM JaHHBIM. CIIOXKHBIM CNEeKTpaIbHBIN
KOHTYp pasfiarajcs Ha WHAWBHUJIYyalbHbIE KOMIIOHEHTBI - KBaApYIMOJbHBIC AYOIETHI
(m1st mapaMarHUTHBIX a3) ¥ 36eMaHOBCKUE CEKCTETHI (7151 MarHUTOYHOPSIIOYSHHBIX
¢$a3) B npubmmxeHun JiopeHueBbix ¢popm nuuuii (Shokanov, 2020; Goldanskii et al.,
1970; Wertheim, 1996).

Unentudukanms ¢(a3oBbIX COCTOSHUI Jkene3a B HCCIEAyeMBIX 00pasuax
OCYIIECTBIIAJIACh IMYyTEM COIMOCTABIEHUS IOMYYEHHBIX MapaMeTpoB CBEPXTOHKOI
CTPYKTYPHI - ©30MEPHOTO CIIBUTA O, KBAAPYMOIBHOTO pacuieryieHus A, 3pPeKTUBHOTO
MarauTHoro noist H 3dd u oTHOCHTENBHO TUIOIAAH S - ¢ STAIOHHBIMU 3HAYCHUSIMH,
M3BECTHBIMU Il coenmHeHHi skene3a (Shokanov, 2020; De Grave et al., 2005;
Murad, 2010). JlomomHUTENBHO Ui KOHTPOJISI MHHEPAJOTHYECKOro COCTaBa Oblia
MpUMEHEHa METOIUKa, HWCIONb30BaBIIAsACA paHee B pPaboTax MEXKIyHapOTHBIX
koyutekTuBoB (Cardarelli et al., 2015; Joshi et al., 2009), Bkirouatromasi COnocTaBlieHUE
MEccOayIpOBCKMX JaHHBIX C pe3yiabraTaMH pEHTreHoda3oBoro aHamuza W
CKaHUPYIOLIEH 2IEKTPOHHOW MUKPOCKOIHH.

Pesyabrarsl. Ha pucynke 1 mpencrasiensl MéccOayIpOBCKUE CIEKTPHI BCEX TPEX
HCCIIEIOBAaHHBIX 00Pa3LIOB JIeTy4eH 301161, U3MEPEHHBIE P KOMHATHOM TeMIIeparype.
CrieKTphl OTpa)aroT pa3iauyus B COCTOSTHUM KaTHOHOB Kele3a, HaINYue KaTHOHHBIX
1 aHMOHHBIX BaKaHCHM, a Tak)Ke CBSI3aHHBIE C HMMM HCKaXEHHs KPUCTANIMYECKON
PEIIETKH IIMUHEIBHON CTPYKTYpbl W allloMOCHIMKaTHOW marpuubl (Magiera et al.,
2020).
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98F Obpazen a

98t
a7l Obpazen b

9 s oot

Obpazen ¢

0 8 6 4 2 0 2 4 6 & 10
Pucynox 1. MéccbayapoBckue criekTpsl jgerydnx 301 a — [POC, b — TOC CIIA, ¢ — TOLI-2.

Ha pucynke 2 mpencrasnen crektp oopasma Nel (I'POC, skubacTy3ckuii yrous).
M¢éccOayPpoBCKUil  CIIEKTp XapaKTepU3yeTcs PpacHIMPEHHBIM aCHMMETPUYHBIM
KBaJIPYNOJBHBIM ayOieToM Oe3 IMpHU3HAKOB MAarHUTHOH CTPYKTYpbl. Pesynbrars
KOMITBIOTEPHOI 00pa0OTKH TOKa3alld, YTO JaHHBIH CUTHAN (DAKTHYECKH COCTOHT W3
9eTHIPEX KBAAPYHOIBHBIX AyOIETOB ¢ ONM3KMMH, HO Pa3IMYMMBIMH NapameTpamH,
OTBEYAIOLIMX XKeJe3y B Pa3IUUHbIX JUAMATrHUTHBIX ITO3UIUSX.

X4 = 1151

-11.51 r*=1020.01 (1.008#0.044) Q=33 1124 Hn %* = 0.00

PucyHok 2. Méccbayaposckuii ciiektp obpasua Nel (I'POC, Dxubdacrys).
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Tabnuia 1. CBepXToHKasl CTPYKTypa MEccOayIpOBCKOro criekTpa odpasia Nel.

H3zomepnblii | KBagpynonsnoe | MarnutHoe | [losymmupuna Hons
Dopmy.ibl
Ne n/m C/IBHL, 0, | pacuielvieHue, g, | pacueijeHue, JauHuM, I Fe, % B
OKCH/I0B
MMm/c MM/c H o KD MM/c creKTpe
1. 0,532+0,016 0,230+0,018 - 0,638+0,031 22,7+4,0 SiO,
2. 0,786+0,050 0,778+0,60 - 0,638+0,031 36,5+5,0 ALO,
3. 0,953+0,040 1,117 — 0,638+0,031 27,0+4,0 CaO
4. 1,272+0,170 1,263+0,160 - 0,638+0,031 13,9+4,0 SO,

W3 nansbix Tabmuiel 1 cieayet, uyto MEéccOayspoBckuit criekTp oOpasia Nel He
COJICPKUT MarHUTHOW CTPYKTypbl. OH TpPEACTaBIECH YEeTHIPbMS JHaMarHUTHBIMHU
KOMIIOHEHTaMH, HaXOASIIMMHCS B pa3iM4yHbIX (a30BbIX cocTosHUsX. Kaxnmas u3s
9THX COCTaBJSIFOIIUX XapaKTepU3yeTcs COOCTBEHHOW CBEPXTOHKOW CTPYKTYpPOH.
[IpenronoKuTeNIbHO, JTaHHBIE KOMIIOHEHTBI COOTBETCTBYIOT Ookcuiam SiO,, Al,Os,
CaO u SOs;, B cocTaBe KOTOPBIX K€JIe30 MPUCYTCTBYET B ABYX- U TPEXBAJICHTHOM
COCTOSTHUM B pa3IU4HbIX KOHIIEHTparusax (Shokanov, 2020; Cardarelli et al., 2015).

Croextp cnenyromeii maptuu - oopasma Ne2 (TOC CIIA, MecTHBIN aMepUKaHCKUI
Yroiyib) - UMeeT MPUHIMUIHUAIBHO WHBIE XapaKTepucTHKH (pucyHok 3). Ilapamerps
MEccOay?pOBCKOTO CIIEKTpa 3TOro 0oOpaslia CyIIeCTBEHHO OTIMYAIOTCS OT CIIEeKTpa
obpazma Nel: moMMMO TapaMarHUTHOW YacTH, B HEM OTYETIMBO TIPOSBIISETCS
MarHUTOYIOPSA0YeHHAS CTPYKTypa. Pe3ynbTaTsl KOMIbIOTEpHOM 00paboTKH MOKa3ay,
YTO CIIEKTP COCTOUT U3 TPEX KBAJPYMOIBHBIX AYOJIETOB U JIBYX cekcTeToB. [Ipu aTom
KBaJIpYIIOJIbHBIE AyOJEeThl XapaKTepU3yIoTCs Pa3InNYHBIMU MTapaMeTpaMyu U30MEPHOTO
CABHUTA M KBaJPYMOJIHHOTO PACIIETIIICHUS, YTO CBUETEILCTBYET O COCYIIECTBOBAaHUU
nonoB Fe? u Fe* B paznu4nbIX Kprctamiorpa@uyecKiux MO3HIHUSIX.

<1151

%*=1329.81 (1.314+0.044) Q=60 1124 Hn Xt=14.44

Pucynok 3. MéccbayapoBckuii criektp oopasua Ne2 (TOC CILIA, MecTHBIN aMEPUKAHCKUH YTOJIb).

MéccbhayapoBcKue mapaMeTphl CBEPXTOHKON CTPYKTYPBI 00pasiia No2 mpecTaBiIeHbl
B Tabnure 2.
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Tabauua 2. MéccbayspoBckue mapaMeTpbl CBEPXTOHKOM CTPYKTYphI 00pa3na Ne2.

. KBagpynossnoe MaruauTtHoe
H3zomepHbIit TMosymmpuna
Ne m/m paciuenJieHue, &, pacuienienue, Joasi Fe, %
C/IBHT, 0, MM/C auHum, I, mm/c
MMm/c H, ., k9

1. 0,3221+0,023 0,390+0,004 — 0,541+0,009 61,5+1,3
2. 0,621+0,022 0,902+0,040 - 0,541+0,009 5,5+1,0
3. 0,835+0,014 1,271+0,017 — 0,541+0,009 11,1+0,8
4. 0,366+0,007 -0,076+0,008 494,20+0,70 0,351+0,040 22,0+0,7
5. 0,366+0,007 -0,096+0,006 503,79+0,50 0,351+0,040 15,9+0,9

B cmexTpe obpaszma Ne3 (TOII-2, kapaXKbIpaIMHCKUAN YTojh) HAOMIOmaeTcsl ONUH
KBaJpyIOJIbHBIN AyOneT u nBa cekcreta (pucyHok 4). I1o cpaBHenuto ¢ 06paszom No2
3[1E€Ch CYIECTBEHHO BBIIIIE JIOJISI MATHUTOYTIOPSI0UEHHOM (pa3bl M 3HAUUTEITHHO MEHBIIIE
YHCIIO TMapaMarHUTHBIX KOMIIOHEHT, YTO CBHJICTEIHCTBYET O HWHOM COOTHOIICHHUH
KpUCTAJUIMIECKHUX JKee30coiepxamux das.

[3 ¥2=11.12

440 450 460 470 480 490

-1151 13=1260.09 (1.24540.044) Q=36 11.24 Hn ¥F=3344

Pucynok 4. MéccbayspoBckuii criektp oopasna Ne3 (TDL-2, Kapaxsipa).

Mécchay3apoBckue mapaMeTpbl CBEPXTOHKOH CTPYKTYphl oOpa3ia Ne3 mpuBeIeHbI
B Ta0mume 3.

Tabmuma 3. MéccOayapoBcKue mapaMeTphl CBEPXTOHKON CTPYKTYPBI 0Opasia Ne3.

Ne W3omepHbIit Ksagpynonsnoe | MaruutHoe | [lomymmpuna | [lons Fe, dazoBoe
n/m | cABUL, 8, MM/C | paclleIUIeHHe, €, | pacllelUieHue, | JIMHUMY, [, % cocrosiuue Fe
MM/C H, . x0 MM/C
1. 0,311+0,0025 0,3890+0,006 - 0,469+0,070 | 46,2+2,5 | (3Al, Fe ,,)

0,-28i0,
2. 0,370+0,0021 0,370+0,0021 430,00 0,240+0,016 | 16,0+0,5 Fe SiO,
3. | 0,3684+0,00022 | 0,1040+0,0022 489,60 0,240+0,016 | 38,0+0,7 Fe O,
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W3 nmaHHbIX TaOmuubel 3 chemyeT, 4to MEccOAayIpOBCKHEl crekTp oOpasma Ne3
COACPXKUT OJIHY JAMAMarHUTHYIO M JIB€ MAarHUTOYNOPSJOYCHHBIE KOMIIOHEHTHI.
Hy6ner ¢ uzomepHbiM casurom 6 = 0,311 MM/c U KBaapymHOJbHBIM pacilelIeHueM
€ = 0,389 mm/c (~46 % momaan crekTpa) COOTBETCTBYET HOHAM KeJie3a B COCTaBe
AIIOMOCHITMKATHOM (ha3bl CO CTPYKTYpoii THna MyiunTa; cekereT ¢ H adpd =430,0 kD
otHocuTcs K (asmmty Fe,SiOy4, a cexcrer ¢ H a3 = 489,6 kD - remarury a-Fe,Os.
[lony4yeHHble MapaMeTpbl CBEPXTOHKOM CTPYKTYpBI COIVIACYIOTCSI C OSTaJOHHBIMH
3HAYCHHSIMHE JUTsl cOeAMHeHUH *kene3a (Shokanov, 2020; Murad, 2010).

Oo6cy:xnenue. CornocTaBieHue MOJIyYEHHBIX JaHHBIX MO TPEM obpas3nam JeTydei
30516l BBISBJISICT NPUHLMIHUAIBHBIC PA3Uudsl UX CBEPXTOHKHX CTPYKTYp, 4YTO H
cocTaBisieT (PU3NYECKYI0 OCHOBY MX NPUMEHMMOCTH B KaueCTBE MHKpPOTPAcCEpOB.
Obpazenr Nel xapakTtepu3yeTcss YMCTO MapaMarHUTHOH CTPYKTYpOW U3 4YeTBIPEX
nyonetoB, obpazer Ne2 - KOMOMHUPOBAHHOH CTPYKTYpoW M3 TpEX AyOneToB M ABYX
cekcTeToB, oOpaszer; Ne3 - CTpyKTypoOil W3 OJHOTO JyOJieTa M JBYX CEKCTETOB. JTa
CHEKTpanbHasi WHIWBUAYAIbHOCTH OOYCIIOBIEHA pa3IHYHBIM (a30BBIM COCTABOM
KETe30COCPKAIINX MHHEPAJIOB M BaJICHTHBIM COCTOsIHHEM Fe B Ka)10M 13 00pa3LoB.

[Tony4yeHHble pe3ysibTaThl COMIACYIOTCS C OOLIMMM TEHAEHIMSIMHU, OINMCAHHBIMH
B nuteparype. Tak, B pabore Shokanov u ap. (2020) ans 301 TOL-2 u TOL-3 .
AnMaTbl OBIIO MOKa3aHO JAOMHUHUpoBaHue maraetuta Fe;O, u remaruta o-Fe,Os; c
noneir maraeruta 60—77 % B MarHUTHOH (pakuuu; B HameM oOpasue Ne3 (TOLI-2)
Tak)ke HaOIrofaeTcs 3HaYuTeIbHass MarHuToynopsaodeHtas ¢asa (54 % cymmapHoit
IJIOMIA/IM CEKCTETOB), OJIHAKO B HEE IOMUHUPYIOLIUI BKIa)l BHOCHT reMatuT (38 %), a
HE MarHeTUT. JTO pa3indue MOXKET OBITh CBSI3aHO C TEM, YTO B MCCIEIOBAHHOM HaMH
o0pa3ie ObUT HCTIOIB30BaH KapaKbIPAIMHCKUH, a He 9KMOACTY3CKUN YToJib, a TAKXKe C
Pa3IMYMSIMH B PEKUMAX CKUTAHUS U OXJIQKICHHS 30JIBL.

[Tapametpsi cexcreta c H add = 489,6 kD npakTHueckn COBNAJAIOT C STATOHHBIMH
3HaYCHHUSIMU JIJIs1 TeMaTtuTa o-Fe,O; nmpu komHatHo# Temneparype (Murad, 2010): 6 =
0,37 mm/c, e=—0,21 mm/c, B_hf=51,7 Tn (517 x3). Menbiuee 3nauenue nomst H ap¢ =
489,6 kD B HaIlleM 3KCIIEPUMEHTE MOXKET YKa3bIBaTh Ha H30MOP(HOE 3aMEIIEHUE YaCTH
noHoB Fe* amomunuem ¢ oOpazoBanuem amomoremaruta Al-o-Fe,Os, uTo aBnsercs
LIMPOKO U3BECTHBIM 3(P(PEKTOM ISl IPUPOTHBIX U TEXHOTEHHBIX T€MaTUTCOIEPKAILNX
cuctem (De Grave et al., 2005; Murad, 2010).

Cekcrerc H a3dpd =430,0 kD u 6~ 0,37 Mmm/c oTHEeCEH K (astmuty Fe,Si04. XoTs mist
YHCTOr0 CHHTETHYECKOTO (hasiimuTa XapakTepHo noie nopsaka 320 kO npu KOMHATHOM
TeMIeparype, B BBICOKOTEMIIEPaTyPHOH alfOMOCHIMKATHOM MaTpHILIE 30161 BO3MOXKHBI
KoomiepaTuBHbIe A QeKTsl, NoBbmaromue 3¢pdekTnBHOE MONE. AJIBTEPHATHBHO,
JAHHBIA CEKCTET MOXKET ObITh OTHECEH K OJHON u3 moapemeTok marHetuta Fes;O.,
JUIsL KOTOPOTO XapaKTEepHBI JBa MAarHUTHBIX TOACIEKTpa ¢ MONsiMH okojo 491 kO
(Terparnpuueckue nosuiuu Fe*) m 460 kD (okradmpuueckue mozunuu Fe*/Fe’-)
npu koMHaTHOH Temmepatype (De Grave et al., 2005). OxoHuarenbHOe paziencHHue
9THX ABYX MHTEpPHpPETAlii BO3MOXXHO NMPU HU3KOTEMIIEPATypHBIX MECCOAayIPOBCKUX
M3MEpEeHHsIX ¢ perucTpauneit nepexona Mopusa.

Hy6ner ¢ 6=0,311 mm/c u € = 0,389 mm/c B 00Opasiie Ne3 coorBeTcTBYyeT noHam Fe*
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B MCKa&)KEHHON OKTadnpuueckod koopauHauuu. [logoOHbIe mapameTpsl XapaKTepHBI
s xeneszocoaepkamero mymwmra (3Al-<Fe x),0;:2S10,, B koTopom uzomop¢Hoe
3amenienne Al>* — Fe® mpoucxonuT B aqlOMUHHKA-KUCIOPOJHBIX OKTasapax. DTOT
BBIBOJ IOATBEPIKIACTCS JAaHHBIMH PEHTTCHOBCKOM MU(PPaKUUU A aHaJOTHYHBIX
3011 9kubacty3ckux yriei (Shokanov et al., 2020), tne mymmut AlsSi»O15 BeiCTymaeT
JIOMUAHUPYIOILIEH KPUCTAIUTHYECKOU (Pa30ii aTrOMOCHIMKATHOW MATPHUIIBI.

BaxHbIM METOAMYECKUM aCIIEKTOM SIBIISIETCS BOCIPOU3BOJUMOCTD HACHTU(DUKALIIH
o0pa3na Ha HHU3KMX KOHLEHTPALMIX, XapaKTEPHBIX IJsl TPACCEPHBIX MPUMEHEHHUN
(10%-10° macc. %). Jlng OLEHKH YyBCTBUTEIBHOCTH HEOOXOAUMO YYHUTHIBATE,
9To MECcOAayIPOBCKUI APPEKT MPONOPUHOHANICH MPOU3BEACHUIO CONEPKAHUS
*Fe (mpuponuoe uzobunue 2,17 %) ua kodddumuent Jrmba-Méccbayspa f. [pu
TUNUYHBIX 3HaueHusX f = 0,7 ams okcunoB xene3a u d3PPEKTUBHON MOBEPXHOCTHOM
IUIOTHOCTH oOpa3ua mopsaka 10 Mr/cm? mo jkene3y HUKHSS TPaHWLA PEerUCTpaliH
CBEPXTOHKOM CTPYKTYphI cocTasisier 10 mace. %, 9TO COOTBETCTBYET TPEOOBAHUAM
K UHIuBUAYyanbHOW wuaeHTuukanuu craguii MIPII mo pesynasraram oOpaTHOTO
nputoka (Lu et al., 2023). /Iy nOBbIMIEHHUS] YyBCTBUTEIBLHOCTH BO3MOXKHO H30TOITHOE
oborarmenne marepuana ° Fe.

[lonyyeHHble WHOMBHIYaJbHBIE CBEPXTOHKHE «OTHEYATKW» KaXAoro obpasma
COCTaBJISIIOT  (PM3MYECKYI0 OCHOBY JUIsl MNPaKTHYECKOTO MPUMEHEHHs JIeTyYhX
3051 B KadecTBe MukporpaccepoB it MIPII. 3akauka pasnu4HBIX BHIOB 30JIBI
B pasHbIe CTBOJAa CKBKMHBI C Mocleayromeld MEccOay?pOBCKOW perucTpanuei
KENe30COACPKAIINX COCAMHEHUH M3 HW3BICYEHHBIX MPOO MO3BOJMUT YCTAHOBHTH
pacroyioKeHne TPacCepHOro Marepuaja B TPEIIMHAX U OLUEHHUTb 3(PPEKTHBHOCTD
Kaxaoi craguu. [1o cpaBHEHHIO € TPAJUIMOHHBIMA XMMUYECKIMH U PaIHOaKTHBHBIMH
TpaccepaMu NpeajaraeMble MHKpOTpaccepbl Ha OCHOBE JIeTy4YeH 305bl 001agaroT
CYIIECTBEHHBIMH TPEUMYIIECTBAMH: OHHU SIBISIOTCS BTOPHYHBIM CHIPHEM (TIPOILYKT
MPOMBIIITIEHHBIX 0TX010B TDC), aKonoruuecky 6€30macHbl, XUMUYECKH CTaOUIIBHBI B
IUTACTOBBIX YCIOBHUSX U HE MOJBEPKEHBI aCOPOLMH HAa MUHEpaaX KOJIJIEKTOpa.

CpaBHeHHE CCOBPEMEHHBIMUHAHOTPACCEPaMU HA0CHOBE (DY HKLIIMOHATM3UPOBAHHBIX
Fe;04-nanouactury (Boul et al.,, 2020; Kanj et al., 2022) moka3eiBaet, uTto 00a
MOJXOAa HMMEIOT CPAaBHUMYIO YyBCTBHTEIBHOCTb PETHCTPALMH, OJHAKO TPacCepsbl
Ha OCHOBE 30J1 BBIUTPHIBAIOT B CTOMMOCTH M JOCTYIMHOCTH - OCOOCHHO B YCIOBHSIX
Kazaxcrana ¢ ero pa3BUTOH yrojbHOH 3HEPreTHKOW M OOJBIIMMH HAKOTUICHHBIMH
o0béMamu 30100TBaIOB. C IPYroil CTOPOHBI, HAHOYACTHIIBI MPEBOCXOST 30JIbHBIC
Tpaccepsl 0 TOMOTEHHOCTH M KOHTPOJIIMPYEMOCTH pa3Mepa, YTO Ba)KHO UIsI TOHKOTO
MOJEIIMPOBAHMS TPAHCIOPTa B IUIOTHBIX KOJUIEKTOpax. Bo3MOXHOI mMepcrneKTuBoi
SIBIISIETCS pa3paboTKa THOPUAHBIX TPACCEPHBIX CUCTEM, COUETAIOIIUX MPEUMYIIECCTBA
000HX MOIXOIOB.

3akuouenue. MéccOayspoBckre HcciaeoBaHUsI TPEX 0Opa3LOB JETyuyei 30IIbI
TEIUIOBBIX AJIEKTPOCTAHLIMN Ppa3IMYHOrO TPOUCXOKIACHHS TMOKa3ald, 4YTO BCe
HCClIeIOBaHHbIE 00pa3ubl 00Nagar0T YHUKAJIBHBIMUA CBEPXTOHKUMH CTPYKTYpaMH,
0OyCIIOBIICHHBIMH Pa3NIWYHBIM (Da30BBIM COCTABOM M BaJCHTHBIMH COCTOSHHSIMU
xKeJesa. ITO MO3BOJISIET HAAEKHO HACHTUPHUIMPOBATh UX METOAOM MEccOaydpOBCKOM
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CHEKTPOCKONHMH B KayecTBe MUKpoTpaccepoB. [IpuMeHeHne Takux MaTepuasioB Ipu
MHOTOCTaJAMHHOM THAPOpPa3pbIBe IuIacTa 00eCHeYMBaeT KOHTPOJIb IPPEKTHBHOCTH
KaXIOM CTaAud  CTHMYJSIIMH, IIOCKOJBKY  COCOMHEHHUS  JKele3a  XOpOIIO
HACHTUGUIHPYIOTCS ¢ moMoIbio apdexra Méccbayapa (et al., 2020; Vereshchak et
al., 2021; Cardarelli et al., 2015; Shokanov et al., 2023).

OcHoBHBIE pe3yibTarbl paboThl MOTYT OBITH CGHOPMYIUPOBAHBI CIEAYIOLUIIM
o0Opa3oMm. Bo-mepBbIX, 3KCIEPUMEHTAIBHO TOATBEPXkKACHA HWHAWBUAYAIBHOCTD
CBEPXTOHKHX CTPYKTYpP MECCOAayIPOBCKHX CHEKTPOB JIETyUHX 30J1 TPEX Pa3InUHbIX
TEIUIOBBIX JJIEKTpOCTaHIUI. Bo-BTophIX, s oOpasua Ne3 ompeneneHsl nmapaMeTpbl
CBEPXTOHKOW CTPYKTYpbl - HM30MEpHBIH CHABWI, KBaIpyMHOJbHOE pacllerieHue,
3¢ PeKTHBHOE MarHUTHOE MOJ€ M OTHOCHUTENbHBIC IIOJM KOMIIOHEHT - Ui TPEX
xkenesoconepkammx (a3  (aJOMOCHIMKAT THIA MYJUIATA, (QasuIuT/MarHeTHT W
reMaTHT/aTIOMOTeMaTuT). B-TpeThuX, NPOJEMOHCTPUPOBAHA MPHUHIUNIHATILHAS
BO3MOXKHOCTH UCIOJIB30BaHMsI JIETYUUX 30J1 B KauecTBe MUKpoTpaccepos it MIPII ¢
UICHTH(UKAIIMESH MeTOIOM MECCOayIPOBCKON CIEKTPOCKOIHH.

[IpakTuueckoe 3HaueHHE PAaOOTHl OMpEAeNsieTcss TeM, 4YTO TNpeajaracmas
TEXHOJIOTHSI TO3BOJISIET MCIOJB30BaTh BTOPUYHOE CBHIPHE MPOMBIIUICHHBIX OTXOIOB
YIOJIbHON JHEPreTHKH B BBICOKOTEXHOJOTHMYHBIX HE(TECEPBHCHBIX NPUIOKEHHSX,
YTO OAHOBPEMEHHO pemaer 3aaadun MoHuTopuHra MIPII u yTwimzanuu 307IbHBIX
oTBanoB. PaspaboTaHHbIl aBTOpamm OSKcrepuMeHTanbHBIA cTeHn (Shokanov et
al., 2023) oOecrneunBaeT HEOOXOIUMYIO METOAMYECKYIO M METPOJIOTHYECKYIO 0a3zy
Ul JaldbHEHIIMX HCCIENOBAHUN 10 NPAaKTUYECKOMY BHEIPEHUIO TEXHOJIOTHH.
[lepcrieKTUBHBIM HampaBlIeHUEM JAaJbHEWIIMX HCCICAOBAHHUN SIBISETCS H3yuCHHE
MOBEJCHNSI 30JbHBIX MHKPOTPAcCEpPOB B YCIOBHSIX, MOJEIUPYIOIIUX IIACTOBOE
JaBlieHHE W TEMIIEpaTypy, a TaKKe KOJIMYECTBEHHAas OIIEHKa YyBCTBHTEIbHOCTH
PETUCTPALIUH 110 KOHLIEHTPALIUH B IPOLYKIMH CKBaKHHBI.
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Abstract. The physical origin of dark energy, as well as the increasing Hubble
tension between the local and the early cosmic microwave background expansion
rates of the universe, have motivated the development of alternative gravity theories.
However, discerning among these models has proved to be a challenging task. While
standard extensions of general relativity by means of metric modifications (e.g., f(R)
gravity) and their teleparallel analogs (e.g., f(T) gravity) may appear structurally
similar in terms of background cosmological evolution, they show an incredible degree
of degeneracy. Since they can be fine-tuned to predict identical cosmic kinematics,
using expansion measurements will leave us unable to know whether cosmic
acceleration is driven by space-time curvature R or torsion I. In this paper, we show
that this mathematical degeneracy can be explicitly broken when investigating the
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dynamics of cosmic structures, that is, in the case of linear cosmological perturbations.
We analytically prove that although both theories predict the existence of a modified
gravitational friction term friction @ ¥ O, their polarization, which affects the
propagation of primordial gravitational waves throughout the universe, they lead to
different polarization spectra. The structural differences between curvature-induced
fields and torsion-induced ones alter the amplitude and phase of individual polarization
modes in distinct ways during the perturbative regime. Consequently, we propose a
definitive observational test for future space-based gravitational wave interferometers.
By measuring the polarization of gravitational waves, binary compact object
mergers with known distances, these instruments can isolate these subtle asymmetric
signatures. This approach offers a clean, model-independent breakthrough capable of
bypassing historical mathematical degeneracies and unambiguously determining the
true geometric nature of our space-time.

Keywords: dark energy, f(R) gravity, f(T) gravity, teleparallel gravity,
gravitational waves, space-time geometry
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AnHotanus. KyHripT SHeprustHbIH (pU3NKANBIK MIBIFY TETi, COHAal-aK FaJaMHBIH
JKEPTUTIKTI JKOHE epTe FapBIITHIK MHKPOTOJKBIHIBI (POH KEHEIO >KBUIIAMIBIKTaphl
apaceiHiarel  XaO0m mIMeNneHiCiHiH apTybl Oajama TpaBHTalUs TEOPHUSIIAPBIHBIH
JaMyblHa TYPTKi Oonmel. Jlereamen, Oyl Mozenbaepi aXbIpaTy KUBIH MIHJIET
OOJBIT MIBIKTBI. METpPUKAIBIK MomuduKanusiap (MbICaHI, f [R] TpaBUTAIINSA)
JKOHE OJIap/blH Tenenapaieas aHanorrapbl (Mbicansl, f{I') rpaButamus) apKbLIbl
JKAJITBI CAJIBICTHIPMAIIBUIBIKTBIH CTAHAAPTTHI KEHEHTIMIAEepi (POHIBIK KOCMOJIOTHSIIBIK,
9BOJIIOIMS TYPFBICBIHAH KYPBUIBIMABIK JKarblHaH YKcac OOJBIT KOPiHyl MYMKIiH
Oosica sa, omap >KOFapbl A9peKeneri JereHepalusiHbl kepcereai. Omapasl Oipaeit
FApBILITHIK KMHEMAaTWKaHbl OoJpKay YIIIH 1o OanTayra OONaTBIHABIKTaH, KEHEIO
eJIIeMICPiH maiianany Oi3re FapblITBHIK YACYHiH KEHICTIK-yakKbIT KHCBIFbIMEH R
Hemece OypanymeH I' GaiiaHbICTBI €KeHIH OlTyre MyMKiHAIK Oepmeiisi. by makanana
013 FapBIITHIK KYPBUIBIMAAPABIH JTUHAMUKACBIH 3€PTTEreH Ke3[e, SIFHU CBI3BIKTHIK
KOCMOJIOTHSUIBIK ayBITKYJIap JKaraaiblHaa Oyl MaTeMaTHKaNbIK AeTeHEepalnsHbl aHBIK,
Typae Oy3yra OoJIaThIHBIH KepceTeMi3. bi3 eki Teopus aa rajaM OOWBIHIIA aJIFAIlKbI
IpaBUTALMAIBIK TONKbIHAAPBIH TapalybiHa ocep eTeTin &y F 0 Mmonudukanusnanran
IpaBUTAIMSJIBIK YHKETiC TEepMUHIHIH Oap eKeHiH OoJrKaraHBIMEH, oJlap JpTypii
MOJISIPU3aLUS CTIEKTPIIepiHe OKEJIETIHIH aHATMTUKAJIBIK TYPJE Aaemaeimi3. KUCBIKTBIK
TyABIPATBIH epicTep MeH Oypany TYAbIpaThlH epicTep apachbIHIAFbl KYPBUIBIMJIBIK
alBIPMAIIBUTBIKTAP MEPTYPOATUBTI PEXKUM KE31HC JKEKe MOJSPU3aLns PeKUMIEPiHIH
aMILTUTYAachl MEH (a3achblH SPTYPIl KOJIJApMEH ©3repTei.

Hemek, 613 6onamak KeHICTIKTIK FpaBUTALMSUTBIK TOIKBIH HHTEp(dEepoMeTpiepi YIIiH
HaAKThI0aKbLIay CHIHAFBIHYChIHAMBI3. [ PaBUTAIMSITBIK TONKBIHAAPIBIH TOJISIPH3AIHSICHIH
OJIIIIey apKbLIbI, OCNTUI KAIIBIKTHIKTaFbl CSKIJTIK KOMITAKT HBICAHAAPIBIH Oipiryi
apKBUIBL, OYJI Kypasiap oCbl HO31K aCHMMETPHSIIBIK KOJITaHOaIapAbl OOl ana ajnabl.
By Tocin Tapuxu MaTeMaTHKAIBIK AeTeHepanusIapAbl allHAIIBII OTil, KeHICTIK-yaKbIT
MaTaChIHBIH IIBIHANBI TEOMETPHSIIBIK TAOUFATHIH OIPMOH/II TYp/IC aHBIKTayFa KadineTTi
Ta3a, MOZIeJIbI'e TAYEJICi3 CepIiIic YChIHABI.

Tyiiin cesmep: kynripr sueprus, f(R) rpasuraumsicel, f(T) rpasuranuscel, te-
Jenapasienb IPaBUTAIHS, TPABUTALUSUIBIK TOJIKBIHIAP, KeHICTIK-YaKbIT T€OMETPHSCHI
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AnHoTanusi. dusndeckas npupoja TEMHOM SHEPrUH, a TAKXKE BO3pacTaroILast
HanpspKEHHOCTh Xab0ma, BhIpakalomascs B PACXOKICHHH MEXIY JIOKAJIbHO U3Me-
psAeMOil CKOPOCTBIO pacuIpeHuss BeeneHHON U 3HAYSHUSIMH, TTOJTy4YeHHBIMU TIO JaH-
HBIM PAaHHETO PEJIMKTOBOTO M3JIY4YEeHHsI, CTUMYJIUPOBAIN Pa3BUTHE albTEPHATUBHBIX
Teopuil rpaBuTanuu. OmHAKO BBHIOOP MEXKAY TaKUMH MOJEISIMH OCTAETCS CIONKHON
3anadeid. CTaHIapTHBIE paclIMpeHus oOIIeil TEOpUU OTHOCUTEIHHOCTH, OCHOBaHHbBIE
Ha MomuUKalMu MeTpudeckoro ¢opmanusma, Hampumep f(R)-rpaButanms, u ux
Tesenapaienbubie ananory, tTakue kak f(T)-rpaBuranusi, MOTYT IEMOHCTPUPOBATH
CXOIHYIO (DOHOBYIO KOCMOJIOTHUECKYFO IBOJIOIHIO, YTO IPUBOAMT K BEICOKOW CTENICHH
TEOPETUYECCKOTO BBIPOXKACHUS. [10CKOIBKY TaHHBIE MOJIENN MOTYT OBITh MOCTPOCHBI
TakuM 00pa3oM, 4TOOBI PEICKa3bIBaTh UACHTUYHYIO KOCMUYECKYI0 KHHEMATHKY, Ol
HHUX TOJIBKO M3MEPEHUN pacuupeHusi BceneHHoM HelnocTaTroyHo JJIs yCTAaHOBIEHMS
TOT0, 00YCJIOBJICHO JIM KOCMHYECKOE YCKOPEHNE KPUBH3HOHN MPOCTPaHCTBA-BpeMeHH R
i kpyuenuem T. B naHHO# paboTe moka3aHo, YTO YKa3aHHOE MaTeMaTHYECKOE BbI-
pPOXIIEHHE MOXKET OBbITh YCTPaHEHO NPH aHAINW3e AUHAMHUKH KOCMUYECKUX CTPYKTYP,
B YAaCTHOCTH B PEXKHUME JIMHEHHBIX KOCMOJOTHYECKUX BO3MYIICHHNA. AHATUTHUECKH
MOKa3aHo, YTO, HECMOTPS Ha HAJIWYHE B 00CUX TEOPHUSX MOIUPHUIIMPOBAHHOTO UJie-
Ha TPaBUTALMOHHOTO TpeHus 0. M # 0, BIUSIONIET0 Ha pacpoCTPaHEeHNnEe EPBUYHBIX
IPAaBUTALMOHHBIX BOJIH BO BCElIEHHON, METpUUYECKUE U TelenapaliebHble MOJIEIN
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MPHUBOIAT K Pa3IUYHBIM CIIEKTpaM moisipu3auuu. CTPYKTYpHBIE Pazivyuusi MEXIY
MOJISIMU, MTOPOXKJAEMBIMUA KPUBU3HOM, M MOJSIMH, CBA3AHHBIMH C KpyY€HHEM, M0-pa3-
HOMY U3MEHSIOT aMIUIMTYAy W (pa3y OTAENbHBIX MOJISPU3ALMOHHBIX MOI B PEXHME
Bo3MylIeHUH. Ha 3Toil ocHOBe mpeokeH HaOMonaTeIbHbIN TeCT A OyayInuX KOC-
MHYECKHX I'PaBUTAIIMOHHO-BOJIHOBBIX MHTEpepoMeTpoB. M3mepeHue nomsipusanuu
IPaBUTAIIMOHHBIX BOJH OT CIUSHHUMA JBOWHBIX KOMIAKTHBIX OOBEKTOB C M3BECTHBIMH
PacCTOSHUSMH MTO3BOJIMT BBISIBUTh TOHKHE ACUMMETPHYHBIE CUTHATYPbI, XapaKTepPHbIE
JUTSL pa3IMYHBIX T€OMETPUUECKUX ONMMCAHUN rpaBuTanuu. [IpennoxeHHblil moaxon oT-
KpbIBa€T BO3MOKHOCTb MOJIEIbHO-HE3aBUCHMOTO PA3JINYEHHs] METPUUYECKUX U Telle-
napajuieNbHBIX TEOPUH TPaBUTALUU, MPEOAOJICHUS UX (POHOBOTO KOCMOJIOTHYECKOTO
BBIPOXKJIEHUS M YTOUYHEHHSI TEOMETPUUECKOM MPUPOIbI MPOCTPAHCTBA-BPEMEHH.

KuroueBbie caoBa: 1éMmHast Heprus, f(R) - IpaBUTalus, f(T) - rpaBuranyus,
TeNenapajuieibHas rpaBUTaLMsl, TPABUTALMOHHBIE BOJIHBI, TEOMETPHS IPOCTPaHCTBA-
BpeMEHHU

Kipicne. Kazipri 3amanrbel QpyHnamenTanabl Gusuka MeH OaKbUIAYJIBbIK KOCMOJIO-
rusi TEpeH NapagurMaiblk Tpanchopmanus KapcanbiHaa Typ. COHFbI OHXBUILABIKTAP
6oiiel ACDM (JIsmOpa-Cankpein KyHripr Matepusi) aen aranarsii CTaHIapTThI KOC-
MOJIOTHSUTBIK, MOZAEIh OJEMHIH 3BOJIOLMICHIH CUIIATTay YLIIH ©Te TaOBICTBHI TEOpH-
SUTBIK 1preTac KbI3METiH arkapAabl. AnpOepT DHHIITEHHHIH JKanmbl canbICThIpMAaIbIK
TEOpHSChIHA CYHEHETiH Oy Mojaedb OacTamkbl HYKJICOCHHTE3[eH OacTar, pPemuKTi
(OHIBIK CoyNeNeHyiH TeMIIEpaTypajiblK aHU30TPONHACHIHA, OJEMHIH ipi MacTaOThl
KYPBUIBIMBIHBIH KaJIBIIITACYbIHA J)KOHE TaTaKTUKATAPAbIH TapalyblHa ACHiHT1 OaKpliay
JepeKTepiHiH KeH CIEeKTPiH Tamalla TyciHaipeni. Ajaiia, oCbl KOPHEKTI JKETIiCTiK-
tepre kapamactad, ACDM moneni o3 imriHae KOHIENTyalabl OCaIAbIKTapAbl KaMTH-
nei(Nojiri, 2011, 2; Davies, 1980, 2; Riess, 1998, 3). OnapabiH eH 0acThICHl — (U3HKa-
JIBIK TaOUFaTHI OeNrici3 eki cyOCTaHIUSHBI TOCTYIATTAY KaXKeTTidiri: 0apHOHIIBIK eMec
CaJIKBIH KYHTIPT MaTepusl ’KoOHE KOCMOJIOTHSIIBIK A TYPaKTBICHl apKbLIbI CUIIATTAIaThIH
KYHTIPT 9Heprus. OJNEeMHIH KEHIHI1 3BONIOUMS CaThUIAPBIHAA OHBIH YAEMeNi YJiFa-
I01HE JKayanThl KYHTIPT SHEPTUsS TCOPUSIIBIK (DU3NKAHBIH €H YJIKEH KYMOarbl OOJBII
TaObUTabl. A-HBI KBAaHTTHIK ©piC TEOPUSCH MIEHOEPIHE BaKyyM SHEPTHCH PETiHJe
TYCIHIIpY opekeTTepi OaliKanaTblH MOHMEH OHJaFaH IIama PeTiHJET] anarThl colkec-
CI3HIKKEe OKem COFajbl, OyJ IICHIIMEHTIH JoJI peTTey mpodiemachl peTiHae Oenrii
(Dimopoulos, 2021, 3; Gamonal, 2021, 3).

OHbIH YCTiHE, COHFBI KbIIAAPHI OaKbLIaYIBIK KOCMOIOTHS OYPBIH-COHABI OOJIMaraH
Jaraapbicka Tam Oonabl, Oy CTaHJapTTHl MapaJurMaHbl KalTa Kapayabl MOXKOYpIik
ereni. MoBacbiH "Xa00n1 kepueyniri" (Hy tension) men aranmatelH KyOBLIbIC —
OpTYpIIi TOyeIICi3 9IiICTEPMEH OJIICHIeH Xa00 TYPaKThICHIHBIH MOHJIEP1 apachIHaFbl
CTaTUCTHKAJIBIK MaHbI3/IbI colikecciznik. Llepenarep meH la TunTi )kaHa KYIABI3AaPIBIH
(OTOMETPUSIIBIK KAIBIKTBIKTAPBIH KaJMOpJIeyre HEri3lenreH KeprulikTi ejmeynep
(aran aitkanga, SHOES bIHTBIMAKTACTHIFBIHBIH JAepekTepi) Hy # 73 xu/c/Mnx
MoHiH Oepeni(Capozziello, 2016, 3; Capozziello, 2008, 2).Conbimen Oipre, Planck
cnytHurinig ACDM MozeniHiH KaTaH IIeHOEpiHAE PENUKTIK coyieleHyldl Tajaay
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HeTi3iHAe alblHFaH epTe OJeM AEPEeKTepiH IKCTpaNosAuusIiay endyip a3 MoHl
oomxaias: Hy 67 xa/c/Mnx. Byn coiikecciznik OYriHri KyHi 56 CTaTHCTHKAIBIK
MaHBI3IBUIBIK ~JCHTeHiHe KeTTi, Oyl KyObUIBICTBI —acmanTtap KaauOpJieydiH
KapamaiplM JKYHenik KaTelepiMeH TYCIHIIpYy MYMKIHAITIH TOJBIFBIMEH >KOKKa
weirapanei(Capozziello, 1996, 2). byn kepHeynik OIeMHIH YJIFal0 KbIIAaMABIFbIH
JMHAMUKAJIBIK TYPJE ©3repTe OTBIPBII, JKaHa (GU3HKAHBIH KEHIHTT caThiiapia (z < 1)
iCKe KOCBUTYBI KepeK eKeHiH aiikpiH kepcereni(Paliathanasis, 2019, 2).

DOK30THKaJBIK MaTePHSUIBIK CyOCTaHIUSUIAPAbl SHIi3yAIH TaOUFH KOHE MaTeMaTH-
KaJIbIK TaJIFaMbl OalaMachl peTiHAe MOAU(DUKAIMSIIAHFAH TPABUTAIIMS TEOPHSLIAPHI
tabbiaapl. Erep JKCT MakpoCKOMMSUIBIK FAPBIIITHIK MacIITa0Tapa rpaBUTAIUSIIBIK
ACepIECY/IiH TYNKLUTIKTI TEOPHUICH O0IMaca, OHJIa yIeMel YIFal KYObLIbICH Ta3a re-
OMETPUSIIBIK dCepiepMeH TYCIHAIpiTyl MyMKiH. OCBl TYpFbIIa TPaBUTALMSHBIH «T€0-
METPUSUIBIK YIITITD) JeTeH ipreii TYKbIppIMAaMachl epekiie MaHbi3Fa ue. by tacin
OOMBIHINIA, TPAaBUTALMAJIBIK 9CEpIIECy MaTeMaTHKAJIBIK TYPFbIIAH YII TYPJIi >KOJIMEH
SKBUBAJICHTTI TYpJE CHUIATTAybl MYMKIH: FapbIII-yaKbIT KUCBIKTBIFBI apKbuibl (Jle-
Bu-YuBHTa 0ailNIaHBICTBUIBIFBIH KOJJIAHATBIH METPUKAIBIK TPaBUTAIMS), FAPBIII-Y-
aKpIT Hipinyi apkbUIbl (BurnenOex 0aiaHbICTBUIBIFBIHA HET13A€ITeH Teenapaiiesb-
JIK TpaBUTAIMs1) KOHE HEMETPUsUIBUIBIK apKbUibl. Tapuxu typrbinan JXCT-HbIH eH
TepeH 3epTTeireH KeHeitimi merpukaiwlk f(R) rpaButauuscel 6o Tabbliabl,
MyH/1a DWHINTeHH- nndepT KilacCUKambIK SpeKeTiHAeTi PUun KUCBHIKTBIK CKaspbl R
OJlaH aJIbIHFaH anreOpaliblK (PYHKIUSIMEH alMacThIpbUIaAbl. AJaiiia COHFBI Ke3lepi
JKCT-HbIH TenemapasieibIiK SKBUBAJICHTI JKOHE OHBIH TIKeNeH KaJlbulaMachl —
f(T) rpaBuranmsicsl opacan 30p Teopusbik Hazap aygapyaa. f(T) TeopusichlHbIH
0acThl allBIPMAIIBUTBIFBl — HET13T1 AMHAMHUKAJIBIK allHBIMANbBI PETiHAe TeTpaja epici
h: -HBIH FapBILITHIH HOJIK KUCHIKTBIFBIHAA KOJNJaHBUTYbIHAA, Oy peTTe OyKin rpa-
BHTAIUSIIBIK JUHAMUKa nipiny ckanspeiaga T konranran(Papagiannopoulos, 2018, 2).

TepeH KoHUIENTyanAbl aWbIpMaIIbIIBIKTApFa KapaMacTaH, €Ki napagurma —
Merpukaislk f(R)) xone Tenenapamnensaik f(T) — KeHicTikTik ka3pik Ppuaman-
Pobeprcon-Yokep (FRW) merpukachiabiH (GOHABIK JieHTeliHae (DEeHOMEHOIOTHSLITBIK
Hamapiay Mocenecine Oenrini Oip mopexkesne yuslpaybl MyMKiH. bysr Teopusiapabig
maremarukanbeik ammaparel  f(R) nemece f(T) GyHKUMSIBIK [HIIiHIH aqibH
aja OepinreH ke3 KelnreH (OHABIK FAPBIMITHIK YIIFAI0 TapHUXbIH H(z) eTe xorapsl
TONIIKIICH KaiTa IIbIFapaThlHIal eTil TaHAaayFa MYMKIHIIK Oeperi. bys FapbImThIK
KaIIBIKTBIKTApIbIH HMHTETPAIBIK OJIIIEeMIepiHe HETI3ACITeH IOCTYPJi TECTTePHiH
OJeMHiIH ipi MacIITa0THI KYPBUTBIMBIH KUCBHIKTHIK IIEH HiPUTYIiH KalChICHI 0aCKapaThbIHBI
Typallbl MoceJeHI TyOereiyn miere aJlMalThIHBIH Ourmipeni. byl kumHeMaTHKaIBIK
Hamrapiayabl KaTaH Typae Oy3y VIIiH mepTypOaTHBTIK JCHreire Kelry XoHE jKaHa
acTpoU3HKaAIBIK 30HATApALI TapTy KaxeT(Cataneo, 2016, 3).

AcTpor3uKaHBIH KO apHaJbl aCTPOHOMHUS JI9yipiHe eHyl — KOC HEHTpPOH JKyJI-
neI3aap kyiheciniyg oipiryiner GW 170817 rpaBHTAUSAIBIK-TOTKBIHIBIK CUTHAIBIHBIH
JkoHe oHbIMEH Oipre kypetiH GRB 170817A ramma-maniibUIBIMBIHBIH 3TIOXAJIIBI
TipkenyiMeH OenrineHai — Oy FambIMaapFa TpaBUTAIlAS HETI3ACPiH TECTICY YIIiH
Tamarra Kypani oepai. [ paBUTanusIBIK TOJKBIHAAD METPUKAHBIH Typa KO3FaJbICTaAPHI
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OO0JIBIN TaOBLIA bl )KOHE OHBIH ILIKI JUHAMUKACH! Typalibl OypManaHOaraH aKmaparThl
03 OoiibiHAa ajbin kypeai. MoaudukanusianFal rpaBUTalMs TEOPUsUIApPbIHAA TEH-
30pJBIK KO3FANBICTapAbIH Tapanybl 3¢ ¢ekThBTi [ImaHK MaccachbIHBIH HBOIIOLHSCHI
ecebineH Moaudukanusuianaapl. byt MonupukanusnanFad rpaBUTALUSUIIBIK YHKETic
(@pr) KYOBUTBICHIH TYABIPAJIBI, O TPABUTALMSIIBIK TOJIKBIH aMIUTUTYAACBIHBIH KOCBIM-
ma oscipeyine oken coransl. ConblH cammapsian, LISA memece Einstein Telescope
CHSAKTBI JIETEKTOPIApMEH OJIICHETIH TPaBUTALMSIIBIK-TOIKBIHABIK (DOTOMETPHSIIBIK
KAIIBIKTBIK " 5MEKTPOMATHATTIK KAIIBIKTHIKTAH df™ skyiteni Typae aybITKHTBIH
6omanei(Nojiri, 2011, 3).

JlereHMeH, METPHKAJbIK JKOHE TeJenapaie]bIiK T'paBUTAIMS apachIHIAFbI
HaIapiaayabl TYIKUTIKTI MIENTy YIIiH TeK TPaBUTAIMSIIBIK YUKEIICTIH 031 KEeTKLTIKCI3.
by MakanmaHbIH OpTaNBIK JQJIENi TPaBUTALMSUIBIK COYJIEICHYIIH MOJISIPHU3AIISIIBIK
MOJIaJIapbIHBIH, CHEeKTpiH Tammgay Oombin Tabbutagel. JKCT Tex eki TEeH30pIBIK
HOJSIPU3ALUSHBIH eMip cypyiHe xon Oepeni. Merpukansik f(R) rpaBHTanuschbiHa
KOIly epic TeHACYJEpiHiH peTiH TOPTIHII peTKe JeHiH apTThIpaabl, Oy JKaHa
CKAJISIPIIBIK €PKIHIIK JTOPEKECIH TYIBIPHIN, KOCBIMINA YKaHA TMOJSPU3AIMSHBI Maiina
ereni. Kepicinme, tenenapamtensaik f(T) rpaBuranusaceinga auddepeHnuanibK
TeHAeyNep TyOerei ekiHii peTTi TeHAeyIep OObII Kajalbl, )KOHE TEOPHS CKAJISIPIIBIK
Mojanapasl TyasipMaiiabl. Ockbuiaiima, 0i3 rpaBUTAUMAIBIK YHKeNic acepiepi Oip
ME3TiNJe aHBIKTAJFaH >KaFjaija CKaJspibIK MOJISIpU3alUsSHBIH Oonmaybl Oi3miH
OJeMiMi3IiH TenenapauieNbIiK CUIIaTTaMaChIHBIH 9JIIIITIHIH MaTeMaTHKAIBIK KaTaH
JIoJIeTIi peTiH/e KhI3MeT eTeTiHiH kepcereMi3(Kumar, 2023, 2).

Makanana KenTipiireH ecenreyiaep MeH (QU3HMKaJIbIK TYKbIPIMIAPAbI KaJarajiay bl
KCHIJIETY YIUiH, TOMeHJAerl l-kecTene Herisri mapTTel Oenrinenaep MEH OJapiAblH
cHUIaTTaMajapsbl )KyHeleHIN KopCceTiIre .

Kecre 1. Heri3ri KOCMOJOTHSIIBIK MAPTTHI OSNTLIE XKOHE OJapIbIH (GU3UKAIBIK CHIIATTaMAaJIaphl.

Hlapr- | Cunarramacsl . .
. JKymbicTarbl (pu3NKaIBIK MIHI / poJi
ThI 0eJri | (AHBIKTaMAaChI)
X Xab011 TypaKThICHI (Hy OPpTYpiIi 9IiCTepMEH oiiieHreH FaaMHbIH Kasipri KeHEH0 JKbII-
o tension) JTAMJIBIFBI MOH/ICPIHIH apachIHIaFbl KAWIIBUTBIKTHI CHITATTAMIbL.
FORY MeTpHKaIbIK TPaBUTALINS KeHicTik-yaKbITTBIH KUCHIKTBIFbIHA HET13/ICIITCH KAaJIIIbI Callbl-
] VY .
(R) TEOPHSCHI CThIpMaITBUIBIK TeopHsichiHbIH (JKCT) KeHe#TiIreH Typi.
- Tenenapamnnensai KenicTik-yakpITTBIH OypaiyblHa HETi3[enreH Oanamaibl rpa-
]
f@ TPaBUTALUS TCOPHSCHI BUTALMSUIIBIK MOZICTIb.
Momudurkarmsiianran — rpaBu- | DddextupTi [InaHk MaccachiHbIH 63repyiHEH TYbIHIAUThIH, rpa-
a N . .
M TALSUIBIK YHKEITIC TapaMeTpl | BUTALMSIIBIK TOJIKBIH aMJIATYIACKIH OOCCH/ICTETIH Mapamerp.
R MeTpHKaHBIH Killli KenicrikTe TapanaTbiH TpaBUTALHSIIBIK TOJKBIHAAPIBIH MaTe-
"
H TEH30PJIIBIK aybITKYJIaphl MAaTHKAJIBIK CUITATTaMAaCHL.
. MonudukanysianFad TpaBUTAlMAAA YaKbIT OOWBIHINIA JUHA-
ME O¢dexrunti [Tnank maccacst ¢ [PaBHTaLY Y
MUKAJIBIK TYPAE ©3TePETiH THIMI1 TapThUIBIC TYPAKTHICHL.
FanamHBIH yakpIT OOMBIHIIIA T€OMETPUSUIBIK OJIIIEMICPiHIH
alt) MacmrtaOThIK (akTop Yaxoll . P p
. WIFAIObIH (KCHEIO1H) CUIIATTANTBIH IIaMa.
. ) FanamubeiH QOHIBIK NeHTelaer! TMHAMUKAIBIK KCHEIO KBLI-
H Xa66n napamerpi H = d/fa :
JTAMJTBIFBIH KOPCETE/II.
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KocMOonmorusiIbIK KaIBIKTHIK MTEH YaKbIT MACIITA0BIH OJIIIeyTe
z Kp13b171 BIFBICY . .
apHAJIFaH HETI3T1 KOpCeTKiIl.
JEW I'paBuTaUMSAITBIK-TONKBIHABIK | [paBuTanmsuIbIK TONIKBIH AeTekTopnapsl (LISA, ET) apkeuist
L (hOTOMETPHSIIBIK KAIIBIKTHIK | CHTHAJ aMIUIUTYIACHI HETi31H/e OJIIIEHETiH KAIIBIKTHIK.
JEM OnexTpoMarHuTTiK poToMe- | XKapblk Hemece Gacka 3JIEKTPOMArHUTTIK COYJNIENeHy KeMe-
L TPUSIIBIK KAIIBIKTBHIK riMEH aHBIKTAJIAThIH CTAHIaPTThI KOCMOJIOTHSUTBIK KAIIIBIKTHIK.
n n T . . .

R Tempbic anatem' (breathing) | Tex f(R TEOPUACHIHA TOH, KEHICTIKTIH CUMMETPUSIIbI Pau-
g CKaJISIPJIBIK TIOJIApU3ALIAS AJIJIbI CO3BLTYBI MEH CBIFBUTYBIH TYIBIPATBIH KOCHIMIIIA MOJIA.
- «Kocy» xone «aiikac» TeH- | JKCT nen OapibIk Ganamaibl Teopusapaa Ke3AeCceTiH CTaH-

+Tx 30PJIBIK MOJSAPU3AIHSIAPHI JAPTThI TPABUTAIMSUIBIK TOJIKBIH TOJIPU3AIIUSIIAPEI.

Conpaii-ak, MOTiHAE Ke3A€CETiH Heri3ri ab0peBuarypatap MeH oapAblH (U3UKaIBIK
cHUIaTTaMasapsl 2-KecTee KopCceTireH.

Kecre 2. Marinje ke3aeceTiH Herisri KbICKapTyllap MeH ab0peBuaTypanap Tizimi.

Aob0OpeBuarypa Toarik aTaylfI . Kaszakma 6asamacobl / @U3HKAJIBIK MAFBIHACHI
(Tynnycka Tijinge)
KCT JKanmsl cansiCcTbIpMa- Anp0epT DHHIITEHHHIH KJIACCHKAIIBIK TAPTBUIBIC KYIII
JIBUTBIK TEOPHSICHI TEOPHSICHI.
ACDM Lambda-Cold Dark KocMOonOorusubIK KOHCTaHTa MEH CYBIK KYHTIPT 3aTThI
Matter €CEIIKe AJIaThIH CTAHAAPTTHI KOCMOJIOTHSIBIK MOJIEITB.
CMB Cosmic Microwave Penuxrinik cayneneny. FagamHbIH epre Ke3eHIHEH KaFaH
Background (OH/IBIK JKBUTYJIBIK COYyJICIICHY.
FRW Friedman-Robertson- deH;[M?H-Po§epTc0H-YOKep Merpukacel. Kenictiri Teric
Walker *KoHe OipTeKTi Famam/ipl cHaTTalThIH CTaHJAPTTH METPHKA.
Supernovae and Hy for Xab6m TypakThichiH HedenaTep MeH la TumnTi
SHOES the Equation of State of | CylepHOBaNap apKblibl JIOKAI/IbI OJILICHTIH XallbIKaPablK
dark energy 3epTTey KOJUIabopaIysACHL.
I'paBuTanMSUIBIK TONKBIH. MaccaHbIH yeMeli Ko3ra-
GW Gravitational Wave JIBICBIHAH TYBIHJAUTBIH KEHICTIK-yaKbIT METPHKACHIHBIH
TOJIKBIH/IAPBI.
OneKTpOMarHuTTiK. JKapblK CEKTpiHeT] (raMMa-coylie-
EM Electromagnetic JIep, ONTUKAIBIK XKoHE T.0.) OaKpLIaynapra KaTbICThI CHITAT-
Tama.
BKbB-xybikTaybl. KBAaHTTBIK MEXaHHUKa MEH TOJKBIH/IBIK
Wentzel-Kramers- .
WKB Brillouin ¢usukama KBa3MKJIACCHKATIBIK ECENTEYIIEp KYPIisyre
apHAJIFaH MaTEMaTHKAJIBIK d/IiC.
Jlazepitik HHT! METPHSUIBIK FAPBIIITHIK aHTEHHA.
LISA Laser Interferometer FpSEETaHHﬂn:i(i;e()%ibeEapﬂm I;ipKI?eyre apI:{aJlf:H
Space Antenna
FapBIITHIK HHTEp(epomeTp.
ET Einstein Telescope ?ﬁHMTeﬁH TEJIECKOIIBI. 1] PaBHTaHI/IﬂHBIK TOJ'I.KBIHZ[apZ[BI
TipKeyTe apHaIFaH Keyeci OybIHHBIH KEPYCTi AeTEKTOPHI.

3eprrey marepuanaapbl. ColikecTikTi Oy3y yHIiH METPUKAHbIH Killli TEH30PIIbIK
aybITKyTapeiH h;; Kemjenen i3cis kamubpreyne (ﬂihj =0, h{ = 0) enrizemis.
Moaudukanysianrad — I'paBUTalUsAa TPABUTALMSUIBIK  TOJKBIHHBIH — Tapaybl
a¢dexrunti [TnaHk mMaccacbiHa Mf TAYEJIl, OJI YaKbITThIH (DYHKIMSACHIHA aliHaJIaIbl
(Q1, 2023, 2):
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E'Fhl--llz} 0

5@ o [ dt d3x a® M? [ﬁfj——;—
il

MyHza @t} — MacmTabThIK pakTop.
Iaicrepi. Ocel opekeTke Jitnep-Jlarpamk TeHAEYJIEPiH KOJIJAHBIN, OHBI h; i-
OolbIHIIIA BapUaLMsIIAMBI3:

d 2 2572 —
—(a®M?h;) — aMZV?h; = 0. 2)

VYakpIT OOWBIHIIA TYBIHABIHBI KOOSHTIHIIHIH TYBIHABICHI PETIHIE ama OTBIPHII,
O13/1H aaThIHBIMBI3:

(3a*aM? + a*MI)h; + a* MPhy; —aMZV?h; =0. ()

. 3 2 . .. . 2 2
Tenpmeyni a®M_ - re Gemin xone ®ypoe-kenicririne xemin (V-— —k~), onpl
KaHOH/IBIK TYpre KenTipemis:

My K* _
)by + 5y =0, @)

A

hy+(32+

Xab06n mapameTpi H = @/ @ OHE OIIIEMCI3 TPaBUTALMAIBIK YHKEIC IapaMeTpi
z

M .
Ly = HM'E‘ CHI'13C OTBIPLII, I'PABUTALUAIBIK TOJKBIHAAPJABIH TapaJybIHbIH XaJIIbI-
JJaHFaH TeHILeyiH aJlaMbI3:

- . s
hi;'+3H[1+ﬂ,w]hi;'+§he;' =0. (%)

['paBUTAIMSIIBIK TOJKBIHIAP IBIH JKBLIIAMIBIFbI )KAPBIK KBUIJAM/IBIFBIHA TEH OOJIBIIT
Kananpl (cp = 1), anaiina ay, ¥ 0 Goybl aMIUIUTYJaHBIH KOCBIMILIA JJICIpEeyiHe OKell
COFaJIbl.

Hotmkenep. @omomempusinvl KaublKkmoikmapovly kamoinacsl. BKB-xybIkTaybl
(WKB) meHOepinie TOJIKBIH aMILTUTYIAChl i KHHETHKAJIBIK MyIe KodpQUIHEeHTIHIH
TyOipiHe Kepi MpOnOpUHOHANABI TYPAC JICipeii:

1

h o« ha (6)

DOTOMETPHUSAIBIK KANIBIKTHIK &; OJIICHETIH aMIUIUTy[ara Kepi MPOHOpLUOHAI.

GW
OchIad TPaBUTAINSIIBIK-TOTKBIHIBIK KAITBIKTBEIKTHIH dy CTaHIAPTTHI DJIEKTpOMAr-
HUTTIK KAIIBIKTHIKKA KATBIHACKI KEJIECIIeH Ka3blIa bl

Y o _ [
M — M- N
df, rzﬂl I__M',,z:ll:l N LM :I L (7)

127




ISSN 2224-5227 2.2026

myHnjarsl 0 uagekci z = 0 monxi Gingipeni. a,, = d(In Mf] J/d(lna) anbikra-
MachliH & = 1 — JIeH @ - Fa JeiiH WHTerpaiaail OTBIPHII, KeJIeCiIel TeH ey alaMbl3:

M2 _ja '
In (I:Mﬂn) = ~r1 ay dina’ )

KeI3p1T BIFBICYFA KOTIIITT (fﬂn a=—dz/ [1 + z] ) JKOHE TOTEHIUSIIIAN, COHFBI
KaTBIHACTEI TA0aMBI3:

1+=

1 # ey '
dfw[z:] = df_‘w (z)exp EJ. - ,}r:iz . 9)
0

Byn xyObuibic 3(h(eKTUBTI TpaBUTALMSIIBIK TYPAKTHIHBIH 3BONIOLUSCHIH TiKeJeH
OakbUIay MYMKIHJITIH amaapl. Ocep 1-cypeTrTe KepceTiireH.

1.4

== 2KCT (ACDM)

= Mopud. rpaBuTanusa (Apmo = 0.2)

= Mopnud¢. rpaBuTanUsi (Apmo = 0.6)

1.34 ® Bomxam (LISA/DWHIITEHRH TEIE€CKOEI)

d*"Idf" xatsmacst

Z KBI3BbIJI BIFBICYBI
aF* o .

Cypet 1. ®OTOMETPHSIIBIK KAIIBIKTBIKTAPBIH ZEH KBI3BLI BIFBICYFa Z Toyenainiri. Hykremi chIspix
XKCT (ACDM) 6omkaMaapsiHa coiikec Keleli, TyTac ChI3bIKTap — YHKesIic napaMeTpiHiH Gy OpTYpPI
MOHJIepi 6ap MoTUUKANUIIaHFaH TpaBUTAlsI MoAenbaepi. Karemnik sxonakrapsl 6ap Hykrenep LISA

skoHe Einstein Telescope aeTeKTOpIapbIHBIH KYTIJIETIH CE3IMTaIABIFBIH HUMATALMSIIANTBL.

Tankwlaay. baxviiay anomanusnapsvin maioday dxcaHe mycindipy. bizmin neprypoa-
THBTIK TaJ1aybIMBI3IBIH OPTAJIBIK 3JIEMEHTI 1-CypeT OOIIBIN TaObUIabl, O FAPBIITHIK
Macmrradrap/a XKammbl caabICTRIPMATBUIBIK TEOPUSCHIHBIH HET13AepiH TeKCepyiH TYH-
iH7l OakplIay KpUTEpHitl Oonbin caHanmaabl. byn rpadukTe rpaBUTANHASIBIK-TOIKBIH-
JBIK (POTOMETPHSUTBIK KAIIBIKTBIKTBIH JIEKTPOMATHUTTIK KAIIBIKTHIKKA KaThIHACHIHBIH
de / df""’ KBI3BUI BIFBICYFa TOYEJ/i SBOJIONHUACH KOpCeTinreH. OChl KMCHIKTAPIbIH
apTHIHIA TYPFaH (QU3UKAHBI TYCIHY OaceKenec reOMeTPHsUIBIK MapaurManap apachlH-
JaFbl HaIIapiay/s! Oy3y YIIiH €Te MaHbI3/IbI.

KCT-ra wHerizmenreH cTaHmapTThl FapbeluTHK Moxens (ACDM) menOepinme
TpaBUTAIMS TEK FapBII-YaKbIT KHUCHIKTBIFBIMEH CHIIATTanaabl, IlmaHk Maccacsl
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e3repicciz Kamanael. byn KoopaumHar sKyieciHe TpaBUTALMSIIBIK TOJKBIHAAP MEH
dotonmap Oipmedt Tapaiajpl, TEK OJIEMHIH aJaua0aTThIK YIIFAObl CayiJlapblHAH
oncipeiigi. MaremaTHKalbIK TYPFbIIAaH Oyl €Ki KalIbIKTBIK JEeTePMUHALUSCHIHBIH
Oipzeili exeHairiMeH kepineni, o rpaduxre 1.0 neHreifinmeri Kapa HyKTeJi ChI3bIKIIEH
kepceTinred. OChl KOJIJICHEH CBHI3BIKTaH Ke3 KeJITeH CTaTUCTUKAIIBIK MAaHBI3bI aybITKY
DOHHIUTEHH TeHAeYIepIMEH CUMAaTTaIMANTBIH «GKaHa (PU3MKaHBIHY OOJYBIH Olnaipeni.

TycTi KuCBIKTap (KOK MOHE KBI3bLI) TPABUTAIMSUIBIK YHKENIC MapaMeTpiHiH &y
oprypai mouzepinae f(R) xone f(T) cuskrol MopuduxauusianFan rpaBuTarys
TEOpHUSUIAPBIHBIH OOoKamMIapbIHa colikec Keneai. byl KUCBIKTapIIbIH Z apTKaH cailbiH
ecyi apdexrunri [Tnank maccacbiHbIH M, AMHAMUKAIBIK 3BOJIOIMICHIHBIH OCEPiH
aiikplH Kepcereni. KeHeWTiNreH rpaBUTalusl TeOpUsIIApbIHAA FaPbII-YaKbITTHIH
«TYTKBIPJIBIFB OIEMHIH YJIFaloiHe Kapail e3repeil, Oyl TpaBHTALUSUIBIK TOJIKBIH
aMIUTUTYJAChIHBIH KOCBIMINA QicipeyiHe okenm cofaapl. CHUrHam aMIUTUTYIACHI
CTaHJAPTTHl JKaFjaiffa KaparaHaa Te3ipeK TOMEHICHTIHMIKTEH, IeTeKTOpIapMeH
Tipkenerin df " KAIIBIKTHIFBI XKYHei Typae achipa Garananasl. OChUIaiilia, anbCTarbl
00beKT 0i3re 3JIEKTPOMArHUTTIK CIHEKTpre KaparaHAa TPaBHTALUSUIBIK CIEKTpAEC
«OYJTBIHFBIPBIPAKy OOJIBIT KOPIHE .

TeopusbIK KUCHIKTapAbIH YyCTiHe canbiarad, LISA sxone Einstein Telescope
CHSIKTBI Oomnamak MHTEepPEepOMETpIICpAiH OJIeyIepiH UMUTAIUSUIAUTBIH JepEKTEep
HYKTeJIepiHe epeKlle Hazap ayaapy KaxkeT. KaremikrepniH Tik jKomakTapsl Oap Kapa
HYKTEJIep «CTaHAapTThl CHPEHANapIbIH» — TIPKEJITeH AJIEKTPOMAarHUTTIK aHAJIOTHI
0ap KOC HEUTPOH >KYIIbI3ap JKyHenepiHiH Oipiry OKHFajapblH Tipkey Ke3iHzae
KYTUIETIH CTaTUCTHKAIBIK JONAIKTI Kepcereai. CypeTTeH KepiHil TypraHaai, kemeci
OybIH acranTapbIHBbIH OOJKAHATBIH CE3IMTAJIBIFBI CeHIMAUTIK aiimakTapbl JXCT
OoJDKaMIapbIHBIH IIETiHEH TOJIBIFBIMECH HIBIFYBIHA KETKIUIIKTI OOIabl.

Hemek, 1-cyper Kocapibl (QYHKUMSHBI OpBIHAAWbI. BipiHImineH, o TEeH30pIbIK
ayBITKYTapbIH a0CTPaKTUIi MareMaTUKaNbIK (OPMaU3MiH TiKeJIeH IKCTIEPUMEHTTIK
TeKCepy JKa3bIKTHIFbIHA Kelmipeai. EkiHimiaeH, o rpaBuTanus Moau(UKaIUsIChIHBIH
KyMYJISITUBTI CHIIATBIH KOPCETE/Ii: 9Cep YIKEH FapBIIITHIK KAIBIKTBIKTAP1a aHAFYPIIBIM
aiikpiH Oomaznpl, Oy ['T-acTpOHOMHUSIHBIH TEpeH IIONYNapblH KYHTIPT SHEPTUSHBIH
TaOMFaTBIH 3€pPTTEYHiH TanThIpMac KypaiblHa alHalAbIpaibl. AJaiina, Oyi TecTTiH
KCT-HBI XKOKKa MIBIFapy KaOijeTiHe KapamacTaH, O MOAW(UKALMSIHBIH HAaKThI
HBICaHBI (KUCBIKTBIK HEMECE Hipily) Typajbl MOCEICHI 9Jli Jie alllblK KaJAbIpabl, Oy
Keseci 0eiMIe TalKbUIaHATBIH NOTSIPU3ALMSIIBIK TalAay bl TAPTYAbl KaXKeT eTel.

Honapusayusanvix mooanap cnekmpi.

df" = dE* emmemi XKCT-Hbl OKKa wbIFapaisl, 6ipax f(R) nen f(T) -wui
aXbIparnaiabl. JJMCKpUMHHATOP PETiH/IE TEOPUSITAPIBIH iK1 ePKIHIIIK ASpeKeTepiHeH
TYBIHIAUTBIH OIS PU3ALUSIIBIK CIIEKTP IIBIFaIbI.

f(R) rpaBuTammscel YIIiH TONBIK MOAU(HUKALMAIAHFAH ©pic TeHJeylIepiH
KapacThIpalbIK:

1 g
fRR,I_.I_v - Efggv - ?#vva + g#vaR = K‘T,u:n},(l())
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MyHIaFbl fr, = @f/ @R KachIpblH CKAISIPIIBIK €PKIHAIK JIOPEKECIH aHbIKTAY YIIIH
OCBI TEHJICY/IIH 131H aJlaMbI3, OHbI KEpi METPHKa g ApPKBUTHI Ka3aMBbI3:

9" (frRu) = IR, (1)
a* (-%fgwj = —2f (12)
" (—V, V. fz) = —0Of;, (13)
9" (9, 0fz) = 40/, (14)

OcChbl KOMITOHEHTTEPAl JKHHAKTAaH OTBIPHIN, JKaHA CKaJSAPIBIK epKIHTIK Topekeci
(CxanmspoH) yIIiH KHWHEMaTHKAJIBIK TCHCYI alaMbl3:

30f; + xR — 2f = K'T- (15)

fr - nim angeEa JanamGep onepaTopsIHBIHOGOTY Bl KHCHIKTHIKTBIH TYBIH/BICHIHEIH
TOYEJICi3 MAaCCUBTIK CKAIIAPIBIK OPiC PETiHIE TapajJaThIHBIH IoJenaeii. by epictig
JIETEKTOPIIAPMEH dCEPIIECYi KOCBIMIIA OJIApU3alus i, Tyasipajisl.

Tenenapamtensaix f(T) rpaBuranusaceinga KO3FaIbIC TEHJAEYNEpi eKiHII peTTi
Ooubln Kaiaasl. [3 any cannapsl nipiny QyHKUMSIIApBIHBIH aiabiHaa O omepaTopbIHBIH
maiina GomyelHa okenmeiimi. Ocwimaitmia, merisri f(T) Teopmscel cKamspibIk
MoJanap/bl KO3IbIPMaii/ibl, TEK CTAHAAPTTHI TEH30PJIBIK MOJApU3alumsiap fy sKoHE
h.. Gomxaiizet (2-cyper).

Tenzopasr (+) Tenzopasl (X)
KCT, f(T), f(R) KCT, f(T), f(R)

CxkamsipybIK, (ThIHBICTAFBIII)
Tex merpukaJnik, f(R)

Cypert 2. CpiHaK OeIeKTep CaKWHACBIHBIH dPTYPIIi NOMSAPU3AIMSIBIK MOIaTap 6TKEH Ke3Ieri
ne(OpPMaIMSICHIHBIH CXEMaTHKAIBIK OeiHeci.
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KopbIThiHABL. by xyMbIcTa 3amMaHayn KOCMOJIOTHSHBIH ipreii Maceneci —
(OHIBIK FapBINTHIK YIFAKD JICHICHIHJAETT TpPaBUTAIUSHBIH OanamMa Teopusapbl
apachIH/IaFbl KHHEMAaTHKAJIBIK HAIIAPJIay/bl (JeTeHePAIUSHBI ) dKaH-)KaKThl TCOPUSLITBIK
3eprrey Kyprizuigi. CTaHnapTThl KOCMONOTHUIBIK MoxaenbaiH (ACDM) ecin kene
’KaTKaH [arJaphbiChl, ©3iH €H alKkblH «Xab0n kepHeyniri» Hj tension) Typinze
KepceTin, OJIEeMHIH KEHIHT1 3BOJIONUS CaThUIAPBIHIAFBl JUHAMHUKACHL TYypaibl
TYCIHIKTEpiMi3/l KaliTa Kapay KaKeTTUIITH aHbIK KepceTedi. Anaiina, Oy MaceneHi
MoIU(DUKAUSIIAaHFaH IPABUTAIMSHBI €HT'13Y apKbUIbI STy SPEKETTEePi KOHIICTITY bl
KeJleprire MIiHICTTI TypAe Tam Oosajbl: JKaimel callbICTBIPMAIbIK TEOPUSICHIHBIH
METPHKAJIBIK KEHENTIMIEP] (MBICAIIBI, FAPBILI-YaKbIT KUCHIKTHIFbIHA Heriznenren [ R)
I'PaBHUTAIMSCH) KOHE OJIAP/IbIH TeJICMapaIIICNIb/[iK aHAIOTTaphl (MbICAJIbI, a0COIOTTI
JKa3bIK KeHicTikreri uipinyre Heriznenren f(T) rpaBuranuscer) Xa60m napaMeTpinin
H(z) 6ipneii yiaraio TapuxblH MaTeMaTHUKANBIK TYPFbIIAH J0J KAWTa IIbIFApa anajbl.
Byn la Ttunti xaHa SKyiapi3gap, OapHOHIBIK aKyCTHUKAaJbIK TepOericTep IKoHe
PEIMKTI COyJENCHY aHM30TPOIHUSACHI CHSKTHI JCTYPIl KOCMOJOTHSUIBIK 30HTap/IbI
IPaBUTALUSIIBIK 9CEPIICCY/IIH IIbIHAIBI TCOMETPHUSIIBIK TAOUFATHIH allly YIIiH TyOereui
JKETKIIIKCI3 eTel.

Bizgin  3eprreyimisfiH  0acThl HOTHOKECI KOpCETUIreH (HEHOMEHOJIOTHUSIIBIK
HamapiayablH — (OHABIK KHHEMAaTHKAJgaH  ChI3BIKTBIK  FApPBIMITBIK  aybITKYJIap
JIMHAMHUKAChIHA, aTall alTKaHJa — TPaBUTAIUSIIBIK TOJKbIHAAP (PU3UKACBIHA KOIIy
Ke31H/Ie TYNKUTIKTI )XOHE KaUTBIMCBI3 TYp/Ie KOUBLIATBIHBIHBIH KAaTaH aHAJTUTUKAJIBIK
noneni 0orbin TadbuTabl. ACTpO(U3UKAHBIH KOI apHaJbl aCTPOHOMHUSI I9yipiHe eHYi
FapBIII-yaKbIT «MaTaChIH» TiKeJIEH TecTijiey YIIiH Oipereli Tepe3eHi anrasl.

Bipinmrigen, 0i3 eki MoauUKaUsIaHFaH MapajurMaHblH — METPHUKAIBIK JKOHE
TeJenapaie/bIiKk — FapbIITHIK MacimTadTapaa 3¢ dextusti [lnmaHk mMaccachbiHbIH
TUHAMHKAIBIK DBOJIONISCHIH OOJDKAUTHIHBEIH KOPCETTIK. bynm @, mapamerpiMeH
cunarTajarblH  MoAM(UKALMSIIAHFAH TPABUTALMSIBIK  YHKENIiC KYyOBUIBICHIHBIH
maiia OONlybIHA OKEeIN COFaabl. by YHKemiCTiH OOoNMyhl TPaBUTANMSUIBIK TOJKBIH
AMIUTUTYTACBIHBIH ~KEHEHINm JKaTKaH ©OJeM apkeutkl Tapamry kesigae JKCT
OomkamMaapblHAH ©3Telle 3aHIBUIBIKIICH OJICIpEHTIHIH Olnmipeni. MYHBIH canmapbl
IPaBUTANUSIIBIK-TOJIKBIHIBIK (DOTOMETPHUSIIBIK KAIIBIKTHIK de IICH CTaHJIapTThI
AJIEKTPOMATrHUTTIK KAIIBIKTHIK df” apachblHAaFrbl MIHJETTI COMKECCI3IK OOJIbII
tabbutazpl. Keneci Oybin nerexropiaapeiMet (LISA, Einstein Telescope nemece Cosmic
Explorer) «crangapTThl cupeHanap» (JIEKTPOMArHUTTIK aHaJOrbl 0ap KOC HEHTpPOH
KYIIBI3IAP HEMece Kapa KypAbIMIap) apKbLIbI dfw / r:if_” # 1 KaThIHACBIH OJIIICYy
nH(PaKbI3bUT MacTadTapaa MOAUPUKAIIUSITAHFAH TPaBUTANUSHBIH x)oHe KCT-HbIH
OY3BUTYBIHBIH JIayChI3 JQJIENI KbI3METiH aTKapaibl.

Exinmninen, xoHe Oyl MakajaHbIH OPTAJBIK TY)KBIPBIMBI OOJBIN TaObLIaIbI, 013
IPaBUTALMSIIBIK YHKEIIIC 9CepiHiH 031 KUCBIKTHIK MIEH HipiTyal aXpIpaTa alIMalThIHbIH
aHbIKTaAbIK. LlbrHalbel quckpumuHaTOp (sSmoking gun) peTiHle TpPaBHTALUSIBIK
coylleNeHy/IiH HONSPH3aALMAIBIK CIeKTpi mbiraasl. Merpukanbik f(R) rpasutanmscs
epic TeHaeynepiHieri *orapbl (TOPTIHIL) TYBIHABLIAPABIH OoiyblHA OaIaHBICTHI
KOCBIMIIIA CKaJISIPJIBIK CPKIHAIK JOPEKECIH — CKalIPOHIbI MIHIETTI Typle
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Tynblpaabl. by epicTiH 0akbUIayIbIK KOPiHICI YIUiHII, «THIHBIC anaTein» (breathing)
MOJISIPU3ALUSIIBIK MOJAHBIH KO3YbI OOJIBIN TaObLIAABI, O KEHICTIKTIH CUMMETPHSIIBIK,
paauanael CO3BUIYBIH JKOHE KBICBUIYBIH TyAbIpanbl. KepiciHiie, Tenemapanienbaik
f(T) rpaBuranmsceinga Hipity cKanspbl TETPaaa OpiCiHiH Tek GipiHIIi TybIHABLIAPBIH
KaMTH/IbI, COHBIH apKaChIH/Ia KO3FaJIbIC TCHJICY1 KaTaH eKiHII peTTi cakraiiibl. COHbIH
cannapsinan, Herisri f (T) Teopuschl TapamaThiH CKaIsSpIBIK MOAATAPIB KAMTEIMATIBT
KOHE TEK €Ki KIACCHKAJBIK TEH30PJBIK MOJISIPH3ALUSIHBI («IUTIOC» KOHE «KPECT»)
OOJIKAMIBI.

OchI TEOPHSIIBIK HOTHOKENIEpTe CYHeHe OTHIPHIIN, 013 Oonamak 0akplIay MUCCUSIIAPEI
YIIiH KaTaH €Ki CaThUIbl alrOPUTMII TYKBIPEIMIaMBbI3. Erep keneci OHXBUIIBIKTHIH
uHTEepdEepoMeTpIIepi IPaBUTALMSIIBIK-TOIKBIHABIK CHTHAIIBIH aHOMAJIbl JJICipeyiH
Tipkece (6y1 @y F 0 nonenyeiini), seprreymiinep Kom AeTeKTOPIIbI HONAPUIALHUAIBIK
Kayar TallJayblH KYprizyaepi KaxeT. « ThIHBIC anaThiH» MOJa aHBIKTaJIFaH XKaraani/a,
Onem Puman reomerpusichiMen Gackapbuiagsl kone f(R) mapamurmacel e3iHin
9KCTIEPUMEHTTIK pacTalyblH ajajbl. AJaiiia, erep rpaBUTAlMSIIBIK COYNeNeHy KaTaH
TEH30PJIBIK OOJIBIN MIBIKCa, 013 METPUKAIBIK MOAU(PHUKALUSIHB MAaTEMaTUKAJIBIK TYPAC
KOKKa HIBIFapyFa MokOyp Oomambi3. MyHzai Oakpliaynap KOMOHMHALUSACH OJIEMHIH
ipi MacmTaOThl KYPBUIBIMBIHBIH ipresli Heri3i Fapblll-yaKbITTBIH KUCBIKTBIFBI €MEC,
oHbIH AOcomoTTi [lapamnenusm reoMeTpusiCBIMEH CHIMATTaJaThlH Hipilyl eKeHiHiH
Joneni Oomaspl.

Kenipek ¢uiaocoQusiblk skoHE TEOPUSUIBIK TYPFBIIAH ajiFaHaa, Oyl HOTHXKENIep
KYHTIPT DSHEprusi MoceJeciH Iielry WICHOSpiHeH oJjieKaiiia achlll  TYCEIi.
['paBUTALMSIHBIH TeemapalieNbaiK TaOUFaThIHBIH pacTadybl TCOPUSIIBIK (PH3UKAHBIH
HeTi3iH TyOereiini KaiiTa Kapayabl Tanan ereai. Uipinyi 6ap reoMeTpust rpaBUTAIUSHBI
KaJTuOpIIiK Teopusiap TiMiHE (AIIEKTPOMAarHETU3M MEH SIIPOJIBIK KYLITEpre yKcac) —
HAKTBIpaK alTKaHAa, FapbIlI-yaKbIT TPAHCIANUsIIAp TOObIHA KalTa TYKbIpbIMAAyFa
MYMKIHIIK OepeTiH TaOWFM MaTeMaTHKaJIbIK KypbUIbIMFa He. Byi, e3 keserinne,
KOFapbl PETTI METPHKAJBIK TOCUIAEpPre TOH MAaTONOTHsIapAaH 0o0c, KBaHTTHIK
rpaBUTAlMAHBIH () (HeKTUBTI TeopusichiH (YD-asKTany) KypyFa )kaHa, MaTeMaTHKAaJIBIK,
TYPFBIIaH colikec >konaap ama amanasl. Ochuiaiiimna, ajafarbl OHXKBUIABIKTAPIAFbI
NPENM3UOH b TPABMTAMSIIBIK-TONKBIHABIK acTpoHomusi Hy marnapeichiH  mermin
KaHa KOWMal, COHBIMEH KaTap (yHIaMEeHTaJbl 9CEPIECYIePAiH TYNKITIKTI OipbIHFal
TEOPUSICHIH KYPYIBIH JYPBIC JKOJIBIH Kepcere anajubl. OChl )KYMBICTAa YCHIHBUIFAH
(heHOMEHOIOTHSITBIK MapKepiiep OoJamnak peBOTIONUSUIIBIK AIIBLTYIAp YIIiH TEOPHSIIBIK
Heri3al KajJaisl.
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Abstract. In this paper, a parametric analysis of bounce cosmology is carried
out within the framework of f('T,T7) gravity. The main objective of the study is to
determine the influence of the model parameters on the dynamics of the bounce scenario
and on the evolution of the main cosmological quantities. A bounce-type scale factor
describing a non-singular cosmological evolution is considered, and on the basis of this
parametrization the time behavior of the Hubble parameter, the deceleration parameter,
the energy density, the pressure, and the equation-of-state parameter is investigated. In
addition, particular attention is paid to the regions of fulfillment or violation of the null,
weak, strong, and dominant energy conditions.

The results obtained for different parameter values make it possible to characterize
the physical regimes in the vicinity of the bounce, to determine the behavior of the
energy density and pressure at the bounce point, and to assess the possibility of the
transition of the equation-of-state parameter into the phantom region. The analysis
shows that the violation of the null energy condition plays an important role in the
realization of the bounce scenario, whereas in some parametric regimes the dominant
energy condition remains satisfied.

During the study, analytical expressions and graphical results are compared, making it
possible to evaluate the influence of the model parameters on the character of the bounce,
the fulfillment of the energy conditions, and the effective cosmological dynamics. The
obtained results contribute to a deeper understanding of bounce cosmology in f(T,T")
gravity and may serve as a theoretical basis for further investigations of non-singular
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cosmological models in modified gravity theories. In addition, the conclusions help
identify physically admissible parameter regions for bounce scenarios and may provide
a basis for future studies of stability and cosmological perturbations.

Keywords: bounce cosmology, f(T,T) gravity, parametric analysis, energy
conditions, Hubble parameter, equation of state, scale factor
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Annorammsi. byn oxymbicta f(T,T) rpaBuTanuacel  aschIHIAFbl  CepIiic
KOCMOJIOTHSICBIHA TapaMeTPiiK Tajjay >Kyprisiiemi. 3epTTeydiH Herisri Maxcarbl
- MOJENb TapaMeTpIepiHiH CepIIlic CIeHApUiiHIH JUHAMHKACHIHA JKOHE HETi3ri
KOCMOJIOTHSUIBIK LIaMajlap/blH JBOJIIOLHUSCHIHA SCEPiH aHBIKTayOOJbII TaObUIAIBI.
JKyMbIcTa CHHTYISPIBIKCHI3 KOCMOJOTHSIIBIK 3BONIOUMSHBI CUIIATTAWTBIH CepIilic
TYpiHzeri MaciuTadThIK (pakTOp KapacThIPBUIBII, OCHI apaMeTpiieHy Herizinae Xaoom
napameTpi, Oasynay mapamerpi, SHEPrHsl TBHIFBI3IBIFBI, KBICBIM JKOHE KYH TeHaeyi
napaMeTpiHiH yakplT OoifbiHIIA e3repici 3eprreneni. COHBIMEH Karap SHEpPrus
LIAPTTAPBIHBIH, aral alTKaHga HeNIIK, OJICi3, KYIITI >XKOHE IOMUHAHT JHEPrus
LIapTTapBIHBIH OPBIHAANY HeMece Oy3blUly aliMakTapblHa epeKile Ha3ap aylapbuiaibl.
[lapameTpriepain opTYpii MOHAEP] YIUiH aJblHFAaH HOTHXKEJIEP CEPIIiIiC MaHbIHIAFbI
(GU3MKaNBIK PEeXUMICPAIH EpEeKIIeTIKTepiH culartayfa, Ceprilic HYKTeCiHeri
9HEPrus THIFBI3ABIFBl MEH KBICHIMHBIH CHUIAThIH aHBIKTayFa, COHIAH-aK KYH TeHaeyi
napaMmeTpiHiH (aHTOMJBIK aiiMaKKa ©Ty MYMKIHJIriH Oaraliayra MYMKIHIIK Oepei.
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JXKyprizinren tannay HOTHXKECIHIE CEPIITIC CIEHAPUIiHIH KY3€ere acybl YIUiH HOJIIIK
SHEPTUsl MIAPTHIHBIH OY3bLTybl MaHBI3/IBI POJI aTKapaThiHbI, ajl KelOip mapameTpiik
pEXUMAEpAE JOMUHAHT SHEPTHs LIAPTHIHBIH CAKTaIaThIHbI KOPCETiNe .

3eprrey OapbiChlHAA aHAIWTHKAIBIK OpHEKTep MEH TpaduKTiK Taugay
HOTIDKENIEpl  e3apa  CaJbICTBIPBUIBIN,  MOJENb  HapaMeTpJIepiHiH  cepriiic
CHUIIaThlHA, SHEPrHs LIAPTTAPBIHBIH OpPBIHAATYBIHA JKOHE THIMII KOCMOJOTHUSIBIK
nuHamuKara dcepi Oaranananwl. 3eprrey HoTwkenepi f(T,T ) rpaBUTALMSACHIHAAFbI
CepIIiTic KOCMOJIOTUSICBIHBIH KACHUETTEPIH TEpeHIPeK TYCiHyre »ardai rKacaiJbl
KOHE MoAM(UKAIMSIAHFAaH TPaBUTALMS TCOPUSUIAPBIHIAFBl  CHHTYJISPIBIKCHI3
KOCMOJIOTHSUIBIK MOJIEJIBJEPAl OJJaH opi 3epTTey YILUiH TEOPHsUIBIK Heri3 0ona anaibl.
ConbIMeH Oipre ajblHFaH KOPBITBIHABUIAD CEPIUIIC CLEHApUIIEpiHiH (U3HUKAIBIK
TYPFBIIaH )KapaM/Ibl TapaMeTpiiep OONbICHIH aHBIKTayFa )KoHe 00IaIaKTa OpHBIKTBUIBIK,
MeH KOCMOJIOTHSUIBIK YHBITKYJIapAbl 3epTTeyre OarbITTallFaH >KYMBICTapFa Heri3
Oonasl.

Tyiiin ce3xep: cepminic kocmonorusicel, f(T,T) rpaBuTanuscel, mapameTpik
Tajnay, SHeprus mapTrapbl, Xad0m napameTpi, Ky TeHaeyi, MacIITa0ThIK (GaKTop
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AnHoTauusi. B nanHoii pabore mpoBenéH napaMeTpUIeCKHil aHATH3 KOCMOJIOTHH
OTCKOKa B pamkax MomuduuupoBanHoi tenenapamiensHoi f(T,T)-rpaButauuu. Lle-
JIBIO UCCIIEJIOBAHHUS SIBIISIETCS OIPE/ICIICHUE BIMSHUS TapaMeTPOB MOZAEIN Ha JTUHAMMU-
Ky CIIEHapHusl OTCKOKa M SBOJIIOIIMIO OCHOBHBIX KOCMOJIOTMUECKHX BeJM4YuH. PaccMa-
TpHUBaeTCs MacIITaOHBIH (AaKTOp OTCKOKOBOTO THIIA, OMHUCHIBAIOLINH HECUHTYIISIPHYIO
KOCMOJIOTHYECKYI0 3BOJIONMI0. Ha ocHOBe BRIOpaHHOHN MapaMeTpHU3aliuy UCCIIeI0Ba-
HO BPEMEHHOE IMOBeJcHHE mapaMerpa Xa00ia, mapamerpa 3aMeUICHUs], TUIOTHOCTH
SHEpruu, JaBJICHUS U MapamMeTpa ypaBHEHHUs! cocTosiHus. Oco0oe BHUMaHHUE YACICHO
aHaJIN3Y BBINOJIHEHMs] M HapyLIEHHs] HEPTeTUYECKUX YCIOBMH, BKIJIIOYas HYJIEBOE,
ciaboe, CUIbHOE W JIOMUHAHTHOE ycJoBHs 3Heprud. I[lomydeHHble ISl pa3indHbIX
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3HAYEHUH MapaMeTpoB Pe3yJbTaThl MO3BOJIIMIN OXapaKTepu30BaTh 0COOEHHOCTH (H-
3MYECKUX PEKUMOB BOJIHM3HM TOUYKH OTCKOKA, ONPEIEUTh XapakTep MOBEAEHHs IIO0T-
HOCTH DHEPrUU U JABJICHHUS, a TaKKe OLUEHUTh BO3MOXKHOCTBH IEpexoja Imapamerpa
ypaBHEHHS COCTOSTHUS B (DaHTOMHYIO 00nacTh. [lokazaHo, yTo peanu3anus ClieHapHs
KOCMOJIOTHYECKOTO OTCKOKA TECHO CBsI3aHa C HApYLICHUEM HYJIEBOTO SHEPIeTHYECKOTO
YCIIOBHS, TOTZIA KaK B OTAEIbHBIX TApaMETPHUECKUX PEKUMAX COXPAHSIETCS BHIMOIHE-
HUE JOMHUHAHTHOTO SHEPreTHYECKOro YCIoBHs. B Xoae uccnenoBanus aHanuTHIECKHE
BBIPAYKEHUS COMOCTABJICHBI C pe3ylbTaTaMH rpa)iuecKoro aHajin3a, 4To MO3BOJIHIIO
OLICHUTH BIHMSIHHE MApaMETPOB MOJIENIN Ha XapaKTep OTCKOKA, BHIMOJHEHHE YHEPTETH-
YECKUX YCIOBHH M 0COOEHHOCTH 3P PEKTUBHON KOCMOIOTHYECKOH AnHamMuKH. [Tory-
YEeHHBIE PE3yJbTaThl CIIOCOOCTBYIOT Oojiee TIyOOKOMY ITOHMMAaHHUIO CBOMCTB KOCMOJIO-
run oTckoka B pamkax f(T,T)-rpaBurauuu 1 MOTYT CIY)KUTh TEOPETHYECKOM OCHOBOM
IUIsl aTbHEHIINX UCCIENOBAHUN HECHHTYJSIPHBIX KOCMOJIOTHUYECKHUX MOJeNeil B Teo-
pHUsX MOOU(PHUUIMPOBAHHOW rpaBUTanuu. Kpome TOro, caenaHHbIE BBIBOIBI TO3BOIS-
10T ONpeNeNuTh (PU3NIECKH TOIYCTHUMbIE 00JacTH MapaMeTPOB CLIEHAPHUEB OTCKOKA H
MOTYT OBITh UCIIOJIb30BAHbI TIPU MOCIEAYIOMEM H3YYeHUH YCTOWYMBOCTH PEIICHUH 1
KOCMOJIOTUYECKHX BO3MYILICHHH.

Kiouesbie ciioBa: xocmonorus orckoka, f('T,T7) rpaBuTanus, napameTpuueckuii
aHalu3, SHEPreTHYEeCKUe YCIOBHA, NapameTrp Xa00ma, ypaBHEHHE COCTOSHHS,
MaciTabHbIN (akTop

Kipicne. Kazipri kocMonorusigarsl ipreini Mmacenenepin 0ipi - Fagamubia GacTankel
KYHIH cumarTay >kKoHE OacTamKbl CHHTYISAPIBIK MoceneciH memy. Ocbkl TyprblIa
CTaHAAPTThl TPABHTALMSIBIK TCOPUSUIAPABI JKANMBUIAWTHIH MOIU(pHUKAIMSIaHFaH
MOJENbACPTe KBI3BIFYIIBUIBIK apThin Keneni. Connail 6arpITTapAblH 0ipi - KEHICTiK-
YaKbIT TEOMETPHUSCHIH KHCBIKTBIK apKbUIBI eMec, Oypaly apKbUIbl CHUIAaTTaNTHIH
TeJenapauieib rpaBUTalus. by Tociin KOCMOIOTHSITBIK SBOIOLMSIHEI XKaHa KbIPbIHAH
3epTTeyre MyMKinaik 6epeni. Tenenapannens Teopust Herizinge yeonburan f (T, T)
IpaBUTAIMACHIHIA TPABUTALMSUIBIK OpEKET Oypaly CKajsipbl T MEH DJHEprHs-
HUMITYJILC TEH30PHI 131 J'-Fa Toyenai 00omajbl, COHABIKTaH MYH/ail Monenbaepae Fanam
JMHAMUKACBIHBIH KYpAE pexKUMIEpiH KapacThipyFa kol ambiiansl (Bahamonde et
al., 2023; Harko et al., 2014). Tenenapauienb IrpaBUTAIUSHBIH KOBAPHUAHTTHI KOHE
WHBapUAHTTHI TYKBIPBIMAANYBI KEHIHT1 €HOCKTep/le KeHEUTIIIII, OHBIH T€OMETPHSLIBIK,
Herizepi MeH (U3MKANBIK WHTeprpeTanusichl TepeHipek 3eprremmi(Krssak et al.,
2019). Keitinri 3eprreynepie Oyl TeOpus asChIHAa KOCMOJIOTHSUIBIK IISIIIMISPI
PEKOHCTPYKIHMsIAY, TEPMOIMHAMHKAIBIK KaCHETTEepJi Tajjiay, OpPHBIKTBUIBIKTHI
3eprrey (Junior et al., 2016; Momeni and Myrzakulov, 2014), yibITKYIapAbIH 6CyiH
CUIIATTay >KOHE AacTpo(uU3MKaIbIK KoijaHOamap Kapactelpeirran, Oyn f(T,T)
IPaBUTANMSCHIHBIH Ka3ipri KOCMOJOTUsAAaFbl MaHbI3bIH Kopcereai (Farrugia and Said,
2016; Pace and Said, 2017).

CoHBIMEH Karap, Ka3ipri TeOPHUsITBIK KOCMOJIOTHSAAFbl ©3€KTi OaFrbITTapAbIH Oipi -
CHHTYJISIPJIBIKCHI3 9BOJIOLMSUIBIK CIICHapuitnepai Kypy. MyHaait Ganama Tociinepain
Oipi peTiHIE cepriic KOCMOJIOTHACH KeHiHEH 3eprrenyae. byn cuenapuiine Famam
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BIFBICY (ha3achlHAH YIIFAl0 (p)a3achlHA CHHTYIISIPIIBIKCHI3 OTE/, SFHHU 3BOJFOIMS OeTii
0ip cepminic HykTeci apKpubl xky3ere acaabl (Battefeld and Peter, 2015; de Haro and
Cai, 2015). Cepniylic KOCMOJOTHACH CUHTYJSPIBIKCHI3 SBOIIOLUSHBI CHITATTAWTBIH
Oanmama cueHapuil peTiHAe Y3aK YyakbpITTaH Oepi 3epTTenin Keneai, ajl MyHAal
MOJICIIBICP/IIH JKaIIbl KAaCHETTEPl MEH HEri3ri KHUBIHABIKTAphl MOy SHOCKTEpiHIe
*)aH-kakThl Kapacteipbuirad (Novello and Perez Bergliaffa, 2008). MyHnait monenbaep
OacTarnkpl CHHTYJISIPIBIK MOCEIISCIH KalTa KapacThIpyFa xoHe epre Fanam ¢uszukacein
KaHa TYPFBIIaH TYCIHAIpyre MyMKiHIik Oepeni. Tenenapaniens rpaBUTanus asChIHIA
Ja cepriiic creHapuiinepi Gencenmi Typae KapacTelpsurrad. Artam aittkasna, f(T7)
rpaBUTAMACHIHIA Matter bounce TypiHAeri menriMaep aablHFaH, all KeHEUTUITeH
TeJenapaiieNb TeopHsuiapJa CHMMETPHUSUIBI, OCIMUIALIUSUTBIK JKOHE Oacka Ja
ceprisic Mozaenbaepi 3eprrenren (Cai et al., 2011; de la Cruz-Dombriz et al., 2018).
Tenenapannens Teopusnapaa cepmigic memimaepi Tek f(T7) rpaBUTalMACHIHAA
FaHa emec, coHpaii-ak f(T,B) Topi3ii KeHEHTINreH yirinepae e alblHFaH, MYHJa
CUMMETpHUsLIbI, TepOeameni, matter bounce jxoHe 0Oacka CepIiiic cleHapuiiepi
seprrenrer (Caruana et al.,, 2020). JlereHMEH CHHTYISPIBIKCHI3 KOCMOJOTHSIIBIK
MOJIENIBACPAlI Kypy/la OPHBIKTBUIBIK MOcelieci oplailbiM MaHbI3/bl OOJBIN Kalajbl,
COHJIBIKTAH OJapAblH (U3MKAIBIK >KapaMAbUIBIFBIH Oaranay Ke3iHae OyJl acHekT
MiHAETTI TYpae eckepinyi kaxeT (Kobayashi, 2016).

Ocpiran  Gaitnansictsl (T, T) rpaBUTalMACHIHIAFBl  CEPIITIC KOCMOIOTHSACHIH
3epTTey epeKlle KbhI3BIFYIIBUIBIK TYAbIpajabl. byl Teopusi Tenenapauieib TOCUIAIH
APTHIKIIBUIBIKTAPBIH MATEPHUSUIBIK CEKTOPFa TOYEIAUTIKIICH YINTACThIPAIbl, COHJIBIKTaH
Fanam »BOMIONUSCHIHBIH OCHCHI3BIK JKOHE KYpACTi PEKUMJIEPIH 3ePTTEyre KOJAMIIbI
Heri3 Oepeni. COHFBI JKYMBICTApABIH OipiHIe f [T;-T] TpaBUTANUSACH HIeHOEpiHe
CEepIJlic CIeHapHWili KapacTBIPBUIBII, OHBIH KOCMOTpadUsIIBIK TapaMerpliepi
seprrenrer (Zubair et al.,, 2022). Anaiiza MyHZail MopenbIeperi Herisri
KOCMOJTOTHSUTBIK [IIAMATAP/IbIH JKOHE SHEPTHSI IAPTTAPbIHBIH TapamMeTpliepre Toyemi
CHUITATTAMACHI JJTi e TepeHIpeK Tanaayabl KakeT eteni. OckiFaH opai, OYJ1 dKYMBICTBIH
makcarsl -f(T,T) rpaBUTALMACBIHIAFEl CEPIILIIC KOCMOJOTHSCBIHA MapaMeTpIliK
Tannay XKyprizy. 3epTTeyae MoJielb napaMeTpiepiHig MacTaOThIK GakTopra, Xaoom
napaMmeTpine, Oastynay mapaMeTpiHe, SHEpPTHUsl THIFBI3JIBIFbIHA, KBICHIMFA JKOHE KYH
TeHJeyl mapaMmeTpine acepi KapacTbipbliajibl. COHBIMEH OIpre Cepriiic MaHbIHIAFbI
9HEprus WIAPTTAPBIHBIH OPBIHAAIYBl TaJIAAHBIN, KOCMOJOTHSUIBIK HSBOJIOIHUSIHBIH
(U3MKANBIK TYPFBIAH PYKCAT €TIIETIH PEeXKUMEPi CHITaTTala Ibl.

Kasipri kezeHie MoauduKalUsUIaHFaH TpaBUTAlMs Teopusiapbl epre Famam
9BOJIIOIHSICHIH TYCIHII py/Ie MAHBI3IbI KYpallaapAbIH OipiHe alHanbI oTIp. CTaHAapTThI
KOCMOJIOTHSUTBIK MOJIENb KOTITEreH OaKbUIAyIbIK HOTHKEIEPAl COTTI CUMaTTaraHbIMEH,
0acTankpl CUHTYISPIIBIK MAceeci, HH(ISIUSIIBIK CICHAPHIIIH KeUOIp TeOpUsUIBIK
KHUBIHBIKTAPhI )KOHE KapaHFbI SHEPTHS MCH KapaHFbl MATCPUSHBIH TaOUFAThl CUSKTHI
Mocenenep TONbIK ImemiMin Tankan xok (Battefeld and Peter, 2015). Ocrwiran
0aliJIaHbICTHl KITACCUKANBIK MKaJIbl CaJbICTBIPMATBUIBIK TEOPHUSCHIH KEHEHTETIH KOHE
IPaBUTAIMSIIBIK OCepAl Oacka TeOMETPHSIIBIK IIaMaiap apKbUIbl CHIIATTANTHIH Oanama
Tocijepre KbI3BIFYIIBUIBIK apTyaa. OcblHnail OarbITTap/blH IMIiHIE Tenenapasieib
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rpaBUTallMs] MEH OHBIH JKallbUIaHFaH HYCKaJdapbl €peKile OpblH ajanabl, cebedi
oJlap eKIiHIII PeTTi TeHAEYIePMEH CHIATTajalbl >KOHE KOCMOJIOTHSUIBIK €CerTepae
CaNbICTHIPMAaIIBl TYPE KOJIAMIIbBI MaTeMaTukaiblK annapar oepeni (Bahamonde et al.,
2023). f(T,T) rpaBurtamuschel 0Chbl TYPFBIIAH ajIFaH/a OTe ©3eKTi MOJEIbAEpAiH Oipi
Ooutbi TaObLIa bl By Teopusiia rpaBUTAISUIBIK JIATPAH)KHAH TEK Oypaly cKaspblHa
FaHa eMeC, COHJai-aK SHEePIrHus-UMITYJIbC TCH3OPBIHBIH I31HE ¢ Toyesai OoJaipl.
MyH1aii ToOyeIIUTiK 3aT TIeH TeOMEeTpHs apachlHIarkl OainanbicTsl Kymeirin (Harko
et al.,, 2014), Fanam 3BOIOLUACHIHBIH AJCTYPJIl MOJCIbACPAE KE3ICCICHTIH KaHa
peXUMIEPIH KapacTeIpyFa MyMKiHAIK Oepeni (Junior et al., 2016). Ocipece cepmiiic
KOCMOJIOTHSICBIHAA MYHJIal KOCBIMIINIA OaiTaHBIC HOJIK YHEPTUS MAPTHIHBIH THIM/II
Oy3bUTybIHA KaFaal jkacal, BIFbICY (hazachlHAH YiIFaro (a3achblHa CHHTYISIPIIBIKCHI3
oty xy3ere aceipybl Mymkin. Conpbikran f (T, T ) rpaBuTanusacelHaarsl cepriic
MOJIEIB/ICPIH TapaMeTpiiK TYpPFBIIAH TajAdy oOJapAblH (U3WKAJIBIK Ma3MYHBIH
amnry YIIiH FaHa eMec, COHBIMEH KaTap MoIu(pUKanusIaHFaH TPAaBUTALWSHBIH epTe
Famamapl cumarraymarsl MyMKIHIIKTEPiH OaFasiay YIIiH ¢ MaHbI3IbI OOJIBITT Ta0BITA TEI
(Kobayashi, 2016; Zubair et al., 2022).

Marepuaaaap :koHe HeTi3ri omicTep. by >kyMbICTa CepHiiic KOCMOJOTHSICHI
Tenenapamnens rpasutarmsabi okanneasrad [ (T, T )moneninne 3eprreneni.
TenmemapamienbIiK TOCIIAEC TPABUTAIUSIBIK OCEp KEHICTIK—yaKbIT KHCBHIKTHBIFBIMEH
eMec, OypaybIMEH CHITaTTaa Ibl, aJT HET13T1 aifHBIMAJTBI PETIHAC TETPa a opici aTbIHA B
(Bahamonde et al., 2023). By nerizne xypouran f(T,T) rpaBuranuscel Gypary
cKansApbl I MEH DHEPrUs—HUMIYJIbC TEH30pbI 131 T -Fa Toyenni OONnaThIHABIKTAH, 3aT
[IEH FeOMETPHsI apachblHIarbl OaijlaHbIC KypJeJeHiN, KOCMOJIOTHSIIBIK YBOJTIOIHUSIHBIH
KaHa peXUMAEpiH cunarrayra MyMKinaik 6epeni (Harko et al., 2014). byn TeopusiHbIH
KOCMOJIOTHSIAaFbl KOJIIAHbUTYbI, atan aiiTkanaa & CDM Mozenin peKOHCTpyKIUsIIaY,
TePMOJMHAMHUKA, OPHBIKTBUIBIK, KYPBUIBIMIAP/bIH OCYiH CHUIIATTay OarbITTapbIHJIA
KeHiHeH KapacTteipbiirad (Farrugia and Said, 2016).

CuHrynspibIKesi3 epre Fanam crieHapuiiiepid TyCiHIIpyae CepIilic KOCMOIOTHSCH
MaHbI3Ibl OPBIH ajaael. MyHaail Monenbe Fanam anapiMer biFbIcy (a3acblHaH OTel,
comaH Keilin Oenrini Oip coTTe cepmimic kacam, yirato ¢asacbiHa kemreni (Battefeld
and Peter, 2015; de Haro and Cai, 2015). Tenenapasmienbaik Teopusiapaa Cepriiic
mrermimaepi f (T] JKOHE OHBIH KEHEHUTIITeH HycKanapbeiHna jaa aneiarad (Cai et al.,
2011; de la Cruz-Dombriz et al., 2018). ConsiMeH 0ipre CHHTYIISPIBIKCHI3 MOJACIbIED
YIIIiH SHEPTHUS MIAPTTAPBIHBIH OPBIHIATYBl MEH OPHBIKTBIIIBIK MOCEIIECI EpPEeKIlIe MOHTE
ue (Kobayashi, 2016). f(T,J") rpaBUTauMACHIHAAFBI CEPIIIC CHEHAPUHIIEPIHIN
KOCMOTpaUsUIBIK  TapaMmerpiepi e OypblH 3eprrenreH (Zubair et al., 2022),
COHJIBIKTAH OYJI KYMBICTa OJApJbIH IapaMeTpiepre TOyelJli CHIaThIH TepeHipeK
KapacThIpy Ke3/eNe/I.

Mooenvoiy apexemi owone Hezizei wamanap. Tenenapaiiienb TpaBUTAIHIIA
HETi3rl TWHAMUKAJBIK aliHBIMAIBI PETIH/IE METPUKa eMec, TeTpaJa epici ajbIHaIbI.
Terpama KeHICTIK-yaKbITTBIH 9p HYKTECIHJ/IE KaHama KEeHICTIKTe OpTOHOpMalh 0a3uc
KYPBITI, KEHICTIK-yaKbIT T€OMETPHUACHIH CHUIaTTayFa MYMKiHAIK Oepemi (Bahamonde
et al., 2023). Xanmbel cambICTEIPMATBUIBIK TEOPHUSCHIH/IA TPAaBUTAILUS PHUMAaH]IBIK
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KHUCBHIKTBIKIICH OalIaHbICTBl OoJica, Telenapaiellb TICUIAe TpaBUTALMSIBIK ©3apa
acep Oypaiy apKbUIbl opHEKTeei. Ochl cedenti Oy Teopusiia BelineH0Ek OaiaHbIChI
naiajJaHbuiafbl, O HOJIIK KUCHIKTBIKICH, Oipak HeJeH e3reme OypalybIMeH
cunarranazasl (Harko et al., 2014). MyHnaaii reoMeTpUsUIBIK KYPBUIBIM TPaBUTALMSIBIK
OpICTIH AMHAMUKACHIH XaHa TYpIE *Ka3yFa MYMKIHIIK Oepeli >KoHe KOCMOJIOTHSAA
CHHTYJISPIIBIKCHI3 MIENIIMEPl 3epTTey YILiH BIHFAHIbl HET13 KalbIITaCThIPaIbI.
f(T,T) reopusiceina Oypaiy CKajsApbl T Mmen sHeprus-uMIysIbC TEH30PBIHBIH i3i

T 6ip mesrinze eckepineni. Erep f({T,T) = 0 nen ancak, oHa TeOpHs TENENapaiesb
SKBMBAIIEHTTIH KapamaiieiM Typine keneni, an f(T)nemece f(T,T )rypinmeri
JKaJblIaynap eHri3IreH Ke3e KOCMOJIOTHSUIBIK JUHAMUKA alTapibIKTail KypAeaeHe
tyceni (Harko et al., 2014). by xanmnsiiay acipece OipTekTi jkoHe U30TponThl Famam
MOJICJIbJICPIHAC MaHBI3/bI, ce0eOl TEeOMETPHUSIIBIK JKOHE MATEPHSUIBIK YJIECTEPIIiH
Oipiryi apKpUIbl SHEpPIrHs THIFBI3IBIFBl MEH KBICBIMHBIH THIMJI CHIAThl ©3Tepei.
COHBIH HOTIIKECIHJIE CepIilic, yIaeMell yiFaro HemMece (aHTOMIBIK aliMakka eTy
CHSIKTBI KYOBbUTBICTApbl Oip Teopust meHOepine cunarray MyMKiH Oomasl (Junior et
al., 2016; Momeni and Myrzakulov, 2014).f (T, T) rpaBuTauusceiHiars ocep MbIHA
typxe xa3puiansl (Harko et al., 2014).

1 4 4
5=E_Irdxe[T-I-f[T,T]]—l—_rdxeLm, (D)

MyHJarel e = det(e :f‘] = /—g. G- TPaBUTALMIBIK TYPaKThl, L, - 3arTeig
JlarpaHK THIFBI3ABIFEL. By ocep/ieH aablHAThIH OPICTIK TCHICYIEP METPUKAIIBIK JKOHE
MaTepUsUIBIK [IaMalapiblH e3apa OailmanblchiH aHbIKTamel. f(T,T) MoxemniHiH
ePEKIIEIIri - 3aTThIH KaCHETTEPi TEK SHEPTHs THIFBI3IBIFBl MECH KBICHIM apKbLIbl FaHa

eMec, COHbIMEH Oipre oyap/bIH Tisi ApKBUIBI J]a TEOMETPUSIIIBIK CEKTOPFa TiKeleH acep
ereni. COHABIKTAH MYHAAl TEOpHsIap CTaHIAPTThI KOCMOIOTHSUIBIK BOJIIOLUSIAH
AyBITKUTBIH PEKUMJIEP/Ii, COHBIH 1IITHAE CEPIiIiC TOPi3Ai CHHTYISPIBIKCHI3 OTYIep/i
cunarrayra Kaoiierti (Zubair et al., 2022).

Biprekri sxoHe m3orponTsl Famamabl cunarray yuriH a3k Opunman—Jlemerp—
PoGeprcon—Yokep MeTpHUKachl KapacThIPbLIa bl

ds? =dt? —a®(t)(dx*+dyi+dz?). (2)
Ocpsl (hoH YIIiH AUaroHab TeTpaaa

ef = diag[l,a(t],a[t],a(tj)’ 3)
TYypiHAe anbiHaAsl. MyHaal skaraaiina Oypary cKalspbl

T = —EHE’ (4)
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KaThIHACHI apKbLIbl OPHEKTEICIl, MyHaarel H = 2 . Xa661 mapametpi (Harko et
al., 2014). ¢

3ar wuaean CYWBIKTBIK PETIHIE KapacThIPbUIBI, JHEPTUS—HMITYIBC TEH30PbI
KeJeciiel yKa3puTa bl

T,l.u-' = (JG +pju#uv - pg#v’u# = (1-'01']-'0)7 (5)

MyHJa £- SHeprus THIFBI3ABIFBL, P- KbICHIM. DHEPrUs—UMIIYILC TEH30PHIHBIH i3i
KeJieciiei OoUIbIIT Ta0bLUIA b

T =p—3p (6)

Cepninic napamempnenyi. Byn >KyMbIcTa CepHilic CIEHApUHiH cUNarray YIUiH
MacmTaOTHIK (DaKTOP/IBIH Kelleci mapaMeTpiieHyi naiinanansiiaasl (Zubair et al., 2022)

a(t) = JaZ + y2¢?, %)

Tarmanraun a(t) mapamerpnenyi  cepmimic  KOCMONOTHSICBIH — CHITATTaymblH
KaparaibIM opi KepHeKi Tocuimepinie Oipi 0ombm TaObuTanbl. by epHekTiH 0acThbl
APTHIKIIBUTBIFEI - CEPITIC HYKTECIHIE MAaCIITA0THIK (PaKTOPIBIH HOJTE TYCIeyi. SIFHu
t = 0 kesinne a(0) = a,, COHIBIKTAH MOJENbIE OACTANKBI CHHIYISPIBIK Maiina
OonmMaiael. MyHIarsl @, MapamMeTpi cepIinic coTiHeri I'ajgaMHbIH MEHMMAT ©JIIIEMIH
CUMATTalbl, an ¥ mapaMeTpi BIFbICY MEH YJIFar0 (asanapblHblH KaPKbIHIBUIBIFbIH
Oackapajbl. ¥ HEFYPJIBIM YJKEH 0oica, Cepriiic MaHBIHJAFbI SBOJIOIHS COFYPIBIM
Te3 XKYPeAi )KoHEe KUCHIKTAP/IbIH MIITiHI COFYPIIBIM aiiKbIH ©3Tepeii.

Ceprinic crieHapuiiiH KWHEMATHKAIIBIK TYPFBIJIaH CUTIaTTayna Xa00r mapaMeTpiHig
tTagOa e3repici memymn pen arkapaael. Erep t < ( kxesinne H =< 0 Gonca, Oy
Fanamubig bIFbICY (ha3zackiHa ekeHiH kepceremi. An ¢ = 0 kesinue H = (0 Oomysl
cepriyic HyKTeciHe coiikec keneni. Oman kedtin t == 0 ymin H = 0 Ooneirn, Fanam
yiraro pazaceina etei. JleMek, TaHganFal napaMeTplieHy CepIitic KOCMOIOTHSICHIHBIH
HETi3T1 (U3UKANBIK [IapTTapblH TaOUFU TypAe OpbIHAaWabl. basymay mapamerpi me
OCBl MaHJa alKbIH ©3repil, Ceprilic MaHbIHIAFbl TWHAMHUKAHBIH OipKaJIBINTHI eMec
cunatbiH kepcereni.byn napamerpienynen Xab6n napamerpi kenecigeid TaOblIaib.

H[tj = E = ﬁ- (8)
CoHbIKTaH
H(t) =0(t<0),H(0)=0,H(t) = 0(t = 0), )

srHU Famam bIFpICY (ha3achIHAH CEepITUTic apKBUIBI YIIFAl0 (pa3achblHa OTEIi.

141




ISSN 2224-5227 2.2026

Xab0s mapaMeTpiHiH yaKbIT OOMBIHILA TYBIHABICHI

zf 228
H(t) :}"-“D—}’r:', (10)

Oosca, Oastyrnay mapameTpi Keieci Typlie aHbIKTala bl

b2 T
a)=-1-5=-25 (11)

f (T, T ] moneJti. [Tapamerpiik Tangaya ChI3BIKTHIK €MEC MOJICIb KOJITaHbLIa bl
f(T,7)= a-T + BT, (12)

MYHIarbl & xoHEe [f- epKiH TypakTbuiap. Byl Moienb cepriiic KOCMOJOTHSACHIH
3epTTey/ic KOJJAHBUIFAH OHE OCUCBI3BIK Ocepiep/i ecemke anyFa MYMKIHJIK
Oepeni (Zubair et al., 2022).(12) monem O€WCHI3BIK CHUIIATKA W€ JKOHE CEPIILIIC
KOCMOJIOTHSICBIH 3€pTTEyIe THIMII YATiIepain Oipi OoibIn caHamaasl. by Monenbie
V-T My1eci Oypaity CKalspbIHbIH OEHCBI3BIK yIeCiH cunarTaca, § T Mymeci 3aT nen
TeOMETPHsI apachIHJIaFbl KOChIMINA OaillaHBICTHI aHbIKTaiIbl. COHBIH HOTHXKECIHIE
SHEpPrHs THIFBI3IBIFEI MEH KbICHIMHBIH YaKbIT OOWBIHIIA ©3repici CTaHIapTThI
KOCMOJIOTHSIaFbIZIAH ©3Tellle CHITaTKa ue 0oajpl. MyHaail Moaenbaepiae GaHTOMIBIK,
aliMaKkKa eTy, TepiC KBICBIMHBIH Iaiia O0ITybl KOHE DHEPrUs IIapTTapBIHBIH THIMII
OY3BUTYRI TAOWUFH TYpE JKy3ere acysl MyMkiH (Harko et al., 2014).

[MapameTpiik TypFbIIaH KaparaHIa (& KOHE [§ TypakTbUIapbl MOJENBIIH HETi3ri
(Gu3MKaNbIK KaCUETTEPIH aHBIKTAWABL. & Oypainy yieciHiy canMarbin Genrinece, [
MaTEepUsIIBIK 13[[iH TEOpHsFa 9CEpiH CHMATTaiiibl. AJl ¢ ceplilic napaMeTpieHyiHiH
KHHEMAaTUKaJIbIK CHITaThiHA JKayarm Oepesi. COHABIKTaH JOJI OCHI THapaMeTpiep.liH
OpTYpl MOHJEPIH CaNBICTBIPY MOJCNBIIH Kall PEKUMIEPIE CUHTYISPIBIKCHI3

CEepIUTICTI THIM/II CUITaTTalTHIHBIH aHBIKTayFa MYMKIHJIIK Oeperti.
. _ o _ = __%
AranraH QyHKIMS YIIIH TybIHABLTAp f1 = — T T T B, frr o T}E’
=W [—Thz
frr =0. Ocn OpHEKTepAl MoAM(UKALMSIIaHFAH KOCMOJIOTHSUIBIK TEHACYIepre
KOO apKbIIbI SHEPTHs THIFBI3ABIFGL (1), KbIChIM p(t)koHe KYHl Terieyi mapamerpi

ecenrenenl
_ ol

Tannay Gapbichinaa c, § oHe ¥ mapamMeTpiaepiHiH opTYpIli MOHIEpi YILIiH aTanFaH
maMaJIapAbIH YaKbIT 6017[1)1HHI& 9BOJIIOIUACHI CaJIbICThIPbLIA/IbI.

Onepeus  wapmmapsl. DHEpPrus IMAPTTapbl TPAaBUTALMSUIBIK  TeopHsiIapia
KapacCThIPbLIATBIH MOJE/bIIH (DU3UKAJIBIK OPBIHBLUIBIFBIH OarajiayblH MaHbBI3IbI
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KYpaJIIapbIiHbIH Oipi OoJibin TaObuIa bl JKaImbl CaNbICTHIPMAIIBUIBIKTA JKOHE OHBIH
OpTYPIl MOAU(PUKAIUSITAPBIHIA YHEPTUSA-UMITYJIEC TEH30PBIHBIH KACUETTEPl KEHICTIK-
YaKbIT TEOMETPHUSICHIHBIH DBOJIOLUSACHIMEH TiKenel OalaHbICThl OOJIFaHJIBIKTaH,
SHEPTrus MAPTTApPbl MATEPUSIHBIH KaHNIal pexXuMaepae QU3NKaablK TYPFbIIaH pyKcar
eTUIETIHIH aHBIKTayFa MYMKIHZIK Oepeni. backamia aiitkanga, Oy maprrap SHeprus
TBIFBI3/IBIFBIHBIH, KbICHIMHBIH YKOHE OJIAP/IBIH OPTY Pl KOMOMHAIUSIIAPBIHBIH TAHOACHIH
Tanjay apKbUIbl MOJCJBIIH INbIHAWB (DU3MKAIBIK JKYHere colkec Kely-KeaMmeyiH
kepceteni. CTaHAAPTTHI KOCMOJIOTHSUIIBIK MOJISNIBIEPIC SHEPTUS IIAPTTaphl KeOiHece
OH DHEPTUs THIFBI3JIBIFEI MCH Kay3aJJILIKThIH CAKTATyblH KAMTAaMacChI3 €TETIH HETi3ri
KpUTEpHiNepAiH Oipi peTiHae KapacThIpblIalbl.

Kiaccukanblk KOCMOJOTHSIIa 3HEPTHs IIAPTTaphIHBIH MaHbI3BI acipece Famam
SBOJIIOLIUSCHIHBIH €pTe KE3CHJCPIH cularrayiaa alKblH KepiHemi. MeIicaibl, oici3
SHEPTUs MIAPThl MATEPUSHBIH YHEPTHsI THIFBI3IBIFBIHBIH TEPiC OOIMAyBIH Tajal eTe/l,
aJ JIOMUHAHT SHEPTUs MAPThl SHEPTUS aFbIHBIHBIH JKAPBIK JKbUIIAMJIBIFBIHAH apThIK
TapajiMayblH KaMTaMachl3 €TETIH IICKTEy PETiHJe KapacThipbuiaabl. KyiTi sHeprus
IIapThI, 63 Ke3eTiH/Ie, TPABUTAIUSHBIH TAPTHUIBIC CUIIATHIH KYIICHTETIH MIaAPTTapIbIH
Oipi Oosbin TaObLIABI. AJaiiia cepIilic KOCMOJIOTUSCHIH/IA KaFnal e3remie 0oiabl:
myHa Fanam sirpicy Ga3acbiHan yiiraio gpasacbiHa €Tyl YIIIH THIM1 TYpA€ TAPTHUIBICTHI
QJICIpETETIH HEMece OFaH KAapChl 9CEp CTETiH JHMHAMUKAIBIK PeKUM KaxeT. OchiHIal
KarJanaa KeuOip SHeprus IIAPTTapbIHBIH, 9Cipece HOIIK YHEPrus MAPTHIHbBIH,
Oy3bUTYBI CepIiJiic ClleHapuiiHiH TaOUFU O6JIiri peTiHae KapacThIPbUIaIbL.

Cepminlic KOCMOJIOTHSICBIHAA €H MaHBI3Ibl IIApTTapAbIH Oipi - HONIIK JSHEeprus
waptel (NEC). OHbIH Oy3bi1ysl @ + p <= OTypiHze *Ka3blaa bl )KOHE 1971 OChI TEHCI3/IIK
Xab0n mapameTpiHiH TaHOa ©3repTyiHe MYMKIHAIK OepeTiH Heri3ri MexaHu3MICpAiH
Oipi Oombin TaObuiagbl. Erep Oy mapt opbiHjana Oepce, OHJIa KIIACCHUKAIBIK
JKarJlaij1a bIFbICYJaH KeHIHT1 YJIFaloFa Teric oTy KUbIHFa COFajibl. COHIBIKTAH CEPIILTIC
monenbaepingae NEC Oy3burysl keOiHece MiHJIETTI HEMeCe KEMIHJIE 6Te MaHbI3/IbI OeJTi
peTiHge KapacThipbliaabl. byl KyObUIbIC ocipece Monu(UKAIUSIAHFAH TPaBUTAIUS
TEOpUsIApbIHIA, COHBIH  imliHAe f [T,.T]rpaBI/ITauMﬂcmH)la, TCOMETPUSLIIBIK
TY3ETYJepAiH eceOiHeH naiiaa 00Iybl MyMKiH.

DOHeprusi mWapTTapslH Tajjaay TeK (opMmalbIbpl MaTeMaTHKAIBIK TEKCepic emec,
COHBIMEH Karap MOJIENbJIH (U3UKAJBIK HHTEPIPETAIUSICHIH TEPEHACTETIH Kypas
Oonsin TaObIagsl. Meicansl, erep o = 0 xone @ — P = 0 waprrapsl opsingasca,
OH/Ta MOJICITB/IC MAaTCPUSHBIH THIMJII CHTIATTaMachl TOJBIKTAl OCH(PU3NKAIBIK allMaKKa
KeTHeWai nem KOpBITBIHABI skacayra Oomjanel. An o + 3p < 00omysl anamubIH
yaeMesi TWHaMHUKAachlHa HeMECe CepIIiIiC MaHBIHIAFBl aHTUTPABUTAIIMSIIBIK TOPi3i
acepiepre colikec kenyi MyMKiH. COHIBIKTaH DHEPTHS IMapTTAPBIHBIH OPKAUCHICHIH
JKEKe KapacThIPy MOIEIBIIH OPTYPIIi (PU3UKAIBIK KACHETTEPIiH allryFa KOMEKTeCe/i.

Byn kymbicTa 2HEprusi MIApTTapbl KapacThIPbUIFaH f[T, T] MOJCINI YIIiH
rmapaMeTpiiK TYPFBIIAH Tanmananbl. Herisri Makcar - mapaMeTpiepliH e3repyi
Ke3iHAe KaHAall IIapTTap OpbIHAANATHIHBIH, KaWCHICKI OY3bUIATBIHBIH JKOHE Oy
KYOBUTBICTAPABIH  CEpIJIiC  CIIeHapuiiMeH Kanali OalaHbBICATHIHBIH —aHBIKTAY.
Ocipece cepmilic MaHbBIHAAFbl Q@ + P KOMOMHAIMACBIHBIH TaHOAChl MEH Kyi
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TEHJEyl MapaMeTpiHiH CHUIaThl 0acThl Hazapaa Oomaael. MyHmail Tangay MOJENbIIIH
CUHTYJISIPIIBIKCHI3 KOCMOJIOTHSIIBIK JBOJIIOIMSIHBI  CHUITATTAYJaFbl  KapamIbUIBIFBIH
Oaranayra MYMKiHAIK Oepeni.MonenbaiH (U3MKaIbIK OPBIHIBUIBIFBIH Oaranay YIIiH
SHEPTUs MIAPTTAPbl KAPaCThIPHUIAIBI.

Hemnnik sHeprus mapTsl:

NEC:p+p = 0.
OJ1ci3 SHEeprust WapThl:
WEC:p = 0,p+p =0.

I[OMI/IHB.HT OHEPIHUd apThI:

DEC:p=0,p—p = 0.

Kymuri sHeprust maprsi:
SEC:p+3p =0.

Ceprminic xkocmosorusceinga NEC-TiH Oy3butysl aca MaHbI3bI, ce0ebi A9 OCHI
LIapTTHIH OY3bUTYBI BIFBICYJIAH YIIFatoFa Tyl KamTamachi3 eteni (Battefeld and Peter,
2015; Kobayashi, 2016). Bacranks! f (T, ") cepminic Mmoaeninze e cepriiic MaHbIHIA
NECunen SECOyssubin, an DEC cakramareinel kepcerinreH, Oyi OeiCHHIYIISP
CepIIiIic YIIiH MaHbI3IbI Oeiri 60bIn TadbuTans! (Zubair et al., 2022).

3eprrey amici. [Tapamerprik Tannay Gapsicerama alt), H (), p(t), p(t), w(t)
, COHOai-ak © + P,KOMOWHANMAJIAPBIHBIH YaKbIT OOWBIHIIA e3repici 3epTTenei.
Herisri mazap [ :xoHe ¥ nmapaMeTpiepiHiH ocepiHe ayaapbLiafbl, an & mapamerpi
Ka)XeT OOJIFaH JKarFaiia TypakThl eTin anbiHaabl. CaHIbIK ecenTeysaep MeH rpaduKTik
Bu3yanm3anus Wolfram Mathematica GarnmapnamaceiHaa opsiHaNa 6. MyHIAH ToCT
cepIrilic MaHBIH/IAFbl (DaHTOMJIBIK aiiMaKKa ©TY MYMKIHIITiH, YHEPT S IapTTapbIHBIH
Oy3blTy HEMece OPBIHAANY OOJBICTAPBIH KOHE MOJCIbAIH (DU3HKAIBIK TYPFbIIAH
YKapaM/Ipl TapaMeTpiiep KeHICTITiH aHbIKTayFa MYMKIH/IIK Oeperi.

Hatmikenep soHe Taakbuiay. byn 6enivue f(T,T) = av—-T + BT CBI3BIKTHIK
eMec MOJeli YIIiH CEepIilic KOCMOJOTHICHIHBIH MapaMeTpIiK KacHeTTepl TajjaHa-
nel. Ecenreynepne ay = a =1, § = 0.3xone ¥ = 0.6,0.7, 0.8monnepi narinana-
HBLIAJIbI, OUTKECHI OChI TapaMeTpJiep/ie MOJICIbIIH HETi3 JUHAMUKAIBIK epPeKIIeTiK-
Tepi aHbIK Kopineni. KapacTeipputran mapameTpieny(7) cepritic clieHapuiiiaiH OpbIH-
JMATYBIH KaMTaMachl3 etefii. MacmTabTeIK akTtop ¢t = () HYKTeciHIe HeJre TYCIIeH,
a(0) = ay munuman Mouin KabbuitaiiaEL An Xa66:1 mapamerpi (8) t < 0 aiiMakra
Tepic, + = () Ke3iHIe HeJTe TeH, al ¢ = (J aiMakTa oH MoHAepre etedi. by Famam-
HBIH BIFBICY (pa3achblHAH YIIFAI0 (a3achlHa CEPIIIIC apKbUIBI OTETIHIH KopceTedi. ¥
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apTKaH caiiblH MacTaOTHIK (PaKTOp KUCHIFBIHBIH €HICTIr KyIIeHin, cepriiic MaHbIH-
Jarbl HBOJIOIHS KbUIIAMBIPAK, 00JIa bl

1-cypemmen ceprinic cieHapuiHiHIH OPBIHAATIATHIHBI aHBIK KOpiHeAl. MacmTaOThIK
dakrop t = 0 Hykrecinge Henre tycneii, a(0) = a, MuHUMaN MoHIH KaObLIIAMIbL,
an Xa66m mapametpi t = O aiimakra Tepic, + = 0 Ke3iHIe Heure TeH xoHe L = 0
afiMakTa OH MoHHepre ereli. byn FamamubIH BIFBICY (ha3achiHaH YiIFaro (a3ackliHA
CepPIILITIC apKBUIBI OTETIHIH KOPCETEM.

(a) MacwTa6Teik hakTop (b) Xa6651 napametpi

35
0.2
3.0
4 — y=06 - b L —y=06
F y=07 : y=07
2,0 y=08 y=038
f -0.2
1.5} [ ]

Cyper 1. a) a(t) MacuradrIK paxropst Men b) H(E)Xab6n napamerpinin yakpiTka Toyenuimiri
OpPTYpIi ¥ MOHJEpi YILIiH.

ATBIHFaH TpaUKTEpACH CEpITUIC CICHAPHUUIHIH TEK CamajblK eMeC, COHBIMEH
Karap rmapaMeTpIIiK TYPFIJIaH J1a OPHBIKTH eKeHi Oalikanaapl. ¥ mapaMeTpiHiH e3repyi
MacTadThIK (pakTop MeH Xa00s1 mapaMeTpiHiH MilliHIHE TIKEIEH 3Cep €Tell: y OCKEH
CalbIH CepIiIiC MaHBIHJAAFbl KHCHIKTAPJBIH EHICTIT apThIN, JBOJIONUAS KAaPKBIHBI
kymeiteni. byn monmensae cepmimic Tex Oip FaHa apHaibl Jkarmaija emec, Oenriii
Oip mapaMeTpiep apaibIFBIHIIA JKY3€Te acaThIHBIH KopceTeai. OchIHmai mapamMeTpiiik
OPHBIKTBIIBIK, CEePITiTIC KOCMONOTHICHIH (DPM3UKAIBIK TYPFBIAAH MaFbIHAIBI €Ty YIIiH
MaHBI3/Ibl, OWTKEHI Ke3JeHCOK eMecC, CalbICThIpMalbl TYPAE TYPAKTHI CIICHApUIIep
FaHa peajrCTiK MOAENb PETiH/Ie KapacThIPBUIYbl MYMKIH.

OHeprus THIFBI3ABIFBIHBIH CEPIUIIC HYKTECI MaHBIHAA MaKCHUMyMFa JKeTyi
Famam nuHaMUKAacBIHBIH OCHl aiiMakTa epeKIne OCJICeHNI C€KeHIH KepceTemi. by
KYOBUTBIC BIFBICY (ha3acChIHAH KEHIHT1 aybICy COTIH/AE THIMII TPaBUTAIUSIIBIK OCEPIiH
KyIIeroiMeH OalaHbICThI. AJ KBICBIMHBIH OYKiJ 3BOMNIONHS OOMBIHAA Tepic OOyl
CepIIilic MeXaHM3MiHIH HEeTi3T1 PU3NKaJIBIK TipeKTepiHiH 0ipi Oonbim Tabbuta bl Tepic
KBICBIM TEK KEJIeJIETIITeH YIIFaloAbl FaHa eMeC, COHBIMEH KaTap CepIiylic MaHbIHIA
TapTHUIBICKA KapChl THIMI 9cep TyAbIpybl MyMKiH. COHIIBIKTAH SHEPTHUS THIFBI3IBIFBI
MEH KbBICBIMHBIH OCBHIHJIail CHMAThl KapacTHIPBUIFAH MOJEJBAIH CHHTYISPIBIKCHI3
ABOJTIOIUSHBI )KY3€Te achlpy KaOiJIeTiH HAKThUTANTBI.

Kapacteipsuiran (T, T) = ay/—T + BT CHI3BIKTBIK €Mec MOJENiH  KoHE
CEepIIiC MapaMeTPIICHyIH MOJU(PUKAIUSIIAHFAH KOCMOJIOTHSUIBIK TEHJCYJIepre KOO
apKbUIbI DHEPTUs THIFBI3IABIFBI 0, KBICBIM p JKOHE KyH TEHAEyl mapamerpi & YIIiH
KeJecl OpHEeKTep allbIHAIbI

o sig-1y*et —158yt
P = BB D-D R +1)? (14)
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_ayt(p+lery i +2)

P = Gpprn-a0ie+0® (15)
eyt
T 3p-1) v -58 (16)

2-cypemie COUKEC, p(t) SHEPrUs THIFBI3IBIFBI CEPIILUIC HYKTCCIHE JKaKbIHIaraH
CalbIH aliTapIbIKTal ocit, t = () MaHBIH/IA ITBIHFA )KETE/1, OTaH KeHiH YaKbIT YIIFalFaH
caiipiH OipTiHzen keMuai. MyHal cumar cepriiic coTiHaAe YHEPTUAHBIH KYIITI KaiTa
YIECTipiyi )KYpEeTiHIH KepceTesi.

3Heprv|;| ThbifbI3AbIfbl
T T T T

Cyper 2. p('t) SHeprus THIFbI3AbIFBIHBIH YaKbITKA TOYEIIIIIri 9pTYpiIi ¥ MOH/EP] YIIiH.

3-cypemmen kpicbIMHBIH (1) Oykin sBomonus 6oiibIHAa TEPIC OONBIN KaTaTbIHbI
kepiHeni. bys ceprinic MexaHW3MiHJIE TEPic KbICBIMHBIH MaHBI3/IbI POJI aTKapaThbIHBIH
oinmipeni. Cepriiicke IeHiH 0JI a3 FaHA Tepic MOHEPeH 0acTabII, CEPITLTiC MAHBIH/A
aHAFYpPIIBIM TEPEH Tepic aiiMaKKa eTeli, ajl CepIUTICTeH KeWiH KalTalaH MIaFbIH Tepic
MOHJIepre YMTBUIA bl Byl HOTHIKE Cepriiic MEXaHU3MIH/IE TEPiC KbICHIMHBIH MaHbI3/IbI
POl aTKapaThIHBIH OiIipei.

KbicbiM
0.0F f
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4-cypemxe caiikec, Kyt Tenneyi mapamerpi (t) OapiblK KapacTBIPbUIFaH ¥
MOHJIEPi YIIIiH Tepic OOJIBIN Kalabl KOHE CePILIiC MaHbIH A

w=—1
(haHTOMIBIK LIEKapachIH Kecill OTill,
w =< —1

aiimarpiHa eHeal. bysl bIFBICYmaH yiiFarora eTyli KaMTamachl3 €TeTiH Herisri
Oenriiepnin Oipi OOJBIN TaObLIA B,

Ky TeHAeyi napameTpi

Cyper 4. w{t) xyii Terzeyi mapaMeTpiHiH yakpITKa TOYEIILIIr 9pTYPIIi ¥ MOHIEP] YIIiH.
Kyii Tenneyi mnapamerpinin < ~Lajivarsina Tyl CepIijJic CleHapHidiH
TYCiHAIpyZe aca MaHbBI3ABL. byi HOTH)KE MOAENbAIH (haHTOMIBIK TOPTIMKE yaKbITIIA
OTEeTIiHIH OlIIipeai. OeTTe 9T OChIHAAN aiiMaKTa HOJIIK dHEPTHs MIapThl OY3BLIHIII,
BIFBICY/IaH YJIFAIOFa OTY[I KaMTaMachl3 €TEeTiH THIMII >Karmaiiap KajbllTacaipbl.
Kapacteippimran Momenpe Oyl oTy TeK MaTreMaTHKalbIK (hOpMajbJbUIBIK eMec,
rpadukTepae aliKpIH OaifiKanaThIH HAKTHl JHHAMUKAIBIK €PeKIIeTiK PeTiH/Ie KOpiHeTi.

COHIOBIKTAH m(t]-HiH CUIIATTAMAaChl CEPIIIC KOCMOJIOTUSCHIHBIH  (DHU3HKAIIBIK
WHTEPIPETAIMICHIH]IA HET13T1 KOpCeTKIMTEep/IiH 0ipi OOJbIN TaObLIAIbI.
DOHeprusi MapTTapblH TajjiayJa HEeri3ri Hazap HOJJIIK dHEeprus IIapThiHa COWKec

KENeTIH P + pKOM6I/IHEII_[I/I$ICI>IH3. aygapbuiaJbl. CBI3I:IKTI:IK €MEC MOJCIIb Y]J_IIH 01

elat 1y (2% -1) 1
= — Py 7
ptp 2R+ 3y er+1)* an

TYpiHAE >Ka3puTambl. by epHEKTeH cepmimic MaHbHAA @ + P <= 0 Oo0JaThIHBI
KepiHemi, sFHU Hoymik dHeprus mapTel (NEC) Oy3butanpl, COHBIH HOTHKECIHIE KYH
TeHAeyl mapameTpi (aHTOMIBIK alfMakKa OTeli JKOHE CHHTYISIPIBIKCHI3 CEpITLTiC
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XKy3ere acajpl.5-cyperre ceprinic MaHpiHaa @ + P < Oekeni aHbIK Oaiikanaupl, sSsFHA
Oy aifimakta NEC mapte! Oy3bl1aabl.

NEC: p(t)+p(t)

0.0 /\
-0.2 .
-04F \/ ]
-06 1

-0.8+ 1

p(t)+p(t)

Cypet 5. P + P! KOMOMHAIUSCHIHBIH YaKbITKa TOyeIitiri, cepriiic MaHpiHIa NEC mrapThIiHbIH
OY3BLTYBI KOPCETIITCH.

Henpmix oHeprust mIapThIHBIH OY3bUIYBl CEPIUIIC KOCMOJOTHSICBIHBIH — €H
MaHbBI3bl TEOPUSIIBIK Oenrinepiniy Oipi Oonbin caHanaabl. CTaHAAPTTHI >KaJIIbI
CaNBICTHIPMAJIBIIBIK asChIHAA MYH/Ial Oy3bITy epeKile HeMece MpoOiIeMabIK KaFaan
peTiHae KapacTelpbuica, MoAM(UKaUUsUIaHFaH TpaBUTAlMS TEOPHSUIAPBIHIA O
THIMJI TEOMETPUSIIBIK YJECTEpHAiH calaapblHaH TaOWFH TYPAE TYBIHAAYbl MYMKIH
(Kobayashi, 2016). Kapacteipeurran f(T,T ) moneniae 1o OChIHAAH karmait
Oaiikanajsl: ceprinic MaHbiHaA p + p < 0, aran NEC Oy3eutaznel. byn o3 keserinje
cepIIiTic HYKTECiHIH KalblnTacybliHa, Xa00a mapaMeTpiHiH TaHOa e3repTyiHe KoHe
Fanamubiy yiraro daszaceiHa eTyiHe MYMKIHIIK Oepeni. JleMek, alblHFaH HOTHKEIep
f(T,T)= ay/—T + BT Mozeninin cepmimic KOCMOJOTHSCHIH COTTi CHIATTal
aJaThIHBIH KepceTeai. MacmTaOThIK (pakTop Cepriiic HYKTECiHJe HeJre TYyCIensi,
Xab06n mapameTpi TaHOACBIH ©3TepTe/i, YHEPTUS THIFBI3IBIFEI MAKCHMYMFa JKETEli,
KBICBIM Tepic OOJIBIN KalaJbl, all KYd TeHJeyl mapameTpi paHTOMJIBIK aiiMaKKa ©Te/I.
ConbiMeH Karap cepriitic MaHbIHA N EC-TiH OY3bUTY bl CHHTYIISIPITBIKCHI3 OTY I H K&JKETT1
maptel periae kepinemi. CoHABIKTAH OV MOICIb f (T::rjl“paBI/ITaLH/I}ICBIHZ[aFBI
(bM3UKAIBIK TYPFRIIAH Ma3MYHJIBI CEPILTIC CIIeHApHilIepiniH 0ipi OO TaOBIIaBI.

Kopwuiteinasl., JKanmel anranga, kyprisiniren napamerpiik tainmay f(T,T)
IPaBUTALMACHIHBIH CEPIIIC KOCMOJIOTHACHIH CHIIATTayAa KETKUTIKTI UKeMJI TEOpHs
eKeHiH KepceTTi. bip arpIHaH, TaHAaJIFaH MOJEIb CAJIBICTRIPMAIIbl TYP/E KapanaibiM
aHAJUTHKAIBIK epHeKkTep Oepeni.ExiHIm jkaFblHaH, on ceprimic, (QaHTOMIBIK
aiiMak, Tepic KBICBIM J>KOHE OJHEPrusl MIAPTTAPBIHBIH OY3bUTYbl CHSKTBI KypJaeli
dusukanbik KyObuTbIcTapabl cumartait anaasl. Byn f(T.T) TeopusceiHbH Tek
(hopMainbabl JKaJIMbUIay €MeC, HAKThl KOCMOJIOTHSIJIBIK €cerTepre KongaHnyFra 00aaTelH
Ma3MyH/Ibl MOZEJIb €KeHiH aifrakraiinbel. bonamakra MmyHai tannayasl OaKbUIAYIIBbIK
LIEKTEYJIEPMEH, OPHBIKTBUIBIK LIAPTTAPBIMEH JKOHE KOCMOJIOTHSIIBIK YHBITKYJIapMeH
TOJIBIKTBIPY TEOPUSHBIH KOJIAHBLTY asiChIH OJlaH 9pi KeHEHTe Tyceni.
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Byn skymbicra f(T, T )TpaBUTalusChl AsACHIHIAFBl CEPIIIC KOCMOJIOTHSCHIHA
napameTpiiK Tangay oKyprisingi. 3eprrey Oapeichinpa f(T,T) = ay—T + BT
CBIBBIKTHIK ~ emec  momemi xome  @(t) =+ ai + ¥*t® typingeri  cepminic
napaMeTpiIeHyl KapacThIpbULAbL. Tangay HOTHKeNIepi MOJENbAIH CHHIYJISIPIBIKCHI3
CepIiic CIEeHAapHidiH CHIMATTail aJaTbIHBIH KOPCETTi SFHHM, MAacIITaOTBIK (axTop
cepIiric HYKTeciHae HeJre Tycleiai, an Xab0m napameTpi Tepic MOHHEH OH MOHTe
aybIChIN, FanaMHbIH BIFbICY (a3acblHaH yiFalo (a3acblHa OTyiH CHIIATTalabl.

[lapameTpiik 3eprTey ¥ mapaMeTpiHiH CEpHUTIC MaHBIHAAFBI  HBOJIOLHSA
KapKbIHbIHA €JIeyJIl ocep €TEeTiHiH KOPCETTi. DHEPrusl THIFbI3ABIFEl CEPIiIiC HYKTEC
MaHBIHJIa MaKCUMYyMFa JKETeJli, KbIChIM OYKLUI 3BOJNIOIUS OOMBIHIA Tepic MoHIEpIe
cakTanajbl, al KyH TeHJeyl mapameTpi ceprinic aiiMarbiHAa (PaHTOMIBIK MIEKapaHbl
kecin orin, @ = —1 oGneickiHa eHeni. By HoTHXKeNep KapacCTHIPBLIFAH MOJIENbIE
CepIILTiC MEXaHU3MIHIH JKY3ere acyblH KaMTaMachl3 €TeTiH (PU3UKAIBIK MAPTTapIbIH
OPBIHAATATHIHBIH OUTAIpe .

DHeprus INapTTapblH Tanpay cepmimic ManbiHaa 2 + 2 < 0 Gonarelubin, srHn
HOJIIK YHEPT s IIAPTHIHBIH OY3bIIaTBIHBIH KOPCETTI. Byt - cepriiic KOoCMOIOTHACHIHBIH
Heri3ri Oenrinepinin Oipi. COHbIMEH Karap ajiblHFaH HOTHXKelep OONBbIHIIA KYIITI
9HEeprus MmapThl Ja OY3bUTaJbl, all JOMHHAHT DHEPTUsl MIapThl cakranajabl. Jlemexk,

KapacTbIpblIFraH f(T.T) moneni CepIIilic KOCMOJIOTHSICHIH CHIaTTayAa (pr3uKaIbIK
TYPFBIIAH Ma3MYHIBI JKOHE IMapaMeTPNiK TYPFBIAaH KOJaliabsl MOACIbACPAiH Oipi
OOJIBITT TaOBLITAIEL.

Kyprizinren Tanmay f(7T, T )rpaBuTanMsaceIHIarel  CEPILTC  ClIEHAPHHiHIH
KacHeTTepiH TePEeHIpeK TYCIHyTe MYMKIiH/IiK Oepe/ii. ATbIHFaH HOTHKeep/Ii Oonanakra
MOJICITBIH OPHBIKTBUIBIFBIH, KOCMOJOTHSUIBIK YHBITKYJIAPBIH JKOHE Mapamerpliiep
KEHICTITiHIH KeHEUTINTeH 00IBICTaphIH 3epTTey/Ie Maiaaianyra Oomabl.
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Abstract. The article examines the problem of complex assessment and adaptation
of the effectiveness of machine learning (ML) and deep learning (DL) algorithms in
processing the continuous data stream of modern interferometric detectors (LIGO,
Virgo, KAGRA) and statistical testing of cosmological models. The main purpose of
the work is to fundamentally improve the detection quality of weak gravitational wave
signals resulting from the coalescence of double compact objects in conditions of a low
signal-to-noise ratio (SNR<8), and to develop an accelerated, mathematically sound
technique for limiting modified gravity parameters based on observational data. The
study conducted an extensive comparative analysis of the capabilities of convolutional
neural networks (1D and 2DCNN) and recurrent architectures (LSTM) to suppress
stochastic noise, detect anomalies, and classify quasi-periodic signals. As the main
scientific novelty of the work, an algorithmic solution is proposed that makes it possible
to increase the accuracy of detecting gravitational waves against the background of
complex nonlinear noise to 96.1% compared with the traditional approach of matched
Filtering. In addition, the time for calculating the fundamental parameters of modified
cosmological models (in particular, f(1.7) gravity), such as the Hubble parameter
H (z]) and the primary scale factor (ag), with the integration of international data
and observational data from Pantheon+ based on the use of neural network regression
models is several times reduced compared to using traditional MCMC methods.

The results obtained prove the high rate of convergence, the statistical stability
of machine learning methods, and the extremely high potential for use in future
third-generation detectors (Einstein Telescope, Cosmic Explorer) for pre-filtering
real-time data and estimating cosmological parameters. This approach opens up new
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perspectives in solving the problems of Hubble tension and singularity in the standard
ACDM model.

Keywords: Gravitational waves, machine learning, signal processing,
interferometric detectors, neural networks
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AHHoOTanusi. Makanazna 3amanayn uHTepepoMeTprik aerexropiapabiH (LIGO,
Virgo, KAGRA) y3mikci3 Jepekrep arblHbIH OHJACYHCTl JXOHE KOCMOJIOTHSIIBIK
MOJENBbACPAl CTaTHCTUKANBIK TECTiIEyIeri MamuHaiblK OKbITy (MO) MeH TepeH
okbITy (TO) anroputmaepiHiH THIMILIITIH KemeH i Oaranay xoHe Oellimaey Moceneci
3eprreneni. JKyMBICTBIH HeETi3ri MakcaTbl — TOMEH CUTHaj-y KaTbiHachl (SNR<S)
XKargalblHOa KOC BIKIIAM OOBEKTIIEpAiH KOaJIeCUCHIMICHIHAH TYBIHAAWTBIH OJICI3
IPaBUTALMSIIBIK-TOIKBIHABIK CHTHAJIaP bl aHBIKTAY CalaChlH TYOCT eI apTTHIPY KoHE
OakbUIay MOJIMETTEpl Heri3inae Moau(UKaAlMsUIaHFAaH TpaBUTAlMs MapaMmeTpiepiH
IIEKTEYiH YJACTIATeH, MaTeMaTHKaJbIK HETI3JeNITeH 9/ICTEMECiH jKacay OOJIbII
Ta0bUTa bl 3epTTey OAPBICHIHAA CTOXACTHKAJIBIK ITY/bI 0acy, aHOMaIHsIapAbl aHBIKTAY
MeH KBa3HIIEPUOATHIK CUTHAIAAP I KIIacCU(PHUKaLMsIayFa apHaIFaH KOHBOJIIOIHSIIBIK
HelpoHasIK xeninepaid (1D xone 2DCNN) jxoHEe peKyppeHTTIK apXUTEKTypalapAblH
(LSTM)MyMKiHAIKTEpiHE KeH ay KbIM/IbI CAJIBICTBIPMaIbl TAJAAY )KYPri3ini. JKyMbIcThIH
HETi3T1 FBUIBIMH JKaHAJBIFBl PETIHAC, OOCTYPIl KENiCUITeH CYy3riiey TocuIiMeH
CaNbICThIpFaHia, KypAedi OeHChI3bIK NIy (OHBIHAA TPAaBUTALMSIBIK TOJKBIHIAPIbI
AHBIKTAYJBIH JONIIIK KepceTkimin 96.1%-ra AeiiH apTThpyFa MYMKIHIIK OepeTiH
QNTOPUTMAIK IenriM ycoiHbUIFaH. COHBIMEH KaTap, HEWPOXKENUTiK PerpeccusibK
MOJIEJIbICP Il KOJIJIaHy HETi31H/Ie XalbIKapalibiK jkoHe Pantheon+ Oakpuiay epekTepin
HWHTETpalusIaii OTHIPBI, MOAU(UKAMIAHFAH KOCMOJIOTHSIIBIK MOACTbAEPIiH (aTarm
aitkanaa, f(T,T) rpaBuTalUsIIBIK MOAENbAEpiHi) Xa606n napametpi (H [:z:]) MEH

GacTanksl MaciTadTHIK BakTop (%) cHAKTHI ipresi mapaMeTprepin ecentey yaKbIThl
nmactypii MCMC opicTepiMeH canmbICTRIpFaHIa OipHEIIe ece KbICKapThUIIEL.
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ATNBIHFaH HOTHXKENIEp MAIIMHAJBIK OKBITY OMIiCTEPIiHIH JXOFapbl KOHBEPTEHIIHS
JKBUIAMJIBIFBIH, CTATUCTHKAJBIK TYPAKTBUIBIFBIH KOHE OoJlaliaK YIIiHII OybIH
nerekropnapbiaaa (Einstein Telescope, Cosmic Explorer) HaKTBI yakbIT peXHMiHIC
JMEPEKTEpal aIIbIH aja Cy3riiey KoHe KOCMOJIOTHSUIBIK TapaMmeTpiepmi Oaranay
YIIH KOJIJaHy TIOTSHIMAIBIHBIH ©Te JKOFaphl eKeHJIriH monenaeiai. MyHnai
tocin crannaprtel ACDM moneningeri Xa60n kaiimbuibirsl (Hubble tension) men
CUHTYJISIPJIBIK TPOOJIeMaiapblH IICIIY/Ie kKaHa MePCICKTHRAIAP allabl.

Tyiiin ce3nep: ['paBUTAIMSAIBIK TOJKBIHAAP, MAIIUHAIBIK OKBITY, CUTHAJIAPIBI
oHJIeY, HHTeP(PEPOMETPITIK AETEKTOpIap, HEUPOHBIK JKEIiIep
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AHHoTanusi. B crartee wucciaeqyroTcs BO3MOKHOCTH HPHUMEHEHHS METOIOB
MAIINHHOTO M TIyOOKOro oOyueHMs [Uisi 0OpabOTKH HENPEPBIBHOTO MOTOKA JAHHBIX
COBPEMEHHBIX MHTEPHEPOMETPUUECKUX AECTEKTOPOB rpaBUTAalMOHHBIX BOJH (LIGO,
Virgo, KAGRA) u cTaructideckoro aHaimu3a KOCMOJIOTHYECKUX Mojieseid. OCHOBHOMN
1ejaplo  paboThl  SBISETCS TOBBIIICHHE S(PPEKTUBHOCTH OOHApPYKEHHUS CIIa0bIX
IPaBUTAllMOHHO-BOJIHOBBIX CHTHAJIOB, BO3HUKAIOIIMX HPU KOAJIECICHLUUH ABOHHBIX
KOMIIAKTHBIX OOBEKTOB B YCJIOBHSAX HM3KOTO OTHomIeHHUs curHain/myMm (SNR < 8), a
TaKXe pa3paboTKa yCKOPEHHBIX METOJOB OLICHKH MapaMeTpOB MOAU(PHIMPOBAHHBIX
KOCMOJIOTHYECKMX MOAEJIe Ha OCHOBE HaONIOAaTesJbHBIX JaHHBIX. B Xozme
HCCIICZIOBAHNS BBIMIOJIHEH CPAaBHUTEIBHBIM aHAIM3 BO3MOXHOCTEH CBEPTOUHBIX
HeliponHbx ceteid (1D-CNN u 2D-CNN) u pexyppeHTHBIX apxutektyp tuna LSTM
JUISl TIOZIABJICHUSI CTOXAaCTHUECKOrO LIyMa, BBISBICHUS aHOMAaJMH M KiaccH(UKALUH
KBa3UIIEPHOINYECKUX CHTHAJIOB. B KauecTBe HAayyHOH HOBH3HBI INPEATIOKEHO
QITOPUTMHUYECKOE PELICHHE, I03BOJISIONIEE IOBBICUTH TOYHOCTH OOHApYXECHUS
IPAaBUTAllMOHHBIX BOJIH Ha (OHE CIIOKHOIO HelIMHeiHoro myma ao 96,1 % mo
CPaBHEHHIO C TPaJULHMOHHBIM METOIOM coracoBaHHOM ¢(uisrpaunu. Kpome Toro,
HCIOJIBb30BaHUE MOJIENIeH HEHpOCEeTeBOI perpeccuu npu 00padoTKe MEKIyHAPOIHBIX
HaOIIOaTeNIbHBIX aHHBIX, BKJIrO4Yas karanor Pantheont, mo3Boimio cyiiecTBeHHO
COKpAaTUTh BPEMs BBIYMCICHHS MAapaMETPOB MOAN(DHUIMPOBAHHBIX KOCMOJIOTHYECKUX
moneneit, B wactHoctu f(T,T)-rpaBuramnum, Ttakmx kak mapamerp Xaboma H(z) mu
MaciTaOHbIA (aKTOP g, O CPABHEHHIO C TPAAULMOHHBIMU MeToAaMHU MapKOBCKUX
nerneit MonTte-Kapno (MCMC). [lonmy4enHble pe3ysbTaThl JeMOHCTPUPYIOT BBICOKYIO
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CKOPOCTb CXOIUMOCTH M CTaTHCTHYECKYIO0 YCTOHYMBOCTH METOAOB MAIIMHHOTO
o0yd4eHus1, a TaKKe MOATBEPIKIAIOT X 3HAUNTENbHBIA NOTEHIMAT ATl IPUMEHEHUS B
JeTeKTopax IpaBUTALMOHHBIX BOJIH TpeThero nokonenus (Einstein Telescope, Cosmic
Explorer) mpu npenBapuTenbHON GUIABTPALMN JaHHBIX B PEXKUME PEaIbHOTO BPEMEHH
U OLEHKE KOCMOJOTHYECKMX napamerpoB. IIpeamaraemplii TOAXON OTKPBIBAET
HOBBIE BO3BMOXXHOCTH JUI UCCIENOBaHUs (PyHAaMEHTAIbHBIX MPOOJIEM COBPEMEHHOM
KOCMOJIOTMH, BKJIOuas Mpobiemy HampsbkéHHocTH Xa06ia (Hubble tension) wu
BOTIPOCHI, CBSI3aHHBIE C OrpaHnYeHusIMu crangapTHoii ACDM-moznenu.

KuroueBbie ciaoBa: ['paBUTanMOHHBIE BOJNHBI, MAalIMHHOE OOy4yeHHE, 00paboTKa
CUTHAJIOB, HHTEp(EePOMETPHUECKUE IETEKTOPbI, HEHPOHHBIE CETH

Kipicne. ['paBurauusinbik Tonkpiaaapasiy (I'T) anFamke! Tikenel SKCIEpUMEHTTIK
tipkenyi 2015 xbuiel JluBunrcron (Jlymsmana) xone Xaudopxa (BamwHrTon)
kananapbiaaa opHanackan LIGO (Jlazepnik Wutepdepomerp IpaBHTALMSIIBIK-
Tonxpiaabik O6cepBaToOpuUsichl) 00CEPBATOPHUACHIHBIH €Ki Ja3epIiK HHTepPEpOMETPIIiK
JETeKTOPBl apKbUIbl Ky3ere acelpbuiabl. Famamasik I'T nmerexTopiap xemiciHiH
aykpiMbl 2017 xbutel Utanusgarel Virgo AETEKTOPBIHBIH KOCBUTYBIMEH KEHEHI.
An 2017 XbUIIBIH TaMbl3 alblHAA KONTEIeH JJEKTPOMArHUTTIK aHAJIOTrTapbIMEH
CYHeMeNJeHIeH, KOC HEHTPOHIBl KYJIABI3NAPAbIH KOaJIeCUEHIMSICHIHAH TYbIHIAFaH
TYHFBIII MYJIBTH-MECCEHDKEPIIIK (KO apHalibl) acTpopu3uKaiblK okura — GW170817
tipkengi (Abbott et al., 2017a). Ocbl ke3eHHeH Oacrtan Oyrinri kyHre neitin LIGO—
Virgo-KAGRA (LVK) xansikapanblK KoJzaOopanuschl KOC BIKIIaM OOBEKTUIEpAIH
Oipiryinen tybiHgaraH 90-Han acram I'T curHanaapbid coTTi aHBIKTaAbl. By Oakbuiay
MaNiMeTTepiHiH 0ackiM OOJiriH KOC Kapa KYpAbIMIApAbIH MEpKepi KyparaHbIMEH,
oJlapAbIH apachklHAa OipHele KOC HEHTPOH B! KYJIABI3AAD MEH «HEHTPOHIBI KYJIIbI3
— Kapa KypIbsIM» XYHeJepiHiH COKTHIFBICY Ipouectepi ae 6ap (Abbott et al., 2017b;
Abbott et al., 2019). Coursl xbuigapsl I'T acTpoHOMHACH asiChIHIA TipKEJIETiH
MOIMETTEpP/ACT1 CTOXaCTUKANBIK Iy JEHIeHiH TOMEHIETY, CoyjelieHy KoO3AepiH
MaTeMaTHUKaJIbIK MOJIEINBACY KOHE dJICi3 CUTHANAAapAbl 9P EKTHBTI HACHTUDUKALHSATIAY
MaKCcaThbIH/Ia MalIMHANBIK OKbITyAblH (MO) Oanamaibl MHTEIIEKTYalIbl TACiIaepi
KapKbIH/BI 3epTTeyne. ATajaraH OarbITTarbl aIFallKbl XKYHeI moynap OipHele Kbl
OypbIH FBUIBIMH KaybIMIACTHIKKA YChIHBUTFAH 00athiH (Cuoco etal., 2021). by makana
menoOepinae ['T acTpodu3ukackl MeH 3aMaHayd MHTEIUICKTYaJIbl TajlAay CalaCchIHbIH
Kazipri skail-KyHiHe >KaHApTBhUIFaH, TEPEHICTUITCH opi KaH-KaKThl TaJl[ay >Kacalaibl.
Herisri nazap arsimparsl LVK netexkropmap skenmiciHiH KoJAAaHOAmbl MocelenepiHe
JKOHE JKaKbIH OoJallaKkKka apHalfaH eCenTeyilll alropuTMAEpIi OHTaiIaHIbIpyFa
OarpiTTaniFad. ['T actpoHomusiceinna MO onicTepiH MHTerpauusuiay yaepici Kasipri
ipreni ¢u3MKa MEH acTPOHOMHsSI FBUIBIMIApPbIHIA OelieH ajblll KaTKaH >kahaHIbIK
U@ pIaaHIbpy KOHTEKCTIHE TONBIKTal colikec Kenei. 3aMaHayH 3epTTeysiep MeH alibIK,
pecypcrap MO asiceiHaarbl 6a3aiblK TYKbIPbIMAAMaIapabl, HEHPOKENTIK Tocinaepai
KOHE MaMaHJaHABIPbUIFaH OaFgapiaManiblK — JKacakTamajlapAbl — acTPOHOMIAp
YIIiH OapbIHIIA KOJDKETIMAI eTymi kesneiai. OnapiplH KaTapblHA JKaJIbl MIONY
MakajajapblMEeH Karap, TpaHC(hOpMAaTOPIBIK apXUTEKTypalap CHUSKTHI JKEKeJereH
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TepeH OKBITY Mojenbiaepi ne kipeai (Baron, 2019; Tanoglidis, Jain, Qu, 2024). MO
ANTOPUTMAEPIH aCTPOHOMUSIIBIK JIepeKTep 0azachlHaa CEHIMI, TYPaKThl 9pi HAKTHI
KOJIJaHyFa apHajFaH oliCTEMENiK HYCKAylbIKTap KelleHi XeNMneHKOTeH MEH OHBIH
aBTOpJIacTapbl TaparnbIHaH erkei-rerxeini naisinganran (Huppenkothen et al., 2024).
MO MmopenbaepiH Kypy KoHE onapibl OKBITY YAEpICiH 3epTTey Ke3iHae HeHpOHIBIK
JKEJIIHIH HEri3ri WBIFbIH (DYHKIMACH PETiHAE OpTalla KBAaAPATTHIK KATENiKTiH MOHIH
KapacThIPABIK:

1 N P 2
L= ;E?ﬂ(}’f —¥:) (1)

MYH/IaFbI

N — tanjmanaTeiH aepeKTEpIiH Kallbl CaHbl,

¥; — OaKpUIaylaH HEMeCe CaHIbIK MOJEIIbCYACH alblHFaH HAKThl MOH,

¥, — HeMPOHMBIK JKeJi TapanblHaH OOJDKaHFAH TEOPUSUIBIK MOH.

MO anropuTMAepiH OHTaWJIaHIBIPYFa apHalFaH Ka3ipri yakbITTa KYMBIC iCTell
TYpFaH oHJIalH ecentey HH(pakypruibiMaapsiHa ['T konganOansl 6OaraapiamMabIK na-
KETTEpiH OJlaH opi TEPEHIPEK €HI13y JKOHE OJapAbl MacIiTa0dTay eH MepPCIeKTUBAbI 9pi
CTPAaTETHsUIBIK MaHBI3bl FBUIBIMU Tocimaepain Oipi Oonbin TaOeuansl (Gunny et al.,
2022).

Marepuanaap :xoHe Herisri agicrep. I'paBuranusnbik Tonksiaapasl (I'T) Tipke-
yre apHaJifaH HEri3ri SKCIEpUMEHTTIK 0a3a peTiHAe eKiHII OybIH/IbI Ja3epIiK HHTEp-
(epoMeTpiIiKk IEeTeKTOpIap KEIICIHEH aJbIHATBIH aKMapaTThIK AEPEKTEP >KUBIHTHIFBI
nadgananbuiansl (Aasi et al., 2015). Aranran gereknusiiay KyWdeJaepiHiH Herizi Maii-
KEJIbCOH MHTEPPEPOMETPIHIH ONTHKAIBIK cXeMacblHa HeriznenreH. Murtepdepome-
TPIIK KOHIBIPFBIHBIH IIBIFBICBIHAAFEL (POTONMOATAP KELIEHI TYpil acTpo(H3UKAaIBIK
coylneseHy Ke3lepiHiH KeH cnekTpin Kamtuabl. LIGO, Virgo xone KAGRA obcep-
BaTOpUsIIAPBIHAAFB OacTanksl fepekrepai eHaey npoueci 16384 ' xuinikre xys3e-
re acslpbuiabl. JlereHMeH, acTpou3NKalIbIK Talfayiap YIIiH €H >KOFapbl ce3iMTal-
JBIK MHTepBalbl Oonbin TabbutaThiH 20-maH 2000 ['-xe Ae#iHTi KUK Iuana3oHbl
epekire MaHbI3ra ue (Abbott et al., 2020). Temenri xwuinikrepaeri (10 I'u-TeH TomMeH)
CE3IMTAIBIKTBIH KYPT TOMEH/ICYIH €CKEPEe OTBIPBII, €CENTeyill KyaTThl OHTalIaHabI-
Py MakcaTblHAa Iepekrepai ipikrey xwuimirin 4096 I'u-ke nedlin TeMeHaeTy mpole-
nypachl Konaanbeaasl. byn tocin Korensnukos-lllenHon kpurepuiiine coiikec akna-
PaTTBIH MaHBI3Abl CIEKTPIIK CHUIIaTTaMaJapblH CaKTall OTHIPBII, MAJIIMETTEP KeJIeMiH
3¢ (dhekTuBTI KBICYbI KaMTamachl3 eTei (Shannon, 1949).

JepekTep camacblH apTTHIPYIBIH MaHBI3IbI KE3€HI — JJIEKTP JKENJIepiHEH JKOHE
aifHaJBl acmaibl XKyHelepaiH MeXaHUKaJbIK Pe30HAHCTAPbIHAH TYBIHAANTHIH TYPaKThI
Tap YKOJIAKTHI IIYJIapAbIH (CIEKTPIIK CHI3BIKTAP/IbIH) dcepiH 0acy OOJbI TaObLIAIbI
(Ogata, 2001; Covas, 2018). Ocbl MaKcaTTa yaKbITTBIK Ti30€KTEp/Ii )KHUUTIKTIK aliMaKKa
TpaHchopmanusiay yiliH Kinaccukaiblk Oypbe TypiaeHaipyl naiaanaHbuIIbL:

X(f) = [T x(De ™ dt )
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MYH/IaFbl

x(t) - nerexTopaan TipkenreH yakpITKa TOyen i 6acTalKbl CHIHAI,

X (f] - OHBIH UK JOMEHIH/IETI CIeKTPIIiK OeifHeci.

[lly xOMITIOHEHTTEpiH CTAI[MOHAPIBIK eMec laycc ynecTipiMiHeH ak mry KyiiHe
ayBICTHIPY JKOHE TYCTI IIYJBIH 9CEPiH KO YIIiH JePEeKTep/Ii arapTy aJropuTMi Kemeci
MaTeMaTHKaJbIK OpHeK OoiibiHIIa operHAanas (Cuoco et al., 2001):

_ dlp

dﬂ (f] ".-'IR.'I ':f:' (3)

MYH/IaFbl

d,(f) - arapTBUIFaH JepeKTep,

d(f) — nerexkropyaH anblHFaH OACTANKbI AEPEKTEP,

S,.(f) — uyplH aMIIMTYHATBIK CTIEKTPIIK THIFBI3/IBIFL.

Ocpinaiinia, arapTy CTaIlMOHAPIBIK JkKoHE ['aycc NIybIH KAMTHTBIH TYCTI IIYIBI aK
IIyFa aifHaJIBIPa/Ibl, SIFHU OJ1 JIeNIbTa KOPPeTAIUsIChIHA aifHaIaIbl. byFaH neTekTopabiH
KULTIKKE TOYeI Il PeakIHUsIChIH OTSHTIH CY3TiHI KOJIAaHy apKbUIBI KOHE OFAaH JKHLIIK
aiiMarpIHIa KOJIAHBUIATBIH OMICTEP apKBUIBI KOJI JkeTkizyre Oomamel (Cuoco et al,
2001).

[Ty b xkaanel KypayibIChl Tt () croxacTiKambik IpoIiecc peTiH/e KapacThIPLIBII,
OHBbIH CTaTUCTUKAJIBIK XHUBIHTBIK HapaMeTpJIepi, arall aﬁTKaHI{a MaTE€MaTHKaAJIbIK
KYTiMI (4) MEH KOBapHalHUsIbIK MaTpHUachl (L, }.) TOMEH/IET1 e aHbIKTAJIIbI:

u = E[n], 4)
Cy = E[(n; — ) (n; — )] )
MYHOarbl

E — xyTy MoHi,

7; xoHe M; — [-mi xkoHe j-ur HykTesnepzeri (HeMece apHANApAArbl) IIYBUIIBIH
JIS3IIK MOH/IEPI.

JluckperTi Tangamanbly emmemziniri N Gonran skarmaiiia, oprama MOH MeEH
KOBapualisi MAaTPHUIIACBIHBIH SMITMPHUKAIBIK Oaraiayinapbl Kejlecl CTaTHCTUKAIBIK
(byHKITMOHAIIAP apKbLIbl €CEITEIII:

. _ 1wy
A=<Xiim (6)

€= —=(n,—@)(n,— 1) @)

Erep my mpoiieci CTalMOHAPIIBIK CHUIIATKA K€ OOJIbIN, KOMeIeM Il KaJlbIIThl
YJIECTIPiM 3aHAbUIbIFbIHA OaFBIHCA, OHBIH BIKTUMAJIBIK THIFBI3IBIFBI KEJICCI OpHEKIICH
CHIaTTaJIabL:
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- _1 _ _ -1
p{n} - det(2mC)?/2 =P [ 2 Ei-’-{ni 'PL] (n-’- H)CU ] (8)
MYHJIAFbI L’,El — I,j HYKTECIHJeTi KOBapHaHTTHIK MaTpHIara Kepi mama.
['paBuTanMsIBIK  TONKBIH KO3JepiHiH Oenrici3 mapaMeTpiep KUBIHTBIFbIH
(8) Gakputay momimertepi (d) wmerisinne anoctepuopiblK Oaramay ymriH baiiec
TEOPEMACBIHBIH alaparbl HHTETPAIUSIIAH/IbL:

2(d|6)z(8)
p(6ld) = — —— ©)
MYH/IaFbl
p(8ld) - wmomimMerTepni eckepremjeri TmapamMeTpIEPAiH  AOCTEPHOPIIBIK
BIKTUMAJI/IBIFBI;
p(d|8) - OGepinrem mapamerpnep KesiHae AepeKTepdiH Taiina  GoMybl
BIKTUMAJIIBLIBIFBL;

p(§) — anpUOPJIBIK YIECTIPIM.

I13QEYNEP

_\'J'lrlﬂEqu
| CARMECTEHAIPY

TPWITEFAERQI HACAY
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1
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A it
1
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CAMACH
. - . . \
' : BEWEC

| \ TANAY

NAPAMETPNEPAI
BAFANAY

K00 il ML
WAHE

KOPUWAFAH 0PTA *
CEHCOPTLAPY

Acn. canaco

Cyper 1. I'T nerexropiapbIHbIH AepEKTEePiH TaJayAbIH 9ETTET] XKYMBIC IPOIECi.

Hoctypni baiiectik ecenteynep (MCMC nemece Kipicripinren ipikrey) ete
KON YaKbITThl KaKeT eTeTiHAIKTeH, 3amanayn [T acTpodu3ukachbiHIa MalldHAJBIK,
okbITYZBIH (MO) uHTerpanusianFal XyMbIC mpouecTepi enrizinyge (1-cyper xone
2-cypet). MO onictepi kanuOpey, IepeKTep canachlH Oarayay, CUTHAJIAApAbl i3aey
KOHE MapaMeTpiepAl HAaKThl YakbpIT PEXUMiHIAE Oaranay Ke3eHJAEpiHIE ecenTey
KBUIIAMBIFBIH OipHEIle ecere apTThIpaibl.

Bacrankpl gepexTep/ii OHJICY KOHE MAIIMHAIBIK OKBITY MOJACIbACPIHIH THIMIUIITTH
Oarasiay MakcarblHJa 0a3ajibIK CaNbICTBIPY daicTepiniH Oipi perinae CTanuoHApPIBIK
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eMec mIybUIIBI baifecTik mierepy aiaropuTMi KOJIaHBULABL. by omic netekropaan
KeJeTiH YaKbITTBIK KaTapiapasl MapkoB Ti30erinin  Monte-Kapno (MCMC)
MOJENbACyl MEH CHHYCOMAAJBIK CIUIAWHAAp KOMOMHALMICHI apKbUIBI CIIEKTPIIIK
KIKTeyTe Heri3aenreH. AJIropuT™M KeHICTiK-yaKbIT CUTHAJIBIH €Ki Heri3ri KOMIOHEHTKE
Oeneni: cranMoHapiblK [aycc HIyBIIBI JKOHE YaKbIT OOMBIHIIA KBLIIAM ©3repeTiH
UMIYIBCTIK Keneprinep.

I'T nerekropnapbiHnarbl (GOTOAMONTHIK TipKey >KYHECIHIH IIBIFBICHI — TaliJalibl
I'T curHanmapsiMeH KaTap, acHanThIK »KOHE KOpIUIAFaH OpTagaH TybIHAAFaH
KONTEreH M1y Ke3[epiH KaMTUTBIH KYPHAET YaKbITTBIK Karap OOibIn TaObUIaabI.

AcTpodusuKanblK aKmaparThl KAMTHUTBIH HETI3Ti Ie(GopMaIisiIblK apHaMEH (h{tj)
Oipre, nHTEp(HEPOMETPIIH TYPAKTHI JKYMBICBIH KaMTaMachl3 €Ty MaKcaTbIHIa dPTYPIIi
TACKPETTEy JKUUTIKTEpPIMEH »a3bUIaThlH MBIHAaFaH KOMEKIi apHajap TipKelemi.
by xemekmri apHamapabIH 6ip 06iri JeTEKTOPIBIH ONTHKAJBIK KOHE MEXaHHKATBIK
AIIEMEHTTEPIH Kepi OalaHbIC apKbUTBI OacKapy CHTHAJAApBIH jKazca, eKiHMI OeJiri
ceiiCMUKaJIbIK, aKYCTHKAIBIK )KOHE IEKTPOMArHUTTIK KOpIIaraH OpTa KaraalaapbiH
y3mikci3 Oakpimam oTeIpaapl. Kemekmri apHamapia >KWHAKTaJFaH MOJIIMETTep
JICPEKTEePIiH canachlH Oaranay jKOHE IIy/Ibl aHATUTUKAIBIK Ta3apTy MpOIeaypaiapsl
YIIiH aca KYHIBI aKmapar ke3i cananagsl. Ocpuiaiima, 1epeKTepaiH calacklH TEKCEPY,
Kamopiey xoHe (DOHIBIK KeIepriiepAi KOIOAbI KaMTHUTHIH ajAblH ajla eHICYMiH
OacTamkbl Ke3CHi asKTalFaHHAH KeHiH, JalbIHIaIFaH MOJIMETTep Keneci ¢azamarbl
CHUTHAJIJIBI aHBIKTAY YKOHE MAITMHAJIBIK OKBITY aITOPUTMIEpiHe Oepirei.

Ynrinix
© Aepextep
Basack!

(TonKeIH niwiiHIg
renepatopt

o=

m
AeTexTOpnape!

Cypert 2. I'T netekTopiapbl MCH JIPEKTEP/Ii Tajiay YIIiH MAaIIHHAIBIK OKBITY KYMBIC TIPOIICCIHE
COMKEC KEJIETIH MEICAI.

JleTeKTop NepeKTepiH OHICY/IIH KOFaphljia CUMIATTAIIFaH dpOip Ke3CHIH e JOCTY Il
eCernTey apxXHuTeKTypajapbiHa Oamama perinzge MO TocinuepiH WHTErpanusiayra,
HEMECe KOJIJJaHBICTAaFbl KOHBEWEPJICPIH €CENTey JKbUIIAMIBIFBI MEH THIMIUIITIH
aptTeipy ymiH MO oxmicTepiH pekOMOHMHALUsUIayFa TOJNBIK MYMKIHAIK Oap. by
KOHIICTITYaJIJ[bl KOHIICTIIUS 2-CyPETTE TOJIBIK OCHHEICHIeH.

Kasipri Tanma >xacaHJbl HMHTEJUICKT CaJaChIH/AFbl €H O3bIK OarbITTapiblH Oipi —
MYJIBTUMO/IAJTh bl MAIIMHAJIBIK OKBITY TOCLII O0JIBIN TaObUIaAbl. Byt onicreMe apTeKTi
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aKnapar Ke3JepiH, aTan alTKaHAa: MOTIHAIK KaTalorTapAbl, CIIEKTporpaMMa TypiHJeri
KECKIHJEepAl, YaKbITTHIK KaTapiap MEH CEHCOPIBIK AepeKTepAi Oip Me3riine eHaeyre
KOHE OJIapJAblH apachlHAArbl OEHCHI3BIK KOppesIHsIapAbl aHBIKTayFa apHajFaH.
OpTYpIIi MOJANBIUTIKTEr1 aKnapar arbIHAApbIH OipiKTipy apKbUIbl MYJIBTHMOAAJbIbI
OKBITY WHTEIUICKTYyaJ/Ibl JKyHeJepre aJjaMHbIH KOTHUTHBTI KaObLIjay MeXaHH3MiHE
eNIIKTEYTe JKOHE 3epTTENeTiH (PU3MKAIBIK KYHe Typalbl TOJNBIK 9pi KyHeni akmapar
anmyra MyMKiHAiK Oepeni. Kocmomorusi mMeH acTpodu3uka TYPFbICHIHAH alfaHia,
MYJBTUMOJAbAbl TOCIT KOC HEUTPOHIBIK IKYJIJIBI3NAPIBIH OIpiry TpOIECiHIH
JUHAMUKACBIH TEPEHIPEK CHIaTTayFa, COHAai-aK Oyl KaTakIM3MAIK OKHUFalapiaH
KeWiH TY31JITeH BIKIIAM KaJJIBIKTHIH (KOMIAKT O0BEKTIHIH) TaOUFaThl MEH (PU3UKAIBIK
KacueTTepiHe, HeMTPOHABIK KYIAb3AapAbH Kyl Tenaeyine (EoS) xaran mekreynep
KOIOFa KOHE acTpo(M3MKaNbIK MNapaMeTpiepli >KOFapbl OOJIIIKIEH aHBIKTayFa
MYMKIiHIIK Oepeni.

Kocmonorusinbik napamerpnepai Oaranay ymid Pantheon+ sxubiHTBIFBIHAH 1550-
JeH actaM la TUIiHIer1 acKbIH JKaHa KYJIABI3AAPABIH (POTOMETPHSIIBIK KAIIBIKTBIKTaphI
MEH KOCMOJIOTUSIJIBIK XPOHOMETPIIEP O/ICiHEH ajblHFaH 3amaHayn H(z) Oaxeliay
JepeKkTepi naiJananbslnbl. by nepekrep MeH onapislH Karenik matpunanapsl [0,1]
WHTepBanbiHa HopManu3anusianbii, PINN xone SBI Helipoxkeninik MoaenbAepiHiH
Kipic ¢opmareiHa OeiiiMaenai. Mogpenbaepli OKbITY Oakbliay MONiMETTEpPl MeH
MonupukanusianFan @OpuaMaH TeHACYiHIH (QU3UKAIBIK KaJJIbIFbIH (me:) oip
ME3TiIe MUHUMAIAAy apKbUIbI )KY3€Te aChIPbIIIbI.

Harumxenep :xoHe TaaxkbLiaay. [ paBUTAIMIIBIK-TOIKBIHABIK HHTEPHEPOMETpIepAIH
HeT13T1 e opMasITbIK ApHACHIHAAFbI )KOHE KOMEKIII apHaJapbIHAAaFbl CTALIMOHAPIIBIK,
emec, ['ayccThIK emec KbICKa Mep3iM/i akaynapasl (MMITYJIbCTIK IIynapsl) 6acy yIiH
tepeH okbITy (TO) anropurMaepi KOMAAHBULIBL. By TOCUIIIH HETi3r KOHIEHIHUSICHI
— HEHPOHJBIK JKeNiHI Here3i JeopManus apHachl MEH KOCAJIKbl CEHCOPIIBIK apHaiap
apacheIHAaFbl OCWCBHI3BIK OaiilaHbICTapAbl TaHyFa JKOHE apThIK IIy KOMIIOHEHTTEPiH
KaJllibIHA KeTIpy apKbUIbI Lerepyre yipeTy Oobi TaObliaabl.

[leTEKTOp WikiIFLICk, WYCRI3 [eTexTop WLFsICh, WysMen
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Cyper 3. CrannoHapIisIK eMec IIybsUIIs! baliecTik merepy anaropuTmi apKbIIbl TYPAKTHI YTl
azaiity. Kucwlkrap HeHpOH/IBIK Jkellire Heri3elreH TepeH a3aiTy MeH CTaIl[MOHAPIIbIK IIyAbl a3aiTy
apachIH/AFbI CAIBICTBIPY/IBI KOPCETE].
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3-cyperre I'T perekTopiapblHBIH WIBIFBICHIHIAFBI YaKBITTBIK Karapiap MeH
OJIApABIH JKULTIKTIK CHEKTPJEpiHIH e3repy AWHAMHMKAchl KepceTinreH. JKoraprbl
rpadurinie 6acTanKbl IIyJbl CATHAJIBIH aMILTUTYIabIK Aedopmarmsce k() ~10721
JeHreiHae alTapiablKTall CTOXaCTHKAJBIK aybITKyJapfa YIIbIpaFraHbl KepiHemi.
Hoactypini cysrineprneH eTKeHHEH KeiiH e (opranrbl rpaduk), cnektpain 40-120 I'a
JMAana3oHbIHA acTanThIK LIYABIH KaJAbIKTapbl cakTajibil, maigansl ['T curHanbx
TYHUIBIKTBIPBIT TYP. AJ 3-CypeTTiH TOMEHT1 OH JKaFbIHIAFbl rpadUKTeH OalKaaaThIHbI
— 013 malibIHOaraH TepeH HEeHPOHABIK >KeIiHi merepy dJiCiH Konaanranaa, ['ayccThiK
eMeC HMMITYJIbCTIK IIyJapAblH ammiaurygacekl 88%-ra neifin Oacwvutran. byn perrte
naiiganel I'T cUrHANBIHBIH MillliHI eIIKaH Al Ga3anbik aeGopManuschl3 Ta3a KYWiH e
cakranaapl. CrexkTpiik ThIFbI3ABIK rpaduringe 60 ' sxkone 120 I’y xwmimikrepueri
ANIEKTPIIIK JKeMiHiH Tap mbHAapbl MO cy3rici apKplibl KOpIIaraH opTa apHaJlapbIHbIH
MONIMETTEp1 HETi31H/E TOJBIFBIMEH TETiCTENTEH.

CoOHFBI )KbUIIAPBI TPABUTALUSUIIBIK TOJKBIHIAP MEH KOCMOJIOTHSIIBIK MOJENIbIACPAI
Tannayga ¢u3uKara HerigenreH HeWpoHAblK keninep (PINNs) men onapabiy
MoauQuKanusAcel — Qu3MKara HerizaenreH Helponaslk omeparopiuap (PINOs)
epekie MaHbI3Fa ue Oosyna. by Tocingiy AocTypii caH MOHIIK dicTepleH 0acThl
apTHIKIIBUIBIFBI — acTPOQU3MKAIBIK 3aHJapAbl CUNATTAHTBIH A depeHIranIbIK
TeHJSYJIep i mery yiiH 3amanayd MO nakeTTepiHe MHTErpaluusulaHFaH aBTOMATThI
muddepennnannay annaparsid Konganysiaa (Raissi, Perdikaris, Karniadakis, 2017).
PINN apxutekTypacsl eki Heri3ri Onokran Typaasl: 1) CypporarThik skeni: 3epTTeneTin
nuddepeHIMaTIBIK TeHIEYIiH ITaMaMeH aIbIHFaH it (x,t) wermimin TeHEepAITUSITAN T
2) Kangsik xermi: ['eHepanusiianFal MIENNMHIH ipreii (pU3uKaIbIK 3aHIbUTBIKTapaaH
(MBICANTBI, DUHIITEHH TEHACYJIEepI HeMece TUAPOAUHAMUKAIBIK TCHACYIEP) ayBITKY
JeHreiiH Oaranaiabl.

JKemiHi OKBITY OapBICBIHIAFEI JKAJIIBI MIBIFBIH (DYHKIUSICHI IEPEKTEPTe HETi3eITeH
Karemik (L ia m) MEH (U3UKAIBIK TEHICYIIH KaJJIbIFbIH (*"':phys) Oip wmesrinme
MUHHUMaJ/Iay YLIIH OHTalIaHbIPBUIIBL:

Lrora: = Ldrzrrz + }'r*c*ph;.:s (10)
MYH/JIaFbl
—1 Vg o~ 2
Laaea = ;Eg:ﬂu(?ﬁpfaj —i(x, )] (11)
“d
1ol - 2
'L'Ph.}"s - EE_:I:l ‘:F (u(x}-,t}-)) (12)

MYH/IaFbI
F - dusukanslk KyleHi cHIATTalThiH AU(dEpEeHIUATIIBIK OnepaTop (MbICAJIbI,
MOIU(UKALUsIaHFaH TPaBUTALNS TEOPHACHIHIAFbI opic Tenaeyiepi),d
¥ — canMakThIK K03 uuueHt.
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Makanaga YChIHBUIFAH MAalIMHAIBIK OKbITy anropurmuepi (1D-CNN  xoHe
PINN) apkpuibl ImygaH >KOFapbl JOJJIIKICH Ta3apThUIFAH T'PABUTAIMSIIBIK TOJIKBIH
(I'T) curnanmapsl 3amMaHay¥d KOCMOJIOTHSUIBIK MOJIENBICPIII TeKcepyae koHe JKarbl
CaNBICTHIPMATIBUIBIK TEOPUSCHIHAH THIC Oamamansl | (T,7) Mou(UKalUsTIaHFaH
IPaBHUTANNS TEOPHSICHIH HICKTEY/lEe «CTaHIAPTThI CUPEHAaJap» PETiH/le KOJJIaHBLIIbI.
Ycombputrad 1D-CNN xone ¢usnkansik mekteyai PINN HeHpoHIBIK KeminepiHiH
TUIMAUTITIH OaFanay »KoHE casbICThIpManbl Tanjgay kyprisy ywin GWOSC
(Gravitational Wave Open Science Center) amblK Aepekrep 0Oa3achl Heri3iHJe
CUHTETHKAJIBIK JEPEKTEp >KUBIHTHIFBI KaJIbINTACTHIPHULABL. JKaimbl TaHmaaMa Kejemi
N=10000 ynrini (yakpITTBIK Karap QparMeHTTepiH) Kypaabl. Jlepexrep keneci
MPOIIOPIIMAAA YII IMIKI XUBIHTHIKKA OexiHai: OKbITYy KHUBIHTHIFBL: 70% - Mopmensb
napaMeTpiiepiH OHTaWIaHABIPY YINiH; Bamupmanusuiblk KUBIHTHIK: 10% - OKBITY
OaphIChIHAA THIEpIapaMeTpiIep/i PeTKe KeITIpy KoHEe KaiTa OKBITYIbl OOJIbIpMay
yurin; Tectiney *)UbIHTHIFBL: 20% - MOAENBIIH TAaHBIC eMec JePeKTepii KalIbLIay
KaOlIeTiH TeKcepy >KOHEe HAKThl JUIIIKTI ecentey YuIiH. OpOip yiIriHiH y3akThirbl 4
CeKyHTHI Kypassl (quckperrey xkuiniri f; = 4096 I'n).

Kaspirk ~ ®puaman-Pobeprcon-Yokep  (FLRW)  mertpuxacema  f(T,T)
IPaBUTANUSCH] AsSCBHIHAAFbl MOMUUKaNUsIaHFaH Oipinmn dpuaMaH TeHIEYi Kejeci
KYpBUIBIMFa W€ 00Ja/Ibl:

3H? =8nGpysy = — L+ Tf; + 826p + f(p +p) (13)

MYH/TAFbI
H = d/a — ranaMHbIH KEHEIO KbUIIaMIBIFBIH CHIIATTalTEIH Xab01 mapamerpi,

r=—-6H"_ TeJenapauieNbi TPaBUTAIUAIAFEl OYpaTy CKaJsphI,

T = —p + 3P — unean cyibIKTHIK YIIiH SHEPIUA-MMITYIIbC TEH30PBIHbIH 31,
_ or _ &ar . .
fr= 37 JKOHE fr= 57 — coiikecinme f(T,T) dysxuusceinbi Oypamy MeH i3

OoMBIHITIA TepOeC TYBIHIBLIAPEL.

Curnan-mry kareiHacel (ASNR) +13.8 nb-re xakcapran [T gepekrepinen
HEUPOHABIK JKEIUIEPAIH CUMYJISIUAFa HETI3NeNTeH KOPBITHIHABLIAps! (SBI) apKbeuTh
(OTOMETPHSAIBIK KAIIBIKTHIK (d 1) €CeNTeNl:

'
cdz

4@ =0+ [ s "

MO wmonenbaepiHiH camacklH Oaraniay YIIiH HETi3Ti KIIacCH(UKAUSIBIK JKOHE
perpeccusIblK MeTpHKanap — JSJAIK, ce3iMTaiablK, Fl-emmemi >koHE CHTHAN-ITY
KaTBIHACKIHBIH JKakKcapy Kod(POHUIIMEeHTI KOMTAHBUIABL 1-KecTene MOCTYpili CHTHA
OHJIEY TACUIIepi MEH YCHIHBUIFAH HEHPOH/BIK JKEITIEPIiH TEeCTiIey JAepeKTepiHeri
(N=2000) caisIcTBIpMAaITBI HOTHKEIIePi KeITipiireH.
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Kecre 1. dactypmni axnicrep MmeH MammHanslk okbiTy (MO) anropuTMmaepidi THIMIUIITH
CaJBICTHIPY.

KoananbLiran afic Haanik Cesim- | Fl-ommem |ROC-AUC (KochiMmia
TaNAbIK MeTpPHKA)

Hactypni @ypse + Notch cysrici 74,2% 68,5% 0,712 0,754

Craronapibsik emec mmerepim (baiiec) |81,5% 79,0% 0,802 0,836

¥Yconburran 1 D-CNN monens 94,8% 92,3% 0,935 0,951

Ousukansik mekreyni PINN sxemici 96,1% 95,4% 0,957 0,978

(13) xone (14) Tenaeynep xyiecin Tazapreurrad ['T OakpuiaynapbIMeH CalbICTHIPY
apKpLIbl Xa001 TYPaKTBICHIHBIH Ka3ipri MOHI Hy,= 695+ 1.2 KM/c/MIik neHreiinge
YKOFapBI JONIIIKIICH IEKTeI 1. By HOTH KE 3aMaHayH KOCMOJIOTHsJaFbl €H YIIKSH Macee
— «Xa06n karmbuibiFsiny (Hubble tension) memryre I'T gepexrepin HHTEIIEKTYanabl
OHJICY SJIICTEPiHIH THIMI €KeHIH KOPCETe/I.

MamuHanelK OKBITY TOCUINEPIHIH KOFaphl HMKeMAUTIri Oyin  dopMamu3mii
KAl ~ CAJbICTBIPMAJIBIIBIK ~ TCOPHSCHIHBIH — IIEHOEPiHEH IIBIFBIN, OalaMalibl
MOOU(HUKALMSIAHFaH TPABUTALMS TCOPUSIIAPBIHAAFBl HEHTPOHIBIK >KYJIIBI3AAPAbIH
KYHiH 3eprreyre MyMKiHAIK Oepexi. MO omicTepi HEHTPOHIBIK KYJIIBI3IAD
KAaCHETTEPiHIH JKOFapbl OJIIeM]li MapaMeTpiIiK KeHICTIriH (IapaMmeTpiepiaiH e3apa
TOYEILIIriH) kKoHe OallaMalbl TaAPTHUIBIC TEOPUSUIAPBIH ©TE TUIM/II TaJfayFa JKaFnan
xacaiigsl. COHBIMEH Karap, Oy Tociiep acKbIH KaHa >KYJIABI3AapIAbIH (supernova)
XKapblly T'HIPOAWHAMHMKACBIHAAFbl TYpOYJICHTTI AacleKTiIepAl MOICNBACYAC >KOHE
COMKeC AJIEKTPOMATHUTTIK JKapbhlK KHUCBIKTApblH Ooipkayga coTTi 3eprrenai. MO
QITOPUTMJIEP] MEH CUMYJISIIIUSFA HET13/IeNTeH KOPBIThIH/GI Kacay (SBI) onmicrepiHig
e3apa MHTErpalysiChbl KYpAeil acTpo(U3UKaIbIK KO3Aep HOMYIALUsICHIH MOACIbACYC
xorapbl THiMaUTiK kepcerti. Kazipri tapma ['T acTpoHOMUSCHIHA MTOMYISIIHSIBIK
MOJIEJIb/ICyTe apHAIFaH MaMaHIaHABIpbUIFaH MO eHOeKTepi oIl Jie a3 OosFaHbIMEH, OYJIT
OarbiT I'T GaxpliaynapblHaH alblHFAH 0ACTaIKbl aCTPO(MUIUKAIBIK TOMYJISLUSIIAPIBIH
HOTHIKEJIEPiH HHTEpIpeTauusiayFa TikeJel ocep eTeli.

KopsiTeinabsl. byn 3eprreyne rpaButanusuiblk  ToikeiHAapasl (I'T)  Ttipkey,
CY3riiey >KoHE acTpOQHU3UKAIbIK Tajday YHAepicTepiHJe 3aMaHayd MalIMHAJIBIK
okpITy (MO) omicTemernepin KONIaHyAbIH THIMILUIIT MEH MepPCIeKTUBANIAPHI KeIISHI1
TYPZAE KapacThIpbUIAbl. 3epTTey OapbIChiHAa eKiHII OybIHOaFrbl MHTEP(EPOMETPIIiK
nerekropinapaat (LIGO-Virgo-KAGRA) anbIHaTbIH YIIKEH AEPEKTEP aF bIHBIH OHICYAEC
MO anropuTMmaepiHiH ipreii pell aTKapaThIHbI AdJEIeH 1. ¥ ChIHbIUIFaH TEPEH OKBITY
apxuTeKTypanapbl (Mbicanbl, CTalMOHAPIIBIK eMeC LIIybUIAapAbl werepyniy bakiecTik
QITOPUTMIHIH KOHTYpJapbl) CTAIlMOHAPIBIK €MEeC MMITYJIbCTIK IIyaapasl Oacyra,
naiianasl curHangapabl GOHIBIK KeACPTIUICpACH KOFaphl AQIAIKIICH aXbIPaTyFa KoHE
JEPEeKTep/IiH callachlH aWTaplbIKTall apTThIpyFa MYMKiHAIK Oepeni. XKyprizinrexn
CaJIBICTBIPMaJIbl Tasgay KOpbIThIHABLIApEl MO TocinaepiHiH A9CTYPIli CTaTUCTUKAIIBIK
CY3rijiey ojicTepiMeH CaJbICTBIpFaHga €CeNTey pPecypcTapblH OHTAHJIaHIBIPY
TYPFBICBIHAH JKOFapbl HMKEMIIIIK TIeH OHIMJIUTIKKE Hue eKeHiH kepceTTi. TepeH
KOHBOJIFOIUSUTBIK HeHpoHABIK xkelinep (CNN) MeH (u3nkara Heri3ieiareH HeMpOH IbIK
xeninep (PINN/PINO) I'T curnanaapslHbIH apaMeTpiiepiH HAKTHI YaKbIT peXKUMiHAC
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OaranayJblH KOHE JKaJIbl CaJbICTRIPMAIBUIBIK TEOPHUSACHIHAH ThIC Oajamalibl
MOIU(UKANUSIAHFAH T'PABUTALMSIIBIK MOJCIBJEPASTT KOMIAKTLIT OOBEeKTUIEPIiH
SBOJIIOLUSCHIH CUTIATTAYbIH THIMJII KYpajbl €KeHI aHbIKTaIAbl. bomamakra yuriHii
oyesianarel (Einstein Telescope, Cosmic Explorer) I'T mereknusuiay kemeHaepiHeH
AJIBIHATHIH JACPEKTEP KOJIEMiHIH SKCIIOHCHIIMAIBI OCY1 KaFJalbIH/Ia MYIBTUMO/IAJbIbI
MalIMHAJIBIK OKBITY MOJCIIBJCPiHIH MaHBI3bI Ienymni (akropra aiHaniMak. OchlFaH
OailJIaHBICTHI, JCPEKTEPIi CUMYISAIHSFA HETI3JIEITeH KOPBITBIHIBI Kacay MKoHE
WHTEIJUICKTYaJ bl IEPEKTEp aHAINTHKACHIH acTpodu3uKaMeH OipiKTipeTiH Oy OarbIT
aJJIaFbl YaKbITTa MYJbTHMECCEHKEPIIK aCTPOHOMUSHBIH JaMybIHA KOHE FaJaMHBIH
epTe DBOJIOIUSIIBIK Ke3EHICPIH 3ePTTEYyTe €ISyl yiiec KOCaThiH 00 Ibl.
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Abstract. In this work, new W(VI)-modified catalysts based on natural zeolite
from the Taizhuzgen deposit in Kazakhstan were synthesized, and their efficiency in
thermocatalytic hydrogenation of polymer wastes was systematically investigated.
Widely available polyethylene and polypropylene wastes were used as the feedstock,
while a heavy oil fraction (fuel oil) from the Kumkol deposit was introduced as
an additive to improve the hydrocarbon balance of the process. The catalysts were
pre-activated by an acid-free method, heat-treated at 100—500°C, and subsequently
modified with 0.5% and 1.0% W(VI) concentrations. FTIR analysis revealed the
formation of Lewis and Brensted acid sites on the catalyst surface, which play a key
role in hydrocarbon cracking and reformation reactions. It was found that the 0.5% W@
Taijuzgen catalyst preferentially promotes the formation of light hydrocarbons (Cs—
C,2), whereas the 1.0% W@Taijuzgen sample enhances the yield of heavier fractions
(C10—Cs0). Gas chromatographic analysis showed that, in the presence of the 0.5% W
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catalyst, aromatic hydrocarbons in the 0—180°C fraction reached 50.6%, while alkanes
accounted for 22.95%. In contrast, for the 1.0% W sample, aromatics decreased to
39.3%, whereas alkanes increased to 38.96%. These results confirm that the tungsten
content directly influences the group composition of the products. Overall, the study
highlights the effectiveness and industrial potential of catalytic recycling of polymer
wastes into valuable motor fuel fractions.

Keywords: polymer waste, catalyst, Taizhuzgen zeolite, tungsten, thermocatalytic
hydrogenation, liquid fuel
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Annortanusi. byn xywmeicta Kasakcrangarel Taiky3reH KeH OpHBbIHAH alIbIHFaH
taburyu neonut Herizinae W(VI) Ty3piMeH MonuuIMpIeHTeH KaHa KaTaau3aropiap
CHUHTE3/EJIIII, oJlapAbIH MOJMMEP KaJABIKTApbIlH  TEPMOKATAIUTHKAIBIK
TUAPOTEHU3ANUsIAY MPOUECIHASTT THIMAUIN JKaH-)KaKThl 3epTTesiai. bactamksel
LIMKi3aT peTiHAe KEeH TapajfaH IOJUITHICH >KOHE IOJUIPONUICH KaJJbIKTaphl
naiiiadaHbuIabl, ajl TPOLECTiH KOMIPCYTeKTIK OalaHChIH KakcapTy MakcaTbIHIa
KockiMIIa peTinae Kymken KeH OpHBIHAH ajbIHFaH ayblp MyHall (pakmusichl — MaszyT
THIMAI Typae Kongaueuigsl. Kartamuzatopnap anaplH ana KbIIIKBUIICHI3 QJIICHEH
aktusrenin, 100-500°C Temmeparypa apajbIFbIHAa TEPMUSIIBIK OHICYACH OTKI31Ial,
keiin 0,5% xone 1,0% W(VI) xoHueHTpaumsiapsbiMeH Moau(uKanusIaHabl.
KaranuzatopnapablH KypbUIBIMIBIK JkoHe (QyHKOMOHANABIK Kacuerrepi FTIR
CHEKTPOCKOTMSACHl apKbUIBI 3€pTTeN[i, HOTIKeciHne onapasiH Oetinge Jlbromc
xoHe bpeHcTen KBILKBUT OPTANBIKTAPBIHBIH KaJbIITACKAHBI aHBIKTANABL. by
OpTaJIBIKTap KOMIPCYTEK Ti30€KTEpiHiH bIABIpAy JKOHE KaiTa Ty3Uly peakuusiapblHaa
Heri3ri pes arkapareiHbl JanengeHni. 0,5% W@Taibky3reHn Karaau3aTopbl SKEHIT
kemipeytektepAin (Cs—Ci,) Ty3UyiH THiMAL KamTamachl3 erce, 1,0% W@ Taiixysren
yirici aysip gpakuusmapasiH (Cio—Cao) TY3UTYIH KYLIEHTETiHI aHBIKTAIBL. [ a3abIK
XpoMatorpadusiblk Tannay Hotmxkenepi 0,5% W karanuzatopsl kareickinga 0—180°C
(dpakuMsckIHIa apoMarThl KeMipcyTekTepain yieci 50,6%, an ankangapAblH yleci
22,95% OonranbiH kepcerti. An 1,0% W ynricinae apoMaTTbl KeMipCyTeKTepAiH
mommrepi 39,3%-ra meiiin TemeHzen, ankaHgapAbiH yieci 38,96%-ra aprTel. Byn
KaTaJn3aTop KyYpaMbIHIAFbl BOJb()paM MOJILIEPiHiH OHIMHIH TOINTBHIK KypamblHa
TiKeNel ocep eTETiHIH Adnenaelni. 3epTTey HOTHXKENepi MOIMMEp KalAbIKTapbIH
KYH/IbI MOTOP OTBIHBI (hpaKuusIapblHa aHHANABIPYABIH THIM1 TEXHOJOTHSICHIH YChIHA
OTBIPHIT, pEeCypc YHeMJeyre OarbpITTalfaH KaTaIWTHKAIBIK KaiiTa eHJey oficTepiHiH
YKOFaphbl IEPCIEKTUBATBUIBIFBIH )KOHE OHEPKACIINTIK KOMAaHy MYMKIHAITH KOPCETE].

Tyiiin ce3mep: mnoiauMep KalIbIKTapbl, KaTauu3arop, TalKy3reH LEOJHTi,
BOJb(paM, TEPMOKATATUTHKAIIBIK THIPOTCHU3ALMS, CYUBIK OTBIH
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AnHoTanusi. B pabote cuHTE3UpOBaHbI M MCCIEIOBaHBI KATAIM3aTOPBI HA OCHOBE
MIPUPOIHOTO HeonnuTa MecTopoxaeHus Taibkysren (Kazaxcran), MoguduupoBaHHbIe
coeauHeHUsIME BodbPpama (VI), ams TepMoKaTanuTHIeCcKO mepepadoTKH MOJTHUMep-
HBIX OTXOJIOB B JKHJIKHE YIJIEBOJOPOAHBIC MPOAYKThL. AKTYyaJbHOCTh HCCIICIOBAHHS
o0ycIioBIIeHa HEOOXOIMMOCTBIO Pa3paboTKH dPPEKTHBHBIX TEXHOJIOTUH YTHIN3AIMH
TUTACTUKOBBIX OTXOJIOB U MMOJyYSHHS AIbTEPHATUBHBIX HCTOUHHUKOB MOTOPHOTO TOTLIH-
Ba. B KauecTBe NCXOAHOTO CHIPBS UCIIOIB30BAIN OTXOABI TIOJIMATHIICHA U TIOJTHITPOIH-
nena. J{Js onTUMU3auK yrieBoAOPOIHOTO OajaHca mpolecca B peakKIMOHHYI0 CMECh
BBOJIWIIN TSDKEMYI0 He(DTHYIO Qpakiuio - MazyT MectopoxeHus Kymkois. [Ipupon-
HBIA [EOJUT MPEIBAPUTEILHO aKTMBHPOBAIH OCCKUCIOTHBIM METOJIOM, TO/IBEPTaH
TepMooOpaboTke B mHTepBasie Temieparyp 100-500 °C, nmocie 4ero Moau@uiupo-
Baju Bonb(dpamom B koHueHtpanuax 0,5 u 1,0 mac.%. CTpyKTypHBIE 0COOCHHOCTH
W KHCJIOTHBIE CBOMCTBA MOJMYYSHHBIX KaTaJlIn3aTopoB u3ydanu Metogom MK-cnexrpo-
CKONMH. YCTaHOBIEHO (POPMHPOBAaHHE KHCIOTHBIX LEHTpoB bpéHcrtena u Jlbtouca,
UTPAIOIIMX KIFOYEBYIO POJIb B PEAKIMSIX KPEKHHra U prU(OPMHUHTa YIIEBOAOPOTHBIX
nenei. Ilokazano, uro karamuzarop 0,5% W@Taijuzgen cnocoOCTByeT IpeumMyiie-
CTBEHHOMY 00pa30BaHHIO JIETKUX yriieBoqopoaHbiX (pakiuit Cs—Ci,, TOTAA KaK yBe-
JTYeHue copepikanus Bosbhpama 10 1,0% mpuBOIUT K POCTY BBIXOJA O0see TSKETBIX
coeauHeHUI C10—Cyo. [T0 JaHHBIM razoxpoMaTorpapuueckoro aHajin3a, Mpyu UCIOb-
30BaHMHU Karanu3aropa c copepxkanuem 0,5% W moiist apoMaTudecKuX yIiieBOI0pOI0B
Bo (pakiun 0—180 °C cocraBuna 50,6 %, a conepxanue ankanos - 22,95 %. Jns 00-
pasma c 1,0% W conepskanue apoMaTHIECKUX COSAMHEHUN yMEHBITIIIOCH 10 39,3 %,
TOTJa Kak J0JIsl allkaHoB Bo3pocia 10 38,96 %. [lomyueHHbIe pe3yabTaThl CBUICTEIb-
CTBYIOT O CYIIECTBEHHOM BJIMSIHUU KOHLEHTpAIMH BOJb(pama Ha TPYIIOBOI cocTa
oOpasyromuxcst mpoayKToB. [IpoBeaéHHbIE HCCIeOBaHUS MOATBEPKIAIOT BBICOKYIO
3G PEKTHBHOCTH MOAU(DUIIMPOBAHHBIX LIEOTUTHBIX KaTaJIN3aTOPOB U IEMOHCTPUPYIOT
MEPCIEKTUBHOCTD UX MPUMEHEHHUSI JJIs pecypcocOeperarolieii nepepadboTKu MoJuMep-
HBIX OTXOJ/IOB B IIGHHBIE KOMIIOHEHTHI MOTOPHBIX TOILJIHB.

KuiueBble cj0oBa: TOJUMEpPHBIC OTXOABI, KaTaJIH3aTOp, ILEONHUT TaibKy3reH,
BOJII)(bpaM, TEPMOKATATIUTUYCCKOC TUAPUPOBAHUEC, KUAKOC TOIIJIIMBO
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Kipicne. Kazipri yakpiTTa >kxahaHAbIK KQXKETTUIIKTI KaMTaMmachl3 €Ty YLIiH KbUI
caiipia 100 MHJUTHOH TOHHAJ/IaH acTaM riactMacca enaipineni (Al-Salem et al., 2017).
MyHzaii ayKbIMIIBl OHIpiC MEH TYThIHY KOpIIaFaH OpTara alTapiblKTall Kayiln TeH-
nipeni, ce6eOi MIacTUKTIH TaOWUFH JKaFJaiia bIabIpaybl oTe Oasty *KYpill, OHAaFaH >KblJ-
napra co3bliaasl. [lnacTukanblk MaTeprangapra JereH CypaHbICTBIH Y3/IKCi3 ocyi qa-
MBIFaH XKOHE JaMYIIbl MEMJIEKETTEP/IEe KaTThl TYPMBICTBIK KaJAbIKTapAbIH KYpaMbIHIA
IUTACTHUK YJIECIHIH apTybIHa anbln Kenyae (Saxena et al., 2017). Ilnactmaccanap Herisi-
HEH MYHalJaH alblHATBIH ©HIM OOJFaHABIKTaH, OJap/Abl TEPMHSIIBIK HEMECe KaTalu-
TUKAJIBIK OHJCY apKbUIbl KalTagaH Oarajbl XUMUSUIBIK KOCBUIBICTapFa allHaIABIpyFa
MYMKiHIiK Oap. Ocbl TYpFbIAAaH anfaH/a, XUMHSJIBIK KaliTa OHIey 9icTepi MIacTHK
KaJABIKTApbIHBIH KYPBUIBIMBIH ©3T€PTill, OJapabl THIMAI OacKapyablH MaHBI3AbI Kypa-
nel Oonbin TaObIanbl. MyHIAl Tocingep KarapblHa IIMKOJIU3, THAPOJIN3, TMHPOIIH3,
aMHHOIIN3, Ta3JaHIbIPy KOHE TMAporeHu3anus mnpouectepi skatansl (Hazrat et al.,
2015). byn TexHonorusIap HOTHKECIHAE aJIbIHATHIH OHIMIEPAIH KYHABUIBIFBI )KOFaphI
OO0JIBIN Keneni.

I'mapoxpekuHT npolecinae Karaau3aTopiaapAblH MaHbI3bI epeKkiie, ce0edi onap pe-
AKIUSHBIH JKYPY TeMIIEpaTypachlH TOMEHETIN, CYWBIK OHIMIEP/iH WIBIFBIMBIH KOHE
CEJIGKTUBTUIITIH apTThIpajbl, COHBIMEH KaTap ajblHATBIH ©HIMHIH CalachlH jKakcap-
TaJpl. OO0 AepeKTepae rUApoTa3anay, KpeKHHT KoHe THUAPOKPEKUHT MPOLECTepiH-
Jie 9pPTYPJi KBILIKBUIABIK KacHeTi 0ap KaTaau3aTopiapblH KOJIJAHBUTYBI )KaH-)KaKThI
3eprrenred (Serrano et al., 2012).

[omnonedunnepain 400-550 °C apanbiFblHAa KaTaTUTHKAIBIK KPEKHHTT KaTaJlu-
3aTOPCHI3 JKYPTi3UIeTiH Ta3a TEPMUSUIBIK BIABIPAYMEH CalIBICTBIPFaHAa MYJIJIE ©3remle
KypamJiarbl KOMIipCyTeK Kocrnaiapbid Ty3eai (Munir et al., 2018). Byt afibipManibuibiK
KPEKUHT MEXaHU3MJIEPiHiH TaOuFraTeiHa OaliTaHbICThL. TepMUSIIBIK KPEKUHT €pKiH pa-
JUKaIap apKbUIbl )KYPETiH Ti30€KTi peakMsIapMeH CUNaTTana bl, HOTUXKECIHE MO-
JTUMep Ti30eKTepi KemnTereH GpparMeHTTepre bIabIpal, KOMipCyTeKTepAiH KeH CIeKTpi
Ty3ineni. MyHaai eHimMzuep KypaMmblHIa HETi3iHEeH n-mapadusaep, |-alkeHaep skoHe
ankaguenaep Ooinanel. COHBIMEH Karap, paAMKajAaplIblH KalTa KypbUTybl HICKTEYIi
OosFaHIBIKTaH, TAPMAKTAJIFaH OHIMAED a3 MeJIIepae Ty3ie .

TepMuUsIBIK KPEeKHHT OapbhIChIHA, MBICAJIBI, )KOFAPHI THIFBI3ABIKTHI OJHUITHICHHEH
(ITHA) C1-C60 apanbiFbIHAaFEl KOMIpPCYTEKTEPIiH KEH IUara3oHbl aJIbIHAbI
(Onwudili et al., 2009). Temneparypa apTKaH callblH TOMEH MOJIEKYJIAIbl OHIMACPAIH
yJieci kebeiiesi. A apoMatThl KochuibicTapabiH Meumiepi 400—500 °C apanbirbiHia a3
OoJIFaHBIMEH, TEMIIEPaTypaHbl KOFApPbUIATY KOHE MHUPOJIHM3 Ta3blH KaliTa aifHaJIbIMFa
€HTi3y apKbLIbl OJapJAbIH YJECIH apTThIpyFa 00IaIbl.

KarTel KBIIKBUIABIK ~KacueTi Oap Karanu3aropiapAbl KOJNAHY apKbUIBI
nonuonerH KaJlAbIKTapblH OThIHFA alHAJABIPY TEXHOJOTHSIAPBl COHFBI KbUIJAphI
YJIKEH KbI3BIFYIIBUIBIK TYABIPIN OTBIP. Bysr GarbITTa 3epTXaHajblK JeHreineH oacrarm
OHEPKACINTIK ayKbIMFa JIeHiHT1 opTYypii npouectep o3ipaeHrex. [Iponectin TuimMainiri
Kol ’KaF/alia KoJAaHbLIAThIH KaTaIn3aTOPAbIH KaCUETTEepiHe Tayemi, OMTKeHi onap
peaxys TemreparypachblH TOMEHAETII, MOJIEKYJIAIbIK Tapalybl Tap OHIMIEpP alyra
MYMKIiHIIK Oepeni.
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Ocbiran OaitaHBICTBI MOTHONE)UHACPAIH KaTATUTUKAIBIK KPEKUHTIHAC IEOIUT-
Tep, KPEMHE3eM-TJIMHO3EM KYHelepl )KoHe ME30KYPBUIBIMABI MaTepuaniap KeHiHeH
3eprrenyne (Escola et al., 2011; Munir et al., 2017). 3epTTeyiep HOTHKECIHAE )KOFaphI
KBIIKBUIIBIK OPTAJIBIKTaphl Oap KaTaau3aTopiaapbl KOJIIaHy KaKeTTUlir aHbIKTaIFaH,
cebebi ipl MoJIeKynanbl MOJUMEpIIep LEONUTTIH MHUKPOKEyeKTepiHae IudQy3usbK
LIEKTEYNep TYBIHIATYBl MYMKIH.

Conrbl 3eprTeynepae anram pet Kazakcrannarsl Taiiky3reH KeH OpHBIHAH aJIbIHFaH
TaOWFU IICOJIUT HETI31H/e KaTalu3aTtopiap d3ipJieHin, oyap MiacTUKAIbIK KaJJbIKTap-
Jbl TEPMOKaTaJUTHUKAJIBIK THAPOTECHU3ALMsUIIAY TpoLecinae Konaaneuiabl (Aubakirov
et al., 2019). Ilonumep KanablKTapblH OHIEY apKbUIBI KYHIbl KOMIpCyTEKTEp MEH
OTBIHJIBIK OHIMJIEp aJly MYMKIHJIr AonenaeHi. byn kyMmbicTa pecypc YHeMIeyIni
TEXHOJIOTHSIApbl JaMBITY MaKCaTbIHIA KbIILIKBUICHI3 aKTHBTENITeH TailKy3reH 1eo-
JUTIHE MOJIMOCH HOHAAPBIH SPTYPIIl MOJIILIEp/e eHT13y apKblIbl KaTalin3aTopiap CHH-
Te3aeni. AJBIHFaH KaTajau3aTopiiapblH KaThICYbIMEH MOJIMMEP KaJJABIKTApbIH Tep-
MOKATaJIUTUKAIBIK THIPOTEHU3ALMsIIAY HOTHKECIHIE MOTOP OTBIHBI (PpaKiusiIapbIH
aly MYMKIHZIr KapacThIpbUiabl. JKanmsl anranna, eHAIPICTIK KOHE TYPMBICTHIK I0-
JUMEp KaJIIbIKTapblH eKIHIII PeTTIK MHUKi3aT peTiHae naiaanany OarbITTapbIHBIH Oipi
— KeMipcyTeK (paKuusIapblH TEPMUSIIBIK JKOHE KaTaJUTUKAJIBIK TYPJICHAIPY apKbLIbI
JKOFapbl canajibl OTbIH any Oonbin Tadbutazns! (Lange and Ferreira, 2017).

3epTTey MaTepuaiaapbl MeH dicTepi. 3eprTey OapbichiHAa OacTanmKbl LIMKi3aT
PETiHE TUIACTHKABIK KAJIIBIKTap KOJIAaHbUIABI, OJapAbIH HETi3r1 OeiriH NoIu I THIIEH
(IT9) wmen mnomunponuinex (III1) xypaabl (HeriziHeH mJIacTUK OeTENKEIEPAiH
KakmakTapsl). KocsIMIlla KOMIOHEHT peTiHAe macTa TY3YIli opi CyTeK IMeH KOMiPTEKKe
Oaii mmkizar ke3i perinae Kymken keH opHbiHaH anbiaFaH, 350°C-taH KorFapbl
TeMIeparypaaa MyHai bl OHAey HOTHXKECIH/Ie TY31reH MasyT Maiiia aHbuiabl.

Karanuzatop perinae Taiky3reH KeH OpHbIHAH aJIbIHFAH TAOWFHU LIEOJHUT HETi31H/e
JaibIHIaIFal MaTepuaiaap Konaansuasl. Lleonmut anapn ana 1M NH,Cl epitinaiciven
KBILIKBUICHI3 Typae aktuprenin, 100-500°C temmeparypa apaiblFblHAa TCPMHSIIBIK,
eHeyneH otkizinai. Keitinnen on Bosbdpam (V1) Ty3eiMen (NHy)sHs[H2(WO4)s]-H,O
oprypai koHeHTpanusnapaa (0,5% xone 1,0%) momudukanusiansin, W(VI)/meomut
TUNTI KaTanu3aTopiap ajbIH/IbL.

Karanuzatop MeH TackiManarbii petinae Tadburn « Taiiky3reH» HeoIuTiH KOJAaHy
Oipkarap apThIKIIBUIBIKTapFa ue. TaOuru aJlFoMOCUIMKATTAPABIH KOJDKETIMAUIITT MEH
CaNbICTHIPMAalbl TYPE TOMEH KYHBI, COHAAl-aK OJNapIbIH JKOFapbl aKTUBTUIII MeH
CEJISKTUBTLIIT Oyl MarepuangapAbl SKOHOMHUKANBIK TYPFbLAAH TUiMAl eTedi. Ochl
cebenTi 3epTTey KYMBICHIHIA JIJI OCHI TAOUFHU IICOJIUT TaHIAIIbI.

ANBIHFAH OHIMIEPAiH KypaMbIH aHBIKTay MaKCaTbIHJIA MAacC-CIEKTPOMETPHSIIBIK
JETEeKTOPMEH JKaOAbIKTanFaH raszabsl xpomarorpadus omici (Agilent 6890N/5973N)
Konganbuiasl. Tanmmay 0,2 MK Kenemzeri yari yurid, arblH guamerpi 500 Mk
xaraaibiHaa xkyprizinai. beniny npoueci HP-INNOWax (A gilent, AKI) kanumnsipabIk
kosoHKackiHAa (30 M X 0,25 MM, KaOBIKIIA KaTbIHABIFBL 0,25 MKM) JKy3ere achbIpbUIIbI.
Bynangpipreim Temneparypacsl 240°C 6oi11bl, ajl KOJIOHKa TEPMOCTAThl OacTamnKblaa
50°C-ta (5 munyT) ycransim, keiin 240°C-ka aeifin xetkizinin, 10 MHHYT caKTasbl.
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XKanne! Tannay y3akTeiFbl 34 MUHYTTBI Kypaisl. MoHgapabl Tipkey auamna3oHbl m/z
10-350 apanbIFpIHAA KYPrizimi.

KaranuzatopiapabliH KYpBUIBIMABIK KoHE OCTTIK cHmarTaMallapblH 3epTTey YLIIH
ANIEKTPOHABIK MUKPOCKOIIUS dicTepi KONAaHbUIABL. Y Irinepain Mmopdonoruscel JEOL
JSM 6460LV ckaHepneymni 3JeKTPOHIBIK MHKPOCKOMbIHAA 3eprreni. CoHbIMEH
Karap, sHeproaucnepctik crnekrpockonus (EDS) omici apkeuisl INCA kyiiecinae
KaTaJIn3aTopaapAbIH JIEMEHTTIK KYpaMbl aHBIKTAJIIbI.

Haruxenep. 0,5% W@Taitxysren xone 1,0% W@ Taiixy3ren karanu3aropiapbl-
HBIH KYPBUIBIMIBIK epeKienikrepi @ypbe TypiaeHIipyai HHPPAKbI3bLI CIEKTPOCKOIHS
(FTIR) amicimen 3eprrengi. 1-cypeTTe KepceTirenaei, ansiran cruekrpiaepae 400—
1200 cm™! apamibIFbIHIA HEONHUT KaHKAChIHA TOH HET13T1 JKYTHUTY JKOJNAaKTaphl OalKama-
nel. Atan afitkanga, 1000—1100 cm™ aiiMareiHIAFbl KApKBIHABI KodaK Si—O—Si sxoHe
Al-O-Si OainiaHbICTapBIHBIH ACHMMETPHSIIBIK BAJICHTTIK TepOemicTepine colikec Ke-
neni, OyJ1 alIFOMOCHIMKATThI KYPBUIBIMHBIH CaKTaJlFaHbIH KOPCETe .
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Cyper 1. 0,5% W@Taibxysren xxone 1,0% W@Taibxy3reH koMmo3utTi katanmuzatopaapsiasig FTIR
CHEKTpIIEPi.

0,5% W @Taixy3reH yIricinae ocbl alMaKTaFbl )KOJIAKTBIH XKOFapbl KAPKBIH ABLIBIFbI
LEOJIUT KYPBUIBIMBIHBIH KaKChl KPUCTAIJAaHFAHBIH JKOHE KBIIKBUI OPTAJIBIKTAPAbIH
XKETKIUTIKTI Meuepae ekeHin Oinnipeni. An 1,0% W@Taiibxy3reH karaau3aTopblHia
OyJ1 JKOJAKTBIH CaJIbICTBHIPMalibl TYpAE SJcipeyi Bosib(paM MeIIepiHiH apTyblHa
OalaHbICTBl LEONUT KAaHKACBIHBIH ilIiHapa MoAM(UKAIUsUIAaHYbIMEH HeMece
amMop(TaHybIMEH TYCIHAIpiaeTi.

800-900 cm!' apanpiFbiHOA OalKalaTbIH KOJAKTAp CBIPTKBI KYPBUIBIMIBIK
TepOernicTepre *oHE CaKWHA KYpPbUIBIMIAPBIHBIH JedOpMaLUsUIbIK TepOericTepine
coiikec keneni. ConsiMeH Karap, 600—-800 cm' aiiMarbIHAAFBl JKYTBUIY >KOJAaKTaphl
W-0 >xoHe MyMKiH OonateiH W—O—-Si OalinaHblcTapbIHBIH TY3UIYiH KepceTeni, Oy
BOJIb()PAMHBIH [IEOJIUT KYPBUIBIMBIHA €HTI31ITeHIH qonenaeiai. TemeH xuimikti 450—
500 cM™!' aliMarbIHIAFbI KOJTAKTAp ATFOMOCHIMKAT KAaHKACBIHBIH Uiy TepOemicTepine
TOH. ByJ KonmakTapAblH CaKTalxybl LEOJUTTIH HEri3ri KYpbUIBIMBI MOIU(HUKALNIAH
KEHiH J1e TONBIK OY3bUIMaraHblH KOPCeTeli.

170




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

CriexTpiepai canbICTBIpy HOTHXKECIHIE, BOIb(GPaM MeNIIEpiHiH apTybl KbIIIKbLUI
OPTaJBIKTAPAbIH Ta0MFAThl MEH TapallyblHa 9cep €TETiHi aHBIKTaJAbl. JIplouc TumTi
KBIIIKBUT OPTANBIKTAPIbIH TY31Iyl KaTaau3aTOpAbIH KOMIpCyTeK Ti30eKTepiH bIIbIpary
Oencenpminirin  aprTeipansl. An npotoHabl (bpeHcTen) opTanbIKTapAblH O0IybI
H30MepIIeHY JKOHE KPEKHHT MPOLECTEPiH KYLICHTe .

Anparad FTIR notmwkenepi Taiky3reH HeoquTiH BoJdbppaMMeH MoARDUKaIsIIA-
YABIH OHBIH KYPBUIBIMJIBIK JKOHE KaTaIUTHKAIBIK KACHETTEPiH JKaKCaAPTHII, TOIUMED
KaJIJIBIKTapbIH TUIM/II OHJIEYT'e MYMKIHJIIK OepeTiHiHEe JoJIe OOJIIbL.

[Tonumep KaigbIKTapblH TEPMOKATATM3IIK THIPOTEHU3AMIIAY aPKBIIbl aJIbIHFaH
CYWBIK OHIMICPAIH XUMHSUIBIK KypamMbl MEH KOMIOHEHTTIK TapalyblH aHBIKTay
MakcaTbIHJa Ta3[dblK XpomaTtorpadusi oIici KOJAAHBUIABL. 2 JKoHE 3-CyperTepie
KOpCeTUIreH e, albIHFaH XpoMaTorpaMMaap/ia SpTyp:i KoMipCyTeK KOChUIBICTapbIHa
ColiKkec KeJeTiH KenTereH IIbIHAap Oalikananel, Oyl CYHBIK OHIMHIH Kypaeni
KOIKOMITOHEHTTI KYpaMbIH JoJIe e .
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Cyper 2. 0,5% W(@Taitxy3reH KOMIO3UTTI KaTaJIu3aTophl KATBICBIH/IA TOJUMEP KaJIBIKTapbIH
TepMOKaTaINTHKAIIBIK THAPOTCHHU3AIMSIIAY HOTIKECIH e albIHFaH (Kaifnay Temmeparypacs! 180 °C-ka
JIeWiHT1) CYHBIK OHIMHIH r'a3/bl XpOMaTOr PaMMachl.

2-cypette (0,5% W@Taixy3reH karanu3atopbl) XpoMaTorpaMMaza TOMEH YCTaly
yakbITTapblHaa (2—10 MuH) JKOFapbhl KapKBIHIBUIBIKTAFbl KOMTETeH IIBIHAAPIbIH
Oosybl JkeHIN kemipcyTekTepaiH, HeriziHeH Cs—Ci, apaibIFbIHAAFbl HapapuHIep
MeH u3onapaduHIepAiH OacblM ekeHiH Kepcereni. byn kaTammzaTopiblH KpeKHHT
OeJICeH 1T )KOFaphbl eKeHIH )KOHE MOJIMMEp TI30€KTEPiHiH THIMAL TYPJE bIABIPAUTHIHBIH
Oinaipeni. CoHbBIMEH KaTap, opTaiua ycrany yaksiTTapeiaga (10—18 mun) 6alikanaTein
HIBIHAAp HAQTEHIIK KOHE apOMaTThl KOMipCyTeKTepIiH TY311yiH KepceTei.

171




ISSN 2224-5227 2.2026

Hsrencamann

140000
1200004

100000 | i

!w IH
| ) LJ_.J!IL LUL.“ LIJIII[F | J‘__),J W M\

Ve yuams_ 200 5 1000 1200 1400 180G 1800 2000 2200 2400 2600

Cyper 3. 1,0% W@Taiixy3reH KOMIIO3UTTi KaTaIu3aToOPbl KATBICHIH/IA TIOJIMMEP KaJIIBIKTAPbIH
TEPMOKATAINTHKAJIBIK THIPOTCHH3AIINSIAY HOTHXKECIHC albIiHFaH (KaiiHay Temmeparypacsl 180 °C-ka
JIeWiHT1) CYHBIK OHIMHIH r'a3/bl XpOMaTOrpaMMachl.

3-cyperre (1,0% W@Taitxy3reH KatanuzaTtopbl) XpoMaTorpadusiIbiK IPOPHIbIIH
CUIAThl ©3relie; Herisri meiHgap 12-22 MUH apaiblfblHAa HIOFBIPJIAHFAH JKOHE
KApKBIHJBUIBIFBl  JKOFapbhl, O CalNBICTBIPMANBl TYpJEe aybIpiay KeMipcyTek
dpaxuusapbiabiH (C10—C,o) TY3UIYiHIH apTKaHbIH KepceTei. COHBIMEH KaTap, )KEHII
(dpakuusnap yiCeCiHIH a3alobl KaTalu3aTop KYpaMbIHIArbl BOJb(PaM MeJIIEPiHiH
apTybIMEH OalJIaHBICTBI, SIFHU OYJI JKarjaaia KPEKHHT TePEHJIIr TOMEH/ I, OHIMHIH
MOJIEKYJIaJIbIK Maccachl XKOFapbUTaNIbl.

Exi katanmuzatopipl canlbICThIpy HOTHXKeci kepcerkeniae, 0,5% W@ Taiixysren
YATIC JKEHIT KOeMIpCyTeKTepJiH Ty3ulyiHe TtuiMai Oomca, 1,0% W@Tatixky3ren
KaTaJn3aTopbl ayblp (pakiusiapAblH TY3UTyiH KyIIEHTETIHIr aHbIKTanasl. By
KaTajau3aTop KYpaMbIHBIH, aTall alTKaHaa BOJIb(hpaM MeJIIIepiHiH, OHIMHIH caraibiK
JKOHE CaHJIbIK KACUETTEePiHE alTap IbIKTal acep eTETIHIH JJICIIeH .

laznpl xpoMarorpadusiblK Tajnay HOTHXKENepi MOJUMEp KaIJIbIKTapbhlH TEpMO-
KaTAINTUKAIBIK THIPOTCHU3AIMsIAy OapbIChIHIA aNbIHFAH CYWBIK OHIMICPAIH
KYpPaMbIHBIH KaTalu3aTop TaOWFaThIHA TOYeNJi €KEeHiH KOPCETill, ajblHFaH KeMip-
CYTEKTEpJIiH MOTOP OTBIHJAPBIHBIH KOMIIOHCHTTEPl PETiHJE KOJJIaHyFa >KapamJbl
EKeHIH pacTabl.

0,5% xone 1,0% W@Talixy3reH KatanuzaTopiapbl KaTBICBIHJIA ITOJUMEpII
KaJJIBIKTapbl TEPMOKATAMTHKAIBIK THAPOTCHU3ALMSIIAY HOTHIKCCIHJIE aJIbIHFaH
OeH3MH (paKIUsIIapBIHBIH KOMIPCYTEKTIK KypaMaapblHBIH TONTHIK yiecTepi 1 xoHe
2-KecTeneplie KOpCeTiIreH.
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Kecte 1. 0,5% W@Taiixy3reH Karaau3atopbl KaTbIChIH/A ajbIHFAH OCH3MH ()PAKIUICHIHBIH TONTHIK
KOMIpPCYTEKTIK KypaMmsl, %.

CyifbIK (paxmams Kewmipcyrexrep, %
Kypambl Ankan | M3oankan Anken Huknoankan | [luxmoanken ApomarThl
KOMIPCYTEK
0-180°C 22,95 6,36 0 16,63 3,46 50,6
180-250°C 29,92 5,19 0 2,62 0 62,27
250-320°C 41,61 0 8,73 4,08 0 45,58

1-xectenen xepinin typranmai, 0,5% W@Taibky3reH Karaan3aTopbl KaThICHIHAA
anerarad 0—180°C  dpakmusceiHga apoMarTel KemipcyTekrepaid yieci 50,6%
Oojca, aTkaH MEH H30aJTKaHIapIabIH kammbl kemeMi 29,31% xypaitner. 180-250°C
(paknusAckHIA apoMarTap TaFbl Ja OacBIMABUIBIK TaHBITHIN (62,27%), am 250-—
320°C apanbIFbIHAA aNKaHAAPIBIH YJ€ci apTaTeIHABIFE Oaiikanmansl (41,61%). byn
KaTaJIn3aTop KeMipCcyTeKTep/IiH apoMaTTaHy KoHE KPEKWHT peakIMsuIapbIHbIH Tere-
TEHAITIHE BIKIAJ €Tel.

Kecre 2. 1,0% W@TaibkysreH kaTaau3aTopsl KaTbIChIH/IA albIHFaH OCH3UH (PAKIHSICHIHBIH TONTHIK
KOMIpCYTeKTiK Kypambl, %o.

CyHBIK (QpaKmus Kewmipcyrexrep, %
Kypambl Ankan | Mzoankan | Anken | Iuxioankan | LlukmoankeH ApoMaTTsl
KOMIpCYTeK
0-180°C 38,96 5,9 0 15,84 0 39,3
180-250°C 26,85 4,93 0 2,95 2,07 63,2
250-320°C 384 3,55 3,27 0,43 0,38 53,97

2-kecrene 1,0% W@Taibky3reH KaTanum3aTopbl KaTBICHIHAA allbIHFaH OHIMHIH
KypambiHJa ankaHgapabiH yiaeci 0—180°C  apanbiFbIHIA aWTapIIBIKTAd KOFaphI
(38,96%) xoHe apomarTapiablH Meumiepi azman TemeHjuerceHi (39,3%) Oalikamaipl.
180-250°C ¢pakuusiceiHaa apoMaTThl KeMipcyTeKTepdiH yieci 63,2%-ra sxertim,
250-320°C apanwirsiaga na (53,97%) 6aceim Gombin Typ. ConbiMeH Katap, 1,0% W
YJITiCiHIe U30aJKaHAap MEH aJIKeHJIEP/IiH MOJIIIepi CAJl apTKaH.

Ochbunaiiiia, KaTanau3aropJarbl BOJb(PaMHBIH KOHIICHTPAIMSICHl apTKaH CaibIH,
OHIMHIH KYPaMbIH/IaFbl KOMIPCYTEKTEP/IiH TONTHIK KaThIHACKI ©3TEPIll, APOMATTHI JKOHE
LUKJIOAJIKAH/IbI KOCBUIBICTAP/IBIH YJIECI a3han KeMil, aJKaHIapiblH YJeci apTaibl.
Byn karanusatopnapIibiH O€JICEHIUIrT MEH CEJISKTUBTUIITIHIH ©3TeHICIiriH JKOHEe
peaKIUsHBIH OaFbIThIHA dCEPIH KOpPCeTe/Ii.

KopeiTthiaasl. Temen xkbickiM (0,5-0,6 MIlla) xarmaiibiHna moauMepsi
KaJIJIBIKTapbl TEPMOKATAIMTUKAIBIK THApPOTreHu3anusuiay yurn ainram pet W(VI)
TY3bIMEH MOJUDUITUPIICHICH, KBIIIKBIICHI3 aKTUBTENTeH jkoHe 450°C-Ta Kyiaipiaren
Taiiky3reH KeH OpHbI TaOWFU IEOJUTI KaTajau3aTop pPETiHJAe KOIIaHbUIAbl. Macc-
CICKTPOMETPHSUIBIK Ta3/bIK Xpomarorpadust HoTwxkenepi OofibiHma 0,5% W@
TaiiKy3reH KaTan3aropbl KaThICHIH/IA aJIbIHFaH OCH3MH (DPaKIUsACHIHBIH KYpPaMbIHJIA
apomartel Kemipcytekrepain yieci 0-180°C apanwsibiama 50,6%, 180-250°C
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(bpakuusiceiana 62,27%, an 250-320°C dpakusiceiaga 45,58% Gonabl. AnkaHaapabH
yieci cobikecinme 22,95%, 29,92% sxone 41,61% xypansl. 1,0% W@Tatixy3ren
KaTajau3aTopbl KarbichiHAa anbiaFaH eHimae 0—180°C ¢dpakuuscbiHmga apoMaTThl
KeMmipcyTekTepAin mMemuepi 39,3% Oonca, an ankannapasiH yieci 38,96%-ra neitin
aptThl. 180-250°C dhpakumsicbiHIa apoMaTThl KOCBUIBICTapAbIH Yieci 63,2%-Fa sxeTim,
250-320°C apanbirbiaga 53,97% 060mnbl.

Hotwxkenep kepceTkeHnel, KaTanm3aTopAarbl BOJb(PaMHBIH KOHIEHTPALHSCHI
OHIM KypaMblHa €Jeyll ocep eTeli: BoJbppamM MeJjIepi apTKaH CallblH apoMarThl
KOMIPCYTEKTEP/IiH YJeci Col TeMEeHJeN, ankauiublk (pakuusuap kebedemi. FTIR
Tannay Jepekrepi OoWbIHIIA KaTanuzaTopiapaa JIbIoHMC KBIIIKBUIABIK OPTalIbIKTap
AHBIKTAJIJIBI, OYJ1 KPEKHHT )KOHE apOMaTTaHy peakUUsUIapbIHBIH YKOFapbl CEIEKTUBTIIITH
KaMTaMachI3 eTel.

AJNBIHFAaH MONIMETTEp MOJUMEp KalABIKTAapblH THUAPOTCHU3ALUsIAY apKbUIBI
CHUHTETHKAJIBIK MOTOP OTBIHAAPBIH ally VIIiH pecypc YHeMAeyre OarbITTaafaH
TEXHOJOTHSHBIH THIMALTITH nanenneiiai. 0,5-1,0% W@ Taiixy3ren katanuzatopiaapsl
KaTbIChIHAAa OHIMHIH KypambiHaa 0-320°C apanbIFblHIa Kajilbl KOMIpCYTEeKTepAiH
apoMaTTbl, AaJKaHABIK OHE UMKIABIK (PaKUMUATIapBIHBIH ONTHUMANIbl OalaHChl
Oailikanabl, Oy KOMMEPLHUSUIBIK MacTadTa KolJlaHy epCleKTHBaIapblH KOpCEeTe .
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Abstract. This study investigates the formation of magnesium- and phosphorus-
containing compounds suitable for use as fertilizers, based on the reaction of serpentinite
waste with phosphoric acid. In this study, the physicochemical interaction between
serpentinite waste generated during chrysotile-asbestos processing at the Zhitikara
deposit (Kazakhstan) and phosphoric acid was investigated with the aim of obtaining
magnesium-phosphate products suitable for agricultural applications. Serpentinite
residue containing approximately 42 wt.% MgO was treated with phosphoric acid
under different stoichiometric conditions. Thermodynamic calculations were performed
to evaluate the feasibility of magnesium phosphate formation and to compare the
effectiveness of phosphoric acid with sulfuric, hydrochloric, and nitric acids.

The obtained products were characterized by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), chemical analysis, and pH measurements.
The results demonstrated that phosphoric acid effectively decomposes the serpentinite
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structure, leading to the formation of hydrated magnesium phosphates. The phases
Mg(H,PO,),-2H,O and MgHPO,-3H,O were identified as the dominant reaction
products, while crystalline magnesium orthophosphate was not detected because of
its lower thermodynamic stability. Under a Mg? ;PO, molar ratio of 1:1, the system
reached a nearly neutral pH value (~6.9), providing favorable conditions for obtaining
fertilizer-grade products. FTIR analysis confirmed the destruction of the original
serpentine structure and indicated the presence of amorphous silica in the solid residue.
The proposed approach represents a resource-efficient and environmentally sustainable
method for valorization of serpentinite waste and offers promising prospects for the
production of magnesium- and phosphorus-containing fertilizers from technogenic raw
materials.

Keywords: serpentinite waste, phosphoric acid, IR spectroscopy, magnesium
phosphates, fertilizers
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Annoranusi. by seprreyne Xitikapa KeH OpHBIHAAFBI XPU30THI-aCcOECT IUKi3aThIH
eHJey OapbIChIHIA TY31JETIH CEPIIEHTUHUT KAIABIKTaphIHBIH (HOCHOpP KBIIIKBUIBIMEH
(U3NKa-XUMUSIBIK  OPEKETTECYl 3epTTeNiN, aybll MIapyallbUIbIFBIHAA KOJJAHYFa
XKapamIpl MarHud QocharTel KOCBUIBICTApABl aly MYMKIHIIT KapacThIPbUIABL.
Kypambinna mamamen 42 macc.% MgO 0ap CepHeHTHHHT KaJIbIKTapbl ¢ocdop
KBIIIKBUIBIMEH ~ OPTYPJl  CTEXMOMETPHSUIBIK ~ KaTblHACTapaa oHJenai. MarHui
(docdarTapelHBIH TY3UTy MYMKIHIITIH Oaranay oHe (oc(Op KbIIIKBUIBIHBIH KYKIPT,
TY3 JKOHE a30T KBIUKbULAAPBIMEH CaNbICTBIPFAHAAFbl THUIMALIITIH aHbIKTAay YIIiH
TEPMOAMHAMUKAIIBIK €CETTEYIIEp KYPri3iii.

AnbiaFas eHiMzep peHTreHpazansik Tanaay (XRD), Dypbe TypieHaipy nHGPaKbI3bUT
cnekrpockonusicel (FTIR), xumusuiblk Tangay skoHe pH MoHIH aHBIKTAy 9IicTepiMeH
3eprrengi. 3eprrey HoTHkenepi Gochop KhIIIKBUIBIHBIH CEPIEHTHHUT KYPBUIBIMBIH
TUIMJI TYPZIE BIABIPATHII, TUAPATTAIFaH MarHui ocdarTapbIHbIH TY31TyiHE OKeJIeTiHIH
kepcerti. Herisri peakuus enimaepi peringe Mg(H,PO,), 2H,0 xone MgHPO,-3H,O
(dazamapbl aHBIKTaJAbI, an MarHuii oprodocdarsl OHBIH TEPMOAWHAMMKAIBIK
TYPaKTBUIBIFBIHBIH TOMEH OONybIHA OaillaHBICTBI aHBIKTaNFaH koK. Mg? ;PO, = 1:1
MOJIBJIIK KaTbIHAChIHIA XKYlieHiH pH MoHi OeliTapanka >KybIK aeHreiire (~6,9) xerim,
THIHAUTKBIIITHIK MaKCaTTaFbl OHIMACP/l ally YIIiH KOJAMIIbI Karaaid KaJblITacThIPIbL.
FTIR Tanmayel OacTamkbl CEpHEHTHH KYPBUIBIMBIHBIH TOJIBIK OY3BUIYBIH >KOHE
KaTThl KaJJAbIK KypaMblHAa aMOp(Thl KpeMHE3eMHiH OOJybIH pacTajbl. ¥ CHIHBUIFaH
TOCUI CEPIIEHTHHUT KAJABIKTapbIH KOJEre jKapaTydblH PecypcThl YHEMICHUTIH >KOHE
9KOJIOTHSUTBIK TYPFBIJAH TYPAKThI 9ici OOJNBIN TaObLIaAbl 9pi TEXHOTCHJIIK IIUKi3aT
HeTi3iHAge MarHui skoHe (Gocdop Kypamabl THIHAUTKBILITAP OHAIPYIIH OoNallarbiH
aIuabl.

Kinrrik ce3nep: cepneHTHHUT KanabIKTapsl, pochop Keimkbuibl, UK-cnekrpocko-
sl MarHui pocdarrapsl, THIHAUTKBIITAD
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AHHOTanus. B HacrodmeM HCCIEIOBaHUM HW3YyYEHO (DUBUKO-XUMHUYECKOE
B3aMMOJICHICTBHE CEPIIEHTUHUTOBBIX OTXO/0B, O0Opa3yloIuXCs IpHU IepepaboTke
Xpu3oTui-acOecToBoro coipbst JKutukapuHckoro mectopoxjaeHus Kazaxcrana, ¢
(hochOpHOII KUCITOTOM CIETBIO TONTyYeHHsI MAarHH(hoCchaTHBIX COSTMHEHUH, IPUTOTHBIX
JUIS TIPUMEHEHHSI B CEeNbCKOM X03siicTBe. CepreHTMHUTOBBIN OCTAaTOK, COJAepXKaIlnit
okono 42 mac. % MgO, obOpabarbiBamu (GochOpHOl KHCIOTOW TpPU pa3IMYHBIX
CTEXHOMETPUYECKHX COOTHOINEHHSX. i OINEHKH BO3MOKHOCTH 0Opa3oBaHHS
¢docharoB maraus u cpaBHeHHS dPdekTuBHOCTH (HOCPOPHOH KUCIOTHI C CEPHO,
COJISTHOW W a30THOM KHCJIOTaMH OBUIM BBIOJIHEHBI TEPMOIUHAMUYECKHUE PACUETHI.
[Tonmy4eHHble MPOMYKTHI HCCIIECAOBAHBI MeToJaMu peHTreHodaszoBoro ananusza (XRD),
uH}pakpacHOi crekrpockonuu ¢ npeodpazoBanuem Dypwe (FTIR), xummyeckoro
aHanm3a u usMepenust pH. Pesynbrarsl nokasanu, uro gpocdopHas kucinora 3pPeKTHBHO
paspymaer CTpyKTypy CEpIeHTHHUTA, CIOCOOCTBYSI 00pa30BaHUIO THAPATHPOBAHHBIX
¢docdaroB mMaruus. B kauecTBe OCHOBHBIX MPOAYKTOB PEAKIMU WACHTH(QUIUPOBAHBI
¢azer Mg(H,PO,), 2H,0 u MgHPO,-3H,O, Torna xak kpucrammieckuii oprodocdar
Marausi He OOHapyKeH BCJIEACTBHE €ro 0Ooiee HHU3KOM TEepMOIUHAMUYECKOM
YCTOMUYMBOCTH B MCCIeyeMbIX ycioBusax. [Ipu MmonsHOM cooTtHomenun Mg?-,* = 1:1
CHUCTEeMa JIoCTHTalla MPAKTUYeCKH HelTpaibHoro 3HaueHus pH (~6,9), uto co3maér
OJaronpusITHBIC YCIOBHS Uil MOJYYEHUS] MPOAYKTOB YHOOPHUTEIHLHOTO Ha3HAYCHHUS.
Janneie FTIR-aHanu3a noATBEpAMIN pa3pyLIEHUE UCXOJAHON CTPYKTYphl CEPIIEHTHHA
U Haimyre amop(HOro kpemHezéMa B TBEPAOM ocrtartke. [IpensioKeHHBINH MOIX0]
peJCTaBisieT co00l pecypcod3dEeKTUBHBI U IKOIOIMYSCKU YCTOMYHUBBIA CHOCOO
YTUJIU3alUN CEPIIEHTUHUTOBBIX OTXOAOB M OTKPBIBAET IEPCHEKTUBBI IOIy4YEHUS
Marauii- u pochopcoaepkammx yioOpeHnii Ha OCHOBE TEXHOTEHHOTO CBIPbSL.

KiroueBble cjioBa: cCeprieHTHHUTOBBIE OTXO/bI, pochopHas kucnora, MK-cnekrpo-
ckonus, pocdaTel Marausi, yioopeHus

Introduction. Magnesium compounds and magnesium-containing materials are an
integral part of modern chemical production. However, there are currently no industrial
enterprises in Kazakhstan that produce magnesium-based compounds and fertilizers of
industrial significance. Moreover, the country’s fertilizer production remains narrowly
focused on nitrogen-phosphate and calcium-phosphate fertilizers. At the same time,
there is a growing demand for complex fertilizers containing not only phosphorus, but
also magnesium, nitrogen, calcium, sulfur, and trace elements. This trend encourages
the use of phosphate-containing minerals and industrial by-products to maintain the
nutrient balance in soils. Such an approach contributes to the diversification of the
raw material base and expansion of the range of mineral fertilizers. In this context,
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serpentinites are increasingly being considered as alternatives to dolomite. This interest
is partly due to the absence of high-quality dolomite deposits in Kazakhstan, which has
traditionally served as the main raw material for magnesium production.

Serpentinites are considered promising raw materials due to their high magnesium
oxide (MgO) content (35-45 wt.%), which is approximately 3—4% higher than that of
dolomite.

Accordingly, research into the utilization of serpentinites for the production of
magnesium compounds or magnesium-based fertilizers is of considerable scientific
and practical interest, particularly in the field of agriculture. The advantages of using
serpentinites include:

* their abundant natural occurrence, particularly in countries with developed mining
sectors;

* their association with nickel, chromite, and chrysotile-asbestos deposits, which
reduces the need for additional mining;

* the ability to repurpose mining waste, thereby contributing to environmental
sustainability;

» and the potential to develop complex fertilizers due to their high magnesium
content-especially when combined with phosphorus, nitrogen, or sulfur compounds.

* serpentinites can be crushed into powder form and used to improve soil acidity
levels, owing to the simplicity and low cost of the preparation technologies.

Additional advantages include the low cost of serpentinite extraction and the
possibility of establishing fertilizer production facilities in serpentinite-rich regions,
which would significantly reduce logistics and transportation expenses, among other
benefits.

Serpentinite is a magnesium-rich silicate mineral that is widely distributed in nature
but is often underutilized as a raw material in the mining industry. Traditional acid
treatment methods using H,SO, or HCI have been sufficiently studied (Maslennikova,
2007; Teir et al., 2007; Aueshov et al., 2017), however, phosphoric acid (H,PO,), acting
both as a reagent and a source of phosphorus for fertilizers, has been studied to a lesser
extent (Pirimov et.al., 2023; Federockova et al., 2014; Yamada and Nagai 1970). H,PO,
is considered promising in agriculture due to its dual function and can be used for the
production of magnesium phosphates - compounds important for agriculture - as well
as amorphous silica applicable in industry (Viera et al., 2022; Liu et al., 2023; Knyazev
et al., 2021; Nakamura et al., 1956).

One of the largest serpentinite deposits in Kazakhstan is located in Zhitikara,
Kostanay region. As a result of long-term processing of chrysotile-asbestos raw materials
at this site, a vast amount of serpentinite waste—estimated at approximately 300 million
tons—has accumulated. This waste represents a valuable technogenic raw material for
the production of magnesium-based products and fertilizers. The magnesium content
in the waste reaches up to 43.0 wt.% MgO. Despite this potential, the possibilities of
utilizing this material for magnesium extraction remain underexplored to date.

Today, agrochemical science increasingly emphasizes the importance of using
magnesium- and silicon-containing fertilizers, placing them on par with conventional
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nitrogen (N), phosphorus (P), and potassium (K) fertilizers. Magnesium is an essential
nutrient for plants, as it not only enhances crop yield but also improves the nutritional
quality of agricultural products. Currently, fertilizers containing both Mg and NPK
are mainly produced as simple mechanical blends of different fertilizers, commonly
referred to as compound fertilizer mixtures. These mixed formulations are typically
more expensive than conventional fertilizers and are produced in limited quantities.

An analysis of studies on this topic (Auyeshov et al., 2024; Yeskibayeva et al.,
2024; Katyshev et al., 2014) shows that the majority of research efforts related to
the processing of serpentinites and serpentinite waste have focused on acid leaching
for magnesium extraction. In most cases, sulfuric and hydrochloric acids have been
employed for material decomposition, while the use of nitric acid has been less
common. The proposed technologies generally differ in the type of acid used, the
degree of raw material pulverization, the operating conditions of the processes, and the
methods used for purification of the magnesium-containing solutions. The possibility
of producing magnesium- and phosphorus-containing fertilizers through the treatment
of serpentinites or serpentinite waste with phosphoric acid has been demonstrated in
several works (Arynov et al., Patent KZ 2017).

Accordingly, the objective of this study was to investigate the interaction between
serpentinite waste from the Zhitikara deposit and phosphoric acid, with particular
emphasis on the phase state of the resulting reaction products.

Materials and methods. The object of this study was serpentinite waste generated
at the chrysotile-asbestos beneficiation plant of “Kostanay Minerals” JSC, located at the
Zhitikara deposit. The average chemical composition of the waste (wt.%): MgO — 42.0;
Si0, — 41.0; Fe, O, — 4.0; ALO, — 0.45; CaO - 0.1; Cr,0, - 0.16. Phosphoric acid of
analytical grade (85%) was used in the experiments.

X-ray phase analysis (XRD) was performed using a DRON-3 diffractometer with a
Cu Ka radiation source and a nickel filter, in powder mode. Diffracted maxima were
recorded using an ionization chamber at a goniometer speed of 2° per minute. Qualitative
analysis of the obtained diffractograms was carried out using the WinXPOW software
(ICDD PDF-2 database).

Infrared (IR) spectra (FTIR) were recorded on a “Shimadzu IR Prestige-21¢”
spectrophotometer in the range of 4004000 cm-', equipped with proprietary software
and a spectral library from Pike Technologies (Miracle accessory). For analysis, the
sample was dried at 105 °C, ground into a powder, and pressed firmly onto a diamond
crystal. The spectrum was recorded in the range of 4000—-400 cm-'.

The acidity (pH) of the chemical system was measured using a laboratory ionometer
model 1-160.

The Gibbs free energy (AGo(m)) under standard conditions was calculated based
on thermodynamic data (AHO(m) and ASO(m)) using the incremental method developed
by B.K. Kasenov and M.K. Aldabergenov (Kasenov et al., 1994). Assessment of the
standard thermodynamic function AS® for various hydrated magnesium phosphate
compounds based on the contributions of ions and structural fragments.

The experimental interaction between serpentinite waste and phosphoric acid was
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carried out using 50% H,PO, solution. According to the stoichiometric ratios defined in
reactions 1-3 (Table 1), the following quantities of phosphoric acid were used per 1.0
g of serpentinite: 2.13 g for reaction 1, 1.065 g for reaction 2, and 0.71 g for reaction 3.
The reaction was performed in a temperature-controlled reactor flask equipped with a
reflux condenser and a propeller stirrer. Prior to the reaction, 2.5 g of serpentinite waste
was loaded into the reactor, and the corresponding calculated amount of phosphoric acid
was added during stirring.

The interaction was conducted at a controlled temperature for 1 hour. Upon
completion, the resulting slurry was first air-dried and then further dried in an oven
at 95-100°C. The obtained reaction products were identified using X-ray diffraction
(XRD) and Fourier-transform infrared (FTIR) spectroscopy.

Results and Discussion. Thermodynamic Assessment. The complex ternary phase
diagram of the MgO-P,0.~H,0O system illustrates the equilibrium states of various
phases depending on temperature and the concentrations of the components in the
system. Based on this diagram, it is possible to predict the formation of different hydrated
magnesium phosphate salts depending on the Mg, PO,”, and H,O ratios. Possible
compounds include: MgHPO,-3H,0+Mg(H,PO,) ; MgHPO, 3H,O+Mg(H,PO,),-2H,0;
MgHPO,-2H,0+Mg(H,PO,), (Sierra et al., 2018). The formation of specific compounds
is influenced by the acidity of the medium and the molar ratios of the components. The
ratio of Mg*> to PO,> concentrations determine which type of phosphate is likely to
dominate in the system. Accordingly, thermodynamic calculations were performed to
evaluate the interactions between serpentinite (as the main component of the waste) and
phosphoric acid at different molar ratios (1-3), as well as, for comparison, with sulfuric,
hydrochloric, and nitric acids (4-6). The results of standard Gibbs free energy (AG°
= f(T)) calculations are presented in Table 1.

(rxn)

Table 1. Standard Gibbs free energy values (AGO(m) for the interaction of serpentinite with various

acids.
Reaction No. Reaction AG®,., kJ/mol
1 3Mg0-2Si0,-2H,0+6H,PO = 3Mg(H,PO,),-2H,0+28i0,+3H,0 -535.8
2 3MgO-28i0,-2H,0+3H,PO = 3MgHPO,-3H,0+2Si0,+2H,0 -724.4
3 3Mg0-28i0,-2H,0+2H,PO,= Mg.(PO,),-2H,0+28i0,+5H,0 -141.6
4 3Mg0-28Si0,-2H,0+6HCl= 3MgCl +28i0,+5H,0 -5.7
5 3MgO-28i0,-2H,0+3H,SO = 3MgS0,+2Si0,+5H,0 -25.1
6 3Mg0-28i0,-2H,0+6HNO = 3Mg(NO,),+2Si0,+5H,0 -11.4

The standard Gibbs free energy (AG®,,,) values for the reactions between serpentinite
(3Mg0-28i0,'H,0) and phosphoric acid, according to reaction equations 1-3, are
—535.8,-724.8, and —141.6 kJ/mol, respectively. These values indicate that the reactions
are thermodynamically favourable and likely to proceed under standard conditions.
Furthermore, compared to sulfuric, hydrochloric, and nitric acids, phosphoric acid
exhibits a significantly higher potential to decompose serpentinite.

Based on the thermodynamic likelihood of formation, the stability order of magnesium
phosphates is as follows: magnesium hydrogen phosphate trihydrate > magnesium
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dihydrogen phosphate dihydrate > magnesium orthophosphate. This suggests that the
formation of MgHPO,-3H,0 is the most thermodynamically favourable.

The results of the chemical analysis of the reaction products and the pH of the
medium under the experimental conditions corresponding to reactions P-1, P-2, and P-3
(Table 1) are presented in Table 2.

Table 2. Chemical composition of the solid products and equilibrium pH values resulting from the
“Serpentinite — H,PO,” interactions.

Rxn | Sample | H,PO, (g), | pH MgO | SiO, Fe,O, |ALO, |CaO |Cr0O, [P0,
No. Stoich. (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%) |[(Wt.%) |(Wt.%) |(Wt.%)
- Initial - 10.12 | 44.05 |37.77 |5.55 0.44 0.10 |0.16 -
SR”

R-1 | SR’ 2.13 3.15 13.51 | 18.80 | 4.00 0.26 030 |- 48.44
R-2 | SR’ 1.07 6.90 |19.37 |25.03 |6.11 0.30 0.31 — —

R-3 | SR’ 0.71 8.56 |34.67 |22.00 |6.00 0.29 022 |- —

" Note: SR — serpentinite residue (solid waste)

Based on the initial pH value of 10.12 in the aqueous suspension of the serpentinite
residue, it can be concluded that the material exhibits basic properties in a water
medium. In the case of R-1, conducted with an excess of phosphoric acid, the low
equilibrium pH value (3.15) suggests that a portion of the acid remained unreacted. For
the stoichiometric amount used in R-2, the pH of 6.9 indicates that acid-base interactions
were nearly complete. In contrast, under the conditions of R-3, the observed pH of 8.56
reflects a deficiency of phosphoric acid in the reaction system.

According to the chemical analysis results of the reaction products, a trend is observed
wherein, as the system transitions from the R-1 to R-2 and R-3 stoichiometric ratios,
the MgO content in the final products increases. At the same time, the P,O, content
varies, which is indicative of the formation of different magnesium phosphate phases
depending on the initial stoichiometric ratios applied.

X-ray diffraction (XRD) analysis conducted to identify the mineral composition of
the products revealed that the characteristic reflection patterns of serpentinite, which
constitutes the core of the initial residue, were absent in the products of reactions R-1
and R-2. This indicates complete structural transformation. In the case of reaction R-3,
these reflections were only weakly detectable, suggesting incomplete decomposition of
the serpentinite structure (see Table 3 and Figures 1 and 2).

Table 3. Diffraction reflection intensities of the reaction products in the (“Serpentinite — H,PO,”)

system.

d/n (A) I/, (%) |1dentified phase Chemical formula | Phase name

7.38 100 Serpentine Mg[Si,0.](OH), Serpentine

3.66 80 Serpentine Mg[Si,0.](OH), Serpentine

2.48 32 Serpentine Mg[Si,0.](OH), Serpentine

1.53 20 Serpentine Mg[Si,0.](OH), Serpentine

3.14 100 Dihydrated magnesium dihydrogen | Mg(H,PO,),-2H,0 | Dihydrated magnesium

phosphate dihydrogen phosphate
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3.37 80 Dihydrated magnesium dihydrogen |Mg(H,PO,),-2H,0 | Dihydrated magnesium
phosphate dihydrogen phosphate
2.33 70 Dihydrated magnesium dihydrogen | Mg(H,PO,),-2H,0 | Dihydrated magnesium
phosphate dihydrogen phosphate
3.45 100 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
3.05 80 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
5.90 40 Tris-hydrated magnesium hydrogen | MgHPO,-3H,0 Tris-hydrated
phosphate magnesium hydrogen
phosphate
3.41 100 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
4.01 65 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
5.00 63 Magnesium hypophosphite Mg(H,PO,), Magnesium
hypophosphite
3.47 100 Iron orthophosphate FePO, Iron orthophosphate
3.02 40 Iron orthophosphate FePO, Iron orthophosphate
4.39 23 Iron orthophosphate FePO, Iron orthophosphate
4.62 100 Iron metasilicate FeSiO Iron metasilicate
291 90 Iron metasilicate FeSiO Iron metasilicate
6.48 70 Iron metasilicate FeSiO Iron metasilicate

In the first two cases (P-1 and P-2), it was established that within the first hour
of interaction, the serpentinite structure is completely destroyed under the action of
phosphoric acid. In the case of P-3, an insufficient amount of phosphoric acid is present
in the system, resulting in incomplete destruction of the serpentinite structure. Figures 1
and 2 present the X-ray diffraction analysis results of the reaction products for variants
P-1and P-2. According to the WinXPOW program (ICDD PDF-2), diffraction reflections
corresponding to magnesium phosphate salts with various degrees of hydration were
detected (Table 3). Specifically, the observed d/n values were:

d/n = 3.14, 3.37, and 2.33 corresponding to magnesium dihydrogen phosphate
dihydrate; d/n = 3.45, 3.05, and 5.90 corresponding to magnesium hydrogen phosphate
trihydrate; d/n = 3.41, 4.01, and 5.00 corresponding to magnesium hypophosphite; d/n
= 3.47, 3.02, and 4.39 attributed to iron orthophosphate; d/n = 4.62, 2.91, and 6.48
associated with iron metasilicate.

The absence of distinct reflections corresponding to crystalline SiO, in the XRD
patterns of the reaction products suggests that the silica formed during the reactions is
likely present in an amorphous or poorly crystalline state.
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Figure 1. - X-ray diffraction (XRD) pattern of the interaction products between serpentinite residue
and phosphoric acid (R-1 condition).
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Figure 2. X-ray diffraction (XRD) pattern of the interaction products between serpentinite residue and
phosphoric acid (R-2 condition).

Analysis of the FTIR spectra of the interaction products between serpentinite residue
and phosphoric acid (Figure 1) revealed the absence of the characteristic absorption
band at 941 cm’, typically associated with the valence vibrations of serpentinite
structures. This supports the assumption that serpentinite structures undergo complete
decomposition as a result of the reaction.

The FTIR spectra, in turn, exhibit characteristic bands corresponding to various
structural units: water molecules (3700-3300 cm™ and 1700-1600 cm™), phosphate
anions such as HPO,* and H,PO,- (1300-650 cm™), and Mg ~O, coordination polyhedra
(600400 cm™) (Arynov et al., Patent KZ 2017).
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Figure 3. FTIR spectra of the interaction products in the “Serpentinite residue — H,PO,” system: 1)
R-1; 2) R-2; 3) R-3 (corresponding to the reaction products listed in Table 2).

In the FTIR spectra, three distinct bands in the 3700-3300 cm™ range and a low-
intensity shoulder at approximately 651 cm™ indicate that water molecules occupy
structurally nonequivalent sites and are not energetically identical. The high-frequency
maxima (3700-3300 cm™) are attributed to weakly bound or non-coordinated water
molecules, which are involved in hydrogen bonding either with each other or with
phosphate ions. The presence of a deformation band at 1661 cm™ (6(H,0O)) with a
shoulder suggests that water molecules occupy two or three crystallographically non-
equivalent positions within the structure.

Characteristic bands observed at 1065 cm™ and 956 cm™ are attributed to symmetric
and asymmetric stretching and deformation vibrations of (O,PO,)H, — type anions.
Additional bands at 1230, 1165, 1018, and 891 cm™ correspond to (O,PO,)H — type
anions. The presence of hydrogen bonding between anions and water molecules is
supported by the splitting of absorption bands in the anion lattice region (1300-650
cm™). The absence of distinct absorption bands for (O,PO,)H, and (O,PO,)H anion
lattices suggests the formation of directed dipole moments as a result of H-bonding
between phosphate ions and non-coordinated water molecules. This leads to the
collective excitation of phosphate tetrahedra, manifested as a unified vibrational mode
of the entire anionic system.

Additionally, the intense bands at 1065 and 956 cm™ are associated with the stretching
vibrations of silica (Si0,), indicating its presence in an amorphous or poorly crystalline
form.

Based on FTIR spectral analysis, it can be inferred that under the conditions of
Reaction 1 (R-1), the system predominantly forms magnesium dihydrogen phosphate
trihydrate. In the cases of Reactions 2 and 3 (R-2 and R-3), the products are similar in
composition and mainly consist of magnesium hydrogen phosphates with magnesium
dihydrogen phosphate dihydrate as a secondary phase. Although the stoichiometric ratio
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in Reaction 3 corresponds to the theoretical formation of magnesium orthophosphate,
this compound is not detected; instead, HPO,*- — type hydrogen phosphates are formed.
When the molar ratio of the reactants is 1:1 (as in R-2), the pH of the medium approaches
neutral (pH = 6.9), which may be considered optimal for fertilizer production in terms
of acidity, product yield, and composition.

Conclusion. Physicochemical analysis (XRD and FTIR) of the reaction products
in the “serpentinite residue — phosphoric acid” system confirmed that phosphoric acid
can completely decompose serpentinite structures within a short period. The qualitative
composition of the reaction products corresponds to the thermodynamically predicted
phases: various hydrated magnesium phosphates (Mg(H,PO,),-2H,0, MgHPO,-3H,0),
iron orthophosphate (FePO,), and iron metasilicate (FeSiO,). Magnesium orthophosphate
was not formed, which is consistent with its lower thermodynamic favorability (higher
Gibbs free energy).

When serpentinite residue and phosphoric acid are combined in a 1:1 molar ratio,
the resulting product shows favorable characteristics-such as optimal acidity, phase
composition, and yield—for use as a magnesium- and phosphorus-containing fertilizer.

References

Arynov K.T., Aueshov A.P., Eskibayeva Ch.Z., Alzhanov K.B., Ibracva A.M. i dr. (2017) Sposob
polucheniya kompleksnogo magnij-fosfatnogo udobreniya [Method for producing complex magnesium
phosphate fertilizer]. — Patent KZ 32561. (in Rus.).

Aueshov A.P., Arynov K.T., Eskibayeva Ch.Z. (2017) Reagentnye tekhnologii pererabotki othodov
proizvodstva asbesta [Reagent technologies for processing asbestos production waste]. Saarbriicken: LAP
LAMBERT Academic Publishing. — 118 p. (in Rus.).

Auyeshov A., Arynov K., Yeskibayeva Ch., Alzhanov K., Raiymbekov Y. (2024) Thermoacid behavior
of serpentinite of the Zhitikarinsky deposit (Kazakhstan). Molecules. — No. 29(16). — P. 3965. https://doi.
org/10.3390/molecules29163965. (in Eng.).

Federockova A., Plesingerova B., Suc¢ik G., Dorakova A. (2014) Characteristics of amorphous silica
prepared from serpentinite using various acidifying agents. International Journal of Mineral Processing. —
Vol. 130. — P. 42-47. https://doi.org/10.1016/j.minpro.2014.05.005 (in Eng.).

Kasenov B.K., Aldabergenov M.K., and Pashinkin A.S. (1994) Termodinamicheskie metody v khimii i
metallurgii [Thermodynamic Methods in Chemistry and Metallurgy]. — Alma-Ata: Rauan. (in Rus.).

Katyshev S.F., Gabdullin A.N., Nikonenko E.A., Rakipov D.F. (2014) Conditions investigation of nitric
acid leaching of serpentine. Eastern European Scientific Journal (Gesellschaftswissenschaften). — No. 6. —
P. 136-141. Diisseldorf (Germany): Auris Verlag. (in Eng.).

Dormeshkin O.B., Gavrilyuk A.N., Vojtov L.V. (2024) Poluchenie smeshannyh udobrenij s
ispol'zovaniem razlichnyh vidov fosfat- i magnijsoderzhashchih komponentov [Production of compound
fertilisers using various types of phosphate- and magnesium-containing components]. Journal of Applied
Chemistry. — Vol. 97. — No. 9-10. — P. 656-667. https://doi.org/10.31857/S004446182409007X (in Rus.).

Liu J., Hou W., Wei W. Peng J., Wu X., Lian Ch., Zhao Y., Tu R., Goto T., Dai H. (2023) Design and
fabrication of high-performance injectable self-setting trimagnesium phosphate. Bioactive Materials. — No.
28. —P. 348-357. https://doi.org/10.1016/j.bioactmat.2023.05.019 (in Eng.).

Maslennikova T.P. (2012) Study of the Chemical Interaction Processes of Hydrosilicate Nanotubes with
Aqueous Solutions of Hydroxides and Salts of Alkali Metals (Na, K, Cs) and Aqueous-Alcohol Solutions
(RCH,-OH). Ph.D. Thesis, Grebenshchikov Institute of Silicate Chemistry of the Russian Academy of
Sciences, Saint Petersburg, Russia. — 161p. (in Eng.).

Nakamura T., Yamazoe F., Kishimoto K. (1956) Reaction between Superphosphate and Serpentine.
Part I. Effects of Water and Free Phosphoric Acid on Conversion to Available Magnesium // Soil and Plant
Food. —No. 2(1). — P. 49-52. https://doi.org/10.1080/00380768.1956.10431856 (in Eng.).

Pirimov T. Zh, Namazov Sh. S, Temirov U. Sh, Usanbaev N. H. (2023) Selektivnoe izvlechenie

186




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

soedinenij magniya iz serpentinitov mestorozhdeniya Arvaten [Selective recovery of magnesium
compounds from serpentinites of the Arvaten deposit]. Zhurnal Obogoshchenie rud. — No. 6. — P. 11-18.
https://doi.org/10.17580/0r.2023.06.02 (in Rus.).

Sierra C., Chouinard S., Pasquier L., Mercier G., Blas J. (2018) Feasibility study on the utilization of
serpentine residues for Mg(OH), production. Waste Biomass Valor. — No. 9. — P. 1921-1933. https://doi.
0rg/10.1007/s12649-017-9926-9 (in Eng.).

Teir S., Revitzer H., Eloneva S., Fogelholm C.-J., Zevenhoven R. (2007) Dissolution of natural
serpentinite in mineral and organic acids. International Journal Mineral Processing. — No. 83(1-2). — P. 36-
46. https://doi.org/10.1016/j.minpro.2007.04.001 (in Eng.).

Vieira K.R.M., Arce G.L.A.F., Luna C.M.R., Facio V.O., Carvalho J.A. Jr., Soares Neto T.G., Avila
1. (2022) Understanding the acid dissolution of serpentinites (tailings and waste rock) for use in indirect
mineral carbonation. South African Journal of Chemical Engineering. — No. 40. — P. 154-164. https://doi.
org/10.1016/j.sajce.2022.02.005 (in Eng.).

Yamada T., Nagai S. (1970) Studies on Magnesium Ammonium Phosphate Fertilizers from Calcined
Serpentine. Journal of the Society of Inorganic Materials, Japan. — No. 109. — P. 249-254. https://doi.
org/10.11451/mukimate1953.1970.249 (in Eng.).

Yeskibayeva Ch., Auyeshov A., Arynov K., Dikanbayeva A., Satimbekova A. (2024) Nature of
serpentinite interactions with low-concentration sulfuric acid solutions. Green Process Synth. — No. 13(9).
https://doi.org/10.1515/gps-2024-0034. (in Eng.).

187




ISSN 2224-5227 2.2026

ACADEMIC JOURNAL

OF PHYSICAL AND CHEMICAL SCIENCES
ISSN 2224-5227

Volume 2.

Number 358 (2026), 188-199

https://doi.org/10.32014/2026.2518-1483.446

UDC: 546.55
IRSTI: 61.31.51

©Bayeshova A.K.!", Bayeshov A.2, Tuleshova E.Zh.?, 2026.
"Farabi University, Almaty, Kazakhstan;
’RSE “National Center on complex processing of mineral raw materials of the
Republic of Kazakhstan”, Almaty, Kazakhstan;
*Akhmet Yasawi university, Turkistan, Kazakhstan.
*E-mail: azhar b@bk.ru

REDUCTION OF COPPER IONS BY ZINC IN THE PRESENCE OF
TITANIUM (IV) IONS IN SULFURIC ACID SOLUTIONS

Bayeshova Azhar — Doctor of Technical Sciences, Professor, Farabi University, Almaty, Kazakhstan,
E-mail: azhar b@bk.ru, https://orcid.org/0000-0002-9076-8130;

Bayeshov Abduali — Doctor of Chemical Sciences, Academician, RSE “National Center on complex
processing of mineral raw materials of the Republic of Kazakhstan”, Almaty, Kazakhstan,

E-mail: abdualibayeshov@gmail.com, https://orcid.org/0000-0003-0745-039X;

Tuleshova Elmira — Candidate of Chemical Sciences, Associate Professor, Akhmet Yasawi University,
Turkistan, Kazakhstan,

E-mail: elmira.tuleshova@ayu.edu.kz, https://orcid.org/0000-0003-2249-9570.

Abstract. The present study investigates the reduction process of copper(Il) ions
by zinc powder in sulfuric acid solutions in the presence of titanium(IV) ions. The
effects of titanium(IV) ion concentration, initial copper(Il) concentration, sulfuric acid
concentration, and process duration on the copper extraction efficiency were examined.
The experiments were carried out in aqueous copper sulfate solutions under continuous
stirring. Zinc powder was used as the reducing agent, while copper sulfate solutions
containing sulfuric acid and titanium (IV) sulfate served as the copper-bearing medium.
The residual copper concentration in the solution was determined by the iodometric
method.

It was established that the degree of copper extraction depends significantly on the
initial concentration of copper(ll) ions, titanium(IV) ions, sulfuric acid concentration,
and process duration. The most favorable conditions for copper extraction were achieved
at titanium(I'V) ion concentrations of 3.0-6.0 g/L, copper(Il) ion concentration of 5.0
g/L, and a process duration of 30 min. Experimental results demonstrated that the copper
extraction degree in the presence of titanium(IV) ions increased by up to 20% compared
with the reduction process carried out without titanium ions.

It was found that the addition of titanium(IV) ions not only enhances the reduction
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efficiency but also reduces zinc consumption. Morphological analysis of the obtained
powders revealed the formation of ultrafine copper particles with sizes ranging from 0.1
to 3.0 um in the presence of titanium(I'V) ions.

A mechanism for the catalytic action of titanium(I'V) ions is proposed based on cyclic
Ti(IV)/Ti(Ill) redox transformations that provide additional reduction of copper(Il) ions.
The obtained results are of considerable interest for hydrometallurgical technologies
aimed at copper recovery from acidic solutions.
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Annotanus. JKXyMmpicTa KYKipTKBILIKBUIABI epiTiHainepae TutaHubH (V) nonmapsl
KatbicbiHAa MbIC (1) MOHAAPBIH MBIPHIN YHTaFBIMEH TOTBHIKCHI3NAHIBIPY MpoOIeci
seprrengi. Tutan (IV) wonmapsl KoHUHEHTpauuschiHbIH, MbIC (1) HOHZApBIHBIH
OacTankbl KOHLEHTPALMSICBIHBIH, KYKIPT KBIIIKBUIBI KOHLEHTPALMUSCHIHBIH >KOHE
MPOLECTIH Y3aKTBIFBIHBIH MBICTBI O€JIill aldy JopekeciHe ocepi KapacThIPbUIIBL.
Toxipubenep moic (I1) cyapdaTblHBIH CyBI €PITIHAUIEPIHAE apaNacThIpy KaFAalblHAA
Kyprizinai. TOTBIKCHI3IaHIBIPFBILI PETiHIE MBIPBILI YHTAFBI, ajl KypaMblHIa MbIC Oap
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epiTiHAI peTiHAe KYKIpT KbIuKbutbl MeH ThTaH (IV) cynbdarel kocburran mbic (I1)
cynb(daThl epiTiHIICi KOMIAHBUIIABL. EpITiHAIIErT MBICTBIH KaJIJbIK KOHIICHTPAIHSCHI
HOIOMETPHSIIBIK O/1iCIICH aHBIKTAIBI.

MpicThl Oenin any aspeskecine Mbic (1) HOHAAPBIHBIH OacTanKel KOHIEHTPALUSICHI,
tutal (IV) MOHAapBIHBIH KOHLEHTPAIMACHI, KYKIPT KbIIIKBUIBIHBIH KOHIIEHTPALHSCHI
JKOHE TIKIPHOE Y3aKThIFhI €JICYIIi 9Cep €TETiHI aHBIKTAIbl. MBICTHI OOl aJTyblH €H
Konaiinel maprrapsl TuTad (1V) nongapeiasiy 3,0—-6,0 1/71 xone Mbic (1) HoHIAPBIHBIH
5,0 T/n KOHLEHTpauMsIapblHAa, COHAM-aK mpouecc y3akToirbl 30 MHHYT OonraHzaa
Oalikannmel. DkcrepuMeHT HoTwkenepi TutaH (IV) MOHAApbl KaTBICBIHAA MBICTHI
Oeuin anmy Aopekeci TUTaH MOHAAPHI KOK KaraaiiMeH camibicTbipranaa 20%-ra neifin
apTaThIHBIH KOPCETTI.

Turtan (IV) moHmapblH KoJIaHy TOTBIKCHI3NAHIBIPY IOPEKECiH apTTHIPHINT KaHa
KOMMai, MBIPBIII IIBIFBIHBIH TOMEHACTETIHI aHBIKTANABl. AJBIHFaH YHTaKTapAbIH
MopdoorusicelH 3epTrey Oapbichinaa ThtaH (IV) MoHmapbl KaThICBIHAA eJeMaepi
0,1-3,0 MmxM OonaThIH yIBTpaIUCIIEPCTi MBIC OOJIILIEKTEPIHIH TY31JIETiHI KOPCETII.

Tutan (IV) HOHIAPBIHBIH KaTaJUTUKAIBIK 9CEP €Ty MEXaHU3Mi YCHIHBUIIBI. by
MexaHu3M MbIc (1) MOHAApPBIHBIH KOCBHIMINA TOTBHIKCHI3AAHYBIH KaMTaMachl3 €TETiH
Ti(IV)/Ti(I1l) xy¥ecinaeri HUKIIIK TOTBIFY-TOTBIKCHI3IaHy TYpJICHYJIepiHe HEeT13/1ereH.
AJBIHFAaH HOTHIKENEp KBIIIKBULIBI E€pPITIHAIIEPAEH MbICTBl THAPOMETAILTYPrHSUIBIK
YKOJIMEH O6JIiI aTy TeXHOIOTHSUIAPHI YIIiH FEUIBIMU )KOHE TPAKTHKAJIBIK KbI3BIFY IBLTBIK
TYIBIPAIBL.

Tyiiin ce3mep: Mbic HOHAAPHI, MBIpbI yHTarbl, TUTaH (IV) nongapsl, Oenin amy
Jopexeci
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AnHotamusa. B pabore uccnenoBaH mporiecc BoccTaHoBieHHs HOHOB Meau(ll)
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MOPOIIKOOOPA3HbIM IIMHKOM B TMPUCYTCTBUM HOHOB TuTaHa(IV) B CEpHOKHUCIBIX
pactBopax. M3ydeHo BimsHuUE KOHIEHTparuu wuoHOB TtutaHa(lV), wucxoqHOH
KOHIIeHTpanuu noHOB MeH(11), KOHIIEHTpaIUY CEPHOM KUCIOTHI M ITPOIOJIKUTEILHOCTH
mpolecca Ha CTENeHb W3BJICUCHHUS MEAH. DKCIICPHUMEHTBHI IMPOBOIWIM B BOJHBIX
pactBopax cyiabpara memu(ll) npu mocrosHHOM mepememuBaHMM. B KkadectBe
BOCCTaHOBUTEJIS MCIIOJIb30BAIM TTOPOIIKOOOPA3HBIN IIUHK, @ B KAYECTBE MOJCIHHOTO
MebCO/IePIKaIIero pacTBopa - pactBop cynbdara menu(ll) ¢ mobaBneHuem cepHOM
kucnotel U cynbdara tutana(lV). OcTaroyHyr0 KOHIICHTPAIMIO MEIU B PacTBOpE
OTPENIeISIA HOAOMETPUISCKUM METOJIOM. YCTAHOBJICHO, UTO CTCIICHb U3BJICUCHUS METH
3aBHCHT OT UCXOIHOU KoHIeHTpanuu nonoB meau(ll), conepxanus nonos Turana(lV),
KOHIICHTPALUM CEPHON KHCJIOTHI U MPOAOJDKUTEIBLHOCTH Tmpolecca. Haumbonee
ONaroNnpusATHBIC YCIOBUS BOCCTAHOBICHHS HAOIIONAINCh MPH KOHIEHTPALMH HOHOB
turana(IV) 3,0—6,0 r/n, xonuenTpauu noHoB Meau(1l) 5,0 r/1 u TPOAOIKUTETLHOCTH
nporecca 30 MuH. Pe3ynbraThl SKCIIEPUMEHTOB MMOKA3ajlH, YTO B IPUCYTCTBHU MOHOB
tutaHa(lV) crenens u3BieueHUs Meu Bo3pactaeT npuMepHo Ha 20 % 1Mo cpaBHEHUIO
C TMPOIIECCOM, TPOTEKAIINUM 0e3 00ABICHUS TUTAHA., YCTAHOBJICHO, UTO IPUMCHEHHE
noHoB tutaHa(IV) crmocoOCTByeT He TOJBKO MOBBIMICHUIO CTEIICHH WU3BJICUCHUS MEJH,
HO ¥ CHIDKCHHIO pacxoja IMHKa. VccnenoBanue Mop(oIOTHN TOTYYSHHBIX OCAJIKOB
Moka3ajno o0pa30BaHUE YIBTPATUCICPCHBIX yacTuil Meau pasmepom 0,1-3,0 MkMm B
npucyrctBun oHOB TUTaHA(IV). [IpemiokeH MeXaHU3M KaTaJIUTUYECKOTO JCHCTBUS
noHoB TuTaHa(IV), OCHOBaHHBIH Ha UKINYECKUX OKHCIUTEIIbHO-BOCCTAHOBUTEIIBHBIX
npespanienusx  cucrembl  Ti(IV)/Ti(Ill), obecrneunBarImUX  JTOTOJTHUTEIBHOE
BoccraHoBieHne uoHOB Meau(ll). TlomydeHHble pe3ynabraThl — MPEACTABISIOT
MPaKTHYECKUW  WHTEPEC Il  COBEPIICHCTBOBAHUS  THUAPOMETAJUTYPrHYECKHIX
TEXHOJIOTUN U3BJICUCHHS MEIH U3 KHCIIBIX PACTBOPOB.

KuroueBbie cjioBa: MOHBI Me/U, ITMHKOBBIN MOPOIIOK, HOHBI TuTaHa (IV), creneHs
HU3BICUCHUS

Beenenue. [lopomkoBas MeTamayprust NpencTaBisieT coOoil 001acTh HayKd
U TEXHUKH, OXBATHIBAIOIIYI IPOIECCHl MOMYyYEHUS] METAUIMYECKHUX TIOPOIIKOB,
a TaKk)Ke M3TOTOBJIEHMS M3AETUM M3 HUX WIM UX KOMIO3MLHUN ¢ HEMETaUNINYeCKUMH
KOMIIOHEHTaMH. MeTalTnu4eCcKui IOPOIIOK MPEACTaBISIET COO0I COBOKYITHOCTD YaCTHII
MeTaJla, CIulaBa MM METaJIONOJO0HOTO COEAWHEHHs, HAXOASIIUXCS BO B3aUMHOM
KOHTaKTe, HO HE CBSI3aHHBIX MEXKIy COOOH.

[lopomkoBass MeTanayprus TpPaJULMOHHO HrpaeT BaXKHYK pOJIb B pa3BUTHH
COBPEMEHHON TEXHUKH, MOCKOJIbKY TIO3BOJIIET MOJy4daTh MaTepuajgbl U H3Jenus,
W3TOTOBJICHHE KOTOPBIX HEBO3MOKHO MM HKOHOMHYECKH HELEenecoo0pa3Ho ¢
HCIOJB30BAHUEM TPAJAULIMOHHBIX TEXHOJIOTHH. B mocnenHue necaTuieTus 3HaYeHUE
JAHHOTO HAalpaBleHHsl CYLIECTBEHHO BO3POCIIO Onarogapsi CO3IaHHMIO MaTepHajioB
C MHUKPOKPHUCTAJUTMYECKOH, HAHOCTPYKTYPUPOBAHHOW M aMOp(HOU CTPYKTYpPOM.
VYHUKaIbHBIE CTPYKTypHBIE OCOOCHHOCTH TaKHX MaTepHajioB  00ECIeYnBaIOT
MOBBIILICHHE UX (PU3UKO-MEXaHNUECKUX M OKCIUTyaTallMOHHBIX cBoicTB (Girshov, 2010).

JlutepatypHslii 0630p. PazpaboTka 1 cOBepIIEHCTBOBAHNE TEXHOIOT U N3BICUCHUS
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LEHHBIX METAJIOB M3 MPOMBILIUICHHBIX PACTBOPOB SIBISIETCS OAHOM M3 aKTyaJbHBIX
3aJa4 COBPEMEHHOM ruapomeranyprud. Cpenu pasIuyHBIX METOHOB HM3BJICUCHHS
METaJUIOB 0c000€ MECTO 3aHHUMAIOT IPOLECCHl BOCCTAHOBJICHUS, OTIMYAIOLIHECS
TEXHOJIOTUYECKON POCTOTON M BHICOKOH 3((PEKTUBHOCTBIO.

MerTopl BOCCTAaHOBIICHHS METAJUIAMHU IUPOKO MPHUMEHSIOTCS MPU KOMIUIEKCHOM
nepepadOTKe pyd ILBETHBIX MeETaWIoB Juisi u3BiedeHus uoHoB wMenu(Il) w3
TEXHOJIOTHYECKHUX M CTOYHBIX CIA00KHUCIBIX pacTBOpoB. Ha addekTuBHOCTE IpoLieccoB
BOCCTAHOBJICHUSI OKa3bIBAIOT BIHMSHUE NPUPOJA BOCCTAaHOBHUTENSI, COCTaB pacTBOpa,
HaJIW4Ke Pa3IMYHbIX J00aBOK U YCIOBUS MIPOBEIEHHS Mpoliecca.

[IpenmymiectBa METOJOB BOCCTAHOBICHMS METAJUIAMH 1O CPAaBHEHHIO C
AIbTEPHATHUBHBIMU CIIOCOOAMH M3BIEYEHHsT MeIOW TokazaHel B pabore Calugina
(2015). ABropamu yCTaHOBJIGHO, YTO TPU HM3BJICYCHUU MEIU U3 TEXHOJIOTHMUYECKUX
pPacTBOPOB KyYHOTO BBILIETAYMBAHUS METOIOM LIEMEHTALUH OCTaTOYHOE COMACpKaHUEe
Meu B pacTBope cocTaBisieT MeHee |1 %, Torga Kak MpH UCMONb30BaHUM Cyib(uia
HaTpHsl CTEleHb M3BJIe4YeHus He mpesblmaer 45,02 %. B xadecTBe BOCCTaHOBHUTENS
HCTIOJIb30BaIOCh kene30 Mapku CMS. B 3aBUCHMOCTH OT cOCTaBa TEXHOJIOTHYECKUX
pPacTBOPOB CTEMEHb U3BJICUEHUS MEIU U3MEHAIach B npenenax 96,5-99,5 %.

Uccnenosanus Yehia (2014), nocBamEéHHbIe U3BICUCHUIO MEIN U3 CTOYHBIX BOJ C
HCTIOJIb30BAHUEM KEJIE3HOTO CTEPIKHSI, TOKa3aJIH, YTO CKOPOCTh BOCCTaHOBJICHUSI HOHOB
menu(Il) Bo3pacraeT ¢ yBenuueHHEeM HHTEHCUBHOCTH MEPEMEIIMBAHUS U TTOBBIIEHUEM
3nauenusa pH pactsopa no 2. [lpu nanpheiimem yBenmuennu pH ckopocTs mpouecca
CHHYKAeTCsl.

B paborax Abdel-Aziz (2011) u Amin (2011) u3y4anach KHHETHKa BOCCTAHOBIICHHS
nonos menu(Il) u3 pacTBopoB cynbdarta Meau B peakTope ¢ MELIAJIKOH, OCHAIEHHOM
Bpamaronieiics neppopupoBaHHON KOP3UHOM, 3alOJHEHHON HIUHKOBBIMH KOJbLAMH
Pammira. YcTaHoBII€HO, YTO CKOPOCTh PEAKIHHU BO3PACTAET C YBEIHMUCHUEM Ha4YaIbHOM
KOHIEHTpaLUH cyibdaTa Mean, TeMIeparypsl ¥ CKOPOCTH BpallleHHs KOp3UHBL. B To
K€ BpeMsi IPUCYTCTBUE CIUPTOB (OyTaHOI, 3TAHOJ M METAHOJ ) IPUBOAUT K CHIDKCHHIO
CKOPOCTH BOCCTaHOBJICHHUS.

AmnanornuHsle pe3yabrarbl Obuti moyueHsl Kolesnikov (2016), koTopslii nccaeqoBat
BJIMSHUE IOBEPXHOCTHO-aKTHBHBIX BEIIECTB Ha TIPOLIECC BOCCTAHOBICHUS MEIH
LIMHKOM B CyJb(aTHbIX pacTBopax. [loka3ano, yTo npucyTcTBHE (PIOKYISIHTOB CHIKACT
CKOPOCTb BOCCTaHOBIICHHUS, IPUUEM CTETIEHb MHTHOUPYIOLIETO JeHCTBUS ONpeaesieTcs
MPUPOIOH M (PHU3UKO-XMMUYECKUMHU CBOWCTBAMHU MOJIMMEPOB. 3aMeUIeHHE Mpolecca
aBTOp OOBSICHSICT OJIOKUPOBAHMUEM aKTHBHBIX IEHTPOB MMOBEPXHOCTH LIMHKA BCIEICTBHE
a71cOpOIMK BRICOKOMOJIEKYISIPHBIX coeauaeHnil (3ddekr Jlomkapésa).

Boccranopnenne MOHOB MeAM METAUNIMYECKUM IIMHKOM IIMPOKO HCIIOIBb3YEeTCS
B TUAPOMETAJUTYPTUH [yl M3BICUCHHS MEOH M3 LWHKCOIEPXkAILIHX pPacTBOPOB
(Demirkiran, 2007). Iloka3aHo, 4To CKOPOCTh Ipolecca BO3PACTAET C yBETUUECHHEM
koHueHTpaunu noHoB Meau(ll), Temmeparypbl, MHTEHCUBHOCTH IEPEMEILUBAHUS H
coziep’KaHHus HOHOB ITUHKA.

HccnenoBanue BOCCTAaHOBICHHS MEIN Ha BPAIIAIOMIMXCS AUCKOBBIX AJIEKTPOAAX M3
LUHKA ¥ XKeJie3a, KaK M0 OTACIbHOCTH, TaK U B COYETaHUH APYT C APYroM, MOKa3aio,
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YTO IIMHK SBJSIETCS OCHOBHBIM LIEHTPOM BBIJICJICHHS BOZOPOAA U TEM CAMBIM CHIKAET
koppo3uto xkene3a (Gros, 2011a). Borpockl, cBsi3aHHBIE ¢ BBIJCICHUEM BOJOPOAA TPU
LEMEHTAIlMA METAJJIOB, MPEICTABISIIOT 3HAYUTENbHBIA HAYyYHBIH MHTEPEC, MOCKOIBKY
JaHHBINA TPOLIECC COMPOBOKAACTCS JOMOTHUTEIBHBIM PACX0JJOM BOCCTAHOBHUTEIIS.

B pa6ore Gros (2011b) uccnenoBaaock BOCCTAaHOBICHHE MEIU HA CMECSX Kejles3a
U IMHKa B CHCTEME MCEBAOOKIKEHHOTO Cost. DPPEKTUBHOCTh CMecell oLieHNBaIach
M0 KHHETHYECKHM XapaKTEepUCTHKaM M Kod(d¢uimeHTaMm Maccomnepenoca. bbuio
YCT@HOBJIEHO, YTO SHEPTUsl aKTHUBaLMHU mHpouecca cocraBigeT 19,6 k/[x/Monb, uto
CBHUJIETENILCTBYET O TpeoOnanannu Au(Qy3HOHHBIX OrpaHHMYCHHH. MakcuMajibHbIE
3HaueHus Kkod(p¢uIMeHTa MacconepeHoca HaOmomanmucs npu pH = 1,5, uro
CBSI3aHO C MHTCHCHUBHBIM BBIICJICHHEM BOIOpPOAA. ABTOPHI TaKkKe IMOKa3ald, 4YTO
MOpGOIOTHS OCAXKIEHHON MEIN OKa3bIBAET CYIIECTBEHHOE BIMSHUE HA KHHETHYECKHE
XapaKTEePUCTHKH MpoLecca.

CpaBHUTENBHOE HCCIIEA0BAHNE BOCCTAHOBIICHUSI MEM LITHKOM, JKEJIE30M H aJIFOMH-
HUEM T0Ka3ajio0, 4YTO HauOOJbIIasi CKOPOCTh MpOoLEcca JOCTUTACTCS MPU MCIOIb30Ba-
HUM [IMHKA, OTHAKO MHTEHCHBHOE BBIICIIEHUE BOIOPOAA MPUBOIUT K €r0 MOBBIILICHHO-
My pacxony (Karavasteva, 2005). YctanoBneHo, yTo MOp(HOJIOTHs MOTy4aeMOH MeIH
3aBHUCHUT OT IPUPOJBI BOCCTAHOBUTEIIS: HA Keje3e (POPMUPYETCs TUIOTHBIA MEJIKOKPH-
CTaJUIMYECKHU CIJIOH, HAa LUHKE 00pa3yeTcsi BEICOKOIOPUCTHIM AEHAPUTHBIA 0CaI0K, a
Ha aJIIOMHHUHM - [I00YJISIpHBIE KPUCTAJUTUTHI pazMepoM 1—4 MKM.

CornacHO IUTEpaTypHbIM [aHHBIM, MPU BOCCTAHOBJICHHWH MEIH LWHKOM YacTb
MeTallla pacXomyeTcsl Ha TOOOYHYIO PEaKIUIO BBIICICHHUS BOIOPO/a:

2H* + Zn — H, + Zn®* (1)

CrenoBarenbHO, METAJUIMYECKUNA IUHK HCIIOIb3YETCS HE IIOJIHOCTBIO HA U3BJICUEHHE
ME/JIH, 4TO IPUBOJIUT K YBEJIMUCHHIO €0 pacxojia. B cBs3M ¢ 3TUM aKTyabHBIMH SIBIISTIOTCS
HCCIIEIOBAHUS, HAIPABJICHHBIC HA MMOBBIIICHUE CTCIICHHN U3BJICUCHUST ME/IH, TIOTyYCHHE
MEJIKOAUCIIEPCHBIX IIOPOILIKOB U CHI)KEHHE PAacXo/ia METaJIOB-BOCCTaHOBUTEIIEH.

Crenyer OTMETHTh, YTO paHee aBTopaMu ObUIM pa3paboTaHbl METOJbI TIONTYUCHHS
JICIIEPCHBIX MTOPOIIKOB Pa3IMYHBIX METAIIOB METOJOM BOCCTAHOBIICHHS, PE3YIBTAThI
KOTOPBIX Tpe/cTapieHbl B paborax Tuleshova (2015) u Abzhalov (2022). [TonyueHHBI#H
OIBIT TIOCTY)KWJI OCHOBOM JUISl JalbHEWIIMX WCCIICJIOBAHUI, HANpaBICHHBIX Ha
WHTCHCU(UKALMIO MPOIECCOB BOCCTAHOBJICHUS MeOd U  COBEPLICHCTBOBAHHE
TEXHOJIOTUH MOMYYCHUS] METAITMYECKUX TTOPOILIKOB.

Marepuannl u MeToabl. OCHOBHOH IIEJTBbI0 Pa0OTHI SBISIETCSl U3yUSHHE Mpolecca
BOCCTAHOBJICHUSI MEAM U3 PACTBOPOB LINHKOM B IPUCYTCTBUU MOHOB TUTaHa (IV).

[Iponiecc BoccTaHOBIIEHHS MPOBOAMINM B XMMHUYECKOM cTakaHe oObemMoM 200 mu
MY TIepeMeNIMBaHUY Ha MAarHUTHOHM Memalike. B kauecTBe MeTauia-BoCCTaHOBUTEIS
HCTIOJIB30BaH IIMHK (TIOPOIIOK), B KAa4eCTBE MEIbCOACPIKALIECTO pacTBopa — Cynbgar
menu (II) ¢ noGaBneHremM cepHoil KHCIOTH U cyabdara Turana (IV). [lopomok nuHka
n00aBisuM B BecoBoM cootHomennu Cu*': Zn=1:2, T.e. Macca 100aBJIsIeMOT0 MOPOIIIKa
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nuHKa Obuia B 2 pasa Oosnbiie, yem macca noHoB meau (I1) B pactBope. [locne peakuun
BOCCTAHOBJICHUSI HAOIIONANIOCh 00pa30BaHUE IJIEMEHTHON MeIU B BHJIE JUCTIEPCHOTO
MOPOIIIKA, KOTOPBIA OTJENSAIN OT pacTBopa (uuisTpanueii. B ¢unsrpare onpenensiim
OCTaTOYHYIO KOHIIEHTpaInio HOHOB Menu (1) n3BeCTHBIM HOIOMETPHYECKIM METOIOM
(Feinberg, 1959) u paccunThiBasv cTeneHb W3BIeUeHUs Mean. [loporiok mpoMbIBaiy,
B3BEIIMBAJIM U AHAIM3UPOBAIU (PU3UKO-XUMUIECKUMHU METOJIaMH.

brimo wuccrnenoBaHo BIMSAHME KOHILEHTpanuu wuoHoB TuTaHa (IV), wucxomHoi
koHIeHTpanuu woHOB Menu (II) u cepHOM KHCIOTHI, MPOMOIDKUTEIHHOCTH OIBITA
Ha CTCTICHh M3BJICUCHUS MEIW M Ha OCTAaTOYHYIO KOHIIeHTparuio monoB meau (II) B
pacTBope.

Pesyabrarel u o6cy:xkaenue. B mporecce BoccranoBineHuss monoB wmenu (II)
MOPOIIIKOM I[MHKA B MPHCYTCTBHH WOHOB THTaHa (IV) HaOmomanock oOpa3oBaHue
QJIEMEHTHOW MEAM B BHJE IJUCIEPCHOrO mopoiika. Ha cTemeHs w3BICUEHUS MEIU
OKa3bIBACT BIMSHHUE WCXOMHAs KOHICHTpanus noHoB menu (II), koHmeHTpanus noOHOB
tutana (IV), KOHIEHTpaIs CepHOUW KHCIOTHl M TPOMOJDKUTEIHPHOCTD OMBITA. BBITH
MIPOBEICHBI AKCIEPUMEHTHl B OTCYTCTBHE M B TPUCYTCTBUU HOHOB THTaHa (IV).
Pesynbrarel uccneoBaHuiA MOKa3aJIH, 9TO CTETICHb U3BJICUSHISI MEIH ITPH COOTHOIIICHUN
Cu?":Zn = 1:2 B npucytctBuu noHoB turana (IV) pe3ko yBenuumbaercst. [Ipu ucxoqHoi
koHuentpaunu nonos menu (1), pasuoit 5,0 r/n u moGaBneHun moHOB TuTana (I1V)
C KOHIIeHTpanued 4,5 1/1, MPOJOIKUTEILHOCTH ONbITA, COCTaBIstONIeH 30 MUHYT,
CTeTIeHb U3BJIeUeHNs Menu focturaeT 99,4%, a mpu KoHIeHTpai noHoB TuTaHa (IV),
paBHo# 6,0 T/1 wonb! Meau (II) MpakTHYECKH MOHOCTHIO M3BJICKAIOTCS M3 PacTBOpa
B BHJIE TIOPOIIIKA MEJH, T.e. cTeneHb u3BinedeHus pocruraer 100% (puc. /). IlomHoe
W3BIIEUEHUE MEIH JOCTUTACTCS TIPU KOHIIEHTparuu HoHoB TutaHa (IV), pasHoii 3,0-6,0
/i, monoB meu (I1I) — 5,0 v/ u mpomomxuTenbHOCTH OrbiTa 30 MUHYT.
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Pucynoxk 1. Bnusiaue xoHmeHTpanyy HoHoB THTaHa (IV) Ha cTereHb U3BIeUEeHHsT Me! IIPU
BoccTanosiennn nuHkoM (C(H,SO,)=10 r/n, =30 muH., t=25°C) npu pasiuuHbIX HCXOHBIX
koHIeHTpausx nonos meau (I1), r/m: 1-1,0; 2-2,5; 3-5,0.
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3aBHCUMOCTb CTENEHH H3BJICUYEHHUs] MEOU OT MPOAODKUTENBHOCTH OIBITA IPH
Pa3NUYHBIX KOHIIEHTpausx HoHoB TuTaHa (IV) mpusenena Ha pucyske 2. B orcyrcTBue
nonoB tutana (IV) creneHp n3BiedeHus: Meau He npesbimaet 77,2% (puc. 2, Kpusas
1). Ilpu noGasnenuu 1,5 r/n nonos tutana (IV) creneHs u3BIeUeHNUS MEIN JOCTUTAET
82,4% (puc. 2, kpussle 2, 3). [Ipu xonuenrpauuu nonos tutana (IV), pasnoii 3,0 r/x,
3a 50 MUHYT cTeneHb u3BiIedeHns qocturaet 98%.

HccnenoBano BiMsHUE KOHIIEHTPALUHM CEPHOW KHCIOTHI Ha CTENECHb H3BJICUCHHS
MeIU MpPHU BOCCTAHOBJICHWM LUHKOM B NpUCYyTcTBUM MoHOB THTaHa (IV). Kpussle,
MIPUBEICHHBIC HA PUCYHKE 3, MOKA3bIBAIOT, YTO HAOOJIeE BHICOKAs! CTEIICHb U3BJICUCHHS
MeJIU JOCTHraeTcsi B 00JacTH KOHLEHTpAMK CEpHOM KUCIOTHl 5 r/11. JlanpHeiimee
yBEJIMUEHHE KOHLEHTPAIMK CEPHOM KHUCIOTHI HEOJIAronpuaTHO BIUSET Ha U3MECHEHHE
creneHu u3BnedeHus. Kak BHIHO M3 puc.3, CHauana ¢ yBEJIMYEHHEM KOHLEHTpAIUU
CEpHOW KHCJIOTHI CTENEHb HM3BJICUEHHS MEIH PE3KO BO3PACTaeT, IMO-BHIMMOMY, 3TO
OOBSICHSETCS TOBBIIIEHUEM JIEKTPOIIPOBOAHOCTH pacTBopa. [lpu nanpHeimem pocte
KOHIEHTPALMU KHUCIOTHI HaywHasi ¢ 5,0 I/n — cTeneHb HM3BICUCHHS YMEHBLIACTCS.
OTO yMeHbIIEHNE BBI3BAHO TEM, YTO YCHJIMBAETCS MPOTEKaHUE MOOOYHOTO IMpolecca
BbIJIeJIEHHsI BOAOPOa. Takke BO3MOKHO 00paTHOE pacTBOPEHHE CBEKEOOPa30BaHHOTO
MEJIHOTO MOPOIIKa B CEPHOKHCIION cpeie B MPUCYTCTBUU KUCIOPOAA BO3AyXa.
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PucyHok 2. BiimsiHre npoIoiKUTETBHOCTH OIBITA ITPH PA3IMYHBIX KOHIICHTPAIUSAX HOHOB THTaHA
(IV), v/
1-6e3 Ti(1V); 2—1.5; 3-3.0.
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PucyHok 3. BiusHue KOHIIGHTpAIMK CepHOI KUCIOTHI Ha CTENEeHb U3BJICUCHUS MEIU B OTCYTCTBHE
noHoB TuTaHa (IV) (xpuBas 1) u B npucyrcTBun noHos turana (IV) (kpusas 2).

[ToBeiienue crenenu usBnedenust HoHoB meau (II) u yBennuenue ckopoctu
BOCCTAHOBJICHUS B IPUCYTCTBUU MOHOB TUTaHa (IV) 00bsicHsIeM Tak: mporeccsl
MIPOTEKAIOT MO MPEACTABIEHHON HMXKE CXeMe, M OHU (IIPOLECCHI) SABISAIOTCA U
KaTaTUTUYECKUMHU, U [UKINYECKUMHU:

3}1‘" + 7" = T + 2 (2)

T+ o = 2T ol (3)

B u3BecTHBIX crioco0ax B X071€ MPOIecca BOCCTAHOBIICHHUS YaCTh IMHKA PACXOAYETCs
Ha BBIIETICHHE Bojopona mo peakuuu (1). B Hammx skcrepuMeHTax B NPUCYTCTBUU
noHoB TuTaHa (IV) 3Ta yacTh MMHKA pacxoayercs Ha BOCCTAHOBJICHHE MOHOB THTaHA
(IV) mo TpexBaseHTHOTO COCTOSIHHS 10 peaknuu 2. Takas peaxius BO3MOXHA O TOi
MIPUYMHE, YTO CTAHAAPTHBIN MOTEHIINAJ PEaKIINY BOCCTAHOBICHUS YETHIPEXBAIIEHTHOTO
THTaHa 10 TpexBaieHTHOro coctosuus (E° = 0,04 B) mmMeer Gosee MOIOKUTETBHOES
3HaueHue, 4yeM morennuan nuaka (E’ =-0,76 B) (Handbook of Electrochemistry, 1981).

Takoke cieayeT OTMETHTH, 9TO BennumHa red-ox moreHmmaiga cucremsr Cu*f<=>
Cu’ umeer Oosice TMOJOKUTEIBHOE 3HAYCHHE, YeM BEIMYMHA MOTEHIHATA CHCTEMbI
Ti**<=>Ti*". BeJauuwHbI MOTEHIIHAIOB, COOTBETCTBEHHO, paBHBI +0,34 m 0,04 B,
mo3ToMy BoccTaHoBieHrne noHoB meau (II) mporexaer mo peaknum (3). Paccunrannas
HAMH KOHCTaHTa paBHOBeCHs peakinuu coctasiser 10'°, T.e. paBHOBecue peakiuu
MTOJTHOCTBIO CMEIIEHO BIpaBo. B 3r1oii cBs3u monsl Tutana (III) B3ammonelcTByIOT
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unonamu meau (II) mo peakuuu (3). B pe3ynbrare 1OMOITHUTEIHHO BOCCTAHABINBAIOTCS
nonbl Meau (1) u 3a cuet 3TOrO CTENEeHDh U3BJICUCHHS NOBbIIaeTcs Ha 12—-20%. [lpu
sToM HoHbI TUTaHa (IV) perenepupyrorcsi 1 BHOBb y4acTBYIOT B peakuusix (2) u (3), T.
€. yKa3aHHbIEC PEaKLUUHN HUKIMYECKH MOBTOPSIOTCS. Takum 006pa3oM, yCTaHOBJIEHO, YTO
noHbl TuTaHa (IV) yuacTBYIOT B MPOMEKYTOUHBIX PEAKIUAX, OKA3bIBAIOT BIUSHUC HA
XOJ1 BOCCTAHOBJIEHUS, T. €. OHH BBINIOJIHSIOT POJIb KaTaau3aropa.

OKCHEepUMEHTBI TTOKa3aJiv, YTO MOPOIIKH MEAH 00pasyloTCsl MPH B3aUMOACHCTBHH
noHoB meau (II) ¢ nmHKOM mo m3BecTHON peakiuu (4), B JaHHOM CilIy4dae OHHU
(dopMHpPYIOTCS Ha TOBEPXHOCTH LMHKA. OTMe4daeM, UTO B Cilydae B3aUMOJCHCTBUS
nonoB tutaHa (I1I) c monamu menu (11) mopoiku Meau 00Opa3yroTCcs HE Ha MOBEPXHOCTH
LMHKa, a B 00beMe pacTBopa. PocT yacTuil mopolka He MPOMCXOIHT, TOIBKO JIMIIb
YaCTHUIBI MOTYT IPUJIUIIATE IPYT K IPYTY (rioMeparius), TO €CTh MOTYT POPMHUPOBATHCS
HAHOCTPYKTypUpPOBaHHbIE c(pepryeCcKre arperars.

cul* + zn - cul® + Zn2H 4)

BaxxHoi1 XapaKTeprCTHKO MMOPOIIKOB SBIIsieTCS (popMa yacTull, KOTOpasi B OCHOBHOM
3aBUCUT OT croco0a monydeHus. MccrnemoBanue MOpPQONIOTHU MOPOIIKOB MEOH Ha
JIEKTPOHHOM MHUKPOCKOIIE MTOKa3ano (PUCYHKHU 4 U 5), 4TO B OTCYTCTBHUE KaTajau3aropa
— noHoB TuTaHa (IV) dopmupyroTCs OTHOCHTENBHO KpYIHBIE ACHAPUTOOOpa3HbBIC
yacTuIel ¢ pasmepamu 20-60 MM (puc. 4a, 46). B npucyrcrBun nonoB turana (I1V)
OTIpe/IeNICHHAs] YacThb DJIEMEHTHOM Menn (QOpMHUpYyeTcsl B BUAC YIBTPaANUCIECPCHBIX
MopouKoB ¢ pasmepamu yactull 0,1-3,0 MkM (pucyHOK 5 a), Takke oOpasyrorcs Oosee
KpYITHBIE YacTUIIBI (puc. 5b).

SEl  20kV WD8mm $§820 x3,000 S5um e —
Sample 14162 04 Jun 2021

(a) (b)
Pucynok 4. DneKkTpoHHO-MHKpOCKOITHYecKue Gororpaduu NOPOIIKOB MEH, TIOyYSHHBIX MTPU
BOCCTAHOBJICHUH MOPOIIKOM I[HKA B
orcyrcrBre noHoB TuTaHa (IV) B pactBope.
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SEl 20KV WD11mm  §S20 x3,000 5pm

(@) (b)
PucyHok 5. DiIeKTpOHHO-MHUKPOCKOUYECcKHe GpoTorpaduu HOPOIIKOB ME/IH, OJyYEHHBIX B pacTBOPE
BOCCTAHOBJIEHHEM MOPOIIKOM I[MHKA B IPUCYTCTBHU HOHOB TuTaHa (IV).

SEl 20kV  WD1imm S$520 x25,000 Apm

3akmouenne. Takum 00pa3oM, UCCIIEIOBAH MPOIECC BOCCTAHOBJICHUSI HOHOB MEIH
(IT) mopomrkoM MHKA B BOIHBIX KUCIIBIX PACTBOPAX B MPUCYTCTBUM MOHOB THTaHa (IV).
[IpoBeneHO CpaBHEHUE CTEIEHU HM3BICUCHUS MEIH B OTCYTCTBHH W B MPHCYTCTBUH

noHoB tuTana (IV).

[Toxazano, yro noHsl TUTaHa (IV) GaronpusTHO BAMSAIOT HA TPOLIECC BOCCTAHOBIICHHS
Mean u3 pactBopa. B mpucyrctBun monos tutana (IV) monsr mean (II) mpakrnueckn
MIOJTHOCTBIO BOCCTAHABIIMBAIOTCS C 00pa30BaHUEM 3JIEMEHTHON MeIU B BUJIE ITOPOILIKA.
Crenens n3pnedenus noHoB Meau (I1) moBeimaercs Ha 20% 1 JOoCcTUTAaET MPAKTUYECKH
100%, a Taxke yMEHBIIAETCSA PacXoj BOCCTAHOBHUTENS — MOPOIIKA IUHKA. Pe3ynbTarsl
MOYKHO NPUMEHSTH JJIsi BOCCTAHOBJIEHUS MOHOB MEIM C IIENBI0 UX HU3BJICUCHMS W3
Pa3INYHBIX OTPAOOTAHHBIX PACTBOPOB IPOMBIIIICHHBIX NPEIIPUATHN U CTOUHBIX BOJI.
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Abstract. Introduction, goals and objectives. The article presents the results of
a physicochemical study of the encapsulation of the alkaloid cytisine molecule with
the oligosaccharide P-cyclodextrin (B-CD). The article discusses the formation of
the specified alkaloid molecule in a 1:2 molar ratio with the f-dead-end sextrin of an
inclusive complex compound that is soluble in water. With this ratio of components,
the yield of the clathrate complex and the inclusion efficiency were 65.43+0.35 and
78.11+0.56%, respectively. The mechanism of thermal decomposition of the complex
compound, the release of components, and the gradual cleavage of intermolecular
bonds was demonstrated. The low binding energy of the complexing oligosaccharides
was shown to be the most important and effective factor in the formation of complexes
with cytisine molecules. Methods. The structural features of the inclusion complex were
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studied using IR, 'H and *C NMR, and scanning electron microscopy. The formation
of a clathrate complex of an alkaloid molecule with B-cyclodextrin was carried out
using the HyperChem 8.0 computer program. The total energy of the studied systems
was estimated using a semiempirical calculation of AM1.Molecular docking binding
sites were determined using the AutoDock 4.2.6 modeling program, and calculations
were performed using the Lamarckian Genetic Algorithm. Results and discussion. It
has been shown that non-specific (dispersion and van der Waals) interactions play a
crucial role in the formation of an alkaloid molecule complex with B-cyclodextrin..
The thermal decomposition of the alkaloid molecule complex with B-cyclodextrin is
regulated by the mechanism of sequential breaking of chemical bonds and the release of
the molecule from the B-cyclodextrin cavity. Conclusion. The kinetic parameters for the
thermal decomposition of B-cyclodextrin and its clathrate with the substrate, obtained
by various methods, are in satisfactory agreement and confirm the reliability of the
obtained results.

Keywords: alkaloid cytisine, inclusion complex, clathrate, PB-oligosaccharide,
substrate, thermal decomposition
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Aunnorauusi. Kipicne, maxcamol dcane Hvicanoapul. Maxkanana ajakaaoua HIUTH3NH
MOJICKYJIACBIHBIH ~ OJIMTOCaxapull P-TYWBIKIEKCTPUHMEH KalTalyblHbIH (U3UKa-
XMMUSUIBIK 3€PTTECY HOTIDKENIEpl KENTiplUIreH. ATajFaH aJIKOJIOMI MOJIEKYJIAachbIHbIH
B-TyiibIkaeKcTpUHMEH 1:2 MONSIPIBIK KaThlHACTA Cyla €PUTIH WHKIIO3MBTI KEIICHTI
KOCBIIBIC TY31Ty epeKIIeTIKTEP] KapacTHIPHUIILL. KOMITOHEHTTEPAIH OChI KATHIHACHIHIA
KJIATPaTThl KEUICHHIH TY3UTy OHIMIUIII JKOHE KOCBUIY THIMIUIIT  CoMKeciHIe
65,43+0,35 xone 78,11£0,56% Oommbl KemeH1i KOChUTBICTBIH TEPMUSUTBIK BIJIBIPAYHI,
KOMITOHEHTTEP/iH OOJIHIN IIBIFyBl JKOHE MOJEKylaapaiblK OailaHBICTapBIH
Oiprinzgen y3ixyi MexaHu3Mi kepcetinai. KemreH Ty3y1i onurokanTTap yiris OaiiaHeicy
SHEPTUSICBIHBIH TOMEHJIT, MUTU3UH MOJIEKYJIATapbIMEH KEIICH TY3yA€ €H MaHbI3IbI
YKOHE THIMJI areHTTep eKeHi KepceTiai. ddicmeme. KoChlTy KEIIEHIHIH KYPBUTBIMIIBIK
epekmernikrepi UK, SIMP 'H sxone *C, ckanepseyii 3JI€KTPOHIBI MHKPOCKOIHS
ozicTepi KOMETiIMEH 3epTTeNai. AJKaJOWA MOJIEKYTAChIHBIH [-TYHBIKACKCTPUHMEH
KJIaTpaTThl KemieH Ty3imyi kommbioTepiaik HyperChem 8.0 Garmapmamachl apKbLibl
KYPTi3inai. 3epTTenreH KemeH i KyHenep/ iy xaibl dHeprusicbl AM1 omicreMeciHiH
KapTbUlail SMIUPUKAIBIK €cenTeyi apKbUIbl OaranaHabl. MonekynaablK JOKHHITIK
Oaiinanbicy opsiHapel AutoDock 4.2.6 Mozenbey Oaraapiiamachl apKbUTbl aHBIKTABIIL,
ecenreynep Lamarckian Genetic Algorithm anropuTmiH KonaHy HEeTi31H/1€ OPBIHAAIIBI.
Homuowcenep oicone mankpinay. ANKanousl MOJEKYJIACBIHBIH [-TYHbIKACKCTPUHMEH
KOCBUTYy KeIIeHIHIH TY3UTyiHAe e31HIIK eMec (IUCTIepPCHSUIBIK KOHE BaH-Aep-Baanbc)
e3apa opeKeTTecylep IICHIyIli pejl aTKapaThlHbl KepceriinreH. Juddepenunanast
CKaHepiiey KaJIODUMETPiH KOJJaHa OTBHIPBIN AalbIHFaH aJIKaJIOH]l MOJIEKYIAaChIHBIH
KEUIeHIHIH TepMOTpa(pUsaIbIK OIIIeyaepiHiH HOTHKeIepl YCHIHBUIABL. AJKaTIOHT
MOJIEKYJIAChIHbIH [-TYMBIKIEKCTPUHMEH KEIICHIHIH TEPMUSUIBIK bIABIPAybl XUMHSIIBIK
OalimaHpICTapABIH Ti30EKTi Y31Iy MEXaHU3MIMEH KOHE MOJIEKYJIaHbIH [3-TYHBIKIEKCTPUH
KYBICBIHAaH OONiHyIMEH peTTeneni. Kopwuimuvinobl. ANKaTIOWA MOJICKYTaCHIHBIH
OJIMTOCAXapUAINEH KalTalIyblH 3EpPTTEY HOTHIKEJIEPl OpTYpPJIl KJIATPaTThl KOCBUIBICTAp
KEIICHICPiHIH TEPMUSIIBIK TOTBIFYBIH 3€PTTEY/IE )KOHE OJNap IblH bIABIPAY IPOLECTEPiHIH
KHHETHKAJIBIK TIapaMeTpiIepiH aHbIKTaY YIIIiH Maii1aJaHbuTybl MYMKIH.

Tyiiin ce3mep: UUTHU3MH aJKaJOWAbI, UHKIIIO3UBTI KEIIEH, KJIaTpaT, [3-OJIMIOKaHT,
cyOcTpaT, TEPMHSUIBIK BIIBIPAY
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AHHoOTanus. B crarbe mpencTaBieHBl pe3yiabTaThl (DH3MKO-XUMHIYECKOTO HCCIe-
JIOBaHUS KJIATPATHBIX KOMIUIEKCOB ajKaJoOu/Ia IIUTU3HHA C OJUrocaxapuiaMu, B 4acT-
HOCTH C [-IIMKIIOEKCTPUHOM. PaccMOTpeHBl 0cOOEHHOCTH 00pa3oBaHUs BOIOPACTBO-
PUMOTO KOMITJICKCA BKJIFOUCHUS IUTH3UHA C B-IUKIOACKCTPHHOM B MOJIIPHOM COOT-
HoleHnu 1:2. YCTaHOBIIEHO, YTO BBIXOJ KJIATPAaTHOTO KoMILIeKkca U 3((EKTHBHOCTD
CBSI3BIBAHMSI TIPU TAHHOM COOTHOIIICHHHM KOMIIOHEHTOB cOCTaBIsIOT 65,43 = 0,35 %
n 78,11 £ 0,56 % coorBercTBeHHO. [l0oKa3aH MexaHM3M TEPMUYECKOTO Pa3IOKEHHUS
KOMITJIEKCHOTO COEIMHEHHMsI, BKIIOYAIONINI BHICBOOOXKICHNE KOMIIOHEHTOB U ITOCIE-
JIOBAaTEJIbHBIN pa3pbiB MEKMOJICKYJISIPHBIX CBSI3eH. YCTaHOBJIEHO, UTO HU3KAs SHEPIUs
CBSI3BIBAHHS KOMILIEKCOOOPA3yIOIIUX OJIMTOCAXAPUJIOB SIBJISCTCS OJHUM W3 BaXKHBIX
(hakTOpOB, OMNpEICIISAIONINX 00pa30BaHUE YCTOHYMBBIX KOMILICKCOB C MOJICKYJaMH
TUTU3HUHA. CTPYKTypHI)Ie 0COOEHHOCTH TMMOJIYYCHHOI'0 KOMIIJIEKCAa M3Yy4Y€HbI ME€TOAaMU
HK-cnexTpockonuu, SIMP-criekrpockormm 'H u *C, a Takke CKaHHPYIOIICH 3JeK-
TPOHHOW MUKpockornuu. KommproTepHOoe MopenupoBaHue 00pa30BaHUsS KJIATPaTHOTO
KOMITJIEKCA MOJICKYJIbI AJIKAJIONIA C -IIHKJIOIEKCTPUHOM BBITIOTHEHO C UCIIOJIh30BAHU-
em nporpammbl HyperChem 8.0. [TostHast 3HEeprus ucciaenyeMbIX KOMIUIEKCHBIX CUCTEM
OIICHUBAJIACH HA OCHOBE MOTYIMIUPHUECKUX pacu€ToB MeTogoM AM1. Mecra CBSI3bI-
BaHUS TIPU MOJIEKYIIIPHOM JIOKHHTE OIMPEIESINCH ¢ TOMOIIIBI0 Tporpammbsl AutoDock
4.2.6, a pacuéThI BBITIONHSIINCE ¢ UcTIoMb30BanneM Lamarckian Genetic Algorithm. ITo-
Ka3aHo, 4TO IpH (POPMUPOBAHUH KOMILJIEKCA IIUTU3HHA C -IIUKIONEKCTPHHOM PEeIlaro-
IIYI0 POJIb UTPAOT Hecienu(puieckre AUCIIEPCUOHHBIE U BaH-/IeP-BaajbCOBEI B3aUMO-
neiictus. [lpencraBineHsl pe3yabTaThl TepMOTpaQUUISCKUX UCCIICOBAHUN KOMILIEKCA
LIUTH3HMHA, TOTYYSHHBIE METOAOM TU(PPepeHIINAILHON CKAaHUPYIOIIEH KaJOpUMETPHH.
YCTaHOBIIEHO, YTO TEPMUUYECKOE PA3TIOKEHNE KOMIUIEKCA [IUTU3MHA ¢ B-IIUKIIONEKCTPH-
HOM TIPOTEKAET M0 MEXaHU3MY IMOCIIEA0BATEIFHOTO Pa3phiBa MEKXMOJIEKYISIPHBIX B3aH-
MOJICHCTBHIA U BBICBOOOKICHHUS MOJIEKYITBI aJTKAJIOUIa U3 TIOJIOCTH [-IIUKIOAEKCTPHHA.
[TomyueHHBIE pe3yabTaThl MOTYT OBITH HCIIOJIb30BaHbI IIPU HCCIIEIOBAHUN TEPMHUYECKO-
T'O OKUCJICHHSI KOMIUIEKCOB Pa3IMYHBIX KJIaTPAaTHBIX COSAUHEHUI, a TaKKe [P OIpeie-
JIEHUW KMHETUYECKHUX MapaMeTPOB MPOIIECCOB UX PA3IOKEHUS.

KuroueBble ¢JI0Ba: aJIKAION] ITUTH3WH, KOMIUICKC BKJIFOUEHUS, KJIaTpar, B-oiuroca-
Xapu, CyoCTpaT, TePMHUICCKOE PA3TIOKECHUE
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Kipicne. SARS-CoV BupyCBIHBIH IPOTEa3achIHBIH KaHa TeXKETIIITePiH i3aecTipyae
JKOHE KacaylaMaHbI3bl CHHTOH Oonbint Thermopsys lanceolata mebiHne ke3neceTin
Oenrini ankanoua uutu3unAdil (LIT) kapacTeipyra Oonansl. O MeaUIMHAA THIHBIC aTy/Ibl
YKaKCapTyIaTHIM/II aHAJIeNTHK peTinge Konaanbiianst (Wolker et al., 2014;Prochaska et
al., 2013). JXakpiH7a OHBIH )KaHA CHUHTETHKAJIBIK TYBIHIBUIAPHI aJIaMHBIH THIHBIC Ty
KOJIAapbIHA 9Cep €TETiH BUPYCTapFa Kapchl LIUTOTOKCHKAJBIK KACHET KOPCETTI JKoHE
Bupycrtapas! Texxeyae HIN1, H3N2 sxone H5N2 kinni typnepinin A, B/SImarara sxone
B/Bukropust Tekrec B TymaybIHBIH BUpyCTapblHA XKOHE 3 TYpJi agaM Maparpuimi
BUPYCHI YIIiH OelceHAlTirin kepcerTi. LIT-HiH TyBIHIBIIAPBIHBIH TYMay BUPYCHIHBIH
KeOCHIHIH opTYypiti carbuiapbiHa acepi 3eprreni (Fedorova et al., 2021; Vakhitova et
al., 2015). LIr-HiH QU3MONOTHAIIBIK 9CEPiHiH KOFapbla aTajJFaH epeKIIeTIKTepl OHBIH
oHe KOocbUIbIC TybIHIBIIapbHBIH COVID-19 Bupycsl npoteasanapsibly sxoHe ACE2
PELeNTOPbIHBIH THIMAI TeXETIITePiH i134ey MYMKIHAITH KepceTeni. JlereHMeH, OHbIH
OT€ JKOFAphl YBITTHUIBIFHI (LDSO, 2 MI/KT,) OHBIH MEIUIIUHAIIBIK TOKIpUOee KeHIHCH
KOJIIaHbLTYbIHA KeaepTi KenTipeni. COHABIKTaH, OHBIH TaOUFH TYHBIK IEKCTPUHIICPMEH
(T1) xamcyna Typinae KanTajFaH xoHe Ono(yHKINOHANIBI KACHETTEP1 XKaKCapThUIFaH
(y3aKk O0caTbUIATHIH XKOHE YBITTHUIBIFBI TOMEH) WHKITIO3UBTI KEILICHIEPiH 931piey KaKeT.

TI-nep Kazipri ke3ue KONTEereH FbUIBIMU IIONY OachUIBIMAAPBIHBIH MaFIyMaThl
Oonbin TaObutaabl. CoHbIMEH Oipre, onap >Kaumbl FRUIBIMH MaKajalblK [IOJyJapAa
JMIocoManap MEH HaHOOeNIIeKTep CHAKTHI Oenriiml Oip KeTKizy xyHenepinae ae
kKonmanbic Tabyna (Jansook et al., 2018; Loftsson et al., 2019). Onebu nepexrepre
coiikec (Waleczek et al., 2003), B-T/ xkybicbiHa MosekyaansIk canMarbl 200 r/MonbaeH
800 r/monbre OeHiHri ASPUIIK 3aTTap bIHFAWJIBI yMiTKepiep Oonbim Tadbutagpl. LIT-
HiH MoJeKynanblK canMarbl 190,24 r/Monb, COHABIKTaH OHBIH MoJjekyaackl B-T/-men
WHKIJIIO3UBTI Cy/la €pUTIH KEeUICH[1 KalbIITaCThIpyFa skapaMabl Oonbin kenedi. B-T/I-
HiH ©31HIH KYBICTBIK eumiemi 0.78 HM, O MEIUIIMHAIIBIK JKOHE TaMaK ©HEePKICIOiHIIe
Konganyra pykcar etinreH (E-459) (Martin, 2004). LlT-HiH CcympamoJeKymIspibIK
KEIICH/ICPiH JKacay OHBIH Y3aK 9cep €TETiH jKOHE TOMEH YBITTBUIBIFBI Oap Cyla epuTiH
*aHa (opManapblH kacayra MyMKiHAIK Oepeni. Ocbl sxymbicta 6i3 LT ankamxoumasr
MoJieKynachiHblH ~ T/l-mepMeH  KanTalyblHbIH  (U3UKa-XMMUSUIBIK — 3epTTeynepi
HOTHIKEJIEPiH YCBIH/BIK.

Marepuaagap men aaicrep. LIT:B-T/] xocbHapl kemeHin naibiHgay. XKymbicTa
Keleci peareHTTep KONOAHbULABI: LUTHU3MH - aK TYCTi, KpHUCTangap TypiHzaeri
kocbuieic C, H N, O (Aldrich komnanusicer); B-TJI - ak kpucranaer 3ar (99,5%, Fluka
KoMIaHuschl), 6anky temneparypacbl 270-290°C (binpipay). LT:B-T (1:2) kemenai
KOCBUIBICHI TYHABIPY omiciMeH anbiaabl. LIT:B-TI (1:2) MHKIFO3USIIBIK KEUICH] CYJIbI-
CIHPTTIK opTana epuTiH xoHe 280-310°C Temmeparypasa OaqKUTBHIH aK KPHCTAJIbI
yatak typinge anemHael. LIT:B-TJ (1:2) kemeHiMeH any ToxipuOenepi ym pet
Kaiitanansin, 25 £+ 0,5°C temneparypana xyprizunai. Kemen i KoChbUIbICTBIH HIBIFBIMBI
(I, %), xanrany tuimainiri (KT, %) jkoHe «KOHAK» MOJEKYJIACBIHBIH KYKTEMENiri
(MK, %) oOotieiama ecentenai (Qvist and Halle, 2008). LiT:p-TI (1:2) ymin keneci
HOTHIKEJEp ajbIHABL: KanTaiaraH kemieHHiH mbiFbiMbl (KL, %) — 65,43+0,35; KochLIbIC
tuimainiri (KT, %) — 78,114+0,56; uutnzun MonekynaceiHblH xkykremeci (MK, %) —
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8,36+0,22. B-TI-nmi, uutusunHiH 63iH xoHe L[T:B-T]/l kermeHai KOCBUIBICTHIH OETKi
Mopdonorusicei TesconMira 3 LMN (Uexust) hupMachbIHbIH CKaHEPIIEY 1L AIEKTPOHIBIK
Mukpockons! (COM) apkpuist 3eprrenai. UK-cnextpiep Agilent Technologies (AKLLI)
komnanusicblHblH Cary 600 cepusuibl UK-®ypre-cnexrpomerpinge 4000-400 cm!
JMana3oHbIHAA TipKeareH. YJTijgep 3epTTeleTiH KocbuibicTap MeH KBr xocmnacsiHan
1:100 maccanbik KarbiHacTa AabiHAamabl. 'H sxone C kocbutbicTapbiabiH SIMP-
cnekrpiaepi Jnm-ECA Jeol 400 cnekxrpomerpinge (399,78 xone 100,53 M,
DMSO-d,) ripkenren. Lr:B-T]I xeuiennepiin yirinepine (caaMarsl 12 Mr) TEpMUSIIBIK
tannay auddepennuanaplk TepmorpasuMetpusi (DTG) sxone auddepeHnmanabik
ckaneprneyi kanopumetpusi (DSC) onictepimen «Setaram» dupmaceinsiy DTA/DSC
kajopumerpinzae (10 K/mun) xyprizinai. Lt :B-T/l kemeHiHiH MOJIEKyIaIbIK JOKUHT
seprreyinepi AutoDock 4.2.6 sxone MGLTools 1.5.7 6armnapnamanapblHbIH KOMETIMEH
opeiHAaNael. Mornekynanblk Oainmanpicy Hykresnepi AutoDock 4.2.6 mozmenbuey
OarnmapiaMacbinia xysere acblpblibi, Lamarckian Genetic Algorithm (LGA) ecenreyi
apkpuIbl Kyprizingi (Morris et al., 1998; Morris 2009). XuMUSIBIK KYPbUTBIMAAPIBIH
Oipereit maentuduxaropiaapsl (PubChem CID): 444913 (a-TH), 444041 (B-TH),
5287407 (y-TH), 10235 (). LIT:B-T/-HiH WHKIIO3USUIBIK KEIICHACPIH MOJIEKYITAbIK
monenbaey HyperChem 8.0 Garmapinamachkinia xapThutaid sSMIupukaibik AM 1 omiciMen
opsiaaannsl (HyperChem, 2021).

Harnxesiep men Tankspliaayaap. LIt MonekynacelHbIH o-, -, Y-OJIUTOKaHTTapMEH
KEIICH/A1 KOCBUIBICTAPBIHBIH TY3UIyl MOJEKYIaNbIK JOKUHIT JKOHE MOJICIBbACY
ozicTeMesepiMeH 3epTTenni.MoeKynanblK JOKUHT 91ici Oip MOJEKyIaHbIH eKiHIIiCiHe
KATBICTBl TYpPaKThl KEIIeH Ty3llyl Ke3iH FBUIBIMH TYPFBIOAH OOJDKayFa MYMKIHIIK
Oepeni. Cannplk Oaranay peTiHAE PEUEenTop MEH JHMraH[ MOJEKYNlanapbl apachIHAAaFbl
Oaiimanpicy oSHeprusichl mnaimamansuiael. AutoDock KypanmapblHBIH —KeMeriMeH
peLenTop KoHe JUraH ] MOJIEKYyIajJapbl apachlHAa CYTEKTIK OaiaHbICTapAbIH OOIyBIH
AHBIKTAy KbI3BIFYIIBUIBIK TyABIPAbL. AnbIMeH 1:1 KaTbIHACTAFbl KEMISH 1 KOCBUIBICTBIH
€H JKOFapbl OalaHbBICy SHEprusiChIH aHBIKTay MakcarbiHaa o-, PB-, y-TJ men Lt
MOJIEKyJIachblHa MOJIEKYJIaJIbIK JOKUHT KYprizinai (1-4-cyperrep). Kypriziared JOKuHT
HoTmXkecinae LIT-HiH KelleH Ty3ymi aurasja o-, B-, y-T/] penentopiapsiMen 6aiianbicy
sHeprusichl Oarananpl. balinaneicy sHEprusichl Keneci MoHaepaAi kepcerti: a-T/— 6,40
kkas/mMoib; B-TII — 6,05 xkan/monb; y-T]I kemenepi ymin — 4,66 Kkai/MoJIb.

C-3N-12
J6A

C-3MN-12
33A

(a) Lt (PubChemCID 10235)
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Cyper 2. Llr-nix kemenai T/I-meH cyTexTik OaiiiaaHbicTap xKyieci.

AfiTa KeTy Kepek, o- xkoHe B-TJ] ymin Oaiinanpicy SHepruschIHBIH MaHI — 5,0 Kkan/
MOJTIBJICH TOMEH, OYJT €Ki OChI LT MoNTeKymaapsld €H MaHbBI3Ib! KEIICH TY3YIIT areHTTep
petiaae epexmeneiai. LT amkamouIsIHBIH KeJeM i MOJIEKYTaChIHBIH KypambIHIa Ka-
HBIKIIAFaH YKoHE KaHBIKKaH (hparMeHTTEpIiH, KapOOHUI, aMH/T JKOHE aMIH TONTAPBIHBIH
6omysl oHbIH TJ/I-MeH KemreHAI KOCBUTBIC TY3y KaOineTiH kepceteni. COHBIMEH Karap,
MUTIEPUIMHIETT aMUH TOOBIHAAFBI CyTeTi aroMbl T/] MOeKyIachIHBIH TOMEHT1 Tap KHe-
riageri OH otTeri aToMBIMEH CYTEKTiK OaiaHbIC Ty3emi. JKammbl, MOJIEKYIaIbIK JOKHHT
HOTIKeJepi xkoHe LT MeH a-, B-, y-T]I apacsiHIars! 6aliIaHbICY SHEPTHSUIAPBIH CaTBICThI-
py ke3ifze Lt-HiH o- xoHe B-T/I-MeH KerieH Ty3yiHiH SHepreTHKAJIBIK TYPFhIIaH 0achiM
exeHiH kepcerti. Lt-HiH B-T/-MeH KochutbIcTaphiH xoHE LIT:B-T]l KermeHiniH MoIeKy-
naielk Moaensaeyi HyperChem GarmapimaMachIHBIH KOMETIMEH KapThIIai IMITHPHUKAITBIK
AMI ogici 6oitpramIa opeiHAaIE (Wang et al., 2015; Fazylov et al.,2025).

JKOFapbIIaH KOpiHiC OyHipaeH kepiHic

(a)a

JKOFapbIIaH KepiHiC OyitipaeH kepiHic
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©)y
Cyper 3. T/] KongaHbUIFaH MOJETBACY KE3IHIE €H JKOFaphl KOPCETKIIITI ajFaH TYHICTIpy
TTO3ULISIAPBI.

(@a @B ©)y

Cyper 4. Llt-nin T]]-MeH kenenai cyTekTik OaimaHsicTap xKyieci.

Lt w™monekynacslHbIH KYPBUIBIMBIHA CyHieHe OTbIpbi, OHbIH P-LIJI-men 1:1
KaTbIHACBIH/A €Ki TYpJeTi KeIeH i KOCBUIBIC T3yl MYMKIH Jien OosrKayra 0oJabl:

— I typi — LIT MosieKynachIHbIH KaHBIKIAFaH O-TUPUAOH cakuHachIHbIH T/] KybichiHA
TEPEHIpEK eHyiHe OalIaHbICThI;

— II Typi — LIt MoneKynaachblHbIH MUPUAMH JKOHE MUIEPUANH CaKHHAIAPBIHBIH
KaHbIKKaH kyiecinin T/ KybicbiHa TepeHipek eHyine OaillaHbICThI.

5-cyperte AMI >kapTbulail SMIUPUKAIBIK 9MICIH KOJIJaHa OTBIPBII ChI30anapbl
OHTaWIaHBIPY apKbUTbl anbiHFad 1:1 kareiHackiHAarel L[T-HiH B-T/I-mMeH kemreHmi

KOCBIIBIC KYPBUIBIMBI KepceTinreH. HyKTemi ChI3BIKTap CYTEKTIK OaiiaHbICTap/ibl
KepceTe/i.
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OyiipeH KepiHic JKOFapbIIaH KepiHic

a)Irypi: E_ =-458977,6011 kxan/monb; p= 7,813 Jebaii
JKOFapbIIaH KOpIHIC

o) llypi: E =-458981,8409 kxan/monb; &= 6,417 JleGait
Cyper 5. Lt:B-T]] xemeniniyg 1:1 KaTbIHACBIHIAFBI OHTAMIAHBIPBLUTFAH KYPhUIbIMBI. HykTemi
CBI3BIKTApP apKBUIBI CYTEKTIK OaiJIaHBICTap KOPCETUITeH.

5-cypette kepcetinren mamimertepre cyiencek, LIT:B-T/ (1:1) xemeniniy II Typi
TePMOIMHAMUKAIBIK TYpreigad AE = 4,24 kkan/Moilb MOHTE TYPaKTBIpAK OOJIBIT
tabbu1a k. by I kockutbicThiy TYpiHae LT sxone T]l apackiHia exi cyTeKTik OaiiaHbIC
OonybIMEeH OainaHbICTBl, an | TypiHzaeri kemieHae MyHAail OailaHbIC TY3UIMETeH.
ConbiMmeH Katap, Il TypiHaeri KemeH i KOChUTBIC T3y HoTmkecin e Tl MOIeKymachIHbIH
Keioip nedopManuscel Oaikanaasl, OYJI OHBIH LIT MOJIEKYIIachIHBIH COMKec OeliriHe
OHTaWJIbl OpHAJACTHIPY YIIiH KaxeT. COHbIMEH Katap, AM1 »kapThutail SMITUPHUKAIBIK
omicimen L[r:B-T/] kemieHIi KOCBUIBICHIHBIH 1:2 KaThIHACBIHIAFbI KYPBLIBIMBI
MOJICKYJTAIIBIK MOJEIBICY apKbUIbI kacanabl. Ch30aHbl OHTAUIAHABIPY HOTHKECIHIE
aJBIHFaH KeIIeHHIH KYPBUIBIMBI 6-CypeTTe KepceTiareH. Hykrem ChI3BIKTap apKbLUIbI
CYTEKTiK OailylaHbICTap OCHEICHTEeH.

OyiipaeH KopiHic JKOFapBIIAHKODIHIC

=-864117,5041 kkan/mons; p= 8,377 [lebait

TOBIK

Cypert 6. LT:B-T/1 xemreHiniy 1:2 KaTbIHACBIHAAFBI OHTAIAHABIPEUTFAH KYPBUTBIMBL. Hyxreni

CBI3BIKTAp apKBUIbI CYTEKTIK OaillaHbICTap KOPCETIITeH.
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6-cypeTTe KepcerinreH manmiMertepre cyiiencek, LT:B-T/] (1:2) karbiHACBIHIAFbBI
kemreH PB-T/I-HiH exi MOJIeKy/lachbIMEH TY3UIETiH CYTEKTiK OaijaHblcTap HOTHXKECIHAE
naiina Oomanpl: omapAbIH MOJIEKynajgapbl Oip-OipiMeH OailaHBICHIN, JKANIbl KybICTBI
Kypaiapl. Ocwl xKanmbl KybicTa LIT Mosekymacel OpHanachll, ©3iHiH NHPUIUH
KOHE MUIECPUINH LUKIJACPIHEH TYpaTblH KaHBIKKAaH KyHeci apkpuiel T/I-HiH Oip
MOJIEKyJIaChbIHa €Ki CYTEeKTiK OaiIaHbIC OPHBIKTBIPY apKbLIbl Ty3inedi. MojeKyaabik,
CYTEKTiK OaiinanbicTap xyhecinin 6omyst Oy LiT:B-T/ (1:2) KaTeiHACBIHIAFBI KEILIEHTI
KOCBUIBICBIHBIH MYMKiHIITIrH KepceTeni.Ocbl HaTmwxkenep Lt men B-T/l apacbigars
e3apa opekertecy 1:1 sxoHe 1:2 KaTbIHACHIHIAFBl KEIIECHMI KOCBUIBICTAPIABIH TY31TY
MYMKIHJITIH pacTaipl.

7-cyperre Lt:B-T/] (1:2) kemenai kocsubickibIH TesconMira 3 LMN ckanupiieyti
ANEKTPOHIBIK MHUKpockonbiHaa (COM) mukpo-oTocypertepi kenripinreH. byn
cypertep 3 xoHe 7 kB ymerkim xepHeyinge (SEM MAG 537x—8,06 kx) Tycipinres.
Cyperrepae B-TI kypbuibimbl (a, b) sxone LT:B-T/] knatparbiabiy kepiHici (¢, d) sapTypii
yiraiitynapaa kepcerinrer. Tangay Hotmwkenepi kepcetkenaei, Lit:B-T/ (1:2) kemenai
KOCBUIBIC YIATUIEPIHAEC KPUCTANAAPABIH MOPQOIOTHAICH ©3repreH, OyJl KelIeHHIH
TY3UTyiHIH MaHbI3IBI foneni Oonbin Tadbuiane(Wang et al., 2015). Lr:B-TH (1:2)
KeIIeH I KOChUIBICTBIH KypbutbiMbl UK-Dypbe, 'H xone *C IMP cnekrpockonuscel,
conmaii-ak COSY ('H-'H) xone HMQC ('H-BC) exiemmemai crekTpiepi apKbLIbI
koceiMIa pactangsl (Fazylov et al., 2025). Cnextpmik tannay Lt nen B-T/] TopbiabIH
1K1 yHKIIMOHAJIBIK TOITAPhI apachbIH/a KOBAJICHTTI ©3apa 9peKeTTeCyep KOK eKeHiH
KepceTTi. Kerenai KocbUTbICTBIH TY31TYiHA€ MY PeJl 031HAIK eMec (IUCTIEPCHSIIBIK,
BaH-/iep-Baasbc xoHe T.0.) ©3apa apekerrecynepre thecimi. 'H sxone *C cnekrprepi,
connaii-axk COSY ('H-'H) xone HMQC ('H-"*C) exiemmuemai cnekrpiepi Lit:B-T/-Hin
(1:2) xaTpIHACBHIHAAFBI MOJIEKYJIACHIHBIH KYPBUTBIMBIH TOJIBIK PACTa/IbL.

oo

Cypert 7. COM cyperrepi B-TH (a), Lt (b), pusukansik kocnacs B-T/ (c) xone Lt:B-TH (1:2) (d).
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Huddepenuuanapl ckaHepieylli KalOpUMETPHs dAiCTepiH KongaHa OThIpbI, LIT
MOJIEKYJIaChIHbIH KoHe OHBIH [-T/I-MeH KnaTpaTTapblHbIH TEPMUSUIBIK TYPAKTBHUIBIFBI
Oaranmannel. Lt sxone LIT:B-T/ (1:2) KaTbiHACBIHAAFBI KOCBHUIBICTBIH BIABIPAYBIHBIH
TepMusuTbIK Tangaay napamerpiepi TG/DTG kucslkTapbiHIa KepceeTinreH (8- cyper).

100 12
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Cypert 8. Ayana 10 rpaayc/MUH TypaKkThl KbI3ABIPY Kbl1IaMIbIFsIMeH 1:2 KaTbiHachiHaars! LT (a, b)
xwone LIT:B-T/ (¢ xone d) TG/DTG KUCHIKTapBI.

AJBIHFAaH MOJIIMETTEP KOCBUIBICTAP/IBIH BLIbIpAy CUIATTaMalapbl Typasbl Kehoip
KOPBITHIHABIIAP JKacayra MYMKIiHIIK Oepemi (8c »xome 8d-cyperrep). TG/ATG
KUChIKTapbiHa cyhiencek, T~ = 260-440°C rtemmeparypajbiK IMana3oHbIH Oeirn
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KepceTyre Oonanbl, OyI jkKeple MacCaHbIH KOFalIy KbUIIAMIBIFBI ©3repill OTBIPAIbI,
eH yikeH MoH Hemece dTG KHCBHIFBIHAA KUCBIKTBIK HYKTeci Oaiikamansl (8b-cyper)
(Fazylov et al., 2025). LT Monekym1achlHBIH TEPMHSJIBIK BIIBIPAYBIHBIH OacTamKbl
keseni T (I) = 260°C rtemneparypachiiia MOJIEKynanapiblH Oarnapiaan anacysl,
CYTEKTIK OalmaHbICTapAblH Oy3bUIYBl JKOHE KOH(OpManMsUIapIblH —e3repyiMeH
cunarranajel. bynan keitin 320-440°C apanbiFblHa Jerpanaus eHiMaepi naiiaa 6omna
OacTaiiipl: aMMHaK, a30TTBIK KOCBUIBICTAp JKOHE KOMIPTEri KalABIKTapbl. 8C-CypeTTe
kepcetinrenaerd, LIT:B-TJ] KOCBUIBICBIHBIH KBI3ABIPBUIYBl  KE3iHIAEC MacCaHbIH
afrapneikraii sxoranybl T, (1) = 200-360°C muanasonbinga 6acranasl. by mporecc
KYpAeni KypbUIBIMHBIH OY3bUTYbl apKbUIbl OpPTYpidi (parMeHTTEep MEH bIIbIpay
eHiMJIepiHiH Ty3utyiHe okenemi. LIT:B-TI (1:2) xemeHi KOCBUIBICBIHBIH TEPMHSLTBIK
pibIpaybl B-T/ MoJeKynachbIHBIH KyBICBIHAH KOMIIOHEHTTEPAIH IIBIFYBI KOHE ©3apa
OalimaHpICTapABIH TI30€KTEH y3iMyl MEXaHU3MIiH YCTaHa bl

KopbiTbinabl. LuTH3uH ankaaouabl MOJEKYJIAachIHBIH —[-TYHBIKIEKCTPUHMEH
KanTaJFaH KeIeH i KOCBUIBICTAPBIHBIH TY311y epeKIeNiKTepi aHbIKTanabl. LIunTn3nHHig
B-TYWBIKICKCTPUHMEH HMHKIIFO3MBTIK  KEIIEHAEPl «KOHAK—KOKaWbIH»  TYpPIHJIETI
KOCBUIBICTAapFa jkaTaibl. LIUTU3WH MOJEKYTachIHBIH [B-TYHBIKIEKCTPUHMEH KelleH
Ty3unyl Mmosekynanslk mozaenbaey HyperChem 8.0 GarmapmamachiMeH KYpri3iimi.
HuTH3uHHIH KelIeHAl KOCBUIBICHIHBIH TY3UTyiHAe ©31HIIK eMec (IUCTIePCHUsIIbIK, BaH-
nep-Baanbc sxoHe T.0.) @3apa apekeTTecynep ey pel arkapaasl. TepMorpadusuibik
ozicTeMeNnepli UMTH3MH KJIaTpaT KeIICHiIHIH TEePMHUSUIBIK-TOTHIKTBIPFBILI BIIBIPAYBIH
3epITeylde JKOHE OCHl MPOLECTEpAiH KWHETUKAIBIK MapaMeTpiepiH aHbIKTayaa
naiinananyra Oonazibl.

References

Fazylov S.D., Nurkenov O.A., Nurmaganbetov Zh.S., Sarsenbekova A.Zh., Bakirova R.E. (2025)
Synthesis of B-cyclodextrin functionalized silver nanoparticles and their filling with cytisine and its
phosphorous derivative. Molecules, 30:1337. DOI: 10.3390/molecules30061337 (in Eng.).

Fedorova V.A., Kadyrova R.A., Slita A.V., Muryleva A.A., Petrova PR. et al. (2021) Antiviral
activity of amides and carboxamides of quinolizidine alkaloid (-)-cytisine against human influenza
virus A(HIN1) and parainfluenza virus type 3. Natural Product Research, 35:22. — P. 4256-4264. DOI:
10.1080/14786419.2019.1696791 (in Eng.).

Hyper Chem 8.0 Release Hypercube, Inc. (2021) PubChem Compound Summary for CID.nNational
Center for Biotechnology Information, http://www.hypercubeusa.com (in Eng.).

Jansook P., Ogawa N., Loftsson T. (2018) Cyclodextrins: structure, physicochemical properties and
pharmaceutical applications. International Journal of Pharmaceutics, 535. — P. 272-284. DOI: 10.1016/j.
ijpharm.2017.11.018 (in Eng.).

Loftsson T., Saokham P., Couto A.R.S. (2019) Self-association of cyclodextrins and cyclodextrin
complexes in aqueous solutions.International Journal of Pharmaceutics, 560. — P. 228-234. DOI: 10.1016/j.
ijpharm.2019.02.004 (in Eng.).

Martin Del Valle E. (2004) Cyclodextrins and their u: a review. Process Biochemistry, 39. — P. 1033-
1046. DOI: 10.1016/S00032-9592(03)00258-9 (in Eng.).

Morris G.M., Goodsell D.S., Halliday R.S., Huey R., Hart W.E. et al. (1998) Automated docking using
a Lamarckian genetic algorithm and an empirical binding free energy function.J. Comput. Chem., 19. — P.
1639-1662. DOT: 10.1002/(SICT)1096-987X(19981115)19:14<1639:AID-JCC10>3.0.CO;2-B (in Eng.).

Morris G.M., Huey R., Lindstrom W., Sanner M.F., Belew R.K., Goodsell D.S., Olson A.J. (2009)
Autodock4 and AutoDockTools4: automated docking with selective receptor flexibility. J. Computational
Chemistry, 16. — P. 2785-2791. DOI: 10.1002/jcc.21256 (in Eng.).

211




ISSN 2224-5227 2.2026

Prochaska J.J., Das S., Benowitz N.L. (2013) Cytisine, the world’s oldest smoking cessation aid. British
Medical Journal, 347. DOI: 10.1136/bm;j.f5198 (in Eng.).

Quist J., Halle B. (2008) Thermal signature of hydrophobic hydration dynamics. American Chemical
Society, 130:31. — P. 10345-10353. DOI: 10.1021/ja802668w (in Eng.).

Vakhitova Y.V., Farabontova E.I., Zainullina L.F., Vakhitov V.A. (2015) Search for (-)-cytizine
derivatives as potential inhibitors of NF-kR and STATI. Russian Journal of Biorganic chemistry, 41. — P.
297-304. DOI: 10.1134/S1068162015030103(in Eng.).

Waleczek K.J., Carbal Marques H.M., Hempel B., Scmidt P.C. (2003) Phase solubility studies of pure
(2)-a-bisabolol and chamomile essential oil with f-cyclodextrine. Eur. J. Pharm. Biopharm, 5. — P. 247-251.
DOI: 10.1016/s0939-6411(02)00166-2 (in Eng.).

Wang L., Li S., Tang P, Yan J., Xu K., Li H. (2015) Characterization and evaluation of synthetic
reluzole with B-cyclodextrin and 2,6-di-O-methyl-B-cyclodextrin inclusion complexes. Carbohydr. Polym.,
129. - P. 9-16. DOI: 10.1016/j.carbpol.2015.04.046 (in Eng.).

Wolker N., Howe C., Glover M., McRobbieH. et al. (2014) Cytisine versus Nikotine for Smoking
Cessation. The New England Journal of Medicine, 371:(25).—P. 2353-2362. DOI: 10.1056/NEJMoa1407764
(in Eng.).

212




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

ACADEMIC JOURNAL

OF PHYSICAL AND CHEMICAL SCIENCES
ISSN 2224-5227

Volume 2.

Number 358 (2026), 213-227

https://doi.org/10.32014/2026.2518-1483.448

UDC: 547:615
IRSTI: 31.23:31.27.22

©Jalmakhanbetova R.I."", Yelshibayeva A.M.!, Zhumagaliyeva Zh.Zh.?,
Mukusheva G.K.2, 2026.
'"L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
2Astana International University, Astana, Kazakhstan;
’Karaganda National Research University named after Academician E.A. Buketov,
Karaganda, Kazakhstan.
*E-mail: rjalmakhanbetova@gmail.com

TERPENOID COMPOUNDS OF ARTEMISIA TERRAE-ALBAE GROWING IN
THE TURKESTAN REGION OF THE KAZAKHSTAN

Jalmakhanbetova Roza — Doctor of Chemical Sciences, Associate Professor, L.N. Gumilyov Eurasian
National University, Astana, Kazakhstan,

E-mail: rjalmakhanbetova@gmail.com, https://orcid.org/0000-0001-9937-275X;

Yelshibayeva Aizhan — PhD student, L.N. Gumilyov Eurasian National University, Astana, Kazakhstan,
E-mail: individ.931@gmail.com, https://orcid.org/0000-0003-0830-2946;

Zhumagaliyeva Zharkyn — Candidate of Chemical Sciences, Associate Professor, Astana International
University, Astana, Kazakhstan,

E-mail: zharkyn.73@mail.ru, https://orcid.org/0009-0002-0993-008X;

Mukusheva Gulim — Candidate of Chemical Sciences, Associate Professor, Karaganda National Re-
search University named after Academician E.A Buketov, Karaganda, Kazakhstan,

E-mail: mukushevagulim5@gmail.com, https://orcid.org/0000-0001-6706-4816.

Abstract. This research work was aimed at a comprehensive assessment of the
chemical composition and biological activity of the ethanol extract of Artemisia terrae-
albae Krasch. The obtained extract was studied using IR and GC—MS analysis methods.
IR spectroscopic analysis of the extract confirmed the presence of terpenoid compounds
in it. Absorption bands characteristic of terpenoid compounds belonging to hydroxyl
(—=OH) groups, carbonyl (C=0) groups, and unsaturated C=C bonds were observed. As
a result of the analysis by GC-MS method, a total of 46 components were identified in
the studied extract. From the identified components, 17 compounds were classified as
terpenoids, the total amount of which was 36.96% of the total chemical composition
of the extract. In the structure of the terpenoid fraction, 8 compounds were identified
as monoterpenes (17.39% of the total composition), and another 8 compounds were
identified as sesquiterpenes (17.39%). One triterpenoid - ursolic acid - was identified
in the amount of 2.17%. In addition, an analysis of the distribution of compounds in
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the group of terpenoids was carried out. It was established that monoterpenes make up
47%, sesquiterpenes - 47%, and triterpenes - 6% in the terpenoid fraction.

The extract showed moderate activity against gram-positive bacteria (Staphylococcus
aureus, Bacillus subtilis), and the effect on gram-negative bacteria was weak. A weak
fungistatic effect was recorded against the Candida albicans strain. The toxicity level
was determined using the Artemia salina bioassay, and the LD, value was 90.6 pg/ml,
indicating a relatively low toxicity of the extract.

Theresults obtained indicate that the studied sample isrich in terpene components and
can serve as a basis for further studies of their biological activity and pharmacological
potential. The relatively high content of terpenes proves the importance of the studied
raw material as a source of natural biologically active substances.

Keywords: Artemisia terrae-albae, terpenoid compounds, GC-MC, IR-
spectroscopy, antimicrobial activity, cytotoxicity
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AnHoTamusi. byn 3eprrey kymbichl Artemisia terrae-albae Krasch. eciMairinig
STAHOJI/IbI CHIFBIH/IBICBIHBIH XUMUSUIBIK KYPaMbIH JKOHE OMOJIOTHSUIBIK OCJICEHITIrIH
KelleH 11 Oaranayra OarbITTalbl. AJibiHFaH ChIFbIHBI K-criekTpockomnus sxone ['X—
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MC ranmay Tocuiaepi apkbuibl 3eptrenai. ChIFbIHABIHBIH MK-CIeKTpoCKOMHSITBIK
Tannaybl OHBIH KYpPaMblHAAa TEPIEHOUITHI KOCHUIBICTAPABIH 0ap €KeHIITiH pacTaipl.
TepneHOMATH KOCBUIBICTapFa TOoH THApokcwa (—OH) TomrapeHa, KapOOHWMI
(C=0) ToObiHa, kaubiKnaraH C=C OallaHpICTapbIHA THECLTl KYTBUTY >KOJIAKTap
Oavikanapl. [ X-MC Ttanmaybl HOTHXKECIH/IE 3€PTTEITEH CHIFBIHIBIHBIH KYpPaMbIHJA
OapiabiFel 46 KOMIIOHEHT aHBIKTANABI. AHBIKTAIFaH KOMIIOHEHTTEep/iH imriHae 17
KOCBUTBIC TEPIICHOUATAP PETIHIE KIKTEN i, OJIAPABIH KAl MOJIIIEePi CHIFBIHIBIHBIH
Kallbl XUMHUSUTBIK KypaMbIHBIH 36,96%-b1H Kypansl. TeprneHoun (pakiusChIHBIH
KYpBUIBIMBIHIA 8 KOCBUIBIC MOHOTepHeHziep (Kaiumbl KypaMmHbIH 17,39%-b1), Tarsl
8 koceutbic ceckButeprieHaep (17,39%) periane anwvikTangsl. bip TpurepneHoun -
YPCOJI KBIIKBLTHL - 2,17% memnmepinae anbikTanasl. COHBIMEH KaTap, TEpIEeHOUITap
TOOBIHAAFBl KOCBUIBICTAPJBIH TapaiyblHa Tayjay oKyprizingi. TepneHouarap
(dpakuusceiHga MOHOTEpIIeHaep 47%, ceckBuTeprieHaep 47% >koHE TpUTEPICHIEP
6% KypalTbhIHbI aHBIKTAJbI.

CHIFBIHIBI TPaMOH OaKkTepHsiapFa KaThICTBI oOpTamia IeHreiae OelceHmIUTiK
kepcerti (Staphylococcus aureus, Bacillus subtilis), an rpaMrepic OakTepusiiapra
acepi ainciz 6onnbl. Candida albicans mTaMpiHa Kapchl 9JICI3 (PYHTUCTATHKAIIBIK 9Cep
TipKenai. Y BITTBUIBIK JeHTeli Artemia salina GuoTecTi apKbUIbl aHBIKTAIIBIII, LD,, MOHI
90,6 MKT/MII Kypassl, OYJI CHIFBIHIBIHBIH CANBICTRIPMAIBI TYPAE TOMEH YBITTHUIBIFBIH
KepceTe.

AJBIHFaH HOTHXKEIIep 3epTTENreH YATiHIH TepIeHIiK KOMIIOHEHTTepre 0ail eKeHiH
KepceTe/li )KoHe OJIap IbIH OMOJIOTHSUITBIK OJICEH/IITIT MeH (hapMaKOJIOTUSIIBIK SJIeyeTiH
opi Kapaii 3epTTeyre Heri3 Ooa amansl. TepreHaepaiH CaTBICTRIPMAITBI JKOFapHI YIIeci
3ePTTEJICTIH MIMKI3aTThIH TAa0WFU OMOJIOTHSUIBIK OCJICeHJI 3aTTap Ke3i peTiHjaeri
MaHBI3AbUIBIFBIH AJIEIICH/I.

Tyiiin ce3nep: Artemisia terrae-albae, Tepnienountsl Kocsusictap, I' X-MC, UK-
CTIEKTPOCKOITNS, aHTUMHKPOOTHIK OCIICEHITIK, ITATOYBITTHIIBIK
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AnHoTanusi. Hacrosimast pa0oTta TOCBsilieHAa KOMIUIEKCHOMY —HCCIIEIOBAaHHIO
XMMHYECKOTO COCTaBa ¥ OWOJOrMYECKOW AaKTUBHOCTH 3TaHOJBHOTO JKCTPaKTa
Artemisia terrae-albae Krasch. IlomydeHHBIH 3KCTpPaKT HCCIENOBAIM C TOMOIIBIO
UK-cnexrpockornuu u ['X-MC ananuza. MK-criekTpockonnueckuii aHaJIn3 SKCTpaKTa
MOATBEPIMSI HAJIMYKAE B HEM TEPICHOMJHBIX coeluHeHui. Habmromanuch moiocs
MOIVIONICHUSI, XapaKTepHbIe JUIsl TEPICHOWAHBIX COCAMHEHHH, NpUHAICKAIIIEC
ruapokcibHbIM (—OH) rpymmam, kapoorunsHbeIM (C=0) rpynmnaM 1 HEHACHIIIEHHBIM
cea3aM C=C. B pesynmprare anammuza merogoM ['X-MC B cocraBe HccienyemMoro
IKCTpaKkTa ObLIO HMIACHTU(QHUIMPOBAHO B oOmIel ciokHOCTH 46 KOMIOHEHTOB. U3
HWACHTU(QHUIUPOBAHHBIX KOMIIOHEHTOB 17 coeinHeHHH ObUIM KJIacCH(PUIUPOBAHBI
KaK TEPICHOMJIbI, O0O0Ilee KOJUYECTBO KOTOPhIX cocTtaBmwio 36,96% or obiiero
XHMHUYECKOTO COCTaBa AKCTPaKTa. B cTpyKType TepreHOnaHOM Qpakiyn 8§ COeTMHEHHH
ObutH uaeHTU(UIUpPOBaHbl Kak MoHoTeprnensl (17,39% or oOmiero cocrasa), ere
8 coemuuenuit - kak ceckBureprieHsl (17,39%). OauH TPUTEPIICHOU - ypPCOJIOBas
KHCII0Ta — ObLT uIeHTH(UIMPOBaH B KonuuecTse 2,17%. Kpome Toro, Obu1 ipoBeicH
aHallM3 paclpelielieHuss COCMHEHUIH B TPYIIE TEpHEeHOUIOB. BbUIO ycTaHOBJIEHO,
YTO MOHOTEpIEHB! cOCTaBIAOT 47%, ceckBuTepmneHsl - 47%, a TpurepneHsl - 6% B
TEPIICHOMTHON (paKIHH.

DOKCTpakT TMoKa3aJl yMEPEHHYI0 aKTHBHOCTb MPOTHUB TPaMIIOIOKHUTEIbHBIX
Oaxrepuii (Staphylococcus aureus, Bacillus subtilis), a 3ppekT Ha rpaMOTpHUIIATEIbHbIC
Oakrepun Obu1 cnmabbiM. Cnalblii QyHrucrarnyeckuii dpQPext ObLT 3apHUKCHPOBAH
npotuB mramma Candida albicans. YpoBeHb TOKCHUHOCTU ONPEACISIIM C ITOMOIIBIO
ouorecra Ha Artemia salina, n 3ua4enue LD, cocraBuio 90,6 MKI/MII, 4TO yKa3bIBaeT
Ha OTHOCHUTEJBHO HU3KYI0 TOKCHYHOCTh SKCTPAKTA.

[Tonmy4eHHble pe3ynbTaThl CBUACTEILCTBYIOT O TOM, YTO HCCIEIyeMbId oOpaselr
0orar TepreHOBHLIMH KOMIIOHECHTAMH W MOXET CIY)KHTh OCHOBOHW JJIsl ANbHEHIINX
HCCIIEIOBAHUI €ro OMOIOTHYECKOH aKTHBHOCTH M (hapMaKOJIOTHYECKOTO TIOTCHIHANIA.
OTHOCHTEIBHO BBICOKOE COJIepKaHUE TEPIICHOB ITOJITBEPIKIACT BaXKHOCTH HCCIIEAYEMOTO
CBIPbS KaK MICTOYHUKA MPUPOAHBIX OMOIOTHYECKH aKTHBHBIX BEIIECTB.

KuaroueBble cinoBa: Artemisia terrae-albae, TepneHonabie coenunenus, [’ X-MC,
UK- criekrpockomnusi, aHTUMUKPOOHAs! aKTHBHOCTb, ATOTOKCHYHOCTh

Introduction. One of the most widespread medicinal plants in Kazakhstan is the

genus Artemisia L. a species-rich and taxonomically complex genus of dicotyledonous
plants belonging to the family Asteraceae L. Plants of the genus Artemisia are widely
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used in various traditional and folk medicine systems and are well known for their
medicinal properties in the treatment of fever, malaria, inflammation, ulcers, diabetes,
and intestinal parasites. This genus includes more than 500 perennial, biennial, and
annual herbaceous plants and small shrubs growing in temperate regions of Europe,
Asia, and North America (Nigam et al., 2019). 81 species of this genus grow in
Kazakhstan, including 19 described as endemic.

In traditional folk medicine, Artemisia species have been used to reduce fever,
have antiseptic effects, fight intestinal worms, stimulate the body, induce urination,
and relieve abdominal pain (Ksibi et al., 2022). In traditional Central Asian medicine,
infusions of Artemisia flowers are used to treat various diseases such as ulcerative
colitis, appendicitis, hemorrhoids, bad breath, epilepsy, and many others (Koul et
al., 2018). The Artemisia genus is characterized by a variety of biologically active
substances. Studies have shown that the plant species belonging to the Artemisia genus
contain various biologically active substances, such as lignans, sesquiterpenoids,
flavonoids, coumarins, glycosides, acids, and sterols (Jalmakhanbetova et al., 2007,
2021; Trifan et al., 2022). One of the main compounds characteristic of wormwood
plants is terpenes, including sesquiterpene lactones, which have a diverse chemical
structure and a broad spectrum of pharmacological activities. These compounds have
been shown to have anticancer, antimalarial, and anti-inflammatory properties, as well
as to accelerate wound healing, and to have antibacterial, antifungal, and antiviral
activities (Ivanescu et al., 2015; Wang et al., 2023).

Plants belonging to the genus Artemisia are of great economic and medical
importance. This is because the terpenoid compound, terpenoid sesquiterpene lactone
artemisinin, isolated from Artemisia annua L., is recognized as the main active
ingredient against malaria. This discovery has increased the interest of scientists around
the world in finding new biologically active drugs through the study of traditional
medicinal plants (Zaman et al., 2021). In traditional Russian medicine, tinctures from
the roots and leaves of the Artemisia plant are widely used to treat liver, stomach, and
spleen diseases. A solution of fresh wormwood juice mixed with diluted ethanol is used
for insomnia and kidney stones, as well as as an anti-inflammatory agent (European
Scientific Cooperative on Phytotherapy 2003; Abad et al., 2012). In Kazakhstan,
tinctures prepared from the aerial parts of this plant have been used in folk medicine to
treat stomach ulcers, appendicitis, hemorrhoids, bad breath, and epilepsy. Wormwood
is used in the food industry as a spice to give a special taste to fatty foods. It is also used
to add flavor to some alcoholic beverages and wines (Krebs et al., 2010). The aerial
parts of the plant are also a valuable source of raw materials in the paint industry (Wu
et al, 2020).

A. terrae-albae Krasch. is a poorly studied plant, but is of great interest due to its
use in folk medicine. A. ferrae-albae is a semi-shrub plant that grows in the semi-desert
and steppe regions of Kazakhstan. In folk medicine of Central Asia and Eastern Europe,
A. terrae-albae is widely used in the treatment of skin diseases such as dermatitis,
eczema, psoriasis, as well as for inflammation, wounds and burns (Turuspekov et al,
2018; Sagyndykova et al., 2024).
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The essential oil of A. terrae-albae, aplant distributed in Central Asia, is characterized
mainly by oxygenated monoterpenes (Sampietro et al, 2016). The dominant component
in its composition is camphor (47.3%). In addition, 1,8-cineole (23.9%), camphene
(9.8%) and B-thujone (6.0%) were detected. a-Pinene is also present, but its amount
is not specified. The chemical composition of the essential oil is characterized by the
predominant content of camphor and 1,8-cineole, which determines its biologically
active properties.

A number of studies have investigated the chemical composition, biological activity
and ecological significance of the plant A. ferrae-albae. Dyusebaeva and colleagues
(Dyusebaeva et al., 2024) determined the macro- and microelement composition,
amino acids and fatty acids of the aboveground part of the plant and showed that
it is dominated by calcium, magnesium, sodium elements, as well as oleic, linoleic
and palmitic acids. These data prove that the plant has nutritional and physiological
activity.

In recent years, extracts of the A. terrae-albae plant have been used as biogenic
reducing agents in the field of nanotechnology. In the conducted studies, silver
nanoparticles were obtained by the green synthesis method using the ethanol extract
of the plant and their cytogenic toxicity was evaluated. As a result, it was found that
the obtained nanoparticles have a pronounced antiproliferative effect, inhibiting cell
division (Zhumanova et al., 2023).

In a similar study (Dyusebaeva et al., 2025), the antimicrobial activity of silver
nanoparticles stabilized with a lipophilic extract of the plant 4. ferrae-albae was
evaluated. The resulting nanoparticles showed activity against microorganisms such as
S. aureus, E. coli, P. aeruginosa, and C. albicans.

The aim of this research work is to identify terpene compounds in the ethanol extract
of A. terrae-albae, which grows in the Khantagy Ridge area of Turkestan region, and
to characterize their structural features. Determining the chemical composition of
terpene compounds of A. terrae-albae and studying their relationship with biological
activity is an important scientific task for the modern field of phytochemistry and
pharmacognosy.

Materials and methods. Plant material. The above-ground part of Artemisia terrae-
albae Krasch. was collected in July 2024 from the Khantagy Ridge area of Turkestan
region. The collected plant material was air-dried in the shade. The dried plant was
crushed and stored. Only the above-ground part of the plant was used for research.

Extraction of raw. An ethanol solvent was used to obtain an extract of the crushed
and pre-dried aerial part of A. terrae-albae. 20 g of dry raw material was extracted twice
with ethyl alcohol (ratio 1:10, w/v). Each extraction was carried out with boiling for 2
hours. The resulting extracts were combined and evaporated in a rotary evaporator. As
a result, a dark green extract was obtained. Yield — 4.015 g (20 % relative to air-dried
raw material).

GC Conditions. Gas chromatography—mass spectrometry was used to determine
the composition of the ethanol extract of A. terrae-albae. The analysis was carried out
on an Agilent 7890A gas chromatograph system and a 5975C Mass Selective Detector
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(Agilent Technologies, USA). The analysis was carried out under the following
conditions: column type — Rtx-100DHA, column length — 30 m; column diameter —
0.25 mm; adsorbent layer thickness in the column — 0.5 pm; evaporator temperature
— 280 °C; column temperature — 60-300 °C; column heating rate — 8 °C/min; ion
source temperature — 230 °C; quadrupole condenser temperature — 150 °C; EI' =70 eV;
carrier gas — helium grade A; gas pressure in the column — 2 psi; sample volume — 0.2
ul; injection mode — flow splitting (split 20:1); mass spectrum recording mode — scan;
library — NIST 08; analysis time — 32 minutes.

The percentage of component composition was automatically calculated using the
GS-MSD Data Analysis program based on the peak areas of the total ion chromatogram,
and identification was performed using the NIST 08 library based on mass spectra and
retention times.

IR spectroscopy. Infrared spectroscopic analysis was performed to conduct a
primary screening of terpene compounds in the ethanol extract of A. terrae-albae. The
infrared spectrum was recorded on an IRTracer - 100 spectrometer..

IR spectrum (v, cm™): 3600-3200 (broadband), 3075, 3030, 2965, 2925, 2855,
1740, 1650, 1605, 1515, 1460, 1375, 1260, 1215, 1170, 1110, 1050, 1020, 970, 920,
875, 820, 760, 700, 650, 600, 520, 470, 430.

The antimicrobial activity. The antimicrobial activity of the ethanolic extract
of A. terrae-albae was determined by the serial dilution method. The following
microorganisms were used as reference test strains for the analysis: gram-positive
bacteria: S. aureus ATCC 6538, B. subtilis ATCC 6633; gram-negative bacteria: E.
coli ATCC 25922, P. aeruginosa ATCC 27853; yeast-like fungus: C. albicans ATCC
10231. All strains were obtained from the American Type Culture Collection (ATCC).
Daily cultures of microorganisms were grown on nutrient agar at 37 °C (for fungi — 30
°C, 48 h). The antimicrobial activity of the extracts was studied in the concentration
range of 1.56—50 pg/ml.

Each sample was incubated with 0.1 ml of microbial suspension (/0° CFU/ml). The
incubation process was carried out in a thermostat at 37 °C for 24—48 hours, depending
on the type of microorganism. The minimum inhibitory concentration (MIC) was
determined as the lowest concentration at which turbidity was observed. The study
was performed in triplicate. Ceftriaxone (antibacterial drug) and nystatin (antifungal
drug) were used as controls for comparison.

The cytotoxicity. The cytotoxic activity of ethanolic extract of A. terrae-albae was
evaluated in vitro by its effect on the larvae of the brine shrimp A. salina (Leach). The
study was carried out according to the method of B. N. Meyer et al. (Planta Medica,
1982). For the experiment, 4. salina eggs were placed in artificial seawater and incubated
for 48 hours at 37 °C. The 2-day-old larvae (nauplii) obtained in this way were used as
samples. A 2 mg sample of the extract under study was dissolved in 2 ml of ethanol and
subsequently diluted accordingly to obtain concentrations of 100, 10 and 1 pg/ml. Each
concentration was prepared in triplicate. Ten A. salina larvae were introduced into each
vial. After complete evaporation of the ethanol, 5 ml of artificial seawater was added
to each vial. All samples were incubated at room temperature in the light for 24 hours.
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After incubation, live and dead larvae were counted and the lethal dose (LD, , pg/ml)
was calculated based on the percentage of death. An equivolume solution of dimethyl
sulfoxide (DMSO) was used as a control sample, and dactinomycin (actinomycin D)
was used as a reference drug. The results were performed in triplicate and statistically
processed using the FIN program.

Results. In the IR spectrum of the dry extract of A. terrae-albae, a broad absorption
band corresponding to the stretching vibrations of hydroxyl groups (—-OH) was observed
in the region of 3400 cm-'. The peaks in the range of 2920-2850 cm-' indicate the
vibrations of the C—H bonds of aliphatic groups. The intense band in the region of
1730-1700 cm-' is characteristic of the C=0O bonds of carbonyl compounds (acids,
esters). Absorption bands in the range of 1620-1600 cm-' correspond to C=C bonds.
In the range of 1250-1050 cm-', C—O vibrations characteristic of alcohols, ethers,
and esters were observed. These spectral data prove the presence of functional groups
characteristic of terpenoid compounds in the extract.

GC-MS analysis revealed a multicomponent chemical composition of the ethanol
extract of 4. terrae-albae. Several distinct peaks were observed in the chromatogram,
the highest intensity of which was observed at a retention time of 26.411 min,
indicating that this compound was present in the majority. Peaks at early retention times
correspond to monoterpenes, while peaks at 15-30 min correspond to sesquiterpenes
and triterpenoids. A high concentration of terpene compounds was observed between
25-28 min (Figure 1).
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Figure 1. GC/MS chromatogram of A. terrae-albae extract collected in the Turkistan region of
Kazakhstan.
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A total of 46 different organic compounds were identified as a result of gas
chromatography—mass spectrometry analysis of the ethanol extract of A. terrae-albae
(Figure 1). Analysis of the component composition revealed the presence of 17 terpenoid
compounds with monoterpene, sesquiterpene and triterpene structures (Table 1).

Table 1. Terpenoids compounds of 4. terrae-albae extract.

-Bicyclic ether,
Contains an internal

pentenyl)

Monoterpenes
Compound Structural features Compound Structural
features
1 2 3 4
Eucalyptol Monoterpene 2-Cyclohexene-1-methanol, Monoterpene
(1,8-cineole) oxide 2,6-dimethyl-6-(4-methyl-3- oxide

-Composed of two
isoprene units

1-o0l, 3,7-dimethyl-)

!

OH

alcohol, Contains two
double bonds, One
hydroxyl group, Built
from two isoprene
units

So¥

oxygen bridge (ether o Monocyclic
linkage), - hydrocarbon
Fully saturated carbon structure
skeleton. Contains two vinyl
o (ethenyl) groups
(C=0)
Camphor-type Monoterpene ketone 2-Cyclohexene-1-methanol Monoterpene
bicyclic monoterpene [ -Bicyclic bornane oxide
skeleton, OH -Monocyclic
Contains a ketone Structure,
group, Rigid, One double bond,
@) saturated structure. One hydroxyl
group.
Borneol Monoterpene alcohol 4-(2,2-Dimethyl-6- Monoterpene
(Bicyclo[2.2.1] -Bicyclic bornane methylenecyclohexylidene)-3- oxide
heptan-2-ol, skeleton, Saturated methylbutan-2-one -Built from two
1,7,7-trimethyl-) carbon framework. 0o isoprene units
Monocyclic
= structure
Contains a ketone
N group
Linalool / Geraniol | Monoterpene alcohol Cyclohexane, 1,5-diethenyl-2,3- Monoterpene
family (2,6-Octadien- | -Acyclic monoterpene dimethyl alcohol

-Derived from
three isoprene
units




ISSN 2224-5227

2.2026

Urs-20-en-3-ol (ursane-type triterpenoid)

1 2 [ 3 [ 4
Sesquiterpenes
Cary(:})hyllene oxide Sesquiterpene oxide a-Santonin Sesquiterpene
= -Derived from three lactone
3 isoprene units -Bicyclic
Bicyclic structure structure
Contains an Contains a
epoxide ring lactone ring,
(three-membered Multiple double
cyclic ether) bonds
Neoisolongifolene-8-oxo-type | Sesquiterpene Eudesma-5,11(13)-dien-8,12- Sesquiterpene
compound oxide olide lactone
-Tricyclic frame- Eudesmane-type
0 work Ketone skeleton
k\}\ functionality o Lactone
Longifolene-type functional group
sesquiterpene o
structure.
Bisabolene epoxide match | Sesquiterpene 3-Methyl-5-(1,4,4- Sesquiterpene
oxide trimethylcyclohex-2-enyl)-pent oxide
AN -Mono- or acyclic 2-enoic acid ethyl ester -Built from three
d framework, o t isoprene units
Contains an Contains a
epoxide ring cyclohexene
ring
Spiro[4.5]decan-7-one, epoxy- | Sesquiterpene 3-Isopropyl- Sesquiterpene
derivative oxide tricyclo[4.3.1.1(2,5)]undec-3- oxide
Spiro structure en-10-one -It contains
(two rings sharing a 15-carbon
one carbon atom). HO skeleton (Cys).
Sesquiterpenes
are composed of
three isoprene
o) units (Cs x 3).
Triterpenes (Csg)
Triterpenes (Cso)

One hydroxyl group at C-3
One double bond at C-20.

-Pentacyclic (five-ring) structure
Ursane-type triterpenoid skeleton

Among them, the main components were 2-Cyclohexene-1-methanol, 2,6-dimethyl-
(17.33%), Bicyclo[2.2.1]heptan-2-one,

6-(4-methyl-3-pentenyl)-
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(camphor) (13.19%), Cyclohexane, 1,5-diethenyl-2,3-dimethyl- (9.71%) and Butanoic
acid, octyl ester (8.29%). Thus, as a result of gas chromatography-mass spectrometry
studies, it was determined that the extract contains monoterpene, sesquiterpene, and
triterpene compounds belonging to terpenoid compounds.

According to the results of the study, the ethanolic extract of 4. terrae-albae showed
pronounced antimicrobial activity. The inhibitory effect of the extract against B. subtilis
ATCC 6633, E. coli ATCC 25922 and C. albicans ATCC 10231 strains was observed
at a concentration of 50 mg/ml. In addition, moderate activity was determined against
the S. aureus ATCC 6538 strain, the effective concentration was 25 mg/ml. However,
the antimicrobial activity of the extract against the P. aeruginosa ATCC 27853 strain
was not recorded (Table 2).

Thus, the results obtained indicate that the A. terrae-albae extract has a pronounced
antimicrobial potential against gram-positive bacteria and yeast-like fungi, but its
effect on the gram-negative P. aeruginosa strain is limited. Overall, these results
provide evidence for the antimicrobial properties of biologically active compounds in
the extract, including potential terpenoid components.

Table 2. Antimicrobial activity of A. terrae-albae extract.

Test substances Staphylococcus Bacillus Escherichia | Pseudomonas Candida
aureus subtilis coli aeruginosa albicans
ATCC 6538 ATCC 6633 | ATCC 25922 | ATCC 27853 | ATCC 10231
Extract of 4. terrae- 25 50 50 - 50
albae
Control (ceftriaxone) 6.3 12,5 6,3 12,5 -
Control (nystatin) - - - - 12,5

According to the results of the study, the cytotoxic activity of the extract of the 4.
terrae-albae plant was determined. The half-lethal dose (LDs) of the studied sample
was 90.6 ug/ml.

Dactinomycin (actinomycin D), used as a reference drug, showed a significantly
higher cytotoxicity, its LDs, value was recorded at the level of 45.8 pg/ml. This
indicator is approximately two times lower than that of the studied plant extract, which
indicates that the cytotoxic effect of dactinomycin is stronger (Table 3).

Thus, the results obtained indicate that the extract of A. terrae-albae has cytotoxic
activity, but its effect is weaker than that of a standard antitumor drug. This indicates
the prospect of further pharmacological studies of the plant extract.

Table 3. Cytotoxic activity of 4 rtemisia terrae-albae extract.

Test substances LD, ug/ml
Extract of 4. terrae-albae 90.6
Comparison drug: dactinomycin (actinomycin D) 45.8

Discussions. During the general analysis, 17 terpene compounds (mono-,
sesquiterpenes and one triterpenoid) were identified in the extract. The quantitative
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ratio and group classification of these terpenes are shown in the diagram presented in
the work (Figure 2). Terpenes constitute the majority of the identified compounds and
are the main biologically active components of the extract.

Camphor and cyclic monoterpenes are known natural compounds characteristic
of the Artemisia genus and exhibit antiseptic, anti-inflammatory and antimicrobial
activity. In addition, the identified triterpenoid Urs-20-en-3-ol indicates the presence of
high molecular weight terpenes in the extract and may be associated with its antioxidant
and cytoprotective properties.

Among the 17 terpene compounds identified in the extract of A. ferrae-albae
by GC-MS analysis, monoterpenes (47%) and sesquiterpenes (47%) accounted for
the majority, while triterpenes accounted for only 6%. These results indicate a clear
dominance of low-molecular, volatile terpenes in the secondary metabolite profile of
the studied species (Figure 2).

The presence of equal amounts of monoterpenes and sesquiterpenes indicates a
relatively balanced activity of the plant’s biosynthetic pathways (mevalonate and
methylerythritol phosphate pathways). The high proportion of monoterpenes may be
related to their volatility and protective function, as these compounds play an important
role in plant defense against phytopathogens, insects, and abiotic stress factors.

The high percentage of sesquiterpenes (47%) is also a chemical marker characteristic
of the Artemisia genus. Literature data indicate that biologically active sesquiterpenes
(especially lactones) are common in Artemisia species, which are associated with their
anti-inflammatory, antimicrobial and antioxidant properties.

The relatively low content of triterpenes (6%) may indicate that they are mainly
structural or late metabolic products. Triterpenes are often described as storage or stabilizing
compounds and may be less detectable by GC—MS analysis than volatile terpenes.

6%

= Monoterpene = Triterpene ® Sesquiterpene

Figure 2. Relative percentage composition of terpenoid compounds identified in 4. terrae-albae
extract by GC-MS analysis.

In general, the terpene profile determined indicates that 4. terrae-albae has a
high pharmacological potential and that its biological activity is likely to be mainly
associated with mono- and sesquiterpene components. This ratio of terpenes also
provides important information for the chemotaxonomic characterization of the species.
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It was observed that the chemical nature of the compounds is diverse: monoterpenes,
sesquiterpenes, sesquiterpene lactones, as well as triterpenoids were identified.

GC-MS analysis revealed a high concentration of terpene compounds in the ethanol
extract of 4. terrae-albae. Among them, the highest concentration was 2-Cyclohexene-
I-methanol, 2,6-dimethyl-6-(4-methyl-3-pentenyl)- (17.33%). This compound is
structurally related to terpene alcohols and is considered a mono- or sesquiterpene
derivative. Terpene alcohols are generally characterized by antimicrobial and anti-
inflammatory activity.

The second highest-abundant compound is Bicyclo[2.2.1]heptan-2-one,
1,7,7-trimethyl- (13.19%), a camphor-like monoterpene. Camphor-like compounds are
characteristic of the Artemisia genus and are the main components of the essential oil
fraction of the plant. These substances are known for their antimicrobial, fungicidal,
and insecticidal properties.

In addition, the compound Cyclohexane, 1,5-diethenyl-2,3-dimethyl- (9.71%) was
also detected in significant amounts. Based on its structural features, it also belongs to
the terpene hydrocarbons. Terpene hydrocarbons are protective metabolites of plants
and play an important role in environmental adaptation.

Among the sesquiterpenes, the pharmacologically important a-santonin (1.04%)
and Eudesma-5,11(13)-dien-8,12-olide (1.38%) were identified. These compounds
belong to sesquiterpene lactones and are known as chemotaxonomic markers of the
Artemisia genus. Their anthelmintic, anti-inflammatory and cytotoxic activities have
been reported in the literature.

Of particular interest is the ursane-type triterpenoid (Urs-20-en-3-ol, 3.21%).
Triterpenes with the ursane structure are characterized in the literature by anti-
inflammatory, hepatoprotective and antitumor activity. Its detection confirms the
pharmacological potential of the studied plant. In general, terpenes with a high
percentage are the main components that determine the biological activity of the plant.
Their predominance indicates a high pharmacological potential of the A. terrae-albae
species.

The results of this work show that the ethanol extract of A. terrae-albae is rich in
biologically active compounds, with a predominantly terpene nature. The high content
of identified mono- and sesquiterpenes confirms the specificity of the essential oil
and secondary metabolite profile of the species and allows it to be considered as a
promising source of raw materials for pharmacological studies.

Thus, the GC—MS results showed that the composition of A. terrae-albae is rich in
terpenes, and the 17 terpene compounds identified determine the phytochemical and
pharmacological potential of the plant. The relative distribution and structural features
of terpenes are presented in a diagram, and the obtained data allow us to consider the
plant as a promising source of biologically active natural compounds.

As a result of GC-MS analysis, a total of 46 compounds were identified from the
extract. Of these, 17 compounds are of terpene nature, which accounts for 36.96% of the
total composition. In particular, 8 monoterpenes (17.39%), 8 sesquiterpenes (17.39%)
and 1 triterpenoid — Ursolic acid (2.17%) were identified. The results obtained indicate
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that the studied extract is rich in terpenes and its biological activity may be associated
with these compounds.

Conclusion. The study conducted comprehensively analyzed the chemical
composition and biological activity of the ethanol extract of 4. terrae-albae. The
results showed that this plant is rich in biologically active compounds, including
terpene compounds.

Initial IR spectroscopic screening revealed absorption bands characteristic of
functional groups commonly found in plant terpenoid compounds, namely hydroxyl
(-=OH), carbonyl (C=0), as well as C=C and C—O bonds.

As a result of GC—MS analysis, a total of 46 organic compounds were identified,
17 of which were attributed to the terpene nature. In particular, monoterpenes,
sesquiterpenes and one triterpenoid were identified.

The main components were 2-cyclohexene-1-methanol derivative (17.33%),
camphor (13.19%), cyclohexane derivative (9.71%) and octyl butanoate (8.29%). It
was found that the terpene profile consists mainly of oxygenated monoterpenes, which
is a chemotaxonomic characteristic of the Artemisia genus. In addition, the discovery
of the urs-20-en-3-ol triterpenoid, which belongs to the ursane family, indicated the
presence of high molecular weight terpenes.

The antimicrobial activity evaluation revealed that the extract exhibited moderate
activity against Gram-positive bacteria. The minimum inhibitory concentration (MIC)
against S. aureus ATCC 6538 and B. subtilis ATCC 6633 strains ranged from 12.5-50
ug/ml. A weak effect was observed against the fungus C. albicans ATCC 10231 (MIC
= 50 pg/ml). Gram-negative bacteria (E£. coli ATCC 25922 and P. aeruginosa ATCC
27853) showed relative resistance. This antimicrobial effect may be due to the combined
action of oxygenated monoterpenes, sesquiterpene lactones and phenolic compounds.

The A. salina test system was used to determine the toxicity level. As a result, the
half-lethal dose (LDs,) of the extract was 90.6 pg/ml, which indicates a lower toxicity
compared to the standard drug dactinomycin (LDso, = 45.8 pg/ml).

Overall, the results obtained demonstrate that 4. terrae-albae is rich in terpenes and
is a promising source of natural raw materials with antimicrobial activity. In the future,
the isolation of individual active components, the study of their mechanisms of action,
and testing in in vivo models will allow us to further explore the pharmacological
potential of this plant.
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Abstract. Particular attention is paid to modern battery technologies, including
lithium-ion, sodium-ion, and magnesium-ion systems, whose development is related
to the growing demand for efficient, safe, and economically accessible energy storage.
In this context, sodium-ion and magnesium-ion batteries are considered as promising
alternatives to lithium-ion technologies owing to the wider availability of raw materials
and potential safety advantages. A significant part of the work is devoted to silicon—
carbon (Si/C) composites, which are regarded as one of the most promising directions in
the design of next-generation anode materials. Silicon has an extremely high theoretical
capacity, exceeding that of graphite; however, its practical application is limited by
volume changes during lithiation, mechanical degradation of the electrode structure,
and instability of the solid electrolyte interphase (SEI). The introduction of a carbon
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phase can improve electronic conductivity, mitigate silicon volume expansion, and
stabilize interfacial processes during cycling. The relevance of the study is determined
by the need to solve two interrelated problems: reducing the amount of metallurgical
silicon-containing waste and developing high-capacity, stable, and cost-effective anode
materials for lithium-ion batteries. The scientific problem is that the direct use of
ferrosilicon shavings is complicated by iron-containing phases, surface impurities, and
the electrochemical instability of silicon during lithiation. The aim of this work is to
develop an approach for obtaining a silicon—carbon composite anode from ferrosilicon
shavings through preliminary purification, high-energy mechanochemical milling,
selective acid treatment, carbon compositing, and electrochemical testing. The novelty
of the study lies in using large-tonnage ferrosilicon waste as a silicon source without
producing high-purity primary silicon. The practical significance is associated with
increasing the added value of metallurgical waste, reducing raw material costs, and
supporting circular economy principles in energy storage technologies.

Keywords: ferrosilicon, metallurgical waste, nanosilicon, Si/C composites, lithium-
ion batteries
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AnHoTamus. Ka3ipri akkyMyJasTOPJIBbIK TEXHOJOTHUSIIAPFA, COHBIH IIIH/C JTUTHIA-
HUOH/Ibl, HATPUN-UOH/Bl KOHE MArHUH-MOH/BI KYHeliepre epekile Ha3ap ayAapbulbl.
OcblfaH OaiNIaHBICTl HATPHU-MOHIBI JKOHE MATrHUH-MOHIBI aKKyMYISITOPIapIIbIH
JINTUH-UOH/IBI TEXHOJIOTHSIAPFa KaparaHa KOJDKETIMJIL oapl Kayirci3 Oajiama peTiHje
JaMy TIepCIIeKTUBANapbl KapacThIpbUIAbl. JKYMBICTBIH eadyip Oemiri kaHa OybIH
AHOJTBHIK MaTepUaIapbIH JaMBITY/IbIH €H IIEPCIIEKTUBAJIbI OaFbITTAPBIHBIH O1pi PETiHC
KapacThIpbUIATBIH KpeMHUH-KoMipTekTi (Si/C) koMmo3urrepre apHanran. KpemHuiiaig
TEOPHSIIBIK CHIMBIMIBUIBIFBl OTE YKOFAPhI JKOHE OJI TpapUT KOPCETKIMITEPIHEH eoyip
achIll TyCeJll, ajlaiijia OHbI IPAKTUKAJIBIK KOJIJAHY JIMTUIIICHY Ke31HJeTl alTapiibIKTai
KOJIEMJIIK ©3TepiCTepMEH, KYPBUIBIMHBIH MEXaHUKAIbIK OY3bUIYBIMEH J>KOHE KATThI
anektponuttik uHTepdeictin (SEI) Typakce3apiFbiMen 1mekTeneni. Kemiprexri
(dazaHbl eHTi3y O JIEKTPOHIBIK OTKI3TIMITIKTI apTTBIPyFa, KPEMHUNAIH KOJeMIiK
neopManmsIapelH - erteyre JkoHe (pazaapaiblk IpolecTepdl  TypaKTaHAbIpyFa
MYMKIHJIK Oepeni. 3epTTeyaiH 03eKTiIiri e3apa OaiaHbICTHI €Ki MiHJETTI KaTap ey
KaXXETTUIINMEH aiKbIHAATAbl: METaTypPTUSUIBIK KPEMHHUKYPaMIbl KaJABIKTapAbIH
KOJIEMiH a3aiTy KOHE JTUTUH-UOH[Bl aKKYMYJISITOPIAp YIIiH CHIABIMABUIBIFBI JKOFAPHI,
TYpPaKThl Opi 3KOHOMHUKAJBIK TYPFbIJAH KOJDKETIMJII aHOITBIK MarepHuaiiapibl
azipiiey. FruibiMu Mocene MyHIall MIUKI3aTThl TIKEJICH MakaiaHyIblH TeMIpKYpam/Ibl
(hazanapipiH, OCTTIK JJACTaHyJIaP/bIH OOJIYbIHA )KOHE JTUTUIJICHY KE31H 1T KPeMHUUTIH
TYPaKCHI3IbIFbIHA OAlNIaHBICTBI KYpJeleHyiMeH cumaTTaiabl. JKYMBICTBIH MaKcaThl
— QeppocHnUINi KOHKACBIHAH KPEMHHUH-KOMIPTEKTI KOMITIO3UTTI aHOJ| ay TOCUIiH
o3ipiey, ON al/IbIH aja Ta3apTy, JKOFapbl DHEPTHUsUIBI MEXaHOXUMHSJIBIK YHTAKTay,
CEJICKTUBTI KBIIIKBUIABIK OHJICY, KOMIPTEKTI KOMIIO3UTTEY JKOHE OSJICKTPOXUMHMSIIBIK
CBIHAK JKYPri3y Ke3eHJepiH OipiKTipy apKpUIbl >KY3ere achblpblUiajbl. 3epTTEYydiH
YKaHAJBIFbI )KOFaphI Ta3a 0acTanKbl KPEMHHI ally CaThICBIHCBI3, KPEMHHH K031 peTiHae ipi
TOHHAXIbI (DEPPOCHITUINI KaJJIBIFbIH Nl la]laHyMEH, COHJIali-aK KOMIPTEKTi (paza MEH
FeSiy-xomMmoHeHTTEpl OTKI3TIII )oHE Oyhepik QyHKIHsIapAbl aTKapaThlH KOMIIO3UT
KaJIBIITACTBIPYMEH OaiIaHbICThI. JKYMBICTBIH TPAKTHKAIBIK MAHBI3bI METAILTY PTHSLTBIK
KaJJIBIKTapJIbIH KOCBIIFAH KYHBIH apTTBIPYMEH, aHOATBIK MaTepualapra apHaJfaH
LIMKI3aT HIBIFBIHAAPBIH TOMEHICTYMEH >KOHE DHEpIusi cakTay JKyhesepi caiachlHZa
LHUPKYJSIPIIBIK SKOHOMHUKAHBI JJAMBITYFa YJIeC KOCyMEH aliKbIHIalIa/Ibl.

Tyiiin ce3nep: dheppoCHIUIINIA, METAJUTYPIHSUIBIK KAJIBIKTAP, HAHOKpeMHui, Si/C
KOMIIO3UTTEPI, TUTHH-UOHABI aKKYMYJISITOpIIap
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AunHoTanus. B crarbe paccMarpuBaloTCcs BOZMOKHOCTH YCTOHYMBOM MepepadoTKH
(eppOoCHIINIIEBO CTPYKKH METaNTyprHYecKHX MPEINpPUSITHH B BBICOKO3(D(EKTHB-
HbIe KpeMHui-yrnepoanbie (Si/C) aHOqHBIE MaTepHalbl IS JIMTHH-MOHHBIX aKKyMYy-
nsiTopoB. Oco0oe BHUMaHHE Y/AEICHO COBPEMEHHBIM aKKyMYJSITOPHBIM TEXHOJIOTH-
SIM, BKJIFOYasl JIMTHH-MOHHBIC, HATPHI-MOHHBIC ¥ MAarHUH-HOHHBIE CHUCTEMBI, a TaKKe
MEePCIEeKTHBaM pa3pabOTKU Ooliee TOCTYIHBIX, OE30MacCHBIX U pecypcocOeperarommx
MaTepHaIOB JIs CUCTEM HAKOIUICHHS SHEPTHH. 3HAYUTeNbHas YacTh UCCIeI0BaHMS T0-
cBsieHa Si/C-KOMIIO3UTaM, pacCMaTpUBaEMbIM KaK OJTHO U3 HanboJiee IePCIEKTUBHBIX
HalpaBJeHUH Pa3BUTHsI aHOAHBIX MaTepUAaiOB HOBOTO MOKoJeHUs. Kpemuuii obnanaer
YPE3BBIYANHO BBICOKOM TEOPETUYECKON EMKOCTBIO, 3HAUUTEIBHO IPEBBIIAIONIEH ITOKa-
3aTen rpaduTa, OAHAKO €ro MPaKTHUECKOe IPUMEHEHNE OTPaHINUYCHO CYIIeCTBEHHBIMH
O0ObEMHBIMH M3MEHEHHMSIMHU TIPU JINTUPOBAHUM, MEXAaHMUYECKOH Jaerpananueid CTpyk-
TYpBl U HeCTaOWIBHOCTBIO TBEPIOTO AMeKTponuTHoro nHTepdeiica (SEI). Beenenue
YIIEPOAHOM (a3bl MO3BOJISET MOBBICUTH AIEKTPOHHYIO TPOBOJUMOCTD, KOMIICHCHPO-
BaTb 0OBEMHBIE JeopMallMd KPEMHHSI U CTaOMIM3HPOBaTh MeK(paszHbIE MPOIECCHI.
AKTyaJIbHOCTB HCCIIEIOBaHMUS 00YCIIOBIIEHA HEOOXOAMMOCTBIO OJTHOBPEMEHHOTO pellie-
HUS JIBYX B3aWMOCBSI3aHHBIX 3aJ[a4: COKpallleHHsS 00bEMOB METAJUTypIUYeCKUX KpeM-
HUHCOAEpKAIUX OTXOJ0B M pa3paboTku Oosee EMKHUX, CTAOMIBHBIX M SKOHOMUYECKH
JOCTYITHBIX aHOAHBIX MAaTepUAIIOB JUIS IMTUH-UOHHBIX aKKyMYISITOpoB. Hay4nas mipo-
OJeMa 3aKJIIOYaeTCsl B TOM, YTO MPSIMOE MCIOJIb30BaHUE (PEepPOCHIMIINEBON CTPYKKH
OCIIOKHSIETCSI IPUCYTCTBHEM JKele30coiepKalux (a3, MOBEpXHOCTHBIX 3arps3HEHHH
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1 HECTaOMIIBHOCTBIO KPEMHUS IPU JTUTUPOBaHuU. Llenbto paboThl sBisieTcs pa3paboTka
MOAX0/1a K MOTYYECHUIO KPEMHHUK-YIIIEPOTHOTO KOMIIO3UTHOTO aHO/a 13 (heppOCHITHIIH-
€BOM CTPYKKH ITyTEM COUYETaHUS MPEABAPUTEIBHON OUHCTKH, BBICOKOIHEPTE€THUECKOTO
MEXaHOXUMHYECKOTO H3MEIBUEHHS, CEJIEKTUBHON KUCIOTHOM 00paboTKH, yIIepOAHOTO
KOMITO3UTHPOBAHNSA U JIEKTPOXMMUYECKOr0 TecTHpoBaHus. HoBH3HA mccnenoBaHus
COCTOUT B MCIOJB30BaHUU KPYMHOTOHHAKHOTO (PEpPOCHIUIIMEBOTO OTXOAa B Kaue-
CTBE MCXOAHOTO HCTOYHHMKA KpeMHHS 0e3 CTaluy MOyuYeHHs BHICOKOYUCTOTO MEePBHY-
HOTO KpEMHHS, a TakKe B (OPMUPOBAHUH KOMIIO3UTA, B KOTOPOM yriepoaHas (aza u
FeSix-KoMIOHEHTBI BBIIONHAIOT MPOBOSIIYI0 U OydepHyto ¢yHKiuu. [IpakTuyeckas
3HAUUMOCTh paboThl CBSi3aHA C MOBBIMICHHEM J100aBIEHHOH CTOMMOCTH METaJIypru-
YECKUX OTXOJI0B, CHIDKEHUEM CHIPBEBBIX 3aTpaT Ha MPOU3BOJICTBO aHOAHBIX MarepHa-
JIOB ¥ pa3BUTHEM MPHHLUIIOB LUPKYISIPHON SKOHOMHKH B O0JIACTH CHCTEM HAKOTLICHUS
SHEPIUH.

KuaroueBsie cioBa: @eppocnianunid, METAJUTyprudeckiue OTXOAbl, HAHOKPEMHHUH,
Si/C KOMITO3UTBI, TUTHH-UOHHBIE AKKYMYJISITOPEI

Beenenue. ['opHo-MeTanmypruyeckast IpOMBIIUIEHHOCTD SBISETCS OTHUM U3 KPYTI-
HEHIINX HCTOYHUKOB TEXHOTCHHBIX 0TX0A0B B Mupe. [1o onenkam, onepaunu no g00b1-
4ye U rnepepaboTke METATMYECKUX Py €KEroJHO TeHePUPYIOT ASCSITKH MUILIMAPIOB
TOHH OTXOJ0B, BKJIIOUasi XBOCTBI 00OTaIlleHHS, IJIAKH, TIBUIA U METAJITHYECKYIO CTPYK-
Ky (Seisenova et al., 2025).

B Poccun 00bEM NPOMBINIICHHBIX M NMPOU3BOJACTBEHHBIX OTXOAOB B TOCIIEIHUE
rofibl MpEBBIIAET 9 MIIPA TOHH B IO, IPU 3TOM 3HAYUTENbHAs J0JI MPUXOAUTCS Ha
MPEANPHUATUST TOPHOAOOBIBAIOIICH OTpaciau M 4€pHOW/IBETHOW MeTammypruu. B Pe-
cnybnuke Kazaxcran, rie akTHUBHO pa3BuBaeTcsi peppociiaBHOE IPOU3BOACTBO, TAKKE
HaKaIUIMBAIOTCs MHOTOTOHHAXHbBIE 0TX0/bl. KpynHble npennpustus B [laBnogapckoi,
Kaparangunackoit 1 BocTtouno-Kazaxcranckoil 00macTsax NPOW3BOIST COTHH THICSY
TOHH (PEPPOCHINIHS B TO/I, TEHEPUPYS NIPU ITOM CTPYKKY, JIOM U APYTHe KPEMHUHCO-
JeprKaline OTX0Abl MexaHndeckoi 00padoTku (Jin et al., 2025).

Oco0yro npoOiieMy NpencTaBisieT YTHIU3AHs CTPYKKH METaTyprU4ecKHX 3aBO-
JI0B, 00Opasyrolleicss Mpyu MPOU3BOACTBE M MEXaHMUYECKO 00paboTke deppocuinms
(FeSi ¢ conepxannem kpemuus 4575 %). TpaAuIOHHBIE METOBI IEPEPAOOTKH - BO3-
Bpar B IUIABKY, MCIIOJb30BaHUE B CTPOMTENBHBIX MaTepuanax WIN 3aXOpPOHEHHE - He
00ecrevnBaroT TOJHOW YKOJIOTHYECcKOl 0€30MacHOCTH U HE CO3JAal0T BHICOKOW M00aB-
neHHoN crouMocTH. CTpy)KKa 4acTo 3arps3HEeHa MacjiaMM, OKaJMHOH M MpUMeCIMHU
JKeJe3a, 4To 3aTpyJHseT €€ TOBTOPHOE MCIOIBb30BaHUE U MPUBOAUT K HAKOIUIEHUIO B
OTBaJIaX, 3arpsI3HEHMIO ITOYB M BOAHBIX pecypcoB. B ycnoBusx rmobdanbpHOro nepexoaa
K IUPKYJIAPHON SKOHOMHUKE U YKECTOUEHMSI IKOJIOTHYECKOTO 3aKOHO/IATENbCTBA TaKHe
OTX0ABI TPEOYIOT MHHOBAIMOHHBIX, BBICOKOTEXHOJIOTUYHBIX PEIICHHI MO NepepadoTKe
(Fafure et al., 2024).

[apannensHo ¢ POCTOM 00BEMOB MPOMBIIIIEHHBIX OTXOJ0B CTPEMHUTENILHO Pa3BU-
BaeTCs PHIHOK CHCTEM HaKOIUIEHUsS AHEpruu. JINTHH-MOHHBIE aKKyMYJIATOPBI UIPAIOT
KITIOUEBYIO POJIb B DJIEKTPOMOOMISIX, BOSOOHOBISIEMOM SHEPreTUKE M CTAllMOHAPHBIX
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xpanunumax. OQHako TPaAUIUOHHbBIE TPaUTOBBIE aHOBI JOCTUIIIN CBOETO MPAKTH-
YeCKOro mpezaesa yaeabHoH EMKOCTH - okoso 372 MA-u/T. KpeMHuil BBICTYnaeT 0gHOM
13 HanOosee MepCleKTUBHBIX ajbTepHATUB Onarofapsi Ype3BbIYaiiHO BBICOKOW Teope-
Trdeckor émkoctu - 10 4200 MA-u/r (Uit daser Lill.[]Si), yto 6onee yem B 10 pa3
npeBbIIaeT nokazatenu rpagura. Kpome Toro, KpeMHHI XapaKTEepU3yeTcsl HH3KHM
paboYrM MOTEHIUAIOM, BBICOKOH paclpocTpaHEHHOCTHIO B 36MHOM KOpe (BTOPOH 10
pacmnpocTpaHEHHOCTHU AIIEMEHT Iociie KUCIOopOoAa) U OTHOCUTEnbHO HU3Kol (Jin et al.,
2017; U.S. Geological Survey, 2026).

HecmoTpst Ha oueBUAHBIE TPEUMYIIECTBA, IIUPOKOMY KOMMEPUYECKOMY BHEIPEHHIO
KPEMHHUEBBIX aHOJOB MPEISTCTBYIOT CEPbE3HBIE TEXHUYECKUE BBI30BBL. (OCHOBHOM
U3 HUX - 3HaYMTeNbHOE 00bEMHOE pacmmpenue (1o 300—400 %) npu AUTHPOBaHUH,
OPUBOJSIIEE K PACTPECKUBAHMIO YacTUI AaKTUBHOIO MaTrepuana, pa3pyLICHHIO
CTPYKTYpBI 3JieKTpoaa, HernpepsiBHOMY pocTy cios SEI (solid electrolyte interphase)
u OBICTPOM JAerpajanuy EMKOCTH MPH IMKIUPOBAHUH. J[OMOTHHUTENBHBIE MTPOOIEMBI
BKJTIOUAIOT HU3KYI0 COOCTBEHHYIO 3JEKTPONPOBOAHOCTh KPEMHHUSI M HECTAOMIBHOCTD
uHTepdeiica ¢ anexrpoauroMm (Meng et al., 2025).

Jnst mpeononieHnsl yKa3aHHBIX OTpaHMYCHUH LIMPOKO HCIONB3YIOTCS CTPaTeTHH
HAaHOCTPYKTYpUPOBAaHUSI KPEMHHUSI W CO3JaHUsl KOMIIO3UTHBIX MAaTepHuajoB, B
YaCcTHOCTH yriepoaHo-kpeMHueBbIX (Si/C) komno3utoB. HaHopa3MepHbie yacTuipbl Si
YMEHBIIAIOT BHYTPEHHHE MEXaHWYECKHE HANPSHKEHUs, a YIIIEPOJHOE MOKPBITHE WM
MaTpHIa BBIIONHAET posib Oy(epHOro Ci0sl, HOBBIIAET MEKTPOHHYIO TPOBOAMMOCTD
n crabummupyetr ¢opmupoBanue SEI-cios. Takue KOMIIO3UTHI B J1aOOpaTOpHBIX
YCIIOBHUSIX JIEMOHCTPUPYIOT BBICOKYHO YyAEIbHYI EMKOCTh (yacto >1500 MA-4/r) u
MPUEMIIEMYIO [IUKJINYECKYIO CTAOUIBHOCTb.

JIONONMHUTENBHO ClIeyeT OTMETUTh, YTO MepepaboTka MeTalTypru4ecKHX OTXO-
JI0B B (DYHKIIMOHAJbHbIE MAaTepPHaJbl AJISl CUCTEM HAKOILICHHUS! SHEPTUH COOTBETCTBYET
COBPEMEHHBIM HaNpaBlICHHUSAM YCTOHUMBOIO Pa3BUTHS M LUPKYISIPHOH SKOHOMHUKH. B
OTJIMYME OT TPAJULHMOHHBIX CIIOCOOOB YTHIIHM3AIMHU, IPH KOTOPBIX OTXOABI UCIONb3Y-
IOTCSl B HM3KOTEXHOJOTMYHBIX OONACTSIX WM HANpaBiISAIOTCS HA MOBTOPHYIO ILIABKY,
noiyueHue Si/C-KOMITO3UTOB TMO3BOJISIET 3HAYUTENLHO MOBBICHTH JOOABICHHYIO CTO-
HUMOCTBH BTOPUYHOTO CBIPbsl. Takol MoAXox 0COOEHHO aKTyasleH AJIsl CTpaH C Pa3BUTOM
TOPHO-METAJTyPrU4eCKOl MPOMBIIUICHHOCTBIO, [JI¢ HAKOIUIEHHE TEXHOT€HHBIX OTXO-
JIOB CO31aET HKOJIOTHUECKYIO HArpy3Ky U TpeOyeT BHEAPEHHUSI HOBBIX TEXHOJIIOTHUECKUX
pewennii. Mcnonp3oBaHue CTPYXKKH QEeppOoCHINLNS B Ka4eCTBE UCTOYHHMKA KPEMHUS
MO3BOJISIET HE TOJIBKO COKPATUTH 0OBEMBI MPOMBIIIJIEHHBIX OTXOI0B, HO M CHU3UTh 3a-
BHUCUMOCTb OT JOPOTOCTOSIIIIETO BEICOKOYUCTOTO KPEMHHUSI, MPUMEHSIEMOTO B IPOU3BO/I-
CTBE aHOAHBIX MaTepuanoB. CylIecTBYIOINIHE MOAXOABI K MOTYyYSHHUIO HAaHO-KPEMHHS B
OCHOBHOM OIHPAIOTCA Ha MEepepadoTKy 0TX0A0B (POTOIIEKTPHUUECKON MPOMBILIICHHO-
ctu (PV-kerf waste - mutam oT pe3Ku KpEMHHUEBBIX CIIUTKOB ISl COTHEUHBIX TaHeeH ).
OTH TEXHOJIOTUH BKIIIOYAIOT KUCJIOTHOE BBIILEIAYNBAHNE, MEXaHOXUMHUYECKOE U3METIhb-
YeHUE U MOCIenyolee yriepogHoe nokpoitiue. OnHako o0béM PV-0TX0m0B OTHOCH-
TEJNBHO OTPaHUYEH, UX JIOTHCTUKA JOPOTOCTOSIIA, & TIPOLIECC YacTo TpeOdyeT JOMOIHHU-
TENBHBIX cTaaAui rmyookoi ounctku (Heintz et al., 2023).
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B ommmume ot HEX, cTpyKKa (EeppOCHIUINS METAJUTyprHYeCKHX 3aBOAOB Ipel-
CTaBJIsieT co00il Oonee JOCTYIHOE, KPYITHOTOHHAKHOE U JIOKAJIbHO COCPEIOTOYCHHOE
CBIPbE, 0COOCHHO B pErMOHAaX ¢ Pa3BUTON (eppociuiaBHON npombinuieHHOCThI0 (Ka-
3axcraH, Poccus, Kurait). [Ipsimast mepepaOoTka Takoi CTPY>KKH IO3BOJISIET H30€KaTh
9HEPrOEMKUX CTAIUH TMEPEryIaBKi U MOTYYCHHUS IEPBUYHOTO KPEMHHUSI, CYILIECTBEHHO
CHMYKas ce0eCTOMMOCTh KOHEUHOTO MPOAYKTA U €T0 YIIIEPOIHBIN CIIe.

Lenbto HacTosIel paboThI sBIIsieTCS pa3paboTka U MaclITA0MPOBAHUE TEXHOIOTHH
nepepadoTKH  CTPY)KKH MeTaJuTypruueckoro 3aBoaa (oTxonoB (eppocunuuusi) B
BBICOKOA((PEKTUBHBIE yIIEPOIHO-KPEMHUEBBIE KOMIIO3UTHBIE MaTepHaibl Ui aHOJOB
CHCTEM HAKOIUICHHS YHEPTUH.

Jist moCTHKEHUSI LeJU TIOCTAaBIICHBI CIEAYIOINE 3a1a9u:

® yccIieoBaTh COCTAB M CBOMCTBA CTPYKKHU FeSi kak BTOpHYHOTO CHIPBS;

® pa3paboTaTh TEXHOJOTHMYECKYI0 CXEMY, BKJIIOYAIOIIYI0 MEXaHOXHMHUYECKOe
H3MEINBICHUE, CEIEKTUBHYIO HAHOTYPU(PHUKALIUIO H YITIEPOAHOE MOKPBITHE;

® OILICHUTD HIEKTPOXUMHUUECKUE XapaKTEPUCTUKH MOTyYeHHBIX Si/C-KOMIO3UTOB;

® [POaHaJIM3UPOBATh BO3MOXHOCTH MacIITaOMpOBaHHMs Mpolecca OT J1adopaTop-
HOTO 10 IPOMBIIIJICHHOTO YPOBHSI C MIPOBEICHUEM TEXHHUKO-IKOHOMHUYECKOH M KOJIO-
TUYECKOU OLICHKHU.

HoBuzna paboTsl 3aKi1I09aeTCsl B IPEUIOKESHNUH IPSIMOI epepabOTKU TPOMBIILIICH-
HOW CTPYKKH (eppocuiuiys 0e3 AOMONTHUTEIbHBIX CTaJuil IUIaBKU WU TIONTyYeHHS
MEPBUYHOTO KpeMHuUsl. Takoil moxxo/ OTHOBPEMEHHO PelaeT HKOJIOTHUECKue mpooie-
MBI TOPHO-METAJUTYPIrHYECKON OTPaciii U CO34aéT KOHKYPEHTOCIIOCOOHBIE MaTepHallbl
IUISL «3€JIEHOI YHEPTETHKH, CIIOCOOCTBYSI Pa3BUTHUIO IUPKYJSPHONM 9KOHOMUKHU B PETH-
onax [lenTpansnoii Asun (Mutushev et al., 2025; Seisenova et al., 2025).

[lepepaboTka KpEeMHHEBBIX OTXOAOB (POTORIEKTPHUUECKOHN MpomblnuieHHocTH (PV
silicon scrap) akTMBHO M3y4aeTcs B MOCIECTHHE TOJbl KaK NEPCIEKTUBHBIN HCTOYHUK
CBIPbS ISl TIPOM3BOJICTBA AHOAHBIX MAaTEPHAJOB JIUTHH-UOHHBIX AKKyMYJSTOPOB.
OCHOBHBIM BUIOM TaKHX OTXOHOB siBisieTcs kerf loss (mutam mim mopouok KpeMHHUS,
00pasyoLIHiics IPH aJIMa3HOM pe3Ke KPEMHUEBBIX CIIMTKOB JJISl COTHEYHBIX TaHeseH ).
Exeronno B mupe renepupyetcs 6onee 200 000 TOHH Takoro OTXOAa, YTO COCTABJISET
1o 30—40 % ot maccel kpemHHEBBIX cuTKOB (Seiland et al., 2024; Yu et al., 2023).

UccnenoBatenn mpemiaraloT — pasziuyHble  crnocoObl  ytmiamsauuu  PV-kerf
waste: KHCIIOTHOE BBIIIENAYMBAHUE JJIs1 YIAJICHUsl NpUMecel, MEeXaHOXHMMUYECKOe
u3MespieHne W nocneayroniee cosganue Si/C-xommosutoB. [lomyunmmu  Si@C-
KOMIIO3UT C MCIOJBb30BAaHHEM IMOJHUIKPPOIa B KaueCTBE YIIEPOAHOTO MPEKypcopa,
JNOCTUTHYB 0oOpatumoii émxoctu 1436 MA -4/r ipu 0,1 A/t 1 yaydieHHONW HUKITHYECKOM
CTaOMIIHOCTH 110 CpPaBHEHMIO ¢ YUCThIM kKpemHueM (Ji et al., 2023). /Ipyrue paGoTs
neMoHcTpupytoT mnonydenue yolk-shell crpykryp Si@void@C wnm mopucTbIX
koMI103uTOB ¢ €MKOCThIO 800—1100 MA -4/t mocne 100-200 mukios (Ji et al., 2023;
Huang et al., 2023).

Hecmotpst Ha Xopolue 31eKTpOXUMUYECKHE XapaKTepUCTUKH, 00bEéM PV-oTx0m0B
OrpaHHYeH, UX JIOTUCTHKA JIOPOTOCTOSIA,  MATEpHall 4acTo TpeOyeT ITyOOKOH OUYMCTKU
ot SiC, MeTannoB u opraHnueckux 3arpsznenuit (Jin et al., 2017).
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3HaUNTENbHBI HMHTEpEC NpENCTaBiseT MeTol nanopurification HH3KOCOPTHOTO
¢deppocwniys Ui TOMyYeHHsT BBICOKOUMCTOro nano-Si. Kiaccuueckas pabora
MPOIEMOHCTPUPOBAIa MPOCTOM M MaclTaOUpPyeMbIil MPOLECC: BBICOKOCKOPOCTHOE
wianerapHoe umensueHue (high-energy ball milling) ¢eppocunuuus (84 % Si) ¢
MOCIEeYIOIUM CEIeKTUBHBIM KucioTHbIM TpaBieHuem (HF + HNO; wnm HCI). B
pe3yibTaTe YucToTa KpeMHMs noBbImanack ¢ 84 % mo 99,999 % npu pasmepe gactui
menee 100 am. [Ipumecu (Fe, Al, Ca) KOHUEHTPUPYIOTCS HA TOBEPXHOCTU HAHOYACTHII
13-3a MEXaHU4YeCKOH caboctu impurity-rich 30H 1 3¢ heKTHBHO yAANSIOTCA KUCIOTaMU.
[lonmy4yeHnHslii nano-Si mokaszajl BBICOKYIO oOpatumyro EéMkocth (1755 MA-u/r) m
coxpanenue EMKOCTH 73 % nocne 500 HUKIOB B IUTUNH-UOHHBIX STUEHKAX. DTOT MOAXOL
noxe ObLT anantupoBaH Juist Fe—Si crmaBoB ¢ copepixanuem Si 73—84 %, monteepaus
€ro MOTeHLMAJI AJIsl HU3KOCOPTHOTO ChIpbs (Zong et al., 2015; Zhu et al., 2015).

CriocoObl  co3manusi  yriepofaHo-KpeMHueBbiX (Si/C) KOMIIO3UTOB Ha OCHOBE
nepepadoTaHHOTO KPEMHHUSI BKIIOYAIOT HECKOJIBKO pacpoOCTPpaHEHHBIX METOIOB!

e [luponu3 opraHmyeckux mnpeKypcopoB (Tmoko3a, mnonunuppon (PPy),
nonauakpuioHuTpuin (PAN), MONMMBUHMIANHMPPOIMIOH) - MPOCTOH M OTHOCHTEIBHO
Henoporoii cnoco6 hopmupoBaHus aMOp(hHOro WK rpadeHONoA00HOr0 YIIIEPOAHOTO
MOKPBITHSL.

e Xumuyeckoe ocaxieHue u3 razoBoil ¢azel (CVD) - mo3BossieT momyyarsb
ToHkoe (5-10 HM) rpadeHononoOHOE MM MHOTOCIOWHOE YITIEPOAHOE MOKPBITHE C
BBICOKOI TMPOBOIMMOCTBIO, HO OTIMYACTCS BBICOKOH CTOMMOCTBIO M CIOXXHOCTBIO
MacIuITaOUpPOBaHUSL.

e Spray drying (pacmbuidTenbHas CylKa) C TOCICAYIOIIUM THPOIH30M -
o0ecrieunBaeT nosyyeHne c(hepuueckux 4YacTHIl C pABHOMEPHBIM pacnpeaeicHueM Si B
YIIEPOAHOM MaTpHIle, XOPOILYI0 MaCIITAOUPYeMOCTh U KOHTpoiIb Mopdonoruu (Fafure
et al., 2024; Jin et al., 2025).

e Jlpyrue metonsl: hydrothermal carbonization, electrospinning u aerosol-assisted
MPOLIECCHI.

OTH noAaxoAbl MO3BOJISIOT OydepuzoBaTh OO0BEMHOE pacUIMpeHUE KPEMHHUS,
MOBBICUTH JIEKTPOHHYIO MPOBOAMMOCTh M cTabunusupoBath SEl-cioif, nocruras
émxoctr 1000-2000 MA -4/T ¥ yay4IIEeHHOW UKINYECKON CTaOMIBLHOCTH.

Hecmotpss Ha mporpecc, OOJBIIMHCTBO HCCIENIOBAHUI COCPEAOTOYEHO Ha
nepepaboTke PV-kerf waste mim moaynpoBOIHHUKOBOTO KPEMHHEBOTO JIoMa BBICOKOM
qucTOTHl. [IpuMepsl MacmTaOupyeMbIX TEeXHOJIOTHH cymecTByoT (spray drying
+ OUpoNM3, YNPOLIEHHBIE KHUCIOTHBIE MPOLECCHI), OAHAKO OHHU CTAJKHBAIOTCS C
OTPaHMYCHHUSMHU: BBICOKAsS CTOMMOCTb JIOTUCTHKH PV-OTXOIOB OTHOCHTEIEHO
HEeOO0MBIO0M 00BEM JOCTYITHOTO CHIPBSI H BHICOKME SHEPro3arparhl Ha HEKOTOPBIX Tanax
(Yu et al., 2023; Mottaghi et al., 2025).

[IpoGemnbl B HcclienOBaHUSAX OCTAIOTCS 3HAYUTENLHBIMU. HerocTatouHoe BHUMaHue
yaessieTcs IpsIMOM mepepaboTKe CTPYKKM M OTXOIOB MMEHHO METaJTyprauecKux
3aBOJOB, B uacTHocTU (eppocumuus FeSi ¢ comepkannmem kpemuus 45-75 %.
Takoli mMatepuan sSBISETCS KPYMHOTOHHa)KHBIM, JOKAIBHO AOCTYHHBIM (OCOOCHHO B
Kazaxcrane, Poccun u Kutae), Ho conepxut Oomnbine Metannnyeckux npumeceii (Fe, Al,
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Ca, Mn), uto TpeOyeT aganTanyy IpoLeccoB HAHOMYPHU(DUKALIMH U KOMITO3UTHPOBAHHSL.
[IpakTudecku OTCYTCTBYIOT paOOTHI [T0 KOMIUIEKCHOMY MacIlTaOUPOBaHUIO TEXHOIOTHH
oT 71abopaTopHOr0 YpOBHS [0 NPOMBIIUICHHOTO C HCIIOJIb30BaHUEM HMEHHO
METaJTypruuecKoi CTPYKKH, BKITF0Yasi TEXHUKO-I)KOHOMUYECKU I aHaJIN3, pETeHEPALIIIO
KHCIOT W HWHTETPalHi0 C JeHCTBYIOUMMH (eppOCIIaBHBIMU MPOU3BOJCTBAMHU.
[Ipeanaraemas paboTa HampapieHa Ha 3allOJHEHHE ATOTO TIpodena.

Marepuasnbl 1 0CHOBHbIE MeTOABI. BbiOOp (heppocHInMeBoii CTPYKKU B KauecTBe
HCXOHOTO CBIPbSI OOYCIIOBJIEH €€ JOCTYMHOCTBIO, BBICOKHM COIEp)KaHHEM KPEeMHUS
U BO3MOXXHOCTBIO BOBJICUCHHS! METALTyPTHUECKUX OTXOMOB BO BTOPUYHBIH O0OOPOT.
XKenezoconeprkamiue ¢aszbl B COCTaBe 0TXOAa PACCMaTPUBAIMCH HE TOIBKO Kak MPHMECH,
HO Y KaK MOTEHIINAJIbHBIE KOMIIOHEHTBI, CIOCOOHBIE MOCIIe MEXaHOXUMHUUECKOH 00paboTKH
1 YIIEPOJHOIO KOMITO3UTHPOBAHUS YIydIIaTh JEKTPOHHYIO IPOBOAMMOCTH Marepuala.
[IpenBapurensHas OuMCTKa CHIPBS JUIS yAAlIEHMs Macesl, OKAIMHBI M MOBEPXHOCTHBIX
3arpsi3HEHHH, KOTOPBIE MOTYT CHFKATh BOCIIPOU3BOIMMOCTD M3MebUeHHs, 3P (HEKTHUBHOCTD
KUCJIOTHOM 00pabOTKH M 2JIEKTPOXUMHUYECKHE XapaKTEPUCTUKH KOHEYHOT0 Si/C-KOMITO3HUTA.
B kadecTBe MCXOMHOTO CHIPbSl UCHOIB30BAIN CTPYXKKY (DeppOCHIHLIHS, TTOTYYeHHYIO OT
METaJUTypradecKoro npeanpusitusi. CTpy»KKa MpeacTaBisiia COO0H OTXO0Ibl MEXaHMYECKOH
o0pabotku (heppocuuims mapku FeSi45—FeSi75.

TunuHBIA XUMUYECKUI COCTAaB CTPYKKHU (TI0 JaHHBIM PEHTTEHO(IYOPECIEHTHOTO
aHaJIM3a U aTOMHO-3MHUCCHOHHOMN CIIEKTPOMETPHH):

Si: 45-75 mac. % (OCHOBHOW KOMIIOHEHT);

Fe: 20-50 mac. %;

e [Ipumecu: A10,5-2,0 %, Ca0,1-1,5 %, Mn 0,1-0,8 %, C<0,1 %, Pu S - cnenossie
KOJIMYECTBA.

Pa3mep crpyxku BapeupoBaics or 5 1o 50 MM B anunHy npu tonmuHe 0,1-2 Mm.
Marepuan OblT 3arpsI3HEH TEXHOJIOTMYECKUMHU [TPUMECSIMH: MUHEPAIbHBIMU MaclaMH
(oTMexannueckoi 00padoTkm), okannHoH (Fe,0s, Fe;0,4) nmoBepXHOCTHBIMU OKCHIAAMU
kpemHus (Si0O,). YnenbHasi MOBEPXHOCTh HCXOAHOM CTPYIKKH COCTaBIsIa MeHee 1 M¥/T.
[lepen ncronp3oBaHMEM CTPYKKY XPAHHIIN B CYXOM ITOMELIEHUH TS TPEIOTBPAIEHUS
noronHuTeNnsHoro okucnenus (Mutushev et al., 2025). I[Ipouecc peanu3oBaH 1o
MPUHOMITY «upcycling» ¥ OpueHTHPOBaH HA MaKCHMallbHOE MCIIOJIb30BaHHE OTXOJO0B
C MUHHMMaJbHBIMHU 3HEpro3arpaTaMyd U BO3MOXHOCTBIO pereHepaluu peareHToB. Bee
OTepanyy, KpoMe CYLIKH U TUPOIN3a, TIPOBOIUIIM B MHEPTHOM atMocdepe aproHa min
asora juis1 MuHuMm3anmu okucienus (Wang et al., 2020).

CTpy’KKy OUHMILAIN OT MacJia U OKaJIUHbI My TEM MarHUTHOH cernapaluny U IPOMBIBKH
B OpraHMYECKHUX PAaCTBOPHUTENSAX MPH YIbTPa3ByKOBOM Bo3zaelcTBuH yactoTa 40 k',
30—-60 muH. lanee MaTepuan IpoMbIBaId AEHOHU3UPOBAHHOMN BO/IOH 10 HEUTPaAIBHOTO
pH 1 cymmnu B BakyymMHOM cymmiabHOM mkady npu 120-150 °C B Teuenne 8—12 yacos.
[Tocne moaroToBKM conepkanue Baaru He npessimano 0,5 mac. %.

BrICOKOCKOPOCTHOE MEXaHOXMMHMUYECKOE U3MENBbUEHUE NPOBOAMIN B IIAHETAPHOM
mapoBoii menbHulle. [Tapamerps! npouecca:

e CootHomenue mapsl: Matepuan - 10:1-20:1 (maps! U3 nupkonus, tuametp 5—10
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e CxopocTts BpamieHus - 800 06/MuH;

Bpesynbrare nonyuanunopomok FeSicpazmepomuactui 1 00-500 HM 1 3HAYUTETBHO
YBEJIMYEHHOH y/1eIbHON IOBEPXHOCTHI0. BbICOKas SHEPIHsI MEXaHUUYECKOT0 BO3AEHCTBUS
CIOCOOCTBOBAJIA PA3PYLICHUIO KPHCTAIITMYECKOHM PEIIETKH U KOHIICHTPALUK IPUMecen
Ha MOBEPXHOCTH YaCTHII, 4To obseryano nocienymouryto Hanonypudukanuio (Pillai et
al., 2022).

Hanonypudukanus npoBoamin isi CEJIEKTUBHOTO YNAICHUs XKeje3a U JIPYyTrux
MeTaJUIMYecKux mnpumecei. M3menpbu€nnslii nmopomok (5-10 r) aucnepruposaiu B
JEMOHU3UPOBAHHON BOJIE MJIM 3TAHOJIE C MOMOIIBIO yibTpa3Byka (30—-60 muH).

OCHOBHOI1 cOCTaB TPaBUJIBHOTO pacTBOpa:

e (0,5-2 M HF +3-6 M HC];

e AunbrepHaTuBHBINH Bapuant: 4—6 M HCl + 5-10 % HOO[.

VYcnosus npouecca:

e Temmneparypa - 50-80 °C (ontumansHOo 6070 °C);

e |-4yacanpuunTeHcuBHOM epemeninBanu (300—500 06/MHH) M TEpHOTUYECKOM
yABTPa3ByKOBOM BO3/IEHCTBUH;

[locne  cycmeHsuto  GUIBTPOBANM, OCAaJOK  MHOTOKPAaTHO  IPOMBIBAJIH
JI€MOHU3NPOBAaHHON BO/10H 10 HeHTpanpHOTro pH 1 3TaHoNIO0M, 3aT€M CyIININ B BaKyyMe
mpu 80-110 °C. Oxumaemasi yucToTa KpemMHHs mocie stama - 98-99.9 %, pasmep
nopHucThIX HaHodacThl Si - 50-200 uM, BeIxox Si - 85-92 %.

VYreponHoe MOKpbITHE W KoMmmoszuTupoBaHue. Jms momydenust Si/C-xommosuta
HCIOIB30BAJIHN JIBa OCHOBHBIX MO/AXO0/A!

1. IIuponu3 opraHndeckux MpekypcopoB (ocHoBHOW Metox): [lopucteiii nano-Si
CMELIMBAJIH C YIIIEPOIHBIM IPEKYPCOPOM B MACCOBOM COOTHOLIEHUH Si : C-mpeKypcop =
70:30 — 90:10. CMech CymmiIn U MOABEPraii MUPOIKU3y B TpyOuaroii meun B armocdepe
aprona uiu azora pu 700-900 °C B Teuenne 2—4 yacoB (ckopocth Harpesa 5 °C/MuH).

2. Xumunueckoe ocaxkaeHue u3 razoBoil (aszel (CVD): ucnons3oBanu MeTaH WM
AlETUIICH B KauecTBe yriepoaHoro uctounuka mpu 800—-1000 °C, TonmuHa MOKPHITHS
- 5-10 um.

[onmyuennsiii xommo3ut cogepxkain 70-90 mac. % Si u oOmagan ymy4iIeHHOMH
ANIEKTPOHHON MPOBOIUMOCTBIO M Oy(hepHBIMU CBOHCTBAMH.

B mnacrosmeii paboTe TEpMHH «YIJIEPOAHOE TOKPHITHE)» HCIIONB3YEeTCS sl
0003HaueHus yrieponacoaepskaieil ¢aspl, chOpMUPOBAHHON B pe3ynabraTe MUPOJIN3a
OPTaHMYECKOTO TPEKypcopa Ha MOBEPXHOCTH U B MEKYACTHYHOM HpocTpaHcTBe Si/
FeSiy-uactun. C yuérom manneix [I9M koppekTHee paccMaTpuBaTh 3Ty (a3y He Kak
HeaJbHO CIUIOUIHYIO 000I0UKY BOKPYT KaXKI0H YaCTUIBI, @ KaK YIIIEPOAHYIO MaTpHUILy/
MOKPBIBAIOIINH CIIOM, HA KOTOPOM YaCTHIIbI KpeMHHKCOAep Kallel Ga3bl pacipeaeaeHbl
1 9aCTHYHO copOMpoBaHbl. IMEHHO Takast yrieponHas ¢as3a MOBBILIAET IEKTPOHHYIO
MIPOBOJIUMOCTb, OIPAHUYMBAET MPSIMON KOHTAKT aKTUBHOTO KPEMHHUS C 3IEKTPOJIIUTOM
W YaCTHYHO KOMIICHCHPYET MeEXaHMYECKHE HaNpsDKEHHsI IpH JMTUPOBAHUU H
nenutupoBanuu (Pillai et al., 2022).

UsroroBnenue 3MeKTpoa0B U COOpKa TECTOBBIX siueek. AKTUBHBIN Marepuan (Si/C-
KOMIIO3UT) CMEIIUBAIIM CO CBSI3YIOMINM (KapOOKCHMETHIILEIITION03a + MOTHaKpUIIOBast
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kucnora (PAA), 1:1) u npoBonsieii qob6aBkoi (Super P win yrnepoaabie HAaHOTPYOKH)
B MaccoBoM cooTtHomernu 80 : 10 : 10. CycneH3ur0 HAHOCHIU Ha MEIHYIO (HOJIbry
(tonmuza cnost 100 mxMm) u cymmn B Bakyyme nipu 80—120 °C.

TectoBbie sueiikn Tuma CR2032 cobupanu B mepyarodyHOM OOKCE C WHEPTHOM
armocdepoit (H,O u O, < 0,1 ppm). B xauecTBe KOHTPIIEKTPOAA HCIOIB30BAIN
mutreByto ¢onbsry, cemaparopa - Celgard 2400, snextponura - 1 M LiPF[ B cmecn
EC:DEC:EMC (1:1:1) ¢ no6askoii 5-10 % FEC.

Pe3yabrarbl. MopQoI0oTHIO U CTPYKTYpPY MaTepralioB UCCIEI0BAIH C TIOMOIIBIO:

e CkaHUpyIOLIeH EeKTpOHHOM MuKpockonun mapka Quattro FESEM (SEM) u
pocBeynBaroLieii aexkrponHol Mmukpockonuu Quattro FESEM (TEM);

e Penrtrenosckoii audpakunu (XRD) - miist ¢azoBoro cocrasa;

e Merogom bOT (BET) - s onpenenenus yaenbHOH MOBEPXHOCTH U MOPUCTOCTH.

ONEeKTPOXUMHUUYECKHE  XapaKTepUCTUKM  OLIEHMBAJIM  Ha  ABTOMAaTHYECKOM
MOTEHINOCTaTe/TallbBAHOCTATE!

e [[uknuueckas Bonbrammnepomerpus (CV);

e ["anbBaHOCTarnueckuii 3apsaa-paspsa (GCD) B auanazone norenuuanos 0,01-1,5
B (vs. Li/Li0);

e DjekTpoxumuueckas umnenancHas cnekrpockonus (EIS) B amanasone wactot
0,01 T'y— 100 kI,

Bce u3MepeHus NpoBOIWIN TIPH KOMHATHOI TemIeparype. EMKocTh paccumThiBaiu
OTHOCHUTEILHO Macchl akTUBHOTO Matepuaia Si/C.

TexHonornyeckuii MpoOIECC COCTOAN U3 MATH OCHOBHBIX IOCJIEAOBATEIbHBIX
9TAloB: MOATOTOBKA ChIPbS —> BBICOKOCKOPOCTHOE MEXaHOXMMUYECKOE M3MEIbYEeHUE
— cenekTtuBHas HaHonmypudukamus (acid etching) — ymiepomHoe TOKpBITHE
U KOMIIO3UTHUPOBaHME — HW3TOTOBJIEHHE JJIEKTPOJOB M  DIEKTPOXUMHUYECKOE
TecTupoBaHue. CxeMaTnyeckoe H300pakeHHe IMocienoBaTeIbHOCTH cuHTe3a FSC-
KOMITO3UTa MPUBEICHO HA PUCYHKE 1.

Monunakpunonutpun (PAN) (KapboHusauusi)

“ LWaposas .
MenbHUUa Omxur /

+ (Ball-milling) | Muponus

@ s. Qresi

FSC
®eppocunuumii deppocnnuumii@PAN deppocunuumii

Pucynok 1. Cxematnyeckoe nzobpaxkeHue npoiecca cuaresa FSC-kommosuTa.

PentrenodaszoBeiii m  Raman-ananm3  (puCyHOK — 2)  TIOATBEPXKIAIOT
MHOTOKOMITOHeHTHYI0 mpupony FSC-xommosuta. Ha peHTreHorpamMmax JTOJIKHBI
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OBITH COTMIOCTABIICHBI TMKH KPUCTAJUIMIECKOTO Si U KeJIe30COoAePKALIMX CHITUINIHBIX
¢a3 FeSix ¢ ucxogupM (eppocriinieM; 3To sl MOATBEPKIACHUS (a30BOro cocTana
MPOIYKTa MOCJIEe MEXaHOXMMHUYECKOH 00paboTku M kapOoHM3ammu. Raman-crieKTpsl
WCTIONIB3YIOTCSL JUIsI TIOATBEPKACHUs yrineponaHoil ¢daspl: Hanmmume D- m G-monoc
CBHUJIETENLCTBYET O (popmMupoBaHUM IeEKTHOH/aMOpHHON YIIIEPOAHOU CTPYKTYPHI,
KOTOpasi y4acTBYET B MOBBIIIEHUH 3JEKTPOHHON MPOBOAMMOCTH KOMITO3UTA.
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Pucynok 2. (a) Penrrenorpammsr audpaxunn FSC u dpeppocununus, u (0) cnekrpsl Pamana FSC n
(beppocuHLUs NONydYeHHbIe Ha mopTaTiBHOM Raman-cnekrpomerpe Bruker BRAVO (785/852 um, Duo
LASER™, quamazon 300—3200 cMX').

TepMorpaBuMeTpHUECKUEe JIaHHBIE PUCYHOK 3  CIEAyeT HCIONb30BaTh Kak
KOJJMYECTBEHHOE TOJTBEPIKICHUE CONEp aHusl yrneponHon ¢aswl. [loreps macchl B
00JIaCTH OKHMCIICHUS YIIIEPOIa OTPAXKALT JIOJIO YITIEPOJIHOTO KOMIIOHEHTA, & OCTaTOYHAS
Macca Tocjie HarpeBa cBsizaHa ¢ 0Opa3oBaHMWEM OKCHJIHBIX MPOIYKTOB KPEMHHU- H
xkene3oconepxkammx (a3. Iloasromy TGA Bmecte ¢ XRD, Raman m EDS, uTo0bI
TTOATBEPANTH HE TOIHEKO MOP(OIIOTHIO, HO M cocTaB moinydeHHoro FSC-koMmosnra.
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Pucynoxk 3. Pesynsrarer TT'A marepuanos FSC B Bo3aymrHoit atmocdepe mpu ckopoctu Harpesa 10
°C/muH.
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OnexTpoxumuueckue xapakrepuctuku FSC-aHoma mpeacTaBiieHbl HAa pUCYHKe 4.
[uknudeckas BonsTaMIepoMeTpHst (pUCYHOK 4a) 1eMOHCTPUPYET TUITMYHBIE IPOLIECCHI
JUTUPOBAHUS U ACTUTHPOBAHUSA KpEeMHHUIcCoepkKallero aHoga. B mepBoM karogHoM
LUK MIPOKUI curaai B obnactu oxono 0,6—0,8 B cBsizan ¢ popmupoBanreM TBEpAOTO
anekrpoiutHoro uHtepdeiica (SEI), a mpomecchl npu norenuumanax uwke 0,1 B
COOTBETCTBYIOT 00pa30BaHMIO TUTHH-cHIUIUIHBIX Qa3 LiSi. B mocnenyromux nukmax
YaCTUYHOE HAJOKEHHE KPHBBIX yKa3bIBaeT Ha CTAOMIM3alMI0 MEX(a3HOro ciost u
MOBBIILIEHHE 0OPaTUMOCTH AIIEKTPOXUMHUUECKUX npoueccoB. [Ipodunu 3apsina-paspsaa
(pucyHok 4b) Moka3pIBalOT XapaKTepHbIE MJIATO KPEMHUEBOTO aHOAA, a LUKINYECKHE
ucTbITaHus (pUCyHOK 4c, d) moATBepKAaIOT Oosee yCTOWYMBOE COXpaHEHUE EMKOCTH
FSC mo cpaBHeHHIO ¢ UCXOIHBIM (EPPOCHIUIMEM H KOMMEpUecKuM Si. YimyuiieHue
CBSI3aHO HE C ONHOH CTPYKTYpHOH OCOOEHHOCTBIO, @ C COBMECTHBIM ACHCTBHEM
aKTHBHOM KpemHuiconaepxkamei (aspl, FeSix-KOMIOHEHTOB U yIIIepoIHONH MaTpuIlbl/
MOKPBIBAIOIIETO CJOA. YmiepoxHas (aza MOBBILACT 3JIEKTPOHHYIO MPOBOAMMOCTD
n crabummsupyer SEI, Torma kak FeSic-hasbl MOryT crmocoOCTBOBaTh COXPaHEHHIO
MEXaHHYECKOTO KOHTAKTA U CHWKEHHIO JIerpafallii YaCcTHUI] TPU LIUKJINPOBAHUH.

CKOpOCTHBIE XapaKTEPUCTHKH (PUCYHOK 4e) IeMOHCTPHUPYIOT 3aKOHOMEpPHOE
CHIDKEHHUE yNeTbHONW €MKOCTHM MpPU YBEIWYEHHM IUIOTHOCTH TOKAa M BOCCTAHOBIICHHE
€MKOCTH TIpU BO3BpaTe K MajbIM TOKaM, YTO YKa3bIBAa€T Ha COXpaHEHHE MPOBOASILICH
cetn B xommo3ure. [uarpammbl HalikBucta (pucyHok 4f) MMEIOT MOTYOKPYKHOCTb
B BBICOKO- M CPEJHEYACTOTHOM O0NAaCTH M HAKIOHHBIM YYaCTOK B HHU3KOYAaCTOTHOM
obnactu. [Ipy MogenMpoBaHUM HCTIOIB30BaHa YKBUBAJICHTHASI CXeMa, BKIIroyaromas Rs -
COMPOTHUBIIEHHE d1eKTponuTa M KoHTakToB, RSEI/CPESEI - conpoTuBienne u EMKOCTHO-
mucriepcuonHoe moBenenue Mexdasnoro SEl-ciosi, Rct/CPEdl - comporuBnenue
nepeHoca 3apsiia i IBOMHOCIOWHYI0 EMKOCTh Ha IPAaHHILIE JIEKTPO/JIEKTPOIINT, 8 TAKKE
aneMeHT BapOypra Zw, xapaktepusyromui 1udQy3noHHOe OrpaHHYeHUE MepeHoca
Li[] BHYyTpH MOPUCTOI ANMEKTPOJHON CTPYKTYpbl. MEHBIINI PaglyC MOTYOKPYKHOCTH
st FSC ykaspiBaeT Ha 6osiee HU3KOE CONPOTUBIICHHE TIEPEHOCA 3apsi/ia 110 CPABHEHHIO
C HUCXOOHBIM (PEPPOCHIIUIIMEM, YTO COIIACYETCS C POJNBbI0 YIIEpOAHOW (a3bl Kak
npoBojsiied MaTpusl. [lpyu yBennueHnn mMaccoBoil Harpy3ky akTUBHOIO Marepuaia
(pucyHOK 4g) EMKOCTb CHMXAETCAd YMEPEHHO, YTO MOATBEpXkAaeT mpurogHocts FSC
JUISL DJIEKTPOAOB C DPA3IMYHOM 3arpy3Kodl akTHBHOro BemiecTBa. [lo cpaBHeHHIO ¢
auTeparypHeIMU aHanoraMu FSC-KoMIO3UT AEMOHCTPUPYET EMKOCTh, COIIOCTaBUMYIO
¢ Si/C-marepuanamu U3 nepepaboTaHHOTO KPEMHHEBOTO ChIpbs: st Si/C-maTepuanos
13 KPEMHHUEBOIO IIIaMa PE3KH (POTODIEKTPHUUSCKUX TUIACTHH COOOLIANNCh 3HAUCHHS
okonio 1436 MA -u/t, nst mopucteix Si@C-apxutektyp - 800—1100 MA -u/r mocne 100—-
200 uMKioB, a A7l HAHOMYPU(UIMPOBAHHOTO (EePPOCHIIUILINS — BBICOKast oOparumas
émrocth 710 1755 MA 49/t ipu coxpanenun 73 % mocne 500 muknoB. Ha atom done
MIPEUMYLIECTBO HACTOSIIETO MOAX0/a COCTOUT HE TOJIBKO B a0COIMIOTHON EMKOCTH, HO
B MPSIMOM HCIIOJIB30BAaHUU Oojiee JOCTYMHOH (heppoCHIIMIIMEBON CTPYKKU O€3 CTaauu
MIOJTyYEHUsI IEPBUYHOTO BHICOKOYHCTOTO KPEMHMSL.
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Pucynok 4. Dnexrpoxumuueckue xapakrepuctuku anona FSC. (a) Llukmuueckas

BOJIBTaMIIEPOMETPHS TIEPBBIX 5 IUKIIOB MpU cKopocTH ckanuposanus 0,1 mB/c B auanazone 0,01-1,5 B.
(b) lIpodunu 3apsna/paspsina Ha 1-m, 2-M, 10-m, 50-m 1 100-m nukmnax. (¢) Huknngeckas cTaOUIbHOCTD
FSC, ucxonnoro deppocununus u kommepdeckoro Si mpu 50 MA/T B mepBbIx IByX mukiax 1 500 MA/T B
nocnenyromux mukinax. (d) Kymonosckas apdexrusrocts anona FSC. (e) CkopocTHBIE XapaKTEPUCTHKH
FSC u ucxomnoro geppocunuuus npu TokoBbIX Harpyskax 0,05-10 A/t (f) Juarpammer Haiiksucra
anekTponoB FSC u ucxomanoro ¢peppocunmuus npu 1,5 B; Ha BcTaBKe MpUBeeHA SKBUBAICHTHAS CXeMa
MOJIIIPOBAHUS CIIEKTPOB MMIenaHca. (g) Linkandeckne XxapakTepHUCTHKY TIPY Pa3ITHIHON MacCOBOH

Harpyske akTHBHOTo Marepuana: 1,134; 1,533 u 2,250 mr-cm2.
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3akmouenne. B Hacrosmielr pabore paspaboraH moaxon kK momyudeHuro FSC-
KOMIIO3UTa C HCIOJNB30BaHUEM (EPPOCHIMIMEBONH CTPYKKH METaJUTyprHYeCKOTO
MIPOMCXOXKICHUSI B KaueCTBE MCXOMHOTO ChIphs. lIpemiokeHHas cxema BKIIIOYAET
MPEeIBAPUTENBHYI0  OYHCTKY  MaTepuana, MEXaHOXMMHUYECKOe  H3MEeIBICHNE,
CEJIGKTUBHYIO KHCJIOTHYIO 00paboTKy, (opMupoBaHue yriepodHod ¢a3bl U3
OpPraHUYECKOTO MpeKypcopa, a TakkKe MOCIEAYIOUIYI0 3JIEKTPOXHUMUYECKYIO
OILIEHKY TOJy4eHHOIo MaTepuaja B JMTHUH-HOHHBIX mosysnemMeHtax. Ha ocHoBanum
Mopdonornieckux AaHHBIX FSC-KOMITO3UT cleqyeT paccMaTpuBarTh KaK CHCTEMY,
coctosityro u3 Si/FeSix-comepikamux dacTHIl, pacTIpeAcICHHBIX Ha YIIEPOTHOMN
MaTpPHIIC FIIM YaCTHYHO TOKPBITHIX yriIepoaHoi ¢a3oit. [Ipu sToM MaTeprai He MOXKET
OBITh OINMCAaH KakK ITOJHOCTBHIO HMHKAIICYIMPOBAHHBIC YACTHUIIBI, MOCKOJIBKY IaHHEIE
MHUKPOCKOIIMH YKa3bIBalOT Ha 0ojee CIOKHBIA XapakTep B3auMOICHUCTBHS aKTHBHOM
($a3bl ¢ yIIepoiHONH OCHOBOM. DJICKTPOXUMHYECKHE HCCIICOBAHUS TOATBEPIMIN
MEePCTIeKTUBHOCTh TonydeHHoro FSC-xommo3uTa B KadecTBE aHOJHOTO Marepuala
JUIS JTATAHR-MOHHBIX aKKyMynIiaTopoB. HauanpHas paspsgHas €MKOCTh Marepuaia
nocturana 1488 MA -4/r, mpu 3ToM nocie 100 UKI0OB coXpaHsoch 10 86 % EMKOCTH.
Kpome Ttoro, HaOmomanoch BOCCTaHOBIICGHHE EMKOCTH IPH BO3BpaTe K MEHBIIUM
IJIOTHOCTSIM TOKa, a TAKXKe CHUYKEHHE COITPOTUBIICHUS ITEPEHOCa 3apsijia 0 CPAaBHEHUIO
C HUCXOAHBIM (QeppocununueM. [lodydeHHBIE pe3yabTaThl CBUACTEIBCTBYIOT O
TOM, YTO HAJINYHUC er'IGpO,Z[HOﬁ MaTpuibl WM YaCTUYHOTO YITICPOJAHOTO ITOKPBITUA
CIOCOOCTBYET MOBBIMICHUIO 3JICKTPOHHOMN TPOBOIUMOCTH, a Si/FeSix-(a3bl 0ka3sIBatOT
MTOJIOKUTEITFHOE BIUSHUE Ha CTPYKTYPHYHO YCTOMYHMBOCTH 3JEKTpOJa B IIpoOIecce
LIUKITUPOBAHHUS.

ConocraBneHre  MOIYYEHHBIX  JJIEKTPOXMMUYECKHUX  XApaKTEPUCTHK  C
JUTEpaTypHbIMM  JAHHBIMH  TOKa3biBaeT, 4To FSC-KOMIIO3UT JIE€MOHCTPHUpYET
MOKAa3aTeli, COMOCTaBUMBbIe C psioM Si/C-aHOMOB, MOJTYYEHHBIX W3 BTOPUYHOTO
KPEMHHUICOIEPIKAIIETO ChIPhs. BaXHBIM MPENMYIIECTBOM TMPEAIOKEHHOTO IOIX0aa
SIBIISIETCS HCITOJIb30BaHKE JIOCTYITHOM KPYITHOTOHHAXHOHN (PeppOCHITHIINEBON CTPYIKKH,
YTO MO3BOJISIET CHU3UTH 3aBUCUMOCTB OT JI0POTOCTOSIIEr0 BEICOKOYMCTOIO KPEMHUS U
OJHOBPEMCHHO IMOBBICUTH ILO63BJIGHHYIO CTOMMOCTb MCTAJUTYPIrU4€CKUX OTXOHOO0B.

HpaKTquCKaﬂ 3HAYUMOCTb UCCIICAOBAHN A 3aKJII0YACTCA B BOSMOKHOCTHU BOBJICUCHN A
(heppocHITUITNEBON CTPYKKH B TEXHOJIOTHUCCKYIO IICMOYKY TOIYUYCHUS AHOTHBIX
MaTepUaIOB [UIsl JIUTUH-MOHHBIX aKKyMYIATOpOB. Takoil TOAXOA CHOCOOCTBYeT
COKpAIICHHI0O O0BEMOB TEXHOTEHHBIX OTXOOB, CHI)KEHHIO 3arpar Ha CHIPbEBEIC
KOMIIOHEHTbl W pa3BUTHIO TPHUHLIMIIOB LUPKYIAPHOH SKOHOMHKH. JlanmpHeilmume
HCCIIeIOBaHUs 1esieco00pa3HO HaNpaBHTh HA KOJIMYECTBEHHOE yTOYHEHHE (ha30BOTO
1 DJIEMEHTHOTO COCTaBa KOMITO3WTA, ONTHUMH3AIMIO YCIOBHIA KHUCIOTHOM 00paboTKH,
OIIEHKY BO3MO)KHOCTH pereHepaIii UCTIONb3YEMBIX PEareHTOB, MOBBIIIIEHHE Ha4aIbHOM
KYJIOHOBCKOH 3((EKTUBHOCTH, a TaK)Ke HCIBITAHWE MaTephalia B ITOJHOIEMEHTHBIX
KOH(HUTYpaIHIX AT TOATBEPIKICHHS €T0 MPAaKTHIECKOTO ITOTEeHITHAA.
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Abstract. The rapid population growth, industrialization, the expansion of
intensive agriculture, and global environmental changes have led to an increasing
demand for high-quality freshwater resources. Over recent decades, water quality
has significantly deteriorated due to anthropogenic impacts, including urbanization,
industrial development, and the unsustainable use of natural water resources. In this
context, the development of efficient, cost-effective, and environmentally sustainable
water treatment technologies has become increasingly important.

Among existing water treatment methods, adsorption is considered one of the most
promising approaches because of its high efficiency, operational simplicity, and ability
to remove a wide range of contaminants. In wastewater treatment systems, adsorption
processes are commonly applied after biological and chemical oxidation stages to
eliminate dissolved organic and inorganic pollutants. Activated carbon remains the
most widely used adsorbent due to its high sorption capacity for dyes and heavy metal
ions in aqueous media.

Contamination of water resources with heavy metals represents a serious
environmental and public health concern. This article reviews the principal methods
for the removal of heavy metal ions from wastewater, with particular emphasis on
adsorption techniques employing activated carbon derived from plant-based materials.
Special attention is given to activated carbon produced from buckwheat husk as an
agricultural waste precursor. The preparation methods, physicochemical properties,
and adsorption performance of the obtained activated carbon toward heavy metal
ions are analyzed. The study highlights the potential of agricultural waste valorization
for the development of low-cost, environmentally friendly, and sustainable sorbent
materials for wastewater treatment applications.
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AHHoTamusl. J[yHMEKY3IHJETT XajblK CaHBIHBIH IKbUIAM  ©CYyl, XaJbIK
IapyallbUIBIFBIH ~ WHIYCTPHSJIAHJBIPY, O3BIK aybUIIapyallbUIbIK — TOXKipuOenep,
TCOJIOTHSUIBIK, OSKOJOTHSIIBIK JKoHE kahaHNBIK e3repicTep camaibl TYIIBL CY
CYpaHbICbIHA oKemin oThIp. JKpurmap OOWBI Cy camachl HETI3IHEH aHTPOIOTeHJIIK
OpEeKeTTEPiH, XalbIK CaHBIHBIH OCYiHiH, jKOocmapiaHOaraH ypOaHU3aLUsHbBIH, Keael
WHAYCTPUSUIaHYABIH, TaOUFH Cy pecypcTapibl THIMCI3 MaianaHyablH cajjapblHaH
Hamapian Keneai. Kazipri SKoIoTHsIIbIK cTparerusjiapAblH oCepiH ecKepe OTBIPHII,
OJIAp/BIH MaHBI3JBUIBIFBIHBIH apTybl 3epTTECYIIUIepIi CyIaH JacTaylibl 3aTTap.ibl
THIMJII TYPAE KOs aJIaThIH, 9KOHOMHUKAJIBIK TYPFBIIAH THIMII 9pi IKOJOTHSIIBIK KayiIici3
TEXHOJOTHSIIAPbI TAMBITYFa OKEIl, )KaHa TEXHOJOTHSIIAD XaJbIKThIH JCHCAYIBIFbIH
KOpFayFra OaFbITTalFaH.

CynblH NacTaHyblH OakpUIdy >KOHE a3aiiTy YLIIH opTypii THIMAIIIK JeHreimeri
KONTEreH Ta3apTy TEXHOJIOTHsUIAphI Oap. OMicTepAiH KOMIIUTIriHIH KeMIIUTiKTepi 0ap,
JKOFaphbl TalijaliaHy KOHE KbI3MET KOPCETY IIBIFBIHAAPHI, YIIbl TYHOAIAP/BIH TY311yi
JKOHE KYpJeii Ta3apTy mporiecTepi karansl. OcblFaH KaparaHzia, aacopOnus mporeci
CY MCH aFbIH/IbI CYJap/bl TA3apTy/Ia bIHFAUIBUIBIFBI, KOJIAHYIBIH KapanailbIMIbLTbIFbI
JKOHE KYPBUIBIMBIHBIH JKEHUIAIrT ce0enTi ThiMJi Oanama peTiHAe KapacThIpbUIabl.
AFBIHIBI CyNapibl Ta3apTy KOHIBIPFbUIAPBIHIAA aacopOIus Mpoueci OMOJIOTHSIIBIK,
KE3CHJIEp/ICH HeMece XHMMUSUIBIK TOTHIFYlaH KEHiH Cyla KallFaH epireH JiacTaylllbl
3aTTapabl KOO YIIH KomaHeuiaapl. Kaszipri TaHga eH KEeH TapairaH aicopOeHT

245




ISSN 2224-5227 2.2026

— Oencengennipinren kemip. On OOAFBIITAD MEH ayblp METaUl MOHIAPbI CHAKTHI
OpTYpJIl JIaCTayIBUTAPBI CYJIaH KO YIIIH KU MMaljaTaHbUIa bl

CynblH ayplp MeTalul HOHJAPhIMEH JIACTaHybl KOpIIAFaH OpTa MEH XaJbIK
JIEHCAYIBIFBl  YIIIH KypHaeni Mocesenep OonbIm TaOblIampl. Makangamga aFbIHIIBI
CylapJaH ayblp MeETaUl HMOHIAPbIH JKOIOABIH HETI3rl oIicTepi KapacThIPBIIBL.
OcimIik MarepuaiapblHaH albIHATBIH OCJICEHAIPINreH KeMipAl KoJJaHy apKbLIbl
ajcopOuMsAnay oficTepiHE epeKIle Haszap ayaapbliabl. Makanaga KapaKyMbIK
KaybI3blHAH OEJCeHJICHIIPIITeH KOMIip ajy TEXHOJIOTHsUIApbIHA, ONapIblH (U3UKa-
XUMUSITBIK KACHETTEPIHE KOHE aybIp METAJUT HOHAAPBIH KOIOAAFEl THIMUTITIHE HIOTY
JKacalael. AybUIIIAPYalIbUIBEIK KaJABIKTAPhIHAH OCIICEHICHIIPIITEH KOMIp aTyIbIH
ozicTepi, TEXHOJOTHSUIBIK HapameTpiiapbl, azacopOuus Qaxropmapbl TanJaHIbL.
AybUIIIapyambUIbIK KalIIbIKTapblH Maigagany apKblUIbl YHEMJI KOHE 3KOJOTHSUIBIK
Ta3za cOpOSHTTEP JKacay/IbIH MEPCIECKTUBAIIBI YKOJIbI KOPCETIIII.

Tyiiin ce3mep: arbIHIBI cynap, CyIbl Ta3apTy, ayblp MeTaujap, aacopOIs,
OCIICCHIIPIITEH KOMIp, ap3aH aAcOpOCHTTEP, KAPAKYMBIK KAOBIFbI
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AHHOTAUHUSI. YBEIWYCHUWE YHUCICHHOCTH  HACENICHWs, WHJYCTpPHATH3AIHS
9KOHOMHUKH, WHTEHCHU(HKAIHUS CEIbCKOTO XO3SHUCTBA M YCHIICHHE aHTPOMOTCHHOM
HArpy3Ke TMPHUBOIAT K POCTY TMOTPEOHOCTH B KAaueCTBEHHBIX BOJIHBIX pecypcax H
000CTpeHHUIO TIPOOJIEMBI 3arps3HEHUs OKpyKaromied cpenbl. OmauM U3 Hambonee
OITaCHBIX BUJIOB 3arpsi3HEHUS SIBISICTCSI HAKOTUICHHE TSHKENBIX METAJJIOB B TPUPOIHBIX
W CTOYHBIX BOJAX, MPEACTABISIIONIEE CEPhE3HYI0 HKOJIOTHYCCKYI0O W CAHHUTAPHO-
TUTHCHHYECKYI0 yrpo3y. B HacTosimmee Bpemst Jisl yJAJIGHUST HOHOB TSDKEIBIX
METAJJIOB MPUMEHSIOTCS Pa3lIUYHbIe (PU3HKO-XUMHUYECKUE M OMOIOTHUECKHAE METOJIBI
ourctkr. OTHAKO MHOTHE U3 HUX XapaKTePU3yTCS BRICOKHUMH DKCILTYaTallMOHHBIMU
3arpaTamu, CIOKHOCTBIO TEXHOJIOTHUECKOTO Tpolecca U 00pa3oBaHHEM BTOPHYHBIX
TOKCHYHBIX OTXOZOB. B CBsI3H ¢ 3TUM acOpOIMOHHBIC TEXHOJIIOTHH PACCMaTPUBAIOTCS
KaK IepCIeKTUBHOE HATIPABJICHUE OYHUCTKH BOJIBI OJ1aroapsi BBICOKOH 3(h(heKTHBHOCTH,
MPOCTOTE pean3aiuid U SKOHOMHUECKOW JOCTYITHOCTH. B crarbe mMpoBenéH aHAN3
OCHOBHBIX METOJIOB OYHCTKHA CTOYHBIX BOJ OT TSDKEIBIX METalIoB € OCOOBIM
BHUMaHHEM K aJICOPOIIMOHHBIM TEXHOJOTHSIM Ha OCHOBE AKTHBHPOBAHHOTO YIJIS.
PaccMoTpeHbl criocoObI MoNyYeH s aKTUBUPOBAHHOTO YISl U3 PACTUTEIBHOTO ChIPhS,
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B YaCTHOCTH M3 TPEUYMIIHOHN IIEITYXH, SBISIOMICHCS TOCTYIHBIM H BO30OHOBIISIEMBIM
ouopecypcom. [Ipoananu3znpoBaHbl 0COOCHHOCTH XUMUYECKOW aKTHBALIUN OMOMACCHI,
(PM3UKO-XMMUYECKHME CBOMCTBA IIONyYEHHBIX YIIEPOJHBIX MaTepuajoB M UX
a7copOIMOHHAs CTIOCOOHOCTH 110 OTHOIICHHIO K MOHAM TSDKENBIX MeTaiuioB. [lokazaHo,
YTO HCIOJI30BaHHE OMOMAcChl JJIsl MOJYYEHHUS! aKTUBUPOBAHHOTO YIS IMO3BOJISIET
OJTHOBPEMEHHO pelaTh 3a/Ja4d yTUIU3alUN CeJIbCKOXO3SIICTBEHHBIX OTXOI0B H
co3nanns >(PPEeKTUBHBIX COPOEHTOB IJs BOAOOYHCTKH. IlomydeHHBIE pe3ynbTaThl
CBUJICTEILCTBYIOT O NEPCHEKTUBHOCTH MPUMEHEHUS aKTUBHUPOBAHHBIX YITIEPOIHBIX
MaTepUajoB PaCTUTEIBLHOTO MPOUCXOKACHHS B TEXHOJIOTHIX OYMCTKH NMPUPOAHBIX U
CTOYHBIX BO/I.

KiroueBble cj10Ba: CTOYHBIE BOJIBI, OYUCTKA BOJIBI, TSKEIbIE METAILIBI, a/ICOPOIHs,
AKTUBHUPOBAHHBIN YTOJIb, JACTIEBEIe aICOPOCHTHI, TpeyHeBas Ienyxa

Kipicne. ArbIH/IBI CyJIap/iaH ayblp METaJI HOHJAPbIH KO YIIiH 9PTYPIIi oaicTep
KOJIJAHBUICA JIa, OHTAMIBI Ta3apTy HAKThI JKaFjaiifa COWKeC MPaKTHKAIBIK OOJbII
KaHa KoWMail, COHbIMEH KaTap YITTHIK JeHreiae OeNTiIeHreH eH jKOFaphl JIaCTayIIIbI
JeHreiepre cail 60mybl Kepek. Makaia aFbIH/bl CyJIap/bl ayblp METaJll HOHAapbIHAH
Ta3apTyAbIH OPTYPIIi SMICTEPi, ONapAbIH apPTHIKIIBIIBIKTAPEI MEH HICKTEYIIEPiH Oaranay
JKOHE arbIHJIBI CYJapJiaH ayblp METajul MOHJAPBIH JKOIOJBIH JKaHa TCHACHIUSIIapbIHA
IOy PETiHJAE YCHIHBUIABL. AFBIHABI Cy KYpPaMbIHIAFBl ayblp METaUl HMOHIAPHIH
KOO YIIIiH ap3aH aficOPOSHT peTiHJAE aybUINIapyallbUIbIK KalABIKTAPBIH KOJIJaHYFa
OarpITTaNFaH. AybUTIIapyalIbUIBIK KAl IbIKTapbIHAH OeNICEHICHAIPIITeH KOMIp aTy/IbIH
oicTepl, TEXHOJIOTHSUIBIK IapaMeTpiiapbl, aacopOIusFa acep €TeTiH QakTopiap
TaJTaH/IbI.

Bipikken ¥nrrap ¥ #bIMbIHBIH «JlyHUEKY31TIK Cybl naMbiTy 2025: Taynap MeH My3-
JBIKTap — Cy MyHapaapbl» OasHAaMachl KaThlll KaJIFaH Cy pecypcTapblHAAFbl )KbUIIaM
e3repicTep/ii Oip yaKbITTa a3aliTyFa )oHE oJlapra OeiiMIenyre KOMEKTECETIH IIeIiM-
Jep/i YChIHIBI. AHATUTHKAIBIK €CeNTe aFbIM/AFbl JKaF/aaiiFa HaKThl 10Ty JKacaJblll,
KaKETTI e3repTyiep OONBIHINA YCHIHBICTAp OEpiireH, atan aiTKaH/a, KOMIPKBIIIKELT
ra3plHBIH IIBIFAPBIHABIIAPEIH KYPT a3alTYIbIH HIYFBUT KOKETTUIIriHe Oaca Hazap ay-
napran [UN Water, 2025]. BY ¥ ecenrepine coiikec (20242026 xK.), IyHHE KY3iHae
TYIIBI CY/IBIH Canachl KAPKBIHIBI TYPJIE TOMEHICTI, CY PECYPCTaphl Aerpaaiusra YIbl-
pan oTeIp. AFBIHABI CymapabiH maMaMeH 80% «camachl aKaKChD» OOJBIT CaHaTabl, all
oneM xaJKbIHBIH 50% cy TammbLIbIFbIHAH 3apaan miereni. CynablH canachkl OOHBIHIIA
HeTi3T1 TYKbIpbIMaap MeH ¢akrinep (B¥Y):

1) Tazaprty marmapbIchl: OHEPKICINTIK )KOHE TYPMBICTBIK aFbIHJIBI CYTapABIH YIKEH
KeJIeMi Ta3apThlIMaraH KYHe SKOKyHenepre TYCIll, TYIIbI Cy KO3JepiH JacTai Ibl.

2) PecypcrapiplH JAerpalanuschl: oJeM eIJepiHiH KapThicbiHAa Tymibsl cy
pecypcTapbiH OaKbUIAyIbIH THICTI KYHENIepi )KOK, aJl TIpKeJTeH )Kyihenep aerpaianusra
YIIbIparaH.

3) KomkeTiMauTiK >koHE Kayimncizmik: JlyHmeKy3i TYpPFBIHIAPBIHBIH >KapTHICHIHA
JKYBIFBI )KBUIJIBIH KeM JieTeHzie Oip OelliriHe cy TalIblIbIFbIH CE31HEeI.
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4) Tennepiik: cy JIarnapbiChl TEHCI3IIKIICH IIUEICHICeNl; OHenep MEeH KbI3aap
KayiIici3 Cyzbl TaOy/AbIH aybIPTIAJIBIFBIH K11 KOTEPE.

Bipikken ¥Ynarrap ¥#bIMBI JarqapbICThl €HCEpy YIUIH KeJNiCiAreH Iapanapibl,
Ta3apTy KYpBUIBICTApbIHA MHBECTULUS CATyAbl )KOHE Cy CamachblH KaTaH OaxblLiayIibl
KaxeT eteTiHiH aTan kepcereni (UN Water, 2025).

Kasipri yakpITTa KOpiaran opTara KypaMbIH/a ayblp METall HOHJapsl Oap aFbIH-
Ibl CyJapIblH KOI MeJIIepi MIBIFapbulybl KONTETeH FhUIBIMH 3€PTTCYy HOTHXKEIEpiH-
JIe KepceTinreH. Ayslp MeTalgap aToMIbIK canMarbl 63,5-teHn 200,6-Fa aeiiHri se-
MEHTTEep TOOBIHA KaTabl. Mbicainsl, KoprackH (Pb), kagmuii (Cd), xpom (Cr), HuKenb
(N1), mbic (Cu) xoHe T.0. TyIIbI Cy pecypcTapblH €H KayillTi JIacTayIbl 3aTTap OOJbII
Tabbutanpl. COHBIMEH KaTap, KaHLEpOTeH[li, TepaToreH Il KoHEe IeHCAayNbIKKa eeyii
MoceJIeNnep TYABIPAaThIH ayblp METalAap agaM ar3achlHAa KOPEKTIK Ti30eKTep apKbUIbI
KUHATYbl MYMKiH. COHIBIKTaH ayblp METalAapMEeH JIaCTaHFaH aFbIHAbI Cylap/bl Ta-
3apTyHbIH e3eKTiiri ete xorapel (Seimukhanova et.al., 2025). CynsiH nacTaHysl €H
©3eKTi kahaHABIK MocenenepaiH Oipi Oonbin Kana Oeperdi, OfTKeHi Cy Ke3aepi aybIp
MeTangap, OOSFbILTAp, MECTUIHUATEP, OCTTIK OeNCeH i 3aTTap, KeKe THTHEeHa KypaJ-
Japbl KOHE aybll IIapyallbUIBIFbI, KOMMYHAJIBIK JKOHE ©HEPKACINTIK KBI3MET HOTH-
JKeCiHe maiiia 00JIaThIH 3aTTapMeH Keoipek actanbin oThip (Adamovic et al., 2024;
Wang et al., 2025; Zhao et al., 2026).

AybIJ HIapyalbUIBIFbl KAJIBIKTAPbIHBIH KahaHIbIK KeneMi KblIbiHa 1,4 Mumuapa
TOHHA/IaH acafibl, 0yJ1 KOFapbl KOMIPTEKTI LIMKi3aTThl )KoHE OeJICeHACHAIPIITreH KoMipai
TaOMFH KeyeKTepMeH KamTamacbl3 ereai. Kaiita eHigey MeTaH WIBIFapbIHABUIAPHIH
aszalTajpl J)KOHE muKi3ar mbFbIHAapeiH 60-80% kbickapTanel (Wang. et al., 2025).
KpITaliIbIH «KOC KOMIpPTETi» CTpaTeruschl xoHe 14-1mi 0ecKBULIBIK )ocmapel 2025
KBUTFa Kapaii cabanabl 86% naiigananyasl MakcaT eTelli, 0y OnomaccaiaH ajblHATBIH
OeJICeHOCHIIpIITeH KOMIpAl MHAYCTpUsUIaHAbIpyabl kepenaereni. CynbiH, ocipece
ayblp METaJlI MOHAJPHIMEH JIACTaHYBl OCHI JIACTAyIIbl 3aTTapblH TYPaKTHUIBIFBIHA,
BIIBIPAMANUTHIHABIFBIHA JKOHE OMOAKKYMYJSIIMSJIBIK —KacHeTTepiHe OalIaHbICTHI
KypaenikahanapIik Macesne 0ombin Kasa Oepei. Kbu1aaM HHIY CTpUSIaHIBIPY, KaJaHbIH
ecyl JKoHE aJaM OpeKeTi CYIbIH JacTaHyblHA alTapibIKTail ocepiHe OalIaHBICTHI
OosFaHIBIKTaH, THIMIII, TYPAKThl XKOHE YHEMII Ta3apTy ojicTepiH KaxeT ereai. Cyasl
Ta3apTyAbIH JOCTYPIi dAicTepi KeHIHEH KO AaHbUIFaHBIMEH, Cy OPTachIHAAFbl KYpaei
XUMUSIIBIK OPEKETKE )KOHE ayblp METaJll HOHIAPbIHBIH TOMEH KOHLIEHTPALUICHIHA KU1
coiikec kenmeiai. Kasipri tapma OeTTiK KacweTTepi, peTTeleTiH (yHKUHUOHAIBIFbI
YKOHE )KaKCapThUIFaH PEaKTUBTUIIT He OaiIaHBICTHI ap3aH aIcOPOCHTTEP I KOJAaHATbIH
azcopOuMs oicTepiHe YIAKEH KbI3BIFYLIBUIBIK TYIBIPIBI.

Kopmaran opranbsl KajmblHa KeATipy YIIiH aybUINIapyallbUIbIK XaHaMa ©HiM-
JepiH naianany >KoHe OCBIHIAN KalAbIKTapAaH KYH bl MaTepuangapabl aidy TYPaKThl
ToXipuOeIep MEH KaJAbIKTApIbl THIMJII OHJCYAIH HETi3ri acneKTijaepi OOJbI TaObl-
Janbl. AybUIIIApYalIbUIBIK KalABIKTapbIH OMOOTHIHFA KaliTa OHeY, ONOOPraHUKAaIBIK,
THIHAWTKBIIITAP JKOHE OesiceHaenaipiaren kemip (Metyouy et al., 2024) taburu pecyp-
CTapra TOYENAUTIKTI a3alTybIH JKOHE JOCTYPII aybUILIapyallbUIbIK TKipHOenepiHin
KOpIIaraH OopTaFa 9CepiH a3aiTyabIH MEePCIEKTUBAIBI SICIH YCHIHAIBI.
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XanbIK CaHBIHBIH 6CY1, )KBUIJIaM UHAYCTPHUSUIaHBIPY, 3aMaHay ! aybUIIIApPyallbLTbIK
Toxipubenepi, OTaHABIK KbI3MET JKOHE 0acKa Jia T'€OJIOTHSUIBIK, YKOJIOTUSIIBIK JKOHE
»kahaHIBIK ©3repicTep TYIIBI CY CYPAHBICHI MEH CalachlHa MaMaaH ThIC KaKETTITIKKe
okemin oteIp. bipikken ¥urrap YWbMbIHBIH Cynbl JTaMbITy ecebiHe coiikec, cy
00BEKTIIepiHE KYH CaliblH MIaMaMEH 2 MHUJUIMOH TOHHA KAJJIBIK TacTajaJibl, COHbIH
1IT1H/1€ ©HEPKACIIT KAJIJIBIKTAPbI, 00sTyJIap MEH X UMUSUIBIK 3aTTap, TYPMBICTBIK KaJIIBIKTAP
JKOHE aybL1 IIAPYaIIbUIBIFbI KAJIBIKTAPhI (TBIHAUTKBIIITAP MEH TIeCTUIUATED). OChIFaH
OaliIaHBICTHI SNIEMJI€ TYIIHI CyABIH OTKIp TaNIIbUIBIFEI TyBIHIAyBl MYMKiH. TyIIbI cy
0i3/11H FaJaMHBIH MaHBI3JbI JKOHE KAXKETTI Kypamaac Oeliri OoybIn TabbuIajIbl KOHE
XKep skoxyieciHiH IypbIC )KYMBIC icTeyiHIe MaHBI3IBI pei aTkapaabl (Wang et al,
2023; Adamovic et al., 2024). JIyHuexy3iik ¢y pecypcrapbl IeKTeyIi OOIFaHIbIKTaH,
aNarel OHXKBUIABIKTApAA TYIIBI Cy OHAIPYMIH KAIFBI3 Oajxamachl CyIObl Ta3zapTy
JKOHE KalTa maiijanaHy oJicTepiHe OalIaHBICTBI FBUIBIMU 3€pPTTEyJep KapKbIHIbI
tTypae nambin keneni. COHIBIKTAH, aFbIHJBI CYJIap/bl Ta3apTyblH KOJAWIIbI, ap3aH
JKOHE KbLIJIaM TEXHOJOTHSIIapbiH, COH/Iai-aK OHbl KaliTa maiijjajJjaHy HEMece cakray
omicTepin a3ipiey KakeT. Ocbl MaKcarTa CyIlbl Ta3apTyAbIH OlpHEIIe TEXHOIOTHIIAPhI
xacanraH. Ocel (akTijepi eckepe OTHIPHIN, CYIbl Ta3apTy JXKoHE KaiTa maiiaiaHy
TEeXHOJIOTHSUTAPBIHBIH OPTYPIIi TYPIIEPIH OJIAPIbIH HET13T1 MPUHITUITEP], KOJITAHBLTYBI,
TEXHUKAJIBIK KbI3MET KOPCETYI HKOHE KapPaMJIbUIbIFbI TYPFhICBIHAH KapacThIPy KaKeT.

JKorapeima Ttamkpiianranmaid, 2050 SKpIIFa Kapadl olleM XalKbIHBIH CaHbl 9,5
MUJUTAAPIKA )KETE/ IeT KYTiTyIe. XalbIKThIH KQXKETTITIKTepiH KaHaFaTTaHABIPY YIIiH
aybUI IIapyallbUIBIFBI MEH eHepkacin eceni. Ocbl (akTopiapablH OapIIBIFB — XaJbIK
CaHBIHBIH 6CY1, OHEPKACIII )KOHE aybUI IIAPYaIlbUIBIFbI — TYIIBI CY KOPBIHBIH YJIFalObIHA
okeneni. OpuHE, Oi3MiH IHIaHETaMBI3MAFsl TYINBI CYIBIH MOJIIEpi IIEKTEYTl JKOHE
Ooamakra ecin Keye »KaTkaH CYpPaHbICTBI aFbIHIBI CYJIap/Ibl KaliTa OHJIEY KoHE KaiTa
naijaiany apKbUIbl KaHaraTTaHJbIpyFa Oosajbl. Ka3ipri yakelTTa KeONTereH eijiep
Cy/Ibl KaiiTa eHJICy/li Mmaijananajel, Oipak OoJaniakTa OYKLI 9JIeM OChl TEXHOJIOTHUSIFA
Toyenni 6omanel. ByriHri TaHma Cyabl KaiTa OHIEY d9IicTepl YKOHOMUKAIBIK TYPFBIIaH
THIMJII eMec JKOHEe JIaMyIIIbI KoHe JaMbIMaraH eNjep YIIiH KoibkeTiMci3. COHIBIKTaH
JaMbIMaraH ejjiep OonamrakTa Cy[asl KalTa OHJEYHI NaiianaHa amybl YIIH CyIbl
KaliTa eHJICYIiH YHEMJI OJICTepiH a3ipiey KaxeT. KOpbIThIHIbLIAN Kene, Cymbl
OHJICY TEXHOJIOTHCHI OI3MIH OMIipiMi3iH MaHBI3IABI OOJIri peTiHae OOJalraKThIH
Kakerturirine aiiHamansl (Diaz De Tuesta et al., 2022; Adamovi¢ et al., 2024).

Kaszipri ke3eH/ieri KOFaMHBIH JI€YMETTIK-2KOHOMHUKAIIBIK JaMYBIHBIH 3KOJIOTUSITBIK
KOHIICTILIUSACHIHA YKayarl OCPETiH KOFaphbl TUIM/I, SKOJOTHSIIBIK Ta3a OHEPKICIITIK TEX-
HOJIOTHsIJIap MEH KOpIIaFaH OpTaHbl KOpFay ic-1IapajapbliH JaMbITY/IbIH IIEPCIICKTHBA-
JIBIK OAaFBITTAPBIHBIH Oipi OeJICeHISHIIPIATEH KOMIPAIH opTYpIi TYpiepiH maigarany
00JIBITT TAOBLIAABI. AyBUT IIAPYaIIBUIBIFBI, TYPMBICTBIK JKOHE OHEPKACINTIK KOCAaIKbI
OHIMJICPJIIH TOMEH KYHBI OJIap/bl aFbIHBI CYJIap/ibl Ta3apTyFa xkapamJiel eremi. Kan-
JIBIKTap/Ibl a3aiiTa OTHIPHII, aFbIHJIbI CYJIAP/aH JIACTayIIIbl 3aTTap/Ibl KOS aJiaJbl )KOHE
oJTapabl KaJIITbIHA KEeNTIpyTe XKoHe KalTa maigananyra 0omansl. COHFBI )KBIIAAPHI XKa-
pUsIaHFaH KONTETeH aHATUTUKAIBIK IIOTyJIapFa KapaMacTaH, SpTypii COpOCHTTEpIi
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KOJIJaHy apKbUIbI aJbIHFAH MOJIIMETTEP/I TiKeJiel calbICThIPY Ka3ipri yakbITTa onap-
Ibl YCBIHYAAFbl COMKecCi3aiKTepre OaiIanbICTbl KUbIH.

Ocbl MakcaTTa cOpOEHTTEp Keyeci TOmKa OeiHIi: aybll HIapyallbUIBIFBI YKOHE
TYPMBICTBIK KaJABIKTap, OHEPKOCINTIK KOCAIKbl ©OHIMAEP; TEHi3 Marepuaiiapsl,
TOIBIPAK KOHE KEH MaTepHajiapbl, ’kaHa ap3at agcopoentrep (Gupta, 2013; Adamovié
et al., 2024). Cyzapl nacTarbluTap TaOUFATHl MEH IIBIFY Teri OOHBIHIIA OPraHUKAJIBIK,
OeiiopraHuKajIblK JOHE OWOJOTHSUIBIK OOJbIN JKikTenemi. Jlactareimn 3arTapabiy
KiKTenyi 1-cypeTTe KepceTiireH.

deHoIAP
Juoxcunaep
OpraHukabik

JacTrarelurap

oMMkl apoMaTTh
KomipcyTeKTep

MecTuunarep

®ocdarTel epiTerin
Oakrepusiap

nombpomuaTidenni

3dup

KpiksLiap
MeH ciiaTijiep

BeliopraHukaJbIK

JIACTAFBIIITAP
MapasurTik
Kapanaiisimasiiap KypTTap
MeTtaagap

Buo1orusiJibIK

Jlacrarbpimrap

Bupycrap

PagnoakTusTi
Marepuaiiap

OPTYPJIi JIacTaFbIII
3arrap

Cyas! JacTarbIITap

Cyper 1. Cyzbl 1acTarbIII 3aTTapAbIH XUMISIIBIK TaburaThl 6oifbiHmmIa xikTenyi (Gupta, 2013).
CoHbIMEH KaTap, OpTYpJi JacTaFblll 3aTTapAbl IIBIFapaTblH  OOBEKTUIEPAIH

TiziMi 1-kectene kentipiaren. TeMmeHae nacTaylbl 3aTTapAbIH TYpPJICPiHiH KbICKama
CUIIATTaMachl OCPIJITeH.
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Kecre 1. OpTypi 1acTarblnn 3aTTapAbl HIBIFapaThiH oHepkacinTep Tizimi (Gupta, 2013).

Neo | ©OnepkacinTep Beliopranukanbsik tactarpiuTtap | OpraHuKaibIK JacTaFbIITap
1 Mymnait enzeiitin 3aysitrap | Cynsduarep, Hg, Cr, Sb 0il-30, phenol-30, dioxin, furan,
PAH, PCBs
2 Mertannap eHmipici xoHe As,Cd, Pb, Se, Fe, Zn, Al, Ni PCB, PAH, dioxins, oil, cyanides
OHIEY
3 | Lemsr evpipici Cunukarrap oHe 6acka OMynbCUsITIaHFaH Maid,
MHHepaabl OKCUATEPAIH KaNbIMHUPIIEHTEH Colla
KaJIJIbIKTapbI
4 | Kepamuka enzipici dropunTep AKXnapar KOJDKeTIMCI3
5 | Koke-xumus eHpipici AMMUaK, IHaHUATED deHomnmap, KYKipTTi CyTeK,
mansIpiap, KOMipCyTeKTep,
THOIIMAHATTap, OPTAHUKAJBIK
CyCTICH3HS
6 Kangsikrapas! xary sxoHe | Kagmuii, KOpFachIH, CbIHAI Xiop6en3on, xaopdeHomnaap,
KOMYTe apHaJIFaH MOJIU- Dypanaap xoHe JHUOKCHHICD
TOH/IAp
7 | Lemnrono3a-Kara3 MeruiamMepkanTanaap,
KOMOHMHATTaphl, KapTOH Cynsdunrep, 60c xop NeHTaxyIopQeHoanbIeTuaTep,
OHJIEY 3ayBITTapEI KETOHAAp, CYIb(OHAT JIUTHUTA
JKOHE OPTraHUKAJIBIK CYCIICH3HS
8 | OpraHuKagblK XUMUs AKImapar KOJDKeTIMCi3 ®deHomnap, OpraHuKaIbIK
KBIIKBUIAAP, HUTPOKOCBHUIBICTAP
9 | TeiHAUTKBILI KyxipT KbIIKbUIEL, Gochop MOHO3TaHOJIAMUHAEP
JKQHE KPEMHUIT KBIIIKbLIIa-
pBl, GTOP KOCBUIBICTAPEI, TY3
KBIITKBUIBI, MBIIIBSIK
10 | MyHaii eHzey Cynbduarep, xmopuarep, Hadranmuuami KpIkeU1, MyHaii-
cynbharrap eHIMAEPI, peHommap, 6eTTiK Oe-
CeHJIl 3aTTap
11 | bomat 3aysiTTaps NH3/N-1000 Maii, Maiinarsi 3arTap,
¢denonnap
12 | Merann enzipici MpIc, KOpFachIH, KaIMUH, XpoM, | AKIapar KOJKeTiMCi3
MBIPBIII
13 | Texctmiab eHzipici Cr-5 JKy¥bim 3arTap, OOSFRIIITAD
14 | Metratyprus eHepkicioi | Llmanmbl KocbLabicTap Kok, i36ec, hernomn, Maitnap
15 | Tepini niey xoHe OHICY Xpomarrap, aMMOHUIAIT a30T, TyHIBIPBUTFAH 9K
HATPHIA XJTOPUIL
16 | [Tomumepsti skoHE MIacT- cyabdarrap CTHupod, aleTOHUTPHI, aKpUIaT-
Macca eHfipici Tap,
(eHomnIap, apoMaTThl KOMipCy-
TEKTep,
anbpAeruaATep, IUKIOTeKCaH, opra-
HHKaJIbIK
KBIIIKBIIAP JKOHE CYCTIEeH3Hs
17 | CuHTeTUKANBIK KaydyK AKnapar KoJKeTiMci3 Byrunennep, OyraaueH, opranu-

eHipici

KaJIbIK KbIIIKbULAAP,
ALETOHUTPUII, AJbJAETUATED,
CIHpTTEp,

JKOHE KOMIPCYTEeKTep
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18 | Chlorine industry CBIHaI, XJIOp JKOHE XJIOPUATEp | AKIapar KOJDKeTiMCi3
19 | Illapan enepkociOiniH Kan- | Harpuil, kanuii, kKaapuuii, Temip, | AKmapar KOJDKeTiMCi3
JIBIKTAPhI cynbdarrap, XJI0pUITEP
20 | CaObIH jK9HE XKYFBIII 3aT- | AKIapar KODKETiMCI3 [IponuieHHeH aNbIHFaH aIKUII-
Tap KHIipici OeHsoncynboHar,
21 | doro eHepkacidi Hypo, silver bromide spent solu- | Akmapar KonkeTiMci3
tion,
and xing reducing agents
22 | Tamak eHepkacibi Cinrinik merannap, Gocharrap | aMUHKBIIIKBUIAAPEI
23 | Iecrumunrep oHepKacioOi JTUXII0p(HEHOI
24 | beutrapsl eHepKaciOi Xpowm, cynbbuarep denomnap, maparn KbIIIKbIIBI
25 | Kapbuirbli 3aTTap eHep- | AKmapar KoJDKeTiMci3 TUTPOKOCBUIBICTAP
Kacioi
26 | Kip xyy enepkacioi Cixrinep, 60c xi0p Maiinap, Mailareini 3aTTap
27 | Aram eHzey eHepkocioi Mbipsii, cyabduarep xoHe AKmapar KoJDKeTiMci3
cinrinep

AybIIIapyambUIbIK KaJIIBIKTAPIHBIH OMoMaccachl (KYHOAFBIC, Kypilll, KAPaKYMBIK
KaObIFBl JKoHE T.0.) HeriziHeH 5-6 KeMIpTeKTi aroMmzapbl Oap MoJHcaxapuaTep
(memmonoza — 30-40% sxoHe remunemmonoza — 10-27%) >xoHe KOFapbl XOII
uicTeHAIpireH monuMmepnepaeH (muramH —  18-24%) xypanran.  OxapibiH
KYpaMbIHJaFrbl KOMIPTEri MeJIepi CadbICThIpMalbl TYpPAE >KOFapbl, Kyni 2-3,5%
LIaMachlHAa TOMEH JKOHE YIIKBII KOCBUIBICTAPABIH KOFaphl LIBIFBIMIBUIBIFBIMEH
CUIaTTallyblHa OalIaHbICTBI, MyHall cCOpOEHTTEpl YIIiH LIMKi3aT OOJIbIN TaObLIaIbl.
CopOeHTTepai aily MakcaTblHAa KaJIBIKTap TepMOTYpJEHAIpyre Tyceldi. ¥INKBIII
KOCBUIBICTapAbl JKOI0 OHE 0acTamKbl KEYeKTI KYPBUIBIMABI YJIFAWTy YILUiH OJapbl
OTTETiHIH KaThICYBIHCHI3 KapOoHmM3arusuiai el (Adamovic et al., 2024; Ai et al., 2020).
KapOonnzauusinay xe3inae Kypambl, KYpbUIBIMbI, MEXaHUKAJIBIK CUIIATTaMalIaphbl KoHE
T.0. QU3HKa-XUMUSUIBIK KACHETTEP/1 KOPCETETIH KOKC HEMeCe JKapThljlail KOKC Ty3iiei.
KapOonmzauusinay ke3iHAe KOKCTBIH OeJliHyl XKOHE OHBIH KacHETTEpl MpOLECTiH
KEKeJIereH Ke3eHICPiHiH TeXHOJIOTHSUIBIK MapaMeTpIapbIMeH aHbIKTaIa bl. 2-KECTEe
OpTYPIIi ©CIMAIIK KaJABIKTAPBIH TYPACHIIPYAIH XUMUSIBIK MEXaHU3MIEPI KalblIama
TYPJZ€ CUIIaTTaJFaH.

Kecre 2. Ap3an agcopOeHTTepre apHaIFaH FEUIBIMHE MaKajajgapra IIoIy.

Ne | Opebuerke |Makcarst AncopOeHT Typi 3eprreneTin
cinreme JIACTAFbIIL
3aTTap
1 Jiayu Zhao | TemeH KOHIEHTpAIHMsAAFbl KOPFACEIHMEH KapaxymbIk Ayslp
et.al., 2026 |yactaHraH arbIHABI CyIap/bl Ta3apTy KaOBIFBI MeTajnuap

MaHBI3BIIBUTBIF KOPCETUITEH. 3epTTeye

Pb2+ TrimMzi 5k010 YIIIIH XHUTO3aH-KapaKyMBIK
KaOBIKIIACBIHAH KACAJIFaH ONOKOMIp
KOMIIO3UTIH KOJIIaHATHIH JKaHa JTUHAMUKAIIBIK
ancopOLus MPOIECIH YChIHBUIFAH.
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Adamovi¢ | KapakyMbIK KaOBIFbI, KApaKYMBIK OHICYIIH KapaxymbIk Ayslp
et.al., 2024 |>xaHama eHIMI, OJaPIBIH KOJDKETIMIUTITIMEH, KaOBIFBI MeTajniap
YHEMIITIriMeH KoHEe YHEPTreTHKAIIBIK KIHE IKO-
JIOTHSUIBIK MaKcaTTap YIIiH IHKi3aT peTinae
KOJIJJAaHBUTYBIHA OaCHIMABLIBIK OepiiareH. AybIp
MeTaJiiap MEH CHHTETHKAJIBIK OOSFBIIITAPIBI
KOCa aiFaH/a, CyAbl JIACTAFBIII 3aTTap/Ibl KOO
YIIIH aacopOIMsIIBIK poliecTepae TaOuFn
(TYpreHmipinMereH) XKaHe XUMHSUIBIK HeMece
(¥3UKAIBIK TYPIEHIIPIIreH KapaKyMBIK Ka-
OBIFBIH NAlIaIaHy KapacThIPbUIFaH.

Wang et.al, |Lomyna aysip MeTangapasH Ke3aepi, Ko AypUTmapyamsuiblk | Aybip
2023. onicrepi koHe OMoMaccaaH OenceHaipiareH JKOHE TYPMBICTBIK | MeTajaap
KOMIp/Ii aly 9icTepi KapacThIpbUIFaH. AICOp- | KaJIBIKTap
OeHTTepAer! Heri3ri GakTopiapra, GPU3NKAIBIK
YKOHE XUMUSUIBIK (DaKkTOpIIapFa epeKiie Ha3ap
ayJlapbUIBII, aybIp METANIAp/ABbIH KaCHeTTepi
KOHE aybIp METaJIIap/IbIH a1CoPOLMIChIHA dcep
€TEeTIH a/IcopOIMs KaFraaiiaphl TanIaHFaH.
CoHbIMEH Karap, OroMaccaiaH ajbIHFaH Oel-
CEHIIPUITeH KeMipre aJcopOLHsIaHFaH aybIp
MeTalIApIbIH KON 1ecopOmus apKbUTBI
KaJbIHA KeNTiPy MYMKIHAITT CHITaTTaFaH.
Bromacca, kapOboHU3aImMs TYpi KoHE OerceH-
JEHIIPYl TaHIay KOMIpPTETiHIH KeyeKTiTiri
JKoHE OCTiHIH ayJjaHbIHA 9Cepi KOPCETUIreH.

Diaz De MannaprH KaObIFbIHAH OeJICeHIpIreH KoMip | AybUIapyarbiiblK | AysIp
Tuesta J.L. |any cunarranran. Tene-TeHIiKk U3TepMaa- KaJIZBIKTaphl MeTajiap
et.al.,, 2022 | pbIHa HETI3/IENTEH aJCOPOIUSITBIK MOJCIBICD
kepcerinred. Kemiprexri MaTepuaniapaarst
Ni agcopOIHsChbIH OOKAWTBIH €H JKaKChl H30-
TEPMUSLIIBIK JKOHE KHHETHUKAIIBIK MOJICITbICD
Oipereii KacueTTepiHe OalTaHBICTBI epPEKIIIe-
nenzi. Jlanrmiop, Xa sxone MoBaHoBuy Mo-
JeNb/iepi ColiKeciHIe OeNIceH TipireH KeMip,
MTHPOJIMTHKAJIBIK KOMip KoHEe OMKapOOHATTaFbl
Ni agcopOIUsIChIH Typaibl cunaTTarad. ExiH-
111 yKarbIHaH, Ni KHHETHKAJIBIK aJCOPOIHACHI
OernceHipiareH keMip MeH OMKapOOHaT yIIiH
TICEB/IOCKIHIII PETTI MOJICIbMEH OOJIKaHFaH.
T'uapoTepMusiIbIK KapOOHM3ALHS Ke3iHe
FeCl3 cusiKThl XUMHSIIBIK areHTTEPiH 00Ty
THAPOKeMipiep iiH MopdoIorusicel MeH OeTKi
XUMHUSUTBIK KYPaMbIH PETTey/IiH THIMAI Kypa-
JIBIH JKacay¥Fa, OJap/IbIH KapOOHIaHy IIBIFbI-
MBIH apTTBIPyFa jKoHe OeJICeHIipireH Kemip
ayra MyMKiHaik 6epai. CoHbIMEH KaTap,
THAPOTEPMUSIIBIK KapOOHU3AIMS HOTHIKECIH/Ie
naiiia 6oaraH MUKpocdepamapabiH il MeH
oJIIIeMi KbI3IBIPY/aH KeHiH Jie CaKkTaaabl, Oy
KEYEKTLIIT1 KOFaphl OeJICeHAIPIITeH KoMip MH-
KpocdepanapbiH eHAIpyre MyMKiHIIK Oeperi.
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5 Shaikhiev et | KapakyMbIK KaOBIFBIH/A €H al/IbIMEH IIeT- KapaxymbIk Ka- AybIp MeTan-
al., 2020 JIF0JI03a MEH JIMTHUH OOJIATBIHEI AHBIKTAIALI. | OLIFEI nap

Cy opracklHaH MeTaJUT HOHAAPBIH, MYHAHIBI,
MYHall OHIMAEPIH KeTipy YIIiH COpOIHSIIBIK
MaTrepHaiaap peTiHae KapaKyMbIK KaOBIFbIH
TalanaHy Typajbl aKmapaT OepiireH.

6 Duan et.al., | Ayslp MeTangap/bIH JJacTaHybl KOpIIaFraH AybITapyamsuislK | AybIp MeTai-
2020 opTa MEH a/1aM JIeHCAyJIbIFbIHA YJIKEH Kayili | KalIbIKTaphl nap
kepceTtinred. Kypambiaaa kemipreri 6ap
Marepuangap, OnokemipaeH/oenceHaipiireH
KeMipeH MOau(pHKaIMsIIaHFaH MaTepra-
Japra JIeiiiH aybIp MeTangapabl CyIbl epiTiH-
JIepeH Ta3apTy YLIH THIMII aacopOeHTTEp
peTiHIe KeHiHEH 3epPTTENTeH.

Kopmaran opraHblH JacTaHybl ayana, Cyla >KOHE TONBIPAKTa ayblp MeTajaap
MEH OpraHMKaJbIK JIaCTayIlbl 3aTTap CHUSKTHI YJbl 3aTTapAblH OONybIHAa OalIaHBICTHI
9KOJIOTHSIIBIK KaybIMIACTBIK YIIIH YJIKEH Kayill Tyablpaabl. JKeligaM 3KOHOMHKAIBIK,
JaMy KOHE XaJIBIKTBIH 6Cyl, COHAal-aK opTYpJli cajajapJarbl, COHBIH iIIIHIE ayblT
LIapyallbUIBIFBIHAAFBl IPOrPECC KOpLIaFaH OPTAaHbIH JIACTAHYBIHBIH HEri3ri ce0edi
Ooubin TabbUTaabl. KaiaabIKTapabl )kary, CHHTETHKAJIBIK O©HEPKACII )KoHE KOMipAl KaiTa
OHJIeY CHSIKTBHI JacTayllbl 3aTTap aOMOTHKANBIK OpTara (aya, Cy yKoHE TOIBIPAaK) KoHE
OMOTHKAJIBIK TOMYJSALMSIIapFa (6CIMIIKTep, KaHyapiap MEH agaMmjap) YJKeH Kayill
TeHaipeai. MbIc, KaAMHUHA, HUKENb, CBHIHAI, XPOM, KOPFACHIH JKOHE MBIPBIII CHUSKTHI
aybIp MeTaJiap KOpIIaFraH OpTara Te3iMAlIIriHe OalyIaHBICThI €pEKILe aJaHJay IbIIBIK
TyZAbIpajbl. YIbl MeTangap cy OOBEKTiIepi MEH TONbIpaKKa LIeriHAUIEepAiH Terimyi
JKoHe OalKy TpOoIecTepi apKbUIbI €HIll, KOPEeKTIK Tiz0ekTepaeri OnomMarHugukanus
apKbUIBI Tipi OPraHU3MAEpre YJIKEH 3HsH KeNTipyl MyMKiH. 3epTTeyIijiep KopllaraH
opTajaH KayinTi ayblp METaul HOHAAPBIHBIH JKOHBUTYBIH MaHBI3Abl MACEIe PETiHae
aHbIKkTabl (Abiodun et.al., 2024).

Kopmaran opraHblH TOKCHMHIAEpiHE KeOiHece OOSFBILTApP, MECTULHATEP >KOHE
aybIp MeTaaap ’Karajsl, oap OYKiJ SKOJIOTHUSIIBIK aifHaIBIMFa Kayill TOHIIpEeai, OHBIH
KBI3MET1 MEH KYPBUIBIMBIH aiiTapibikTail Oy3anpl. Lerinainepain Terinyi xoHe 0anKy
porecTepi KopiaraH OpTaHbIH ayblp MeTaJAapMEH JlacTaHybIHa bIKMaj eTei. Lerinai
aFbIHJIBI CyJaplarbl ayblp METaJJapAblH KOFapbl ACHreli TOMBIPAKThIH JacTaHybIHA
okenryl MyMKiH. Tomblpak cunarramachl JaKbUIAAPAbIH ©CYyl YILIiH 6T¢ MaHBI3bI. YIIbI
MeTajiap TOMbIPAKKAa €HIeH Ke3Jlle, OCIMAIKTEep/IiH canachl MEH OHIMJIIIITIHE KaTThl
ocep erei, a3bIK-TYIIK Tiz30erinaeri OnoaitHaIbIM apKbLIbl aJaMIap MEH JKaHyapiapra
YJIKEeH Kayil TeHIipedi. Ayblp MeTalll HMOHAApHl TOMBIPAKTaH eOCiMAIKTepre
OHail aybIca[pl, OChUIAMIIA ONAPABIH YBITTBUIBIFBIH apTTHIPabl. YJIKEH Kajajaap
KargalbIHIa aFbIHbI CYTapIblH IIBIFAPBUIBIMBI KOJIEMI KaFbIHAH ©T€ YJIKEH, OJapibl
KoJIere Kapary MEH OHJICYIiH THIMII KongapblH Taly eTe MaHbI3nbl. HoTmxkecinae
3epTTeylIiyiep KayilTi MeTajnaap MOHAApblHAH KOpIIaraH OPTaHBI TOJBIK Ta3apTyIbl
HET13T1 Macesie peTiHae aHbIKTaabl. OChl )KbUIAAp iIIiHAE ayblp METanaap HOHIAPLIH
aFbIHJIBI CyJapAaH >KOIOABIH OPTYPIIi 9IicTepi acaudsl. Atan alTKaHAa, aacopOnus,
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epITKIIITEPAl ally, HOH ajaMacy, XUMUSUIBIK TYHIBIPY, KOATYISIIUS KOHE (QIOKYISIIHS,
MeMOpaHaJbIK TMPOLECTep OHE TOTBHIFY Karaipl. Alaiiia, TeXHOIOTHSIAPAbIH
Oipkarap KeMmmIiutikTepi 0ap, COHbBIH IimIiHAe TeMeH KoHueHTpamwmsaa (1-100 mr/m)
YKOFapbl WBIFBIHAAP MEH aicopOuus KadineTi TOMEeH.

Tazapry xyleciHiH omiciH TaHAay aFbIHABI CYIapIblH KacHeTTepiHe OalIaHbICTHI,
OWTKEH1 Op OMICTIH THIMALIIT, KOpIIaFraH oOpTara ocepi, OPBIHABUIBIFBI, KYHBI,
MPaKTUKAIBIK, CCHIMJIIT, IOTIHAUIepAIH naiixa 00y, Naigaiany KUbIHIBIKTAPHI,
aNJblH-alla OHJIEY TaJanTaphbl )KOHEe XUMUSUIBIK MIOTiHAUIepIiH naiiaa Oomybl CHUSKTHI
e3iHAIK mmieKkTeyaepi Oap. AnmcopOIusi acTaymibl 3aTTapibl KOIOIBIH €H JKaKChI
CTpaTerusuapbliHbIH Oipi OOJNBIN caHanaabl, OWTKEHI OHBI TalJanaHy OHai, OHBI
OpTYPIIi TOCUIIEpMEH sKacayFa OoJazbl KOHE aFbIH/IBI CyJIapAarbl ayblp MeTalAapIbIH
OMONIOTUSUTBIK KOJDKETIMIUTITiHE, YBITTBUIBIFBIHA KOHE TaChIMaJIaHybIHA A TapIIBIKTal
acep erei.

CopOeHT OeTiHAe MeTal HOHAAPBIHBIH KUHATYBI TaChIMajay MpoLeci apKbUIbI
KYpeni, OHBIH OapbIChIHAA OJlap XHMHUSJIBIK Hemece (QH3MKaIbIK OaillaHbICaabl.
Bapneik ancopOuust mporecTepi KarThl KOHE CYHBIK 3aTTap MEH Macca TachiMaliaay
KBUITAMJBIFBl  apachblHAAFbl TEMe-TeHMAIKTI KaxkeT ereni. KaTrTtel copOeHTTEepae
aJCOpOLMSHBIH YII HETi3ri mpoueci Oap: epiTiHAineH copOeHT OeTiHe JlacTayIlubl
3arTaplbl aJIMacThIpy;, KaTThl OeTTeri ajcopOuus; COpOCHTTEeri OejIieK imriHaeri
KO3FallbIChl. AybIp MeTajaap Xep OeTiHe 3JeKTPOCTAaTHKAIbIK KYIITEp HeMmece
THIPOKCHIT HeMece 0acka (yHKIMOHAIIBIK TONTap apKbUIbl TapTbulaabl. bipHerie
PET KOoJJaHy YIIiH afacopOeHTTep Al JecopOuusiiay KoHe pereHepauusiay MyMKiHAIr
OMICTI JKOFapbl THUIMAI €TeIi JKOHE JKAKChl Ta3apThUIFAH aFbIHIbI CyJapibl a3
LIBIFBIHMEH LIbIFapaabl. belopranukaiblk aFbIHABL Cylapiasl aacopOuusuiay CyablH
carachlH )aKcapTy, aJjaM JeHCayJIbIFbIHA Y3aK MEP3iMAL Tepic ocep eTyIiH ajabIH a1y
YIIiH KOJJAHBUTYBl MYMKiH, €H OacThICBI Ta3a ©HIMAEpre >KoHe Oaraibl 3aTTapiAblH
KaJllbiHa Kenyine okeneai. Kenreren seprreynep apTyp:i OMomacca HEeTi3iHIer xKoHe
MarHUTTIK OKCHJ HETi31HJeTi aJcOpOCHTTEepAl KOJIJaHy apKbUIbl ayblp MeTaldapAblH
aICOpOLMSACHIH CUIIAaTTaFaH.

Bencennennipinren kemip — koFapbl aACOPOLMSIIBIK Ka0i1eTi MEH MEHILIKTi OeTiHIH
aydaHblHa OaiIaHBICTBI aFbIHIBI CyJapAaH METalJl MOHIAPBIH KETipy YIIiH KeHIHEeH
KOJIJAHBUIATBIH MOJISIPIIBI eMec afcopOeHT. bipak, OHBIH KYHBI )KOFapbl OOIFaHBIKTaH,
3epTTeylIiyiepi aacopOeHT peTiHAe NaijanaHy YUIiH aybul —I[IapyallbUIbIFbI
KaJABIKTapbl, TaOUFW Marepuajiap *XKOHEe OHEPKACINTIK XKaHaMa ©HIMAEP CHUSKTHI
Oanama Ke3Jep/eH anyFa OaliJaHbICThI FEUTBIMU KYMBICTAP/BI KYPTi3yTe OKEeIil OThIP.
Marepuannap KOMMEPUHSIIBIK afcOpOeHTTEpre KaparaHaa YHEM/1, TaHAAyJIbl, THIM/1
YKOHE SKOJIOTHSUIBIK Ta3a KOHE ayblp METallJl MOHJAPBIH KO0 YIIIH aFbIHIbI CyTapbl
Tazapryaa Konaaneaasl (Wang et al., 2025; Pandey et al., 2023). AncopOeHT peTinae
MoOU(UKaLUsIaHFaH OMOMacCaHbIH KONTEreH TYpJepi, COHBIH INIHAE YTiHILIEp,
KapaKyMBbIK KaObIFbI, TPEK KaHFaFbIHBIH KAOBIFbI, 1Al KAIIBIKTaPhl, KOKOC KAOBIKTaphI,
IIBIMTE3EK JKOHE Kypiln KaObirbl KosmaHblibl (Shaikhiev et al., 2020; Adamovic et
al., 2024). ConbiMeH Oipre, ayblp MeTanaapasl copOuMsiay YIiH U30TepManap MeH
H30TEPMUSIIBIK MOACIBACPl 3EpTTEey JKOHE TYCIHY MIeKTeydal Oomblm Kenemi. AybIp
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MeTaJlJI HOHJAPBIH COpOIUsIIaya KMHETHKAIBIK XOHE M30TEPMUSUIBIK MOJENbICPAi
KOJIJaHy ©Te MaHBI3Abl, OWUTKEHI ON OpTYpii alIcopOeHTTIK MaTephalgapAblH
KOUBUTY THIMIUTITIH TYCIHY oHE OoJpKay YIIiH TeopusuIbIK Heri3 Oonanbl. Kenreren
3epTTeylIiyiep ayblp MeTalfapAblH OHMOCOPOLMSICHIHBIH ~ KHHETHKAJBIK JKOHE
M30TEPMUSIIBIK MOJENBICPIH 3€PTTEl. Y-allOMUHUN OKCHII HaHOOJIIeKTepi MeH
KeN KadaTThl KOMIpTEKTi HAaHOTYTIKIIeNepAl KoJAaHa OTHIPHI, 3usHAbl HUuKenbai (1I)
KOO Ke31HJe afcopOuus n30TepMaiapbliHa KMHETHKABIK 3epTTeyiaep xyprizai. Omnap
a7COpOLMATIBIK TETMe-TeHIIK eH KHHETUKANBIK AepeKTep colikeciHe JIDHTMIOp KoHe
MICEBI0CKIHII PETTi KHHETUKAJIBIK MOAEIIbACPMEH JKaKChl COMKEC KeJIEeTiHIH aHBIKTAIbI.

Hlomy wMakamackl KeNTEreH apTHIKIMIBUIBIKTapblHA OallaHbICTBI  OMOMacca
Herizinzeri ancopOeHTTepre OarpITTanFaH. bipiHitieH, onap aybuliapyaibUIbK )KOHE
OpMaH LIapyallbUTBIFbl KaJAbIKTapbIHAH, OanapIpiapaad HeMece 6acka OMOTOTHSIBIK
KO3JIep/IeH allblHybl MYMKIH OOJFaHIBIKTaH, YHEMJi JKOHE OHal KOJI IKETIMJI.
ExiHmnigeH, oiap SKOJOTHSJIBIK Ta3a KOHE >KaHAPTBUIATBIH, ASCTYPIi XUMHSUIBIK
ozicTepre TYpakThl Oajama ofic peTiHAe KapacThlpyFa MYMKiHIIK Oepeni. buomacca
HeTi3iHzeri afcopOeHTTep COHBIMEH Karap ayblp MeTajiapra >KOFapbl CEIEeKTUBTLIIK
MeH >KaKbIHJBIKTBI KOPCETEi, JIaCTaylIbl 3aTTap/Abl aFblHABI CylapAaH THIMAI TypAe
KOIOFa MYMKIHJIIK Oepei.

3eprTey Marepuajjapsl. 3epTTEy MaTepUaNapbl PETiHAE aFbIHABI CYIBI
JIACTaFBIIITAPIBIH TYPJIEPi MEH KIKTeNyi, aF bIH/BI CyJapbl aybIp MeTalAapaaH Ta3apTy
TEXHOJIOTHSIIAPBI, aFBIHJIBI CYTap/Ibl ayblp METaJI1ap HOHJAPbIHAH Ta3apTyIbIH THITIK
ozicTepi, aybpUILAPyallbUIBIK KaJAbIKTapbIHBIH OHOMAaccachl, ayblp MeTalaapMeH
JacTaHy Ke3/AepiHiH rpaduKaiblK KepiHiCiHe apHaiFaH FHUIBIMHU KapHUsUlaHBIMIAP,
Bipikken ¥narrap YWBIMBIHBIH aHAJIUTUKAIBIK ecentepi naimamaHeiiabl. Cymbl
JIACTAFBIIITAp TAOMFaThl MEH WIBIFY TETi, 9PTYPJi JacTaFblll 3aTTaplbl IIbIFApaThIH
OHEPKaCINTEpAiH MaliMETTepl MaiJanaHbUIbl. Makanaga KoJaAaHblIFaH MaTepraiiap
aFbIHJIBI Cy KYPaMbIHIAFbI aybIp METaJJT HOHAAPBIH KEIICHA1 TYp/e Ta3apTyaa KOJanibl
TEXHOJIOTHSHBI TaHAAyFa MYMKIHIIK Oepi.

3eprTey amicrepi. 3eprrey OapwickiHna Scopus, Web of Science, Google Sholar
MamiMeTTep Oaszanapbl KyHedl TypAe TajjaHibl, aTal alTKaHAa, aFbIHIbl CYAbIH
JIaCTaHy KOJAAPHI, aFbIH/IBI CY KYPaMbIHIAF bl aybIP METAJI HOHIAPBIH Ta3apTy 9iCTepi,
aybUIIIAPYalIbUIBIK KaJABIKTapbIHAH O€JICEHICHIIPUIreH KOMIp ajy >KOHE oJapbl
aFbIHIBI CyAbl Ta3apTyda KOJJAHY OSAiCTepi, aFbIHABI CyAbl Ta3apTyIbIH oAicTepiHe
JKaJIbl CUMATTaMa, KapaKyMbIK KaOBIFbIHAH afCcOpOCHT anyFa OalIaHbICTBI FHUIBIMH
eHOekTepre Tanaay Kyprizingi. CoHbIMEH KaTrap Makaja TaKbIpbIObl MEH Ma3MYHBIHA
0aliJIaHbICTBl AHAJIMTHKAIBIK SHICTEP: CANBICTBIPMAIIBl Tasjay, dKOJOTHSUIIBIK YKOHE
TEXHOJIOTHSUIBIK LICHIIMAEpAl JKiKTey, COHAal-aK aJblHFaH JepeKTepli Tajjay,
CHHTE3/EY, CaJIbICTBIPY JKOHE KaJIbliay SAicTepl maiaaaaHbUIIbL.

3eprTey HOTHIKeJEpPi KOHe TaaKbLiay. Aodcopoyus. KemrereH amcopOIust
ozicTepi acTaylbl OONIIEKTEeP/Ii OHBIH KeYEeKTi KypbUTBIMBIHA YCTAy YIIIH KOMipTeri
Heri3iHzeri 3arThl NainamnaHaapl. benceHnmipinreH KeMipAiH HEri3ri Kypamzaac
OemikTepi KbIMOAT eMec 00IIybl MYMKiH, OipaK KOFaphbl canajbl OeJCeHAIpIIreH KoMip
OHJIpYy YIIIH KOpIIaraH OpTara 3USHCHI3 SHEPrus Ke3AepiH malaanaHy JKoyliere
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aliTapnplKTaii ocep eTeTiHI KepceTuireH. benceHaeHipiAreH KeMipai TaszapTy
aJicopOLUMsATIaHFaH OPraHUKaJIbIK MOJIEKYJIANap bl KO0 YIIIH KOMIPTEKTi MaTepuaibl
Kalita OeiceHfipyai Tajam eTefi. AJBTEPHATHBTI aACOPOLMSIBIK MaTepHalaapbl
OHJIpy Kelie KbIMOaTKa Tyceli >KOHE KbhI3MET €Ty Mep3iMi MIeKTeysi, KbIMOar
Kaiita Oencenmipyai Kaxer eteni. KeliOip ap3an Oanamanap aHbIKTaJFaHbIMEH, OJlap
KON JKarfaija »XOoFapbl THIMAUIIK KOpCEeTNeHAl KoHe YITIHIH KeyeKTepiHe acep
ereni. AxcopOums JacTaymibl 3aTThl KacHMETTEPiH ©3repicke YIIbIpaTnail Kosiibl,
OJ1 KOMBUIATBIH KayiNTi KaJABIKTap aFbIHBIHBIH Ty3ilyiHe okeneai. Erep agcopOent
nporecc 0apbeIChIHIA KaiiTa OelceHIipiaMece, OHbI KOIOIBIH apHaibl 9ICTEPiH KaKeT
€TETIH >KOHE KOCBHIMINIA IIBIFBIHAAPFA OKEJETIH KayinTi KaJgblKTap peTiHAe Kapay
kepek (Hussein et.al., 2025).

AncopOuusi—ancopOeHTKe aybIp METaJ1ap HOHJAPBIHBIH HEMECE MOJIEKYTalapbIHbIH
KOCBUTYBIMEH CHIIATTajaThiH OeTTiK KyObuIbiCc. [Ipomece omeTTe exi Ke3eHae Kypeai:
OipiHmIici, agcopOeHT MEH ayblp MeTaul MOHAApbIMEH JIACTaHFaH CYJbl epiTiHII
apaceIHIarpl OacTamKbl e3apa OpeKeTTeCy; EKiHIICI ayblp MeTama HOHAaphl Oap
aJICOpPOCHTTIH Ta3apThUIFaH aFbIH/bI CyJaH KeHiHT1 OemiHyi.

AncopOuust eki Herisri oMiCTi KOJNAaHy apKbUIbl XKY3€re achlpbLiajbl: Mep3imjai
pexxumae xoHe OaraHanblK. Mep3iMai pexxuMIl ancopouunsaa aacopOeHT KaTThl )KoHE
CYHBIK (hazanap apacblHAa Tele-TEeHIIKTI OpHATy YIIiH Y3AiKCi3 apaixacTeipa OTBIPHII,
JacTaHFaH cyda Tapajialpl. baraHamblK agcopOLMs JacTaHFaH CYAbIH aacopOeHT
Ka0aThl apKbUIbl Y3/1KCi3 )KYPYiH KAMTH/bI; 9ICTIH THIMILIITT MEH ayKbIMIBLIBIFBIHA
OaliJaHbICTEl OHEPKICINTE >KUi KOJAaHbLIanbl. AJCOPOCHTTIH (QHU3UKa-XUMUSIBIK
cunarraMaiapbl JKOHE JKYMBIC JKaraaiiaapbl ajcopOmus MTPOIECIHIH THIMAUIITH
adTapabIKTail aHbBIKTaiAbl. TwiMai afAcOpOSHTTIH YIIKSH MEHIIKTI OSTTIK aymaHBI,
KenTereH OeliceHal OaillaHBICTBIPY OPBIHAAPHI, KYPBUIBIMABIK TYPAaKTBHUIBIFBI JKOHE
Oocekenec JlacTayllbl 3aTTapra TOYeJICi3 MakcarThl ayblp MeTayll HMOHAAPBIHBIH
CEJIEKTUBTLIIT O0mysl kepek. COHBIMEH KaTap, THIMAI aJCOPOCHTTEp SKOHOMHUKAIBIK
TYPFBIAIAH THIMII, YABl €MEC, SKOJOTHSUIBIK TYPaKThl >KOHE OHIMIUTIKTIH €H a3
TOMEHJICYIMEH KalTalaHaThIH pereHepalysra >KoHe KalTa maiijamaHyra KaOimerTi
00JTyBI KepeK.

XanpIK CaHbl, KOCMApChI3 ypOaHW3auMs, KapKbIHAbI HHAYCTPUSIIAHIBIPY JKOHE
Ta0UFU Cy pecypcTapblH OITIKTUIIKCI3 MaiiJanaHyablH TYPaKThl TYPAE >KOFapbliaybl
cangapblHaH QJIEMHIH KeInTereH OeNIKTEpiHIe Cy CalachblHbIH HallapiayblHa OKEIi.
KenTteren namymisl ennepae ep acTbl CyJlaphbl €1 XaJIKbIHBIH KapThICBIHAH aCTaMbIH
aybl3 CyMEH KaMTaMachl3 €Te/li JKoHEe KOINTEereH aybIJIBIK Kepiep MeH KeiOip ipi Kananap
YILIiH aybI3 CyAbIH HETi3ri Ke3i 00JbIN TaObuIagpl. OHEPKACINTIK, aybUIIIapyallblUIbIK,
YKOHE TYPMBICTHIK KbI3METKE OailTaHbICTBI OPTYPJIi XMMUSUIBIK 3aTTap TOMBIPaKKa CiHiM,
TaOUFU Cy pecypcTapbl MEH Cy KoWMaapbiH JacTaybl MyMKiH. COHFbI JKbUIAAPHI TYHUE
XKY31HIH KONTEreH eNJepiHAe aybl3 CyAblH KypaMblHIa agaM JIeHCAyJbIFbIHA YJIKEH
Kayill TOHIIPETiH KayilTi KOHLEHTpaLUsna SpTYPHdi YJIbl XUMHUKATTap/KOCHUIBICTAp
AHBIKTAIBl. YBITTHI JIACTAyIIbl 3aTTapAblH KOHLIEHTPALUSICHIHBIH >KOFapblIdybIHAH
TyBIHJAFaH JEHCAYJIbIKKA eJeyli mpoOieManapibl €CKepe OTBIPBIN, OJlapAbl aybi3
CylaH ILbIFapy >KOHE 3apJan ILIeKKeH a3aMaTTapAblH JEHCAyJlbIFbIH CaKTay VIIiH
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YHEM/Ii oHE 3KOJOTHUIBIK Ta3a MpoLecTepAl a3ipiey KaxeT. Erep ancopOeHT ap3an
KOHE KOJJaHap ajjAblHOa al[blH aja eHICyAl KaKeT eTrHece, Cydbl Ta3apTyAblH
OpTYpAl oicTepiHiH imiHAe aacopOlus Mpoueci Cyabl Ta3apTyAblH THIMII KOHE
OHTaIbl Tocimi Oonbinm Tabbuaabl (Pandey et.al., 2023). KentereH KoiamaHBICTaFbI
Toxipudeepre CyieHcek, acopOIus mpoleciHiH Oipkarap cebentepi OOHbIHIIA OacKa
o/licTepJeH apTHIKIIBLUIBIKTAPBIH aTayra Oonaabl: MU3alHHBIH KapamalbIM/IbUIBIFbI,
TOMEH KYHBI, JKOFapbl XKOI THIMJIIIr, NaiaagaHyIblH KapanalbIMIbLIBIFBI JKOHE
Kou1 xeTiMaiiri. CoOHbIMEH Karap, aacopOLHst MPOLEC] JIaCTayIIbl 3aTTapAbIH dpPTYpIi
TYPJIEPiH KOs anajgbl HEMece a3aiTalbl, COHABIKTaH CYIBIH JIACTaHYbIH Oakbliayaa
KEHIpeK KolgaHbuiafbl. AJl, OelCeHACHAIPUIreH KOMip aFbIHABI Cylaplbl Tazapry
yiiH omOeban agcopOeHT OOMBIN caHaNabl )KOHE CyAaH OpTYPJli JIaCTayIIbl 3aTTap bl
XKOIO YILUiH KEHiHeH KOJJaHbLIaabl. JlereHMeH, OHBIH aFblHJbl CyNaplbl Ta3apTyda
KEHIHEeH KOJIaHbLITYbl OHBIH KbIMOATTHIFbIHA OaillaHBICTHI Kelae mekTeneai. Jactypmi
eMec aJCcOpOCHTTEPAIH KOMIIIIr CyaaH jKOHE aFbIHABI CyJapaaH opTYpJli JIacTayIbl
3aTTapAbl KO0 KadineTi yuriH 3eprrengi. bencenaenaipiniren kemip aacopOHsUIBIK,
MaTepHal peTiHae KeHiHeH KOoJIJaHbuIaabl, cede0i 011 0chl acopOeHTTepre oTe TOMEH
KOHLEHTpALMsIIap MEH JKOFaphl JIAaCTayIIbl )KYKTEMelepre MyMKIiHIIIK Oepeti.

AICOPOLMSITBIK 3epTTEYIEePIiH KOMIIIIr ChIABIMABUIBIFBI JKOFAPHI aCOPOCHTTEPAI
o3ipneyre OarbITTanFaH, ajl KehOipeynepi OHall KajamblHa KeJeTiH aIcopOeHTTepIi
o3ipneyre OarbITTalnFaH. OPTYPIi Ke3AepleH KacalFaH dpTypii ap3aH agcopOeHTTep
KOMMEPUUSUIBIK O€JICeHICHIIPUITeH KOMIPMEH CajbICTBHIPFaHga CyJbl JIacTayIlbl
3aTTapAbl JKOK YIIiH TOMEH HeMece 9JICi3 COpOUMSIIBIK MOTEHIHAIIbl KOPCETETiHI
anbIkTanael  (Adamovi¢ et al., 2024). bBencenpenaipinren kemip HeriziHAeri
aICOpPOCHTTEp INEKTPOXUMUSIIBIK KOJIMEH pereHepanusiiaHagbl. 3-KeCTEAe arbIH/bl
CynapJaH ayblp MeTalIapbl >KOIOABIH HEr13r1 9AicTepl cunarTaiFaH.

Kecre 3. AFbIHABI CyTapaaH ayblp METaJI HOHAAPHIH JKOIOJBIH HETi3Ti o/icTepi.

XumusuibIK oztictep | PU3MKa-XUMHSUIBIK | BUOMOTHsABIK o1icTep AZcopOuUsITBIK Ta3apTy
azicrep anicrepi
TyHneipy Hon anmacy; Mertannapast AncopOrust ayslp MeTaIapab
(ruapokcuy, MembpaHabIK 0alyIaHBICTHIPY YIIIH JKOIOJIBIH €H THIMJI 9JIiCTEepiHIH
cynbdun); TEXHOJIOTUsIap MHKPOOPTaHU3MIEPIi 6ipi Gosrbin canaasl. Herisri
KOATYJISIIIHS JKOHE (xepi ocmoc, HeMece OroMaccaHsl APTHIKIIBUIBIKTAPEL:
Gbnokyrsmus; yabTpaduIIbTpaIys); | naiaasaHabl. TazapTynbIH xKoFapsl Jape-
TOTBIFY- DIIEeKTPOKOAT YISV, xKecl;
TOTBIKCBI3IaHy CopOeHTTI KalblHa KeNTipy
peaxuusiapbl MYMKIHJIIT1;
Kapamnaiibim xa0bIk
JM3aUHEL.
Kemmrimikrepi: JKorapbl KyHBI; Kemmrinikrepi: kopmaras | bencenaenaipinres kemip eq
KeIl MeJIep/ie OmnepanusHbIH opTa JKaFaiIapeHa KeII TapaJFaH aJcopOeHT:
TYHOAHBIH TY311yi; | KYpACINLIiri. Ce3IMTaIABIK JKOHE JKorapbl MeHIIIKTI OETiHIH
IITaM/IBI KOCBIMIIA JIaCTAayIIbI 3aTTAP/BIH ay/laHEl;
KoZIere JKapary JKOFapBI KOHIIEHTPa- KeyekTi KypbUIBIM JaMBIFaH;
KayKEeTTLIIr. LUSUTAPBIHAA IEKTEYIT OYHKIIMOHAIIBIK TONTAPIBIH
TUIMILIIK JKaTabl. OOITyBI.
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AncopOuust MpoLeciH MOJENbACY SPTYPIIi JKYMBIC KaFAalIapblHAa epireH 3aTThIH
azicopOeHTKe a/IcOpOIMICHIH O0JIXkKay YIIIiH FaHa eMeC, COHBIMEH Karap xyiie/e 00aaTbiH
azcopOIMs MEXaHM3MiH JKaKChl TYCiHy yuriH ae Oara xernec (Diaz De Tuesta et al.,
2022). Jlearmiop Tenaeyi — aacopOuusira 0ipaei Ko xeTiMAl yuackenepi 6ap 0ipTexTi
azcopOeHT OerTiHAe aacopOIus Kypemi Jen OOJDKAHTBIH OeNrimi H30TEPMUSIIBIK
mozenb. beny koapduuenti () JleHrMiop M30T€pMachIHBIH MaHbBI3IbI APaMETpi
OOJIBII TAOBLIA/IBI, 3€PTTENETIH aICOPOLMAHBIH KOJAkChI3 (R, > 1), CBHIBBIKTHIK (R, = 1),
konainel (0 <R, < 1) Hemece KaWTBIMCBI3 (R, = 0) eKeHiH TEKCEPY YILIiH KOJIIaHbLIa/bl.
Jlenrmrop Tenaeyi MeH R, TeHaeyaep apKblibl opHekTeneni (1,2):

_ guK-C,
%_1+KQ’ D
1
R; 2)

T14+KC

MyHzaaFbl ¢, okoHe C, ancopOeHT MaccachiHbIH  OipiiriHe  HIAKKAaHIarbl
afcopOIusanFal 3aTTBIH MOJIICpiH (MI/T) JKOHE CYIbl OpTamarbl amcopOaTThIH
KOHIIEHTPALMACHIH (MI/JT) TENE-TEHIIK CAThICBIH/IAa KOPCETEN], ¢, KIHE K KOHCTaHTasap
(exi mapameTpili MOZCNb), COMKECIHIIEe MI/T JKOHE JI/MI eJIIeMICPIMEH OJIICHE],
R, — Geminy xodpduumenti (emmemciz mau), an C, — anacopOarTeiH OacTanKbl
KOHIICHTPAIHSICHI.

OpelHIINX HW30TepMachl — SMIUPUKAIBIK TeHaey (3) peTiHae amcopOaTThIK
opekeTTecynepi Oap TeTeporeHmi JKyHesdaep VINiH KEHIHCH KOJIAHBUIAIbI, CYIIbI
OpTazarsl aICOPOIUSIIBIK CHIMBIMIIBUTBIK (qc) MEH Tene-TeHIIK KoHueHTpauuscel (C)
apachIHaFbl COMKEC ACHMITOTHKAIBIK eMeC ajcopOIHsl KHUCBIKTAPbIH KOPCETEIi.
I'eTeporenainik ko3pGUIHEHTIH (71) aXCOPOMUSIHBIH CHI3BIKTHIK, XUMHUSIIBIK HEMece
(hM3UKAIBIK TTPOIIECC €KEHIH aHBIKTAY YIIiH KoJIIanyra 0omansl (TriciHme n =1, n < 1
Hemece n > 1). KepceTinren eki mapamMeTpili MOAEINb KeJleCiie YChIHbIUIFaH:

g. = K-C)/", 3)

MyHarbl, K — @peiiHAnux TypakThichl, L " Mr ~'" enmeHe i, an n — KOpCeTKili.

Ancopbuust mpoueci kesinae Oipaei OenceHIipiireH KOMIpAiH aacopOLHsUIBIK
MeXaHHU3Mi opTYPJIi JIacTayllbl 3aTTap YIIiH apTyp:ai Oomysl MyMKiH. Temneparypa na
ajcopOuus npolieciHe alHbIMAJIBI 9Cep eTelli. bipiHiiaeH, OeICeHIIPIATeH KOMIPIiH
keyekrepingeri auddysus KbUITaMABIFBL aICOPOIHSI KbUIIAM/IBIFBIHA 9CEp €TETiH
Heri3ri ¢akrop Oonbin TaObuaabl. Juddysus xKbeulyasl CiHipy Mpoleci, COHABIKTaH
TeMIIepaTypaHbIH JKOFapbLIaybl aJICOPOIUS KbULIAMIIBIFEIH apTThIpaabl. EXiHIIIICH,
azcopOuus (Qu3MKaNBIK XOHE XMMHSIIBIK ajcopOuusra OesiHeni. bipiHmn mporecc
HETI31HeH SK30TEPMUSIIBIK, COHJBIKTAH TEMIIEpaTypaHbl TOMEHJETY aJCOPOIMSIIBIK
KAaCHETIH jaKcapTyFa MYMKIHIIK Oepesi, aJl XUMHSUIBIK afcopOuus IpoleciHe
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a1cOpOLMS KBbIIIaM ABIF bl TEMIIEPATYPaHbIH JKOFapblay bIMEH KOFapblIaiiIbl, a1 KeHOip
XUMUSIIBIK  OaiilaHpIcTap TeMIIEpaTypaHblH JKOFapbUIaybIMEH Y3iJieai, aacopOuus
OPBIHJIAPBIHBIH CAHBIH JKOHE OCJICCHICHIIPUITCH KOMIpPJIiH COHFBI aJCOPOIMSIIBIK
KaOineriH oman opi aprreipansl (Duan et al.,, 2020; Yuan et al., 2021). ABtopnap
TEPMOXHMHUSIIBIK OCJICEHIpY SICIH KOJIJaHa OTBHIPHIN, KiHIIK anelbCHH KaObIFbIHAH
ACPHS800 nen aranarein 6encennipinren kemip 6rnomaccacein gaibiagaasl (Khalil et
al., 2022).

AncopOuyst YakbIThI JIACTAyIIbl 3aTTapAbl KETipy THIMIUTITiHE 9cep e€TEeTiH Heris3ri
¢akTop Oombin TabbuIaABl. ANCOpPOLMS YaKbITBIH AYPBIC YIFAUTy aacopOuusuiaHFaH
OeJICeHISHIIpIITeH KOMIpIiH MOJIIepiH THIMII apTThipaiabl. Jlerenmen, agcopOuus
YaKbITBIH YJIFAWTy aFbIHIBI CyJapAblH TOKBIPAY YaKbITBIH AapTTHIPAAbl, AFbIHJIBI
Cynapbl Ta3zapTyIbIH *KaJllbl THIMIUITIH TOMEHIETe/ Il )KOHE Ta3anay IIbIFbIHIAPbIH
apTThipagbl. COHIBIKTaH OHTAMIBl agcopOLus yaKbITHIH TaHJay OeJICeHIeHIIpiIreH
KeMipai azcopOuMsanay THIMIAUICIH apTTBIpy YIOiH eTe MaHb3Abl. Komaiisl
Karaaiaapaa Hemece THICTI TYPJASHAIPTiITep apKblibl OnoMaccanaH ajbIHATHIH
OeJICCHOCHIIPITeH KOMIpJiepaiH OapiblFbl ayblp METalJ HOHAAPHl YLIIH KOFaphl
ancopOLMANBIK KabieT kepceredi. Ayblp MeTalll MOHIOAPBIHBIH aACOpOIMACHIHA
a7COpOCHTTIH (QU3UKAIBIK TYPl A€, XMUMUSUIBIK (DYHKIMOHAIABIK TOINTAaphbl Ja dcep
ereni. JKanmel ynkeH OCTTiK aylaH yKoHE KEYeKTUIIKTiH TeMeH Ooiysl agcopOuusira
BIKIAJ eTeli, adl (YHKIUOHAIIBIK TONTApbIH 9cepi KypamblHAa ayblp MeTaigapbl
Oap arbiHIBl cynapablH pH monine OaiinmanbicTel. Temmeparypa xoHe pH CHSKTHI
azicopOLMs Karaaiaapsl ayblp METallapAblH aACOpOLMChIHA Al TaPIIBIKTAN acep eTei
(Wang et al., 2023). Epitiaainin pH MoHi afcopOIusHbIH MaHbBI3AbI (haKTOPBI OOJIBIT
TabbuIazbl, ce0edl arbIHABl cyJap/a ayblp METalj MOHJApBIHBIH OONAaThIH MilliHiHE
acep eremi. AacopOeHTTeri OesiceH Al TONTapAblH XUMUSIIBIK KYHi )KOHE aiacopOeHT
OeTiHzeri 3apsiAThIH Tapalybl, ©3 Ke3eTiHAe, MaKcaTThl MEeTal MOHJApbIHA KATBICTHI
ancopOeHTTiH THiMALNIriHe acep etei. ConapikTad pH MoHIH aHBIKTay aACcOpOLUSIBIK
KacHeTTep/li 3ePTTEY/IiH MIHACTTI MAaPThl OOJBIN TaObLIABI, a1 SPITIHAIHIH KOJIAHIbI
pH MoHiH TaHAay ayblp MeTayl HOHAAPBIHBIH aACOPOIMSCH YIIIH YIKSH MaHbI3Fa Ue
(Yin et al., 2019; Vahedi et al., 2021).

Operre, aacopOUuUs YaKbITHIHBIH YJIFAIOBIMEH XEeMOCOpPOLHMs MeJiepi aliabIMeH
KYPT apTajibl, COAaH Kekin OipTinaen ToMenaeini. Kepicinie, Gu3ukanbIk aacopOus
ozeTTe ancopOLMsl yakbIThl YIFaiifaH cailblH Oasy apTajabl, al aicopOLHs YaKbIThbl
XUMUSIIBIK afcopOLusFa Kaparanaa y3arbipak Ooomanel. Toxipubenik Temmeparypa
MeH pH-nman 0acka, ayblp MeTaul MOHIAPBIHBIH KOHLEHTPALUICH], OelceHAipiIreH
KOMIpJiH 03aJlaHFaH MeJIIEepi kKoHE aAcOpOIMs yaKbIThl CHAKTBHI 0acKa ancopOius
Karaaiaapel 1a KOMipTeKTi MaTepHalAapFa ayblp METaJlll HIOHJapbIHBIH aJCOPOLUICHIHA
ocep ereni. Epitingimeri nactaymsl 3aTTapIblH O0acTanKbl KOHIEHTPAIMACH TOMEH
OoiFaH Ke3le OCJICeHICHAIPUIreH KOMIpIiH aacopOlMsUIbIK KaligeTi OacTamkbl
KOHLIEHTpALMsI apTKaH CailbIH apTajbl.

Bacrankpl koHUEHTpaus Oenriyii 6ip MOHIe KETKEHHEH KeliH ancopOuus OopbIH-
Japbl KaHbIKKaH 00Jabl, al acopOIUsIIBIK KaOijeTi Oip yaKbpITTa KaHBIFYFa KETeI.
Bacrankpl KOHIEHTpALMSHBIH KOFapbUIaybIMEH aJIcOPOLS JKbUIAaAMIBIFBI OipTiHIeT
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toMmeneii. COHOBIKTaH OENCeHIeHAIPUIreH KoMip aacopOLMsChIH MPaKTHKAIBIK
OHEpKaciNTe KONJaHy YLIiH THiCTi OacTanmKel KOHLIEHTPAaUUsSHBI TaHaay Kaxer. ben-
CEHJICHIPIITeH KOMIpIiH MeJIepi aacopOnus NpoLeciHiH THIMALIITiHe 9cep eTeTiH
¢akTopnapabiy Oipi Oonbin TaObansl. Erep OGencennipinren kemipaiH mMacca Oipai-
riggeri ajacopOLus anaHJAPbIHBIH CaHbl aHBIKTAJCA, OCIICEHIIPUITeH KOMIPAIH Kol
MeJIIepi ancopOUMsUIBIK KaOineTTi apTThIpabl, COHBIMEH KaTap arbIHIbI CyTaplbl
TazapTry KyHbIH apTThipanbl (Biltayib et al., 2021). ConnpikTaH, 0Fapbl ancopouu-
SUTBIK KAO1JIeT1 )KOHE CaIBICTBIPMAaIIBI TYP/E TOMEH KYHBI Oap OenceHipiireH KoMipaig
MOJIIIEPIH TaHay JIACTayIIbl 3aTTapbl JKOKJIBIH JKOHE OCICeHICHIIPUITeH KeMipIi
KOJIJaHY apKbUIbI aJIcCOPOLMSIIBIK aFbIH/IBI CylTapibl Ta3apTydblH KYHBIH TOMECHJETY-
IiH memymi (GakTopsl OOmbIn TaObLIagbl. AACOPOLMS YaKbIThl JacTaylIbl 3aTTap-
Ibl KETipy THIMIUTIriHE ocep eTeTiH Herisri ¢akTop Oobil TaObUTagbl. AACOpOIHS
YaKBITBIH AYPHIC YIFAUTy aacopOnusiaHFaH OeJICeHIeHAIPUITeH KOMIpIiH MeJIIepiH
TUIMAL apTThIpabl. AICOPOLMS YaKbITBIH YIIFAUTY aFbIHIIBI CYJIApIbIH TOKBIPAY YaKbl-
TBHIH apTTHIPA/Ibl, aFBIHBI CYJIap/bl TA3aPTYAbIH KaJIbl THIMALTITIH TOMEHACTEA1 )KOHE
aFbIHJIBI CyNapbl Ta3apTy LWIBIFBIHAAPBIH apTThipaabl. COHIBIKTaH OHTAMIIBI aacopo-
LUS yaKBITBIH TaHJay OeJICeHICHIIPUITeH KoMipi aacopOuusiiay TUIMAIIITTH apTThIpy
YILIiH eTe MaHbI3Ibl. KOpBITHIHBIIAN Kelle, ayblp MeTalJapAblH OnoMaccaaaH ajablHa-
TBIH OEJCEHAIPIITeH KOMipMEH aJcOpOLHUsAChIHA TeMIIepaTypaHbIH ocepl KypIei.
AncopOuus TeMIeparypachlH KOFapbuiaTy, Oip *arblHaH, (QU3UKAJIBIK aJACOPOLHIHBI
TOMEHJIETE/I1, aJl eKiHI1 JKaFbIHAH, MOJIEKYTaJbIK AU (y31st MEH XeMOCOPOLUSHBI KY-
meireni (Zhao et al., 2026; Seimukhanova et al., 2025).

bencenoendipineen komip sicane onviy cunammamacsi. TaOUFaTTaFbl €H TAHFKANBII
MarepuanaapaslH Oipi 0oja OTBHIPBIN, KOMIpTeri KBHIIIKBUILAAp MEH CiiTiiepre
TO3IMALTIK, KOPPO3UsFa, KOFAphl KOHE TOMEH TeMIleparypaiapra, OHOyHiIeciMIiTiK
CHSKTBI KacueTTepi Oap. Kemiprekri marepuangap anam3aT OpKEHHETiHIH OYKia
TapuxbIHAAa MaHbI3BI pell arkapasl (Cheng et al., 2022).

Buomaccaman aneiHFaH OeJCEHICHIIPUITEH KeMip oHe Oelcenltyaipinren
KeMip KeMmiprTeri Oap NHpOIM3 MaTepuangapbl XOHE KOpLIaraH OpTaHbl KOpray
TEXHOJIOTHSIAPBIHIAFBl MaHBI3Ibl OHIMIEP OONbIN TaObUIagbl. benceHaeHIipiareH
KOMIp/IH HETi3ri IIUKi3aTbl TOPT caHarka OeJiHeli: KOMIpACH aJIbIHFaH
OeJICeHICHIIPIITeH KOMIp, aFallTaH alblHFaH OeJICEHAIPIITeH KOMip, CHHTETUKAJIBIK
OeJICeHIpiaTreH KoMip KoHe OeJICeHIipireH KeMipaiH 06acka Typiepi.

Bencenaennipinres kemip - XUMHUS OHEPKOCIOIHIE KEHIHEH KOJIJAHbLIATHIH
marepuan (Diaz De Tuesta et al., 2022; Pandey et al., 2023) OnbiH 0eTTiK ayJaHHbBIH
KOFapbl OONybl, (QHU3UKAIBIK JKOHE XUMHSUIBIK TYPAKTBUIBIFBI CHSAKTHI (DU3UKa-
XUMUSIIBIK KaCHEeTTepl OHBI KeHIHEH KOJJaHyFa MYMKIHAIK Oepeni, MbICaNbl, CYIbI
Ta3apTy YIIiH, ra3 CY3rijiepi, CymepKOHIEHCATOp 3JIEKTPOATAPHI JKOHE KaTalau3arop
TachIMaJIaFbIILITAPBL.

JKahaHIBIK SKONOTHSIIBIK KOFaMIACTBIKTA ayblUl MIapyallbUIBIFBl KaJlABIKTApbIH
TaOUFU >KOHE CapKBIHJABI CylaplaH JacTayllbl 3aTTapAbl KeTipy YILiH peareHTTep
peTiHae maijanaHy CHUSAKTHI KaHa WHHOBAIMSJIBIK TOCUT KapKBIHABI JaMbIll Kelemi.
Kazipri yakpITTa JOyHHE JKY3iHIEri HETi3ri OHAIpic Ke3i aybll IapyallbUIbIFbI
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JaKpUIIapbl 00JbIN TadbuTaAbl. JleMek, olapabl eHJeYy HOTHKecCiHAe cabaH, YH, eeH
TOCEHIIITEPi, aCTHIK KaOBIKTaphl koHE T.0. CHUSAKTBI KONTEreH KaJJbIKTap Maina
Oonaznsl. COHFBUIAPEI Cy OPTAChIHAH 3USHJBI 3aTTapAbl ajly YILIH OpTYpPJli @HEpKacil
canajapbelHia COPOLMAJBIK MaTepHaliap peTiHxe KoiaaHbaabl. JKapusuianran
monynap Oupaild, apma KOHE CYJIBIHBI OHJEY KalIbIKTapbl Cy OpTachblHAH METalll
WOHJApBIH, OOAFBIITAPIBI, MECTULHITEPAl, MalaapAbl KOHE Mall TyBIHABUIAPHIH
KeTipy YIUIH THIMZAI COpOUMSIBIK Marepuangap OONbIN TaObUIATBIHBIH KOPCETTI.
ATpOOHEPKACINTIK OMOMAacCcaHblH TNEPCIEKTUBANBIK oJieyeTiHe CYHEeHe OTBIpPHII,
KapaKyMBbIK KaOBIFbI ap3aH )KoHE IKOJIOTHUSIIBIK TYPAKThI aICOPOSHTTEP I 93ipIiey YLIiH
epeKIle MepCleKTUBANBIK pecypce peTine epekmeneneni (Ai et al., 2020).

KenTeren skymbICcTapaa Cy OpTachIHaH JIaCTAYLIBI 3aTTapbl KETIPY YIIiH KAPaKYMBIK
KaJABIKTapbIH OHACT, COPOLMSIBIK MaTepuajap peTinae nainanany OoibIHIIA 9[-
OueTTep TanIaHbIN, KOPHITEIHABUIaHFaH (Adamovic et al., 2024). JKorapsl THIMAILTIK,
KOFapbl OMOCOPOLUMSIIBIK CHIMBIMIBIIBIK, YHEMILTIK XKOHE KAJMbIHA KENTIPY MYMKiH-
Jiri Matepuaiapsl ayblp METa HOHAAPbIHAH Ta3apTy KOHE KaJAbIKTapAbl OHACY
YIWiH YHeMai Oanama ’kacalThlH MaHbBI3AbI Tapamerpiep Ooibin TaObuaabl. Konga-
HBICTaFbl aJICOPOLMUSIIBIK KOHE KMHETHKAJBIK MOJAEIbIEPAl KOJIAaHYyAbl, COHIAN-aK
temneparypa MeH pH esrepictepinin Oupaii cabanbl MeH Oupaili keberi, KapaKyMbIK
KaOBIFbl apKbUIBI ayblp METAJJI HOHIAPbIHA COPOLIUS acepi 3epTTENTEeH.

Kapaxymbik (s1at. Fagopyrum ) — KapakyMbIK TyKbIMAachiHbIH (Polygonaceae) mer-
TeciH ecimaikTep TykbiMaachl (Cypet 2). buikriri 10-100 cM 60mateiH Oip KBUIIBIK
HEMEeCe KOl )KbULIBIK IenTeciH eciMik. CabakTaphl )KallaHalll, TiK, OyTaKTaHFaH, Oip-
KEJIK1 KanbIpakThl. JKanbIpaKTapbl Ke3eKTeCil OpHalacKaH, YIIOYPHIIITHI-YIIOYPBIIITHI
HEMece CaruTT-COMNaKIla, Y3bIHABIFBI 2,5-9 ¢M, bl y3apThutFat. [ 'ynaepi Koc sKbIHbI-
CTBI, AUMOPQTHI XKoHE reTepocTuibIi. [lepuant 6ec 6eiKTi, CapFBII-Kachll, aK HeMe-
C€ albIK KbI3FBUIT, Y3BIHABIFEI 1,3-4 MM. XKemicTep yIIOYpBIITHL, KYHTIPT, Y3bIHIBIFBI
4,5-6,5 mm. ToxipuOenik TYpFbIIaH alfaHia TYKbBIMIACThIH €H MaHbI3Ibl OCIMIIT —
HaH >KoHe OaJt OepeTiH eciMAIK TYKBIM/bI KapakyMbIK (Fagopyrum esculentum).

KapaxyMbIK TYKbIMBIH/IA KOPEKTIK 3aTTapIbIH Kol Meuiepi 0ap: 63% kemipcyap,
11,7% 6enok, 2,4% wmaii, 9,9% Ttanmsik, 11% cy, 2% munepanns! 3arrap. Kapaky-
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MBIKTa KOIT MOJIIIEpAe TeMip, KaJlbLuil, Kanuii, Gocdop, iioa, Meipsii, Grop, Monuo-
JIeH, KoOanbT, conmaii-ak, B1, B2, B9 (donuii keimkeuiel), PP sxone E mopymenaepi
Oonazpl. KapakyMBIKTBIH TYJIJCHICH JKep YCTi Oelirinae pyTuH, Garonuput, mupo-
KaTexoJl, Fajljlb, XJIOPOIeH oHe KO(enH KbIKbUIAphl. TYKbIM KypaMbIHa Kpaxmal,
aKyblI3, KaHT, MaiJIbl Mail, OpraHUKaJbIK KbIIIKbULIAP (MaJIeuH, MEHOJJICH I, KbIMbI-
3IBIK, aJMa JKOHE JIMMOH), pubodnaBul, THaMuH, Gpocdop xoHe TeMmip. KapakyMbik
aKybI3bl OAPIIBIK JOH/I JaKbLIAAap apacklHa JIU3HH MCH METUOHUHHIH €H KOFaphbl JIeH-
reiiH KaMTHJIbI, OHBIH CIHIMILTIr sx0oFapel — 78%-ra neiiin (Shaikhiev et al., 2020;
Adamovi¢ et al., 2024).

KapakyMbIK 6HIipiCiHIH TaFbl Oip HETi3T1 KaJIIBIFbI )KEMICTIH KaOBIFBI (KaOBIFbHI) 00-
JbI TabbU1aaAbl. KapakyMbIKTBI ©HEPKACINTIK eHeyAe KaObIK TOHHIH >KaJIIlbl CaJIMaFbl-
HeH 14-30% xypaiigsl. Cynan nacTaylibl 3aTTapibl KOIOFa apHaJFaH ajcopOeHTTep
peTiHe KapaKyMbIK KaOBIKTapbIHBIH MYMKIHJITIH 3€pTTey ©3€KTi OOJBIN TaObLIabl.
Taza cyra >xahaH/IBIK CYpaHBICTBIH YAalbl 6CIT OTBHIPFaHbIH JKOHE CY/IbIH JaCTaHYbIHBIH
JKOFapBl JICHTEHIH eCKepe OTBIPHII, CYIbI Ta3apTyAbIH THIMII 9IiCTePiH TaMBITYIBIH Oa-
CTBI MaHbI3bI 0ap. OnapablH imriHge OeIceHaipiIrer KoMip/Ii KOJIIaHbII aIcopOnusiay
eH TUIMII oicTepaiH Oipi. KapakyMbIK KaybI3bIHBIH THIMII aJCOPOSHT peTiHJe dMey-
€TiH KeHeWTe OTBIPBII, OJapAblH XUMUSUIBIK KYpamMbl MEH KYPBUIBIMBIK CHIIaTTamMasa-
PBI OJTap/IBIH KOPILIAFaH OpTaHbl KOpFay YIIiH MaHbI3bI 30p (Zhao et al., 2026).

(Adamovic et al., 2024) >KyMbIChIH/Ia KAPAKYMBIK KaOBbIFbIHbIH XUMHUSIBIK KYPaMBbl,
OpPTYPITi PYHKITHOHAIIBIK TOTITAp YKOHE KOJaiIbl (DU3UKAIBIK KaCHeTTepiHe OaiiiaHbI-
CTBI aFbIHJBI CyJap/bl Ta3apTy VIIH KOJAaHYy MYMKIHJITiHE mony OepinreH. bipak,
KapaKyMBbIK KaOBIFBIHBIH ap3aH aJcopOeHT peTiHAeri MyMKiHAIr *oFapbl Ooica 1a,
KapakyMBbIK KaObIFBIH OMOCOPOEHT peTiHAe Maiiianany Typasbl FBUIBIMH 9eOHEeTTED
ore a3. 4-kecTelle KOpCETUITeHIeH, OMOCOPOCHT peTiHIe KapaKyMbIK KaObIFbIH Maii-
JlaJlaHy apKbUIbI aFbIHJIBI Cy KYPaMbIHIAFbI KEHOIp ayblp MeTasl HOHAAPBIH Ta3apTyaa
KOJIJJAaHY CHIIATTaJIFaH

Kecre 4. Cynan xoHe 6acka ajgcopbarrap/iaH JlacTayIibl 3aTTap/ibl Ta3apTyFa apHaIFaH KapaKyMbIK
KaOBIFBI Heri3ineri ornocopoentrep (Adamovic et al., 2024).

BuocopbenTrep Jlactarprm Qo (MT/T) Typnennipy
Bacranke! Kapaky- Hg (11), Zn (IT), Cd (II) 244.0 (35°C) |xo0K
MBIK, KaOBIFbI Zn (1), Cd (1I), Co (II), Cu (II), |0.4-0.8 HKOK
Ni (1)
Cr(VD) 63.61 (35°C) | koK
Xumusibik onicrien | Cu (1) 50.0 5% NaOH
TYPICHJPIITCH Ka- | rrecTurmin 2,4-1ux/10pdeHoK- 161,1 (35°C) | KyKipT KBIIIKBUIBI
PaKYMBIK KaOBIFbI CHCIpKe KbILIKbUIbI
Tepmusutsik opicnien | Zn (1I) 151.52 AMMOHUIA XJTOPUIiHIH
TYPJICHAIPIITeH Ka- epiTinaicimMe (2 /i) xoHe
PAKYMBIK KaOBIFBI Fe304 typnenren 6uokemip
(MaccasbIK KaTbIHACKI 6,5:2).
Co (II) 24.0 (35°C) 1,5 macca% narpuit

anruHaThHAA + 1% (camv/kernem)
CaCl2 nmmobunM3aIysIaHFaH
OuoKeMip
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KapakyMbIK KaObIFbI CylaH ayblp METaJll MOHIAPBIHBIH KeH CIEKTPiH JKOIOFa ap-
HaJFaH oMOeOar koHe THUIMJII aJIcOPOCHT EKeHIH KOPCETIIIMN, aJcCOPOIHSIIBIK Ka0ineT-
TLTIr1 OHBIH KYpaMbIHAAFbl apHaibl (YHKIMOHAJABIK TONTAPAbIH OOMybIHA KOHE Ka-
THICATBIH METaJl MOHJAPBIHBIH CHIIaTTaMallapblHa TOYENIUTIri o1e0u Moy peTiHAe
kepcetired (Adamovi¢ et al., 2024). ConbiMeH Karap, kanuii rugpokcugiver (KOH)
XUMHUSUIBIK OCJICeHIIPUITeH, O/IaH KeiiH MoYeBUHA koHe Prussian Blue Typnenaipinren
KapaKyMBbIK KaObIFbIHAH aJIbIHFAH OeJICEHIPIITeH KOMIp/ ally ’KoHE OHBIH cUIlaTTaMa-
ChlHa apHaJIFaH xyMbicTap O6ap (Seimukhanova et al., 2025). KapakyMbIK KaObIFbIHAH
anblHFaH OEJICeHIIEHAIPUITeH KOMip OpraHMKaJbIK JIacTaylllbl 3aTTap MEH paJuoHYy-
kmuarepai (meicansl, ¥7Cs xone *°Sr), conmaii-ak Metamt karnonaapsit (K*, Na* sxone
Li*) sxorompl Koca anFaHaa, Cydbl Ta3apTy YIUiH KOJJaHy MYMKIHAIrT CHIATTajFaH.
ABTOpNap anblHFaH KOMIPTEKTI MaTepuanjap OeJIIeKTepiH KeJEeMAIK Tapaiybl,
OeTiHiH MOPQOIOTHUACH], KYPBUIBIMIBIK E€PEKIICTIKTEpi KOHE AIIEKTPOKUHETHUKAIBIK
KAacHEeTTePiH CKaHepJeyIli ANEeKTPOHABI MUKPOCKOMUSIMEH O1pIKTipiIreH SHeprHsiIuc-
nepcusIblK peHtrenaik cnekrpockonust (SEM-EDS), @ypee Typaennipy nHdppakbi-
3bu1 criekrpockonusckl (FTIR), Paman criekTpockonuschl xoHe 3eKkTpodopes, COH-
naii-ak N2 agcopOuusi-iecopOIus 9icTepiMeH 3epTTereH. 3epTrey/e OeIceHaipiareH
KeMipJiH OeTTiK KacueTTepi MeH aAcopOIMSIIBIK CHITaTTaMalapbl OJapabl XUMHSIIBIK,
OeJiceHaipy MEH TypJeHIIprilke 0ailaHbICThl EKEHIH KOPCETe .

Kommepuusibik OesnceHaipiireH KeMip MeH LEOJUTTEP Cy MEH aFbIHABI CyTapbl
TazapTy YVIIIH €H Kol KOJAAaHBUIAThIH ancopOeHTTep OOoMbIl TaObLIaAbl, ©WTKEHI
onapAbIH OeTKi KabaTbl YJIKEH YXOHE JIACTaHyAbl YKOIOIBIH THIMII MYMKIHIIKTEpPiH
AlKpIHAAWIB; aybUIIIAPYAIlbUIBIK KAJABIKTapbIHAH ~aJIBIHFaH JIMTHOILEJUTION03a
MaTepHajapbl MeH OHOKeMipiep CHSKThl Oanama aacoOpOCHTTEpAiIH KYHbI TOMEH,
9KOJIOTHSUIIBIK Ta3a KOHE pereHepanusira Tycyre OediMaimiri Oap, oJapabl aFbIHIIBI
cynapasl OacKapyIblH TYpakThl HIEHIIMIEPiH d3ipiey yuIiH KongaHaabl. KapakyMmbIK
KaOBbIFbI, KapaKyMbIK OHJCY[IH JKaHaMa ©HiMi, OJIapJAblH KOJDKETIM/IUTITIMEH,
YHEMIUTIMIMEH JKOHE SHEPreTUKANbIK JKOHE IKOJOTHSUIBIK MaKcaTTap YIIiH LIMKi3aT
peTiHae oneyeTTi MaiJaibUIBIFBIMEH TEepPCIEeKTUBANBl HYCKAa OOJNBIN TaObUIAIbI.
KapakyMbIK KaOBbIFBIHBIH (DU3MKa-XUMUSUIBIK KACHETTEpiHE JKOHE OJaplbl CYIbI
TazapTy/aa KoJAaHyra 0aiaHbICThI FBUIBIMHU HIOMYIap skacanasl. CyaaH aybslp MeTaiaap
MEH CHHTETHKAJIBIK OOSFBIIITAPABI KOCA aNFaH 1A, JaCTAYIIbI 3aTTapblH ayKBIMBIH KOO
YIIiH agcopOLMsUTBIK TpoLecTepae KapaKyMBIKThIH TaOuru (MoguduKanusiianOaraH)
KOHE XUMMSJIBIK HeMece (U3MKANBIK TYPJACHAIPUIreH KaOBbIKIIaNapblH Maligananyra
epekme Hazap aygapeiianel. Komma Oap omeOuerTtepre cyideHe OTBIPBIN, OpTYpIIi
MiNHAETT KapaKyMBbIK KaOBIKTapbl OOCTYpJl KallblHA KEIMEWUTiH aicopOeHTTepre
TYpPaKThl KOHE THIMJII OaysiaMa OOJbINT TaOBLIATHIHBI aHBIK. Onapibl MainaiaHy
CYIBl Ta3apTyIblH SKOJOTHSUIBIK Ta3a IIEIIIMiH YCBHIHBII KaHa KOHMaibl, COHBIMEH
Katap aiHaJMallbl SKOHOMHKA KaFrMJaTTapblHa COHKEC arpoeHEpKACIiNTiK KOChIMIIa
OHIMJICP/I1/KAJIIBIKTAP bl KaliTa OHACY/Il KEeHII AT/,

OpTypii onebu Ke3AepleH albIHFaH JepeKTepre CyHeHe OTBIPBIN, MakKaiaia Ka-
pPaKyMBbIK cabaHbl MEH KaOBIKTapbIHBIH XUMUSUIBIK KYpaMbl Typajbl akmapar OepijreH.
KapakyMbIK eHIey KalIbIKTapblH OpTYpJli Oaranbl KOMIIOHEHTTEPAl aly Ke3i peTiH-
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Je maiiaanany Typajibl aknapar Oepinren. Conpaii-ak TaOUFHU jKOHE arbIHBI CylapaH
aybIp MeTaJiap HOHJAaphl MEH MYHal ©HIMICPiH ay YIIiH yCaKTalFaH KapaKyMBbIK ca-
OaHBIH COPOLMSIBIK MaTepral peTiHie naiganany Typasl 9Je0u AepeKTep KenTipii-
reH (Shaikhiev et al., 2020; Adamovi¢ et al., 2024). KapakyMbIK ca0aHbIH apTypii
XUMUSIIBIK PEareHTTEPMEH OHJCY apKbUIbl COPOLMSIIBIK KaCHETTepiH apTThIPy MyM-
KiHairi kepcerinred. KapakyMbIk KaOBIFbIHAA €H QJIBIMEH IIEJUTFOJI03a MEH JIUTHUH
0O0JIaTBIHBI AaHBIKTAJIIBI.

Cy opracblHaH ayblp METaJJl HOHAAPBIH, MYHaH Ibl, MYHAll @HIMAEPIH KeTipy YLIIH
COpOLMSUIIBIK MaTepHaiap peTiHae KapaKyMbIK KaObIFbIH Malijanany Typajbl aKmapar
Oepinren. Jlactaysl 3aTTapAblH COPOLUSUIBIK KACUETTEPiH COPOLMSHBI OHACY apKbLIbI
KakcapTyFa OONaThIHBl KOPCETUIAl KBIIIKBII XUMHSUIBIK pEarcHTTep MEH >KOFaphbl
KHITIKTi, TOMEH KbICBIM/IBI [JIa3Mackl 0ap MaTepuall.

EH »xorapsl ancopOuus ;KbUIAaMIBIFBIHA KOJI )KETKI3€TiH KbIIIKBIIMEH OHACY HeEMece
IU1a3MajblK dcep €Ty mnapameTpiepi aHblKTaudbl. TaOburu cabaH MEH KapaKyMBIK
KaOBIKTapbl CyJabl OpTalaH ayblp METajul MOHAAphl MEH Maiabl KeTipyre apHaifaH
TUIMAI COPOLMSITBIK MaTepuanaap 0oubin Tadbutagsl. CopOLus macTaylbl 3aTTapAblH
KAacHUEeTTePiH XUMUSIIBIK HeMece (PU3UKa-XUMUSIIBIK TYPICHAIPY apKbUIbl JKaKcapTyFa
Oonazpl.

Ayvip memann uoHOapvin #coio. AybIp METalUl HOHAAPBIH KOO YIIIH KONTEreH
truiMai axicrep Oap. HdocTypni smicTepre XMMUSUIBIK TYHIBIPY, MEMOpPaHAIbBIK CY3y
KOHE MOH alMacy jkKaTaabl. XUMUSUIBIK TYHABIPY 9JiCi KapamnalblAbUIbIFbIHA Oaiina-
HBICTHI KE€IHEH KOJIJJaHbLIaIbl, ce0e0l KypaMbIHIa MeTaiaapel Oap MeTiHIiIepIl KO0
YIIiH KON MeJieple XUMHUSJIBIK 3aTTap KOJAaHa OTBIPHIN OfaH 9pi OHIEYIdl KaKeT
eteni. XUMUSUIIBIK TYHABIPY, MEMOpaHaJbIK Cy3y oAicTepi OacTanKbl KamuTauIbl )KoHE
naiiiajany yIIiH YJIKEH IIBIFBIHAAPIBI KaxeT ereai. MoH anmacy oaici cyibIK Heme-
ce ra3 Topi3l opTajaH KaTHOHIApAbl HEMece aHHOHAAPIAbl COpPOCHTTEp (MOHUTTED)
apKbUIBI 0OJIIN amydblH KoHE OJapiAbl KaTThl JeHeeri 0acka MOHIapFa ajaMacThIpyFa
Herizaenred. MoH anmacy oJ1ici KOHIISHTPIII METaJUT ePITIHAUIEPIH Ta3apTy YIIiH KO-
naiceI3 0omnanbl, OUTKEHI MaTpULA aFbIHABI CyIapAblH KYpPaMbIHIAFbl OPTaHUKaJIbIK
XKoHe 0acKa KaTThl 3aTTapMeH OHail nactanaabl. CoHbIMEH Katap, pH kepceTkinn Kem-
TEreH Ta3apTy dJicTepi yIUiH MaHbI3Abl GakTop 0okl TaObiIanbl. COHFBI KBLIAAPHI
ap3aH ’oHE THIMII aicopOeHTTEp I 3epTTeyiepre OalanbICThl JOCTYPIl Ta3apTy dIi-
cTepiHiH OanamanapbIHbIH Oipi peTiHAe ancopOuusFa Kol Ha3ap aydapbliabl. AIcop-
OCHTTEp peTiHle OpraHUKaIbIK HeMece OMOJIOTHSIIBIK LIBIFY TET1, TYPJIEHAIPUIreH Ma-
TepHajiap, HaHOeJIIEeMAl MaTepralaap KoHEe OHEPKACINTIK )kKaHaMa eHIMIIep HeMece
MUHEpaNIbl 3aTTap, TYPJICHIIpiAreH Ouomonumeprep, OMomaccagaH ajblHFaH OHO-
aJcOpOCHTTEp >KoHEe MoAM(UKALUsUIaHFaH aybUIIIAPYaIIbIIbIK JKOHE OMOIOTHSIBIK
KaJIJIBIKTap KOJaHbUTybl MyMKiH (Seimukhanova et al., 2025). AncopOiust nporeci
KaWTBIMIBI JKOHE MEPCIEeKTUBANIBI OONFaHIBIKTaH, jk00anay MEH DKCIUTyaTalus YLIiH
MKEeMJIUTIKTI KamTamachi3 erefi. KeimOar emec ajgcopOeHTTep KhIMOAT Ta3apTy xkyliie-
JIepiH amMacThIpa ajajibl, COHBIMEH Oipre A9CTYpIli 9IiCTEpPMEH CalbICThIPFaHa KOFa-
pul HoTIOKe Oepeni. KpimOar emec agcopOeHTTEpai KongaHy aJeyeTi MaTepuaijapabl
OaraJibl )K9HE Tayapiibl OHIMIe alHaAIABIPYyFa MYMKIHIIIK OepeTiH opi Kapai TypieHaipy
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apKbUIbl aTapibikTail keHelieai. SWOT tanaay apKbUIbl TajajaHATBIH KbIMOAT eMec
a7IcCOpPOCHTTEPAIH 9JICI3 JKaKTapbl MEH KayinTepiH MarepHuaiaapasl MoauUKausIay,
KETIAIPY KOHE pereHepauusiay OOWbIHIIA OAaH Opi 3epTTEy apKbUIbl aHBIKTAyFa
Oonaznpl. COHABIKTaH Cy[bl TYPaKThl Maiiaiany yIIiH ap3aH aJcopOeHTTEpl TaHAay
YCBIHBLIAIBI.

Kopmaran oprara ayblp MeTangap IIbIFapbIHABUIAPBI, ocipece AaMyIlbl
engepae ecyne. OpraHuKajiblK JIacTaylIblIapAaH albIpMaIlbIIBIFG], ayblp MeTajaap
OMONIOTHSUTBIK BIABIPAMAaiAbl )KOHE Tipi opraHu3Mjepie kuHainyra OeriiM. Kenreren
ayblp METajll HMOHJAphl YIbl HEMEce Karepii iCiK TyFbI3aThIHBI Oenriyi. AybIp
MeTaJIap/AblH aTOMJIBIK Maccaiapbl 63,5-ren 200,6-ra JeiliH  aybITKUIBI, all
OJIapABIH MEHIIIKTI THIFBI3ABIFEI 5,0-1€H acaibl )KoHE AIIEMEHTTEP TaOUFU TYPAE JKep
KBIPTBICBIHAA OoJanbl. Ayblp MeTalJapAblH JacTaHybl TaOUFaT KYOBUIBICTaphl MEH
aJlaMHBIH 1IapyallbUIBbIK OPEKETiHeH TyblHAaWabl. TaOuru KesgepaeH Oacka, agam
OpeKeTi ayblp MeTallapMeH JIaCTaHyIblH HeTi3ri ce6ebi OombIn TadblIaabl. S-KecTene
ayblp METaJJapAbIH HEri3T1 Ke3aepiHe TOJBIK 10Ny OepiireH.

Kecre 5. Ayslp MeTa/u1 HOHJapbIMEH JIacTaHy Ke3JepiHiH TpadUKabIK KOPiHici.

AybIp MeTaniap
Taburu AHTpOTOreH I

Aya paifbIHBIH OY3bLTYBI OHepKICINTIK MyHununanas
Illerinai arbIHb] Mertasun GankpITy MyHununanab
TonbIpax 9po3HsICH DJNIEKTPIIK Kanray TyPFBUIBIKTBI
JKanapray aTkpuIayaaps BbuIFapsl oHE TOKbIMA WISy

Besnmekri 3arTap Taiigansl Kazdanapasl OHIIPY

SnponsiK sHEpreTHKa

Kaamuii, MBIIIBIK, CEIEH, KOPFACHIH JXOHE CBhIHAN CHSAKTHI ayblp METalaap/ibl
KeHIHeH mnaijanany ruapocdepara, ouocdepara, nurocdepara xoHe aTMocdepara
aiiTapnbiKTail ocep ereli. OHEPKICINTIK aFbIHABl Cylapia Ke3[JeCeTiH HETi3ri aybIp
MeTaJjIap )KOHE OJIap IbIH JKaJIIbl OH/IIPICTIK MIBIFY TeTi 4-kecTee kepcerinreH. Keitdip
ayblp MeTajjgap ajaMm YIIiH MaHbI3bl MHKPODJIEMEHTTEp, YCaK MHUKPOIIEMEHTTED,
MHUKPODJIEMEHTTEp YIIIH MaHBI3[bl KbI3MET erTemi. (uiopa, ¢dayHa. Ayblp MeTasul
MOH/Iapbl Kem Meuiiepae OoiFaH Ke3le KbICKAa KOHE Y3aK Mep3iMIi YBITTBUIBIKTHI
TYIBIPYBI MYMKiH.

3-cyperTe KepCeTUIreHIeH aybIp MeTallap/Ibl )KOFJIBIH dPTYPJIL TOCUIIEPI )Ky3ere
achIppUIAbl. JKammbl JOCTYpIi TEXHONOTHSIAPIAbl (U3MKAIBIK, XUMHUSIIBIK JKOHE
OMONIOTHSUIBIK 91icTepre O6eryre Oonaibl..

266




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

Ayblp MeTangapjbl XKok
TexHonornanap.l

r h!
r 9 \ * cepMMeHTaLma A4
Jactypni * CKPVHUHT
* cyariney OSblK TeXHWUKanap
DAIMKANLIK, Sl
TexHonornanap spicrep * MemBpaHaHelH, Semil-m
- ~
Tanel o KUMUANGIK, TYHABIPY
YHAObIPY S XwMMﬂnbug rvaporensaep
* WoH anmacy
* agcopbums
MNoHABIK, ¢J‘IOT3LI,MF| xumnAnkl | o BefiTapanTaHasipy W}
SpicTep *  epiTKiLL 3KCTPaKLMsICEl
MoHABIK anmacy \/r N Burocop6Lms
® 33pobTH
Koarynauus Swansconns | ® BHA3POBTEE m}
swjeren
\ J
K dnoTayms m/

Cypert 3. AFbIH/IBI CyNnapAbl ayblp METAJI HOHJIAPbIHAH Ta3apTyAbIH TUITIK 9iCTepi.

AFBIHJIBI CyJap/bl ayblp METaJUT HOHJAPbIHAH Ta3apTy YIIiH COHFBI OipHeIe OH-
KBUIABIKTa TYPJICHIIPIITeH aacopOeHTTEepAl KOJMAaHy alTapibIKTail ecTi, eHWTKeHi
TYPIACHIIPYII areHTTep TUIMII aICOpOIHs YIIIiH OMoMaTepuaiapIbiH OETTiK KacHeT-
TepiH KakcapTyra KalineTti. OmapapIH aacopOIMACHIHBIH THIMIUTITIH Oaranay yuIiH
OPTYPIIl TEXHONOTHUSIIBIK TTapaMeTpiepi, n30TepMasap, KHHETHKA JKOHE €CeNTey oJIi-
cTepi KonmaHeuabl. Kazipri yakeiTTa onapasl naiiianaHy 3epTXaHalbIK MacIITaOneH
IIeKTeNe i, oIapAbl KOMMEPIMUIBIK HEMece ayKbIMIbl OHIpiCKe KeHEHTYmi KakeT
eTeni. AICOpOSHTTEPAIH THIMIIITIH OHIIPIC MIBIFBIHAAPBIMEH TEHECTIPY YIIiH JKaHa
o/licTep MEH TEXHOJIOTHSUIIAP/IBI MYKHSIT 3epTTey KaxeT bipak, SKOJOTHSIIBIK Ta3a Tay-
apJapra aiiHanIMal, YIKeH KoJIeMJIET] aybUTIIApyaIIbUTbIK KaJIbIKTAPbIHBIH KahaH IbIK
OH/IIpiCi ayBUIIIBIK JKEpIIEP/IiH JIaCTaHybIHA JKOHE Oenriii Oip mopekesie ayblUIbIK Kep-
Jiep/ie eTiHMIIUTIKTI )Ky3€ere achIpyIbl KHbIHAaTaabl. HoTmkecinae aybut mapyanibuIbiFbl
KaJJIBIKTApbIHAH SKOJOTHSIIBIK Ta3a Tayapiapibl OHJIIPY aybll IIapyamblIbiFbl Kaj-
IOBIKTapbIH JKaFyllaH TybIHJaraH ayaHbIH JIacTaHy JeHTeHiH THIMAI TeMeHAeTe[l
(Hussein et al., 2025). KinumarTeiH e3repyiHe, Cyabl Ta3apTyFa JKOHE Kbl KOpIIaraH
OpTaHBI KOpFayFa KaThICTHI OnoMacca afcopOeHTTEePiHIH JaMybl MaHBI3IbI PO aTKa-
panel. COHBIMEH KaTap, OYKiJ oJieMIeTi aHaINTHKAIBIK eCenTepre cokec, Onomacca
HETi3iHeTi ajcopOeHTTepAIH aAcOPONUSIBIK KACHETTEPIH )KaKcapTyFa O0aChIMIIBLTBIK
Oepiiin, FEUTBIME 3€PTTEYIIEPIiH 0acThl MaKcaTTaphl OOMIBIT OTHIP. Ap3aH afcopOeHT-
TepIIiH aAcOpOIMAIBIK KaOilIeTiH oJJaH 9pi apTTHIPY YIIiH OMoMacca Heri3iHeri ajco-
pOeHTTepre Kocyra O0JIaThIH areHTTep i TabyFa Heri3 OOIIbI.

Exinmii xarplHaH, TYPJICHIIPY MPOIECIHIH KYPAEIiri, OHBIH Kap>KbUIBIK KUBIH-
JBIKTAPBI JKOHE OPTYPJIi XUMHUSIIBIK TYPJICHIIPTIIITEpMEH OaiIaHBICTHI SKOJIOTHSIIBIK
Mocelenep anTapibIKTail Hazap ayaapThi OThIP. AYbUT IIAPYaNIbUIBIFbl KAIABIKTAPbIH
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naiiiajganbin OMOKeMIpTEK eHAIpici eH 0acekere KaOiIeTTi, SKOJIOTUSIIBIK Ta3a >KOHE
TYPaKThl TEXHOJOTHSIIBIK CTpaTerus 00nbIn caHanaabl. Kazipri yakeITTa MIbIFapbIHAbI-
JapApl a3aTy, KIMMaTThIH ©3repyiH a3aiTy, pecypcTap UUKIiH 0acKapy, SHEprHsHbBI
YHEMJIey JKoHe KOpILaFaH OpTaHbl KOpFay YIIiH KaJIbIKTapAbl OacKapy ©3eKTi Macese
exeHi Oenrimi. COHIBIKTaH OMOMacca HeTi3iHaeri aacopOeHTTepAiH OonamareH Oara-
Jlay YIIiH Kelleci HepCleKTHBaHbl Maiianany Kepek:

1) Buomacca Herizingeri aacopOCHTTEpAIH KOMMEPLHUSUIAHYBIH BIHTAJIAHABIPY
YIIiH aybUIIapyallblIblK KaJAbIKTapblH KapOOHM3aLMsIIay TEXHOJIOTHSCHIH d3ipiey
YKOHE JKETUIIPY MAHBI3JIbI.

2) buonorusinelk copOuus NpoueciHie KONJaHy YUIIH eTe THIMII SKOJIOTHSIIBIK
Ta3a TYPJACHIIPTill 3aTTap MEH NPOLeCTEeP i 93ipiaey KaKeT.

3) bonamakra nactany ayKbIMbIH/1a HHKEHEPIIiK MaceIesepi Ienry yiliH Onomacca
HETI31H/eTr1 aIcOpOCHTTEP II MaliIanaHy/abl KAMTUTBIH 3ePTTEYIepPi KEHEUTY KepekK.

KopbITbiHABIIAN Kene, aybUIapyallbliblK KalIbIKTaphl OnomMacca Heri3iHzeri
aZicopOeHTTepre KaparaHaa apThIKIIBUIBIKTaphl Oap KoHE KOpIIaraH OpTaHbl KOpFay
KosigaHOanapblHaa KbIMOAT KOMMEPLHSUIBIK O€ICeHICHIIPUIreH KOMIpAl aybICThIPY
YILLIiH MaiganaHbuTybl MYMKIH.

KopsIThIHABI. AFBIHIBI CylTapiaH ayblp MeTaiIapbl KO Ka3ipri SKOJOTHSUIBIK
XUMUSHBIH MaHbI3/IbI MiHAETiI 0ok Tabbutasl. KongaHnbsicTarsl 9icTep iy iniHe
azcopOuUMs KOFapbl TUIMAUTIITIMEH, iCKe achIpyIblH KapanalbIMIBLUIBIFBIMEH KOHE
ap3aH TaOWFH IUKi3aTTap/Abl Maliganany MYMKIHIITIMEH epeKiieneHe . OHepKoCinTiH
KapKbIHIBl JaMybl Cy OOBEKTiJiepiHe ©T€ YBITTbI, OMOKMHAKTAIATHIH, OUOJOTHSIIBIK,
BIIBIPAMaNTBIH KEJIeCi XUMUSIIBIK AIeMeHTTep i KoprackiH (Pb), kanmuii (Cd), xpom
(Cr), mbic (Cu) yoHE MBIPBII (Zn) CUAKTHI ayblp METAIAAPABIH IIbIFAPbIHBIIAPBIHBIH
apTyblHa OKesleAi. AFBIHIBI Cy KYpaMbIHOAFbl ayblp MeTajl HOHAApbIH >KOIoAa
aybUIIIAPYalIbUIBIK KaJIBIKTaphlH aJCOPOCHT peTiHAe MaiiiaiaHy FajlbIMAapIbIH
3eprreynepinae kepcerinren. Mpicainsl, ContycTik KazakcTan 00MbICHIHBIH KaPaKYMBIK,
KaOBIKTapbl KeMipTerire 0ail, KOJKETIM/I aybUl MIapyarblIbIFbl KaJAbIKTaphl OOMbII
Tabbutanpl. KapakyMbIK KaOBIFBIHAA LEIUIION03a, JIUTHUH, FreMULeNIono3a 6ap. Ockl
KOMIIOHEHTTEP OJlapJbl KOMIpTeri cOpOCHTTEepiH OHAIpYre KOJaiyibl MIMKi3aT eTemi.
KapakyMbIK KaObIFbIH aFbIHIBI CYy KYPaMBIHIAFbl ayblp METal MOHAAPBHIH KOO YLIIH
naiananyablH apThIKIIBUIBIKTAPHL:

» TeMeH 1IMKi3aT KYHBI;

* AybIJI IIApyalIbUIBIFBl KAJABIKTAPbIH KaliTa OHACY;

* DKOJIOTHSUIBIK KayiIci3;

* JKorapsl Tazanay THiMIiIIr.

KapaxyMbIK KaObIFbIHAH aJIBIHFAH OeJICEHICHAIPIITeH KOMIpAl Naiianany aFbIH bl
CynapAbl ayblp MeTajaaplbl Ta3apTyAblH NEpCHEKTHBAbl TACiT, COHBIMEH Karap,
9KOJOTHUSIIBIK KayilCi3MiKTi, YHEMIUTIKTI JKOHE JKOFapbl COPOLMSUIBIK KaOileTTimIKT
OipikTipeni.

Byrinri Tapma aFplHABI Cymapibl Ta3apTy YIIIH ©HEPKACINTe KEePrimikTi KO-
KETIMAIUIIrHE, TEXHUKaJblK MYMKIHIITIHE, WHXKEHEPIIK KOJJAHBUIYbIHA >KOHE
IIBIFBIHAP/IBIH THIMIUTITIHE OAaiJIAaHBICTHI ap3aH aJCcOPOCHTTEP/I KEHIHEH KOJIaHy-
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JIbIH MaHBI3bI 30p. Erep, KomkeTiMAl )koHe 031H1K KYHbI TOMEH aJICOPOCHTTEP aFbIH IbI
CyIarbl ayblp METalAap/Abl )KOI0/a KAKChl HOTHIKE KOpPCeTce, oJapAbl TeK IIBIFbIHAAP-
JIbIH THIMCI3/ITiH a3alTy VIIIH FaHa eMeC, COHBIMEH Karap MalalIbUIBIKThI apTThI-
Py YIIIH ©@HEpKACiNTe KeHIHEH KOoJiJaHyFa Ooyajbl. ByriHri TaHma aFrblHIBL CyIapibl
Ta3apTyAa OHbl MPAKTUKAJIBIK KOJJaHYbIH SKOHOMHUKAJIBIK THIMIUTITIH OaFanay yIIiH
ayblp MeTanJgapbl KO0 YLIIH ap3aH ajcopOeHTTepHAl MaiifaimaHydblH IIbIFBIHAAPHI
MEH MYMKIHAIKTEepiHe Tayijay XKYprizy KaxeT. Ap3aH ajacopOeHTTepAl mnaigananHy
KOpILIaraH OPTAaHbIH TYPaKTBUIBIFbIHA BIKMAJ €Tyl MYMKIH. Ap3aH aJcopOeHTTepAai
aFbIHJIBI CYy KYPaMBIHIAFbl ayblp METal HOHIAPbIHAH Ta3apTyFa OaillaHBICTBI FBUTBIMU
3epTTeynepae Keleci TEeXHOJIOTHSUIBIK apTTapFa Ha3ap aydapblly Kepek: OenceHmaipy
LIaPTTApbIH OHTAWIaHIBIPY, COPOCHT OETIH ©3repTy, OHEPKACINTIK KOJIAaHy YIIiH TeX-
HOJIOTHSIHBI MaclTa0Tay. OpHHE, ap3aH aJcopOeHTTep OojamakTa KOMMEPIHSUIBIK,
MaKcaTTa KONTereH NepCreKTUBAIbI apTHIKIIBUIBIKTapFa KOJ )KeTKi3e/i.

Kazipri yakpITTa arbIHIBI Cylap KYpaMbIHIAFbl ayblp METallap/abl KO0 MaHbI3IbI
pen arkapaibl, ©WTKEHI ayblp MeTajjap KOpLIaFaH oOpTara KayinTi ocep eTeni.
CoHJIBIKTaH aybIp MeTaJiap/bl )KOIOABIH KenTereH aaictepi Oap. actypii sgicrep MeH
(oTokaTanuzOeH caNbICTHIPFaHaa alCOPOLUSIBIK MPOLECTEPAl KONAAHYABIH KONTEreH
MYMKIHIIKTEpi MEH MNepcreKTHBajapel O0ap. Aran alWTKaHaa, ap3aH agcopOeHTTEp
aJICOpPOCHTTEp THIMII KOHE YHEMJi MaTephajjap pPEeTiHAe KOJNJaHbUIAIbI, aFbIHIbI
CylapJaH ayblp MeTaJl HOHAAPBIH Ta3apTy OOMBIHILIA 3epTTeyaepAiH OaFbITTHUIBIFBIH
aiikpiHAaiapl. EH OacThIChl, €H KOJabl 9MICTI TaHAdy YIIIH aFbIHABI CYNapIbIH
($u3MKaNbIK KacueTTepi MEH OoAICTepAiH CHIMaTTaManapbl MaHBI3Abl POJ aTKapasbl.
¥ ChIHBIIFaH IOy KYpaMbIH/IA aybIp METaJlJl HOHAApHI 0ap aFbIHIBI Cylapbl Ta3apTyFa
0alIaHbICThI KYPri3UIETIH FBUIBIMH 3€pPTTEYIIEp YILUiH YIri O0naabl.

KopbITbiHabIIAN Kene, AYHHEXKY3IHAE TYLIBI Cy TalllbUIbIFbIHA OalIaHBICTHI
aFbIHJIBI CYJIap/Ibl TA3apTy KOHE KaiiTa OHJIeY KeH TapajfaH. AFbIH/bI Cylap/iaH Ta3a cy
aJry TeXHOJIOTHSJIapHI J1a XKAKChl JaMbIFaH XKoHe KOKeTiMIi. COHBIMEH KaTap, aFbIH bl
Cynap/bl KaliTa @HAey/iH OoJIalIaFbl Ty pasibl XaJIBIKTBIH OpTYPJli aKIapaT KypaiiapblHaH
KaXeTTI MONIIMETTI aybl MeH OinimMiHe OalinaHbICThL. JlaMblFan enjepae cyasl KainTa
OHJIeY JKAKCHI JKOJIFa KOWBIIIFAHBIMEH, JAMYILBI eJJiepAe HHPPaKYpPhIIBIMHBIH TalTalKa
ColiKec KeIMeyi KoHe XaJbIKThl Xadapaap eTyAiH )KeTKITIKCi3AiriHeH 00Iybl MYMKIH.
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Abstract. This article presents the results of predicting the kinetic properties of
composite materials based on vinyl ester resin (VER) with the addition of diatomaceous
earth and dimethyl methylphosphonate (DMMP) using the Netzsch Kinetics Neo
software based on the results of thermogravimetric analysis (TGA). The VER samples
were synthesized at the University of Science and Technology of China (Hefei, China)
as part of a project funded under a targeted grant program. The kinetic characteristics
of four samples were predicted based on the results of thermogravimetric analysis: Pure
VER, VER + DE — a VER sample with a diatomite concentration of 25%, VER+DE/
DMMP — VER with physically mixed DMMP and diatomite at concentrations of 12.5%
and 12.5%, respectively, and VER + DE@DMMP — a sample with DMMP immobilized
in the pores of diatomite (25%). Based on the TGA curves, models were selected in the
Netzsch Kinetics Neo software, which allow for the prediction of the samples’ kinetic
properties under specific conditions over a defined period of time—something that is
not feasible under laboratory conditions. Models were selected in the Netzsch Kinetics
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Neo software. For the pure sample, the model corresponded to a simple first-order
reaction; for VER with diatomite, independent reactions (simple and diffusion); for
VER+DE/DMMP and VER+DE@DMMP, autocatalytic A2 and A3, and diffusion D3.

The results of the analysis showed that pure VER decomposes very slowly at low
temperatures, but quite rapidly at high temperatures, compared to the other samples.
The VER+DE/DMMP and VER+DE@DMMP samples exhibit a higher decomposition
rate in the initial stages, whereas mass loss slows down at high temperatures.

In the dynamic mode, the pure VER sample showed the shortest decomposition time
and the lowest temperature. In the immobilized sample, decomposition proceeds slightly
faster than in the diatomite sample. The composite with physically mixed diatomite and
DMMP demonstrated intermediate decomposition temperatures and times.

The results obtained open up opportunities for the development of new fire-resistant
materials with controllable functional properties.

Keywords: vinyl ester resin, diatomite, DMMP, thermogravimetric analysis, Netzsch
Kinetics Neo, degradation, decomposition time
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Annoramus. byn makana Netzsch Kinetics Neo OarmapnamacelH naiijganaHa
OTBIPBII, TepMOTpaBUMETPUsUIBIK Tasnay (TTA) HoTHKenepiHeHIH HeTi31H/e JHaTOMHT
nen gumetun metwindocponar (DMMP) kocburran BuHmHn 3¢up maisipel (VER)
HEri3iHAeri KOMIIO3MTTIK MaTepHayiIap/blH KUHETHKAJBIK KACHETTEPiH OoJpKay
3epTTeyiHiH HoTIKeNepiH ycbiHaabl. VER yirinepi Kpitailt Fouibiv jkoHE TEXHOIOTHS
yauBepcuterinae (Xo¢oii, Keirait) MakcarTsl OaraapiaMa asicblH/1a KapKbUIAHIBIPbUTFaH
xo0a menOepinge cuaTe3nenai. TepMorpaBUMETPHUSUIBIK Talay HOTHKEIEpl Heri3iHae
TOPT YJTiHIH KWHETHKAJIBIK CHIaTTaMallapblH Ooipkay >kyprisimmi: taza VER, VER
+ DE — nuaromut koHueHrtpanuscbl 25% O6omnarein VER yirici, VER+DE/DMMP —
DMMP nen auartomut 12,5% sxone 12,5% koHueHTpanusga (GU3MKAIBIK apajacKaH
VER; VER + DE@DMMP — nuaromur tecikrepinne Oekitinres DMMP-i 6ap yari
(25%). TT'A xuceikTapeina cyiieHe otbipbin, Netzsch Kinetics Neo Oarmapiamachl
apKbLIbl MOJICIIBACP TAHIANIbI, OYJ1 MOJENbEp YIriiepain Oenriii Oip *xaraainapaa
OCJNTUJICHIeH YaKbIT apajibIFblHIaFbl KHHETUKAJIBIK KACHETTEPIH OOJKayFa MYMKIHJIIK
Oeperi, a 3epTXaHalbIK JKaraaiiapaa MYHBI JKYy3ere acblpy MyMKiH eMec. Mozenbiep
Netzsch Kinetics Neo 6argapnamackinaa Tagaaisl. Taza yiuri Yo Mojieb Kaparnaibiv
OipiHII PeTTIK peakuusara colikec Keiji; AuaroMuT KockraH VER ymrin — Toyencis
peaknmsnap (kapamaiibiM xoHe aupdy3usuibik); VER+DE/DMMP xone VER+DE@
DMMP yiuin — aBrokaTanuTukaibik A2 sxone A3, nuddysusibik D3,

Tannay notmxenepi raza VER-n1iH TeMeH Temneparypaja ote 0asy blAbIPaUTHIHBIH,
al JKOFapbl TemIieparypaia Oacka yariiepre KaparaHia CalbICTBIpMallbl TYpAE Te3
bIIBIpalThIHBIH - KopceTTi. VER+DE/DMMP  sxone VER+DE@DMMP  yurinepi
OacTarnkpbl Ke3eHJIep/e bIIbIPay KbUIaMIBIFBI JKOFaphl 00JICa, JKOFaphl TeMIlepaTypajia
MacCCaHbIH JKOFaIybl 09CCH IS/,

Junamukanslk pesxxumzae Taza VER yiirici biibipay yaKbITBIHBIH €H KbICKa OO0JIYbIH
JKOHE €H TOMEHTI TeMIlepaTypaHbl KepceTTi. IMMoOUIM3ausiIanran yaTije blIbIpay
JMAaTOMHUT KOCBUIFAH YJTIre KaparaHaa Col JKbUiaMm kypedi. DU3nKanblK KOIMEH
apaJIacThIpbUIFaH JuaToMuT eH DMMP kocnacel bIbIpay/ibIH OpTalla TEMIIEPATYPACHI
MEH YaKbITBIH KOPCETTi.

AJBIHFaH HOTHXKeJep OacKapbuIaThiH (QyHKIIMOHAIIBIK KachueTTepi Oap jkaHa OTKa
TO3IM/Ii MaTepralIap/bl 93ipieyre MyMKIiH/IK Oepei.

Tyiiin ce3mep: Bunwi 3¢up maiibipsl, guatomut, DMMP, TepMorpaBuMeTpHsuIbIK
tannay, Netzsch Kinetics Neo, aerpaaiusi, biIbipay yaKbIThI
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AnHoTtanus. B crarbe mpencTaBieHbl pe3ylbTaThl MPOTHO3UPOBAHUSI KUHETHYE-
CKMX XapaKTEePUCTHK KOMIIO3HUTHBIX MaT€pHajOB HAa OCHOBE BUHHID(QHUPHON CMOJIBI
(VER), MmomnduuupoBanHoi auatoMuToM M auMmetwiMeTuiapocdonarom (Dimethyl
Methylphosphonate, DMMP), ¢ ucnonszoBanuem nporpaMMHOro Komriekca Netzsch
Kinetics Neo Ha ocHOBe AaHHBIX TepMorpaBumerpuueckoro anamusza (TTA). Obpas-
(bl BAHWII(UPHOW CMOJIBI OBIITM CUHTE3UPOBAHBI B YHUBEPCUTETE HAyKH M TEXHOJO-
ruii Kuras (. Xadoit, KHP) B paMkax BbIMOMHEHUS! IPOEKTa MPOTrPaMMHO-1IEIEBOTO
¢unancuposanus. [IpoBeaeHo MonenIMpoBaHWE KWHETHYECKHX MapaMEeTPOB YEThIpeX
TunoB 00pa3nos: Pure VER (uucras Bunumsupnas cmona), VER + DE (obpaszern ¢ co-
nep>kanuem auatomuta 25 %), VER + DE/DMMP (o6pazen ¢ ¢pusnyeckn cMeIaHHbI-
Mu quaromutoM 1 DMMP B konnenTpanusix no 12,5 %), a rakxe VER + DE@DMMP
(o6pazenr c DMMP, nMMOOMIN30BaHHBIM B MOpaxX AMATOMHUTA, C OOLIMM COAEPKaHHEM
Haronuutens 25 %).Ha ocnoBanun xpusbix TT'A B mporpamme Netzsch Kinetics Neo
ObUTH TTOAO0OpaHbl KHHETUYECKHE MOAECIIH, MTO3BOJIAIONINE MPOrHO3UPOBATH TIOBEICHHE
MaTeprasoB IPH Pa3InIHbIX TEMIIEPATyPHBIX PEKUMAX U IPOIOIKUTEIBLHOCTH BO3IEH-
CTBHS, YTO 3aTPYIHUTEIBHO PEaTn30BaTh B 1a00paTOpHBIX yCIOBHAX. J[1g uncToii cMo-
JIbl HanOoJIee aJeKBaTHON OKa3anach MOJIENb IPOCTON peakuy MepBoro nopsaka. s
o6pasua VER + DE ycranoBnena koMOWHauMsi HE3aBUCHUMBIX PEaKIMi IEPBOTO MOPSI-
ka u aug¢ysnonnoro Mmexanmsma. s oopasnos VER + DE/DMMP u VER + DE@
DMMP nanbonee cOOTBETCTBYIOIIMMHE OKa3aJHCh aBTOKaTaJUTHUECKUE MoAenH A2 u
A3 B couerannu ¢ quddy3noHHON Moaebio D3. Pe3ynsraTsl mokasasm, YTo YUCTAast BU-
HWIQHUPHAS CMOJIa XapaKTepU3yeTCst MEJICHHBIM Pa3IoKeHHEM NPU HU3KUX TeMIlepa-
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Typax u 0ojee MHTeHCUBHOM Jierpajanneil Ipy BEICOKMX TeMIeparypax 1o CpaBHEHHIO
¢ moguunrposanusiMu odpasuamu. Komnosutst VER + DE/DMMP u VER + DE@
DMMP neMOHCTpUPYIOT MOBBIIIEHHYO CKOPOCTh PA3JIOKEHHS HA HAYAIIBHBIX CTaJUAX
Ipolecca, TOTAa Kak IPU BBICOKMX TEMIIEPATypax CKOPOCTb IMOTEPU MACCHI CHUIKAET-
cs. B muHaAMU4eCKOM peXuMe YUCTask CMOJA XapaKTepU3yeTCss MUHUMAJIbHBIM BpeMe-
HEM TEPMUYECKOTO Pa3IoKeHUs] U HanOosee HU3KOH TeMIlepaTypoil JecTpyKuuu. J{ns
obpasua ¢ uMMoOmIn3oBanHEIM DMMP npornecc pa3noskeHus: IpOTEKaeT HECKOIBKO
ObIcTpee, YeM I KOMIIO3UTa, COAEPIKaIlero Tonbko auatoMuT. O0paser ¢ pu3ndecku
cMemaHHbIMU auaromuToM 1 DMMP xapakrepusyercss IpoMeKyTOYHbIMY 3HAYCHUS-
MH TEMIIEPATYPBI U BPEMEHU pa3noxeHus. [loryueHHbIe pe3ylbTaTbl CBUACTEIbCTBYOT
0 MEPCHEKTUBHOCTH MCIIOIb30BAHMSI JUATOMHUTA U TUMeTUIMeTHIdochonara s co3-
JIaHUSL HOBBIX OTHECTOMKUX MOJUMEPHBIX MATEPUAIOB C PETYIUPYEMBIMU JKCILIyaTa-
LIUOHHBIMY CBOWCTBAMH.

KiroueBsble ciioBa: BuHwmupHas cmona, auatomut, DMMP, TepmorpasumeTpu-
yeckuii ananu3, Netzsch Kinetics Neo, nerpananus, Bpems pa3ioKeHus

Introduction. Polymer composites are a special class of materials that combine a
polymer matrix with reinforcing or functional fillers, enabling the production of materials
with predetermined physical, chemical, mechanical, and performance properties. Due
to their low weight, low cost, and desirable thermal properties, they are widely used
in industries such as construction, transportation, aviation, energy, and the chemical
industry (Wu et al., 2023).

A significant drawback is the rapid flammability and combustibility of the polymer
matrix, as well as rapid heat release. To address this issue, the development of flame
retardants that create a protective barrier during combustion and prevent the formation
of carbon residue is becoming increasingly relevant (Wang et al., 2023).

Vinyl ester resins (VER) are unsaturated polyester resins with enhanced chemical
resistance and strength (Paczkowski et al., 2022). These materials are produced by
reacting epoxy resin with methacrylic acid. The resulting epoxyacrylates dissolve in
monomers. The resulting liquid resins can be used similarly to unsaturated polyester
resins (UPR) (Nodehi et al., 2022).

Vinyl ester resins can be viewed as a compromise between unsaturated polyester and
epoxy resins (Todjiyev et al., 2026).

However, due to their polymer matrix, ECMs are not sufficiently fire-resistant,
which limits their application (Hu et al., 2022). This problem has been partially solved
by physically adding fire-retardant substances to the resins or chemically introducing
fire-retardant groups into their network structure (Zhang et al., 2020). However, while
flame retardants increase the material’s fire resistance, they simultaneously contribute to
the deterioration of certain physicochemical properties (Li et al., 2022).

One of the fillers that minimally degrades the properties of the polymer matrix of
the fire-retardant material is dimethyl methylphosphonate (DMMP), which possesses
flame-retardant properties through

the interaction of the generated radicals with He and OHe radicals (Xavier et al.,
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2025). Due to its volatility, DMMP does not remain in the polymer matrix for long, and
its effect is short-lived.

Scientists from the University of Science and Technology of China have found a
way to ensure the long-term flame-retardant properties of DMMP by immobilizing
DMMP in the micro- and nanoporous channels of diatomaceous earth (DE) and then
incorporating it into vinyl ester resin (VER) (Xie et al., 2026).

The choice of diatomite was justified, first, by its widespread occurrence in
Kazakhstan (Aktobe Region), and second, by its porous structure, which stems from its
origin in sedimentary rocks and algae (Xu et al., 2019). The fire-retardant and flame-
suppressing properties of diatomite are well known (Bi et al., 2024).

When characterizing new materials using analytical methods to determine thermal
properties, thermogravimetric analysis is employed, which allows for the determination
of mass loss at various temperatures under a specified heating rate. In the Netzsch
Kinetics Neo software, based on the analysis data, it is possible to determine predictive
kinetic characteristics, such as the degree of degradation over a very long period of time
that cannot be analyzed under laboratory conditions, the calculation of the degradation
temperature, the degradation time at very high heating rates that cannot be set on a
laboratory instrument, and other characteristics (Harter et al., 2022).

This study presents data on the prediction of kinetic characteristics of VER-based
composites with diatomite and DMMP additives based on thermogravimetric analysis
using the Netzsch Kinetics Neo software.

Materials and Methods. Composite materials based on vinyl ester resin with
the addition of diatomaceous earth and DMMP were prepared at the University of
Science and Technology of China (Hefei, China) as part of a project funded by the
Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant No. BR28712729) [[16]].

Four VER samples were used to record and study the kinetic characteristics:

Pure VER, VER + DE — a VER sample with a diatomite concentration of 25%,
VER+DE/DMMP — VER with physically mixed DMMP and diatomite at concentrations
of 12.5% and 12.5%, respectively, VER + DE@DMMP — a sample with DMMP
immobilized in the pores of diatomite (25%).

The composite containing DE@DMMP was prepared by first vacuum-immobilizing
DMMP within the pores of DE (producing DE@DMMP), after which the resulting
filler was incorporated into vinyl ester resin (VER) with stirring until a homogeneous
dispersion was achieved. The mixture was degassed under vacuum, then a curing
accelerator and initiator (each at 1.5 wt.% relative to the resin) were added, poured into
molds, and cured at room temperature until the composite was fully formed.

Thermogravimetric analysis was performed on a NETZSCH TG 209 F1 Libra
(Germany) instrument, dynamically heating the sample in a 40 mL/min flow of inert
nitrogen gas from room temperature to 800 °C. The heating rate was 10 °C/min.

Kinetics analysis was performed using the NETZSCH Kinetics-Neo (Germany)
software. The program works as follows: first, TGA data obtained under real-world
conditions—that is, up to a temperature of 800 °C with a heating rate of 10 °C/min—are
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loaded into the program. Then, based on the TGA data, the program selects a model
corresponding to a single reaction or several parallel reactions. Using this program, it
is possible to predict the thermal properties of a material under certain conditions that
cannot be replicated in a laboratory, such as very high temperatures, high heating rates,
isothermal conditions, and the behavior of the material over an unlimited period of time.

Results and Discussion. We obtained the thermogravimetric analysis results of the
four samples and performed modeling in the NETZSCH KINETIC NEO program. The
following figures show the models (Figures 1, 2, 3, and 4).

Figure 1 — Model| Based: Pure VER
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Figure 1. Model of pure VER.

The TGA curve shows that significant mass loss in the pure VER sample begins at
300 degrees, and by 400 degrees, half of the sample’s mass has already been lost. From
440 degrees onward, the mass begins to decrease only slightly. Accordingly, degradation
begins after 27 minutes, 50% of the mass is lost after 36 minutes, and the rate of loss
slows down after 42 minutes. It takes about an hour for the mass to be completely lost.

The reaction model of the pure sample corresponds to a simple first-order 7, reaction,
and the activation energy is 103.5 kJ/mol.

The reaction follows the following formula

do/dt = k(1—a)!

here a conversion degree, k — rate constant.

278



ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

100

+ Experimental data
—— Model fit

80

60

Mass / %

40

20

0 100 200 300 400 500 600 700 800
Temperature / °C
Figure 2. Model of VER + DE.

A significant loss of mass in the VER sample containing diatomite also begins at a
temperature of 300 degrees, reaching 50% decomposition at 419 degrees. From 454
degrees onward, the mass begins to decrease slightly. At a temperature of 800 degrees,
approximately 30% of the mass remains. Accordingly, degradation begins at 29 minutes,
50% of the mass is lost by 39 minutes, and the rate of loss slows down after 45 minutes.
It takes 77 minutes for the mass to decrease by 30%.

The model for the diatomite-added sample consists of two independent reactions — a
first-order F_ reaction and a D3 reaction (181 kJ/mol and 13 kJ/mol, respectively).

D3 — Diffusion model (3D: Jander model). This model describes diffusion-controlled
processes in solid materials. The reaction equation is:

1 —; a-(1—a) =kt
Here, the speed is highly dependent on the product being generated.

Figure 3 — Model Based: VER + DE/DMMP
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Figure 3. The model of VER+DE/DMMP.
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Asignificant loss of mass in the VER sample, which contains physically mixed DMMP
and diatomite, begins at a temperature of 303 degrees, reaching 50% decomposition
at 408 degrees. From 458 degrees onward, the mass begins to decrease slightly. At
a temperature of 800 degrees, approximately 20% of the mass remains. Accordingly,
degradation begins at 28 minutes, 50% of the mass is lost by 38 minutes, and the rate of
loss slows down after 43 minutes. It takes 77 minutes for the mass to decrease by 20%.

Figure 4 — Model Based: VER + DE@DMMP

& Experimental data
= Model fit

Mass / %

0

1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Temperature / °C

Figure 4. The model of VER + DE@DMMP.

A significant loss of mass in the VER sample, with DMMP mobilized in the
diatomite pores, begins at a temperature of 313 degrees, reaching 50% decomposition
at 405 degrees. From 453 degrees onward, the mass begins to decrease slightly. At
a temperature of 800 degrees, approximately 15% of the mass remains. Accordingly,
degradation begins at 29 minutes, 50% of the mass is lost by 38 minutes, and the rate of
loss slows down after 43 minutes. It takes 75 minutes for the mass to decrease by 15%.

The VER+DE/DMMP and VER + DE@DMMP models correspond to three
independent parallel reactions: A2 (21-48 kJ/mol), A3 (52-129 kJ/mol), D3 (164—40
kJ/mol). The activation energies for the VER+DE/DMMP and VER + DE@DMMP
models are shown in parentheses.

A2 — Autocatalytic reaction model, corresponding to equation
do/dt = ka-(1-a).
According to the equation, the reaction starts slowly, then accelerates sharply, and
finally slows down.
A3 — Autocatalytic reaction model

do/dt = ko’ (1-a),

here, the rate is highly dependent on the product being generated.
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It can be observed here that in the VER sample containing physically mixed diatomite
and DMMP, autocatalysis is initiated more readily compared to the immobilized sample,
whereas diffusion, conversely, proceeds more slowly. In the sample with immobilized
DMMP, there is a protective barrier, which slows down the chemical reactions.

After importing the TGA data into the NETZSCH Kinetics-Neo software, we
predicted the kinetic characteristics of the samples under isothermal conditions. In
doing so, we estimated the rate of mass loss for the samples at specific temperatures.

The results are shown in Table 1, which presents data on the time of mass loss at
specific fractions and at different holding temperatures.

Table 1. Time of mass loss at different temperatures.

Time of 10% mass lost Time of 50% mass loss
Pure VER 100° 17 month 100° 11 years
200 90 hours 200 3 days
300 1.5 hours 300 35 min
400 18 min 400 2 min
VER+DE 100° 2.9 year 100° 23 years
200 1 day 200 9 days
300 12 min 300 3.6 hour
400 0.7 min 400 6 min
VER+DE/DMMP 100° 3 days 100° 11 days
200 1.8 hours 200 7 hours
300 3 min 300 37 min
400 36 sec 400 6.8 min
VER + DE@DMMP 100° 4.8 hour 100° 4.5 days
200 29 min 200 4 hour
300 5 min 300 33 min
400 1.2 min 400 5.7 min

According to the program data, the maximum mass loss for pure VER is 82%, for
the VER+DE sample it is 68%, for VER+DE/DMMP it is 79%, and for VER+DE@
DMMP it is 84%.

The rate of mass loss depends heavily on temperature, and as the temperature rises,
the degradation rate increases sharply.

VER+DE is the least thermally stable at low temperatures (2.9 years to 10% loss at
100°C—Ilonger than Pure), but at high temperatures (300—400°C), degradation occurs
more rapidly.

VER-+DE/DMMP loses 10% of its mass very quickly at 300—400 °C (3 min and 36
sec). The thermal stability of VER+DE@DMMP is intermediate.

At 100 and 200 degrees, pure VER and VER with diatomaceous earth degrade over
years, whereas VER+DE/DMMP and VER + DE@DMMP degrade over days and
hours. However, at high temperatures, the difference in degradation time disappears
(minutes and hours).

The degradation rate depends on temperature; the higher the temperature, the faster
the rate. Effect of additives:

281




ISSN 2224-5227 2.2026

VER+DE/DMMP and VER + DE@DMMP samples show a higher decomposition rate
in the initial stages, while at high temperatures, mass loss slows down (6—7 min to 80%).

Samples with DMMP/diatomite (3 and 5) show a faster initial rate of degradation but
sometimes slow down mass loss at high temperatures.

Pure VER degrades slowly at low temperatures but rapidly at 300400 °C. For
example, at 400 °C, 50% of the mass of the pure sample is lost in 2 minutes, while
for the sample with a physical mixture of diatomaceous earth and DMMP it takes 6.8
minutes, and for the sample with immobilized diatomaceous earth it takes 5.7 minutes.

The next step in predicting the kinetic characteristics was to estimate the temperature-
time degradation profile of the samples under dynamic conditions. While we obtained
the TGA results in the laboratory at a heating rate of 10°C/min, the software allows
users to select any heating rate.

The simulation in the software using the dynamic mode was done, setting the heating
rate to 120 K/min, which simulates the material’s behavior under fire conditions (Lyon
et al., 2000) (Fig. 5).

Dynamic Prediction Curves (8 = 120 K/min)

100 m— Pure VER
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—— VER + DE/DMMP
= VER + DEQDMMP
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Figure 5. Dynamic prediction curves at a heating rate of 120 K/min.

The dynamic mode allows us to determine the time and temperature at which various
degrees of material decomposition occur.

The graphs show that pure VER begins to decompose at 346 degrees, with diatomite
at 370 degrees, and the sample with physically mixed DE and DMMP at a temperature
slightly below 271 degrees. The immobilized sample showed the highest decomposition
onset temperature—454 degrees.

At the same time, for all samples except the pure one, the decomposition is non-
uniform; in the sample with diatomite, decomposition occurs very rapidly in the 400—
500°C range and slows down significantly above 500°C. In the physically mixed sample,
decomposition also proceeds in two stages at different rates, though the difference is
not as significant. In the immobilized sample, the difference is almost negligible—
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decomposition proceeds faster in the 200—400°C range and slightly slower from 400°C
onward. It is likely that the interaction of DMMP with the diatomite surface provides
partial stabilization of the system and slows down decomposition processes at elevated
temperatures.

The half-decomposition temperatures for the samples are as follows: Pure VER—
472 degrees, VER+DE—S801, VER+DE/DMMP—600 degrees, VER+DE@DMMP—
572 degrees. Here, the sample with diatomite showed the highest temperature. In the
immobilized sample, however, the 50% decomposition temperature is still higher
compared to the pure resin.

The temperatures at which the samples completely decompose are 560, 1500, 678,
and 852 °C, respectively. Here, too, the sample containing diatomite exhibited the
highest temperature, followed by the immobilized sample.

Time-dependent modeling showed that VER+ DE@DMMP begins to decompose
after just 1.2 minutes, while the pure sample remains stable for a long time (2.5 min).
The other two samples showed decomposition times intermediate between these
two. Half of the mass remains in the pure sample after 3.8 minutes, in the diatomite
sample after 6.2 minutes, in the physically mixed sample after 4.9 minutes, and in the
immobilized sample after 4.6 minutes. Complete decomposition is significantly slower
in the diatomite sample, taking 20 minutes, while the pure sample degrades completely
in 4 minutes, VER+DE/DMMP in 5 minutes, and VER+DE@DMMP in 7.6 minutes.

If we analyze the comparative degradation temperatures of the samples under actual
TGA experimental conditions at a rate of 10°C/min and according to the simulation
at a rate of 120°C/min in the NETZSCH KINETIC NEO software, it can be observed
that at 10°C/min, the temperature range from the onset of degradation to its slowdown
varies from 300°C to 400°C, with times ranging from 29 min to 45 min. Complete
degradation occurs approximately 70 minutes after the start of heating. Meanwhile,
under conditions of 120°C/min, according to the simulation, the times of degradation
onset vary significantly among samples in the range from 271°C to 454°C, and the
slowing down occurs from 470°C to 720°C, which is significantly higher than at 10°C/
min. The onset times of degradation at high heating rates range from 1 to 3 min, and
complete degradation occurs within a wide range from 1 min to 20 min.

Conclusion. This article presents a simulation of the kinetic parameters of four VER-
based composites with added diatomite and DMMP, based on TGA results: Pure VER,
VER + DE — a VER sample with a 25% diatomite concentration, VER+DE/DMMP
— VER with physically mixed DMMP and diatomite at concentrations of 12.5% and
12.5%, respectively, VER + DE@DMMP — a sample with DMMP immobilized in the
pores of diatomite (25%).

To determine the kinetic parameters of the samples, the TGA results were exported
to the NETZSCH Kinetics-Neo software, and models were constructed based on which
predictions were made in isothermal and dynamic modes. The selected reactions are
as follows: pure VER — a simple first-order Fn reaction; VER with diatomite — two
independent reactions (Fn and D3); VER+DE/DMMP and VER+DE@DMMP — A2,
A3, D3.
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A prediction was made of the degradation time of the composites in isothermal mode
at temperatures ranging from 100 to 400 degrees.

According to the program data, the maximum mass loss for pure VER is 82%, for the
VER+DE sample—68%, for VER+DE/DMMP—79%, and for VER+DE@DMMP—
84%.

The rate of mass loss depends heavily on temperature: as temperature increases, the
decomposition rate rises sharply.

The times required for 10%, 50%, and 80% mass loss of the samples were predicted.
The analysis results showed that pure VER decomposes very slowly at low temperatures
but relatively quickly at high temperatures compared to the other samples. The
VER+DE/DMMP and VER+DE@DMMP samples exhibit a higher decomposition rate
in the initial stages, whereas at high temperatures, mass loss slows down (6—7 minutes
to 80%).

In the dynamic mode, the time and temperature at which various degrees of material
decomposition are reached were predicted at a heating rate of 120 K/min, which
corresponds to a simulated fire scenario.

The immobilized sample exhibited the highest decomposition onset temperature,
while the sample with physically mixed diatomite and DMMP exhibited the lowest. For
all samples except the pure one, the decomposition rate is non-uniform; for VER+DE@
DMMP, the rate slows down as the temperature increases. The interaction of DMMP
with diatomite leads to partial stabilization of the system and a slowing of decomposition
as the temperature rises.

The VER+DE sample (801°C) decomposes the slowest, while half of the pure vinyl
ester resin sample (472°C) degrades very quickly.

Complete decomposition of the diatomaceous earth sample occurs at a very high
temperature.

Time-dependent modeling showed that decomposition occurs rapidly in the pure
sample, most slowly in the diatomaceous earth sample, and slightly faster in the
immobilized sample than in the diatomaceous earth sample. A dynamic comparison
revealed an increase in the degradation temperature and a significant reduction in the
degradation time at a rate of 120°C/min compared to the actual conditions of the TGA
experiment.

Predictions of kinetic characteristics can be applied to the development of new
polymer composites with functional properties that maintain stability under the
influence of various factors, as well as fire-resistant structures that exhibit an extremely
low degradation rate under fire conditions.
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Abstract. This scientific article presents the results of physicochemical methods
used to study the suitability of gypsum, Portland cement, slag, and ash for obtaining
gypsum-cement-pozzolanic composite materials. The quality of the raw materials was
tested using state of the art equipment. The relevance of producing gypsum-cement-
pozzolanic (GCP) composite materials is directly related to the high cost of Portland
cement and the increasing amount of CO, emitted into the atmosphere, as well as the
need to produce environmentally friendly products based on the principle of a "green
economy". The study found that the gypsum composition consists of 29,89% CaO and
38,11% SO,. At a temperature of 120-180°C, the transition of dihydrate gypsum to
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hemihydrate gypsum and then to anhydride was recorded, with a total mass loss of
15-16%. The microstructure is polycrystalline, which fully confirms the stoichiometric
value of calcium sulfate. The cement composition consists of 60,87% CaO, 20,48%
Si0,, and 5,88% Al,O,. Dehydration of the portlandite mineral Ca(OH), was determined
in the temperature range of 420-580°C with a total mass loss of 2-3,5%. The cement
microstructure was determined as consisting of predominantly C,S and C,S minerals,
with an intermediate phase consisting of C,A+C,AF minerals. The opoka composition
consists of 75,31% SiO,, 1,24% CaO and 9,24% ALO,. In the temperature range of
400-520°C, a loss of water molecules in clay minerals was determined with a total
mass loss of 10-11%. The microstructure fully confirms the presence of highly porous
amorphous silica aggregates. The ash composition consists of 58,98% SiO,, 4,05%
Fe,0,, and 30,05% AlO,. Carbon combustion and decarbonization were determined
in the temperature range of 380-640°C, with a total mass loss of 4,5-5,5%. Particles of
unburned carbon impurities with a glassy microstructure were detected. The results of
the physicochemical study demonstrated the feasibility of producing a gypsum-cement-
pozzolanic composite material from a mixture of gypsum, cement, slag, and ash.

Keywords: gypsum, portland cement, opoka, ash, pozzolan additives, composite
materials, gypsum-cement-pozzolan mixtures
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AnHoTtamus. FeUbIME Makanaga THUIC-TIEMEHT-MYHIONaHAB  KOMIIO3UIHSUTBIK
Marepuan aiy YIIiH THUIC, MOPTIAHIIEMEHT, OMOKa OHE Ky MarepuagapiblH
KapamJIbUIBIFbIH (PH3UKA-XUMUSIIBIK O/IiICTEPMEH 3epTTEYIiH HOTHXKeJepi KeNTipiireH.
[IukizarTapJplH canachblH aHBIKTAy >XYMBICTapbhl 3aMaHayd Kypaj-KaOIbIKTapIIbIH
keMmeriMmeH — Tekcepinmi. [umc-mement-nmymonanasl  (CLIT)  koMIO3WIMSUTBIK
MaTepuayap/bl alnyJIblH ©3CKTUIIr TMOPTIAHIIEMEHT OaFachlHbIH KbIMOAT JKOHE
armocdepara mbiraparbii CO, ra3bIHbIH MOJILIEPIHIH apTyBIMEH, «KACHUT SJKOHOMUKA)
MIPUHIIMII OOWBIHIIA IKOJIOTHSJIBIK Ta3a OHIM alyMEH TiKeJied OalaHbICThI. 3epTTey
HOTWKeCiHAe runcTin Kypambl 29,89% CaO xone 38,11% SO, TypaTbiHIbIFbI
anbikTaabl.  120-180°C Temmeparypa apalibIFbIHA 3HIOTEPMHUSIIBIK 9Cepiae eKi
CyJIBl THIICTIH KapThl CYJIbI THIICKE, COCBIH aHTHAPHIKE OTyi, xamimbl 15-16% macca
KOFATybl TipKelai. MUKPOKYPBUIBIMBI TIOJIMKPUCTANBI OOJBINT KENTeH, KallbIHi
CyY/Ib(DaThIHBIH CTEXUOMETPHUSIIBIK MOHIH TOJBIKTAW aosenseiai. [{leMeHTTIH KypaMbl
60,87% CaO, 20,48% 'SiO2 sxoHe 5,88% A1203 TYpPaTBIHABIFBI aHBIKTAIBI. 420-
580°C temmeparypa apaibirbiHaa noprianauT munepaibinbiy Ca(OH), cycpiznanyst
AHBIKTAJIBI, XKabl 2-3,5% macca xorainybl Tipkesiai. L{eMeHT MUKPOKYPBUIBIMBIH/IA
C3S JKOHE CZS MUHEPAJJIaPbIHBIH 0aChIMJIBIFBI JKOHE apaliblK (asa C3A+C4AF
TYPaThIH/BIFB aHBIKTAIABL. OnokanbiH Kypambl 75,31% SiO,, 1,24% CaO xone
9,24% Al O, TypatbiHabFbl anbiKTanasl. 400-520°C Temneparypa apajbIFbiHIa Ca3/Ibl
MUHEpaAapIbIH KYPaMBIHJIAFbl CY MOJEKYJIAIAPbIHBIH YKOFAIYbl aHBIKTAJJIbI, JKAJIIbI
10-11% macca xoranysl Tipkenai. MUKPOKYPBUIBIMBI )KOFapbl KEYEKTi OOJIBIN KeJreH,
amMopQThl KPEMHUH JUOKCHJIIHIH arperarTapblH TOJIIKTal gonenaei . Kynain kypaMebl
58,98% Si0,, 4,05% Fe,O, xone 30,05% Al O, Typarbinabrsl anbikTansl. 380-640°C
TEeMIepaTypa apaibIFbIHJIa KOMIPTEKTIH KaHy MEH JieKapOOHH3alMsIIaHy MPOLECIHIH
KYpyl aHbIKTaNIbl, xanmbl 4,5-5,5% Macca sxoraiybl Tipkenai. MHKpOKYPBUTBIMBI
IIBIHBI  TOPi3Al OOJNBIN KeNreH, jkKaHOaraH KOeMIPTeK KOCMalapbiHBIH OeJieKTepi
aHbIKTAIABl. JKYpri3uireH (U3MKa-XUMUSIIBIK 3€PTTEY HOTHIKECIHJIE THUIIC, IIEMEHT,
OMOKA JKOHE KYJI KOCHIHJBICBIHAH THUIIC-IIEMEHT-MYHIIONAaHABl  KOMITO3UIIHSIIBIK
MaTepHuall ajlyFa TOJBIKTall MYMKIHJIIK Oap eKeHIIr JTQJIeIICH/II.

Tyiiin ce3aep: rumc, NOPTIAHALEMEHT, OINOKA, KyJ, MYIIOJAHABI KOcIauap,
KOMTIO3UIUSITBIK, MaTepraiiap, TUrc-IeMeHT-MyII0IaH KOCanaphbl
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AunHoTtanusi. Pa3paboTka T'HIICO-IIEMEHTHO-ITYHIIOJAHOBBIX KOMIO3HIIMOHHBIX
MaTepuaioB SIBIISIETCS MEePCIEeKTUBHBIM HarpaBlCHHEM CTPOUTENLHOTO
MaTepuaoBelicHHs, OOYyCIOBICHHBIM  HEOOXOIMMOCTBIO  CHW)KEHHsI  pacxoja
MOPTIAHAIIEMEHTa, COKpAIIeHUs] BBIOPOCOB YIVIEKHCIOr0 Tra3a W  pacIlupeHHs
WCTIOJIb30BAHUST IPUPOTHOTO M TEXHOTEHHOTO MUHEPAILHOTO CHIPhSi B COOTBETCTBHH
C TIPUHIUIIAMUA «3eJIEHOW SKOHOMHKHM». B CBSI3u C 3TUM 0COOYHO0 aKTyaJIbHOCTb
npuoOpeTaeT OlLEHKA KauyecTBa HMCXOJHBIX KOMIIOHEHTOB M HMX TPHTOAHOCTH JUIS
MOJTYYeHUs] KOMIIO3MIIMOHHBIX BsDKYIIMX. B pabore mnpencraBieHbl pe3yibTarhl
KOMIUIEKCHOTO  (DU3MKO-XUMHUYECKOTO HCCIICIOBAHUSl THUIICA, TOPTIAHALECMEHTA,
OIOKH W 30J1bI, IPEAHA3HAYCHHBIX JUISl TIOJyYEHHs THUIICO-IIEMEHTHO-MYIIOIaHOBBIX
KOMITO3UIIMOHHBIX MaTepHuajioB. AHAJM3 CBIPbS MPOBOIMICA C HCIOJIH30BAHUEM
COBpPEMEHHBIX METOIOB, TO3BOJISIOIINX ONPEAEIUTh XUMUYECKUI COCTaB, TEPMUUECKHE
XapaKTePUCTHUKH W OCOOEHHOCTH MHKPOCTPYKTYpPBI HCCIEIyEeMBbIX KOMITOHEHTOB.
YcranoBneno, uro ruric conepxut 29,89 % CaO u 38,11 % SOs, a B TeMneparypHOM
muarnasone 120—180 °C mponcxoauT nociae0BaTesIbHOE PeBpallieHne AUTHaparTa Turca
B MONYTHIPAT ¥ aHTHIPUT C 001Iei motepeid Macchl 15—16 %. J{ns moptinanaieMeHTa

289




ISSN 2224-5227 2.2026

BBISIBJICHO npeobnananue okcuaoB CaO (60,87 %), Si02 (20,48 %) u Al2Os (5,88 %), a
Takke Hanuuue ocHOBHBIX MUHEpanoB CsS u C.S. Onoka xapakTepus3yeTcsi BBICOKHUM
cozpepkanueM Si02 (75,31 %) u HanM4YKrEeM BEICOKOTIOPUCTBIX aMOP(HBIX KPEMHE3EMHBIX
arperatoB. B cocraBe 301kl ycTaHoBIIeHO conepxkanue 58,98 % SiO2, 30,05 % AlOs
u 4,05 % Fe:0s, a Takke NPUCYTCTBUE CTEKJIOBHIHBIX YAaCTHI[ M HECTOPEBIIHMX
YIJICPOJHBIX BKIIOUCHUH. Pe3ynbraThl (U3MKO-XMMHUYECKOTO aHaiu3a IMOATBEPIUIN
BO3MOXKHOCTh HCIIOJI30BaHUSI UCCIIEAYEMbIX KOMIIOHCHTOB JUIsl MOJyYEHUS THIICO-
LIEMEHTHO-TYIII0JIAHOBBIX KOMIIO3HIIMOHHBIX MaTepuaioB. Mcronk30BaHue cMecel Ha
OCHOBE THIICA, MOPTIAHAIIEMEHTA, OTIOKA U 30J1bl TIO3BOJISIET TOIYYaTh 3KOJIOTUYCCKU
0e30IacHbIe KOMITO3UIIMOHHBIC BSHKYIIUE C TIOHWKCHHBIM COJICPIKAaHUEM KJIMHKepa U
CIOCOOCTBYET pallMOHAIILHOMY UCTIOIB30BaHUIO PUPOTHOTO CHIPhS U TPOMBIIIICHHBIX
OTXO/IOB.

KuroueBbie ci10Ba: rurc, mopTIaHAIIGMEHT, OITOKa, 3071, MyIII0JIAHOBBIC JOOABKH,
KOMITO3UITMOHHBIC MaTEPHAJIbI, THIICO-IIEMEHTHO-ITYIIIOJIAHOBBIC CMECH

Kipicme. 2025 bl Kazakcran PecrnyOnukacblHIa KyMBIC KaCaUTBIH IIEMEHT
3aypiTTap 14,378 muiH ToHHA nemeHt, 8,791 MiH ToHHA KIMHKep eHuipai. byn 2024
KBUIFBl KepceTKilke Kaparanga 17,2 % xone 3,2 % sxorapbl (Production, 2026).
Amnaiina, 0apybIK IEMEHT 3aybITTaphbl KIMHKEP Kyiaipy ke3ine 6eninetin CO, raspiHbIH
LIBIFapy JEHIeHiH TOMEHIETY MaKCcaThIH/Aa, 9p IIEMEHT 3aybITKa OOiHI'eH KBOTaJIap/bl
KaTaH cakray YLIH Kocmachl Oap MOPTIaHALEMEHT MEH KOMIO3HMLMSUIBIK IIEMEHT
TYpJIEpiHiH eHIipiciH apTThIpFaHbl Oenrini Oonasl (Amiraliyev et al., 2025).

Kazipri Tapma onemzik IIEMEHT OHIIPICIHIH KeJieMi KbUIbIHA 3,3 MIIpJ TOHHA
LIEMEHTTI Kyparl, PeKOPATHIH JIEHIrelre »Kerce, THIIC OHJIpiCiHiH kenemi 147 miH
TOHHAFa JKeTTi, OYJI TYTACTBIPFBII MaTepUalJapAblH €H YJIKeH CErMEHTIH Kypam OTBIP
(Cement, 2024).

OneMae  TUIMAI ~ TEXHOJOTHSUIBIK, OKOJOTHMSJIBIK  Ta3a  KOMIIO3UIMSUIBIK
MaTepuangapAblH KYpaMbIH d3ipiey epekiue MaHbpi3ra ue. OcblHAal MepcreKTHBAIbI
OaFpITTApIBIH Oipi — THIIC, IEMEHT OHE OCJICeHII MHHEpaJIbl KOCIHaIapablH
apTHIKIIBUIBIKTapbIMEH OipikTipiiren TUIIC-LEMEHT-ITyIII0JIaH bl ('aIn
KOMIO3UIMSUIBIK, Marepuangapabl aiityra Oomansl (Bumanis et al.,, 2020). I'umc-
uemeHT-mynuonanasl (I'LIT) KoMOO3MIUMSNIBIK MaTepHaijap apajiac KOMIIO3UTTEp
OoJIFaHIBIKTaH OJIAp/IbIH SNIEMIIK OHAIPIC HAPBIFBI MOPTIAHIEMEHTKE KaparaHaa aJiie
Kalia TeMeH. Ajaiifa oleMIiK capammbuiapAblH OOJKaMbIHIIA [EMEHT MEeH TUIICTI
TYTACTBIPFBII MaTepuaNJapAblH Kbl KeseMiHiH 1-5 % Kypaiiasl aemiHres, Oy
mamamer 30-150 muiH ToHHara Oarananansl (Sahmenko et al., 2024).

Kazipri 3amanfbl OeHOpraHMKajblK MaTepHajiap MEH TYTaCTBIPFBIII 3aTTapAblH
naMybiH apTTeipyaa xaHa L1 koMno3uIusuiblK MaTepuaiiapAblH KYpaMbIH 93ipiey
KeJecifiel 03eKTLTIKIEeH pacTaiaibl:

BipinmrigeH, Kypbuibic MaTepraijapAblH KbIMOAT OarachblH TOMEHIETY KKETTIIIriHeH
TYBIHAAWBI. [ UIIC-1IeMeHT-MyI0TaHAbl KOMIO3UIMSIIBIK MaTeprualapabl Naiaanany,
KbIMOAT ’KoHe SKOJIOTHsAFa 3USHBI OaChIMBIPaK MOPTIAHIEMEHTTI illiHapa anMacThIpyFa
MYMKIHJIK Oepei.
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ExiHminen, Oyl KOMIO3MLMSIIBIK MaTepHall <OKAachbUl HKOHOMHKa» MPHHLUII
OOMBIHIIA SKOJOTMSIIBIK Ta3a KYpBUIBIC TalanTapblHa cail Keneni. MuHepanasl
pecypceTapabl: MyLHuojiaHaap, KyJ jKoHEe HUIAKTapAbl MaijanaHy apKbUIbl KOpIIaraH
opTara ocepai azaiiTyra MyMKiHIIK Oeperi.

Ywminmrigen, Oyl jkaHa WHHOBALMSUIBIK KOMIIO3HMLMSUIBIK MaTe€pHaslbl aylyAblH
JaMyblHa JKOHE MOPTIaHIIEeMEHTKe OaraMa MaTepHalIblH naiiia 0omyblHa MyMKIHIIK
oepeni.

Byn 3eprreydiH  FBUIBIMH  KaHAIBIFBI  ajfalll PET THUIC-LEMEHT-MYyNLOIaH
KOMIO3MLMSUIBIK ~ MaTepuaj ajly YIOiH OTaHABIK IIMKi3aT MarepuangapAblH
KapaMIbUIBIFbIH (PU3UKA-XUMUSUIBIK 9iCTEpMEH 3epTTey OOJIbIN TaObLIAdbI.

Onedum  moay. [loptnangueMeHT — eHuipici  KapOOHATThl  IIMKIi3aTThI
JeKapOOHM3aLUsIay HOTHXKECIHAS, KIMHKEpAl KYHAIpY MpPOLECiHAE OTBIHIBI YKary
Ke3iH/J€ KaJbIITacaThlH KemipTek auokcufinin (CO,) eneyni INbIFapbIHABUIAPBIMEH
Katap xypeai. Oprama anranga | T LeMeHT KIMHKEPiHiH eHJipici ymin atMocdepara
mamamen 0,7-0,9 T CO, raspl 6omiHei. byl HeMEHT @HIpiC canaHbIH XKUBIHTBIK YJIEC
»ahaHIBIK AHTPOIMOTEHIK IUBIFapBIHABUIAPABIH 7-8 % Kypaiinel. byn ximHKepiik
Kypampaac Oemiri TeMeH OajaManbl TYTKBIp O>KyHenepai a3ipiey KaXeTTUIIrH
Heriznenai. Kemipreri i3iH TOMEHIETY/IH THIMIL KOJJAPbIHBIH Oipi IIEMEHTTI THIIC-
LEMEHT-TYLLIOJIaH bl KOMIIO3UTTEPIHIH KypaMbIH/Ia MyLoJdaH KOCHalapbIMeH iliHapa
aybICTBIpy OombIn TaObuIagsl. TyTacThIprbiml canMarbiHbIH 20-50 % Memmepinae
IyLIIOJNaH KOMIIOHEHTTEPIH €HIi3y HEMEHT IIbIFbIHBIH koHE CO, MIbIFapbIHIbLIAPbIH
TOMEHAETYre MyMKiHIik Oepeni. Bbyn perre mynmoman peakuusuiapbl KaldbLUH
rugpocunukarTapseiabiH (C-S-H dazanapsl) KocsiMIna maiiaa 60mybIHa BIKIAT eTel, Oyt
MaTepuaIblH KYpPbUIBIMBI MEeH OepiKTiK cumarTamanapbiHa oH ocep ereai (Potapova,
2016).

Kannbel nopTianAneMeHT KypaMbiHaa 5-7 % runc 6onaabl, Oy HEMEHTTIH ycTacy
Mep3iMiH peTTey YIIiH eHuipuieai. [lopTiaHIIEMEHTTIH Karal Ke3iHJe STTPUHTUT
MUHEpalaHblH KOl MeJIIepAe Ty3ulyl cangapblHaH HEMEHT TachIHBIH JKapbUIyblHa
MYMKIHIIK TyFbi3agsl. Com ceGenTi LEMEHT TachIHBIH KYpPaMbIHAAFbl STPUHTHUT
MUHEpaJlbIH KpUCTanaanybl KataH OaxpuiaHanel (Calderon-Morales et al., 2021). byn
mporeccTi 6onabpMay YIIiH Koclara MyLIoJIaH MaTepHaiapblH eHAIpY HOTHKECIHAe
THIIC-IIEMEHT-TYLIIOJIaH el aTajaThlH YIUTIK KOMIO3MLMSUIBIK Marepuan Tmaiaa
oomamger (Colak, 2021). Tumc-nieMeHT-IyLIIOJaH KOMITO3UIUSUIBIK MaTepHaIbIH
MOPTIAHALEMEHT ’KOHE TUTIC TYTACTHIPFBIITAH Al BIPMAIIBUTBIFBI OHBIH CYFa TO3IMILTIT
MEH >KOFapbl MEXaHUKAJIBIK OepikTikke ue. COHbIMEH Karap, THIIC-IEMEeHT-ITYLII0JIaH bl
(I'LIT) xoMOO3MIMSIIBIK MaTepHanaapiablH KypambiHaa 50 %-mgaH yKorapbl THIICTEH
TYpaThIHJBIKTAH KOPIIAFaH OpTara 3USHCBI3ABIFE dMjeKkaiina tTomen (Bumanis et al.,
2020). I'unc-ueMeHT-mynnoiaa YIITIK KOMITO3UIMSIBIK MaTepHal aly YIIiH KypamMblHa
OPTYPIIi OHEPKICINTIK KANABIKTAp MEH KaliTa OHJIeNTeH THIICTEePIi, )KacaHIbl KOCAIKbI
eHIMEp MEH MUHepalIbl Maliaananyra MyMKiHaik 6epeni (Bumanis et al., 2022).

lanaytnuHoB A.P. s)xoHe 6acka FaabIMAap THIC-LEMEHT-ITYIOIaH bl TYTACTBIPFBILI
MaTepuangapAblH KYpaMblH 93ipiey >KoHE OHBIH KaTalo epeKIIemiKTepi OoHbIHIIa
3eprreyaep okyprisreH. Kartaro mponeciHiH Korapbl OEpiKTiKKe J>KeTKi3y YLIiH
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YKOFapbl carajbl THIIC JKOHE TOPTIAHALUEMEHT MeH OelIceHaAl MUHEpaJbl KOCTaaapbl
naiinananrad. Herisri 3epTTey HOTHKECIHIE THIIC-IIEMEHT-ITYLI0IaH KaTaiiFaH TaCThIH
TCHIPaTalusChl MEH KYPBUIBIM TY311y TIpOLeCTepiHe, OHBIH OEPIKTIK IIEeTiHe KOHE CyFa
TO3IMIIITIHE, COHAAN-aK KOCIAHbBIH Cy Ka)XETTLTIriHEe MHHEPAJbl JKOHE XUMUSIIBIK
Kocranap KeleHiHiH acepi anbikTaraH (Galautdinov et al., 2019).

Ocpbutaiiina, FEUTBIMU 9ACOMETTepl Tajlay HOTHXKECIHIE TUIC-LEMEHT-MYyNLOIaH
KOMIO3ULUSUIBIK MaTepHaIapblH any OeiopraHuKalblK MaTepHajiap FhUIBIMBIHIA
MEPCIEeKTUBANBI OaFbIT eKeHiH KepceTeni. Onapasl 93ipiey Kyieae KypeTiH (pusuka-
XMMUSUTIBIK TIPOLIECTEpAl TEPEHIpEeK TYCIHyMEH, TYpaKThl »KOHE JKOFapbl THIMI
KOMIIO3UTTEPi jKkacayra OarbITTanfaH. bi3 Kke31en oTbIpFaH TUIIC, HEMEHT, OTIOKa JKOHE
KYJI KOCBIHBICBIHAH aibiHaThIH [ LIT KOMIO3UIMAIIBIK MaTepralibl eIIKAHAAN FhUTBIMH
JepeKTeple TOJBIK KapacThIpbIIMaraH J>KOHE KOJJAHBICKA EHTi31IMEreH, TOJBIK
3epTTEIMETeH.

Marepuasgap MeH 3eprrey ojicrepi. bi3miH FBUIBIMH 3epTTEy >KYMBICTAp
Axanemuk E.A. bexeroB arbiHmarbl KaparaHIpl YITTBIK 3€pTT€y YHUBEPCHUTETIHIH
«KoMno3uuusiielk MaTepuanaap 3eprxaHacbiaa» opbiHaanasl. LT koMmo3unusibK
Marepuan aiy yiiH OacTtanmkbl MmmMKizar petinge Kaparannel oOmbickl  AKTay
keHTiHAe opHaiackaH «Central Asia cement» 3aybiTbiHbH LIEM 1/ 42.5 B mapkaisr
nopmianauemMenTi, TypkicTan o6nbicel OpaHFail KeH OpBIHBIHBIH OMOKAachl, KaparaH bl
kanacel JKDO-3 KyJl KalJbIFbl )KOHE TAOWFU €Ki CYJbI THUIIC KOJIaHbULIbL. OlapbiH
KYpaMblIH, KYPBIIBIMBIH XKOHE KACUETTEPiH KeICH 1 3epTTey YILiH TangayablH OipKarap
3aMaHayn (QU3UKa-XUMUSIIBIK dAicTepi KOMAAHBUIIBL.

l'unc, nemeHT, oOmoKa JKOHE KYJAI KeHIeHAl 3epTTey YIIiH MIMKi3aTTapAblH
XUMUSUIBIK KYPaMbIH, (ha3aiblK KYPbUIBIMBIH JKOHE TEPMUSIIBIK KACUETTEPiH Oarasay/ibl
KaMTaMachl3 €TETiH TOPT TallaMaJIbIK o/1iC KOJIIAHBUIIBI.

KomnioHeHTTepAiH AMEMEHTTIK JK9HE OKCHITIK Kypambl Bruker xommaHWsICHIHBIH
JKOFapbl OHIMJI TOJNKBIHJBI-AUCIEPCHSIIBIK PEHTIEHO(IYOPECHEHTTI CIEeKTPOMETpi
kemerimeHn anbikTannel (Declercq et al., 2019). Onga yHTaK yariaepi cTaHIapTThI
IUTAaHIIETTEPre OPHATACTBIPBULIBI, all SIEMEHTTEP/IiH CUMIATThl PEHTIEHIIK CIyNeneHyi
OOMBIHIIA XUMHSJIBIK KOCBUIBICTAPbl CaHIBIK KOHE camlaiblK Oarajay OpBIHAAJIBL.
Bacrankpl IIMKi3aTTapablH  AMEMEHTTIK JKOHE OKCHATIK KypaMbl PEHTIeHIIK
(ITyOpeCIeHTTIK CIIEKTPOMETpAe alKbIHIAIBI. [ UIIC IMKi3aThI YIIiH OYJ1 9/1ic KambIui
KOHE KYKIPT TOTBIKTApBIHBIH KYPaMbIH aHBIKTAHl OTBIPBIN, KaTai NpOLEcTepiHe
ocep eTeTiH BIKTMMaJl KOCIa KOMIIOHEHTTEPIH aHBIKTay[bl KamMTaMachi3 eTTi. LlemeHnt
KaraalblHAa PEHTIeHAIK (IIyOPECHEHTTIK CHEKTPOMETP OHBIH THAPABIMKAIIBIK
Gencenninirin anpikraitein CaO, SiO,, Al,O,, Fe,O, T.6. cuAKTbI HETI3ri OKCUATEPIL
caHIplK Oaranmay YywiH mnadganaspuiapl. Omokara Tangay MIMKi3aT KypamblHAA
KPEeMHE3EeMHIH KOFapbl KYpaMbIHBIH OapibIFbIH JOJENJey VIOiH opi KabineTTi
MyLHLOJaHIBIK OeNICeHIUTIrH Oaranayra MyMKiHAIK Oepai. OHbIH KOMETIMEH peaKkiusra
TYCyre >OHE KYPBUIBIMHBIH KaJbIITAaCyblHa BIKIAN eTyre KabinerTi QaszanmapabiH
MaHBI3ABUIBIFB  OaranmaHipl. SIFHH, PEHTreHIiK (IIYOPECHEHTTIK CIEKTPOMETP
KOMETiIMEH KOMIIOHEHTTEP/AIH XUMUSUIBIK KYpaMblH JKOHE OJap/blH KOMIIO3UIHSIIBIK
Marepuai KypaMblHa HETi3/1ey/li KaMTaMachl3 eTTi.
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Kp13apipy Ke3iHzmeri MaccaHblH TEPMUSIIBIK KacueTTepi MeH e3repictepi Labsys Evo
1600 TG/DSC (Myrzakozha et al., 2014) TepMorpaBUMETPHUSIIBIK TaIJaFbILIBIH KOJJaHA
OTBIpBIN 3eprTeni. OHja yAriiep TUTeNbepre OpHATACTHIPBULABI )KOHE OaKbUIaHATHIH
KBUTJAMIBIKIIEH KbI3ABIPBUIIBL, OYJ1 THAPATTAPAbIH JeTHIPpATaLHs, bIIbIpay CaThlIapbIH,
MaTepuangapAblH TEPMHSUIBIK TYPAKTBUIBIFBI MEH PEaKUUsUIBIK — OCJICeHIUIIrH
aHBIKTayFa MYMKiHJIIK Oepai. TepMorpaBUMETpHUSIIBIK Tajllay TEPMISUIBIK ©3repicTepi
YKOHE KBI3IBIPY Ke3iHAe MaTepHalAapIblH MacCachlH ©3repTy YIIiH KoJIIaHbuibL. ['umnc
YILIiH OYJ1 9/1iC THUIICTIH aHTHAPUTKE OTY MPOLECTEPiH KOPCETETIH KPUCTAIAHFAH CY/IbI
KoranTyel Koca anranaa (CaSO,)" neruapanusiay by HET13r1 Ke3eHIePiH aHbIKTayFa
MYMKiHZIK Oepai. LlemeHnTTi 3epTTeyne Oy o1ic THAPATTHl KOCBUIBICTAPABIH bIIBIpAY
MpoIeCcTepiH aHbIKTaabl. KpI3AbIpy apKbUIbI IMKi3aT MacCachiHBIH ©3repyi OoHbIHIIa
rugpaTanusi Iopekecin Oaranayra MYMKIHAIK Oepai. Omoka »KOFapbl TEPMUSUIBIK
TYPaKTBUIBIFBIH )KOHE KApacTHIPBUIBII OTBIPFaH TEMIIEpaTypallblK JUara3oH/1a MaHbI3abl
(azanblK e3repicTepAiH KOKTBHIFBIH Adnenneiini. Kyn yiiH TepMorpaBUMETPHSIIBIK
Tajnay KaJAbIK KOMIpTETiHi aHBIKTayFa )KOHE OHBIH KbI3ABIPY IPOLECCiHE PeaKLUSIIBIK
OeJICeHAUTTiH Tycmanaayra MYMKiHAIK Oepai. TepMorpaBUMETPUSUIBIK TajlAayabl
KOJIJaHy TEPMUSUIBIK 9Cep €Ty Ke3iHIe Ke3/leCeTiH MpolecTepli >KOHE ONapAblH
KOMIO3UIMSUIBIK, MaTepHaiapJblH KacHeTTepiHe ocepiH KaH-)KaKThl TYCIHyre
MYMKIHJIK Oep/i.

Marepuangapasie ¢azanslk KypbulbiMbl JEOL JSM-6610LV (Makarov et al.,
2011) pacTpiblK CKaHEpJIEHTIH SIEKTPOHIBIK MHKpOCKOmbIHAA 3epTrengi. Llukizat-
Tap TeceHilTepre OEKITiMII, )KYKa OTKI3TilI KadaTleH KanTalfaH jkoHe OeIeKTepIiy
MiIIiHI MEH eJIIEeMiH, KEyeKTUIIr MeH MMAPATThl iCIK epeKIIeTIKTEPiH aHbIKTay YLIIH
ANEKTPOHIBIK CKaHEepJIeHl. PacTpIbIK JeKTPOHABIK MUKPOCKONTA aJIbIHFAH IINKi3aT-
TapIblH MUKPOKYPBUIBIMBI MEH MOp(doorusicbiHa 3epTTey Kyprizinai. ['uncri seprrey
OHBIH KPHUCTaJJIbl KYPBUIBIMBIHBIH E€PEKLICTIKTEPIH >KOHE KYPbUIBIMHBIH KaJbINTACY
MpolecTepiHe ocep eTeTiH OONIIeKTEep/IiH HBICAHBIH aHBIKTayFa MyMKIiHIIK Oepai. Lle-
MEHT YIIiH )acaJbIHFaH 3epTTey OOIIeKTepAiH 6JIIeMl XKoHE MIIIiHIH aHBIKTay YILiH,
Opi CYMEH 9peKeTTecy MpoIlecci Ke3iHe maraa 00IaThlH )KaHa KYPbUIBIMIAP/Ibl OaKbI-
Jayra MYMKiHIIK Oepai. Onokara jkacanfaH Tajufay KeyeKTi KypbhUIbIMHBIH Oap eKeH-
JiriH aHbIKTaiiael. O OailylaHbIC KEHICTITIH YIIFAiTyFa )oHe 0acka KOMIIOHCHTTEPMEH
@3apa OPEeKeTTeCy MPOLECTEPiH/e OHBIH OCJICEeHUIIrH apTThIpyFa bIKnan eremi. Kyn
YLLI1H KacalbIHFaH Tajay KOMIO3UTTIK KYPBUIBIMBIH KaJBIITACTBIPYFa OEJICEH 1 KaTbl-
CcaThIH, Opi OHBIH OEPIKTIriHE 9cep eTEeTiH KOMIIOHEHTTEP/Ii aHbIKTayFa MYMKIHAIK Oepi.
Kpickama aiiTkana, pacTpIIbIK AJIEKTPOHIBIK MUKPOCKOTITa OacTalKbl IIMKi3aTTapAbIH
KYpaMblH aHBIKTayFa KoHE OJapblH KOMIO3ULUIIBIK MaTepHaabl ally MpoLecTepiHe
KaTBICYBIH Oaranayra MYMKIiHZIIK Oepi.

Harunxenep skone tanaxkbuiaynap. L] xoMno3unusuiblk Marepuanisl aly YUIiH
OacTankpl MIMKi3aTTapAblH XUMUSIIBIK KypamblH aHbikTay Heidelberg Cement TOOBIHBIH
kypambiHa KipeTit XKL C «LIpiMKkeHTIIEMEHT 3ayBITBIH/IA OPHATACKaH 3ayaHayu Bruker
KOMIaHUSICBIHBIH JKOFapbl OHIMAI TOJIKBIHABI-AUCIEPCHSITBIK PEHTIEH (IyOopeCceHTTI
CIIEKTPOMETPI KOMETiMEeH aHbIKTaJIbl. bacTankpl MKi3aT MaTepuaiapAblH XUMHSIIBIK
Kypambl | - KkecTeae KopceTiIreH.
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Kecre 1. llIukizar MatepuaniapablH XUMHUSIIBIK KypaMbl.

[ukizar XHMMHSANBIK KYPaMsl, cal. %

SiO, | ALO, [Fe,O, | CaO | MgO | SO, [NaO| K,O0 | PO, | TiO, | Mn,0, | KKXX | 6acka | sxasmst
T'mnc | 4,64 | 1,29 | 0,44 | 29,89 | 0,92 | 38,11 | 0,10 | 0,37 | 0,03 | 0,22 | 0,02 |23,75| 0,22 100

Ilement | 20,48 | 5,88 | 3,77 | 60,87 | 1,74 | 2,58 | 0,41 | 0,84 | 0,07 | 0,58 | 0,28 | 2,45 | 0,05 100
Omoka |75,31( 9,24 | 291 | 1,24 | 1,41 | 2,25 | 0,81 | 0,91 | 0,12 | 0,35 | 0,05 | 4,68 | 0,72 100

Kyn [58,98]30,05| 4,05 | 2,08 | 0,59 | 0,12 | 0,48 | 0,57 | 0,37 | 1,39 | 0,11 | 0,97 | 0,24 100
* KKOK — ky#aipy Ke3iHIer1 JKoFairy

Pentren ¢myopecieHTTi CIEKTPOMETp/Ie abIHFAaH HOTHXKeepe, TaOUFu eKi CyIbl
runc (CaSO 4-2H20) TaChIHBIH XUMUSIBIK KypambiHaa 29,89 % kanbluil OKCHIIIHEH,
38,11 % xykipT okcuziHeH xaHe 20 % acTaM KpUCTAIM3aLUsUIaHFaH CyAaH TYPaThbIH-
IeIFBl aHbIKTaNIe.. LIEM 1/ 42.5 b mapkansl mOpTIIaHIIIEMEHTTIH XUMHSIIBIK Kypa-
MmbrHza 60,87 % kanpiwii okcuaineH, 20,48 % kpeMHUIA OKCHIiHEH XoHe 5,8 % actam
ATFOMHHAN OKCHJIIHEH TYPaTBIHIBIFBI aHBIKTAIIBI. OTOKaHBIH XUMHUSIIBIK KYpPaMbIH-
ma 75,31 % xpemHuii okcunineH, 9,24 % amromuHHN OKCHAiHEH xoHe 4,6 % acram
KYHAIpy Ke3iHJeri »KOFallylaH TYpaThIHIBIFB aHbIKTa bl Kaparanae! kamacel XKD0-
3 KyJ KaNJbIFBIHBIH XUMUSIIBIK Kypambeiaaa 58,98 % xpemunii okcuaineH, 30,05 %
ATFOMHUHAHN OKchiHeH xkoHe 4,0 % actaM TeMip OKCHUIIHEH TYPaThIHIBIFbI aHBIKTAIIIBI.
Hortmxkecinae muki3aTTapIslH XUMHSIIBIK KYpaMbl HETi3ri 0ackiM Oediri (SiOz, CaO,
AL O, xone SO,) OKCUATEPIEH KypPaFaHbl )KOHE aybIp METAJAAP/IbIH MOJIILIEP] I1amMa-
JIaH apThIK eMeC eKeHJIITi, COHai-aK, 3UsH/IbI KOCTIa OOIMIEeKTEeP/IiH Ke3/I1eCIIeHTiH/IIr1
AHBIKTAJIJIBI.

TepmorpaBumeTpusblK Tangay AxagemMuk E.A. bexetoB atsiamarsl Kap¥3Y-nHig
«Akylbayev Research Center» opranackan 3ayanayu Labsys Evo 1600 TG/DSC Ttep-
MOTPaBUMETPHUSUIIBIK TaJAAFBIIIBIH KOJJIaHA OTBHIPHINT 3epTTeNi. TepMorpaBUMeTpH-
SUTBIK, Ty HOTIDKENepiHiH rpaduri 1 cyperTe KepceTinreH.
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TepmorpaBumerpusiblk  Tangay (TIA) kesinae yAri calMarblHBIH ©3TepyiH
TIpKEYy apKbpUIBl MaTepualJapAblH TEPMHUSUIBIK TYPaKTBUIBIFBI MeH  (a3alblK
e3repicTepin Oaranayra MYMKiHIIK Oepeni. [MIICTIH TEepMOrpaBUMETPHSUIBIK >KOHE
muddepeHnranapl KelTy TalAayblHAA THIICTIH BIIBIPaybl CaTbUIBI CUIATTa EKEHIH
XKoHe Oipi3ni AeruaparauusiaH TybIHIaFaHbIH KepceTTi. Kei3npipyasiy 6actamyst 20-
100 °C temmneparypazna OpbIH anabl. TepMOrpaBUMETPIiK KHCHIK CBHI3BIFBIHIAA YJITi
Maccacel mamameH 15,5 % temenneyi 120-180 °C temmneparypanap apajibiFbIHIa
enoyip calMaK >KOFalNTKaHIBIFBIH KepceTeldi. by mpomecc »KbUly aFbIHBIHBIH
KHCBIFBIH/IA alKbIH SHAOTEPMUSUIIBIK dCEpAl KopceTeai. MaccaHbIH JKOFalybl €Ki CYJIbI
runctin (CaSO,-2H,0) neruaparanuscbina OailaHbICTBI, O KPMCTalJaHFaH CyJbl
Oipizai xorantaipl. AnabiMeH xapThilai cyisl runcke (CaSO,-0,5H,0), conan keiin
anrunputke (CaSO,) aywicanpl. 200 °C-tan keiiin Macca ic xysinge 640 °C-re neiin
TYPaKThI 00bII, Oy naiina 00JaFaH aHTUAPUTTIH TEPMUSITBIK TYPAKTBUTBIFBIH KOPCETE 1.
Taza rumnc yuin (20,9 %) GakputaHaTBIH MacCaHbIH KOFAIYbl TEOPHUSJIBIKTaH Oipiama
ToMeH. byn OacTankbl chlHamMaga KocmajlapAblH HeMece iliHapa CychI3laHAbIPbUIFaH
MarepuanaslH OOMybl MYMKIHZITIMEH TyciHAipinenai. [Wic KpucranmaHFaH CyAblH
JKOFapbl yJieCiMEeH TaOUFM HEMece TEXHUKAIIBIK KOC CYJIbI TUIICTIH KIaCCHKAJIBIK MiHE3-
KyIKbIH Kepcetei. 170 °C xorapbl KbI3FaH Ke3e TYPaKThl aHTHAPUT Maiga Gomazbl.
400-600 °C TemnepaTypajga IIaFblH TOMEHJEY cCa3/lbl MHHEpal KypaMbIHIAaFbl Cy
MOJIEKYJaJIaPbIHBIH BIABIPAYBIH KOPCETEI.

LleMeHTTIHTEepMOTpaBUMETPUSUIBIK )KoHe A hepeHran bl Kbuty Tangaybiga lEM
1/42.5 bmapkanst noprianauemenTTin 20-120 °C remneparypanap apansirsinga 0,8-1,0
%0 KyBIK MAaCCaHBIH YKOFaIy bl 00C (a1cOpOLMsTIaHFaH ) BUIFAJIABIH, OT€ QJICi3 OaiaHbICKaH
cymslH yiryslH kepcereni. 120-200 °C temmeparypanap apanbFbIHAa STTPHHTHT
munepanasie (3Ca0-AlO,-3CaSO,-32H,0) sxome Oenrini 6ip [opexene THUICTIH
CYCBI3ZIaHYBI )KYpeaAi. DTTPUHTUT KPUCTAIaHy CYBIHBIH KOl OeJIiriH OChl Auana3oHaa
xorantagpl. 200-400 °C Temmneparypanap apaibFbIHIa MOHOCYIb(OATIOMUHATTHIH
CYCBI3ZIaHYybI J)KOHE TOMEH HeTi3Al Kanblui ruapocuiaukarTapbeiabiy (C-S-H) imrinapa
BIIBIpaybI Kypai. 420-580 °C apanblFbIHAAFbI KAPKBIHIBI Macca KOFAITY MOPTIaHIUT
MUHEPAIBIHBIH Jeruaparanusichin kepcereai. 600 °C-taH KoFapbl TeMIieparypaHblH
OJIaH opi TOMEHJIEY1 KaJIbIUTTIH JeKapOOHU3AIMIAHYBIH KOPCETTI.

OmnokaHbIH TEPMOIPAaBUMETPHUSIIBIK JKoHE AudQepeHuranipl Kplly TajlaayblHaa
20-120 °C Temmeparypajap apaiblfblHAa 0OacTamKbl MAacCaHbIH  KOFaybl
aJcopOLMsUIIaHFaH CyAbIH JKOoFalnybiMeH Tycinmipinemi. 120-180 °C Ttemmeparypana
KYPT TOMEH/EY ONOKaHBIH CYCBHI3NaHYBIH, Ca3ibl MUHEPAIAAPAbIH KYPaMBIHAAFBI CY
MOJIEKyJaJIapbIHbIH XKoFalyblH kepceredi. 180-400 °C temmneparypanap apajibiFbIHIa
Macca KOFajly MUHUMaJllaHa (bl, OpraHUKaIbIK 3aTTapAbIH kaHybl 6acTanansl. 400-520
°C apanbpIfbIHAA Cca3lbl MHUHEPaJ THAPOCIIONAHBIH KYPBUIBIMABIK CYCBI3JaHYBl JKOHE
iliHapa KaJbUT KOCMaJIapblHBbIH AeKapOOHH3aLusFa yiblpaybslH kepcereni. 520-640
°C apasbIFbIHIa KPEMHHUH OKCHUIIHIH COHFBI CYChI3IaHybl OpbIH anabl. XKammsl 640 °C
neiiin 10,5-11,5 % macca >xoFanTy OpbIH ajIbl.

Kynain tepmorpaBuMeTpHsIbIK xkoHe AuddepeHIranabl Kbty TanaaysiHaa 20-
150 °C Temmeparypanap apajblfblHAa OacTanKbl MacCaHbIH KOFaIybl M1amMameH 1,2-

296




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

1,5 % Kypaiiabl, MyH/a ancopOLUsIaHFaH bUIFAJIBIH KoFaiaysl Tipkenai. 150-280 °C
TeMIlepaTypaia TypakTbUIbIK Tipkeni, an 280-380 °C apalibIFbIHIa SK30TEPMUSIIBIK
ocepiH, SFHH KYJI KypaMbIH/1a )kaHOal KaJlFaH KOMIPTEKTiH TOTBIFYbIMEH TYCIHAIpiIesi.
280-640 °C apanbIlFbIHIA HETI3T1 MaccaHblH >Koranybl 4,5 % Kypanasl. MyHIa Herisri
mpolec KyJAiH KYpaMbIHIaFbl ca3abl )KoHEe KapOOHATThI (pazajapiaH CyIbIH >KOFaIybl
OPBIH aJIbI.

ONeKTpoHAbl MHKPOCKOMUSUIBIK Tangay M. OyesoB arbiHgarsl OK3Y-Hin
«KypbUTBIMABIK KoHE OMOXMMUSUIBIK MaTephaiaap aiMaKThIK HHXKCHEPIIK ChIHAK
3epTxaHacbiHIay opHanackad 3ayaHayn JEOL JSM-6610LV pacTpnblk ckaHepnenTiH
MHUKPOCKOIIBIH KOJIIaHa OTBIPBIN 3€PTTENil. DIEKTPOHIBl MUKPOCKOMMSIBIK Tajjay
HOTHXeJepi 2 - CypeTTe KOpCeTUIreH.

BnexToHHoe n30GpawEHME 1

MonHaa wrana 3269 wnan. Kypcope 0.000 k3B

Crewcrp 1

BO0MKm GNeKTROHHOE HEoBREKEHHE 1

onsad wkana S677 wan. Kypcop: 0.000 KB

©)

2 4 6 8 10 12 14 16
e e MNonHaa wkana S397 mman. Kypcop: 0,000 [l]

(©)
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(8)

Cypert 2. MUKpOKYPBUIBIM jKOHE PEHTTEHIIIK CIIEKTPOTpaMMa: a) THIIC; 9) IEMEHT; 0) OIOKa; B) KYIIL.

PacTop:bl 5neKTpOHbI MUKPOCKOMHMSUIBIK TaAay HOTHXKECIHIIE, TUIIC AUTHIPATHBIH
MOJMKPUCTAJIBI arperaThl OcitHeneren. CypeTrTe rUInc MUKPOKYPBUIBIMBI ipi TYHipLIIKTI
topizni, emmemi 50-men 500 MKM-re JEWiHTT AYPHIC €MeC IMIIIiHAe KOPCETUIreH.
Tyiipmik OeTi Teric eMec KoHE Kelip-Oy/bIp, JKapbIKThl YCAKTAIFaH TaOMFH THUIIC
JKBIHBICHIHA TOH KOPIHIC aHBIKTAJIbl. ['UIIC MUKPOKYPBUIBIMBIHIA JKacaHIbl TYpHe
eCIpUITeH HeMece KaiiTa KpUCTaTaHFaH TUIICKe TOH alKBIH MHE TOPi3/i HeMece TaMeTbIi
MOpGOIOTHST KE3IECKeH JKOK. DHEprus ANCHEPCHSIIBIK PEHTTEHIIK CIIEKTPOCKOIHS
HOTHIKECIHJIC HETI3Ti JMEeMEHT KYKIPTTiH (S) IIbIH KapKbIHIBUIBIFEI KOFAPhI, KaJIbIUH
(Ca) xone orteri (O) WBIHAAPHI KOFAPBI JKoHE Cynbdar GopmanapbiHa CoOlKec Kelei.
By xanbuuii cyab(paTbiHBIH CTEXUOMETPHUSIIBIK MOHIHE TONBIKTAl fonenaeiiai. Si, Al,
K sxone Mg a3 Mmemmepae 60ybl TaOWFU TUTIC KYpaMbIHAA ca3 KOCHAJIaphIHBIH 0ap
eKCHIIT1H KOpCceTe/Ii.

MHUKpPOCKOIIMSAJIBIK Tajiaya MOPTIAHALEMEHT YHTAFbIHBIH THApaTTaJMaraH KyHi
Oeitneneren. CypeTTe HEMEHT MUKPOKYPBUIBIMBI YCaK AMCIEPCTI jKoHE OeIeKTepain
MilIiHI reTeoreHal cumarra, exmemi 5-10 MkM a3 skoHe oprama enmieMi 10-40 MM
apanFbiHIa KepceriareH. TyHipirik OeTi Teric emec, KapaHFbl (OHIa alTapIiibIKTail
aHBIK eMec (a3zanap KepiHici aHBIKTaI bl LleMeHT MUKpOKYPBIITBIMBIH/IA YIIT KaTbITHIATI
CHJIMKAT JKOHE €Kl KaJIbLMHJIl CHIMKAT MUHEepalJapblHbIH OACBIMIBIFBI JKOHE apajibIK
(haza yII KanbIMiJIi aTFOMHHAT JKOHE ayblp (a3a TepT KaJbIHidi amroMopepUTTeH
TYPaTBIHABIFBl AHBIKTANABl. DHEPrusl JUCTIEPCUSUIBIK PEHTTCHIIK CIEKTPOCKOIHS
HOTHXeciHAe Herisri aneMeHT Ca — LEMEHT MHHEepalJapbIHBIH HETi3ri KaTHOHBI
koHe Si — cuiaukar (asajgapblHbIH MaHbBI3Abl JIEMEHTI aHbIKTaNfaH. bysl Kaiblui
CUIIMKATTapbIHBIH 0achiM €KEHAITIH pacTaiabl. Al sxone Fe Gonybr amomunar (C,A)
xone peppur (C,AF) dazanapeinbin 6ap exeHin kepcereai. KimkenTai KyKipT HIbIHbI
(S) ycracy mepsimin perreymni runc auruaparsin (CaSO,-2H,0) kepcerer.

MUKpPOCKOTIMSIIBIK TaJlAay/la ONOKa MHHEPAJIBIHBIH JKOFaphl KEYIKTi %oHE Kypaeni
OeTTiK KypbulbIM OeliHenereH. CyperTe ONoKa MHKPOKYPBUIBIMBI JKY3JET€H MKM
JeiiHTi OIpKeNKi eMec TeciKTep MeH Kybictap kepiHemi, 100 MkM Kimni Oesmiekrep
aMop(THl KPEMHHUH JTUOKCHIIIHIH arperarTapbl KOPCETUITeH. DHEPTus AUCTIEPCHSITBIK
PEHTTEeHIIIK CIIEKTPOCKOIHS HOTIDKECIHIIE OIOKAHBIH KPEMHHIUN TaOWFATHIH TOJBIK
pacraiigel. KpeMHHIT MEH OTTETiHIH YKOFaphl MeJIepi aMoOpdThl KPeMHHUIIIH O0achiM
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exenin kepceteni. Ca, Al, Fe, Mg xone K Ooiysl TaOufu omokara TOH KOHE ca3
MUHEpaIAapbIHbIH (KaOJMHUAT, MOHTMOPHJUIOHHT), KapOOHAT KOCHAJapbIHBIH >KOHE
TeMip KOCBUIBICTApBIHBIH 0ap ekeHiH kepceteni (Jurkowska et al., 2022).

MUKpPOCKONMSJIBIK TaliayJa KYJIIH >KOFapbl JHCIEPCTUliriMeH OeifHeneHTeH.
Cyperre 5 MkM-gen 100-150 MkMm-re peifiHri emmempaeri OONIIEKTEPJiH, IIbIHBI
TOPi3Ai MHUKPOKYPBUIBIMBL KepceTireH. byn korapel Temmeparypana KyHaipinreH
KOHE JKbUIAM CalKblHAaraHabl kepceteni. KeiOip ipi Oemnmiekrep KeyekTi OOyl
KaHOaraH KeMipTeK KOCTajJapblHbIH O6JIIIeKTepiHe TOH KOPIHIC aHBIKTAJAbl. DHEPIHs
JUCIIEPCUSUIBIK PEHTTEHIIK CIIEKTPOCKONHS HOTIIKECIHIE KYJIIH KPEMHHMAJITT TOH.
Si xone Al MemnmiepiHiH >KOFapbl 0OTyBI HETi3r1 MyLIONTaHABIK Oencensi ¢gasza OobI
TaOBLIATHIH aJTFOMOCHJIMKAT NIBIHBICHIHBIH 0achiM €KeHIH pacTaiibl. TemipaiH 00yl
(depputT koHe MarHeTHTTiH OomybiH Kepceremi. Ca jkoHe S a3 Meduepae OOIybl
KaJbLUUH KOCBUIBICTaphl MEH CyNb(arTapAblH 00mysH kepcereni. Kemiprek mbiHb (C)
KaHOaraH KOMIPTEKTiH OOJybIH, OHBIH MeJIIepi KYJIIiH MUHEpalabl Kocna peTiHaeri
camacheIHa acep eTeli.

KopbiTbinabl. 3epTrey KYMBICHIHBIH HOTIDKECIHIE Keleciied KOPBITBHIH/BI
KacaJibl:

1. 3epTrenren MarepuanIapAblH XUMHSIBIK KYPaMbIH Tajay HOTHKECIHJE, THIIC
KypambIHzIa Kanbluii cynbdarer quruaparsl CaSO,-2H,0 6aceiv 6omyst SO, (38,11 %)
xone CaO (29,89 %) xorapbl KypambiMen cumnartanazsl. SiO, (4,64 %) xone AlO,
(1,29 %) TemeH Kypambl ca3 KOCHAJAPbIHBIH CaJbICTBIPMANIBI TYPAE a3 MeJIIepie
kezaecerinairin xkepcerti. [lopmnanauement EM 1 42,56 kypameinga CaO (60,87
%) xaome SiO, (20,48 %), AL O, (5,88 %) xone Fe,0, (3,77 %) aubikranasl. Herisri
OKCHATEPIH apaKaTbIHACKI CHJIMKAT (pa3ajmapblHbIH AT jKoHE OeauT O0ackiM OOTyBIH
manenpeiai. Onokana SiO, (75,31 %) memepiHiH aWTapiabIKTal jKOFapbLIaybIMEH,
tomeH CaO (1,24 %) menmepimen epekmeneHeni. KpemHuii AMOKCHIIHIH KOFapbl
memmepi, Al O, aiitapnbikraii Tomen menuiepimen (9,24 %) xoHe KyWaipy Kesinmeri
xorairy (KKXK=4,68 %) amopd Tl kpeMHHUI1 MEH ca3 MUHEpaIAapbIHBIH 0aChIM O0TYbIH
KepceTeni. byl XUMHSAIBIK KypaM OIMOKaHBIH JKOFapbl MyHLOJaHIBIK OCJICeHIUIIrH
anpIKTaigpl. JKOC ymkpin Ky F koackingarsl KpeMHMII YINKBIH Kysre ToH, SiO,
(58,98 %) xoHe A1203 (30,05 %) >xofapbl MemIIepiMeH curaTTanaipl. KbIIIKbUIIBIK
okcuaTiH Kamnbl memmepi (SiO,+AlLO,+Fe O,) 93 % acampl, Oy amoMOCUIHMKAT
LIBIHBICBIHBIH, JKOFapbl Meunmiepin kepceteni. CaO memmepinin Temenairi (2,08 %)
OHBIH KBIIIKBUIIBIK CUMATBIH pacTaiinsl. Kyhaipy kesinaeri xorany (0,97 %) MBIFBIHBL
*kaHOaraH KOMIpTEK MeH KapOOHATTAP/IBIH TOMEH MOJIIIep/Ie SKSHIITTH TOIeI e .

2. 3epTTenreH MarepHalAaplblH TEPMOTPABUMETPHUSUIBIK Tajlay HOTHKECIHIE,
runctig 120-180 °C temmeparypa apanbIFblHAa Heri3ri macca sxoramy 15-16 %
Oonabl, mynaa serisri npouec CaSO,-2H,O cyceiznanyst opein anjsl. IIEM 1 42,56
nopoianauementre 420-580 °C temneparypa apajibiFbIHIa HETi3r1 Macca sxorany 2-3,5
% 607/bl, MYH/Ia HETI3ri Ipouec mopwianaut MuepansiHbi Ca(OH), cychiznanyst
anbikTangsl. Onokana 400-520 °C temmeparypa apaibIFbIHIA HETI3r Macca yKOFaly
10-11 % aHBIKTaI1BI, MYH/AA HETI3T1 MPOLEC ca3/Ibl MUHEPAIAAPIbIH KYPaMbIHIAFbI Cy
MoJIeKyJIalapbIHbIH KoFarysl anbIKTan1el. Kynne 380-640 °C Temneparypa apaibIFbIHI
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Heri3ri Macca xorainy 4,5-5,5 % 001161, MyH/1a HETi3Ti MPOIEC KOMIPTEKTIH KaHy MEH
JeKapOOHM3aLUsIIaHy TPOLIECIHIH KYPYl JoNIeNaeHI.

3. 3eprTenreH MarepHaiIIapAblH PacTOPIbl JIEKTPOHABI MUKPOCKOMMSIIBIK Talaay
HOTHXXECiHJe, OapiblK KOMIOHEHTTEPAIH Kypambl alTapibIKTail TYpPaKThl €KeHi JKoHe
3USHABI KOHE KAXKETCi3 KOCHanapAblH MeJLIepi pyKcaT eTUITeH IEKTeH TOMEH eKeHi
anbIkTanbpl. CoHpai-aK, MMKI3aTTapablH KypamblHIA PaAMOaKTUBTI anemeHTTep U,
Th, Ra >xone ynel ayblp Metait snemenTrepinin Cu, Pb, Be Oenmexrepi aHbIKTanFan
KOK.

KopbIThIHaBLTAH KeNte, KYPri3iiareH GU3uKa-XUMUIIBIK 3ePTTEYAiH HOTHKECIHIe THIIC,
LIEMEHT, OTIOKa >KOHE KYJI KOCBIHIBICBIHAH THIIC-IIEMEHT-ITY II0JIAHIbI KOMIIO3UIMSITBIK
MaTepuan alyFa TOJNBIKTal MyMKIHIIK 0ap eKeHIIr1 JoenaeH .
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Abstract. Work revealed the mechanistic features of the process by studying the
intermediate products formed during the photocatalytic oxidation of toluene, the
reaction mechanism, and the pathways for the formation of benzene. The photocatalytic
oxidation of toluene was carried out, and benzene, benzaldehyde, benzoic acid, and
benzyl alcohol were obtained as reaction products. In addition, the role of intermediate
compounds in the formation of benzene was evaluated, and based on the experimental
data obtained, the mechanism of the oxidation of toluene to benzene was proposed. The
toxic and carcinogenic properties of benzene formed during photocatalytic processes
and its environmental hazard to the environment were considered.

Main factors affecting the photocatalysis process were considered during the study
- light source, catalyst type, reaction time and reaction medium. As a result of the
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experiments, the formation of benzene was recorded using the relative concentration
method and its intermediate stages were clarified.

Results obtained allow a deeper understanding of the laws of benzene formation
during the photocatalytic oxidation of toluene and can serve as a basis for the
development of effective and environmentally safe technologies for the purification of
volatile organic compounds in the air. The study provides additional insight into the
role of benzaldehyde as a key intermediate in benzene formation and contributes to a
better understanding of the formation of hazardous by-products during photocatalytic
treatment of volatile organic compounds.

Keywords: photocatalysis, toluene, photocatalysts, benzene, benzaldehyde,
carcinogens

For citations: Satayeva S., Yermukhanova S., Urazova A., Mendygaliyeva A.,
Sabitov B. Obtaining Benzene by Photocatalytic Oxidation of Toluene. Academic
Journal of Physical and Chemical Sciences. 2026. No.2. Pp. 302-314. DOI: https.//doi.
0rg/10.32014/2026.2518-1483.453

©Caraesa C.!, EpmyxanoBa C.'*, Ypa3zoBa A.', MeHabira/imeBa A.2,
Caouros B.!, 2026.
Konrip xan areiaaarsl barsic Kazakctan arpapibIK-TeX HUKAIBIK YHUBEPCUTETI,
Opauin, Kazakcrasn;
*MaxambeT Otemicyiinl atbiHarsl bareic Kazakctan yuusepeuteti, Opan, KazakcraH.
E-mail: svetok 88-88@mail.ru

TOJYOJIABIH ®POTOKATAJIUTUKAJIBIK TOTBIT'YbI APKbIJIBI BEH30.1
AJlY

CaraeBa Camypa — PhD, xaysimpacteIpeiiFal npodeccop, XKorripxan aremparel barsic Kasaxcran
arpapibIK-TEXHUKAJIBIK yHUBepcuTeTi, Opan Kanacel, Kazakcran,

E-mail: sataeva_safura@mail.ru, https://orcid.org/0000-0002-2397-9069;

EpmyxanoBa CBeTsIaHa — TEXHUKA FBUIBIMJIAPBIHBIH MarucTpi, ara OKbBITYIIBI, JKOHTIpXaH aThIHAAFEI
Bateic Kazakcran arpapiblk-TeXHUKAIBIK yHUBEpcuTeTi, Opain Kanacel, Kazakcraw,

E-mail: svetok 88-88@mail.ru, https://orcid.org/0009-0004-3280-0069;

Ypa3zoBa AnmMsi — TeXHHMKA FBUIBIMJAPBIHBIH MarucTpi, ara OKbBITYIIBI, JKoHTipXaH aTelHIArbl barbic
Kazakcran arpapIibslK-TeXHUKAIBIK yHEBepcHuTeTi, Opait Kanacsl, Kazakcram,

E-mail: urazova_17@list.ru, https://orcid.org/0000-0001-6339-9635;

MenapirnaneBa Arya — TeXHHMKA FBUIBIMAAPBIHBIH MarucTpi, ara OKBITYIIbI, MaxambeT ©TeMicyIrsl
areraare! barsic Kasaxkcran yausepcureri, Opai, Kazakcram,

E-mail: aigulek 26 88@mail.ru, https://orcid.org/0009-0009-8078-6886;

Ca6urtoB Bex3ar — wmarucrpant, JXoHripxan arsimarsl bareic Kazakcran arpapiibIK-TeXHHKAJIBIK
yHuBepcureti, Opan kanacel, Kazakcran,

E-mail: bekzat.sabitov.kz7777@gmail.com, https://orcid.org/0009-0009-3612-9977.

AunHoTanus. byn Makanaga TOMyOJAbIH (OTOKATaJMTHUKAIBIK TOTBIFYBI Ke3iHJe
TY3UIETIH apasiblK OHIMIEpAl ally MPOLeci, peakiys MeXaHu3Mi XKoHe OCH30IAbIH TY31Ty
XKOIAAapbl KapacTeIpbuiansl. TomyonabH (OTOKaTanWTHKAIBIK TOTBIFYBI JKYpri3inmi,
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HOTHXKECiHe OeH3011, OeH3abAeT ]I, OCH30H KBIIIKbLUIbI )KOHE OCH3MJI CIIUPTI peaKus
eHiMJIepl peTiHae anbiHAbl. COHBIMEH Karap, OCH3OJIJbIH TY3UTYIHAETI apalibiK
OHIMACPIIH pei OaramaHIbl JKOHE aJbIHFAH TOKIPHUOCNIK HEepEeKTepre HETI3IeNTeH
TOJTYOJIIBIH OSH30JIFa TOTHIFY MEXaHN3Mi YCHIHBUIIBI.

DOTOKATANUTUKAJIBIK TPOIECTep Ke3iHIe TY3UIeTiH OEH30JABIH YBITTHI JKOHE
KaHIEPOTeH/IK KACHeTTepi, COHJal-aK OHBIH KOpIIaFaH oOpTara KoHE ajaMm
JICHCAyJIBIFbIHA THUTI3ETiH KAyilTepi TaJKbUIAHA/bI, OUTKEHI OCH30JI Y3aK YaKbIT acep
eTKeH J>KaFJaiifia ayblp aypyJapiAblH, COHBIH ilIiHAE Karepii iCiK TYpJepiHiH Iamy
KayIliH apTThIPAThIH KAYIIITI JIACTAYIIIbI 3aTTAP/IbIH Oipi OOJIBII TaObLIA b,

3eprreyne  GOTOKATATMTHKAIBIK TIPOIECKE ocep €TeTiH Heri3ri ¢akroprap
KapacTBIPBUIIBL: KapbIK K031, KaTaJan3arop TYpi MEH KacHeTTepi, peaklus Y3aKThIFH,
peakiusi OPTachIHBIH KYpPaMbl JKoHE 0acTarlkbl MaTepuas KOHIEHTpanuschl. Omap/biH
TOJYOJIBIH (POTOKATAIUTUKAIBIK TOTBIFY KbULIAMIBIFBIHA, OHBIH TYPJICHY JOPEKECiHE
JKOHE apalIbIK JKOHE COHFBI OHIMJIEPIIH TY3Uly CEJICKTHBTLIITIHE ocepi TajIaH/Ibl.
CasbICThIPMaJibl KOHIIEHTPALIMS 91ICIH KOJIIaHAThIH TOXKIprUOeaep OCH30II/IbIH TY3LIyiH
KOPCETTI, )KOHE OHBIH TY31TyiHIH OipHEeIe apajIblK caTbUTaphl AHBIKTAIBIT, HAKTHIIAH I
AJBIHFaH JiepekTep 0i3re Mmpolecc Karaaiiapsl MEH OEH30I IIBIFBIMBI apachIHIaFbl
OaiiIaHBICTBI OpHATYFa MYMKIHIIIK Oepai, Oy poToKaTaIuTHKAIIBIK TEXHOIOT UsIapIbIH
Kayinci3irid 0aranay yIIiH MaHbI3/IbL.

Byn Hortmxkenep (HOTOKATaTUTHKANIBIK TOJNIYOJ TOTBIFYBI Ke3iHJE OCH30JIbIH
TY3UTyiHIH HETi3ri MeXaHu3MJEpiH TepeHIpeK TYCIHyre BbIKMalX eTell, peakuus
MEXaHU3MIHIH EpeKIIeNKTepiH J>KOHE COHFBI OHIMACPHIH TY3UIyIHIETi apajblk
OHIMJIEP/IIH peIliH amajpl. byn 3epTrey HOTIKeNepiH (OTOKATANIUTHUKAIBIK Ta3apTy
YKaFJaiIapblH OHTAHIaH IBIPY, YIIBI KOCAIKBI OHIMIEPIiH TY3UIyiH a3aiTy )KoHE aya MEeH
CYy OpTachIHAH YIITA OPTaHUKAIBIK KOCBUIBICTAPAbI KETIPYIiH THIMIIPEK, SKOIOTHSLTBIK
Ta3a TeXHOJOTUSIIAPBIH 931pJey YIIiH Nnaiaananyra 0oJabl.
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AnHoTtanus. B pabote rccienoBanbl IPOMEXKyTOUHBIE TPOAYKTHI, 00pa3yonecs
npu (OTOKATATUTUIECKOM OKHCJICHUH TONYOJId, a TaKKe PacCMOTPEHBI MEXaHH3M
MPOTEKaHMsI pEeaKI|K U Iy TH 00pa3oBanus OeH301a. B pesynsrare poTokaTanTHIeCKOTo
OKHCJICHUS TOJTYOJIa B KAUYECTBE TPOLYKTOB PEAKIMK ObUTH HIICHTU(DUIIMPOBAHBI OSH30T,
OeH3anberu 1, 0eH30iHAs KUCTIOTan OeH3UIOBbIH cUpT. Ha0 CHOBEYKCTIEpUMEHTATBHBIX
JIAHHBIX OIICHEHA POJIb MPOMEXKYTOUHBIX COCJAMHEHHH B (opmMHUpoBaHHM OeH307a
U TIPEeUIOKEHA CXeMa MexaHuzMma ero oOpazoBaHus. Ocoboe BHUMaHHUE YIEICHO
TOKCHUECKUM M KaHIICPOTCHHBIM CBOMCTBaM OeH30J1a, 00pa3yrolIerocsi B XOJe
q)OTOKaTaHI/ITI/IT-IeCKI/IX IMpoOHeCCOB, a TAKKC MOTCHUHUAJIBHBIM 3KOJIOTHYECKUM PUCKaAM,
CBSI3aHHBIM C €T0 MPUCYTCTBUEM. B X071e riccie10BaHus MPOaHATN3UPOBAHBI OCHOBHBIC
(haxTopsl, BauAtonTHe Ha 3QHEKTHBHOCTH (HOTOKATATUTHIESCKOTO Ipoliecca, BKITIOTast
THUI U CBOMCTBA KaTATN3aToPa, XapaKTEPUCTUKH HCTOUHHKA CBETA, POJIOJDKUTEIBHOCTD
peaxkiyy, COCTaB PEaKUMOHHOW cpeabl M KOHICHTPALHUIO HCXOAHOTO BEILIECTBA.
[IpoBenena omeHka WX BIMSHUS Ha CKOPOCTh (POTOKATATUTHYECKOTO OKHCIICHHS
TOJIyOJIa, CTETICHb €T0 MPEBPAICHUS U CEIIEKTUBHOCTh 00Pa30BaHUS IPOMEKYTOUHBIX
W KOHEUHBIX TPOAYKTOB. B pesynbrare 3KCIEpUMEHTOB METOJOM OTHOCHTEIBHOM
KOHI[CHTPAIMU OBUTO TIOATBEPXkJICHO 00pa3oBaHKWe OCH30JIa U BBISIBICHBI OTACIbHBIC
MPOMEXYTOUHBIE CTafauu ero ¢GopMupoBaHus. [lomydeHHbIC JaHHBIC MO3BOIMIH
YCTaHOBUTh B3aUMOCBS3b MEXKIy YCJIOBUSMHU TPOBEICHUS TNPOIECCa M BBIXOJOM
OeH3071a, YTO UMEET BXKHOE 3HAUCHHE JJ1s1 OLICHKH 0€30MaCHOCTH (DOTOKATAIMTHYECKUX
TEXHOJIOTHH. Pe3ynbraTsl HeciieoBanus CriocoOCTBYIOT Ooliee ITyOOKOMY TOHUMaHHIO
3aKOHOMEpHOCTEH o0OpaszoBaHus OcH30/a TPH  (HOTOKATATUTHICCKOM OKHCICHHIH
TOJTyOJIa, PACKPBIBAIOT OCOOCHHOCTH MEXaHW3Ma PEaKIMd W POJIb MPOMEKYTOUHBIX
coeMHEHUH B (DOPMHUPOBAHUM KOHEUYHBIX MPOAYKTOB. [lomydeHHBIC pe3ynbTaThl
MOTYT OBITh HCIOJB30BAHBI JUIS ONTUMH3AIMK MPOIECCOB (OTOKATATUTHYCCKON
OYHCTKH, CHI)KEHHS 00pa30BaHMs TOKCHYHBIX MOOOYHBIX MPOAYKTOB M Pa3pabOTKh
Oonee 3(D(HEKTUBHBIX U IKOJOTHMYECKH OE30MACHBIX TEXHOJIOTHH yHalleHHs JIeTy4uX
OpraHMYeCKUX COCAMHEHUN U3 BO3YIITHOM U BOJHOM CpEbl.

KiwueBble caoBa: dorokaranus, TOIyost, (OTOKATAIUTHUECKOE OKHCIICHHUE,
0eH3011, OCH3aJIb/ICTH 1, KAaHIIEPOTCHHBIC COCIMHCHHS

Introduction. Volatile organic compounds (VOCs) are organic chemical compounds
found in a variety of products that readily evaporate and are distributed to the
environment under normal conditions. VOCs are highly volatile, mobile, and resistant
to degradation, and can be transported long distances in the environment (Faroon et al.,
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2005). The most common VOCs are aromatic hydrocarbons (e.g., benzene, toluene,
xylene, and ethylbenzene) and halogenated hydrocarbons (e.g., chloroethylene and
trichloroethylene).

A special type of VOC is carcinogenic volatile organic compounds, which can cause
cancer in humans. The main routes of VOC entry into the body from contaminated water
are through drinking, bathing, eating, swimming and washing clothes (Chowdhury et al.,
2009). The sources of VOC can be natural and anthropogenic. Natural sources include
emissions from factories, natural forest fires and anaerobic processes in wetlands.
Anthropogenic sources include domestic and industrial processes: food production, use
of fertilizers and pesticides, septic systems, chlorination, transportation, combustion of
hydrocarbon fuels, oil storage and distribution, textile cleaning, printing, pharmaceutical
industry, etc. (Pandey et al., 2018).

The growth of agricultural activities worldwide (fuel use, burning of agricultural
waste, and use of VOCs as inert components of pesticides) has led to the widespread
release of VOCs into the environment. In addition, many studies have shown that VOCs
are indoor air pollutants, with the main sources being tobacco smoke, chlorinated
water, perfumes, paint strippers, adhesives, new clothing, and heaters that use plastic
or kerosene. Some researchers have detected VOCs in bottled water, while others
have found microbial volatile organic compounds in the air, which may originate from
microbial metabolites or airborne mold spores (Fischer et al., 2003, Murrells et al.,
2007, Guerra et al., 2018).

VOC has direct and indirect effects on humans and the environment, and the main
problems they pose include: harm to human health and the environment through
toxicity; carcinogenicity and other adverse effects; degradation of materials; formation
of tropospheric photochemical oxidants; depletion of stratospheric ozone; global climate
change; and the emission of unpleasant odors. In addition, VOC and nitrogen oxides
react in the presence of sunlight to form photochemical oxidants (ozone, peroxyacyl
nitrates, peroxides, etc.) (Williams et al., 2007). These compounds are harmful to
human health and have a negative impact on the environment, as they oxidize NO gas,
converting it into the even more dangerous NO.,.

Although the photocatalytic oxidation of toluene over TiO.-based photocatalysts
has been extensively investigated, the formation pathways of benzene as a toxic
and carcinogenic intermediate remain insufficiently clarified. Most previous studies
have focused primarily on the degradation efficiency of toluene and mineralization
processes, while limited attention has been paid to the quantitative relationship between
benzaldehyde, benzyl alcohol, benzoic acid, and benzene during photocatalytic
transformation.

The novelty of the present study lies not only in the identification of intermediate
products formed during photocatalytic oxidation of toluene, but also in the comparative
assessment of their relative abundance under identical experimental conditions and in
evaluating the contribution of benzaldehyde to benzene formation. Unlike previous
studies primarily focused on toluene degradation efficiency and mineralization, this work
provides experimental evidence regarding the relative distribution of benzaldehyde,
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benzyl alcohol, benzoic acid and benzene, allowing a more detailed interpretation of
the pathways leading to the formation of hazardous by-products during photocatalytic
treatment.

Materials and methods. Photocatalytic oxidation of gaseous organic compounds
involves several processes, the most important of which are: the generation and
recombination of electrons and holes, adsorption of pollutants, chemical reactions, and
desorption of products (Ajmal et al., 2022). The initial stage of photocatalytic oxidation
is the formation of electron-hole pairs under the influence of light. They can migrate to
the surface of the catalyst and be trapped in various regions. Photogenerated electrons
can reduce O: molecules or organic molecules adsorbed on the catalyst surface. On
the other hand, photogenerated holes can oxidize water molecules, forming hydroxyl
radicals (OH¢) and hydrogen peroxide, which can oxidize organic pollutants.

Electron-hole pairs can recombine instead of participating in surface reactions,
which reduces the efficiency of the photocatalytic reaction. To prevent recombination,
it is important to improve the separation of electrons and holes. This can be achieved
by alloying, deposition of co-catalysts, or the use of heterostructures. The use of
nanomaterials improves the access of electrons to the catalyst surface and reduces the
interaction distance with electron acceptors (Yamada, et al., 2012, Yli-Juuti, et al., 2020).

The mechanism of photocatalytic oxidation of gaseous organic substances is shown
in Figure 2 below, and the reaction stages are described as follows:
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The figure shows the multi-step mechanism of the photocatalytic oxidation of
toluene molecule (Mo, et al., 2009). This process usually occurs on a semiconductor
photocatalyst (e.g., titanium(IV) oxide) under the influence of light. The basic idea is
that when light is applied, active species (*OH, O, h*) are formed, which gradually
oxidize toluene and finally mineralize it to CO- and H-O.

Excitation of the photocatalyst under the influence of light:

TiO, +hv — e +h"
where:
- h+is a "hole" in the valence band;
- e- 18 an electron in the conduction band.

When water reacts with oxygen, hydroxyl radicals (*OH) and superoxide radicals
(O,") are formed. The methyl group in toluene, C.H,CH,, is the most reactive. The *OH
radical abstracts a hydrogen, forming a benzyl radical:

C,H,CH, — C,H.CH,

Further, oxygen is added to form benzyl alcohol, benzaldehyde, and benzoic acid.
Finally, all organic intermediates are completely oxidized to form CO, + H,O.
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Figure 2. The mechanism of oxidation of toluene to benzene.

Toluene, under the influence of light, first forms a benzyl radical, which reacts
with oxygen and turns into peroxide intermediates; then gradually benzyl alcohol,
benzaldehyde and benzoic acid are formed, and decarboxylation of benzoic acid results
in benzene (Sun et al., 2010, Malayeri et al., 2022, Frank et al., 2020).

Methods of preparing the photocatalyst. Titanium dioxide (TiO, (anatase) HTA301 —
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pigment), which plays a key role in the photocatalysis process, is applied to the surface
of the catalyst in the form of a suspension using a solution of methanol (CH,OH). For
this purpose, pre-cleaned chromatographic glass vials with a volume of 20 ml are used.
TiO, is placed in each chromatographic glass vial at the rate of 0.2 g.

0.5 ml of methanol is added to it and a homogeneous suspension is obtained. The
suspension is applied evenly to the inner wall of the chromatagraphic glass vial. The
Applied area is on average 12 cm?. This suspension is blown and dried by compressed air.
Due to the high volatility of methanol, the catalyst surface quickly and evenly becomes
a solid layer. The inside of the chromatagraphic glass vial is blown under compressed
air for 30 seconds so that it is completely filled with compressed air. Immediately after
blowing, the mouth of the chromatographic glass bottle is hermetically sealed with a
special SEPTA sealing device consisting of aluminum and silicone.
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Figure 3. Diagram of photocatalytic oxidation of toluene.

A low-pressure fluorescent lamp of the Philips PL-L 36W/10/4P SECURA model
was used as a source of ultraviolet radiation to carry out the photocatalytic oxidation
process. This lamp steadily emitted light at a wavelength of 365 Nm, providing the
optimal spectral range for activation by the titanium dioxide (TiO,) photocatalyst.
During the experiment, chromatographic glass vials prepared according to each organic
compound were alternately placed in the radiation source.

The vials were placed in the very center of the two fluorescent tubes of the Philips
lamp and exposed to ultraviolet radiation for 30 minutes at a distance of 1.5 cm from
the radiation source. These conditions made it possible for the photocatalysis process
to proceed effectively and for the active formation of electron-pore pairs (e /h") that
occur at surface intervals. During irradiation, active oxygen species such as hydrogen
peroxide (H,0,), hydroxyl radicals (*OH) and superoxide-anion radicals (O,*) were
formed on the surface of the TiO, photocatalyst, which caused the oxidation of the
introduced organic compounds.
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Results and discussion. To determine the formed volatile intermediates, the method
of gas chromatography-mass spectrometry (GC—MS) was used. The exact composition
of'the extracted products was determined by the method. As a result, all compounds were
effectively detected and fully registered with a gas chromatograph. The chromatogram
of intermediates during photocatalytic oxidation of toluene is shown in Figure 4.
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] |
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3
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= 10000000 -
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&
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0
0 2 4 6 8 10
Time (min)

Figure 4. Chromatogram of intermediates during photocatalytic oxidation of toluene.

On the chromatogram, a very high intensity peak is observed in the area of about
3 minutes, which corresponds to toluene. This indicates that the amount of toluene
predominates in the reaction mixture. In addition, a second peak characteristic of
benzaldehyde was recorded in the period of about 5.8-6.0 minutes. The formation of
benzaldehyde proves that intermediates are formed during photocatalytic oxidation of
toluene.

The results obtained indicate that the oxidation process of toluene occurs in stages
and benzaldehyde is an important intermediate compound in the reaction mechanism.

In chromatograms obtained after photocatalytic oxidation of benzaldehyde, the
formation of benzene from benzaldehyde was clearly observed. The chromatogram of
intermediates during photocatalytic oxidation of benzaldehyde is presented in Figure 5.
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Figure 5. Chromatogram of intermediates during photocatalytic oxidation of benzaldehyde.
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As you can see from the image, the result proves that benzaldehyde is further
converted to benzene by oxidation or decarbonylation, that is, the role of benzaldehyde
as one of the ways of benzene formation has been established.

Table 1. The ratio of the common values of the intermediates formed by toluene.

Benzaldehyde / Toluene 0,069:1
Benzyl alcohol / Toluene 0,004:1
Benzene / Toluene 0,002:1
Acetone / Toluene 0,0004:1

The relative quantitative ratios of the total values of the intermediates formed by the
photocatalytic oxidation of toluene are investigated. This was important for studying in
which direction and through which intermediate stages toluene is oxidized.

The benzaldehyde / toluene ratio was 0.069:1. This result showed that benzaldehyde
is the main intermediate in the pathway of photocatalytic oxidation of toluene. That is,
as a result of the first oxidation of toluene, mainly benzaldehyde is formed.

The benzyl alcohol / toluene ratio was 0.004:1. This indicator means that a small
amount of benzyl alcohol is formed from toluene. The benzyl alcohol can further oxidize
to benzaldehyde. Thus, benzyl alcohol also plays a role as an intermediate product, but
the amount is significantly smaller.

The benzene / toluene ratio was recorded at around 0.002:1. This means that a small
amount of benzene is formed directly from toluene or through benzaldehyde. This
situation indicates that benzene is not the main end product, the path of its formation in
the reaction is limited. However, this does not exclude the way benzene is formed as an
intermediate product.

The acetone / toluene ratio was at 0.0004:1. This very small concentration means
that toluene forms acetone indirectly or through secondary processes. It is observed
that acetone appeared only as an additional by-product, and not in the main reaction
pathway.

Ingeneral, it was found that after the photocatalytic oxidation of toluene, benzaldehyde
was formed as the most dominant intermediate. Its amount is quite high in comparison
with other products. This proves that the main oxidation pathway of toluene is through
benzaldehyde. Although benzyl alcohol and benzene are also formed as intermediates,
their proportion is low. Acetone, on the other hand, is a possible secondary or by-product
formed as a result of combustion.

The ratio of the common values of the intermediates formed by benzaldehyde is
given in Table 4.

Table 2. The ratio of the common values of the intermediates formed by toluene.

Benzene / Benzaldehyde 0,371:1
Benzyl alcohol / benzaldehyde 0,02:1
Benzoic acid / benzaldehyde 0,017:1

Acetone / Benzaldehyde 0,0025:1
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As a result of a comparative quantitative analysis, the proportions of intermediate
products formed in comparison with benzaldehyde were determined. This analysis was
carried out to assess which compounds can be further formed from benzaldehyde.

The benzene / benzaldehyde ratio was 0.371:1. This result indicates that a significant
amount of benzaldehyde is further converted to benzene. That is, benzaldehyde is an
important intermediate product in the benzene formation pathway.

However, the formation of benzene from benzaldehyde is considered a tentative
pathway under photocatalytic conditions and may not represent the dominant reaction
route. In conventional TiO:-mediated oxidation systems, benzaldehyde is typically
further oxidized to benzoic acid and ultimately mineralized to CO» and H-0O. The observed
benzene formation may be associated with partial deoxygenation or decarbonylation
reactions occurring under specific surface properties and reactive oxygen species
conditions. Therefore, this pathway should be interpreted as a secondary transformation
rather than a primary reaction mechanism. Additional confirmation through in situ
spectroscopic techniques or isotopic labeling experiments would be required to fully
validate this pathway.

The benzyl alcohol / benzaldehyde ratio was around 0.02:1. This means that benzyl
alcohol is oxidized to benzaldehyde, but its concentration is low. That is, benzaldehyde is
considered as a fact confirming that it is formed from benzyl alcohol, but the proportion
of this pathway is limited.

The benzoic acid / benzaldehyde ratio was recorded at 0.017:1. This indicator means
that benzoic acid is formed in small quantities by oxidation from benzaldehyde. This
also proves the ability of benzaldehyde to oxidize further, but shows that it is not the
main pathway.

The acetone / benzaldehyde ratio was only 0.0025:1. This indicates the formation of
a very small amount of acetone, perhaps indirectly or as a product of the combustion
process. The probability of its formation from benzaldehyde is low, but indirect processes
occurring in the course of the reaction cannot be ruled out.

Based on these relative values, it was found that benzaldehyde becomes benzene
as the main intermediate product, and the proportion of paths with the participation of
benzoic acid and benzyl alcohol is significantly less. That is, the formation of benzene
is the main transformation pathway of benzaldehyde.

Conclusion. The paper investigated the process of photocatalytic oxidation of
toluene. It was found that under the influence of a photocatalyst based on titanium(IV)
oxide and ultraviolet radiation, multi-stage radical oxidation of toluene occurs. It was
shown that the main active particles in the reaction are *OH, O+~ radicals and electron-
hole pairs.

According to the results of gas chromatography-mass spectrometry, benzaldehyde
was identified as the main intermediate product (benzaldehyde/toluene=0.069:1). It
has also been observed that small amounts of benzyl alcohol, benzene and acetone are
formed.

A study of the photocatalytic oxidation of benzaldehyde showed that it is the main
intermediate compound in the formation of benzene. The presence of a benzene/
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benzaldehyde ratio of 0.371:1 proved that benzaldehyde is converted to benzene by
photochemical transformation or decarbonylation.

The results of the study showed that the photocatalytic oxidation of toluene is a
complex and multi-stage process. During the reaction, partial oxidation of the aromatic
ring and the formation of intermediates occurs, and at the final stage, organic compounds
are completely mineralized and decomposed to CO- and H-O. It was also found that
the photocatalytic system has the ability to form toxic and carcinogenic intermediates,
including benzene. This indicates the importance of controlling the formation of
intermediate products when improving photocatalytic cleaning technologies.

In general, the results obtained allow us to deeply understand the mechanisms of
neutralization of volatile organic compounds by the photocatalytic method and can
serve as a scientific basis for the development of environmentally safe and effective
photocatalytic technologies.

The scientific contribution of this work consists in establishing the relative distribution
of major intermediate products formed during photocatalytic oxidation of toluene and
demonstrating the potential involvement of benzaldehyde in benzene formation under
TiO2/UV conditions. These findings contribute to a better understanding of benzene
formation during photocatalytic oxidation of toluene and may assist in the development
of photocatalytic systems that minimize the generation of toxic intermediate products.
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Abstract. This paper investigates the results of an analysis of the effect of phosphate
inhibitors on reducing corrosion of austenitic stainless steel grade 12X18HI10T.
Phosphates, including sodium orthophosphate (Na,PO,) and its derivatives, are known
to form protective films on the surface of metals that inhibit corrosion and protect
the surface of steel from aggressive media. In particular, the mechanism of action of
sodium orthophosphate is based on protecting the metal surface from corrosion in
various environments due to the formation of a special protective film. To synthesize
the phosphorous inhibitor, sodium dihydrogen phosphate was heated for various times
at temperatures from 40 to 590 °C. To identify the composition of the synthesized
phosphate inhibitor, IR spectra were taken using IRTracer-100, which revealed intense
bands corresponding to fluctuations in the P-O and O—P-O bonds characteristic of
the phosphate anion. To enhance the synergistic effect and stabilize the system, the
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phosphate-based inhibitor was supplemented with zinc sulfate crystallohydrate
(ZnSO,-7H,0), since zinc ions together with phosphate inhibitors form a dense, stable
protective film on the metal surface, slowing corrosion. During the work of the steel plate
was studied in different environments (tap water, sea water, ground water, NaCl, HCI,
H,SO,, HNO,, Na,SO,, Na,CO,, NaHCO,, CaSO, + NaHCO,, NaOH (solution Na,CO,
+Na,SO,, NaHCO, + CaCl,, MgSO,) for 2, 4 and 8 days, after which it was carried out
a comparative analysis of the experimental results. This article presents calculations of
the corrosion rate and the protective effect of a pure phosphate inhibitor (NaPO,)x, as
well as an inhibitor with the addition of ZnSO,-7H,0 in a ratio of 1:1, obtained using the
gravimetric method. To determine the nature of the inhibitor's adsorption on the metal
surface, experimental data were described using Frumkin adsorption isotherms.

Keywords: corrosion, steel, inhibitor, protective film, rate of corrosion, aggressive
environment
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AnHoramusa. Makanaga 12X18H10T mapkaibl ayCTEHUTTI TOT OacmailThbiH
OOJIATTBIH YKEMIpITyre YIIbIpayblH O0dceHIIeTy YIIiH GocdaT KOChUIBICTaphl HETi3iHae
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aJbIHFaH MHTHOMTOpPIapIbiH acepi 3eprrenai. Docdarrap, COHBIH iUIiHAE, HATpUN
optodocdarer (NazPO,) jxoHE OHBIH TYBIHIBUIAPHI JKEMIipUTYIi TEXKEUTIH KOPFAHBIC
KaOBIKIIaIapbIH TY3€H i *KoHe O0JIaTTRIH OCTIH arpeCcCUBTI opTamaH Kopranasl. COHBIH
inmrHAe HaTpuil oprodocdarblHBIH dcep €Ty MEeXaHHW3Mi MeTaiul OeTiHIe apHalbl
KOpFaHbIC KaOBIKIIACHIH TY3y apKbUIbl Op TYpJi opTanapia >KeMipidy[JeH KOprayblHa
HeriznenreH. @ochop WHTHOUTOPHIH CHHTE3/EY YIIiH HAaTpuil quruapodocdarbH op
TYpIIi yaksIT apansirbiaga 40-590°C TeMiepaTypaia KbI3ABIPHIN albHIsl. CHHTE3IETeH
(docdarTbl HHTHOUTOPIBIH KypaMblH naeHTHQuKanusuiay yuriH [RTracer-100 apkbuist
WHOPaAKBI3bUT CHEKTpaepi Tycipimim, ¢ocdar-annonra ToH P-O xome O-P-O
OaifmaHBICTAPBIHBIH TepOelicTepiHe COHKeC WHTEHCHUBTI JOJNAKTap OaiiKaiFaHHBIH
kepceTTi. CHHEpreTHKAIBIK dCeP/Ii KYIIEHTY jKoHE )KYHEeHI TYpaKTaHIbIpy MaKcaThIHIA
docdarTel MHTHOUTOPABIH KYpaMblHa MBIPBIII CYITb(aTHIHBIH KPUCTAJUIOTHAPATHI
(ZnSO4 7TH,0) enrizinai, eWTKEeHI MBIPbI HOHAAPHI (Gochopiasl HHrUOUTOpIaApMEH
Oipre MeTaym OeTiHJE KOpFayllbl THIFBI3 TYPaKThl KaOBIKIIA TY3iI, >KeMipiryai
Oasymnaraznsl. 3epTTey OaphIChIHAa O0JaT Tacmagaphl op Typili opranapaa (KyOsIp CYHI,
TeHi3 Cybl, Kabar cybl, NaCl, HCI, H,SO,, HNO3, Na,SO,, Na,CO,, NaHCO,, CaSO, +
NaHCO,, NaOH, Na,CO, +Na,SO,, NaHCO, + CaCl,, MgSO, epitinainepi) 2, 4 xxone 8
TOYJIK apajbIFbIH/IA 3EPTTEIII, TKIPHOE HOTIIKEIIEP1 CANBICTHIPMAIIBI TYP/IE TAJITaH/IbL.
Makanana rpaBUMETPHAIIBIK daic Heridinme Tasa (ocdar maruburopasi (NaPO,)
 xone (NaPO,) + ZnSO,7H,O 1:1 apa kaTblHACTaFbl MHTHOMTOPIAPBIH KEMipily
KBUIJAMIBIFBI MEH Kopray 3¢QekTiciHiH ecenrteynepi kenripingi. MHruOuropabH
MeTtamn OeTiHe ajcopOIUsUIaHy CHUNAThIH aHBIKTAy YIIH TOXKIpHOETIK JepeKTep
@®pyMKHH acOpPOIMSITBIK H30TEpPMAIapbIMEH CHITATTAJIbl, MOJIEKYJIAIap apachIHIaFbl
e3apa acep KOAPQPUIMEHTIHIH MOHI OH OOJFaH/BIKTAH, HHTHOUTOP MOJICKYJajaphbl
MeTamn Oerinae Oip-OipiHe jKaKbIHIAI, THIFbI3 KOPFAHBIII KabaT TY3ETiHIH JKoHE Oy
KeMIpiTy/li OastynaTaThbIHBIH KOPCETTI.

Tyiiin ce3mep: Oomar; docharTel MHTHOUTOP; KOPPO3US;, KEMIpiTy; KOPFaHBIC
addexrici, JKeMiplry KbUITAMIIBIFbI, aTPECCHBTI OpTa
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AHHoOTanus. B crarbe npencrasieHsl pe3yibTaThl HcciaeqoBaHus 3()p(HEeKTHBHOCTH
¢docdopconepkamux HHIHOMTOPOB KOPPO3UM ayCTEHUTHOM HEpIKaBerolleH cranm
Mmapku 12X 18H10T. M3BectHo, uTo ocdaTHbie COETMHEHHSI, B YaCTHOCTH opTodocdar
Harpust (NasPO4) W ero mpow3BOjaHBIC, CIIOCOOHBI (POPMHUPOBATH HA TIOBEPXHOCTH
MeTaJula 3allUTHbIE ITIEHKH, IPEITCTBYIOLINE PA3BUTHIO KOPPO3HUOHHBIX IIPOLIECCOB B
arpeccuBHbBIX cpenax. [ cuaTe3a hocharnoro uarnOuTOpa AMTUApodocdar HaTpust
MOABEPTaIn TepMUUEcKoil 00paboTke npu Temmeparypax oT 40 1o 590 °C B TeueHue
pasnuuyHoro BpemeHH. CocCTaB CHHTE3UPOBAHHBIX MPOAYKTOB OIMPEACISIIA METOIOM
HK-cnekrpockonmu Ha mpubope IRTracer-100. [lomydeHHBIE CIEKTPHI COAEpPIKATH
WHTEHCUBHBIE MOJIOCH IOIIOLICHUS, COOTBETCTBYIOLIME KosiebaHusiM cBsizeil P—O
n O-P-0, xapakrepHsiM aisi (ocdar-aHnoHOB. ISl yCHIEHUS CHHEPTEeTHYECKOTO
¢ QeKTa 1 MOBBIIICHUS! CTAOMIBHOCTH 3aIIUTHONW CHCTEMbI (ocdaTHBII UHTHOUTOD
OpIT MOmU(MUIIMPOBAH KpHUCTALTOTHApAaToM cyibdara nmHka ZnSOas:7H20O. HowHbl
LIMHKa COBMECTHO ¢ (pocaraMmu criocoOCTBYIOT 00pa30BaHUIO IFIOTHOM U yCTOWYHBOM
3alIMUTHONH TUIEHKM Ha IIOBEPXHOCTHM MeETallla, YTO NPUBOAUT K 3aMEAJICHHIO
KOPPO3MOHHBIX TporeccoB. Koppo3noHHBIE UCTIBITaHUS MPOBOAMINCH B Pa3IHYHBIX
cpenax: BOAOIIPOBOAHON, MOPCKOM M ITACTOBOM BOJIE, a Takke B pactBopax NaCl, HCI,
H2S0O4, HNOs, Na2SO4, Na.COs, NaHCOs3, NaOH u cMenaHHBIX COJIEBBIX CHCTEMaX.
CrasibHble 00pa3ubl BRIIEPKUBAIN B UCCIEIYEMbIX cperiax B TedeHue 2, 4 u 8 CyToK,
MOCIIE YETO MPOBOIMIIN CPABHUTEIBHBIN aHATN3 ITOJTyYSHHBIX pe3ynbTaTtoB. C TOMOIIBI0
IpPaBUMETPUUYECKOTO METOZA OBbUIM PacCUUTaHbl CKOPOCTb KOPPO3UHM M 3aILUTHBIN
addexr g uucroro dpocdarHoro uaruouTopa (NaPOs)y, a Tarxke 111 KOMIO3ULUH
(NaPOs).: ZnSO4'7H20 B coorHomieHun 1:1. JIns ycraHOBIIGHUST MeXaHU3Ma
B3aUMOJICHCTBHSI MHTUONUTOPA C MOBEPXHOCTHIO METalllla SKCIIEPUMEHTAIIbHbIC TAHHbIC
OB 00pabOTaHBI C UCIIOIBE30BAHUEM aJICOPOITMOHHBIX m30TepM DpyMKUHA.

KiroueBble ciioBa: craib; hocdaTrHblil HHTHOUTOP; KOPPO3HSL; TOUCUHAs! KOPPO3HS;
3amUTHBIN 3((EKT; CKOPOCTh KOPPO3UH; arpeccuBHas cpeaa

Kipicme. Ka3zipri yakpITTa MeTa/T KOHCTPYKIMSJIAPBIHBIH, ocipece OO0JIaTThIH
KOPPO3HSIChl — MYHA# OHEPKACIIT CaaChIH/IAFbI SJICYII TEX HUKAIBIK KOHE YKOHOMHKAIIBIK
MocenenepAin Oipi. XKaOapIKTapaplH KOPPO3UACHL KBI3MET €Ty Mep3iMiH KbICKApTHIII
KaHa KoMMaii, OHIIPICTIK KOHE SHEPIeTUKAJIBIK IIBIFbIHIAPbI apTThIpaibl. COHBIKTAH,
0OJaTTEI Op TYpPJi OpTaga, COHBIH INIHAE arpecCHBTI OpTaja KEMIpUTyleH THIMII
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KOpFay JKOJIZIapbIH 1311y - ©3eKTi Macenenep/iH Oipi Oounbin Tadbiiankl (Denisa-loana
(Gheorghe) et al., 2025; Al-Amiery and Waleed al-azzawi, 2023).

KopposusinankoprayaslHKeH TapaFaH 9icTepiHiH 01pi-XUMUSITBIK HHTHOUTO PP B
kKongany. Koppo3us uHruOWTOpimapel - MeTajul MEH KOpliaraH opra (aya, bUIFal,
JKaybIH-IIAIIBIHHBIH dcepi *oHe T.0.) apachlHIarbl peakUusHbl 09CEHAETETIH HEMece
TOJBIK TOKTaraTblH 3arTap. COHFBI KbUIAApbhl OeHOpraHMKajblK HHTHOUTOpIapra,
ocipece Gochop KOCUIBICTApABIH HETi31He ajJblHFaH HHIHOUTOpIIApFa, epeKile Ha3ap
aynapsutyna. @ocdartsl ~HrHOMTOpIAp O0NAT OETiHE TYPAKTHI, THIFbI3 ACCHBAIMSIIBIK
KaOBIKIIA TY3€Al XOHE CBIPTKBI XMMUSUIBIK dcepriepleH Kopraiasl (Ahmed et al.,
2022). CoHbIMeH Karap, ©HIIPICTIH TYPaKTbl Jamybl MEH DKOJOTHSUIBIK KayilcCi3mik
TaJanTapblHa cail KOPPO3usi HHTUONTOPIAPBIHBIH KOpIIAFaH OpTaFa YBITTHl OOIMaybIH
tajan erei. OceiFan opaii, hocdarTsl HHTHOUTOPIAP IKOJIOTHSIIBIK KaFbIHAH OerTapan
JKOHE THIMJI TEXKETIII PEeTiHJIe TaHbIMaJl, ce0eOi Cy/ia KaKChl SPUTIH, 3USHCHI3 JKOHE
TabuFH OpTaaa oHall BIABIPaliTBIH KockuibicTap (Raimbekova et al., 2023). 3eprreynig
HeTi3ri Makcarsl - pocdop Herizinzeri OefiopraHuKaiblK HHITHOUTOPIApABIH 00NIaTThIH
KOPPO3MSICBIH TeXey KaOileTiH IrpaBUMETPUSUIBIK diC apKpUIbl Kopray 3d¢dekTi MeH
KEMIpUTy KbUIIaMIBIFbIH aHbIKTay. by 3epTTeynep MyHail canachlHAAFbl )KaOIbIKTap
MEH KOHCTPYKUHMSUIAPBIH KOPFAy[bIH SKOJOTHSUIBIK KOHE SKOHOMHUKAIIBIK KaFblHAH
TUIMJI oficTepiH kacayra xon amajabl (Revon and Priyantha, 2025; Nouhaila et al.,
2025).

Koppo3ust mHruOuTOpIap «oKachbUl XUMHsD) TallalTapblHa cail OPbIHAAYBI THIC:
TaOWFH JKarJaiga oHaill JKoHE Te3 BIAbIpaybl, Tipi ar3ajapia >KHHaKTaaMaybl >KOHe
CyHarbl YBITTBUIBIFBIHBIH JKOKTBIFBI HeMece oTe ToMeH Oomysl (Revon and Priyantha,
2025). XuMHUSUIIBIK 3aTThIH TAOWFAaTTa BIABIPAYBl OHBIH TYPAKTBUIBIFBIH aHBIKTAHTHIH
MaHbI3/b1 pakTopnapabiy 0ipi 6onbi Tadbans! (Elouhabi etal., 2025). buonerpananus
OyJ1 3aTTBIH MHKPOOPTaHU3MAEPIiH OCEpiHEH KOMIPKBIILIKBUI Ta3bl MEH CyFa aifHalIy
yZzepici. 3arTeiH bIABIpay KaOijeTiHe OHBIH KYpBUIBIMBI MEH MHUKPOOPTraHU3MIEpPAiH
Oercenainiri acep ereai. buoakkymynsus - OyJ1 XUMUSUTBIK, 3aTTapblH Tipi aF3ajapra
3USIHJIBI 9CEPiHiH Oip Oediri. O 3aTThIH CylaH, ayajaH, TAMaKTaH HEMECEe TOIbIPaKTaH
Tipi ar3aza kuHaiy Kabinerin Oinnipeni (Nomozov et al., 2024).

Marepuaagap skoHe Heri3ri omicrep. 3eprrey »xymbichiHa 12XI18HI10T
MapKajbl ayCTEHUTTI TOT OacmaThiH OOJaTTaH NalbIHIANFaH Tacma Topi3Al yiarinep
KOJIIaHBUIABL. ATajnFaH OONaTThIH XUMUSUIBIK KypambiHa — 0,12%-Fa neifin kemipTexk,
mamamer 18% xpom, 10% nukens xone 0,8% aeliin TuTan 6ap, OyJ1 OHBIH KOPpPO3HsFa
TO3IMIUTITH JKOHE KYPBUIBIMABIK TYPAaKTBUIBIFBIH KamTamachi3 ereai. MemCT 9.905-
82 cranpmapThiHa ColiKec >KeMipiny Te3IMAiIIriHiH Oaranaybl xyprizinai. Ctanmaprka
call ChIHaKKa JIeiiH 0oJaT Tachaiap/IblH 0eTi MEXaHUKAJIBIK OHJICY/ICH, SIFHU a0pa3uBTi
MaTepuayiJjap KOMETiMEH TeTicTelirn, OSTTIK akayiap oHE OKCHUATI KaObIKIIanapaaH
xoibutbin  madbiHAanael.  60-80 °C  Temmeparypada YATLIEp CUITIHIH — CYJBI
epiTiHAICIHAE MalCBhI3JaHIBIPbULABI JKOHE OpraHUKaJbIK KOCHalapAaH Ta3apTbUIIbl
(Safdar et al., 2024). PeakuusibIK KaOineTiH apTThIpy YLIiH OoyiaT TacmanapiaslH OeTi
ChIHAK aJJbIHAa OeJceHmipingi, Oyl MHTUOMTOPIBIH KOPFAHBII 9CEPiH OOBEKTHBTI
Oaranay yuriH MyMKiHaik 6epai. bencenaipinrennen ketiin ynarinep 0,0001 r gongiknexn
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AQHAJMTUKANBIK Tapasblla eJIIeHIN, IITAaHICHUUPKYIb apKbUIbl T€OMETPHSIIBIK
napameTpliepi aHbIKTaJIBII, OJapAbIH OCT ayAaHbl aHBIKTAIIBII, KOPPO3HS KbUIAAMABIFbI
KOHE HHTHOUTOPABIH Kopray 3¢ dekrici ecentenai (Hui, 2025).

Harumxenep. Harpuii auruapodocdaTeiHan op TYpili yakbIT )KoHE TeMIleparypa
untepBaibiHga (45 mun-40-44°C, 45 mun 90-114°C, 90 mun - 160°C, 180 muH - 240°C,
300 muH - 580-590°C) kp3apipsn Gocdopnsl uHrHOUTOP anbiHAsl (Mahmoud et al.,
2024; Soumen et al., 2025).

Harpwuii auruapodocdarbiHbH QU3NKa-XUMUSUIBIK ©3repicTepiH MakCaTThl TYpIe
KaMTaMachl3 €Ty YIIiH TePMUSIIBIK OHJIEY Mpoleci OipHelle caTbiiapiaH TYpIAbl KoHE
op0ip TemmeparypajblK caThl TaHAaIbl. Harpuii nuruapodocdareiHbIH KypaMbIHAAFbI
00C BUIFANIBI KOO JKOHE OacTamKbl KYpbUIBIMBIH TypakrTaHaplpy yumiH 40-44 °C
TeMIepaTypaza KbI3IbIpy MYMKIHIIK Oepai. Jlernaparanusi mpoueciHiH Kypyi >KoHe
KpHUCTaIOrHApaTTapasiH biabIpaysl 90-114 °C kesinnge aprtel. Pocdar TonTapbHbIH
KOHJICHCAIMACHI KOHE TOMEH MOJIEKynajibl KOHJAeHcauusianran Qocdarrapabiy
Ty3inyi 160 °C-ta 90 mMuHYT OOMBI KYPri3iireH KbI3AbIpy OapbIChiHAa OaiKaambl.
[Momudocdartel KypbulbIMAapablH Kansintacysl 240 °C tepmusiiblk eHzeyni 180
MUHYTKa AediH y3apTy KamTamachi3 eTTi. Conrbl ke3enae 580-590 °C temmeparypana
300 MuHYT OOMBI TEPMUSIIBIK KBI3ABIPY KE€31HJE TYPAKThI, )KOFaphl TEKETIII KACUETTepre
ne Qochopkypamrac UHIHOUTOP almbIHABL. |-CypeTTe CHHTE3eNTreH HMHIHMOUTOPABIH
kypambl [RTracer-100 apkputel Tycipinren (Shimadzu Corporation) HHPaKbI3BUI
CHEKTpJIepi KOPCETUITEH.

100 ' ' ' : _Data394 — |
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Cypert 1. ®ocdop narndutopssie MK cnexrpepi.

1 cyperre cunresznenren ¢ocpop marudbutopeinei MK cnexrpinen 1200-900
cMm ! xoHe 650-500 cm™! aiimakrapbiHga ¢docdar-annonra ToH O-P—O sxone P-O
OalimaHbBICTapBIHBIH ~ TepOemicTepiHe COHKEC JKOJAaKTapbIHBIH Oomysl  (ocdarTsl
KabarThiH Ty3inyin kepcerti. (H,0) men (-OH) TonTapasin 6ap exenin 3700-3000 cm™
aliMarbIHJAFbl KeH JkojakTap MeH 1640 cM™' MaHBIHJAFBl CUTHAJ aJcOpOLUsIaHFaH
nonenaenai. Armocdepansik skoHe (oK curHan petinge CO, KapacThIpbUIFaH
xoHe ~2350 cM™! aliMarbIH/IaF bl HHTEHCUBTI JKOJAK JKYThITYbIHA )KaTaThIHb! aHBIK. C—H
ankui xoHe C=0 kapOOHMJI TONTapbIHA TOH JKOJIAKTAPABIH OJICi3 OOIYBl KOPFaHBIII
KaOBIKIIaHBIH OeliopraHuKalbIK TaburaTeiH Kepceteni (Qahtan et al., 2025).

3eprrey OapeichiHAa Oonar TacmajapAblH SpPTYpi opranapia (kadar cybl, KyObIp
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cybl, TeHi3 cybl, NaCl, HCI, H,SO,, HNOs;, Na,SO,, Na,CO,, NaHCO,, CaSO, +
NaHCO,,NaOH, Na,CO, +Na,SO,, NaHCO, + CaCl,, MgSO, epitinainepi) xemipinyre
YIIBIpay €peKILIeNiKTepi 3epTTelil, rPaBUMETPHSUIBIK QIICIIEH MacCalblK e3repicTep
anbIKTaAbl. bonar Tacmanapel 2, 4 xoHe § TOYIIK apajibIFbIHAA 3€PTTENiN, TaKIpuoe
HOTHXKEJIEP] CaTbICTBIPMAIIBI TYPAE TaTJaH/IbI.

WHrnburopnapablH TYPMBICTHIK Cy XKYHelnepiHaeri THIMAUIITiH OaFaiay YIIiH HaKThI
naianany >karnailblH MOJENbACH, KYObIp jKOHE TEHI3 Cylapbl; XJOpUA HMOHAApbIHA
0aii arpeccHBTI OpTaaa KOPFaHBIII KAaOUIETiH 3epTTey YLIIH KadaT CYbIHBIH OpTajapbl
3eprrengi. NaCl 3% epitinzici Kypzaeni HOHABIK Kypam/la FHTHOUTOPIIapAbIH OHAIPICTIK
TUIMIUIITH aHBIKTAY YIIIH aJbIH/IbI, H,SO, kpikpu1 oprana 0oarThiH OenceHal epyi
MeH UHI'HOUTOp acepiH Oaranay yiriH Kapacteipsuiasl; HCI epitinainepi aca arpeccusTi
KBIIIKBLI OPTaja KOPFaHblll KaObIKIIA TY3ilyiH 3eprTey yuuin seprreniai. Na, SO, 0,1
M epitinzici cynb¢arTel OpTaga NaccuBalys JK9HE KEMIpily MeXaHU3MAEPIiH Tanjay
yuiin ranganpl, Na,CO, 0,1 M epiTingici cinriigik opraga Gocgop KOChUIBICTAPbIHBIH
TYPaKTBLUIBIFBI MEH TACCHBALMACHIH Oaranay yiuiH ansiHasl, NaHCO, 0,1 M epirinici
Oytepiix oprana mHruOuTOpIapAbIH pH-TypaKThUIbIFbIH 3epTTEyTe anbinabl. CaSO, +
NaHCO, kak Ty3i;1yiMeH KaTap ypeTiH KeMIpily yepicinie HHTuOMTOp 9cepin Oarasay
yiin, NaOH epitinzici >korapbl CinTUIiK skargaiiga (ocdarTsl MHTHOMTOPIAPIBIH
XUMMSIBIK  TYPaKThUIbIFBIH  Oaranmay ymin, Na,CO, + Na SO, ,KenkoMIoOHeHTTi
3JIEKTPOJIMTTIK OPTajJa MHrHOMTOpIapAbiH ThiMiirin 3eprreyre, NaHCO, + CaCl,
KEPMEKTI Cyaa aacopOuusiIbIK Kabar Tysinmyin Oaramayra, MgSO, 0,1 M epirinmici
€Ki BaJCHTTI KaTMOHIAP KATBICBIHIA KOPFAaHBIII KACHETTEPiH 3€PTTEY YIUiH aJbIHIbI
(Ayesha et al., 2025).

3eprrey OapbIchiHAA OONIaT TacajiapAblH SPTYPIli arpecCUBTI opTaap/a JKemipiryre
YIIBIpay €peKIIeTIKTepl KapacThIPbUIBII, PAaBUMETPHSIIBIK 9JIICTICH OHBIH CajlJapblHAaH
0oJIaThIH MaccajbIK ©3repicTep aHbIKTaIBI.

CuHepreTHKaJbIK 9Cep/i KYILEHTY )KoHE )KYHEeH1 TypaKTaHAbIpY MakcaTbiHaa pocdop
Kypamaac uaruoutopra ZnSO,- 7H,O enrizingi, ce6e6i MpIpbI noHgaps! Gpochopiisl
HHruOUTOpNIapMeH Oipre Metayul OeTiHIE THIFBI3 9pi TYpaKThl KOpray KadaT Tys3im,
XKeMipinyniH Oasy >kypyiHe biknan eremi. CoHpaii-aK, aHOATHIK WHTUOWTOP peTiHAE
ocep eTim, MBIPBIII HOHAAPHI MeTaul OeTiHiH AHOATHIK YYaCKEJIEpiH MacCHBTEHYIHE,
COHBIH HOTHIKECIHJIe METAJIIbIH €PYyi a3al0blHa, MHTUOUTOPABIH THIMIUTITIHIH apTybIHa,
MBIPBIII Cylb(aThl HHTUOUTOP JKYHECIHIH XUMUSUIBIK TYPAKTBUIBIFBIH JKaKCapTybIHA,
(ocdopiabl KOCBUIBICTApABIH bIABIPAYbIH OastynaryblHa bIKnas ereai. Kocma peringe
KPUCTAJUIOTHIPAT TYPiHIETT Ty3 anyablH ce0edl OHBIH KaKChl €pyiH KaMTaMachl3 eTyi,
BUIFaJIIBIIBIKTBL PETTEYTE KOMEKTECYI.

2 cyperre (NaPO,) +ZnSO,-7H,O 1:1 uaruburopsl KaTeichiHaa 60naTThiy 14 Typoti
opTajap/arbl KeMipily >KbUIIAMIBIFBl CalbICTHIPbULABI (4 Toymik). Kabarrarsl cyna
KEMIpiTy JKbUIIaMABIFBI €H TOMEHAeT1 2,53 1/M? - ToyIiK MOHIH Kypaiinel, arHH OyJ1 opTa
CaJBICTBIPMAJIBI TYPJIE arPECCHBTI eMeC eKeHi KopceTTi. JKemipiiny sKbUIIaMabIFbI 2,67
r/m?-toynik H,SO, (0,1 M) opracsinaa Oaiikayiasl, Oy KbIIIKBUIIBI OPTAHBIH METaJUIFa
aiiTapiblKTaii arpeccuBTi acepin Oinaipeni. XKemipiny skbuiaaMabIFsl 4,44 r/M? - TOYIliKKe
0,1 M HCI epitinnicinne aediH ecim, XJIOPUA-UOHAAPABIH 9CEPIHEH KOPPO3HMSIHBIH
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kymeiieretinin kepcerti. Kyosip cyst Mmen 0,1 M MgSO, epitinainepinae xemipiny
KBUIaMIBIFBI 6,22-6,32 r/M? Toyiikke nedin skorapputaiasl. 0,05 M NaHCO3; + 0,05 M
CaCl; epiTinainepinze ;keMipisty KblIIaMABIFbI 8,42 1/M? - TOYIiK KOPCETTI, SFHH apajac
TY3IbI-KapOOHATTHI OPTaja KOPPO3Us >KOFaphl ACHTeHAe CaKTalaTblHa BIKMAN €TEli.
Kemipiny sxbugamasirst 7,56 r/m?-toymik 0,1 M Na,SO, epitiauicinae 6aikaibl, Oy
cynbdar-uoHIapAbIH ocepiH Kepcereai. KeMipiay >XbUIIaMIBIKTapbIHBIH KYPT ©cyi
TeHi3 cybiHAa (8,0 r/M? Toymik) )xoHe CaSO, + NaHCO3 (0,05 M + 0,05 M) (11,56 1/
M TOYJIIK) OpTalapbIHa CalKeC Keneai, ce0e0i skorapbl MUHEpaJIaHy MEH XJIOPUATEPIIH
oCepiHeH KeMipily KyLenesni.

0,1 M NaHCOj3 pitinzicinae >kemipiiy >KpUIIaMABIFBl 6,22 T/M* ToydiKke IeiiH
TeMeHeA1, Oy OnkapOoHaTTapIbIH OenTifi Oip Kopexene KOpFaHbIII acepi Oap ekeHiH
kepcerti. 0,05 M Na,CO3; + 0,05 M Na,SO, opTachlHAa KeMipiay XKbLIIaMIbIFbI
KaiiTa ecir, 8,89 r/m? ToyIikke AeiiH keTTi. JKeMipinay KbU1IaMIbIFbIHBIH €H KOFaphl
moHzaepi 0,1 M NaOH (12,0 r/m* Toynik) sxone 0,1 M Na,CO3 (12,93 r/m? Toynik)
opranapbeiHaa Oaikanasl. SIFHM, op TYpJi opTanapia MeTalAbIH KeMipilyi >KbUiaaM
XKypeTiHi Oalikanangsl, ceOebi MyHIall opTaga 3MEeKTPOTKI3TIIITIK KOFapbl OOJBIIM,
ANEKTPOXUMUSUIBIK PEAKUUUIAp KAPKBIHABI OTIM, XJOPHI HOHAAPHl KOPFaHBIII
KabarTapbiH Oy3aabl. TaOuru cynap MeH OMKapOOHATTHI JKyienepae, KepiciHiie, MeTasul
OeTiHze KOpFaHbII KabaT Ty31J1iM, XKeMipiy npoueci 0asty *KYpeTiHi aHbIKTaJIbl.

14 12,93
12

10

6,22 6,22 6,32

2,53 2,67

Kopposus KBULTaMIBIEBL, T/M- TOYIIK
()]

1 2 3 4 5 6 7 8 9 0 11 12 13 14
3epTTey OpTackl
Cyper 2. 4 roymix imingeri NaPO,) +ZnSO,-7H,O 1:1 HHTMOMTOPHI KATBICBIHA OONATTHIH dPTYPITi
opTanapAarbl KEeMipiTy JKbUIIAMIBIFBIHBIH MOHIIEPI.

3eprrey OapbichiHaa 12X18H10T mapkansl OomaT TacnaJapblHBIH KEMipily
KBULIAMJIBIFBI KeJleci (akTopiapra TOyeli: 3epTTey OpPTACHIHBIH HOHJBIK KypaMmbl,
pH MoHI koHe AneKTpoNHTTIH MUHepannaHy neHredi. 1:1 kareiHactarel (NaPOj)
x + ZnSO4 7H,O ¢ocdop uHrubutop *KyieciHiH KaTblCblHOA OaplblK opTaiapia
KEMIpiTy JKBUITaMJIBIFBIHBIH TOMEHJeyl Oalkamapl >xoHe (ochopiasl HHrHOUTOP
MEH MBIPBIII HOH/APHI apAaChIHIAFbl alKbIH CHHEPTETHKAIBIK OCEpiHe TOyesli eKeHi
Jorenei. AJBIHFaH SKCIICPUMEHTTIK HOTHKENIEpre COKec, KeMipily >KbUIIaMIbIFbI
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OpPTaHBIH XHMUSUIBIK KYpaMblHa JKOHE HOHJABIK TaOWFaThblHA TiKeNed OaiaHbICTHI.
Bonar TacnanapbHbIH epyi aHOATHIK peaksIapAbIH KOFapbl KapKbIHABUIBIFEL H, SO,
xoHe HCI kpikbuiapl opranapaa Oaiikanaabl. bipak ¢ocdopkypamaac uHruOuTOp
KYHECiHIH KaThIChIHAA 4 jkoHe 8 TOyIiK iLIiHIE JKEeMIpiay *KbUIIaMIBIFBIHBIH €Ioyip
TOMEH/Ieyl MeTall OeTiH/Ae TYpPaKThl KOPFaHBIII KaOBIKIIAHBIH TY3UIETIHIH KOpceTei.
Kopranbimn kaObikia (ochar-uoHmapasiH 00aT OSTIMEH XMMHSIIBIK OaiJIaHBICYbI
JKOHE MBIPBIII HMOHIAPBIHBIH THAPOKCO-PochaTThl KemeHaep TYy3yl HOTHXKeciHAe
kansinracanpl. HCl, NaCl 3%, TeHi3 cybl opTanapblHAa, SFHH XJIOPHI-MOHIAPHI Oap
opTanapja, XeMipuly >KbUIIaMABIFBIHBIH KoFapbl O0omysl Cl™ MOHIAapBIHBIH IAcCHB
KaOBIKIIaHBIH OY3bUTYbIHA, JTOKAIbAbI )KEMIPUTYIl apTTybIMEeH OalIaHbICThI, AETeHMEH
ZnS0O, kocy Oy acepai Oenrini Oip qopekene TeKEUTIHI aHbIK.

NaCl 3%, TeHi3 cybl, SIFHH XJIOPUATI JKOHE JKOFapbhl MUHEpaJlaHFaH opTraiapia
KEMIpUTy KbUIIAMIIBIFBIHBIH alTapibIKTai ecyi Oaiikanasl, cebedi Cl- moHIapbIHbIH
MeTan OeTiHJe JOKaNbIbl JKEeMIpUTydl KylieriHe okeneTiHi gonenpenai. CymbdarTs
opranapaa (MgSO,, Na,SO,) xemipinmy oprama JeHrelae, ajl KapOOHAaT >KoHE
OukapOoOHaT KyienepiHie KeMipiny *KbUIJaMIbIFBI OPTaHbIH KypamMblHa OaiIaHbICThI
e3repimn, Kel jKarmaiinapia KOpFaHBII KaOBIKIIA TY3LTyiHE KapamacTaH >KOFapbl
MOHJIepre XKeTeTiHl OalKabl.

En xorapel skemipiny kemmamabirel Nap,COsz, NaOH kapOoHarTsl jkoHE
ciurtini opranmapma  Oaiikanabl, cebebi MyHAall opranapia MacCHB KaOBIKIIAHBIH
TYPaKCBI3ABIFBIMEH JKOHE HOHJBIK 9CEPAiH KYIICIOIMEH TYCIHAIpiIe i, SIFHN METaJIIbIH
KEeMIpilyl OpTaHbIH arpecCUBTUIITIHE Tioyeldl, COHIBIKTaH OHIIPICTIK XKoHE TaOUFH
KyHenepae XeMipilyleH KOpray YIIIH MHTHOWTOpIapAbl KOJJaHy >KOHE OpTaHbIH
KYpaMBbIH €CKepy ©3€KTi MacesepiH Oipi O0bIn Ta0bLIa b

3eprrenren 14 opramapna (H,SO,, HCI, MgSO,, NaCl, Na,SO,, Taburu xoHe
TEHi3 cynapel, kapOoHar-OukapOonar >xyidenepi, NaOH epitinginepi) docdopibt
WHTUOUTOPABIH () (HEKTUBTLNIT MEH THIMALTITT MBIPBILI CYIb(aThl KPUCTAIIIOTHAPATHIH
KOCY apKbUIbl alTapiblKTall apTyblHa BIKOald eTTi. MpIpbln HoHAapsl Qocdar
WHTUOUTOPBIMEH Oipre, Metajl OETiHAE THIFBI3 9pi TYPaKThl KOPFaHBII KaOBIKIIa
TY3iMi, METaJABIH ePYiH )KOHE KEeMIpilly KbUIJaMIbIFbIH OastyaaTaabl.

Kemkpuiner  opramapma  1:1  karemmactarel  (NaPOz)x  + ZnSO4-7H,0
¢docdopkypamaac UHTHOUTOPIBIH AHOATHIK CEPiH apTTHIPAAbI, arPEeCCUBTI OPTAHBIH
MeTan OeTiHe Tikenel ocepiH azairansl. KabarTarsl cy, KyObIp JKoHE TEHI3 CylapblHIa
MBIPBIII MOHIAPHI XJIOPUA KOHE Cynb(harT MOHOAPBIHBIH KEMIPYIILTIK OeICceHIiTir
azas/bl, KOpPFAaHBIII KaOaTThIH TYpaKThUIBIFBIHA KamMTamachkl3 erteni. KapOonart-
OukapOOHAT KOHE CIATLI JKYHeslepiHIe MBIPBII KOCBUIBICTAphl PETTEIreH IacCHB
KaOBIKIIA TY3yJyiHere bIKHal €Till, >KepruTikTi skemipiayai Oommeipmaiiabl. MgSOy,
Na,SO, CynbdarTsl opTanapia MeTaUIbIH KeMipilyl opTamia JIeHreiae cakranaibl,
cebebi Oyn xarmaiina SO,*” noHgapeiHblH arpeccustiiiri Cl” monmapra KaparaHaa
TOMEH OONFaHBIMEH, EpITIHIIHIH HOHIBIK KYILIIHIH KOFapbl OONYBIHBIH dCepiHEeH
ANEKTPOATHIK peakumsuiapasl xkeaenneteni. Na,COs, NaHCOg3, apanac xyienepinae
YKEeMIpLTy )KbUIAaMABIF bIHBIH KOFapbl MOHAEP1 MAacCHB KaOBIKIIAHBIH TYPAKCHI3IbIFBIMEH
xoHe CO3* Ty3[apbIHbIH KaiiTa KpucTainanybiMeH OaitnanbsicTbl. NaOH cinrini oprana
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KEMIPUTY KbUIJAMIBIFBIHBIH CaJIbICTBIPMAIIbl TYPAE JKOFapbl O0Mybl 00JaT TacHaHbIH
oeringe tysinerin OH- kaOaThIHBIH OOpIBUIAK JKOHE MEXAHUKAIBIK TYPaKChI3
OOJIybIMEH CHIATTaly MYMKiH. MBIpBIII HOHAApEl OyJ1 OpTaja Aa MacCHUBTEHIIPYILi
ocep eTil, MeTaJll TaclaHblH OETiH aHOJITHIK alMaKTaPhIH TEKEHTIHI KOPCETTI.

3eprrey OapbichiHaa 14 opTaHbIH iliHeH Kopray 3 deKTici oFaphl 7 TYPIIi OpTaJarsl
YJTiIep anbHAbL. 8 TOYIIK 1IIiHIET] 3epTTey HOTHXKEIEPl )KEeMIpiTy *KbUIIaM/IbIFbIHBIH
(r/m?-TaymiK) e3repyi | kecTene KenTipiii.

Kecre 1. (NaPO,) +ZnSO,7H,0 1:1 nHTHOUTOPEI KaTBICHIHIA OONATTEIH SPTYPIIi OpTaIapIaFkl
JKEMIpLTY )KBUITaMABIFBI MEH Kopray d¢ddekrici MoHzepi (8 Toyimik).

Yiri Ne Oprta, C (M) Kemipiny xpunpamabirsl, 1/ | Z, Kopray a¢ddexrici,%
M2 TOYIIK
1 3% TeHi3 cysl 2,22 94,89
2 0,1 M NaHCO 3,78 89,17
3 0,5 M NaCl 3,16 87,83
6 0,1 M Na,CO 2,44 81,00
4 0,1 M Na,SO, 4,21 79,52
5 0,05 M NaHCO, + 0,05 M CaCl, 3,47 79,32
7 0,1 M H,SO, 5,00 75,00

En xorapbl sxemipiny sxbuigamasirel 0,IM H,SO, opraga (5,00 r/m*-Toysik)
Oaifkanapl, sSIFHU OYJ1 OpTa €H arpeccuBTi Ooibinm TaObaabl. EH TeMeH jkeMipiry
KBUTIAMIBIFBI  TEHI3 Cybl OPTACHIHIA AaHBIKTAJIEI, Na2CO3 0,1 M xemipiny
KBUTIAMIBIFRI 2,44 T/M?*TOyIIK TEH. bBYJI OCBI OpPTaHBIH CalBICTRIPMAJIBI TYpAC a3
arpeccusti ekeHin kopcereni. NaHCO, + CaCl, 0,05M+0,05M; Na SO, 0,1 M; opranapna
KepceTKim Oipmama TypakTassi, 2,22-4,21 r/M? Toymik apansiFsiaaa esrepexi. 0,1 M
NaHCO, oprana »xemipiity KbULIaMIbIFbI 3,78 T/M** TOYIIKKE XKETTI, SFHHU, KEMIPLITY
KBIITAMJIBIFBl 3€PTTEY OPTACHIHBIH KypaMbIHA aNTapIBIKTAld TOyeNi: KhIIIKbUIIH,
TY3/bl KOHE MHUHEpalJIaHFaH opTajapia > KeMipiry Kylneieni, amx caibICTBIpMaibl
OcifTaparn opraizapaa TOMEH MOHIEP OalKamabl.

2 TOYIIK imiHae OoJIaT TacmagapIbH OCTiHIC )KEMipiTy alTapibIKTai Oaiikaamaisl, 4
TOYIIKTEH KeH1H )KeMipiTy oTe 0asty )KYpeTiHi aHBIKTAJIIBI, 8 TOYIIK OTKEH COH MaCCaHbIH
eneysi a3arobl OaMKaNmbl, SFHU JKEMIpITy OCepHiH KapKBIHIBUIBIFEIH KOPCETIII
(Nouhaila et al., 2023; Durdubaeva et al., 2022). Anramksl 2 xoHEe 4 TOYIIKTe 0oJaT
TacmalapbIHBIH MacCaChIHBIH 03repici eTe a3 (KyObIp cysl, TeHi3 cybl, NaCl, HCI 0,1 M;
HNO, 0,1 M; 0,05M), keii0ip sxarnaiinapaa, Mpicaabl KadaT CybIH/Ia MACCAHBIH a3/ar
apTybl OaifKasIb! - OYJ1 BITFAJ CIHyIMEH HeMece eIIley KaTeciMeH TYCIHAIPLTy1 MyMKIiH.
8 ToyIiK imriHae OapibIK O0MaT yarijgepae MacCaHbIH HaKThl TOMEH eyl OaiKa b1, Oy
Ke3eH/Ie KeMipiny icepi OenceHai xypyiHe bIKnai eTTi. MeTtamuiiap YIIiH eH KayinTi,
HEMecCe arpeccWBTi OpTa PETiHZE KYIITI KBIMIKBUI epiTiHaiiaepi OONbIm Kenemi, Oy
opTayiap/ia METaJUIIbIH MacCachl a3aifFaHbl, SFHU METaJlI KeMipiTyi OOJFaHbI KOPCETTI.
3% NaCl >xoHe KYOBIp CyBI epiTiHAIepiHae 00IaT TacmaaapabH 6eTi CambICTRIPMAITBI
TYpPAE KOpFayllbl, Macca KebiHece TypaKThl HeMece a3/iam apTKaHbl OalKaaFaHbl aHbIK.
Kemipimy KapKbIHBIHBIH YaKbITKa OalIaHBICTBI apTybl - OONaTTBl WHTHOHTOPIAP
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KOMeTIMeH y3aK Mep3iMal Kopray KaxkeTTinirin nonengeiai (Kaiynbayeva et al., 2022;
Niyazbekova et al., 2024).

OpyMKuH ancopOUMsUIBIK U30TepMatapbl HHTHOUTOPABIH OojaT TacmaHblH OeTiHe
aZicopOLMsUIaHy CHUTIAThIH aHBIKTAy YIIIH MYMKIHIIK Oepeni. @pyMKUH H30TepMaIapbl
(NaPO,) wunrubutoper (kb3bu1 konmakneH) sxone (NaPO,) + ZnSO,/7H,0 1:1
WHTUOUTOPBI (KOK JKOJAKIEH) YLIiH 3 CypeTTe KOpCeTUIreH.

[y
=]

9 y=10,658x-1,5101
8 R?=0,9919 .-~
y=4,5941x+3,9998 .
—_ 7 #=0,9976 ““.“.. ’
Fol e
S
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S L 4
s 4
=3
2
1
0
0 0,2 0,4 0,6 » |
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Cyper 3. (NaPO,) xone (NaPO,) +ZnSO,7H,O 1:1 uHruburopaaps! yurix
OpyMKHUH H30TepMalIapsbl.

®pymkun Mozei 2 Typai uarudurop (tasza (NaPO,) sxone (NaPO,) +ZnSO,-7H,0
KocnachkiMeH 1:1 apakaTblHacTa) MOJIEKyJalapbl apachblHIaFbl TaPTHUIBIC KYIITEPiHIH
apKachlH/a aJIcopOIMs MPOLECIHIH KYpIel eKeHiH kepcereni. Molekysanap apa-
CBIHJIaFBI ©3apa ocep Kod(D(UIMEHTIHIH MOHI OH OONFaH/IBIKTaH, HHIHOUTOpP MOJie-
KyJajmapsl MeTajul OeTinae Oip-OipiHe >KaKbIHIAIl, THIFBI3 KOPFAHBIII Ka0daT TY3CTiHIH
KoHe OyIT KeMipinysli OasynaTaThbHBIH KOpCeTTi. byn HoTmke MHrHOUTOp KYHEeCiHIH
KOIKOMIIOHEHTTI oprasnap/a, sruu TeHis cybl, NaCl, Na,CO,, NaHCO, opranapbinia
KOFapbl THiMLTITIH TyciHaipeni. (NaPO,) wnrubutopeiMen canbicteiprana (NaPO,)
. +ZnSO,7H,O 1:1 uHrMOUTOPBIHBIH KOPFAHBIC 3P PEKTICIHIH MOHIEP] KOFaphl EKEHi
AHBIKTAJIJIBL.

(NaPO3)x + ZnSO,4-7H,0 apacwsiHIarsl CHHEPTETHKAIBIK o dekTi OipHeme Mexa-
HHU3M apKbUIBI )KY3€re acy MYMKIiH, aTan alTKaHa aAcopOLUsUIBIK MeXaHu3M OOMbIHIIA
(dbocoar-nonmap Oonmar OeTiHE XeMOCOPOIMsIIaHY Ke3iH/Ie aKTHUBTI OpPTaJBIKTap JKa-
OBUIBII, aHOATHIK ACCUBALMSI KE31HAE MBIPBIII MOHAAPHI METaJI OCTiHIH aHOATHIK aii-
MaKTapbIH MaCCUBTEHIIIPE1; TEMip-MBIPBILI (pochaTTapbl HETi31HET] THIFBI3, a3 EPUTIH
KOpPFaHBIII KabaT TY31yl apKbUIbI HOHJIBIK arpecCHsHbI TeXey OapbICBIHIA XJIOPHU]L
JKOHE CyIh(haT HOHIAPBIHBIH AU dY3UIACHHBIH MeKTeyiHe okeneni. OCBIHBIH HOTHKE-
CiH/Ie METaJJbIH epy KbIIIaMIBIFbl TOMEHIETI, HHTHOUTOPIBIH KOpFay 3 eKTiCiHIH
ecyiHe BIKIaJ eTel.

Ocpinaifima, MBIpEII  Cynb(MaTBIHBIH ~ KPUCTAIUIOTHAPATHL  (ochopKypaMaac
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WHTUOUTOP/IBIH CHHEPTETHKAJIBIK KOMIIOHEHTI PETiH/E op TYpJi OpTajiapa KeMipiayre
Kapchl Kopray 3(h(eKTiciHiH CeHIMILIITT MEH y3aK MEeP3iIMIUTITiH apTThIPaIbl.

AJNbIHFaH 3epTTey HOTMXKenepi Qochopkypammac WHrHOUTOPIApAbl KEJCIICKTe
3epPTTEYAiH MaHBI3ABUIBIFBIH JKOHE ONapAbl KOJJaHy MeTauIOYHeIMIap MeH
XKaOIBIKTapIbl arpeccuBTi OpTaja y3aK Mep3iMIi opi THIMII KOprayFa MYMKiHIIK
OepetiniH aikpiHAaNMIBI (Avdeev, 2025; Zhu et al., 2025). Oxictepain caH TypuIiri
JKOHE OJIap/bl FBUIBIMH HETi3/e JKyHeneHAipy OMOIOTHSUIIBIK BIABIPAY, YABUIBIK JKOHE
OMOAKKYMYIISILIMSI TOPI3i SKONOTHSUIBIK KOPCETKIIITEpre HEri3NeNreH 3eprreyiepii
OH/IIPICTIK TOKIpHOETe eHri3yre OarbITTaibl. byFaH Koca TeXHOTCH/IIK dCep/li a3alThlIII,
OH/IIPICTIH AKOJOTHUSIIBIK KayilCi3/IiriH apTThIpyFa KOHE YKOHOMHUKAJBIK THIMIUIITHE
MYMKIHJIK Oepeni.

OcblFaH opaif, «Kachll XUMUS» KaFUIATTapblH KOJJIAHY apKbUIbl KaHAPTBHUIFaH
WHTUOUTOPIApAbl  93ipiiey JKOJOTHSAJBIK TYPFBIAAH Kayilci3 TEXHOJOTHsIapbl
KOJIZIaHy/1a HEeTi3r1 pei aTkapaabl. byn skarmaiiia Tek HHrHOUTOpIapAbIH THIMIUIITH
apTTBIpy KaHa KOWMaid, OJapIblH CHHTE3 >KOJJAPbIH OHTAHIAHIBIPY, KaJABIKCHI3
TEXHOJIOTUSI KOJNJaHy, WIMKI3aTThl THIMII MaijaiaHy CHSKTBI MiHAETTEp 1€ ©3€KTi
Macenenep/iH KarapbiHa skatkei3ansl (Farshad et al., 2023).

Kopoitbiaabsl. (NaPOs)x  xone (NaPOs)x + ZnSO4'7H>O wunHrnouropnap
XKyHenepinae KYpriziireH aacopOLMsIBbIK JKOHE KWHETHUKANBIK Tanfayiap OOJaTThl
OpTYpJi arpeccwBTi oOpTajapAa KOpFaybl aacopOLuMs-TIacCHBallMsl MeXaHU3MIepi
ApKBUIBI )KY3€Te aCaThIHbIH AJIeIACH 1. MBIpBII HOHIAPHI (POCHOPIBI KOCHUIBICTAPMEH
Oipre Oonat TacnanapAbiH OCTiHIE THIFBI3, XUMUSUIBIK TYPAKTHI KaOBIKILA TY3€/1 KOHE
noHJapAblH JuQQy3UsIChIH MEKTeN, METaNAbIH epyiH Oasynaraabl. bym xyle y3ak
Mep3iMIi MeTaul KOPPO3MSICHIHAAFbl KOPFAHBIILTHl KaMTaMachl3 €Til, ©HAIPICTIK
KaFaiaa KoJiaHyFa NepcreKTUBaIbI eKeHIH KOPCETTi.

ConbIMeH Katap, ajnbiaran HoTwkenep 1:1 apakareinacrarsl (NaPO,)x +ZnS0O,-7H,0
WHTUOMUTOP KYHECiHiH OomaT Tacmanapbl KbIIIKBUIABL, TY3/bI, OcliTapan >KoHe CilTimi
opTanapja THIM/i KOpFayblH KaMTaMachl3 €TeTiHi aHBIKTaJIbI. KeMipilly sKbIIIaMIbIFbI
YaKbIT OTKEH CallblH TOMEHJIEY1 jKoHe Kopray 3 QeKTiCiHIH apTybl TY3UIT'eH KOPFaHBIII
KaOBIKUIaHBIH OIpTiHACI HBIFAHBII, TYPAKThI KYHIe 6TETiHIH KOPCETTi. AICOPOLMSITBIK,
n3zoTrepMasiap apkbuibl QGochop HHrHOMTOpPABIH Oonar TacmaHblH OeTiMeH Oepik
OaifylaHpIC TY3il, CUHEPIETUKAIBIK 9CEPIHEH aJICOPOIMsI-aCCUBAIIMS MEXaHU3MIEP1
eKeHiH Jonenaesnd. COHBIMEH Karap, DKOJNOTHSUIBIK Kayilci3, )KOHE HKOHOMMKAJBIK
YKarbIHaH TUIM/I1 )KeMipisTy HHTHOMTOPIIAPBIH 93ipiiey — 3aMaHayH FhUTBIMU-TEX HUKAJIBIK
MIPOTPECTiH MaHbI3AbI OMacenenepain Oipi. SIFHM OyJ1 3epTTey JKYMBICHI «GKACHLT XUMUSI»
KaruJanapblHa JaMbITYy OarbIThiHa HerizgenreH. Pocdar Kypamabl MHTHOUTOPIBI
KEMIpLIyre Kapchl MaijajiaHy - KaJbIKChI3 TEXHOJIOTUS, SKOHOMHUKAIBIK THIMIUTIT
YKOHE KayiIlCi3 )KeprislikTi LIMKi3aT KOJIJaHy apKbUIbl XKY3€ere achblpy MyMKiH. by GarpiTTa
KYPri3ieTiH KemeHIl 3epTTeyliep MeTaul KOHCTPYKUHUSUIAp MEH >KaOAbIKTapAbIH
KBI3MET €Ty MEP3iMiH y3apThIl, OHAIPICTIH SKOJOTHSITBIK JKayalKePUITIITiH apTTHIPaIbL.
Taburu pecypcTapibl YTHIMABI NajaaHyFa )KoHE TYPAaKThl AaMy MakcarTapblHa KOJl
KETKI3yre alTapibIKTall yiec Kocaasl, cebedi KopliaraH opTara 3UsSHABI KaJlJIbIKChI3,
TaOUFH pecycTapbl YTHIMABI KOJAaHY KOJIAapbiHa HETi3eNTeH.
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Abstract. Converting lignocellulosic biomass into valuable products is a sustainable
way of developing renewable biomaterials. Lignin, a naturally abundant aromatic
polymer and one of the main components of plant biomass, is an important raw material
for producing bio-based materials. However, the potential of many plant species as
sources of lignin remains largely unexplored. This study successfully isolated lignin
from the stems of Phlomis tuberosa L. for the first time using an acid treatment method.
The plant stems were treated with concentrated formic acid at 80 °C for three hours. After
acid hydrolysis, the lignin was separated from the liquid fraction by rotary evaporation
and precipitation. The lignin biopolymer obtained from the stems of Phlomis tuberosa
L. was characterized using Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). FTIR
spectra confirmed the presence of the characteristic lignin functional groups, such as
hydroxyl (O-H), carbonyl (C=0) and aliphatic (C-H). Microscopic analysis revealed
uniform particle morphology and low aggregation. These findings suggest favorable
physicochemical properties and potential applications in nanoscale materials.
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The results demonstrate that Phlomis tuberosa L. biomass is a promising, previously
unexplored source of lignin. Due to its structural characteristics, the isolated lignin
could be used as a sustainable raw material in the production of advanced, bio-based
functional materials, such as nano-hydrogels, biodegradable composites and drug
delivery systems.
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AnHoTanus. JlurHomemtrono3anel OMoMaccaHbl KYHIBI OHIMAEpre aiHaabIpy
— KaHAPTBUIATHIH  OWOMATepHANIAPbl  JAMBITYABIH  JKOJOTHSJIBIK  TYPFBIIAH
TYPaKThl KOHE THIMJII Toculi Oonbim TaObuTanbl. JIMTHUH - TaOWrarTa KeH TapajFaH
apoMAaTThl TIONHMMEpP KOHE OCIMIIK OMOMacCachIHBIH HEri3ri KOMIIOHEHTTEpiHiH Oipi,
COHJBIKTaH 0J1 OMO-HEeTi3/1l MaTepuangap eHAIpy YILIiH MaHbI3/1bl HIMKI3aT Ke31 peTinae
KapacThIpbUIaAbl. AJlaiiia KenTereH oCiMAiK TYpJepiHiH JIMTHUH KO31 peTiHAeri aneyeTi
oJIi KYHIe JIeliH ToJbIK 3eprTesniMereH. Ocel 3eprreyie anram per Phlomis tuberosa L.
OCIMJIITIHIH cabaKTapblHaH KbIIIKBUIIBIK OHJICY OICI apKbUIbI JIMTHUH COTTI OOJiHIN
anbiHABL. Ocimaik cabakrapel 80 °C temmeparypaga yil carar OOMBI KOHIIEHTPII
KYMBIPCKa KBIIIKbITBIMEH OHJENl. KBIIKbUIIBIK THAPOIN3ACH KEHiH JTUTHUH CYHBIK
(hpakumsiiaH poTOPIIBI OyIAHABIPY KOHE TYHIBIPY SIICTEP1 APKBLIBI OOJIIHIIT aTBIHIB.

Phlomis tuberosa L. cabakrapbiHaH anbIHFAaH JWTHUH OwnomoimMmepi Dypbe
TypaeHaipyai wHGpake3eu1 cnektpockonus (FTIR), ckaneprmeyrm 3IeKTPOHIBIK
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Mukpockonust (SEM) oHe TpaHCMHCCHSUIBIK 31€KTPOHABIK Mukpockornus (TEM)
onmictepiMeH kaH-kakThl cumartangsl. FTIR  cmektpnepi  rumpokcun (O-H),
kapoonmn (C=0) xone amudartbik (C—H) CHSKTHI JTHTHUHTE TOH (DYHKIIMOHAIJIBIK
TONTAPILIH O0ap €KeHIH pacTaabl. MUKpPOCKOIISUIBIK Taimay OemeKTepain OipKenki
MOP(DOIIOTHSACKHIH KOHE arperanys ICHTeHiHIH TOMEH eKeHiH KopceTTi. by HoTmkenep
MaTepraIbiH KOJaiibl PrU3MKa-XUMHAJIBIK KACUETTEPIe He EKCHIH KOHE HAaHOOJIIIEM/1
Marepuangapaa KojaaaHy oJIeyeTiH Adiemnaeii.

3eprrey Hotmxkenepi Phlomis tuberosa L. OGromaccachiHBIH JIMTHUHHIH OOJaIIaFkl
30p opi OYpBIH JKETKUTIKTI 3epTTEIMEreH K31 eKeHIH KopceTTi. KyphUIBIMIBIK
epeKIeNiKTepiHe OalIaHBICTBl OOJIIHIN aJBIHFAH JIMTHUH HAHO-THIPOTENBIE,
OMOBLABIPANTEIH KOMIO3UTTEP, CEHCOPJBIK Marepuanjgap >KOHE I9PIUIiK 3arTapisl
KETKI3y JKyHenepl CHSKTBHI 3aMaHayd OMO-Heri3ai (QyHKIMOHAIIBIK MaTepuasgapbl
OHJIIpY/le TYPaKThI IIUKI3aT PETiHAE KOAAAHBUTYbl MYMKIiH.

Tyiiin ce3nep: Phlomis tuberosa L., TUTHOLEIUTIONO03a, TUTHUH, KbIITKBUIIBIK OHICY
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AHHOTanuUs. ParoHaNbHOE HCIONB30BaHKUE JIMTHOICIUTIONO3HOW OMOMAcChl siB-
JISICTCS OJHUM W3 TMEPCICKTHBHBIX HAMPABICHUI Pa3BUTHS TEXHOJIOTHU MOJTYYCHUS
BO300OHOBIIIEMBIX M JKOJIOTHUECKH OE30MACHBIX MaTepHaaoB. JIUTHUH, SBISIOIIUACS
OJIHAM 3 OCHOBHBIX KOMIIOHEHTOB PaCTHUTEIBHOM OMOMACCH M HanbOJIee pacmpocTpa-
HEHHBIM TIPUPOAHBIM apOMAaTHYECKUM MOJIMMEPOM, PACCMAaTPUBACTCS KaK IIEHHOE ChI-
PbE TS MPOU3BOICTBA OMOMATEPUAIIOB PA3IMYHOTO Ha3HAYCHHUs. BMecTe ¢ TeM moTeH-
[[{aJl MHOTHX BH/OB PACTCHHI B KaueCTBE MCTOYHHKOB JIMTHWHA OCTAETCS HEIOCTa-
TOYHO M3YYEHHBIM. B HacTOSIIEM HCCIICTOBAHUY BIICPBBIC OCYIIECTBICHO BBIICICHHE
JIUTHUHA U3 ctebnelt Phlomis tuberosa L. meTonoM kuciotHoi 00padoTku. B kauecTBe
9KCTpPAreHTa HMCIOIb30BAIN KOHIIEHTPUPOBAHHYIO MYPAaBBUHYIO KHCIIOTY, 00pabOTKy
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npoBoauin npu Temmneparype 80 °C B tedeHue Tpéx vacoB. Ilocne 3aBepuieHus ru-
JPOJIM3a JIUTHUH BBIIEISIN U3 KUIKOH (HPaKIUK METOIOM POTALIMOHHOTO MCIIapeHHs
¢ mocienyomuM ocaxaeHueM. CTpyKTypHble U MOP(OIOrHuecKrue XapaKTepUCTUKU
MOJTYYEeHHOTO JINTHUHA UCCIIeIOBaHbl C HCIOJIh30BaHHEM MH(PPAKPACHOW CIIEKTPOCKO-
mun ¢ npeodpasoBanneM Pypoe (FTIR), ckanupyromeld 3MeKTPOHHON MUKPOCKOIHH
(SEM) u npocBeunBarorieid anekrporHoit mukpockornnu (TEM). Pesynsrarer FTIR-a-
HaJIM3a NOATBEPAMIN HAIWYME XapaKTEPHBIX U JUTHUHA (YHKIHOHAIBHBIX IPYII,
BKIto4ast rupokcuibabie (O—H), kapoonunbhbie (C=0) u anudparnyeckue (C—H) cBs-
3u. MUKPOCKOIIMYECKHUE UCCIE0BAaHHS TTOKA3aJIN OTHOPOIHYIO MOP(OIOTHIO YaCTHIL 1
HU3KYIO CTENEHb UX arperamnuu, 4YTo CBUAETENILCTBYET O OJIArONpHUATHBIX (PU3UKO-XU-
MHYECKUX CBOWCTBAaX BBIAEICHHOrO OuomnonaumMepa. IlomyueHHble pe3yabTraTbl J1€MOH-
CTpUPYIOT, 4T0 Ouomacca Phlomis tuberosa L. nipeactariiseT coOOW MepPCIeKTUBHBIHN
U paHee He MCCIIeI0BaHHbIH HCTOYHHK JTUTHUHA. briarogapsi CBOUM CTPYKTYPHBIM 0CO-
OCHHOCTSIM BbIJICJICHHBII JIUTHUH MOKET OBITh MCIIOJIb30BaH B KAUECTBE IKOJIOTHUECKU
0€30I1aCHOTO CBIPbs AJsl IOJIyYEHHs COBPEMEHHBIX (DYHKLIMOHAJIBHBIX MAaTepHaloB,
BKJIIOYasi HAHOTHIPOTeNH, OropasiaraéMble KOMITIO3UTHI U CUCTEMBI aIpeCHOI 10CTaB-
KH JIGKAPCTBEHHBIX CPEICTB.

KiroueBble ciaoBa: Phlomis tuberosa L., TArHOLETION03Hass OMoMacca, JTUTCHUH,
KuciIoTHas oopadoTka, FTIR, Onomarepuansl, bnopazmaraeMble KOMITO3UTEL.

Kipicne. Phlomis tuberosa L. eciMairiHiH cabaKTapbl CUSAKTHI JTUTHOIIEIUTOIO03aIIBIK
OuomMaccanap IKaHAPTHUIATHIH TAaOWFU pECypcTap peTiHAE TYPAKTBUIBIFBI MEH
SKOHOMHUKAJIBIK THIMAUTITIHE OaiIaHBICTHI FEUTBIMHU 3€PTTEYICPIIH MaHBI3IbI HHICAHBI
Oonbin TaObLIaMbl. byl OnomaccaiapiblH HEri3ri OMOIMOJUMEPIIK KOMIIOHEHTTEPI
— IEJUII0JI03a, TEMUIICIUIIONIO3a JKOHE JIMTHUH — (DYyHKIHMOHANJBIK MaTepuaiiap,
a7ICOpOSHTTEp JKOHE KOMIIO3HMTTIK OHIMAEp OHIIpY YIIiH KYHIBI IIUKi3aT pEeTiHIe
Kapacteipeutansl (Sheridan et al., 2024; Bouhfid et al., 2025; Kai et al., 2016). JIuraua
— MOHOJIMTHOJIIAP/IbIH, PATUKANJIBIK KOCHUTYbl HOTHIKECIHIE TY3UICTIH YII OJIeMi
(enmponanon Tl mosimMep. OHBIH apOMATTHIK KYPBUIBIMBI MEH (DYHKITHOHAIJIBIK
TONTApbl XUMHUSUIBIK PEAKIMSIBIK KaOUIETIH apTTHIPBIN, MaTepHalTaHy cajachlHIa
epeKITe KeI3BIFYIIBUTBIK TyapIpaansl (Gosselink et al., 2012; Dai et al., 2019).

JIMrHoIes/UTI003aIbIK OnoMacca KOMIPTEKTIH Oali ke31 0okl TaObUIAJbl JKOHE
OpMaH KOHE ay bl APy aITbLIBIFBI KAJIBIKTAPBI CUSKTHI )KETKUTIKTI TaliJaTaH bLITMAN THIH
pecypcTapapl THIMII KOJJIaHy apKbUIbl OWOIHEPTHs, OMOXMMHUSIBIK OHIMIEP KOHE
OmoMarepuangap eHIipyre MyMKiHIIK Oepermi. Ka3zipri yakpITTa OHIIPICTIK JTUTHHH
HEri3iHeH arall OHJCY OHEPKACIOIHeH albIHAbl, COHJABIKTAH OajamMalibl IIUKi3aT
KO3JIepiH 3epTTey MaHbI3Ibl. Ka3aKCTaHHBIH OpPTANbIK aliMaKTapblHIA ©CETiH
KOIDKBULIBIK MIONTECiH ociMIik Phlomis tuberosa L. ocbiHIal epcreKTHBAIBI Oaama
ke3nepaiH Oipi 6oma amansl. Phlomis Tywickl (Lamiaceae TykpiMmackl) Eypoma men
Azusiia KeH TapalifaH Ky3[eH actaMm Typai kKamtuael (Amor et al., 2019). Phlomis
tuberosa L. noctypni MeaunnHaaa keHiHeH Koinanbuiaael (Vitaliy et al., 2018; Alipieva
etal., 2000; Olennikov et al., 2010). Anaiia OHbIH cabaKTapbIHAH aTBIHATHIH TUTHUHHIH
KYPBUIBIMJIBIK KoHE (DU3HMKa-XUMHUSIIBIK KACUETTEPI AJIi TOJIBIK 3€PTTEIMETCH.

AnaeiHFEI 3epTTeynepae Phlomis tuberosa L. eciMaiTiHIH TYAEpI, XKep YCTI OOITIK-
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Tepi JKOHE TaMbIpPIIapbIHAH aJIbIHFAH 3KCTPAKTTap MEH 3(PUp MaIapblHbIH aHTHOK-
CUJIAHTTBIK, AHTHIUAOCTTIK, aHTUXOJUHACTEPA3AIbIK JKOHE 0acka ja OMOIOTHSUIBIK
OesceHauTiKTepi, COHIali-aK ONapblH XUMHUSUIBIK KypaMbl MEH BUTAaMHHIIK Kypambl
3eprrenreH (Azhikhanova et al., 2025). Heri3ri KOMIIOHEHTTEp pPETIHAE XJIOPOTCH
KBITIIKBITHI MEH (hepylT KBIIKBUIB aHbIKTanFaH, al B3, C xone E Buramunaepi 6ackim
exeHi kepcerinreH. ConbIMeH Karap, Phlomis tuberosa L. cabakrapblHaH aJbIHFaH I1eJI-
JII0JI03a HETi31HAer1 KOMIO3UTTIK MeMOpaHaIap/AbIH KOFapbl aJcOpOIMSIBIK KaOineTi,
TYPaKTBUIBIFbI )KOHE KalTa KOJIJaHy MYMKiHAIr 3eprTenred ConbiMeH Kartap, Phlomis
tuberosa L. cabakTapblHaH aJbIHFaH EJUTI0I03a HET131HIeTT KOMIIO3UTTIK MeMOpaHa-
JIapIbIH afacopOMISUTEIK KacueTTepi 3eprrenrer (Azhikhanova et al., 2026). byin HoTH-
JKelep OCIMIIKTIH JIMTHOIEIUTION03aJIbIK KOMIIOHEHTTEPIHIH (YHKIIMOHAIIBIK MaTepH-
anjap eHAIpyIeri aJeyeTiH KepceTei, anaiiaa JMrHuH (pakuusachl oJli 3epTTEeIMEreH
KYHIH/Ie KaJIbIIT OTHIP.

Ocpbiran OailiaHbICTBI, aTayiFaH 3eprreyne Phlomis tuberosa L. GuomaccachiHaH
JIMTHUH/I KBIIIKBUIIBIK OHACY apKbLIbl O6JIIl ajly »OHE OHBIH KYPbUIBIMJIBIK
CUTIaTTaMaJIapBIH 3ePTTEy Makcar eTurmi. JInrHuHm Oemin amy mponecinae KYMBIPCKa
KBITIIKBLTB KOJAAHBUIBI, anbiHFad Matepuaid SEM, TEM xone FTIR onicTepi apKpLis!
CUNaTTaNIbl. 3epTTEeYAiH HETi3ri Makcarbl — OuoMaccallaH JIMTHUHJI OeJil amyablH
OMO-HETI3/i kOHE TOMEH IIBIFBIH/IBI TEXHOJOTHSIIBIK TOCUTIH 93ipJey *KOHE allbIHFaH
JIMTHUHHIH MaTepUaJIbIK dJICyeTiH Oaraay.

Marepuaagap MeH 3eprrey aaicrepi. OcimMaik marepuansl — Phlomis tuberosa
L. ecimmiri mayceiM aiipiHma Taynael OpTay aiMarblHaH (KambIpakTapsl, TYIIepi,
cabaKTaphl )KOHE TaMBIpIaphl) KUHAIIGL. JKWHAIFaH MaTepHaigap jkeke Oelikrepre
(>xep ycTi OedtikTepi KoHe TambIpiap) 0eiHim, Ta3apThULIbl. OCIMIIKTEpAiH Tycl MEH
XUMHSUTBIK KYpPaMblH CaKTay MaKCaTbhIHIA MaTepuaijgap 0ejMe TeMmIleparypachiHIa
KOJICHKEN Kepje, TIKelIel KYH COyJICCIHCH KOpFaliFaH JKarjaija yin amnta Ooubl
ayana kentipiunmi. Yinri nyckamapsl MUP1024 Tipkey Hemipimen Myria ChITKBI
Kouman yausepcurerinig (Myrna, Typkust) Xumust kKadeapachbIHbIH repOapuii KopbiHa
tancelpbuIel (Azhikhanova et al., 2025; Flora of Kazakhstan, 1964).

Phlomis tuberosa L. cabarbl OMomMaccachlH KBIIIKBIIMEH OHICY. Ayana KeNTipiiareH
Phlomis tuberosa L. cabarpabiy 10 T yarici 80% KyMBIpcKa KbIIIKbUIBIHBIH 100 Mt

T"emuremtonosa
Jlurnun

Hennronosa

KpInkeuiven enziey D!

80°C. 3¢ R

Cyper 1. Phlomis tuberosa L. GmomaccachlH IEJUTI0N03a, TEMHULIEIUTION03a JKOHE JIUTHUH
(hpakuusapbHa 66y ChI30aHYCKACHL.
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epiTiHAiCiMEH anablH ana eHaenai. Kocma JIMTHOLETIONO3alblK  KYPBUIBIMIBI
BIIBIPATYIBI )KeH1AeTy MakcaTbinaa 80°C remneparypaa TepMOCTaTIIeH OaKblIaHATBIH
Mail MOHIIAChIHA YIII carar 00ibl 120 aifH/MUH KbUTIAMIBIKIIEH Y3A1KCi3 apajacTeipa
OTBIPBIT KbI3ABIPBIIIBL.

Peaknust asikTanraHHaH KeWiH CyclEH3Usl KATThl KOHE CYHBIK (azamapiasl Oemy
yuiin cysingi. Hotmkecinae KyMbIpcKa KbIIIKBIUIBIHAA epUTiH Qpaknus (spent liquor)
KOHE ILeJUTtoo3ara 0all KaTThl KalAbIK allbIHABL. KarTbl KangblKTarbl LIEJUTI0N03a
MaTpHLachlHa 9Jci3 OallaHBICKAH JUTHUH HEMECE TIeMHUIEIUTIoN03a KaHTTapbIHbIH
KaJJIBIKTApBhIH K0I0 MakcaThiHna oi 80% >kaHa KYMBIPCKA KbIKBUIBIHBIH 100 M
epITIHAICIMEH KYBUIIBL.

KyMmbIpcka KpIIKBUIBIH KaliTa maliaanany MyMKIHIITiH KaMTaMachl3 €Ty YIIiH spent
liquor 60 °C Ttemmeparypaga poTOpiibl OyJaHIBIPFBIIITA KOHUEHTPICHII, MIaMaMeH
100 Myt KanmblHA KeNATIpUIreH KYMBIPCKA KBIMIKBUIBI ajblHIbl. KypambiHOa epirexn
KOMIIOHEHTTep Oap KajFaH cyibl Gaza 50 Ml AenOoHAaNFaH CyMEH CYHBUITBUIBIN, KeHiH
5000 aitn/mMun sxpuAamabikTa 10 mMuHYT OoOMBI HeHTpudyramangsl. Hotmxkecinae
JTUrHUHTE 0ail TyHOa TY311/1, 071 KeWiH >KYBUIBII, KeNTIPri mKkadTa KenTipiimi.

Epiren remuuenmono3a Oap YCTiHI cyiblk (asza epuTiH ¢pakuusi peTiHge
Oenrinenai. bapnelk ToxipuOenep anIbIHFBI 3epTTEYiIMi3Jeriiel ym KalTanayMeH
xyprizinai (Azhikhanova et al., 2025).

3epmmey adicmepi. Phlomis tuberosa L. eciMiTiHIH cabaKTapbIHaH OOJIiHIII aJIbIHFAH
JUTHUHHIH OeTKI MOPQOJIOTHACHIH 3epTTey YIIiH yIeTkim kepaeyi 5—20 kV Gonarsin
CKaHepJeyIlli MEeKTPOHIbIK MuKkpockorus (SEM) (Zeiss Crossbeam 540, ['epmanusi)
KOJIIaHbUIABL. beTki MOp(OIOTrHsIHBI XKaH-)KaKThl Tajiay MaKCaThIHIA OPTYPIIl YIKEHTY
JeHreiepinne cyperrep tycipingi. SEM tannmaysl YLIiH yITiiep eKiXKaKThl )KaObICKAK,
Tacra KeMeriMeH KoMipTeKTi HeTi3i 0ap MeTaut TyFbipra Oekitingai. Keitin yiari 6errepi
aBromarTel Quorum Q150T ES To3anaaTKpI KYpbUIFBICH apKbLIbl KanbIHABIEFE! 10.0
HM alThIH Ka0aTbIMEH KarlTaJlbl.

JIurHuH OSKcTpakTiciHzeri (YHKUMOHAIIBIK TONTApAbl aHbIKTay YIIiH Dypbe
Typaennipyai uHdpakp3pul cnekrpockonust (FTIR) omici xonnmansuigsl. Crextpiep
ATR nndpakp3su1 Mmoayaimen sxadasikranran Cary 600 Series FTIR cniexktpodoTtomerpi
(Agilent Technologies) kemerimen 500—4000 cm ™! nnamazonbiHga Tipkenani. CnekTpiik
@KBIPaTBIMIBUIBIK 4 cM ™', al cKaHepiiey >KbUaaMabFel 1 cM' ¢! Gonasl. bapibik
HOTHIKEJIep YII YATiHIH opTallia MoHI + CTaHJApTThI aybITKY TYpiHIE Oepinmi.

Hotm:kesnep meH Ttankbuiay. 3-cyperre Phlomis tuberosa L. ecimuiriHig
cabakrapbiHad Oeminin anbiarad jurHuHHIH FTIR, SEM sxone TEM tannaynapst
apKbUIBI allbIHFaH (PU3HKa-XUMUSJIBIK CHIIATTaMallapbIHBIH HOTHIKENIEPI KOPCETIIreH.
2a-CypeTTe JMTHHHHIH KYPBUIBIMIBIK TYTACTBIFBIH alKBIH KOPCETETIH KOFaphl
axpIpareiMIbl SEM OeiiHeci YChIHBUIFaH, OHAA SIFHU aliKbIH
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Cypert 2. Phlomis tuberosa L. cabarpiHan OeiiHiIl aJbIHFaH JUTHUHHIH cunarTamacs!: (a) SEM Geiineci
(macmrab ceibIFsl: 1 um), (b) TEM Geitneci.

nedopmarus Hemece parMeHTanus OaiKaiMan 1. JIMrHuH OipHeIe MUKPOMETPITIK
eJemeri Mukpocdepanap TypiHaeri mminai MopgoiorusHsl kepceTTi. KarTeuibik
HeMece y3uty OaiikaiiFaH oK. Mukpocdepanapabiy OeTiH/e KoOiHe KaObIpIaK Topi3/i
KypbutbiMaap Tapairas (Dai et al., 2021). Mukpocdepanap Topi3ai apXUTEKTypaHbIH
CakKTajybl )oHe OSTKI 1pi aKayapAbIH 00JIMAaybl IMTHUHHIH THIMTi OOJIiHII aJIbIHFaHbIH
YKOHE OHBIH TaOHMFH KaKbIH KYPBUIBIMBIH CaKTaFraHbIH JONEeIACH .

JIMrHUHHIH HAaHOKYPBUIBIMJIBIK MOPQOJIOTHACHIH Oaraniay YIIiH TPaHCMHCCHSIIBIK
AeKTpoHIbIK MUKpockornus (TEM) tannaysl komnaubuisl. Jlurauaain TEM Oelineci
2b-cyperre kepceriuireH. TEM HoTwxkesepi JUTHUH O6JINEKTEPiHIH MIlIiHI MEH
MeJIIIepi YITi TypiHe OaiiaHbICThI e3repeTiHiH KkopceTTi. CdepanblK JIUTHUH YIriiepi
Oipkernki TapaiFaH, AeHreleK OejeKTep TYpiHAe Kepinai. bemmexrepain memmepi
HAHOMETPJIIK JuanazoHga OOJbIN, oJapAblH MOPQOIOTHSICH CabICTHIPMAalbl TYpPAC
Oipkenki 6osel (Dai et al., 2021; Spiridon & Tanase, 2018).

TEM HoTmxesepi JIMCHUHHIH MOPQOIOTHIIBIK CHIATTaMallapbl KOJJaHbUIFaH
Oeny oficiHe TikeJdeld TOyelai EKeHIH KOpCeTTi. AJIBIHFAH JIepeKTep JUTHUHII
(YHKIMOHAIABIK MaTepuaniap, aacopOeHTTep HeMece KOMIO3HUTTIK TONTBIPFBIIITAD
peTiHze KONAaHy QJIEYeTiH FhUIBIMU TYPFbIA HEri31ei .

Oypoe Tpancopmanusicel nHPpakp3pl (FTIR) nuraun yiricinig crnekrpiepi,
oTKi3rimTiK pexumae 500-3500 cm™ TonKeIH HOMIpIepi apaibiFbiHaa exmenai. FTIR
onici Phlomis tuberosa L. cabarblHaH allbIHFaH JUTHUHHIH (QYHKIIMOHAIJIBIK TOITAP/IbI
aHbpIKTay YIIiH Konganbuiabl (3-cyper). FTIR crekTpi nurHuHre ToH (YHKIMOHAIIBIK
TONTApPABIH CaKTaJIFaHbIH pacTaiiabl. CIIEKTp JUTHUHHIH CUIATTHI CIHIPY KOJIAKTapbiH
kepcereni, mamamed 3300 cM! aliMarbIHAAFbl KeH KyThUTy >xojarbl O-H cosbuty
TepOericTepiHe CoiiKec Keledl >KOHE JIMTHUH Ti30eriHIeri THIPOKCHI TONTaphbl
apachbIHAAFbl KeH ayKbIMJIbI CYTEKTIK OaiiiaHbIcTapbIH 0ap eKeHiH KopceTei.

Anudartsl xoHe apomarthl TonTtapaarkl C-H cos3suty TepOenictepi 2900-3000
cM ! MaHbIHJIA, apoMaTThl ckelneTTik TepoernicTep (C=C) mamamen 1600 xone 1500
cMm '-1e, conmaii-ak 3¢up xoHe denonasik Tonrapaan C-O/C-O-C cosputybr 1200—
1000 cm™! apanbiFpIHaA.
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Cyper 3. Phlomis tuberosa L. cabarbiHan Oemninin ansiarad aurauHHIH FTIR cniekrpi.

AHBIKTQJIFAH CHEKTPAJJIBIK OCJrijiep JMTHUHHIH TOJHU(EHONIBIK KYpPbUIbIMBbIHA
TOH HETI3r (PYHKIHOHAJIBIK TONTAP/IbIH CAKTaJIFaHbIH PACTabl. AJIBIHFAH HOTHXKEIICP
JIMTHUHHIH KYPBUIBIMJIBIK TYTACTBhIFbI OY3bLIMaraHbIH KepceTesi, Oys oaeduerteri
FTIR cnekrpnepimen coaiikec keneni (Zhang et al., 2021). Byn 3eprrenren TUrHUHHIA
(pU3UKa-XMMHUSIIBIK KACUETTEP1 CaKTaIFaHbIH KOHE OHbI OPTYPJIi KOJIJIaHY callajiapbiH/a
TUIMJII NaliiailaHyFa MYMKIH/IK OepEeTiHIH KopceTei.

KopbIThbiHABI. TypakThl oHE XaHAPTHUIATBIH OMOMAaTepUasiapFa CYPaHbBICTBIH
apTybl JA9CTYPII arall HeTi3iHJeri Ke3laep/eH 0acka OanmaMaiibl JTUTHOLEIUITIOI03aIIbIK
pecypcTapibl aHBIKTAY/IbIH MaHBI3AbUIBIFBIH KepceTeni. OChbl KOHTEKCTE, aTaliFaH
3eprrey Phlomis tuberosa L. eCIMIITiHIH JUTHHH KO31 PETIHAE dJI€yeTiH KapacThIPIbL.
3eprTey OCHl AQPUTIK OCIMIIKTIH cabakTapblHaH JHMTCHHHAI alFall PeT KyMbBIPCKa
KBIIIKBIIBIMEH OHJICY 9JIICI apKbUIbl COTTI OOJIHIN albIHIbL. Bysl Tocinm arpeccuBTi
XUMHKATTapFa TOYCJIUIIKTI a3aiiTa OTBIPBII, ajblHFAH OMOMOIMMEPIiH THIMIUTITIH
JKOHE KYPBUIBIMJIBIK TYTACTBIFBIH CAKTall, Ka3ipri SKOJIOTHUSJIBIK MACeNeep/l melyre
MYMKIHJIK Oepei.

Hortmwxkenep Quzvka-XUMHSUIBIK CUIIATTAY YCHIHBUIFAH OICTEMEHIH JYPBICTHIFBIH
pactanbl. FTIR tanmgayel jaurHuHre ToH (YHKIIMOHAJBIK TONTAPABIH CaKTaJFaHbIH
JIQJICIIJICT], OHBIH MOJUMEPITi (DeHOJIBIK KYPBUIBIMBIHBIH CaKTaFaHblH KepceTrTi. SEM
xone TEM 3eprreynepi Thimai OediHYIl KepceTin, aHbIKTaaraH Mopdoorusicel 6ap
JKOHE arperanuschl a3 OeNIIeKTep albIHFaHBIH Janeneni. byn Hotmxkenep OeiniHy
OMICIHIH CEHIMIUIIrIH pacTainbl xoHe Phlomis tuberosa L. aramiTaH ThIC JTUTHUHHIH
MIEPCIIEKTUBAJIbI KO31 00JI1a aJIaThIHbI XKOHIHJIET] 0ACTAIIKbI TUIIOTE3aHbI KOJI A IbI.

3epTTey FBUIBIMHU OLITIMIE YJIeC KOCHII, 6CIMIIKTIH (PUTOXUMUSIIBIK CHITATTaMaChIH
KEHEWTTI JKOHE OHBIH JIMTHWH KypaMblHA aliFaliKbl >KaH-KaKThl Ke3Kapac Oepi.
Byn 3eprrey TypakThl JIMTHOICIUIFOJIIO3ANBIK IMHKI3aT CIEKTPIH KEHEHTENl JKoHE
OroMaccaHbl KYHIIBI OHIMJEpre aHaABIpyJla KAachbUl XUMHS TOCUIIEPIHIH POIiH
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kyweiiteni. CoHbIMEH KaTap, ajblHFaH JIMTHUHHIH KYPBUIBIMABIK KaCHETTEpi OHBI
HaHOTUIPOTEIIBICPAl TAMBITY, TOPLIEP/Ii KETKI3y Kykelnepi xoHe 0acka Ja 3aMaHayu
OnomMarepuai TEXHOJOTHsATIapbiHAa KOJAaHyFa MyMKiHik Oepeni. XKanmbl anranaa, Oy
3epTTey MarepuanTaHy *KoHe OMOMeIUIHA CalachiHa (DY HKLIIMOHAIIBIK MOTU(HKALIUS,
ipi KeJeMIl eHJeYy XOHE WHTEPIUCLUUIUIMHAPIIBIK KOJIaHy OaFbIThIHAAFBI Oonalak
3epTTeyJaepre Kol alrybl MyMKiH.
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Abstract. This study investigates the conversion of agricultural biomass waste,
specifically rice husk of the “Lider” variety grown in the Kyzylorda region of the
Republic of Kazakhstan, into carbonized materials for energy storage applications. The
relevance of the research is associated with the need for efficient utilization of plant-
derived waste and the development of functional carbon materials for electrochemical
devices. Rice husk was used as the raw material and was subjected to preliminary
cleaning, drying, and grinding to obtain a homogeneous fraction. Carbonization was
carried out by pyrolysis at temperatures ranging from 350 to 800 °C. The experiments
were performed using a mobile pyrolysis unit of proprietary design, enabling biomass
processing directly at the site of waste generation.

The influence of the unit design and carbonization conditions on the formation
of the final product was evaluated. The obtained materials were characterized by
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scanning electron microscopy (SEM), nitrogen adsorption-desorption analysis (BET),
and energy-dispersive X-ray spectroscopy (EDS). The results demonstrated that the
carbonized material possesses a well-developed hierarchical porous structure consisting
of micro- and mesopores. The specific surface area reached 146.94 m?/g, the total pore
volume was 0.1051 cm®/g, and the average pore diameter was 2.86 nm. Elemental
analysis revealed a carbon content of 68.36 wt.%, indicating efficient carbonization.
The presence of silicon is attributed to the natural composition of rice husk and provides
opportunities for the development of silicon-carbon composite materials.

The findings demonstrate that the proposed technological approach enables both
efficient biomass waste utilization and the production of promising carbon materials
for lithium-ion and sodium-ion batteries, supercapacitors, and other electrochemical
energy storage systems.

Keywords: rice husk, biomass waste, carbonization, pyrolysis, carbon materials,
mobile pyrolysis unit, energy storage systems
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AHHOTAanusl. Byn JKkyMbicTa aybul IHApyamibUIBIFbl  OMOKAJJIBIKTapbIH, AaTarl
aiitkanga Kazakcran PecnyOnukaceiaplH —Kpi3bpmopna oONBICEIHAA — ©CIpileTiH
«Jlumep» COPTBHIHBIH KYpIll KaybI3blH KaWTa OHJACY apKbUIbl JHEPTHs KHUHAKTAY
KYHeNepiHe apHaliFaH KOMIpPTEKTI MaTepuaiiapibl ajdy Mocenenepi KapacThIphUIFaH.
3epTTeyiH ©3€KTUIr OCIMAIK TeKTI KaNABIKTapAbl THIMII KOJEre »XapaTy >KoHe
JNEKTPOXUMUSUIBIK ~ KYPBUIFBUIAD  VINH JKaHa (PYHKIHOHAIIBIK  KOMIPTEKTI
MaTepuaIapabl 93ipiiey KaKeTTUTriMeH OaiaHbICTHl. bacTamkel mmkizar petiHme
KYPIII KaybI3bl TaliJaTaHbUTbIT, OJT aJJIbIH ajla Ta3apThUIBII, KENTIPLTiM KoHEe O1pTeKTI
(pakmusara neiin ycakranael. KapOonmszamus mporeci 350-800 °C temmeparypa
apaNbIFBIHIA TTHUPOIH3 9Mici apKbUTBI KYpriziami. Toxipubenep OMOKaIABIKTAP.IBI
ONIAPIBIH TY31Ty OpPBIHAApPBIHIAA OHJEYTe MYMKIHIIK OepeTiH aBTOPIBIK MOOWIIBIL
MUPOJTU3 KOHJIBIPFBICHIH KOJNJIAaHY apKbLITbI OPBIHAIIBI.

3epTTey OapbIChIHIA KOHJBIPFBIHBIH KOHCTPYKIMSUIBIK —EPEKINETIKTepl JKoHE
oNlapAblH KapOOHW3amus THIMIUIITiHE ocepi OarajmaHABI. AJBIHFAH MaTepHaaap
CKaHepIEYIIi AEeKTPOHILIK MUKpockonusi (COM), a30TThIH TOMEH TeMIleparypajarbl
aacoponus-gecopoumsicel (bOT-tamnay) xoHe SHEPrus-AUCIEPCUSIIBIK PEHTTEHIIIK
criektpockorust  (EDS)  omicrepiMmen  3eprrenmi. Hormwkenep kapOoHmanmraH
MaTepHAaIIbIH MUKPO- )KOHE ME30KEeYEeKTeP IeH TYPAThIH IAMbIFAH HePAPXHUSIIBIK KEYEKTi
KYpBUIBIMFa W€ €KeHIH KopceTTi. MarepruanapiH MeHIIiKTi OeTki aymansl 146,94 m?/t,
keyekrepais xanmsl keemi 0,1051 cm?/r, an opramra keyek nuameTpi 2,86 HM Kypabl.
DJeMeHTTIK Tajjay HOTHKeIepi OOHbIHIIA KeMipTeK Medmepi 68,36 mac.% KeTkeHi
AHBIKTAIIIBI, OVJT KapOOHU3AIMS MPOIECIHIH THIMII O6TKeHIH KopceTemi. KpeMmHaumitmig
OO0JTyBI KYPIlll KaybI3bIHBIH TAOUFH KYPaMbIMEH OalIaHBICTHI )KOHE KPEMHHI-KOMIPTEK
KOMITO3UTTEPIH alTyFa MYMKIHAIK Oepei.

3epTTey HoTHXKeNePi YChIHBUIFaH TEXHOIOT HSUTBIK TOC I H OMOKAIIBIKTAP B KOIeTe
Kapary MEH JINTHI-WOH[IBI, HATPHU-HOHIBI aKKyMYJISITOpJIAp, CYyNepKOHIeHCATOpIIap
JKoHE 0Oacka 1a JJICKTPOXUMUSIBIK JKYHelep VIIH TEepCIeKTUBAIBI KOMIPTEKTI
MaTepuasiap aryasl 0ip Me3Trijjge KaMTaMachl3 eTeTiHIH KOpPCEeTTi.

Tyiiin ce3mep: Kypimn KaybI3bl, OM0OTXOATAp, KapOOHIATY, MUPOIN3, KOMIPTEKTI
MaTepuaiiap, MOOMIIbI TUPOIIN3 KOHIBIPFBICHL, YHEPT s JKHHAKTAY KYyhemepi
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Annotanusi. B pabore paccmoTpeHa TiepepadOTKa CelbCKOXO3SHCTBEHHBIX
OMOOTXO0ZI0B, B YaCTHOCTH pHUCOBOH mienyxu copra «Jlumep» (Kbe3buiopauHckas
obnacth, PecnyOnmuka Kaszaxcran), ¢ ILelbl0 TONXy4eHUS KapOOHU3WPOBAHHBIX
MarepuaioB IJid NPUMEHCHUA B CUCTEMAX HAKOIUJICHUS OSHCEPIUH. AKTyaHLHOCTL
HcclieloBaHus ~ O0yCIIOBJICHa ~ HEOOXOAWMOCTBIO  pAIlMOHAILHOW  YTHIIM3AIMH
PACTUTENBHBIX OTXOJOB M pPa3paldOTKOH HOBBIX (YHKIHMOHATIBHBIX YIJIEPOIHBIX
MaTepHaoB JUIsl JIEKTPOXUMHYECKUX YCTPOHWCTB. B KauecTBe MCXOIHOTO CHIPHS
HCTIOJIB30BAIM PUCOBYIO LIENYXY, KOTOPYIO MPEIBAPUTEILHO OYHINAIH, BHICYIINBAIH
W U3MeNbHald 10 ONHOPOAHOM  Qpakumu. KapOoHHM3aMIO OCYIIECTBISUIH
METOIOM THpoiu3a B amama3zoHe temmeparyp 350-800 °C ¢ wucmoigb30BaHHEM
MOOWIJIBHOW THPOJIM3HOW YCTAaHOBKM COOCTBEHHOW pa3paOdOTKH, TO3BOJISIOLICH
MPOBOJUTH MepepaboTKy OMOOTXOMOB HEMOCPEACTBEHHO B MECTax MX 00pa3oBaHUS.
UccrenoBanbl KOHCTPYKTHUBHBIE OCOOCHHOCTH pa3pa0OTaHHON YCTAHOBKM H HUX
BiusiHAE Ha 3((EeKTUBHOCTH Iporecca kapOoHuzanuu. [lomydeHHBIE MaTepHalbl
ObUIM OXapaKTEepH30BaHbl METOAAMHU CKAHUPYIOIIEH OJIEKTPOHHOW MHKPOCKOIHH
(COM), HuskoTemImeparypHoi ajacopOiuu-gecopoiuu  azora (BET-ananu3) wu
SHEPrOAMCIIEPCHOHHOTO peHTreHocnekTpaibHoro anamuza (EDS). VYcranosiewo,
YTO KapOOHHM3UPOBAHHBIM Marepuan o0nagaeT pa3BUTOW HMEPapXUUEeCKOW MOPHCTOH
CTPYKTYpOM, BKIIIOYAIONIEH MHKpPO- M ME30IOpPHI. YelbHas OBEPXHOCTh 00pa3IoB
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cocraBuia 146,94 Mm%/, oomuit 066EM mop - 0,1051 cM?/r, a cpenuuii AUamMeTp mop -
2,86 uM. CornacHo JaHHBIM SJIEMEHTHOTO aHallu3a, CoJlepyKaHue yriaepoa JOCTUTalIo
68,36 mac. %, 4YTO CBHIETENBCTBYeT 00 H(PQPEKTHBHOM NPOTEKaHHH INpolecca
KapOOHM3aLMHU. YCTaHOBIIEHO, YTO MPUCYTCTBUE KPEMHHsI 00YCIOBICHO MPUPOIHBIMH
0COOCHHOCTSIMH XHMHUYECKOTO COCTaBa PHUCOBOHM INEIYXHW U CO34AET MPEANOCHUIKA
Ul AajbHEWIIEero TOJyYeHHUs] KpEeMHHU-YITIepOAHbIX KoMIo3uToB. llokazaHo, dTo
MPEJIOKCHHBIH TEXHOJOIMYECKUH TOIXO0J TO3BOJSET OJHOBPEMEHHO pellaTh
3aJa4ll YTHIIM3alUH CEIbCKOXO3IHCTBEHHBIX OTXOAOB M MONYYEHHS MEPCIEKTUBHBIX
YIIEPOIHBIX MaTepUANIOB ISl JTUTHH-MOHHBIX M HATPUH-HOHHBIX aKKyMYJISTOPOB,
CYNEPKOHJECHCATOPOB U IPYTUX AEKTPOXUMHUUECKHUX CUCTEM.

KuroueBbie cioBa: pucoBas mienyxa, OHMOOTXOHABI, KapOOHHU3aLMsl, MHPOJIH3,
yIIepoIHble MaTepuaibl, MOOWIbHAS MUPOJIU3HAS YCTAHOBKA, CHCTEMbl HAKOTUICHHS
SHEeprun

Beenenne. Poct norpeOHOCTH B 3(PEKTUBHBIX CHCTEMAax HAKOIUICHHUS SHEPTHH
CTHMYJIMPYET MOMCK HOBBIX MAaT€PHAJIOB Il aKKyMYJISITOPOB M CYTIEPKOHIEHCATOPOB.
Oco0blil HHTEpEC MPEACTABISIOT YITIEPOJHBIE MaTepPHaIbl, TOTYUYCHHBIE H3 OMOMACCHI,
Onaromapsi MX JOCTYIHOCTH, HU3KOM CTOMMOCTH M Pa3BUTOW MOPHUCTOM CTPYKType
(Askaruly et al., 2025).

B mnocnemHue ToaBl aKTHBHO WCCIENYIOTCS KpeMHHUICOAEpsKallue aHOIHbBIE
MarepHaibl, o0JaJalore BBICOKOH TeopeTudeckoi EMKocThio (mo 4200 MA-4/r).
OnHako UX IPUMEHEHHE OTPAHUYECHO 3HAYUTEIHLHBIMI 00bEMHBIMU U3MEHEHUSIMU TIPU
JUTHPOBAHUH, YTO MPUBOAMT K JETPaJallid CTPYKTYPBl M CHHKEHHIO CPOKa CIIY>KOBI
AKKyMYJISITOPOB.

OnauM U3 S(QQEKTUBHBIX PEUICHUH SBISIETCS HCIONb30BAaHUE YIIEPOAHOM
MaTpHIlbl, KOTOpas O0ecleuyrnBacT MEXaHHYECKyl CTa0MIU3alUio, YaydIaeT
ANIEKTPONPOBOAHOCTh U CHOCOOCTBYeT (HOPMHUPOBAHUIO CTAOMIBHOTO MeEX()a3HOTO
cnost. CoBpeMEHHbIE HCCIEIOBaHMS TIOKA3bIBAIOT, YTO MaTepuanbl Ha OCHOBE
O0noorxomoB (pucoBas menyxa, 0amMOyK, TPOCTHHK) JAEMOHCTPHPYIOT BBICOKYIO
yaenbHyto éMKocTb (800—1500 MA -4/r) 1 cTabMIbHOCTD IpU LUKIMpoBaHuu (Wang et
al., 2021; Jorn-am et al., 2024).

B 10 ke Bpemst BaskHOM 1100anbHON po01eMoii SIBIsieTCs HaKoTuIeHue OMOOTX0/10B,
0COOCHHO CENbCKOXO3SICTBEHHOTO W MHUIIEBOro mpoucxoxaeHus. Ilo onenkam,
€XKErogHo B MHUpPE 00pa3yroTcs COTHH MHJUIMOHOB TOHH PACTHTENBHBIX OCTAaTKOB,
3HAYUTENIbHAS YaCTh KOTOPBIX YTHIU3IUPYETCS MyTEM COKMTaHMS WM CKJIAAMPOBAHUS,
YTO NPUBOJUT K BEIOpOCaM MapHUKOBBIX ra30B, 3arpsA3HEHUIO BO3AyXa U JeTpalaliu
noyB. B Kazaxcrane, 0cOOEHHO B IOKHBIX PETHOHAX, BKIIOUas KBI3bUIOPIMHCKYIO
o0nacTb, 00pa3yroTCs 3HAUNTENbHbIE 00BEMBI PUCOBOM MIETYXH, KOTOpas 4acTo HE
HaXOAWT PAUOHAIBHOTO MPUMEHEHHUS! M CTAaHOBUTCS MCTOUYHHKOM 3KOJIOTHYECKOH
Harpysku (Sun et al., 2021).

B cBs3u ¢ 3THM wHcmonb30oBaHHME OHOMAacChl Kak BO300HOBISIEMOTO ChIPHS
IUI TIONMYy4YEHHUsS] YIIEPOIHBIX MAaTEepHalioB MPEACTaBIseT COOOH IMepPCIeKTUBHOE
HarpaBJIeHUE, COOTBETCTBYIOIIEE IPUHIIMIIAM YCTOHYNBOTO PA3BUTHUS M LUPKYISIPHOM
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9KOHOMUKHU. KapOoHM3MpOBaHHBIE MaTepHabl, MONyUYeHHbIE U3 OMOOTXOI0B, HAXOIST
MPUMCHEHHE B KaueCTBE aHOJOB JUIS JIUTHI- M HATPHI-UOHHBIX aKKyMYJISTOPOB, a
TakKe B CylnepKoHAeHcaropax. VX mpeummyliecTBa BKIIOYAIOT HU3KYIO CTOMMOCTD,
IKOJIOTUYECKYIO 0€30MaCHOCTh, PA3BUTYIO IOPHUCTYIO CTPYKTYPY U BEICOKYIO YACTBHYIO
€MKOCTb.

CyllecTByIOIIMEe METOJbl  MEepepadOTKM  OMOMACChI  BKJIFOUAKOT — MHUPOJIH3,
KapOOHM3aLMI0 M AaKTUBAIMIO, TMO3BOJISIONINE IONy4YaTh MaTepuanbl ¢ 3aJaHHOM
CTPYKTypO M CBOHCTBaMHU. B KadecTBe CHIpbs LIMPOKO HCIIOJIB3YIOTCS PUCOBas
hIenyxa, JPEBECHBbIE OTXOIbl, TPAaBSHUCTBIE PACTECHHUS, CKOPJIyNa OpPEXOB U ApYrHe
BUAbl 0MO00TX070B. OmHako OOJBIIMHCTBO TEXHOJOTMH TpeOyeT CTaluOHAPHOTO
00OpYZIOBaHUSI M 3HAYMTENBHBIX HDHEPreTHUECKUX 3arpar, 4TO OTPaHWYMBAET HX
MPUMEHEHHE B YCIOBUSAX YOAJIEHHBIX WM CEIbCKOXO3SHCTBEHHBIX pernoHoB (Wu et
al., 2022).

B »TOM KOHTEKCTE MoNTyueHre KapOOHU3UPOBAHHBIX MATEPUAIIOB U3 PACTUTEIBHBIX
OTXO/IOB SIBJISIETCSI BYKHBIM ATAloOM CO3/1aHUs PYHKIHMOHAIBHBIX YIIIEPOAHBIX MaTPHLL
IUIs DHEpreTHYecKkuX npuMeHenui (Song et al., 2020; Yang et al., 2024).

JlonoaHUTENbHOM 3ajauedl  sBIsieTCs pa3padoTKa TEXHOJOTMH mepepaboTKu
OMOOTX0Z0B HETIOCPEACTBEHHO Ha MECTE MX 00pazoBaHus. Mcrnonb3oBanne MOOMIBHBIX
MUPOJIU3HBIX YCTAHOBOK MO3BOJISIET CHU3HUTH TPAHCIOPTHBIE 3aTpaTrhl, YMEHBLIUTH
BBIOPOCHI U TIOBBICUTH dHEProdppeKTUBHOCTH npouecca (Gao et al, 2025)..

Axmyanvnocms U HayyHas HOGU3HA pabdomsl 3aKIIOYAIOTCS B Pa3paboOTKe H
MPUMEHEHUH MOOWJIBHOW MHPOIM3HOM YCTAaHOBKM HECTaHJAPTHOH KOHCTPYKLHH,
oOecrieunBaroied  dddexTuBHy0 nepepabOTKy OHOOTXOMOB C  IOJYyYCHUEM
KapOOHHM3MPOBAHHOTO MaTepualia C 3alaHHBIMH CTPYKTYPHBIMH XapaKTePUCTUKAMH.

Lenbto naHHOW paOOTHI SIBISETCS MOJy4YeHHE KapOOHM3MPOBAHHOTO Marepuasa
W3 PUCOBOH MLIENYyXH C HCIOJIb30BAHUEM MOOWIBHOW HHPOJIM3HOH YCTaHOBKU H
HCCIIEIOBAHHUE €TO CTPYKTYPbI Ul SHEPTeTHUECKUX TPUMEHEHHH.

Marepuansl ucciaegoBanuss 1 Meroabl. Colppé. B kauecTBe MCXOAHOTO CHIPHA
HCIONB30BAIM  CEIbCKOXO3AHCTBEHHbIE OMOOTXOIBI - PHCOBYIO IIENyXy CcopTa
«JIunep», codpannyro B KeizputopauHckoi oonactu Pecnyonuku Kazaxcran. JlaHHbIi
BUJ OMOMACCHI XapaKTepU3yeTCs BBICOKOH JOCTYITHOCTBIO, 3HAUUTEILHBIMU 00bEMaMH
00pa3oBaHMs U HATUYHEM OPraHMYECKOH U MUHEPAJIbHON COCTABISIOMINX, YTO AeTaeT
€ro MEePCIEKTUBHBIM IS MOTYUYECHHUs YITIEPOJHBIX MaTepHUajoB.

[lepen Tepmuueckoll mepepabOTKONH CHIPhE TOABEPTajd IMPEIBAPUTEINBbHOM
MOAroTOBKE. PHCOBYIO IIETyXy OYMIIAIN OT MEXaHMYECKUX MPUMeceH (MOUYBBI, BUIH
U MMOCTOPOHHUX BKJIIOUEHHMI), IOCIIE Yero MPOBOAMIN CYLIKY NmpH Temmeparype 100—
105 °C g0 nocTuKeHus! TOCTOSHHON MACCHI C IENbI0 yAAJICHUS BIaru.

BricymieHHOe ChIppE H3MeNbHaNId MEXaHHYEeCKMM CIIOCOOOM 0 TMONy4YEHHS
OHOPOIHOU (pakuuu. J{J1st MOBBILICHUS PABHOMEPHOCTH MOCIEAYIONIeH TepMUUeCKON
00pabOTKM HCHONB30BAIM BHOPALIMOHHOE CHTO, MO3BOJISIONICE MOTYYaTh YacTUIBI
pasmepoM 10 80 MKM. YMeHblIeHHE pa3Mepa YacTHL[ CIIOCOOCTBYET YIyYILEHHIO
Teroo0MeHa 1 0osee paBHOMEPHOMY MPOTEKaHMIO Ipoliecca kapoonuzanuu(Gautam
et al., 2023; Kong et al., 2023).
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Hecmanoapmuoe o6opydosanue 0nsi ymuauzayuu OUOOMX0008 U NOTYYEHUs
KapboHusuposanno2o mamepuana. Mobunbnaa nuponusnas ycmauoska. Jns
MOJy4YeHHUsI KapOOHNU3UPOBAHHOTO MaTepHralia HCIOIb30BaId MOOMIILHYIO TUPOJIU3HYIO
YCTaHOBKY COOCTBEHHOW pa3pabOTKH, TpeAHA3HAUCHHYIO JJs TEPMHUYECKOH
nepepaboTKi OMOOPraHNYEeCKUX U TOPHO-METAJUTYPrHYECKUX OTXOI0B C TONTy4YEHUEM
yIIepoicoAep Kalmx npoaykToB (Seisenova et al., 2025).

Pa3zpaboTka ycTaHOBKM HalpaBiieHa Ha peLICHUE 3afadyd nepepaboTKH OTXOIOB
HETNOCPEICTBEHHO B MECTaxX MX 00pa30BaHUsI C MOBBIILICHHUEM SHEProd(QEeKTHBHOCTH
mpolrecca, CHIKCHHEM BBIOPOCOB 3arpsi3HSIONIMX BEUIECTB W YIPOILIEHUEM
KOHCTPYKIUH 000py/IOBaHMUS.

B otnune ot TpaIuIMOHHBIX CTAIMOHAPHBIX TUPOJIU3HBIX CHCTEM, IPEIIOKEHHAS
yCTaHOBKa o0ecriedynBaeT MOOUIBHOCTD, aBTOHOMHOCTDh U BO3MOKHOCTh MHTETPALlH
BCEX CTaAWH MepepaboTKH B €AMHOM TEXHOJIOTHYECKOM LIUKJIE.

Koncrpykuust ycranoBkd. MoOuinbHas NUPOIU3HAs YCTaHOBKa (pUCYHOK 1)
BKITIOYAET CJIEIYIOIINE OCHOBHBIC Y3JIBIL:

— MPUEMHO-TIOATOTOBUTEIBHBIA OJIOK C 3arpy30uHbiM OyHKepoM (1) mms momaum
HCXOAHOTO CBIPbS;

— cymunbHbIN oTcek (I1), oGecneunBatonuii yiajaeHne BIaryu nepea TepMUIecKoi
00paboTKOH;

— TOpM3OHTaJbHBIA TepMmeTnuHblil peakrop (III), B koTopom ocymiecTBiseTcs
nporiecc nmupoinusa npu remmeparype 350—800 °C B yCI0BUAX OTPaHUICHHOTO TOCTyTIa
KHCJIOPOJa;

— rasossle ropenku (IV), paboratomnire Ha cOOCTBEHHOM MHPOJIU3HOM Tas3e, YTo
oOecrieunBaeT HHEProdh(HEeKTUBHOCTH MPOIIECCa;

— cucrtema KoHaeHcanuu (V), NpeaHazHauCHHAS ISl OXJIAKICHUS U pa3IeICHUs
JIETy4UX MPOLYKTOB;

— mMenwunuTenb ¢ BuOpocutoMm (VI), obecneumBaromuii (HpakIHMOHUPOBAHUE
CBIPBSI 10 pa3MepoB dacTuil < 80 MKM;

— BEpPTUKAJBHBIH  ynaBnuBaredb o kuakux npoxaykroB (VII) mma  cOopa
KOHJICHCHPOBAHHBIX KHUJIKAX (QpaKIuii;

— ckpyooep Bentypm (VIII), ycraHOBiIeHHBIII Ha BBIXOJE peakTopa U
MpeJHa3HaYeHHBIH JAJIsl OYUCTKH Ta30BBIX BBIOPOCOB OT TBEPABIX U adPO30JBHBIX
YacTull;

— npuéMHHK rotoBoro mnpoaykra (1X) s coopa kapOOHU3UPOBAHHOTO MaTepHala.

.
1 - VI

VI, VIl

Pucynoxk 1. YerpolicTBo MOOMIbHAS TUPOIM3HAS YCTAaHOBKA.
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[Ipunuun padotsl ycranoBku. Coipb€ 3arpyxaercs B Oynkep (I) u nHampasnsercs
B cyunuibHbi orcek (II), rme mpoumcxomuT ynanenue ocratouHod Biaru. [locie
MpeBapUTENbHOM MOATOTOBKH MaTepHual MOCTYNaeT B TOPU30HTANIbHBIN repMEeTHYHBII
peakrop (III), rne npu Temneparype 350—-800 °C ocyIiecTBisieTcs IPOIECC MUPOITU3A.

B pesynbrare TepMUYECKOTO Pa3IoKeHHsT OHoMacchl 00pa3yroTCst:

— TBEPBINA yIIIEPOACOAEPIKAIINI 0CTATOK;

— THUPOJIM3HBIN Ias3;

— KMJKHE MPOAYKTHI.

[Irponn3HEIii ra3 HCIoab3yeTCs B KauecTBE TOTUINBA [Tt ra30BbIX ropenok (IV), uto
o0ecrieyrBaeT YaCTHUHYIO SHEPreTHYECKYI0 aBTOHOMHOCTh yCTaHOBKH. ['a3000pa3Hbie
MPOAYKTHI MPOXOIAT 4epe3 cucteMy KoHaeHcanmuu (V), MOCIe Yero OYMINAIOTCS
B ckpy0Oepe Bentypu (VIII). JKugkue npomyKThl MUpPONH3a MOCIE KOHICHCAIIUU
coboupanuck B BeprukanbHoM ynanuarene (VII). Ilomyuennas skuaxas ¢paxuous
(TMpPOIM3HOE MACII0) MOXKET UCTIOIB30BaThCA B KAUECTBE BTOPUYHOTO SHEPTETHUECKOTO
CBIPbsI INOO HANPABISATHCS HA aTbHEHIIYIO EpepadOTKy B 3aBUCUMOCTH OT COCTaBa U
YCIJIOBUH 3KCILTyaTalliy YCTAaHOBKH, a TBEPABIN MPOAYKT rnocTymnaeTr B npuéMHuk (IX).

Pazpaborannas ycTaHoBKa 00€CIEUHMBAET MOBBIIMICHHE MPOU3BOAUTEIHLHOCTU
mporecca nepepadoTKH, YIpPOIeHHEe KOHCTPYKTUBHOIO MCIIONHEHHsI 000pYIOBaHUs,
yBeJM4YeHUE (PYHKIIMOHATBHOCTH 32 CUET MHTETPAIIMY HECKOIBKMX TEXHOJIOTHUYECKUX
CTanui,  CHW)KEHHE  BBIOPOCOB  3arps3HSAIONIMX  BEIIECTB,  IOBBINICHHE
sHeprodddexkTnBHOCTH Onarojapsi MCIMOJIb30BAHUIO IMUPOIU3HOTO Tra3a, a TaKkKe
BO3MOXKHOCTb ITepepaboTKH 0TXOJJOB HEMOCPEICTBEHHO B MECTaX UX 00pa30BaHMIL..

SiOx particles

Pucynoxk 2. Mopgonornueckue n3MEeHEeHHs! PUCOBOH IEIyXH Ha Pa3IMYHbIX CTaUAX NepepaboTKu:
HCXOIHOE CBIPBE, N3MENBIEHHOE CHIPbE M KapOOHU3UPOBAHHBIN MPOIYKT.

g ucciieioBanus CTPYKTYPHBIX, TEKCTYPHBIX U SJIEMEHTHBIX XapaKTepUCTHK Kap-
OOHM3MPOBAHHOTO MaTepraja MPUMEHSIIN KOMIUIEKC COBPEMEHHBIX (PH3UKO-XMMHYe-
CKHX METOJIOB aHaJIn3a.
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Cranupyrowas snexkmpounas muxpockonusi (COM). Mopdoiaorus moBepXHOCTH
1 MHUKPOCTPYKTypa 00pa3IoB MCCIIEIOBAINCH METOAOM CKAaHUPYIOMIEH IEKTPOHHON
mukpockorud (COM) ¢ HCHONB30BAHMEM D3JIEKTPOHHOTO MHKPOCKOMNa (MOJEIh
yKasarsb).

[lepen anamu3zoM o0Opas3ibl MOKPHIBAIM TOHKHM YIJIEPOIHBIM CIOEM METOIOM
BaKyyMHOT'O HAaITbLICHUSI.

CbéMKa MpoBOUIIACH TPH YCKOPsIIOIleM HanpsikeHUU 5-20 KB ¢ pa3/inuHbIMU
yBeJIM4eHUsiIMU B AuamnaszoHe oT x500 mo x20 000, 4TO MO3BOJIMJIO OIeHUTh
MOpdOJIOTHI0 MOBEPXHOCTH, pa3Mep U GOpPMY 4YacTull, HaAJU4YMe MOPUCTOHU
CTPYKTYPBhI, CTelleHb COXpPaHEeHHUs MPUPOAHOU CTPYKTYpPbl 6HMOMACCH], a TAKXKe
dopMUpOBaHHUeE YIJIEPOAHOr0 KapKaca 1nocje Kap6oHHU3a 1.

B3T-ananus (adcopbyusa-decopbyusa aszoma). TekcTypHble XapaKTePUCTUKHU
06pas3loB ONpee/sijiiCb METOJOM HHU3KOTeMIepaTypHOW aAcopOIuu-
JlecopOLMM a30Ta C HCIO0JIb30BAaHWEM aHaAJM3aTOpa YAEeJbHOW MOBEPXHOCTHU
(Mopenb ykasaTh).

B kauectBe ancopbara wucrionb3oBanu a3or (N2) mpu temreparype 77 K. Ilepen
M3MEPEHUSIMU 00pa3Ipl MOABEPraIuch Aera3anuu npu temmeparype [50-300 °C B
TedeHue 4—12 yacos nns ynaneHus aicOpOUpOBAHHBIX IIPUMECEH U BIIarH.

PacyéT TeKCTypHBbIX MapaMeTPOB MPOBOAMUJICS C HUCIOJb30BaHUEM MO/ e
BpyHnayapa-3mMmeTa-Tesiepa (BET) pss1 onpezesieHrs y/ieIbHOM MOBEPXHOCTH,
MeTona bapperTta-/>koiiHepa-Xanenabl (BJH) a5 aHanu3a pacnpeiesieHus Iop
no pasMmepam, a takxke Metoga DFT pug oneHKM MUKPONOPUCTOU CTPYKTYPHI.
B xoie aHa/sM3a ONpejessANnCh yaeabHas MOBEPXHOCTb (M?/T), 061U 06bEM
nop (cm3/r), cpegHuil AuaMeTp nop (HM) M pacnpejie/ieHMe MMKpPO-, Me30- U
MaKpoIop.

Isotherm (linear)

{—— Adsorption Isotherms —0~ Desorption Isotherm )

Pucynox 3. M3otepMer ancopounu—necopOun it KapOOHU3UPOBAHHOTO MaTepHajia U3 pHCOBOM
HIeTyXH.
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Isotherm (logarihmic)

{=c— Adsorpton isotherms —O- Desorphon isotherm )
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Pucynox 4. M3otepmsr agcopbunu—aecopbunu azora (N2) kapOOHN3UPOBAaHHOTO MaTepuaa B
koopauHarax 1g(P/Po).

BET Multi-Point Fitting Straight Line
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Pucynox 5. JInnelinas annpokcuManus ypasHeHust BOT s kapOOHH3HPOBAaHHOTO MaTepHana.

STSA V-t Plot

Y y t Y Y f T
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t

Pucynox 6. t-rpadux (V—t plot) aist onpeseneHus MUKPOIIOPUCTOCTH KapOOHU3UPOBAHHOTO
Marepuaia.
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BJH Method (Adsorption) Differential/Integral Pore Area/Pore Diameter Distribution Plot
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Pucynok 8. COM-u300paxeHusi KapOOHU3UPOBAHHOTO MaTepuasa U3 PUCOBO LICTYXH:
(a) geranpHas cTpykTypa mop npu yBeauueHun x2000 (win kakoe y Te0st GaKTHUSCKN);
(b) mopdororus mpu ysenuuenun x500.
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Pucynox 9. EDS-criekTp 1 KOTHUECTBEHHBIN JIEMEHTHBIH aHAIN3 KapOOHU3UPOBAHHOTO MaTepHaa.
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Pesyabrarel m o0cy:kaenue. PesynsraTsl uccieqoBaHusT MOP(OIOTHYECKHX,
TEKCTYPHBIX M O3JEMEHTHBIX XapaKTEPUCTHK KapOOHM3MPOBAHHOIO MaTepHana,
MOJIyY€HHOTO U3 PUCOBOM IIENyXH, TOKA3aJU CyIIECTBEHHbIE N3MEHEHUS CTPYKTYPBI
HCXOAHOTO CBHIpbS B Tpolecce TepMuueckoi o0pabotku. Mcxomnas pucosas
LeslyXxa XapakTepu3yeTcsl BHIPAKEHHOW BOJIOKHUCTOM CTPYKTYpOH ¢ aHHU30TPOMHOMN
opraHuzanueil, oOyCIOBICHHON MNPUPOAHON MOpP(OIOTHEeH pPacTUTENbHBIX TKAaHEH.
[Tocne u3menvaeHns: HAOIIOAAETCS Pa3pyLICHHE MAaKPOCTPYKTYPbl M ()OPMUPOBAHHE
OoJiee OTHOPOHOM TUCTIEPCHOM CUCTEMBI, YTO CITIOCOOCTBYET pABHOMEPHOMY ITPOTPEBY
Marepuaia Mpy Mocieayomei KapOOHU3aIHH.

B mpouecce nuponuza npu temneparype 350-800 °C npoucXoauT TEpPMHUUYECKOE
pa3ioKeHHe OCHOBHBIX KOMIIOHEHTOB OHOMAacChl (LIEJUTIONO3bI, TEMHIEIITION03bl 1
JIUTHUHA), COTIPOBOXKIAIOIIEECS BBIACTICHUEM JIETYYHX BEIIeCTB M (HOPMHUPOBAHUEM
yrieponHoro kapkaca. COM-u300paxeHns: AEMOHCTPUPYIOT, YTO KapOOHU3UPOBAHHBIH
Marepuai MpeAcTaBieH (parMeHTHPOBAHHBIMH YacTULAMH HENPaBUJILHOUW (GOPMBI
CO CIIOMCTOW M IuUtacTUHYaTo wmopdornorueid. [lpu yBenmueHunm HaOmOHaOTCS
MIPOAOJIbHBIE KaHAJIbI, yHAC/IEA0OBAHHBIE OT COCYIUCTON CTPYKTYPBl PACTEHUS, a TAKKe
pa3BuTas CUCTEMa IIOP, BKJIIOYAIOIIast MUKPOIIOPHI M KaBepHBI. [loBepxHOCTH MaTepuaa
XapaKTEepU3yeTCsl BBICOKOHM IIEPOXOBATOCTBI0 U CTPYKTYPHOH HEOAHOPOAHOCTHIO.
Takum oOpazom, GopMupyeTCsl nepapxuueckas MOpPHCTask CTPYKTypa C 4aCTHUYHBIM
COXpaHEeHHEM MPUPOJHON Mopdororuu Guomacchl.

Pesynbrarel HU3KOTEMIIEpaTYypHOH aacopOuMn—IecopOLnu a30Ta MOKa3aid, 4TO
MOJYYECHHBIH MaTepuall o0JlafaeT Pa3BUTOH yIAECIbHONW MOBEPXHOCTHIO W MOPHCTOM
CTPYKTYpO#. VYmenpHas MOBEPXHOCTh, paccunTaHHas mo merony BOT, cocraBuna
146.94 M?/1, 4TO CBHIETENLCTBYET O (POPMUPOBAHUH PA3BUTOTO YITIEPOJHOTO KapKaca.
[Ipu 5TOM MHKpOMOpPUCTasi MOBEPXHOCTh nocTuraet 123.90 mM?/r, Torga Kak BHEUIHSS
MOBEPXHOCTh cocTapisier 23.04 M?/r, 4yTO yKa3pIBaeT Ha NpeodianaHue MUKPOIOP.
O06mwmii 006éM nop coctasisieT 0.1051 ecm?/r, mpu 5TOM 00BEM ME301I0D, OTIPEIETEHHBIN
merogoM BJH, cocraBnser 0.0512 cm’/r (agcopbuus) u 0.0433 cm’/r (mecopOuus).
Cpennuii pa3mep mop paseH 2.86 HM, YTO COOTBETCTBYET ME30MOPHCTON OOJIACTH,
IIpH 3TOM HanboJjee BEPOSTHBINA pa3Mep HOp COCTABISET OKoJIOo 3.93 HM, a MeTUaHHBIH
paszMep Mukponop - 0.76 HM.

AHanu3 H30TepM aACOpOIMHU—IEecOpOLNN MOKa3bIBAET TMOBEACHUE, XapaKTEePHOE
Ui Me30MopUCThIX MatepuanoB (tum [V mo knaccudukanmu [UPAC) ¢ Hanmunem
rucrepesuca. Pacipenenenue nop no pasmepam NoATBEpKAAET, YTO OCHOBHAS 10715 IOP
MPUXOAUTCS Ha AUAIIA30H 2—5 HM, UTO SIBJISIETCS ONTUMAIbHBIM [T DJIEKTPOXUMHUYE CKUX
MpUMEHEHHH. t-rpadK yKa3blBaeT Ha 3HAYMTENBHBIM BKJIAaJ MHKDPONOpP B OOLIYIO
CTPYKTypy Marepuaia. Takum o0pazoM, MaTepuan XapakTepu3yeTcs Hepapxuueckon
MIOPUCTON CTPYKTYpOHl, BKIIIOYAIOLIEH MUKPO- U ME30IOPHI.

CdopmupoBaHHasi CTPYKTypa sIBIsIETCs OIaronpusiTHON JUIsl MPUMEHEHHS B 3JIEK-
TPOXMMHUYECKHX CHUCTEMaX, MOCKOJIbKY MHKPOIIOPHI 00eCNeunBaOT HAKOIJICHHE 3a-
psima, Me30mopbl cnocoOCTBYIOT 3 dekTuBHON TUPPY3UN DIEKTPOIUTA, a pa3BUTas
yAellbHas MOBEPXHOCTh YBEIMUYMBAET aKTHUBHYIO IUIOIIAJbL B3anMojencTBus. Ilomy-
YEeHHBIEC 3HAYCHUSI COOTBETCTBYIOT JIUTEPATypPHBIM JaHHBIM JJIs1 KapOOHU3UPOBAHHBIX
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MatepuanoB u3 ouomaccel (100-300 M?*/T), 4TO MOATBEPKIAET KOHKYPEHTOCIIOCO0-
HOCTb pa3pabOTaHHOTO Marepuaia.

DeMeHTHBIHM aHaN3 MoKa3aJl MPUCYTCTBUE YyIIIepoia, Kuciopoaa u kpemuus. Cre-
IyeT OTMETHTb, YTO 3HAYMTENbHAS YacTh KMUCIOpOJa CBsi3aHA C KPEMHHEM B COCTaBE
nuokcuaa kpeMHust (Si0:2), KOTOPBIH ABIsSIETCS XapaKTEPHBIM KOMIIOHEHTOM PHUCOBOM
menyxu. OcTalbHas 4acTh KHCIOPOAa MOXET ObITh 00yCJIOBJICHA HAJIMYUEM KHCIIO-
poaconepxKamux (QyHKIHOHAJIBHBIX TPYI Ha MOBEPXHOCTU YIJIEPOAHON MaTpHIIBI.
[IpucyTcTBHE KPEMHUSI CBS3aHO C IPUPOAHON CIIOCOOHOCTHIO PHCOBOM ILEITYXH aKKy-
MYJIMPOBaTh KpeMHHUIcOep Kalllue COSMHEHUS U AeacT MOMyuYeHHbIH MaTepuant nep-
CTHEKTUBHBIM JUIsl CO3JJaHUsI KPEMHHM-YTIIEPOJHBIX KOMITO3UTOB. Hannune kucinopoaa
CBSI3aHO C OCTATOYHBIMHM (YHKLMOHAJIBHBIMH TPYIIaMH Ha MOBEPXHOCTH, KOTOPHIE
MOTYT CIIOCOOCTBOBATH YIyUIICHUIO B3aUMOACHCTBUS C IEeKTponuToM. [IpucyrcTBue
KpEeMHHS 00yCIIOBICHO IPUPOAHOH CIIOCOOHOCTHIO PUCOBOM IIETyXH aKKYMYJIHPOBAaTh
KpEMHHICOJepIKALINE COSTUHEHUSI U MOXKET CIIOCOOCTBOBAThH YIYULICHHUIO DIIEKTPO-
XUMHAYECKUX XapaKTEPUCTHK MaTephala, a TakKe JeNaeT e€ro MepCleKTUBHBIM JUIs
CO3JaHHsI KDEMHHI-YITIEPOIHBIX KOMIIO3UTOB.

AHanu3 mokasai, yTo TeMIeparypa KapOOHU3alui OKa3bIBaeT KIIIOUEBOE BIUSHUE
Ha (GOpMHpOBaHHE CTPYKTYypbl Matepuana. IIpu temneparype 350-500 °C nabuiro-
JaeTcsl YaCTUYHOE COXpPaHEHUE MPUPOJHON CTPYKTYPHI, TOTJa Kak MpPU MOBHILICHUH
temneparypsl 10 600-800 °C npoucxogut dosee rydokas kapooHH3anus ¢ GopmMu-
pPOBaHUEM PA3BUTOrO YIIIEPOAHOTO KapKaca W yBEIIMYEHHUEM YAEIbHON MOBEPXHOCTH.
KoncTpykiust MOOHIBHON MUPOTU3HONW YCTAHOBKM TaKXKe OKA3bIBAET 3HAYUTEILHOE
BJIMSIHHE Ha KaueCTBO MOJy4aeMoro Marepuaia. Vcrnonbp3oBaHle repMETHYHOTO PeaK-
TOpa o0ecrneynBaeT OrpaHUuYEHHBIN JOCTYI KHCIOPOAa U MPEIOTBPalIaeT OKUCICHHE
yrieposia, a IpUMEeHEeHNe MUPOIU3HOTO ra3a B KaueCTBE TOIUINBA CIIOCOOCTBYET PaBHO-
MEPHOMY HarpeBy U MOBBIILIEHHUIO HEProdpPeKTUBHOCTH npolecca. Hanuuue cucre-
MBI KOHACHCAMH U CKpyOOepa BenTypu obecriednBaeT OUMCTKY Ta30BBIX BEIOPOCOB H
CTaOMIN3aLHUIO TEXHOIOTUYECKOTO PEKUMA.

[Tonmy4yeHHbIe pe3yibTaThl COMIACYIOTCS C JIUTEpaTypHbIMU JaHHBIMU IS KapOo-
HU3WPOBAHHBIX MAaTEpUANOB, MOJYYCHHBIX M3 Pa3IMYHBIX BHUIOB OMOMACCHI, BKIIO-
Yasi pUCOBYIO IIEINyXY, IPEBECHbBIC OTXOAbI M TPaBSIHUCThIE pacTeHus. DopMupoBaHHe
CTPYKTYpBI Marepuaja 00yCIOBICHO TEPMUUYECKUM Pa3JIOKEHHUEM OpraHMYecKod ya-
cTi OMOMacchl, yIaJleHUEM JIETYYHX KOMIIOHEHTOB M MOCIEIYIOIIUM 00pa3oBaHHEM
MOPUCTOH yriepoaHol cTpykTypbl. ChopMupoBaHHas nepapxuueckas CTpyKTypa ooe-
crieyrBaeT dPPEKTUBHBIN TPAHCIOPT HOHOB U BBICOKYIO PEaKLIMOHHYIO CIIOCOOHOCTD
Marepuaia. B ¢Bs3u ¢ 3TUM MOTy4YeHHBIN KapOOHU3UPOBAHHBINA MaTepUall MOKET ObITh
HCIOJB30BaH B KAY€CTBE aHOAHOTO MaTepHaia Jis JUTUH-MOHHBIX U HATPUH-MOHHBIX
AKKyMYJISITOPOB, a TaKke B CyNEepPKOHAEHCATOpax M B KaueCTBE OCHOBBI Ui CHHTE3a
KPEMHHI-YIIIEPOIHBIX KOMIIO3HTOB.

3akuiouenue. B Xozne mpoBenEHHOTO MCCIIEIOBaHMS MPOIEMOHCTPUPOBaHA BO3-
MOXHOCTB 3(PeKTUBHON MepepabOTKU CENbCKOXO3SHCTBEHHBIX OMOOTXOIOB - PHCO-
BOH menyxu copta «Jlugep» - ¢ moiaydeHneM KapOOHH3MPOBAHHOTO MaTepuana, 00-
JaJlaloIero pa3BUTON MOPHUCTON CTPYKTYpPOW M MEPCIEKTUBHOTO ISl IPUMEHEHHS B
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9HEPreTHYECKUX CHCTEMax. YCTaHOBJICHO, YTO MpeIBapUTENIbHAS MOATOTOBKA CHIPHS
(cymika v ©3MENBICHUE) ¥ TTOCIIeNYIOIasi KapOOHHU3aLKs B TEMIIEPATypHOM JHara30He
350-800 °C obecneunBaror HopMUpOBaHUE YITIEPOAHOTO KapKaca ¢ MepapXuuecKon
CTPYKTYPOM.

Pesynbrarer COM-ananu3a moxaszanu, 4YTo KapOOHHM3auus NPUBOAMT K pazpyle-
HUIO MCXOJHOH BOJIOKHHCTOW CTPYKTYpHI M (DOPMHUPOBAHUIO TIOPHCTOrO MaTepHuasa ¢
YaCTUYHBIM COXpaHeHHueM npuponHoi Mopdonorun. b3T-ananu3 noaTBepauI HAH-
4Ke pa3BUTOHN ynenbHOH moBepxHocTH (146.94 M*/T) 1 MepapXHUeCKOi CHCTEMBI TIOP,
BKJIIOYAIOLIEH MHKPO- U ME30IOpPBI, YTO 00ecreynBaeT OJaronpusTHBIE YCIOBUS IS
TpaHCIIOPTa MOHOB M HAKOIUICHHS 3apsiia. DIeMEHTHBIN aHalu3 MmoKa3al npeoodiana-
Hue yriepona (68.36 mac.%) ¢ IpUCYTCTBHEM KUCIOPOJA U KPEMHUS, YTO O0yCIIOB-
JICHO TIPUPOIHBIM COCTABOM MCXOIHOTO CBHIPbSI U MOXKET CIIOCOOCTBOBATH YIYUILIEHHIO
(YHKUMOHAIBHBIX XapaKTEPUCTUK MaTepuana.

[Toka3zano, 4TO mapaMeTpbl KapOOHU3AMH U KOHCTPYKTHBHbIE 0COOCHHOCTH MO-
OMJILHON MUPONM3HOM yCTaHOBKH OKAa3bIBAaIOT CYIECTBEHHOE BIUSHHE Ha (HOPMUPO-
BaHUE CTPYKTYpPhl U CBOKMCTB Marepuana. Mcrmonb3oBaHue repMETUYHOTO PEaKTopa,
paboTaromero B yCIOBUSIX OTPaHUUYEHHOTO TOCTYTa KUCIOPO/Ia, a TAK)Ke TPUMEHEHHUE
MUPOJIM3HOTO ra3a B KaYeCTBE UCTOUYHUKA DHEPTUU 00ECTICUMBAIOT MTOBBILICHUE YHEP-
rodQQeKTUBHOCTH MpoLEcca U PaBHOMEPHOCTb TepMHUYECKO 00paboTku. Hannuue
CUCTEMBI OYMCTKH Ia30B MO3BOJISIET CHU3UTh KOJIOTMUYECKYIO HArpy3Ky.

[IpakTuueckasi 3HAUMMOCTb pabOThI 3aKITI0YAETCs B Pa3pabOTKe TEXHOIOTHUECKOTO
MOAXO0/1a, MO3BOJISIONIETO OCYIIECTBISTh YTHIIN3AMI0O OMOOTXOA0B HEIOCPEICTBEHHO
B MecTax MX 00pa3oBaHUs C OAHOBPEMEHHBIM IMOJYYeHHUEM (QYHKIMOHAJIBHBIX yIJie-
poxHbIX MarepuanoB. [lomydeHHBIH MaTepuan MOXKET ObITh MCIOJIB30BaH B KaueCTBE
AHOJIHOTO MaTepuaa JJisl JUTUI-HOHHBIX 1 HATPUH-NOHHBIX aKKyMYJIATOPOB, a TAKKE B
CYNEepKOH/ICHCATOPax M KaK OCHOBA JJIsl CO3/IaHHS KPEMHUI-yIIIEPOAHBIX KOMIIO3UTOB.

Takum 00pazoM, MpeIIOKEHHBIN MOAX0 COUETaeT IKOJOTHUECKYIO U TEXHOJIOTH-
4eCKyI0 3PEKTUBHOCTh U COOTBETCTBYET MPUHLIUIIAM YCTOHUMBOTO PAa3BUTHUS U LIUP-
KYJSIPHOI 9KOHOMHKH. [lepcrieKTHBBI adbHEUIINX UCCIIEIOBAHNN CBS3aHbI C ONITUMHU-
3anueil mapamMeTpoB KapOOHM3alWH, IPOBEJCHHEM DIEKTPOXUMHUYECKUX HCIBITAHUH
U pa3pabOTKOH KOMITO3UTHBIX MAaTepUAJIOB C YIYUYIICHHBIMH SKCIUTyaTallMOHHBIMH
XapaKTepUCTUKAMHU.
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Abstract. Carotenoids currently play an important and key role in scientific
research. Despite the prevalence of carotenoids, there are still some unexplored issues
related to variable bioavailability. In this regard, there is a need to study their physical
and chemical properties. Thus, the study of carotenoids from plant raw materials is an
urgent direction in our modern science and aimed at their application in pharmaceutical
industries. They are important biologically active compounds that have activity and
are widely used in various industries, especially pharmaceutical ones. Their chemical
structure determines their biological activity and physico-chemical properties. The
relevance of the study is due to its antioxidant properties. The purpose of this work
is to extract carotenoids from plant raw materials (corn and beetroot) and structural
characteristics using spectroscopic analysis methods. It was found that the studied
carotenoids possess a system of conjugated double bonds, confirmed with the obtained
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data by IR spectroscopy. IR spectroscopy helped identify the characteristic fluctuations
of C-H, C=C bonds, confirming the presence of a polyene chain. Corn powder extract
of all parts of corn, beet leaf powder extract obtained by ultrasonic extraction contain a
higher number of carotenoids compared to the extract obtained by the traditional method.
The amount of carotenoid yield is 30-42% higher after ultrasonic extraction compared
to traditional extraction. Studies show their effect on metabolism and the induction of
intercellular connections through gap junctions. Thus, carotenoids have a positive effect
on a wide range of cellular processes and further research is needed to fully understand
their potential in disease prevention and treatment. The scientific novelty of the study is
a comprehensive study of the possibility of extracting carotenoids from various parts of
Kazakhstan varieties of corn and beet tops by ultrasonic extraction.

Keywords: carotenoids, extraction, vegetable raw materials, antioxidant activity, IR
spectroscopy, ultrasonic extraction
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Annoranus. Kazipri yakpiTTa KapOTHHOUATAP FHUIBIMH 3€pTTEyJepAe MaHbI3/IbI
JKOHE TIemymri ped arkapansl. KapoTwHoWATapAblH TapailyblHa KapamacTaH,
e3repMerTi OMOKETIMIITIKKE KaThICTHI KeHOip Mocenenep aii ae 3eprrenmereH. OCchIFan
0aifmaHbICTHl ONApAbIH (U3NKAIBIK JKOHE XUMUSUIBIK KACHETTEPiH 3epTTey KaKeT.
Ocpinaifa, OCiMAIK MUKi3aThIHAH aJIbIHFAH KapOTHHOUATAPABI 3epTTey bi3miH Kazipri
FBUTBIMBIMBI3ZIAFB  ©3€KTi OAarbIT OOJBIT TaOBLIAABI KOHE oOJlapabl (apMareBTHKA
camanmapblHIa KonjaHyra OarbiTTairaH. Omap MaHBI3IBI OHONOTHSIBIK OelceHl
KOCBIIBICTAp OOJIBIT TaOBUTAIBI, OJIAPIBIH OCICEHIUIITI Oap yKoHe opTYp:l calajiap/a,
ocipece (hapMaleBTHKAIBIK cajaiap/a KeHiHeH KOoJmaHbuiaabl. OnapablH XUMHSITBIK
KYPBUTBIMBI OJIAPIBIH OMOIOTHSUTBIK OSIICEHIUTITI MEH (DHU3HKA-XUMUSIIBIK KaCHETTEPiH
AHBIKTAW/BI. 3epTTEeY/IiH ©3eKTLTIr aHTHOKCHIAHTTHIK KacHeTTepre OaiaHbICTh. byt
YKYMBICTBIH MaKCaTBI-OCIMIIK ITUKi3aThIHAH (GKYTepi MEH KbI3BIIIIA ) KApOTHHOUITAPIBI
ay JKOHE CIIEKTPOCKONMSUIBIK Talifiady SJICTepiH KOJJaHA OTBIPBIT KYPBUTBIMIIBIK
cumarramaiap. 3epTTeNeTiH KapOTHHOUATAPIBIH KOHBIOTATTHIK KOC OaltaHbIC XKyiieci
0ap eKeHIIri aHbBIKTANABI, ojap anmsiaFaH MK crmekTpockonusiceiMer pactanapl. MK
cnexTpockonuscel [lommeH Ti30eriHiH OOMyBIH pacTaWThIH OailaHBICTAPIBIH TOH
C-H, C=C TtepbemnicTepin aHbIKTayFa KeMekTecTi. JKyrepiHiH OapiblK OeiKTepiHiH
JKYTepl YHTarbl CHIFBIHJBICHI, KBI3BUIIIA IIBIHAAPHIHAH aJbIHFAH YHTAK CBHIFBIH/IBICHI
YIABTPAABIOBICTHIK KCTPAKITUSAMEH aJBIHFAH TOCTYPII 9/ICTICH aJbIHFAH CHIFBIHIBIMEH
CaJBICTRIpFaHAa KapaTHHOUATAPIBIH Kem Memmrepi Oap. JlocTypii skcTpakmusMeH
CANBICTBIPFaH/a  yIABTPANBIOBICTBIK JKCTPAKIMSAAAH KEWiH KapaTHHOWATAPABIH
mbiFapeuty Memmepi 30-42% - Fa xer. 3epTTeyiep OnapAblH MeTaboIu3MIe JKoHE
caHpUIAylap apKbBUIBl JKacyIllaapaiblK OalTaHBICTApABIH WHAYKIUSACBIHA dCEpiH
kepcerei. Ocpuraiinia, KapOTHHOUATAP KACYIIAJIBIK MPOLIECTEP/IiH KeH ayKbIMbIHA OH
ocep eTeli JKoHE KaXKeT aypyJapbIH aJlIbIH aly )KOHE eM/Iey/Ie KOIIaHy SJI€YeTiH TOIBIK
TYCiHY YIIiH KOCBIMIIIA 3epTTEyNep. 3epTTEYAiH FHUTBIMA KAHAIBIFBI YIABTPAIbIOBICTHIK
OKCTpaKIMs OMiCIMEH Ka3aKCTAHMBIK JKYrepi MEH KBI3BUIIIA IIBIHAAPBIHBIH OpTYPIIi
OeJTikTepiHeH KapOTHHOUATAPABI Ty MYMKIH/ITIH KeIeH 1i 3epTTey OOIBIT TaObLTaIbI.

TyiiiH ce3aep: KapOTHHOUATAP, SKCTPAKIIHSI, OCIMIIK IITUKI3aThI, aHTHOKCHIAHTTHIK
oencenninik, MK cieKTpoCKOMUSACH, YIBTPaIBIOBICTHIK SKCTPAKIIHS
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AHHoTanmusa. KapoTuHOWIsl NpeAcTaBiIsioT co00M BaKHBINM KIIACC MPHUPOTHBIX
OMOJIOTHUECKU AKTHBHBIX COEIMHEHMUI, o0magaronmx BBIPAYKEHHBIMU
AHTUOKCUJIAHTHBIMU ~ CBOMCTBAMM W  IIUMPOKO INPHUMEHSEMBIX B  IHIIEBOM,
(hapmareBTHYECKOI U KOCMETHYECKOI MPOMBIIIIEHHOCTH. HecMoTps Ha 3HaYUTENbHOE
KOJJMYECTBO HCCIICAOBAHUMN, Ps/I BOMPOCOB, CBSA3aHHBIX C HMX OHOJOCTYIHOCTBIO,
CTaOMIILHOCTBIO ¥ A(PPEKTUBHOCTHIO METOJI0OB W3BJICUEHHsI, OCTAETCSI HEIOCTATOUHO
H3y4eHHbIM. B CBSI3M C O3TUM HCCIENOBaHUE KAPOTHMHOUJOB PACTUTEIILHOIO
MIPOUCXOXKICHUST U pa3paboTka 3((EKTUBHBIX CIIOCOOOB UX IKCTPAKIIUHU SIBJISIOTCS
aKTyaJbHBIM HAlpaBJICHHWEM COBpPEeMEHHOH Hayku. Llenpio paboThl  SBISLIOCH
MOJIyYEHUE  KAPOTUHOMJCOAEPXKAIIUX  OKCTPAKTOB U3  PACTUTEIBHOIO  ChIPbS
(pa3nu4HbBIX yacTed KyKypy3bl U OOTBBI CBEKIIBI) U HCCIIEIOBAHUE WX CTPYKTYPHBIX
OCOOCHHOCTEH C WCIOJNIb30BaHUEM CIIEKTPOCKONUYECKUX METONOB aHanmuza. Jlis
M3BJIEUEHUS] OMOJIOTHYECKH AKTUBHBIX COEIUHEHWH MPHUMEHSUIMCH TPaJUIMOHHBIA U
yABTPa3BYKOBOW METOIbI 3KCTpakiuu. CTPyKTypHBIE XapaKTEPUCTUKU TOTYYEHHBIX
IKCTPAKTOB M3y4YaIMCh METOIOM HH(ppakpacHoi cnekrpockonuu. Pesymbratel MK-
aHaJIM3a NOATBEPANIIN HAIMUNE CUCTEMBI CONPSIKEHHBIX IBOMHBIX CBA3EH, XapaKTEPHOU
JUIE KapoOTHHOWIOB, a TaKKe MO3BOIWINM WACHTH(QUIUPOBATH KOJICOaHUs CBsI3eH
C-H u C=C, cBueTenbCTBYIOMNE O MPUCYTCTBUM MOJUEHOBOM 1ETH. YCTaHOBJIEHO,
YTO JKCTPAKThI, MOJIYUYEHHBbIE METOAOM YIbTPA3BYKOBOM 3KCTPAKIMM U3 Pa3IUUHbIX
yacTel KyKypy3bl U OOTBBI CBEKJIBI, COIEpKaT OOJIbIIee KOJTMUECTBO KAPOTHUHOMIOB 110
CpaBHEHHIO ¢ 00pa3lamu, MOyYeHHBIMU TPAJAUIUOHHBIM CIIOCO00M. Bbixox meneBbix
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COGIMHEHUH NpPH HCIOJIB30BAHMU YIBTPAa3BYKOBOM S3KCTpaKkIUHM YBEIWYUBAJICA Ha
3042 %. IlomyueHHbIE pe3yabTaThl MOATBEPKIAIOT MEPCHEKTUBHOCTh MPUMEHEHHS
yABTPa3ByKOBOH  00paboTKM Uil  MHTEHCH(UKAMHM  IMPOLECCOB  HM3BJICUCHHS
OMONOTMYECKH AKTHBHBIX BellecTB. HayuHass HOBHM3HA HCCIIENOBAaHUS 3aKIOYACTCS
B KOMIUJIEKCHOM H3y4Y€HHHM BO3MOKHOCTH IOJIyYEHHUS KapOTHHOWAOB U3 Pa3IHUYHBIX
YJacTel Ka3aXCTaHCKUX COPTOB KYyKypy3bl M OOTBBI CBEKIBI C HCIOJIb30BaHUEM
yABTPa3BYKOBON 3KcTpakuuu. [lomydyeHHbIE AaHHBIE PacIIUPSAIOT MPEACTABICHUS O
MOTEHIIMAJIE PACTUTEIBHOTO CHIPhS KAaK MCTOYHMKA MPUPOIHBIX aHTHOKCHUIAHTOB U
CO3JAI0T MPENNOCHUIKU Ul MX JaJbHEHIIEero MCrojib30BaHUA B (apMaleBTHUYECKON
MIPOMBIIUIEHHOCTH U TPO(UIAKTHYECKON MEHULINHE.

KuaroueBble  cjioBa:  KapOTHHOWABI, OKCTPAaKLMA, pACTUTEIbHOE  CBIPBE,
AHTMOKCHUIAHTHAs aKTUBHOCTH, MK criekTpockonust, yiasTpa3ByKoBast SKCTPAKIIHA

Introduction. Carotenoids are natural pigments synthesized by plant, algae,
fungi. Carotenoids are a class of more than 1200 natural pigments, which consist of
beneficial thing. Carotenoids are important for human health because they actively act
as antioxidants, helping to protect cells from damage caused by reactive oxygen species.
They were associated with a reduced risk of chronic diseases such as diabetes, cancer,
heart diseases. In addition, the benefits for the eyes are very great. Also, another role is
their activity of provitamin A, the ability of some carotenoids to form vitamin A under
the action of dioxygenase enzymes (Nikolay et al., 2023).

Carotenoids are divided into groups according to the number of carbon atoms.
Carotenoids containing carbon atoms include also oxides: vitamin A and crocetin— the
yellow coloring agent of saffron, norbixin and bixin and others. Likewise, in the human
body, carotenoids have an effect against intense light and damage by harmful free
radicals and maintain the integrity of biological membranes in structure, functionality.
The mechanisms of action of carotenoids on health are considered complex and
further research is needed to provide a comprehensive understanding. Carotenoids are
indispensable for human health. Many of them are huge, and only a small part is fully
studied. Carotenoids are essential for our body. Carotenoids are found in large quantities
in plants, including beets and corn, which contain a large amount of carotenoids.

Literary review. Carotenoids are a common class of isoprenoid pigments that can
be synthesized by photosynthetic organisms as well as bacteria (Wellala et al., 2022).
Carotenoids can be divided into two main groups: nonpolar carotenes: P-carotene
and lycopene, hydrocarbon compounds and polar xanthophylls, such as lutein and
canthaxanthin, whose structures contain hydrogen, carbon, oxygen (Geng, 2020).
Carotenoids can be divided into pro- and provitamin A, which cannot be converted into
retinoid groups. Carotenoids are effective compounds with antioxidant properties and
are non-toxic.

Underutilized agro-industrial residues offer promising, low-cost feedstocks for
the recovery of valuable phytochemicals. In maize (Zea mays), xanthophylls such as
zeaxanthin and lutein are mainly associated with the kernel, particularly the endo-
sperm and aleurone layers, whereas maize cobs represent a lignocellulosic byproduct
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generated after grain removal. Therefore, maize processing residues, including ker-nel-
derived fractions and other byproducts, may serve as potential sources of carote-noid-
containing materials, depending on their composition and processing.

Beet tops (Beta vulgaris leaves), often discarded after root harvest, are rich in lutein
co-occurring with betalains for potential synergistic antioxidant effects. Bilberry leaves
(Vaccinium myrtillus) provide lutein together with anthocyanins, enhancing overall
bioactivity. These materials are abundant in Kazakhstan's agro-sector, representing
an opportunity for local valorization and reduced environmental impact from waste
disposal.

Conventional extraction methods such as organic solvent maceration, Soxhlet
extraction, or alkaline hydrolysis suffer from several drawbacks: prolonged pro-
cessing times (hours to days), high solvent consumption (toxic volatile organics),
en-ergy intensity, and thermal/oxidative degradation of labile carotenoids, leading to
isomerization (trans-cis) and loss of bioactivity. These limitations conflict with green
chemistry principles (e.g., reduced hazardous substances, energy efficiency).

Ultrasonic-assisted extraction (UAE) addresses these issues by harnessing acous-
tic cavitation: the formation, growth, and implosion of microbubbles in liquid media
generates localized extreme conditions high temperatures (~5000 K), pressures (>1000
atm), microjets (>100 m/s), shear forces, and microturbulence that disrupt cell walls,
weaken intermolecular bonds (hydrogen/hydrophobic), enhance solvent penetration,
and accelerate mass transfer without bulk heating.

Recent studies demonstrate UAE's superiority for carotenoid recovery from
various matrices, achieving 20-93% yield increases over conventional methods while
preserving structural integrity and anti-oxidant capacity. Response surface methodology
(RSM) with central composite de-sign (CCD) has proven effective for multi-parameter
optimization (temperature, time, solvent ratio, power), yielding robust models for
process scale-up.

Inrecent years, more than 700 carotenoids have been identified in nature. The structure
of carotenoids is sensitive, especially the molecular structure and high temperatures
when exposed to light can be compromised so care must be taken when handling them.
The frequency of carotenoids may also differ from the selected extraction methods and
purification process.

According to their chemical structure, carotenoids are divided into two main
groups: carotenes and xanthophylls. Carotenes are hydrocarbon compounds and consist
exclusively of carbon and hydrogen atoms.

The extraction process is the physical separation of the components of a mixture,
which is based on the difference in their solubility in two liquids or in an absorber. There
are two common types of extraction: solid phase and solvent extraction.

Solvent extraction is mainly based on the extraction of uncharged particles from a
water system with an organic solvent or the extraction of polar ionized particles from a
solvent into an aqueous solution (Mustafa et al., 2011).

Carotenoids are mainly found in different parts of plants: leaves, seeds, fruits, and
roots (Toti et al., 2018). There is also a daily consumption range (mg) of carotenoids.
Consumption and daily rate are shown in Table 1.
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Table 1. Daily consumption rate and main sources of some carotenoids.

Ne Carotenoids Recommended daily Main sources
consumption rate (mg)

1 f3-carotene 0,95-8,700 Carrots, blueberries, blueberries, beans and
other vegetables

2 o-carotene 0,13-2,35 Corn, carrot, pumpkin

3 Lutein 1,1-4,13 Broccoli, carrots, corn, beets and other
green vegetables, fruits

4 Zeaxanthin 0,89-4,10 Pumpkin, sweet corn, beetroot, tomato,
carrot

Daily consumption and their recommendation are useful for absorbing useful activity.
Reports from foreign studies have shown that high consumption of carotenoids can help
reduce the risk of various diseases. The recommended intake is based on meeting the
need for 780-800 mcg of vitamins A.

Many carotenoids are found in cell structures and traditional extraction methods
using organic solvents are safe solvents, including biodegradable. However, sometimes
it is difficult for solvents to enter the cellular environment to come into contact with
carotenoids, so the penetration and extraction of carotenoids to increase efficiency
requires physical methods such as ultrasound (Goula et al., 2017). The process of
obtaining a drug containing a group of carotenoids consists of several stages. The steps
of the process are shown in Figure 1.
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Figure 1. The process of obtaining carotenoids from vegetable raw materials (corn and beetroot): a)

source, b) drying in the vacuum drying cabinet, ¢) crashing of plant raw materials, d) rotary evaporation,
e) liquid extraction, f) the finished product.
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As a result of the study, it was found that ultrasonic extraction is a more effective
method of extracting carotenoids from various parts of corn compared to traditional
extraction. Extraction was carried out from 600 gram of corn powder of 8 varieties of
corn of all parts and separately of grains and husks using hexane (1:15 by weight/ vol.)
at a temperature of 30-40 ° C for 2 hours.

Blueberry leaves and berries were treated in a similar way: washed, dried at 35-40
°C in a vacuum (VAC-24, Thermo Fisher Scientific) for 7 hours to a humidity of <5%,
crushed to a particle size of 0.5-0.7 mm and stored under the same conditions.

Lutein from beet tops and blueberry leaves was extracted using ethyl acetate: ethanol
(1:1 vol./vol.) under identical conditions. The extracts were subjected to alkaline
hydrolysis (5-10% NaOH, 20-30 °C, atmosphere N °, 90 min), neutralization to pH
7 with distilled water, and concentration by rotary evaporation (Laborota 4000) at a
temperature of <40 °C.

Materials and Methods. Materials: H,O, organic solvents: butanol, hexane (CFA)
ratio 1:10, 1:20, 10-11% pentane, 5-10% sodium hydroxide solution.

Methods: solvent extraction method, infrared spectroscopy using the IRTracer-100
from Shimadzu.

Corn cobs and beets were dried in a VAC-24 vacuum cabinet at a temperature of 35-
40 °C for 5-7 hours. The dried samples were ground in a laboratory mill to a fraction of
0.7 mm. The preparation of raw materials also includes additional drying of 500-600-
gram powders at a temperature not exceeding 50-60 ° C in order to prevent thermal
degradation of carotenoids.

The extraction process includes the following steps: the extraction of zeaxanthin and
lutein was carried out with an organic solvent, hexane and butanol, at a temperature of
30-40 ° C and a ratio of raw materials and solvent 1:10-1:20. The process is based on
the diffusion transfer of carotenoids from the plant matrix into the extraction medium
and is accompanied by the destruction of protein-lipid complexes.

Further, to convert the essential forms of zeaxanthin and lutein to a free state, alkaline
hydrolysis was performed using 5-10% sodium hydroxide solution at a temperature
of 23-25 °C in an inert atmosphere. The extract was purified by washing to a neutral
pH, followed by extraction with 10-11% pentane and concentration. Additionally, the
extract was purified with distilled water to pH = 7. A powder volume of 480-500 grams
was obtained.

Quantitative determination of carotenoids in the samples was carried out by the
spectrophotometric method. The sample weight of 0.05 g was accurately weighed and
placed in a measuring flask with a volume of 0.1 dm3. Extraction of the target compounds
was carried out by adding ethanol, preheated to 40 °C, followed by thorough mixing
until the extractives were completely dissolved.

The optical density of the obtained solution was measured using a Shimadzu UV-
1800 spectrophotometer. The measurements were carried out in a cuvette with an optical
layer thickness of 0.01 cm at a wavelength of 450 nm, corresponding to the maximum
absorption of carotenoids. Pure ethanol was used as the reference solution.

After the measurement, the sample was cooled to 20 ° C, then the volume of the
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solution in the measuring flask was brought to the mark with ethanol and thoroughly
mixed to ensure uniformity. After obtaining samples for purity determination, as well
as structural analysis, studies were conducted using infrared spectroscopy on the
IRTracer-100 device from Shimazu.

Results and discussions. As a result of traditional solvent extraction, the total
extraction time was about 3-4 hours, and ultrasonic extraction took 35-40 minutes.
Extracts of the following samples were obtained: 8 samples of corn powder extract of
all parts, 1 sample of beetroot powder extract, 1 sample of blueberry leaf/berry powder.

Carotenoids are lipophilic compounds, so their extraction largely depends on the
ability of the raw material matrix to interact with the solvent, as well as on structural
changes caused by ultrasonic cavitation.

In this study, the influence of the following indicators was evaluated: bulk density,
moisture capacity, oil retention capacity, swelling ability and hydration density on the
carotenoid content in ultrasound extracts. The results are summarized in Table 2.

Table 2. Functional and technological properties in traditional extracts.

Material Bulk density | Moisture capacity | Oil retention Swelling Hydration
(g/ml) (ml/g) capacity (g/g) | capacity (ml/g) | density (g/ml)
Beetroot powder 1,8 1,5 1,5 10,5 9,3
Corn powder 1,15 1.1 1.2 11,8 0,5
Blueberry Leaf/ 0,9 0,8 1,8 9,5 2,1
Berry Powder

The bulk density reflected the degree of compactness of the powder particles.
High values of this indicator (more than 0.8 g/ml) lead to a decrease in porosity and a
deterioration in the penetration of the solvent deep into the particles. Under ultrasonic
treatment conditions, this limits the effect of cavitation and reduces the efficiency of
mass transfer.

The low bulk density of the studied substances (powder from beet tops, powder from
corn cobs, powder from blueberry leaves/berries) contributes to an increase in the inter
particle space. Moisture capacity characterizes the powder's ability to bind and retain
water. High values of these parameters contribute to a more complete wetting of the
plant matrix and activation of the ultrasonic capillary effect. Improved hydration leads
to swelling of the cell walls, their partial destruction under the action of cavitation forces
and a more efficient release of carotenoids associated with proteins and polysaccharides.

An analysis using infrared spectroscopy was performed to determine the chemical
structure and purity of the functional group analysis. The result is shown in Figure 2.

Infrared spectroscopy was used to determine the presence of carotenoid-containing
substances zeaxanthin and lutein in the obtained extracts (Figure 2). IR spectra were
recorded in the range of 4000-400 cm'. Spectrum analysis revealed characteristic
absorption bands corresponding to the functional groups included in the structure of
zeaxanthin and lutein.

Infrared spectroscopy (FTIR) is a method that determines the characteristics of bonds
to use for quantitative and qualitative analysis. This is an analytical method that relies
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on molecules absorbing infrared radiation of a certain frequency and also matching the
oscillation frequencies of their chemical bonds.

The study by Aldo Rosales (2022) explains that the standard deviation is calculated
between the results obtained using IR radiation and the reference values for calibration
or verification. In addition, the calibration determination coefficient and the verification
determination coefficient are also calculated.

Strong bands related to valence vibrations of the C"H bonds of methyl and methylene
groups of carbon—hydrogen chains are recorded in the region of 3000-2800 cm™. A
wide band in the range of 3400-3200 cm ! indicates the presence of hydroxyl groups
(O-H), which may be associated with both remaining moisture and hydroxylated forms
of carotenoids (for example, lutein and zeaxanthin).

In the «fingerprint region» (1500-900 cm'), there are a number of intense peaks
corresponding to the C-O, C-C, and deformation vibrations of the CH2/CHs groups.
Bands in the range of 960-900 cm'are characteristic of out—of-plane deformation
vibrations =C-H of trans-disubstituted double bonds typical of the carotenoid structure.

Bands corresponding to valence vibrations of the C-O bonds of alcohol groups are
recorded in the range of 1020-1100 cm™'. Their presence further confirms the oxygen-
containing nature of the studied compounds and is consistent with the literature data for
lutein and zeaxanthin.

The results obtained are important for understanding the structural features of
carotenoids and their behavior in various environments. The obtained patterns can used
for a more accurate interpretation of the infrared spectra of carotenoids and for methods
of qualitative and quantitative analysis. The data obtained expands the understanding
of sensitivity.
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Figure 2. Results of IR spectroscopy of corn flour samples.

Figure 2 shows the IR spectrum of samples from corn powders. Characteristic
absorption bands are observed in the spectrum, confirming the presence of
carotenoids. Intense bands in the range of 1650-1500 cm! correspond to valence
vibrations of conjugated C=C double bonds of the polyene chain of carotenoids.
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The most pronounced peaks in the region of 1550-1520 cm'! are typical for beta-
carotene, lutein, and other carotenoids.
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Figure 3. The result of X-ray analysis of samples of corn and beet tops.

Figure 3 shows the diffractograms of the studied samples, and also all samples
exhibit similar diffraction peaks, which indicate the formation of a crystalline phase.
At the same time, the main diffraction maxima are located in the same regions, which
indicates the identity of the structure of the studied samples.

The resulting spectrum confirms the successful extraction of carotenoids by
ultrasonic extraction and reveals a characteristic ‘profile’ of highly conjugated polyene
compounds.
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Figure 4. Results of IR spectroscopy in beet samples.

A distinctly pronounced band in the range of 1640-1660 cm ' refers to fluctuations
in conjugated C=C double bonds. This area is diagnostically significant for carotenoids
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and indicates the presence of an extensive system of conjugated double bonds that
determine the optical properties of lutein and zeaxanthin. In the range of 1020-1100
cm', a group of bands corresponding to valence vibrations of C—O bonds of alcohol
groups is observed. Their presence further confirms the oxygen-containing nature of
the studied compounds. The bands in the range of 960-1000 cm ' are associated with
deformation fluctuations =C-H of vinyl and allylic fragments characteristic of the
carotenoid skeleton. In the low frequency range of the spectrum (800-900 cm™), slight
deformation fluctuations of methyl groups are recorded.

The extract of corn powder from all parts of Kizurax-150 corn, extract of powder
from beet tops, extract of powder from leaves/blueberries obtained by ultrasonic
extraction contain a higher amount of carotenoids compared to the extract obtained
by the traditional method. The amount of carotenoid yield is 30-42% higher after
ultrasonic extraction compared to traditional extraction. The results of the quantitative
determination of carotenoids are shown in Figure 5. The graph is built using the
Microsoft Origin program.

As is known, carotenoids are able to absorb ultraviolet radiation and light in various
regions of the spectrum, since conjugated double bonds are present in the structure of
carotenoids. The solvent used also has a key effect on the absorption of the compound.
The carotenoid content is determined by absorbing a sample at a certain wavelength
with absorption calculations that are given in foreign literature. The total carotenoid
content is expressed in equivalents (Butnariu et al., 2016).

The obtained spectrum confirms the successful extraction of carotenoids by ultrasonic
extraction and demonstrates the characteristic "profile" of polyene compounds with a
high degree of conjugation.

Due to the fact that the extract of corn powder is the most optimal in terms of functional
and technological properties, as well as according to the results of IR spectroscopy, it
was later decided to conduct a study to determine the content of phenolic compounds
(TPC) and total flavonoid content (TFC) only for samples of corn powder from corn
grain and husk.

I [traditional extraction|
I [ultrasonic extraction|

50

40

30

20

amount of carotenoid%

1 2 3
sample number

Figure 5. The actual yield of carotenoids during conventional and ultrasonic extraction.
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As a result of the study, it was found that ultrasonic extraction is a more effective
method of extracting carotenoids from various parts of corn compared to traditional
extraction.

Conclusion. During the research, carotenoids were extracted from vegetable raw
materials (corn and beetroot). Butanol was chosen as the optimal solvent. The optimal
drying temperature is 36-40°C. After receiving the samples, IR spectroscopy and
X-ray analysis were performed. IR spectroscopic analysis showed peaks in the range
from 1250 to 3300 cm'. A number of characteristic absorption regions correspond to
valence vibrations of C-H bonds, as well as conjugated C=C double bonds. This proves
the presence of a hydrocarbon chain with a coupling system that is characteristic of
carotenoids.

Samples of four varieties of corn and beet tops were examined. A comparison of the
diffractograms showed a similar distribution of X-ray intensity, however, individual
differences in the position and intensity of the maxima indicate a different degree of
structural ordering of the studied samples.

During the research, the properties and role of carotenoids and their antioxidant
activity were studied. The results show that carotenoids play a key role in protecting
the body from oxidative stress and at the same time can contribute to the prevention of
a number of chronic diseases. In the future, it is advisable to conduct more extensive
studies aimed at studying bioavailability and their effectiveness.

The excellent results of ultrasonic extraction (UE) in the extraction of zeaxanthin
and lutein from corn cobs, beet tops and blueberry leaves are primarily due to acoustic
cavitation, which fundamentally alters the physico-chemical dynamics of the extraction
process compared to traditional solvent-based methods.

Alkaline hydrolysis effectively cleaved esterified forms, releasing free xantho-phylls
without detectable chemical modification of the polyene backbone, as confirmed by
FTIR structural analysis. The key intensification factor was acoustic cavitation in-duced
by ultrasound (40 kHz, 200 W), which promoted rapid cell wall disruption, sonoporation,
microjet formation, boundary layer thinning, and enhanced mass transfer.

In traditional solvent extraction, carotenoid release is based on passive diffusion
and equilibrium distribution, limited by an intact cell wall barrier, protective lipid-
protein complexes, and low rates of mass transfer through the boundary layer. The
extraction efficiency is limited by the coefficient of dilution and requires a long contact
time, elevated temperatures and large volumes of solvent, which often leads to thermal/
oxidative degradation and partial trans-cis isomerization of sensitive xanthophylls.
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Abstract. A new four-membered P-N—P—N heterocyclic compound, 1,3-bis(4-
phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-diazo-2,4-diphosphetidine
(C26H32N6P2S2, M = 554.65), was synthesized for the first time by transamidation of
1-tert-butoxy-N,N,N',N'-tetraethylphosphanediamine with 2-amino-4-phenylthiazole in
ethyl acetate with an isolated yield of 82%. The reaction proceeds through sequential
elimination of diethylamine and isobutylene, accompanied by the release of water as
confirmed by HPLC analysis. This pathway is mechanistically distinct from the classical
Arbuzov rearrangement: instead of forming the expected phosphonate oramidophosphate
products, concentration of the reaction mixture promotes intramolecular cyclisation, in
which the aminothiazole N—H proton attacks the fert-butyl oxygen, driving formation
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of the strained diphosphetidine ring. The structure of Compound 5 was unambiguously
established by 'H, *C, and *'P NMR spectroscopy, IR spectroscopy, high-resolution
mass spectrometry, elemental analysis, and single-crystal X-ray diffraction analysis.
The 3'P NMR chemical shift of 6 176.0 ppm is diagnostic for a trivalent phosphorus
centre in a P-N environment. Biological screening demonstrated that Compound 5
exhibits significant antimicrobial and cytotoxic activity. Against Staphylococcus aureus
ATCC 6538, the MIC was 6.3 pg/mL, equal to that of ceftriaxone and more potent
than benzylpenicillin sodium salt (MIC = 12.5 ug/mL). Moderate activity was observed
against Escherichia coli ATCC 25922 (MIC = 25 ug/mL), while no inhibitory activity
was detected against Bacillus subtilis, Pseudomonas aeruginosa, or Candida albicans.
Cytotoxic activity against Artemia salina nauplii was confirmed with an LCso of 82.8
png/mL, classifying Compound 5 as cytotoxically active according to Meyer et al. (1982)
and indicating its potential for further evaluation against mammalian cancer cell lines.

Keywords: aminothiazole, phosphorylation, P(III) phosphoamidates, 2-amino-4-
phenylthiazole, antibacterial activity, Staphylococcus aureus, cytotoxic activity, LCso,
Artemia salina, antitumour activity, X-ray diffraction
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Annoranus. Xana tept mymeni P-N-P—N rereponukiai Kocbutbic, 1,3-0mc(4-
dhenuntrazon-2-mn)-2,4-6uc(N,N-qudTriraMuHo)-1,3-1mnazo-2,4-qudochetuana
(Ca6H32N6P2S2, M = 554,65), orumanerarra  1-tper-Oytoxcn-N,N,N',N'-
teTpadTindochanaraMuaal  2-aMUHO-4-(DEHMUITHA30JIMEH TPAHCAMUTEY aPKBLIBI
OeJIiHTeH OHIMHIH IIBIFBIMBI 82% OOJIBIT aJFalll peT CHHTe3ael. Peakns nuaTHiIaMiuH
MeH HM300yTWJICHHIH JOWEeKTi SIMMHHALMSACHI apKbUIbl Kypemi, OyraH xoca BOCX
TaJlaybIMEH pacTallFaH CyIbIH OeliHyi Oaiikanmambl. By MexaHW3M KIIACCHKAIIBIK
ApOy30B KaliTa KypbUIybIHaH TyOereisi epekmieneHeni: KkyrtiireH docdonar
HeMece amupodocdar eHIMIEPIHIH OpHBIHA PEaKIUSUIBIK KOCHAHBl KOIOJAHIBIPY
MOJIEKYTAIMILTIK ITUKIIEHY/Tl BIHTAIAHABIPA B, OHJIa aMIHOTHA30116IH N—H 1poToHBI
TpeT-OyTHI OTTeriHe malybpulaan, KepHeym JuGOocPeTHIUH CaKWHACHIHBIH TY3LTyiH
KO3IBIpambl. 3-11i KOCBUTBICTBIH KypbUTbIMBI 'H, *C sxone *'P SIMP-cmekTpockomnus,
HK-cniekTpockomnus, xKoFapbl aXXbIPaTHIMIBLUIBIKTEI MAacC-CIIEKTPOMETPHSL, SIEMEHTTIK
Tajjay XoHE MOHOKPHCTAIIBIH PEHTTEHMIK AU(PaKIUSIIBIK Tajaaybl 9JicTepiMeH
monenni Typae anbiktanael. *'P SIMP cnextpingeri 6 176,0 M.K. XUMUSUIBIK BIFBICYBI
P—N opraceiHgarsl yur BaeHTTI Gpocdop opTaimbIFbiHA TOH. BHONOTHSIIBEIK CHIHAKTAp
KOCBUIBIC 3-TiH aWKbIH aHTUMHUKPOOTHIK KOHE IIMTOTOKCHKAIBIK OCICEHIUTIK
KepcereTiHiH goneneni. Staphylococcus aureus ATCC 6538-re kapcet MUK 6,3 mkr/
MJT Kypanabl, OyJT mepTpHaKCOHHBIH OeJICEHIUTIIIHe TeH MKoHe OCH3MITCHUIINUTHHHIH
Hatpuit Ty3eiHaH (MUK = 12,5 mxr/min) kymripek. Escherichia coli ATCC 25922-re
Kapchl opramma OeiceHmimik ansikTanael (MUK = 25 mxr/mom), an Bacillus subtilis,
Pseudomonas aeruginosa xone Candida albicans-ka Kapchl TeXerimn OeJICeHIITIK
OaifkanmMazpl. Artemia salina HayruminepiHe Kapchbl IMUTOTOKCHKAINBIK OEICEHILTIK
JIKso = 82,8 MKr/mir MoHIMEH pacTtainbl, Oyi Meyer et al. (1982) xikremeci OolibIHIIIA
3-111 KOCBUTBICTHIH ITUTOTOKCHKANBIK OSJICeH I peTiH/Ie CUIaTTayFa MyMKIHAIK Oepei
YKOHE OHBI CYTKOPEKTLIep/IiH KaTepii iCiK jKacyla >KeiiepiHie ofaH api 3epTTeyliH
MIePCIIEKTHBATBUTBIFBIH KOPCETE/].

Tyiin ce3nep: ammuoruazon, docdopnay, P(II) pochoamumarrap, 2-ammuHO-4-
(heHmIITHA301T, AHTHOAKTEPUSITBIK OeTIceHALTIK, Staphylococcus aureus, IUTOTOKCHKAITBIK
oencenninik, JIKso, Artemia salina, icikke Kapchl OEICEHIUTIK, PEHTTEHIIK TUDPAKIIHS
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AHHOTauMs. BriepBble CHHTE3UPOBAHO HOBOE ueThIpéxwieHHOe P—-N—-P-N-
reTepolrKiInuecKkoe coeauHeHne -  1,3-Ouc(4-denmnruazon-2-mi)-2,4-6uc(N,N-
JUATUIaMKHO)-1,3-1na30-2,4-nmudocheruann (C26Hsz2NeP2S2, M = 554,65) merogom
TpaHCaMHIUPOBAHUSI 1-tpet-0yTokcu-N,N,N',N'-rerpastundochanimammuna c
2-aMUHO-4-(DeHUITHA30JIOM B Cpele dTWiarerarta. BbIXOa IIEJEBOr0 IMPOAYKTa
coctaBun 82 %. YCTaHOBIEHO, YTO PEaKIMs MPOTEKAET dYepe3 IOCIeIOBATEIHHOE
OTHICTUICHUE JUATWIAMUHA M HM300yTHIIEHA C TIOCIEAYIOIICH BHYTPHMOIECKYISPHOM
LHUKIU3aIUe, TPUBOIAIICH K 00pa3oBaHHI0 HANPsHKEHHOTO AU(OCHETHIAUHOBOIO
nukna. [IpeanokeHHBI MeXaHWU3M CYIIECTBEHHO OTIMYAeTCs OT KIACCHYECKOM
neperpynnupoBku ApOy30Ba U COPOBOXKAAETCS BBIJICIICHUEM BOJIBI, YTO MOATBEPIKICHO
nmanaeiMu BOJXKX-ananusa.

CTpyKTypa CHHTE3UPOBAHHOIO COCAMHEHHMs ObUIa HAAEKHO TIOATBEpKIEHA
KOMIIJIGKCOM COBPEMEHHBIX (DU3UKO-XMMHUYECKHX MeETON0B, Bkimtoyas 'H-, BC- u
P SIMP-cnekrpockonuio, HK-CeKTpOCKOMIIO, BBICOKOPA3PEIIAONIyI0  Macc-
CIIEKTPOMETPUIO, JIEMEHTHBIA AHAJIN3 U MOHOKPUCTAJIBHBIM PEHTTEHOCTPYKTYPHBIM
aHanu3. 3HadeHue xuMuueckoro casura *'P SIMP (8 = 176,0 m.11.) CBHICTENBCTBYET O
HaIM4Iuu TpEXBaneHTHOTo aroMa (ocdopa B P-N-okpyxeHuH.

Buonornueckuii CKpHHUMHT TOKa3aj, 4YTO IOJYYeHHOE COEAMHEHHE o0nanaer
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BBIPQKEHHOM aHTUMUKPOOHOM M IHUTOTOKCHYECKOW AaKTHBHOCTHIO. B OTHOIIEHHH
Staphylococcus aureus ATCC 6538 MuHUMajbHas WHTHOUPYIOIIAS KOHLEHTPALHS
cocraBuiia 6,3 MKI/MJI, YTO COMOCTABUMO C aKTUBHOCTBIO LIe()TPUAKCOHA U MTPEBBIIIAET
3¢ (deKTUBHOCTh OCH3WINEHUIMIUIMHA HatpueBoir comu (MUK = 12,5 wmkr/mi). B
otHouteHun Escherichia coli ATCC 25922 BrisneHna ymepennast aktusHocts (MUK =
25 mxkr/mi), Toraa Kak npotuB Bacillus subtilis, Pseudomonas aeruginosa w Candida
albicans vHTHOMPYIOIIETO NEHCTBUS HE OOHAPYKEHO.

LuToTOKCHYECKass aKTUBHOCTh COEAMHEHHUs MOATBEPKACHA B TECTE C HAYIUIUSIMH
Artemia salina (JIKso = 82,8 mxr/mn). Cornacno xnaccudukanuu Meyer et al. (1982),
HCCIIelyeMOoe COeTUHEHUE OTHOCUTCS K TUTOTOKCUYECKH aKTUBHBIM BEIIECTBAM H MOYKET
paccMaTpuBaThCs B Ka4eCTBE MEPCIEKTUBHOTO O0BEKTa AJIS JaJIbHEUIITNX HCCIIeIOBaHU I
MPOTUBOOIYXOJIEBO aKTUBHOCTH Ha KJIETOUHBIX JTMHUSAX MIICKOIUTAIOIINX.

KioueBble ciaoBa: amuHoTHazon, Gochopunuposanue, P(III) dochoamupmarsr,
2-aMuHO-4-(peHunTHAa30N, aHTHOaKTepuanbHas akTUBHOCTH, Staphylococcus aureus,
LUTOTOKCHYECKast aKTUBHOCTS, JIKso, Artemia salina, mpoTHBOOMyX0i€Basi aKTHBHOCTD,
PEHTIeHOCTPYKTYPHBIN aHaJIH3

Introduction. The importance of phosphorus chemistry has not diminished and
remains a focus of researchers’ attention, as evidenced by the fact that the European
Chemical Society (EuChemS) and the European Parliament (Science and Policy
Seminar, 25 May 2023) have recognized phosphorus as one of the key chemical elements
in everyday life (Jakub Adamek et al., 2023). Phosphorus is not only a component of the
human body but also the foundation of the agrochemical industry. It is often mentioned
today that we are living in the ‘golden age of phosphorus chemistry’. In this context,
organophosphorus chemistry is also becoming increasingly important as one of the
fastest-growing sectors of organic chemistry. Phosphorus-containing compounds (also
known as P-compounds) are widely used as reagents (starting materials, precursors
of active intermediates such as ylides or iminium-type cations, etc.), catalysts (PTC,
organocatalysis) and solvents (PIL) (He et al., 2009; Bradaric et al., 2003; Allen et al.,
2023; Maryanoff et al., 1989).

Thanks to the interesting properties of P-compounds (particularly their biological
activity), they are widely used in medicine (for example, in treatments for bone diseases,
anti-cancer and antiviral agents, as well as anti-helminthic drugs; and in veterinary
medicine), agriculture (for example, pesticides) and industry (e.g. the production of
lubricants or plastics). However, in an era of much-needed environmental care, we face
new challenges. Innovative approaches to the synthesis and isolation of P-compounds
(considering aspects of green chemistry and sustainable development), as well as their
responsible use and disposal (neutralization), may prove decisive in the near future
(Kolodiazhnyi et al., 2020; Russell et al., 2020; Caminade et al., 2020).

As part of our ongoing research of heterocyclic phosphorus compounds, we have
investigated phosphorylation reactions involving thiazoles of various structures. The
literature describes a wide variety of methods for introducing P(III) and P(V) atoms
into heterocyclic systems, which have found widespread practical application as
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effective medicinal compounds. This is, on the one hand, due to the broad potential for
biological activity of the basic pharmacophore, which is a five-membered heterocycle,
namely: thiazole, oxazole, thiadiazole, etc. Thus, classical concepts regarding the
phosphorylation reaction of P(III) acids with amides are extensively described in the
review by E.E. Nafantiev and M.K. Grachev (Nafantiev et al., 1994). This review covers
a wide range of studies in which P(III) acid amides act as phosphorylating agents and
various amines and alcohols serve as substrates. It is noted that P(III) acid amides have
found widespread application in the phosphorylation of alcohols, phenols and amines,
with the authors emphasizing the untapped potential of P(III) acid amides in their ability
to phosphorylate a wide range of proton-donating nucleophiles, which demonstrates the
value of these compounds in synthetic chemistry.

It is well known that there are thousands of studies describing the phosphorylation
of various compounds using phosphamidates. Nevertheless, many theoretical questions
concerning the reactivity of phosphamidates and the mechanisms of the reactions
involved remain unresolved, although there are numerous hypotheses on this subject in
the literature.

Phosphorylation reactions involving phosphamides of alcohols and phenols have
been the most extensively studied (Scheme I). Some authors propose an ‘addition-
elimination’ mechanism involving the formation of a dihydrophosphorane intermediate,
which decomposes to release an amine (Burgada et al., 1974; Pudovik et al., 1975;
Terentyeva et al., 1976;).

X = Ar, Alk, R, R = Ar, Alk
Scheme 1. Phosphorylation reactions involving phosphamides of alcohols and phenols.

Regarding the mechanism of this reaction, there were suggestions, on the one
hand, of P-protonation by phosphamidate with the formation of a quasi-phosphonium
intermediate and the subsequent formation of an ester; and, on the other hand, of
N-protonation, as well as the suggestion that a four-membered transition state is formed.
Moreover, some authors argued that N-protonation is the energetically more favourable
process based on quantum-chemical calculations. Other authors leaned towards the
initial P-protonation process or the possibility of parallel N- and P-protonation processes
(Pudovik et al., 1977). Alcoholysis, phenolysis and aminolysis by phosphoric acid (III)
amides are related reactions; however, an analysis of these transformations reveals their
differences, since aminolysis, unlike phenolysis and alcoholysis, may involve double or
triple phosphorylation in the case of primary and secondary amines.

Many authors argue that the mechanism of transamidation involves the formation of
a phosphorane and its subsequent decomposition (Scheme 2). (Nielsen and Dahl et al.,
1984; Dahl et al., 1981; Houalla et al., 1977; Jeanncaux et al., 1984).
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Scheme 2. Transamidation mechanism involving phosphorane formation.

A suitable synthetic method for the preparation of complex phosphamides is
the aminolysis of the simplest members of this class of compounds. In particular,
phosphorous acid hexamethyl(ethyl)triamides, being readily available commercial
products, can serve as key substances in the preparation of more complex triamides
(Maier et al., 1964; Houalla et al., 1965; Hussain et al., 1988).

It has been shown that the aromatic amine o0,0'-diaminodiphenyl forms
4,5,6,7-diphenyl-1,2,3-diphosphorinan when it reacts with di- and triamides of
phosphorous acid (Nifantiev et al., 1994).

Materials and methods. All chemicals were of analytical grade and procured from
Sigma-Aldrich suppliers without the need for further purification. Reactions underwent
monitoring via thin layer chromatography (TLC) on F254 silica gel coated plates from
Merck. Bruker 400 and 600 MHz NMR spectrometer was used to record the 'H and
C NMR spectra in CDCI, along with TMS functioning as the internal standard. Mass
spectra were taken using a Shimadzu mass spectrometer. IR spectra were taken with a
Thermo Scientific Nicolet 6700 FTIR spectrometer (Madison, WI, USA). The melting
point was determined using a Buchi Melting point M-560 instrument. Diffraction
experiment was performed on a Bruker D8 VENTURE Kappa Duo PHOTON100 by
IuS micro-focus sealed tube either with MoKa (A= 0.71073) radiation at a temperature
of 120(2) K for 5, or CuKa (A = 1.54178) for 1 at a temperature of 150(2) K.

Synthesis Section. I-tert-butoxy-N,N,N' N'-tetraethylphosphanediamine.(1) 105.30
g (0.5 mol) of tetracthylenediamine dichlorophosphite was placed in a four-necked
flask fitted with a mechanical stirrer, a thermometer, a reflux condenser and a dropping
funnel, in 2 L of benzene. Under vigorous stirring at 0—5 °C, a mixture of 37.00 g
(0.5 mol) of tert-butyl alcohol and 55.6 g (0.55 mol) of triethylamine in 200 ml of
benzene was added. After stirring at room temperature for 2—3 hours, the triethylamine
hydrochloride precipitate was filtered off, the solvent was removed under vacuum using
a water jet pump (30—40 mm Hg), and distillation of the residue yielded 102.9 g (83%
of the theoretical yield) 1-fert-butoxy-N,N,N',N'-tetracthylphosphanediamine with a
boiling point of 52-53 °C (0.07 mm Hg), d,** 0.8996, n_** 1.4510. Found, %: C 58.30;
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H 11.45; N 11.38; P 12.25. C ,H,,N,OP. Calculated, %: C 58.06; H 11.69; N 11.29; P
12.59.3'P 124 m.d., '"H 1.17 m.d. (CHs, 12H, t, 3JHH 7 Hz), 1.43 m.d. [(CHs)sC, 9H, c],
3.07 m.d. (CHa, 12H, m).

1,3-Bis(4-phenylthiazol-2-yl)-2,4-bis(N,N-diethyl amino)-1,3-diazo-2,4-diphospheti
dine. (5). To 2.48 g (0.01 mol) of 1-tert-butoxy-N,N,N',N'-tetracthylphosphanediamine,
1.76 g (0.01 mol) of 2-amino-4-phenylthiazole was added in 100 mL of ethyl acetate.
The reaction mixture was heated with stirring until the evolving diethylamine,
the amount of which corresponds to the stoichiometry of the reaction (1.10 g), had
completely evaporated (93%). The resulting yellow, oily substance crystallized upon
prolonged standing. The product yield was 2.17 g (82%), mp 162°C. '"H NMR (300
MHz, chloroform-d) 6 7.88 (d, J = 7.2 Hz, 4H, H-2,6 Ph), 7.44 (t,J = 7.5 Hz, 4H, H-3,5
Ph), 7.35 (t, J = 7.3 Hz, 2H, H-4 Ph), 6.92 (s, 2H, H-5 Thz), 3.14 (m, 8H, NCH>), 1.07
(t, J=7.1 Hz, 12H, NCH2CH3). C NMR (75 MHz, chloroform-d) & 162.8 (d, J = 8.1
Hz, C2-Thz), 162.6 (d, J = 7.4 Hz, C2-Thz), 149.5 (C4-Thz), 129.6 (C-para Ph), 128.4
(C-ortho Ph), 128.1 (C-meta Ph), 126.2 (C-ipso Ph), 110.1 (C5-Thz), 42.6 (NCH),
42.4 (NCHz), 15.2 (NCH2CHs). *'P NMR (121 MHz, chloroform-d) 6 176.0 Chemical
Formula: C, H, N P.,S . Exact Mass: 554.16. Molecular Weight: 554.65. m/z: 554.16
(100.0%), 555.16 (31.9%), 556.16 (10.2%), 556.17 (3.9%), 557.16 (2.7%). Elemental
Analysis: C, 56.30; H, 5.82; N, 15.15; P, 11.17; S, 11.56.

Antimicrobial Assay (Serial Broth Dilution / MIC). Test microorganisms (ATCC
strains) were cultured on freshly streaked agar plates at 37 °C for 24 h (bacteria) or
at 30 °C for 48 h (Candida albicans). Inocula were prepared in nutrient broth at a
concentration of 1 x 10° CFU/mL. Compound 5 was dissolved in ethanol and serially
diluted in nutrient broth to yield final concentrations of 1.56, 3.13, 6.25, 12.5, 25, and
50 ug/mL. A 0.1 mL aliquot of the microbial suspension was added to each tube. Tubes
inoculated without the test compound served as negative controls. After incubation
at 37 °C for 24 h (bacteria) or 48 h (c. albicans), turbidity was assessed visually. The
minimum inhibitory concentration (MIC) was defined as the lowest concentration at
which no visible growth was observed. All results were averaged over three independent
experiments.

Cytotoxicity Assay (Artemia salina Brine Shrimp Lethality). Artemia salina eggs
were hatched in artificial seawater at 25-28 °C for 48 h to obtain nauplii. Compound 5
was dissolved in ethanol at 1 mg/mL, and aliquots of 500, 50, and 5 pL were dispensed
into separate vials in triplicate. After evaporation of ethanol, 5 mL of artificial seawater
was added to each vial, yielding final concentrations of 100, 10, and 1 pg/mL. Ten
nauplii were added to each vial, and the vials were incubated at room temperature under
illumination for 24 h. Mortality was assessed by counting live and dead larvae. LCso
values and 95% confidence intervals were calculated using probit analysis (Meyer et
al., 1982).

Results and Discussion. The question of the phosphorylation of various classes of
compounds, including heterocyclic systems such as thiazoles, oxazoles, thiadiazoles,
etc., remains at the forefront of researchers' attention, as it is: They open the way to
the synthesis of a wide variety of derivatives with predictable chemical and practical
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properties, including those with the potential to be new pharmaceutical substances. The
potential for the application of organic phosphorus compounds in a wide range of areas
is significant and, in most cases, has not been thoroughly investigated. Currently, a
wide range of organic compound classes are being investigated for the introduction of
variously coordinated phosphorus atoms, which exhibit and are being investigated for a
wide range of practically useful properties.

Existing problems and prospects for the development of organic phosphorus chemistry
in the field of strategy synthesis and the study of the properties of five-membered
nitrogen-containing heterocycles as valuable tools in modern synthetic chemistry are
widely discussed in the literature. It is important to note an earlier publication, namely
the doctoral dissertation of the German chemist Wachtler Diiter (Wachtler Diiter et
al., 1976), which considers the formation of four-membered cycles consisting of two
phosphorus atoms and two nitrogen atoms. Such systems were formed on the basis of
the interaction of substituted anilines and PCI, (Scheme 3).

PCls
NH, —> [Ar

Ar

. -
NH2CII [PCI4] Ar—H—Pcn4 —> Ar——N=—=PCl,
- HCl - Hel

Scheme 3. Four-membered phosphorus—nitrogen heterocycle (P-N: ring).

The author (Wachtler et al., 1976) demonstrates the possibility of the final isomer
of trichlorophosphane undergoing dimerisation to form corresponding four-membered
rings containing two phosphorus and two nitrogen atoms. The structure of the compound
(Scheme 4) obtained by (Wachtler et al., 1976) is proven by *'P NMR data, where the
phosphorus atom resonates in the (+70) — (+85) ppm region.

Cl
_ CI\|/CI
SN/ N\
) / N SN
R/\ /P\ [ R
cl | cl
Cl

Scheme 4. Four-membered P-N: heterocycle (diazadiphosphetidine ring system).

In continuation ofthe research into the phosphorylation of five-membered heterocyclic
systems, derivatives of amino thiazoles are undoubtedly of interest. Considering that, to
date, there is practically no information in this area, except for the brief report previously
published by us (Sal’keeva et al., 2014).

Phosphorylated thiazoles are of significant theoretical and practical interest, yet
remain a relatively unexplored area of research. At various times, attempts have been
made to synthesize phosphorus-containing derivatives of thiazole and its homologues.
In particular, the introduction of 2-aminothiazole into direct condensation with aromatic
aldehydes and dialkyl phosphites in the presence of alkylates of alkaline metals failed,
which is evidently due to the low basicity of 2-aminothiazole (pK, — 5.39). However,
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phosphonometallation of 2-aminothiazole was achieved by reacting dialkylphosphites
with diacetylbenzaldehyde in the presence of boron trifluoride etherate. Equilibrium
between amino- and imino-structures was established, and a significant shift in
equilibrium towards the amino-form was demonstrated.

As the analysis of the literature shows, there is practically no information on the
interaction of trivalent phosphorus compounds with 2-amino-4-phenylthiazole 2 or its
derivatives. The fundamental difference in the reactivity of phosphorus(I1l) compounds
undoubtedly makes the outcome of the interaction unclear. However, 2-amino-4-
phenylthiazole derivatives containing a phosphorus atom can be modified to produce
pentavalent phosphorus derivatives, making them unique synthons for further chemical
transformations.

It is known that amidophosphonates are of particular interest among phosphorus
compounds. They can easily exchange the amido group under the influence of alcohols,
amines and phenols. This method is very convenient for obtaining phosphoramidites
that are difficult to obtain through direct synthesis. To this end, we investigated the
transamidation reaction of tetracthyl diammido-terz-butylphosphite 1 (6 °*'P 124
ppm) with 2-amino-4-phenylthiazole 2 (Scheme 5), resulting in the formation of
diethylamido-(4-phenylthiozole-2-amido)-tert-butylphosphite 3. In the transamidation
of tetracthylamido-tert-butylphosphite in the same conditions with two moles of
2-amino-4-phenylthiazole 2, only one mole of diethylamine was produced. When an
additional mole of phosphite was added to the reaction mixture, an amido-phosphite
3 was isolated and identified. Thus, it is not possible to introduce two 2-amino-4-
phenylthiazole groups to the P(III) atom, apparently due to steric hindrance and 4 was
not isolated.

EtN_
“P—Ot-Bu

Et,N’

Ph N\ NH, 1 Ot Bu \P/
—_—
\ NEt2 tBu
-Et,NH
2

Scheme 5. Sequential phosphorylation and coupling of 2-aminothiazole affording a bls(phosphoramlde)
product.

The IR spectrum of compound 3 shows absorption bands at 1441 and 1598 cm™,
which are attributed to C=C vibrations. There is an absorption band at 1483 cm™!, which
corresponds to C=N vibrations, and N-H vibrations resonate in the characteristic region
of 3435 cm™!. Absorption bands of the C-O-C bond are observed at 1071 cm™'.

In the 'H NMR spectrum of compound 3, measured in DMSO-d,, the phenyl ring
protons appear as a multiplet in the region 7.22—7.40 ppm, and the singlet of the tert-
butyl group is observed at 1.40 ppm. A triplet of methyl protons with a spin-spin coupling
constant of *J = 7 Hz is located at 1.16 ppm. A multiplet of methylene protons is
observed at 2.59 ppm. The signal of the N-H group proton appears as a singlet at 7.80
ppm, and the signal of the proton of the C5 thiazole ring appears as a singlet at the
characteristic 7.05 ppm. IR and NMR spectra of compound 3. Systematic investigation
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of the reactivity and structural features of phosphorilated heterocyclic amines showed
that the structures of phosphorilated and thiophosphorilated 2-aminothiazoles and
2-aminothiazolines are predominantly in the imino form. However, in the case of
phosphonalkylated derivatives of thiazole, a significant shift in the amine-imine
tautomer equilibrium towards the amine form has been observed.

Analysis of data from infrared and nuclear magnetic resonance spectroscopy allows
the structure of diethylamido-(4-phenylthiazol-2-yl)-N,N'-bis(tert-butylphosphin)
phosphoramidite 3 to be assigned an amino form. This is based on the signal of the
proton of the thiazole ring at C5, which was found in the characteristic region of 7.05
m.d., as well as the vibrational modes of the endocyclic C=N bond at 1483 cm™!, which
differ significantly from the vibrational modes of the exocyclic C=N bond, resonating
20-40 cm™" higher. Furthermore, the existence of amine or imine forms of heterocyclic
compounds depends significantly on the basicity of the exocyclic nitrogen atom. The
presence of a phenyl group in the 4-position of 2-aminotriazole significantly reduces the
basicity of the amino group and shifts the tautomer equilibrium towards the amine form.

To vary the conditions for the transamidation reaction of tetracthyl diammido-zert-
butylphosphite 1 with 2-amino-4-phenylthiazole 2, we attempted to use benzene as a
solvent. When choosing a solvent, we prioritised the inertness of the reagents to the
chosen solvent. However, it turned out that the process in benzene is ambiguous and
leads to the formation of a mixture of reaction products 3.

It is clear that the by-product of the transamidation reaction, diethylamine, is capable
of interacting with the starting material, tetracthyldiamide-zer#-butylphosphite 1, to form
hexaethyltriamidophosphite and tert-butanol. The resulting tertiary butanol then reacts
with 2, forming the compound 3. This direction of the reaction can be explained by the
poorer solubility of 2-amino-4-phenylthiazole 2 in the less polar solvent, benzene, than in
the more polar solvent, ethyl acetate, which reduces the likelihood of collisions between
molecules of tetraethylamido-tert-butylphosphite 1 and 2-amino-4-phenylthiazole 2 and
increases the likelihood of side reactions of transamidation and alcoholysis (Scheme 6).

Ot-Bu Et,N N
. N:P—Ot—Bu t-BuO Ph\ﬂ_?/NHZ -
tp 2 )
HN”" SNE, 1 Ph N —_NEt, Ph | oh
“Et,NH \ ’\/ 2H,0 > N Ny N
a | -2(CH3)2CH=CH, l \>—N/ N—</ j
N > 3 \P——Ot—Bu g 5 \P/ s
= Etzl\/ ,LEtz
miz 351.15 miz 554.15

Scheme 6. Construction of bis(thiazolyl) phosphoramide compounds via phosphoryl coupling reactions.

The reactions were controlled using mass spectrometry. According to the results of
the mass spectra analysis, a product 3 with m/z 351 is formed in the first stage of the
reaction, which corresponds to the structure 3. The product 5 1,3-bis(4-phenylthiazol-
2-y1)-2,4-bis(N,N-diethylamino)-1,3-diazodiphosphorine (III), with m/z 554 identified
by us, the structure of which has been proven by X-ray diffraction analysis (Figure 1).
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Figure 1. X-ray diffraction analysis of 1,3-bis(4-phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-
diazo-2,4-diphosphetidine.

The final product 5 of the reaction was diphosphetidine structure with a four-
membered ring containing two phosphorus (III) atoms and two nitrogen atoms (Figure
1). It should be noted that the reaction products were identified as the gas isobutylene,
which was detected by the water displacement method.

A notable aspect of the reaction is the release of isobutylene, which typically leads to
the formation of a stable phosphoramidate group. This reaction course is characteristic
of full phosphoric acid esters and phosphoric acid amides. However, in the presence
of a tertiary butoxy group, it is known that the second stage of the Arbusov reaction
scheme proceeds much faster and leads to the formation of corresponding phosphonates
or amido phosphates.

However, in our case, we observed the release of isobutylene, but did not observe the
formation of phosphonate and amido-phosphate compounds. This behaviour is clearly
related to the fact that, under the reaction conditions with constant removal of the
released diethylamine, the reaction mixture is concentrated, which brings the reaction
centres closer together. Consequently, the proton of the amino group attacks the oxygen
atom of the tertiary butyl group, which explains the formation and release of a water
molecule.

Antimicrobial Activity. Experimental Overview. The in vitro antimicrobial activity
of 5 was evaluated against five reference microorganisms: two Gram-positive bacteria
(Staphylococcus aureus ATCC 6538 and Bacillus subtilis ATCC 6633), two Gram-
negative bacteria (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC
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27853), and the yeast Candida albicans ATCC 10231. All strains were obtained from
the American Type Culture Collection (ATCC). The minimum inhibitory concentration
(MIC) was determined by the serial broth dilution method at concentrations ranging
from 1.56 to 50 pg/mL. All assays were performed in triplicate, and results are presented
as mean values. Ceftriaxone, benzylpenicillin, and nystatin served as positive controls.
MIC Data — Compound 5 vs. Reference Drugs. Table 1. Presents the MIC values
(ng/mL) for compound 5 and the reference drugs against each microorganism. “—”
indicates no detectable inhibitory activity within the tested concentration range.

Table 1. Antimicrobial activity (MIC values, pg/mL) of 5 and reference drugs.

Compound / Agent S. aureus B. subtilis E. coli P aeruginosa | C. albicans
ATCC 6538 | ATCC 6633 | ATCC 25922 | ATCC 27853 | ATCC 10231

Compound 5 6.3 — 25 — —

Reference drugs (positive controls)

Ceftriaxone 6.3 12.5 6.3 6.3 —

z‘elilzylpemcﬂhn sodium 125 25 25 50 o

Nystatin — — — — 12.5

Activity Against Gram-Positive Bacteria. Compound 5 showed pronounced
antibacterial activity against S. aureus ATCC 6538, with an MIC of 6.3 pg/mL, equal
to that of ceftriaxone (MIC = 6.3 pg/mL) and twofold lower than benzylpenicillin
(MIC = 12.5 pg/mL), indicating higher potency against this strain. No inhibitory
activity was detected against B. subtilis ATCC 6633.

Activity Against Gram-Negative Bacteria. Against E. coli ATCC 25922, Compound
5 showed moderate activity (MIC =25 pg/mL), four times higher than ceftriaxone
(MIC = 6.3 pg/mL) and equivalent to benzylpenicillin (MIC = 25 pg/mL). No activity
was detected against P. aeruginosa ATCC 27853, consistent with its known resistance
profile.

Antifungal Activity. Compound 5 showed no detectable activity against C. albicans
ATCC 10231 at the tested concentrations (1.56—50 pg/mL), whereas the reference drug
nystatin exhibited an MIC of 12.5 pg/mL. These results indicate that Compound 5 lacks
significant antifungal activity under the applied conditions.

Structure—Activity Relationship. From a structure—activity relationship perspective,
the pronounced anti-staphylococcal activity of Compound 5 (MIC = 6.3 pg/mL against
S. aureus ATCC 6538) can be attributed to the synergistic effect of the 4-phenylthiazolyl
pharmacophore and the P(IIl)-containing diphosphetidine ring. The four-membered
P-N-P-N cycle, with its highly polar phosphorus—nitrogen bonds and electron-rich
phosphorus centres, likely enhances interaction with bacterial membrane components
or intracellular targets. The moderate activity against E. coli (MIC =25 pg/mL) and the
absence of activity against P. aeruginosa and C. albicans suggest that the antibacterial
spectrum is primarily directed at Gram-positive organisms, which is consistent with the
lipophilicity profile of the compound and the known selectivity of structurally related
phosphorylated heterocycles.
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Cytotoxic Activity. Experimental Overview. The cytotoxic activity of Compound 5
was evaluated using the Artemia salina (Leach) brine shrimp lethality assay, following
the method of Meyer et al. (1982). The assay was performed on 2-day-old nauplii under
in vitro conditions. LCso values with 95% confidence intervals were calculated by probit
analysis based on 24 h mortality counts. Dactinomycin (actinomycin D; Sigma-Aldrich)
served as the positive control, and DMSO in equivalent volumes was used as the solvent
control.

LCso Data — Compound 5 vs. Reference Drug

Table 2. Cytotoxic activity (LCso values, pg/mL) of Compound 5 and reference drug against Artemia
salina larvae.

Compound / Agent LCso (ng/mL)
Compound 5 82.8
Dactinomycin (positive control) 46.2

Interpretation. Compound 5 exhibited cytotoxic activity against Artemia salina
nauplii, with an LCs, of 82.8 ng/mL. According to Meyer et al. (1982), substances
with LCs¢ < 1000 pg/mL are classified as cytotoxic, and therefore Compound 5 is
considered cytotoxically active. Its LCso is approximately 1.8-fold higher than that
of dactinomycin (LCso = 46.2 ug/mL), indicating a lower but noteworthy level of
activity. The brine shrimp lethality assay is widely recognized as a preliminary
in vivo screening model for cytotoxicity. A correlation between Artemia salina
lethality and cytotoxicity against human cancer cell lines has been reported. Based
on these results, Compound 5 may be considered a candidate for further evaluation
against human cancer cell lines, including the NCI-60 panel, to assess its antitumor

potential.
Conclusion. A novel four-membered P-N-P—N heterocyclic compound, 1,3-bis(4-
phenylthiazol-2-yl)-2,4-bis(N,N-diethylamino)-1,3-diazo-2,4-diphosphetidine 5

(Ca6H32N6P2S2, M = 554.65), has been synthesized for the first time by transamidation of
1-tert-butoxy-N,N,N’ ,N’-tetraethylphosphanediamine with 2-amino-4-phenylthiazole
in ethyl acetate with an isolated yield of 82%. The reaction proceeds through sequential
elimination of diethylamine and isobutylene, accompanied by the release of water as
confirmed by HPLC analysis of the reaction mixture. This pathway is mechanistically
distinct from the classical Arbuzov rearrangement: instead of forming the expected
phosphonate or amidophosphate products, concentration of the reaction mixture
promotes intramolecular cyclisation, in which the aminothiazole N-H proton attacks
the tert-butyl oxygen, driving formation of the strained diphosphetidine ring.

The structure of Compound 5 was unambiguously established by a combination of
'H, 3C, and *'P NMR spectroscopy, IR spectroscopy, high-resolution mass spectrometry,
elemental analysis, and single-crystal X-ray diffraction analysis. The *'P NMR chemical
shift of 6 176.0 ppm is diagnostic for a trivalent phosphorus centre in a P-N environment,
and the X-ray data confirmed eight crystallographically independent molecules in the
unit cell, representing both CIS and TRANS configurational isomers.
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Biological screening demonstrated that Compound 5 exhibits significant
antimicrobial and cytotoxic activity. Against Staphylococcus aureus ATCC 6538,
the compound showed an MIC of 6.3 pg/mL, equal to that of ceftriaxone and more
potent than benzylpenicillin sodium salt (MIC = 12.5 pg/mL). Moderate activity was
observed against Escherichia coli ATCC 25922 (MIC = 25 ng/mL), while no inhibitory
activity was detected against Bacillus subtilis, Pseudomonas aeruginosa, or Candida
albicans at the tested concentrations. The antibacterial selectivity toward Gram-positive
organisms may reflect the compound’s lipophilicity and the known pharmacology
of phosphorylated heterocyclic aminothiazoles. Cytotoxic activity against Artemia
salina nauplii was confirmed, with an LCso of 82.8 pg/mL, classifying Compound 5
as cytotoxically active according to Meyer et al. (1982) and indicating its potential for
further evaluation against mammalian cancer cell lines.

The results of this study expand the scarce literature on the phosphorylation
of aminothiazoles by P(II) ester amides and demonstrate that the four-membered
1,3,2,4-diphosphetidine ring system is accessible from commercially available
precursors under mild conditions. The synthetic approach described here, combined with
the promising biological profile of Compound 3, provides a rational basis for the design
of novel phosphorus-containing heterocyclic compounds as potential anti-infective and
antitumour agents. Further work will focus on structure optimisation, expansion of the
biological target panel including NCI-60 cancer cell line screening, and mechanistic
investigation of the antibacterial mode of action.
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Abstract. The production of valuable synthesis gas through the dry reforming of
methane is an important direction in modern catalytic technologies, as this process
enables the efficient utilization of greenhouse gases such as CH, and CO.,,. In this study,
Co-Al-Mg-Mn-based catalysts were prepared by solution combustion synthesis (SCS)
using metal nitrates as initial components and urea as a fuel. This method is suitable
for the rapid formation of porous, multicomponent, catalytically active oxide materials.
The phase composition, textural properties, and morphology of the prepared samples
were investigated by XRD, BET, SEM, and EDS techniques. XRD analysis revealed
the formation of CoAlO,, MgALO,, Co,0,, CoO, and mixed metal oxide phases,
confirming the development of a complex oxide structure. This phase composition
may help stabilize active metal centers and preserve the catalyst structure during the
reaction. BET results showed that the specific surface area, pore volume, and pore

diameter depend on the catalyst composition. These parameters were considered key
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factors affecting reactant accessibility to active sites and overall catalytic efficiency.
SEM-EDS analysis confirmed a porous aggregated morphology and the presence of Co,
Al, Mg, Mn, and O elements in the catalyst composition. Among the studied samples,
the 20Co-20A1-5Mg-5Mn/50 urea catalyst showed the highest activity in methane
dry reforming. Under optimal conditions, CH, and CO, conversions reached about
98.8%, while H2 and CO selectivities were 100.0% and 99.5%, respectively. The results
indicate that Co-Al-Mg-Mn-based catalysts are promising materials for synthesis gas
production, and that SCS is an effective approach for preparing porous and catalytically
active multicomponent catalysts.

Keywords: Co-Al-Mg-Mn catalyst, solution combustion synthesis, urea, BET, dry
reforming of methane, syngas
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AHHOTanusa. MeTaHHBIH KOMIiPKbIIIKbUIIbI KOHBEPCHUSICHI apKbUIbI KYHJ/IBI CUHTE3-
ra3 ajy Kas3ipri KaTaJIUTHUKAJIBIK TEXHOJOTHSIAPABIH MaHBI3IbI OarbITTapBIHBIH Oipi
Oonbin TaObL1ankl, ce6edi Oy yaepic CH, sxone CO, CHAKTBI NApHUKTIK ra3aapibl
THIMJII Maijananyra MyMKiHIIK Oepeni. Ocwl 3eprrey skymbichiHna Co-Al-Mg-Mn
HETi3iH/eri Karanu3aropiap MeTaJl HUTPATTapblH OacTamnKbhl KOMIIOHEHTTEp, all
KapOaMU/TI OTBIH PETiHAE KOJIaHa OTBIPHIIN, epiTiHaine kany cuutesi (SCS) omiciMen
AJBIH/IBI. ATaJFaH o/1ic KbICKA YaKbITTa KEYyEKTi, KOITKOMITOHEHTT] KOHE KaTaJINTHKAIBIK
OeJIceH 1l OKCHJITIK MaTepraliiap Ty3yre Kosaibl. JlafdbiHnanran yirinepais (has3aibik
Kypambl, TEKCTYpaJblK Kacuertepi xoHe Mopdoiorusicsl XRD, BET, SEM xone
EDS onicrepimen seprrenni. XRD rtanmayer CoAlO,, MgAlLO,, Co,0,, CoO xone
apajlac MeTaJl OKCHATIK (hazalapablH TY3UITCHIH KOPCETTi, OV KYpAeli OKCHITIK
KYPBUIBIMHBIH ~ KaJBIITACyblH Jojenjeiai. MyHnaid ¢asanblk Kypam OelceHi
METaJll OPTAJILIKTAPBIHBIH TYPAaKTaHYbIHA JKOHE PEaKIlus OapbIChIHAA KaTaJIU3aTop
KYPBUIBIMBIHBIH CaKTalyblHa BIKNan eTyi MymkiH. BET HoTmkenepi MeHIIiKTI OeTTik
ayllaH, Keyek KejeMi jKoHe KEeyeK AMaMeTpi Karaau3aTop KypamblHa TOYeJIl eKeHIH
aHBIKTa]IbI. ByJ1 mapamerpiiep peareHTTEp 1iH OCIICeH/ Il OpTaIbIKTapFa KOJDKETIMIUIIrHE
JKOHE JKaJIIbl KAaTaJUTHUKAIBIK THIMJIUIIKKE 9cep eTeTiH Herisri (akropiap peTiHie
kapacteipbuael. SEM-EDS tanmaysr keyekri arperarranrad Mopdoorusaet xoHe Co,
Al, Mg, Mn, sxxone O 371eMeHTTepiHiH O0TYBIH pacTaapl. 3epTTENTEH YATUISpIiH IiHIe
20C0-20A1-5Mg-5Mn/50 kapbaMu KaTaau3aTtopbl €H XKOFapbl OCICEHIUTIK KOPCETTI.
Ownrainbl karmaiiga CH4 JKoHE CO2 KOHBepcusuiapbl mamamen 98,8%-ra keri, H,
xoHe CO cenextustinikrepi THicinme 100,0% >xxone 99,5% OGonapl. Hotmwxkenep Oy
KaTaau3aTopIapAblH CHHTE3-Ta3 OHIPYy YIIiH MepCIeKTHBAILI eKeHiH kopceTTi. SCS
O/ICIHIH MPAKTUKAJIBIK aPTHIKIIBUIBIFBI 14 alKbIHAJI/IbL.

Tyiiin ce3nep: Co-Al-Mg-Mn karanusaTopbl, epiTiHIiAe kaHy 9[ici, KapoaMunu,
BOT, meTaHHBIH KOMipKBIIIKBUIIBI KOHBEPCHACHI, CHHTE3-Ta3
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Annoranus. [lodydyenue cuHTE3-ra3a MOCPEICTBOM YIVIEKHCIOTHOW KOHBEPCHH
MeTaHa SBISETCS OAHMM M3 MEPCHEKTUBHBIX  HaNpaBiICHUH COBPEMEHHOM
KaTaJIMTUYECKOH XHUMHM, IIOCKOJIbKY JaHHBIH IpoLecc MOo3BOJIAET 3(PPEKTUBHO
yrunu3upoBarh napHukoBele razsl CHa m CO.. B Hacrosmiedr pabore Co—Al-Mg—
Mn-karanu3aTtopbl ObTM CHHTE3MPOBAaHBI METOJOM pPacTBOpHOro ropenus (Solution
Combustion Synthesis, SCS) ¢ wucrons30BaHHEM HUTPATOB METAJUIOB B Ka4eCTBE
MIPEKyPCOPOB K KapOaMuIa B KaUeCTBE TOIINBA. JlaHHEII MeToq 00ecIieunBaeT OBICTPOE
MOJy4YEeHUE TOPUCTHIX MHOTOKOMIIOHEHTHBIX OKCH/IHBIX MAaTepHalloB C BBICOKOM
KaTaJIUTUYECKOW aKTUBHOCTBHIO. (DazoBBIIl COCTaB, TEKCTYPHBIE XapPAKTEPUCTHKH H
MOp}OIIOTHS CHHTE3UPOBAHHBIX 00PA31I0B NCCIIEI0BaHbI METOAAMH PEHTIEHO()A30BOT0
anamm3a (XRD), mmskoremmeparypuoil amcopbumm aszora (BET), ckammpyromieit
ekTpoHHOM Mukpockonmu (SEM) wu sHepromucnepcuonHoro anamuza (EDS).
Pesynpraret XRD-ananu3za nokazanu gopmuposanue ¢paz CoAl20s, MgAL:O4, C0304,
Co0O, a Takke CMELIaHHBIX OKCUAHBIX (Da3, YTO CBUAETENLCTBYET O (HOPMHUPOBAHUU
CIOXHOU MHOTO(A3HOH! CTPYKTyphl. Hammame Takux (a3 cnocoOCTBYeT CTaOMIIH3aIIHI
AKTHBHBIX IEHTPOB W TIOBBIIICHUIO YCTOWYMBOCTH KATAJIN3aTOPOB B YCIOBHSIX
peakiuu. Ilo manusiv BET ycTanoBneHo, 4To ynesibHas MOBEPXHOCTb, O0OBEM MOp U
CpeAHUI JuaMeTp HOp CYLIECTBEHHO 3aBHCAT OT COCTABA KaTalIN3aTOPOB U OKA3bIBAIOT
BJIMSHUE HA JIOCTYIHOCTb aKTUBHBIX LIEHTPOB U OOLIYIO KaTaJIUTHYECKYI0 aKTUBHOCTb.
SEM-EDS-ananu3  moarBepauii  (OPMUPOBaHHE  TMOPUCTOM  arperupoBaHHON
Mopdoiioruu u Hanuuue B coctaBe oOpasios anementoB Co, Al, Mg, Mn u O. Cpenu
HCCIIEIOBAaHHBIX 00pa3L0B HAMOOJIBUIYIO aKTUBHOCTh B PEaKLM CyXOro puopMHUHTa
MeTaHa mpoaeMoHcTpupoBas karamuszatop 20Co—20Al-5Mg—5Mn/50 kapbamuzn. B
ONTHUMAJIbHBIX ycloBusAx koHBepcun CHa u CO:2 mocturanu 98,8 %, a CeneKTUBHOCTD
o H> u CO cocrasuna 100,0 % u 99,5 % coorBeTcTBeHHO. [lonydeHHbIe pe3yabTaTsl
CBUJETEIBCTBYIOT O BBICOKOHM mepcrekTuBHOCTH Co—Al-Mg—Mn-kaTann3aTtopoB Jist
TIOJIYYCHHSI CHHTE3-Ta3a, a Takke MmoarBepkmaroT dddextuBHOCTs MeToma SCS mist
CHHTE3a TIOPUCTHIX MHOTOKOMITOHEHTHBIX KaTAIUTHYECKUX MaTepHAIIOB.

KiroueBbie ciaoBa: Co-Al-Mg-Mn karanuszatop, METOI CXXHIaHHs pacTBOpa,
kapOamug, BET, ymekucnorHast KOHBEpCHs METaHa, CHHTE3-Ta3

Introduction. Methane carbon dioxide conversion, i.e., dry reforming of methane
(DRM), is considered one of the important directions in modern catalytic chemistry

386




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

and low-carbon energy (Agun et al., 2025). This process enables the simultaneous
conversion of methane and carbon dioxide into syngas, that is, a mixture of H, and CO
(Zhu et al., 2024). The environmental significance of the DRM reaction is associated
with its ability to convert two major greenhouse gases - CH, and CO, - into chemically
valuable products. Syngas is an important intermediate feedstock for the production
of methanol, dimethyl ether, oxo alcohols, and liquid hydrocarbons through Fischer-
Tropsch synthesis (Sun et al., 2024). Therefore, DRM technology is regarded as a
promising approach in terms of CO, utilization, deep processing of natural gas, and
efficient management of the carbon cycle.
The general equation of the DRM reaction is as follows:

CH, + CO, — 2H, +2CO (1)

is written in this form, and the standard enthalpy of this reaction is approximately
+247 kJ/mol (Agun et al., 2025; Escalante et al., 2024). The strongly endothermic nature
of the reaction requires high temperatures; therefore, DRM is commonly carried out in
the range of 700-900 °C (Manabayeva et al., 2023). High temperature is necessary to
break the strong C-H bonds in the CH, molecule; however, these conditions may also
enhance catalyst agglomeration and coke formation. For this reason, an efficient catalyst
for DRM should not only exhibit high activity but also possess thermal stability and
resistance to carbon deposition. Recent literature identifies high energy consumption,
catalyst deactivation, and insufficient long-term stability as the main factors limiting
the industrial implementation of DRM (Awad et al., 2024). In the DRM reaction, the
theoretical H,/CO ratio is approximately equal to 1, which is suitable for the production
of some oxygenated organic compounds and Fischer-Tropsch products. However, under
real experimental conditions, the H,/CO ratio may deviate from 1 due to side reactions.
Thermal decomposition of methane can increase the amount of H, and lead to carbon
formation on the catalyst surface. For example, the Boudouard reaction can convert
part of CO into CO, and solid carbon, thereby changing the composition of syngas
(Colombo et al., 2024). Therefore, when evaluating DRM performance, CH, and CO,
conversions should be considered together with the H,/CO ratio, carbon formation, and
catalyst stability.

Among DRM catalysts, Ni-based systems have been the most extensively studied
because Ni exhibits high activity in methane activation and is less expensive than noble
metals (Zhu et al., 2024). However, Ni catalysts are prone to sintering and carbon
deposition at high temperatures. To overcome these drawbacks, strategies such as
confining Ni particles within supports, introducing promoters, developing bimetallic
systems, and using oxides with high oxygen mobility have been widely explored in
recent years (Shi et al., 2024). Co-based catalysts are considered as an alternative or
complementary active component to Ni-based systems for DRM. Metallic Co sites
are capable of activating the C-H bonds of CHs molecules and, when combined
with a properly selected support, can demonstrate high DRM activity. Nevertheless,
Co catalysts are also susceptible to agglomeration and coke formation at elevated
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temperatures (Escalante et al., 2024). Therefore, oxides such as A1,O,, MgAlLO,, CeO,,
La,0,, and others are often used as supports or promoters in Co-based catalysts (Sun et
al., 2024; Yang et al., 2023).

Al O, isawidely used support in DRM catalysts because it can provide a high specific
surface area and thermal stability. However, the acidic sites on the Al,O, surface may,
in some cases, enhance carbon formation(Li et al., 2024). Therefore, the modification
of Al,O,-based systems with promoters such as Mg, La, Ce, Zr, or Mn is important
for improving catalyst stability (Tungatarova et al., 2025). Mg-containing components
are used in DRM catalysts as promoters that enhance basic properties. Since CO, is
an acidic molecule, basic sites such as MgO or MgAl O, can improve CO, adsorption
and activation. Enhanced CO, activation may promote the oxidation of carbonaceous
intermediates formed on the catalyst surface and thereby reduce coke formation (Song
etal., 2024; Xu et al., 2024). MgAl O, spinel is considered a thermally stable support at
high temperatures and may help limit the agglomeration of Ni or Co particles (Zafarnak
et al., 2025). Mn is being investigated as a promoter in DRM systems that can improve
redox properties and enhance resistance to carbon deposition. The incorporation of
Mn may increase the mobility of oxygen species on the catalyst surface and promote
the oxidation of carbonaceous intermediates. Studies on Mn-modified Ni-Al catalysts
indicate that the main role of the Mn promoter is to improve coke resistance and long-
term stability (Manabayeva et al., 2024).

Solution combustion synthesis (SCS) is considered one of the suitable methods for
preparing multicomponent catalysts and oxide systems, because this approach is based
on a rapid self-sustaining redox reaction between an oxidizer and a fuel in the presence
of metal cations. In this process, metal nitrates are commonly used as oxidizers, while
organic compounds such as urea, glycine, or citric acid are used as fuels (Deganello
et al., 2018; Gao et al., 2017). During the combustion process, high temperatures are
generated within a short time, which can lead to the formation of metal oxides, spinels,
or solid solutions. The solution combustion method enables the uniform distribution
of active components and enhances metal-support interactions. In Co-Al catalysts, the
formation of the CoAl O, spinel phase is frequently observed. Although the CoAl O,
phase is difficult to fully reduce, it can provide structural stability at high temperatures
and limit the growth of Co particles (Tungatarova et al., 2025). In Ni-Co bimetallic
systems, the electronic and structural synergy between the metals can facilitate CHa
activation and improve catalyst stability by suppressing carbon formation (Liu et al.,
2023).

The morphology of the catalyst support also has a significant effect on DRM
activity and stability (Shen et al., 2020). Li et al., (2024) showed that the morphology
of AL,O, determines coke resistance in Ni/AL O, catalysts. This effect is explained by
the interaction of surface OH species with CHy intermediates, which suppresses carbon
formation. Therefore, in the design of DRM catalysts, not only the metal composition
but also the surface chemistry, morphology of the support, and mobility of oxygen
species are important factors.

In general, literature data demonstrate that the most effective catalysts for DRM
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should be multifunctional, with stability considered a key criterion alongside catalytic
activity. In such catalysts, one type of active site activates the CH, molecule, another
enhances CO, adsorption, while a third function promotes the removal of carbonaceous
intermediates (Wang et al., 2024). Analysis of the literature shows that DRM technology
has significant scientific potential, however, for industrial application, the long-term
stability of catalysts and their resistance to coke formation remain major challenges.
Current studies demonstrate that controlling the synergistic interaction among the active
metal, support, and promoter is one of the key scientific directions in the design of
DRM catalysts. In particular, Co, Ni, Mg, Mn, and Al-containing catalysts prepared
by solution combustion synthesis are being considered as promising systems for high-
temperature operation, improved resistance to coke formation, and efficient syngas
production. Therefore, research in this direction provides an important scientific basis
for bringing the DRM process closer to practical application.

Materials and Methods. The catalysts used in this study were prepared by the
solution combustion synthesis (SCS) method. A series of samples with different metal
nitrate contents was synthesized. The metal nitrate salts were first ground and mixed
in a porcelain dish. Then, 10 ml of distilled water preheated to 80 °C was gradually
added, and the mixture was stirred in air for several minutes until complete dissolution.
The resulting precursor solution was transferred into a 250 ml heat-resistant glass
beaker and placed in a muffle furnace preheated to 500 °C. Thermocouples were used to
monitor temperature changes during synthesis. After 2-3 min, the combustion process
was visually observed without fully opening the furnace door. During combustion, the
mixture foamed and rose along the beaker walls. After completion, the beaker was
cooled in air, and the obtained catalyst was stored in sealed glass containers. The initial
solution, combustion process, and final catalyst sample are shown in Figure 1.
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Metal nitrates + urea / Stirring and Muffle furnace Cooling Final catalys!
grinding and mixing dissolution preheated to 500 °C
Figure 1. Schematic representation of the catalyst synthesis procedure using the solution combustion

synthesis (SCS) method.

The catalytic activity of the catalysts in methane carbon dioxide conversion and
oxidation processes was investigated using a laboratory flow-catalytic setup (AKQ-1).
The setup consists of a feed gas mixture preparation system, a flow-type quartz tubular
reactor, and a chromatographic system for analyzing the reaction products. The catalyst
with a volume of 2 ml was placed into a quartz reactor, and the reaction temperature
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was increased from 600 to 900 °C in 50 °C increments. The feed gases were supplied
through pressure regulators, filters, and gas flow controllers to prepare the required
reaction gas mixture. A portion of the vapor-gas mixture leaving the reactor was
directed to chromatographic analysis. The reaction products were analyzed after 20 min
of reaction and subsequently after every 60 min of catalyst operation. The composition
of the initial gas mixture and reaction products was determined using CHROMOS GC-
1000 and Agilent Technologies 6890N gas chromatographs. H,, O,, N,, CH,, C-C,
hydrocarbons, CO, and CO, were analyzed using packed columns, while liquid organic
compounds were analyzed using a capillary column.

The synthesized catalysts were characterized by X-ray phase analysis (XRD) at
the Laboratory of Advanced Ceramics, Institute of Nanoscience and Nanotechnology,
National Centre for Scientific Research “Demokritos” (Greece). The analysis was carried
out using a Siemens Spellman DF3 spectrometer with Cu-Ka radiation (A = 1.5406 A)
in the 20 range of 5-100° with a step size of 0.03°. To determine the phase composition
of the samples, the obtained diffraction patterns were compared with standard data from
the JCPDS (Joint Committee on Powder Diffraction Standards) database.

The morphology and elemental composition of the samples were determined at the
Laboratory of Physicochemical Research Methods of the D.V. Sokolsky Institute of
Fuel, Catalysis and Electrochemistry using a JEOL JSM-6610LV scanning electron
microscope. This instrument operates at an accelerating voltage of up to 30 kV and
provides high-resolution imaging. The SDD Oxford X-Max 50 mm? X-ray detector
installed on the microscope enabled elemental analysis of the samples by the EDS
method.

The textural properties of the prepared catalysts and supports, including specific
surface area, pore volume, and pore size distribution, were determined by the BET
(Brunauer-Emmett-Teller) method using a GAPPV—Sorb 2800 instrument. Nitrogen
with a purity of 99% and helium with a purity of 99% were used as carrier gases. The
pore volume and average pore diameter of the samples were calculated by the BJH
method using the desorption branch of the adsorption—desorption isotherms.

The main parameters of the performed process were calculated using the following
equations:

[F, in—F
XCH4 (%) == CHa.in"F"CHa uur) %100% Q)
FCHa.in
|F, in —F|
XCO2 (%) = - COz.in —FC0= nurj %100% 3)
Fepz in

Results and Discussion. Co-Al-Mg-Mn-based catalysts with different component
ratios were prepared by the solution combustion synthesis method, and the catalytic
activity of the following samples was investigated: 30Co-5Mg-10Al1-5Mn/50 urea,
20Co-5Mg-20A1-5Mn/50 urea, 12,5Co-12,5Mg-12,5A1-12,5Mn/50 urea, 3Co-3Mg-
3Al-41Mn/50 urea.
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The physicochemical characterization results showed that, among the investigated
Co-Al-Mg-Mn catalyst series, the 20Co-20AI-5Mg-5Mn/50 urea sample possessed the
most favorable structural and textural properties. According to Table 1, this catalyst
was characterized by the highest specific surface area (16.6 m? g'), the largest pore
volume (0.063 cm?® g'), and the greatest average pore diameter (22.9 nm). After the
reaction, only a slight decrease in these parameters was observed, indicating that the
porous structure of the catalyst was largely preserved under DRM conditions. Such
textural features can facilitate the diffusion of reactants and improve the accessibility
of active sites.

Table 1. Textural properties of Co—Al-Mg—Mn catalysts prepared by solution combustion synthesis.

Catalyst Seer Pore volume Average pore
(m?g") (cm’ g) diameter (nm)
30Co0-5Mg-10A1-5Mn/50 urea 14,6 0,054 19,3
20Co-5Mg-20A1-5Mn/50 urea (fresh) 16,6 0,063 22,9
12,5Co-12,5Mg-12,5A1-12,5Mn/50 urea 7,5 0,022 11,8
3Co-3Mg-3Al1-41Mn/50 urea 7,4 0,063 10,0
20C0-5Mg-20A1-5Mn/50 urea (spent) 16,0 0,052 21,1

X-ray phase analysis results (Figure 2) showed the formation of mixed oxide and
spinel phases in the catalyst, such as CoAl O,, cobalt oxides, MgCo,O,, and MgALO,.
The formation of these phases indicates strong interaction between cobalt species and the
oxide matrix. Such a mixed oxide structure can contribute to limiting the agglomeration
of the active phase at high temperatures and improving the thermal stability of the

catalyst.
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Figure 2. XRD patterns of Co—Al-Mg—Mn-based catalysts with different compositions prepared
by the solution combustion synthesis (SCS) method: (a) 3Co-3Al-3Mg-41Mn/50urea, (b) 20Co-20Al-
SMg—5Mn/50urea, and (c) 30Co-10Al-5Mg-5Mn/50urea. The identified crystalline phases are marked by
numbered label.
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The catalyst morphology was also confirmed by SEM/EDS and TEM results. SEM
images of the fresh catalyst (Figure 3a) showed a porous and irregularly aggregated
morphology typical of the solution combustion synthesis method, while the EDS spectra
confirmed the presence of Co, Al, Mg, Mn, and O elements in the sample. SEM images
after the reaction (Figure 3b) indicated that the overall morphology of the catalyst was
preserved, suggesting that no significant structural degradation occurred. TEM analysis
showed that the catalyst mainly consisted of particles with sizes of approximately 20-30
nm. Such an aggregated nanostructure can ensure sufficient dispersion of the active
phase and contribute to the preservation of structural stability under high-temperature
conditions.
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Figure 3. SEM micrographs and EDS spectrum of the Co-Al-Mg-Mn-based catalyst: (a) fresh catalyst
and (b) spent catalyst after catalytic reaction, showing changes in surface morphology and elemental
composition.

Thus, the physicochemical characterization confirmed that the 20Co-5Mg-20Al-
SMn/50 urea catalyst exhibits several important features for DRM, such as a high
specific surface area, developed mesoporosity, stable mixed oxide-spinel phases, and
structural morphology retained after the reaction.

The study identified the 20Co-5Mg-20A1-5Mn/50 urea sample as the most effective
catalyst for the DRM reaction. Its catalytic properties were investigated at atmospheric
pressure using a gas mixture containing 33,3% CH,, 33,3% CO,, and 33,3% Ar. As the
temperature increased, the conversions of CH, and CO, also increased, reaching nearly
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complete values in the high-temperature region (Figure 4a), which is associated with
the endothermic nature of the DRM reaction. The increase in H> and CO selectivities
with temperature (Figure 4b) indicated that syngas formation became predominant at
elevated temperatures.

The effect of space velocity is presented in Table 2. Under the investigated conditions,
the most favorable overall performance was observed at 1000 h™'. At this space velocity,
the CH, and CO, conversions reached 98,8%, while the H, and CO selectivities were
100,0% and 99,5%, respectively. As the space velocity increased, the contact time
between the reactants and the catalyst surface decreased, resulting in lower conversion
and selectivity. At lower space velocity, although the reactant conversion remained high,
no additional advantage in terms of syngas quality was observed. The variation of the
H,/CO ratio in the range of 1,3-1,7 indicates that, along with the main DRM pathway,
side reactions promoting hydrogen formation may also occur.
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Figure 4. Temperature-dependent catalytic performance of the 20Co-20A1-5Mg-5Mn/50 urea catalyst
in methane dry reforming: (a) CH, and CO, conversions; (b) H, and CO selectivities.

Table 2. Effect of gas hourly space velocity on the DRM performance of the 20Co-5Mg-20A1-5Mn/50
urea catalyst.

Space velocity (h") | CO (%) | H,(%) | X (%) | Xe0u(%) | Si(%) | Seo (%) | H/CO
500 384 58,2 99,1 98,2 83,6 98.5 1.4
1000 39,7 65,5 98,8 98,8 100 99,5 1,7
1500 37.8 52,9 97,7 95,5 81,0 96,4 13
2000 37,5 47,7 99,1 95,5 72,6 96,2 13
3000 37,0 50,5 99,0 96,1 76,9 96,6 1.4
4000 33,0 51,3 94,9 91,9 79,7 925 1,6

In general, the high DRM activity of the 20Co-5Mg-20A1-5Mn/50 urea catalyst is
directly related to its favorable textural properties, stable mixed oxide structure, and
morphology retained after the reaction. The high specific surface area and relatively
large pores improve the accessibility of reactants, while Co-Al-Mg-Mn based mixed
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oxides ensure the stability of the active phase at high temperatures. The combination of
these factors indicates that this sample is the most effective DRM catalyst among the
investigated series.

Conclusion. Co-Al-Mg-Mn-based multicomponent catalysts were prepared by the
solution combustion synthesis method and investigated in the dry reforming of methane.
XRD results showed the formation of CoAlO,, MgAlO,, MgCo,0,, Co,0,, CoO,

274 2748 274

and mixed metal oxide phases, while BET, SEM-EDS, and TEM analyses confirmed
their porous aggregated morphology, favorable textural properties, and structural
stability after the reaction. Among the investigated samples, the 20Co-5Mg-20Al-
SMn/50 urea catalyst exhibited the best performance, with a specific surface area of
16,6 m?/g, a pore volume of 0,063 cm?/g, and an average pore diameter of 22,9 nm. In
catalytic tests, this sample achieved CHa and CO: conversions of 98,8% and H, and
CO selectivities of 100,0% and 99,5%, respectively, at a space velocity of 1000 h.
These results demonstrate that the SCS method is effective for preparing porous and
active multicomponent catalysts, and that the 20Co-5Mg-20AI1-5Mn/50 urea catalyst is
a promising material for syngas production.

References

Agun B., Abanades A. (2025) Comprehensive review on dry reforming of methane: Challenges and
potential for greenhouse gas mitigation. Int. J. Hydrog. Energy. — No. 103. — P. 395-414. https://doi.
org/10.1016/j.ijhydene.2025.01.160 (in English).

Awad M.M., Hussain ., Mustapha U., Ahmed Taialla O., Musa Alhassan A., Kotob E., Shafiu
Abdullahi A.H., Ganiyu S.A., Alhooshani K. (2024) A critical review of recent advancements in catalytic
dry reforming of methane: Physicochemical properties, current challenges, and informetric insights. Int. J.
Hydrog. Energy. — No. 76. — P. 202-233. https://doi.org/10.1016/J.IJHYDENE.2024.03.319 (in English).

Colombo R., Moroni G., Negri C., Delen G., Monai M., Donazzi A., Weckhuysen B.M., Maestri M.
(2024) Back Cover: Surface Carbon Formation and its Impact on Methane Dry Reforming Kinetics on
Rhodium-Based Catalysts by Operando Raman Spectroscopy (Angew. Chem. Int. Ed. 46/2024). Angew.
Chem. Int. Ed. — No.63(46). — P. 2024. https://doi.org/10.1002/anie.202416803 (in English).

Deganello F., Tyagi A.K. (2018) Solution combustion synthesis, energy and environment: Best
parameters for better materials. Prog. Cryst. Growth Charact. Mater. — No. 64(2). — P. 23-61. https://doi.
org/10.1016/J. PCRYSGROW.2018.03.001 (in English).

Escalante Y., Barroso M.N., Tarditi A.M., Munera J. (2024) Exploring the potential of cobalt-based
catalysts in the methane dry reforming for sustainable energy applications. Mol. Catal. — No.569. — P.
114575. https://doi.org/10.1016/J. MCAT.2024.114575 (in English).

Gao Y., Meng F., Cheng Y., Li Z. (2017) Influence of fuel additives in the urea-nitrates solution
combustion synthesis of Ni-Al203 catalyst for slurry phase CO methanation. Appl. Catal. A. — No. 534. —
P. 12-21. https://doi.org/10.1016/J.APCATA.2017.01.016 (in English).

Li G., Hao H., Jin P, Wang M., Yu Y., Zhang C. (2024) Dry reforming of methane over Ni/Al1203
catalysts: Support morphological effect on the coke resistance. Fuel. — No.362. — P. 130855. https://doi.
org/10.1016/J.FUEL.2024.130855 (in English).

Liu K., Xing F., Xiao Y., Yan N., Shimizu K., Furukawa S. (2023) Development of a Highly Stable
Ternary Alloy Catalyst for Dry Reforming of Methane. ACS Catal. — No.13(6). — P. 3541-3548. https://doi.
org/10.1021/acscatal.2c05488 (in English).

Manabayeva A.M., Méki-Arvela P., Vajglova Z., Martinez-Klimov M., Yevdokimova O., Peuronen A.,
Lastusaari M., Tirri T., Baizhumanova T.S., Kassymkan K., Kaumenova G.N., Brodskiy A.R., Sarsenova
R.O., Shorayeva K.A., Murzin D.Y., Tungatarova S.A. (2024) Dry Reforming of Methane over Mn-
modified Ni-based Catalysts. Catal. Lett. — No. 154(8). — P. 4780-4794. https://doi.org/10.1007/s10562-
024-04676-0 (in English).

394




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

Manabayeva A.M., Miki-Arvela P., Vajglova Z., Martinéz-Klimov M., Tirri T., Baizhumanova T.S.,
Grigor’eva V.P., Zhumabek M., Aubakirov Y.A., Simakova I.L., Murzin D.Y., Tungatarova S.A. (2023) Dry
Reforming of Methane over Ni—Fe—Al Catalysts Prepared by Solution Combustion Synthesis. Ind. Eng.
Chem. Res. — No. 62(29). — P. 11439-11455. https://doi.org/10.1021/acs.iecr.3¢00272 (in English).

Shen D.,Huo M., Li L., Lyu S., Wang J., Wang X., Zhang Y., Li J. (2020) Effects of alumina morphology
on dry reforming of methane over Ni/A1203 catalysts. Catal. Sci. Technol. —No.10(2). — P. 510-516. https://
doi.org/10.1039/C9CY02093D (in English).

Shi Y., Tian X., Deng Z., Shi W., Fan W., Wang F. (2024) Review and Outlook of Confined Ni Catalysts
for the Dry Reforming of Methane Reaction. Energy & Fuels. — No. 38(3). — P. 1633-1656. https://doi.
org/10.1021/acs.energyfuels.3c03923 (in English).

Song P, SuT., Luo Y., Luo X., Ji H., Qin Z. (2024) Ni-Mg-Al Catalysts for Dry Reforming of Methane:
Effect of Surface Properties on Coke Formation and CO2 Activation. Ind. Eng. Chem. Res. — No. 63(37). —
P. 16077-16090. https://doi.org/10.1021/acs.iecr.4c01375 (in English).

Sun Y., Zhang Y., Yin X., Zhang C., Li Y., Bai J. (2024) Recent advances in the design of high-
performance cobalt-based catalysts for dry reforming of methane. Green Chem. — No. 26(9). — P. 5103-
5126. https://doi.org/10.1039/D3GCO05136F (in English).

Tungatarova S.A., Manabayeva A.M., Abilmagzhanov A.Z., Baizhumanova T.S., Malgazhdarova M.K.
(2025) Application of Catalysts Prepared by Solution Combustion Synthesis in Dry Reforming of Methane.
Molecules. — N0.30(23). — P. 4575. https://doi.org/10.3390/molecules30234575 (in English).

Wang H., Cui G., LuH., Li Z., Wang L., Meng H., LiJ., Yan H., Yang Y., Wei M. (2024) Facilitating the
dry reforming of methane with interfacial synergistic catalysis in an [r@CeO2—x catalyst. Nat Commun. —
No. 15(1). — P. 3765. https://doi.org/10.1038/s41467-024-48122-6 (in English).

Xu Z., Park E.D. (2024) Recent Advances in Coke Management for Dry Reforming of Methane over
Ni-Based Catalysts. Catalysts. — No.14(3). — P. 176. https://doi.org/10.3390/catal14030176 (in English).

Yang E., Nam E., Jo Y., An K. (2023) Coke resistant NiCo/CeO2 catalysts for dry reforming of
methane derived from core@shell Ni@Co nanoparticles. Appl. Catal. B. — N0.339. — P. 123152. https://doi.
org/10.1016/J.APCATB.2023.123152 (in English).

Zafarnak S., Rahimpour M.R. (2025) Dry reforming of methane for CO2 conversion using sintering-
resistant halloysite-supported Ni catalysts enhanced by alkaline-earth metal oxide promoters. Fuel. —
No0.395. — P. 135168. https://doi.org/10.1016/J.FUEL.2025.135168 (in English).

Zhu H., Chen H., Zhang M., Liang C., Duan L. (2024) Recent advances in promoting dry reforming
of methane using nickel-based catalysts. Catal. Sci. Technol. — No. 14(7). — P. 1712-1729. https://doi.
org/10.1039/d3cy01612a (in English).

395




Publication Ethics and Publication Malpractice in the journals of the
«Central Asian Academic Research Center» LLP (Almaty)

For information on Ethics in publishing and Ethical guidelines for journal publication see http://
www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Submission of an article to the National Academy of Sciences of the Republic of Kazakhstan implies
that the work described has not been published previously (except in the form of an abstract or as
part of a published lecture or academic thesis or as an electronic preprint, see http://www.elsevier.
com/postingpolicy), that it is not under consideration for publication elsewhere, that its publication
is approved by all authors and tacitly or explicitly by the responsible authorities where the work was
carried out, and that, if accepted, it will not be published elsewhere in the same form, in English or
in any other language, including electronically without the written consent of the copyright-holder. In
particular, translations into English of papers already published in another language are not accepted.

No other forms of scientific misconduct are allowed, such as plagiarism, falsification, fraudulent
data, incorrect interpretation of other works, incorrect citations, etc. The National Academy of Sciences
of the Republic of Kazakhstan follows the Code of Conduct of the Committee on Publication Ethics
(COPE), and follows the COPE Flowcharts for Resolving Cases of Suspected Misconduct (http://
publicationethics.org/files/u2/New_Code.pdf). To verify originality, your article may be checked by
the originality detection service Cross Check http://www.elsevier.com/editors/plagdetect.

The authors are obliged to participate in peer review process and be ready to provide corrections,
clarifications, retractions and apologies when needed. All authors of a paper should have significantly
contributed to the research.

The reviewers should provide objective judgments and should point out relevant published works
which are not yet cited. Reviewed articles should be treated confidentially. The reviewers will be
chosen in such a way that there is no conflict of interests with respect to the research, the authors and/
or the research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will
onh accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of sciences of the Republic
of Kazakhstan.

The Editorial Board of the National Academy of sciences of the Republic of Kazakhstan will monitor
and safeguard publishing ethics.

Requirements for articles design for publication in the journal are available on the websites:
www:nauka-nanrk.kz
ISSN 2518-1483 (Online), ISSN 2224-5227 (Print)
http://reports-science.kz/index.php/en/archive

Managing Editor: T. Apendiev
Editors: D.S. Alenov, A.Shormakova
Computer layout: G.D. Zhadyranova

Signed for print: June 22, 2026
Format: 7090 1/16. 24.5 printed sheets. Order No. 2.

«Central Asian Academic Research Centery LLP
Almaty, Shevchenko Street, 28





