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Abstract. We analyze the main stages of the evolution of the Universe within the
framework of modified gravity theories. The study relies on the metric-affine approach,
in which the metric and the affine connection are treated as independent variables. This
formalism generalizes the standard metric description and makes it possible to include
effects of torsion and non-metricity, leading to a broader class of cosmological field
equations. Using the expansion rate, the deceleration parameter, and the dark energy
density, we show that the Universe initially experienced a decelerated expansion
phase dominated by matter. As time progressed, influence of dark energy increased
and eventually initiated the transition to accelerated expansion. We consider f(R)
gravity model with a quadratic modification of the Ricci scalar. In the metric-affine
formulation, this model gains additional degree of freedom due to independent variation
of the connection. This extension allows for a more flexible quantitative description of
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the evolution of the Universe’s dynamical parameters. Numerical results indicate that
contribution of dark energy was very small in the early Universe but grew steadily and
today constitutes about 70% of total energy density. Our findings agree with current
observations and support hypothesis that dark energy will remain dominant component,
driving further acceleration of cosmic expansion. This study shows that modified gravity
theories, including their metric-affine generalizations, can serve as viable alternatives
to the standard ACDM model. Future work may include more detailed observational
tests of the proposed model and refinement of the parameters that govern the expansion
dynamics of the Universe.
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Annoramus. byn skympicra 613 MOIUQUKALUSIIAHFAH TPAaBUTALUS TEOPHUSIIAPEI
asiceiHa Fajmam 3BONFOIMSICHIHBIH HETI3r1 Ke3eHJCpiH TaijaiMbi3. ATan aiTKaHna,
3epTTey MeTpuKko-adUHIIK TpaBUTAIMs TOCUIIHE CYHEHEedl, OHJa METpUKa MEH
appuHaiK OaiyaHbIC Toyesci3 alHBIMANBIIAP PETIHAE KapacThlpbUIaibl. MyHJai
(dhopMaIu3M CTaHJAPTTHI METPUKAIIBIK CUTIATTAMaHbl KeHEHTiI, Oypany MeH apuumimik
eMeC YIIEeCIH ecKepyre MyMKIHIIK Oepe/ii, HOTHKECIH/IE KOCMOJIOTHSUIBIK TSHICYISPIIH
HEFYPJIBIM JKaJIbl KYPBUIBIMBI aJIbIHAABL. Y IEMeNli YIFarofpl, OoceHaey napameTpin
JKOHE KYHTIPT SHEPrHs THIFBI3BIFBIH CHIIATTAHTHIH TEHACYIEpi KOJJAaHa OTBHIPHII,
013 FanamueiH Oacrankeiga Marepusi OackiM OonFaH Oasty yiFaio QaszachlH OachlHaH
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OTKEpreHiH KopceTeMi3. Y aKbIT 6Te KeJie KYHTIPT 9HEPrHsHBIH 9cepi KyLIeHin, yaemeni
WIFao Ke3eHiHe ajbil Kendi. biz Puuum cxanspbIHBIH KBaApaTTHIK MOAU(HKALUSICH
O6ap f(R) rpaBuTaums MozaenmiH KapacTblpambl3; Oyl Mozenb MeTpuka-apGUHIIK
¢dopmanm3Mae OaiiaHbIC YIIIH TOYENCi3 BAPHALMSUIBIK aHBIKTayFa KaThICThl KOCBIMIIIA
epKIHIIK Aopeskecin neaeneai. MyHaai xannbuiaHFaH Moes b FanaMHbIH AHHAMHUKAIIBIK
napaMeTpIiepiHiH IBOMIOLMSICHIH HEFYPIBIM HKEMJI CaHJABIK CHUMATTayFa MYMKIHIIK
Oepeni. Cangplk ecenteynep epre Famamaa KyHIIpT SHEprusiHbIH YJeci eTe TeMeH
OonraHbIH, Oipak OipTiHIEN ecim, OYTiHIe KaIbl SHEPTUS THIFbI3IBIFBIHBIH IIIAMAMEH
70%-bIH KypaWTBIHBIH pacTaiiabl. bi3aiH HoTHKenep OakpulayJapMeH YHIecell JKoHe
OoamakTa KYHTIPT SHEPTHSHBIH YCTEMIIT *aJFachlll, FAPBIITHIK KCHEHOIIH OJaH
opi yaeyiHe oKeJeTiHiH pacraiiibl. byn 3eprrey MomuduKauusuiaHFaH TpaBUTALUS
TEOpHsUIaphl, COHBIH IIIiHAE OJapAblH MeTpUKO-apGUHIOIK >KalblIaManapsl,
KOCMOJIOTHSJIBIK 3BOMIOUMSHBI TYCiHIipyae ctangaprtel ACDM wmopenine eMipiieH
Oanmama Ooma anaTblHBIH Kepceremi. bomamak 3eprreynep YCHIHBUIFaH MOAETBII
ACTPOHOMUSUIBIK OaKplUIayJdap apKbUIBI erKeH-TerKell Tekcepyadl koHe FamaMHBIH
WIFal0 JAWHAMHUKAChIH aHBIKTAHTBIH HETi3rl mapaMeTpiepAi HaKThUIayIbl KaMTybl
MYMKIiH.
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AnHoTauus. B o310l paboTe MBI aHANIM3UpPYyEeM KITIOUEBBIC STaIlbl BOJIOINH
Bcenennoit B pamkax MOIU(UIIMPOBAHHBIX TEOPHH TpaBUTAMHU. B dYacTHOCTH,
HCCIIeIOBAaHUE OIMUPAETCST Ha TOAX0J METpUKO-a(GUHHON TpaBUTALUH, B KOTOPOM
MeTpuKa 1 apPUHHOE COCMHEHHIE PACCMATPUBAIOTCSA KaK HE3aBUCUMBIC TIEPEMEHHBIE.
Takoli QopMannu3M pacmHpsieT CTaHIAPTHOE METPHUYECKOE OIMCAHUE W TO3BOJISIET
YYUTHIBaTh BKJIAJ Kpy4deHHs W HEaQPUHHOCTH, YTO TPUBOAUT K Oojee oOImei
CTPYKTYpE KOCMOJIOTMYECKUX YypaBHEHMH. lcrnonb3ys ypaBHEHUs, ONUCBHIBAIOLIME
YCKOPEHHUE paCHIMpPEHUs, MapaMeTp 3aMeIjeHUsT U IUIOTHOCTb TEMHOM »HEpruw,
MBI JIEMOHCTpHpYEM, 4TO BceneHHas u3HadanpHO wHcmbiTana (aszy 3aMesICHHOTO
paciiipenus, B KOTOpod JoMHHHpoBaja marepus. Co BpeMeHEeM BIMSHUE TEMHON
SHEPTUH CTAJIO JIOMUHHUPYIOIINM, YTO MPUBEIO K (haze YCKOPEHHOTO pacuiupeHus. Mbl
paccMaTrpuBaeM Mozenb rpaBuTanuu f(R) ¢ kBagparmaHOl Mommdbukanmmen ckairspa
Puyun, xotopas B meTpuko-adpuHHOM (hopMann3Me MPHOOPETAET TOTIONHUTENBHYIO
CTEIIeHb CBOOO/IBI, CBI3aHHYIO C HE3aBUCUMBIM BapUAIIMOHHBIM ONPECIICHUEM CBSI3H.
Takast 0000mEHHAs MOzIeNb AaéT Oonee rTHOKOe KONNYECTBEHHOE ONMCAHUE IBOTIOINN
JMHAMUYECKUX MapaMeTpoB BcenenHoil. YuciaeHHble pacu€Tbl MMOATBEPKAALOT,
4ro B paHHel BceneHHOW Bkiaj TEMHOW JHEpPruM ObUI HE3HAYUTENBHBIM, HO
MTOCTETICHHO YBENWYMBAJICA MW Temeph cocTaBmier npumepro 70% ot obmei
IUIOTHOCTH JHEpruu. Hamm pes3ynprarhl COMIACYIOTCS C JaHHBIMH HaONIONCHWNA W
MOATBEPXKAAIOT THIOTE3Yy O TOM, YTO TEMHAs SHEPrusl MpPOJOLKHT JAOMHHHMPOBATH
B OymymieM, OpUBOAS K JalbHEHIIEMy YCKOPEHHIO KOCMHUYECKOTO PAaCIIMpEHUs.
DTO wHccienoBaHNe TOAYEPKUBACT, YTO MOAMMDUIMPOBAHHBIE TEOPUU TPABUTAIUH,
BKJTIOUAss MX METpHuKO-ad(UHHBIE O0O0OIICHHS, MOTYT CIYXXUTh JKA3HECTIOCOOHBIMH
anpTepHaTHBaMu cTaHgapTHOoW Momennn ACDM mpu 0OBSCHEHHUH KOCMOJOTHYECKOM
9BOMIONMH. [lanbHelre nccieoBaHusl MOTYT BKITIOUATh 0oJiee IETAIbHYIO IPOBEPKY
MPEAIOKEHHON MOJENH MOCPEICTBOM aCTPOHOMHUUYECKUX HAOMIONCHUH M YTOYHEHHS
KJIFOUEBBIX [1apaMETPOB, YIPABISIOIINX JUHAMUKON paciuupenus BeeneHHOM.

KioueBble ciioBa: KOCMOJIOTHS, TEMHAas JHEPrusi, TEMHas Marepus, HaOIo-
AaTelbHbIC OTpaHnYeHus, f(R) TpaBHTALU

Kipicne. f(R) rpaButanms CHSKTH MOTU(DHUKAIMSIIAHFAH TPABUTAINS TEOPHSIAPHI
ipresi KOCMOIIOTHSUIIBIK OaKbLIayIIapibl, COHBIH iMIiH/e FalaMHBIH yaemeni yiIFailybiH
TycinmipyniH ©anxama Tocinmepin Oepemi. bynm mozmenbnep rpaBUTanusl opeKeTiHe
Puyun ckanspblHAH CBI3BIKTBIK €MEC (DYHKIUSUIAP/AbI E€HT13y apKbUIbl O KaJIlbl
canbicteipManblk  TeopusicblH (OKCT) wopwitaner (Nojiri, 2011, 2; Davies, 1980,
2; Riess, 1998, 3; Dimopoulos, 2021, 3). KocMOTOTHSIIBIK TYPAKTHIHEIH OOITYBIH
GOIKANTBIH KIACCHKAIBIK DIMHIITEHH MOIEITIHEH ailbIPMAIIBUTBIFBL, | (R) TEOpHUsIaphI
IPaBUTALUSHBIH JHHAMUAKAIBIK DBOJIONHUSACHIH KapacThIPaabl, OV KYHIIPT SHEPTHUSHBI
SHTI3YIIH KaXXeTi JKOK KeHiHTi Ke3eHJerlT KOCMOIIOTHSUIBIK YIIFAIONbl TYCIHAIpyTe
MyMKiHAIK O6epeni (Gamonal, 2021, 3).
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Byn xymeicta f{R) —rpaBuranus meHOepiHAe aibIHFaH HETI3Ti TeHaeynepai
KapacThIpaMbI3 JKOHE ONapblH FamaMHBIH yleMmeni yiiFaidlybl YIOIH —cajjapbiH
TajmaiMeI3. Atan aitkana, 0i3 Jlarpanx sxkoHe ['aMuibTOH (hopMaIM3MiH maianaHa
oteIpsin, @puaman-JlemenTp-Pobdeprcon-Yonkep (PPJIY) meTpukaceiHarsl MaciTad
(aKTOPHIHBIH JTHHAMUKACHIH 3epTTeiimi3. By Merpukamarbl Puudm cKasipbIHBIH
OpHET1 OChI O3repTUIreH Teopusl NieHOepiHe FanaMHBIH YBOJTIONUSACHIH CUIIATTANTHIH
KO3FaJlbIC TEHJACYICPIH ajyFa MyMKIHAIK Oeperi. Bi3miH TamaaybIMBI3IbIH HETI3ri
acTeKTiepinin 0ipi yremeni koHe GasyiaHFaH YIFalo peKUMIEPiHIH aybICYBIH 3epTTEy
6ouein Tadbmanel (Capozziello, 2016, 3; Capozziello, 2008, 2). By aysicy MojenbiH
IPaBUTALMSUIBIK JKOHE KOCMOJIOTHSUIBIK KOMITOHEHTTEPI apachIHIAFbl Tere-TeHMIKTI
AHBIKTAUTBIH MacIiTa0d (aKTOPBIHBIH CKIHII TYbIHIBICHIHBIH OCJTICIHIH ©3repyiMeH
OaitnanbicTel. bi3 f{R) QyHKkuusanapasiy Oenrial Oip Kiactapel YIIIH y3aK Mep3imii
yaeMmeni KeHeHTyll HeMmece TepOenMeni MIemiMAlI Koca alFaH/a, SpTYpil SBOJOLUS
CIIEHApHiIepi MYMKIH €KEHIH KepceTeMi3. 3epTTeyHiH Tarbl Oip MaHBI3IBI OOJiri
KYHTIPT 9HEpTHAHBIH 3()(EKTHBTI KYH MapaMeTpiH xkoHe (GaHTOMJBIK IIeKapaiaH oTy
KYOBUIBICHIH TaJIay GOJIBIT TaObUIANB — KaparaibM KYHIipT sHeprusHer (w = —1)
danrtomuan (w < —1) Generin mekapa. Bi3s Wpe Kkyii mnapameTpiHiH Tenueyi
FanamubIH Oonammaxk TaFAbIPEIH MOJEIIbACY/IC MaHbI3/bl POJI aTKAPAThIH OCHI LIIEKAPAHBI
TUHAMUKAIBIK TYPJIE KECITT 0TyTe O0JIaThIH KaFaaimapeid KapacteipaMbl3 (Capozziello,
1996, 2; Paliathanasis, 2019, 2).

Conpiaga 613 Xab0m napametpi H, Gasynay mapameTpi f )KOHE Kbl THIFbI3IBIK
OallaHCHIHBIH TEHJICYiHE 3aT TIeH KYHTIPT SHEPTUSHBIH opTYPIIi Kypamaac OemiKTepiHig
yiieci CHAKTHI Oakbulay MapaMeTpiepiH 3epTTeiMis. by mapamerprep TeopusuibIK
Oomkammapasl OakpUIay AepekTepiMeH OaiinaHbIcThIpyFa koHe f(R) MomenbaepiHiH
3aMaHayd KOCMOJIOTHSIFA JKAaKChl COMKeC KeJeTiHiH aHbIKTayFa MYMKIHIIK Oepei.
Ocpinaiimia, Oyn sxymbic f{ R) —TpaBUTalLMAHBIH Iprei acHeKTUIEPIH KOHE OHBIH
FanamMHbIH nuHAMHKAachbiHA ocepiH, OHBIH IMIHAE VAEMeNi YIFal0 MeH (a3abiK
aybIcynapabl 3eprreyre Oarbirtanrat (Papagiannopoulos, 2018, 2; Cataneo, 2016, 3).

3eprrey marepmainapbl. f(R) rpaBuTanms opekeTiH Keleci epHEK apKbUIbI
XKazambl3

5= [d*x/—gf(R). Q)

(1) Terneyaeri MojieNp yIiIiH MaciiTad pakTOPBIHBIH TYPiH OipTEKTi KOHE H30TPOTITHI
Fanampmarer cdepansik xoopanHatanapaarsl Opuaman-Jlemeltp-Pobeprcon-Yonkep
(DJIPY) MeTpuKachIMEH CHITATTAIl KeJeciaei xka3yra oomans! (Nojiri, 2011, 3; Kumar,
2023, 2)

dr

1-kr?

ds2 = dt2 — a:(;)[ + r2(d8? + sin® adqaf}], (2)

MYH/IaFbl alt) — wmacmra6 ko3 unmeHTi XKoHEe Kk — KEHICTIKTIH KHCBIKTBIK
napametpi. byst Mmetprkana Puduu ckaisipel TOMEH/IET! TEHACY apKbLUIbI Ka3bLIa bl
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R = —6(H +2H?) = —5E+ (5): +£]- 3)

a a2

KocMmonorusiplk ~ TeHACYIEpAl  IIBIFAPY  YIIH  KAHOHIBIK  JIarPaHKIbl
L= L(a, d,R,R } aHbIKTayFa Oo0Mambl, MYHIAFbI Q = {a,R} — KoH(pHTYyparis
KeHicTiri, an 7@ = {ﬂ: d,R,R } — L coiikec anpIKTanFan sxanama Gaiinam (Qi, 2023, 2).

Oumaii Oosica KOFapbIIaFbl TEHISYIIEP/Ii Talijaa OThIPHII, KeJIeCiiel TeH ey alaMbI3

S =4n [dtL(a,d,R,R). (&)

(4) Terueyre (3), (1) Tenumeynepai KOWbIN & xkoHE R TOYeJICi3 aifHbIMAJIbLIApbIHA
coiikec Jlarpanx KeOSUTKIIII allbIHFaH TEHACY/l ajlaMbl3

5=%fdt{aaf{ﬁ‘]—l[ﬁ‘+5(E+£+%)H. (5)

a a2

(5) Tenneyni R OolibIHILIA TYBIHABI 1Ty apKbLIbl A Jlarpank keOeUTKIlIiH Keneciaen
aHBIKTAaMBI3

A=a’f'(R). (6)
df .
fa= R Jerenimiz [ ‘:R ]' (YHKIHACHIHBIH J-T€ KaThICTHI TYBIH/IBICHI.

Iaicrepi. (6) Teraeyai (5) TeHIeyniH OpbIHaHa KOS OTBIPHII, OeIeKTepi OOHBIHIIIA
HWHTEeTpajiJaFaHHaH KeliH Jlarpamxapl TabaMbI3

L=a?[f(R)— Rf'(R)] +6af"(R)dR + 6f'(R)aa? — 6kaf'(R). (7

Keiiin a xone R Toyenci3 aiiHbIManbuiapbl jkoHe Oitnep-Jlarpamk TeHaeyi

d 8 Ac U : .
——— = — apKbUIBI KeJeciiel TeH IeyNep/Ii aHPIKTalMBI3

dtde da
2O+ +2= “
JKOHE
rr@lresf @)+ H}-o *

Aran aiiTkanna, (9) tenaeyai Jlarpamx keOeHTKIII apKbUIbI aJIIHFAH TEPMUHACPC
Oanamainayra OoJiajibl, O OJICTIH COMKeCTIriH KamTamachl3 ereni. COHbIMEH Karap,
['aMUIBTOHBIK MICKTEYICPl KEeNEeCieH xKa3aMbl3

16




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

ac acr -
E,=—a+—=R-L=0 10
£7 sa BR (10)
(10) Termey KOCMOJIOTHSIIBIK YBOOMISHBI CHITATTAHTHIH OPHEK OOJBIT TaOBIIa bl
oHe FanaMHbIH YIIFalObIH Ta0aMbI3

(z‘): s E_L, (11)

a* 3
JKorapeimarsl TEHACYICPIi KOJIIaHa OTHIPHIT, 013 KEICBIMIBI

P=—m 2 )R ®+ B ® + R R 3 [F®) -RF @]} (1)

PR

JKOHE TBIFBI3IBIKTEI KEJIECIIEH aHBIKTalMBI3

P =7 GIF® R (®1-3(5)RF" (R} (13)

Haruskenep Men Taakpliay. fanamuviy yoemeni yazaiovl. f(R) rpaBUTaLUSACHI
YIIIiH MaHBI3/IbI CYpaKTap/IbIH Oipi, o1 FamaMHbIH yaeMeli yiiFaro Ke3eHiH KoJIai bl Ma
JKoHe Oastyiay MEH yJieMeliey apachinjia aybicynap 0ap ma? Ocbl cypakrap Kasipri TaHa
eH e3eKTi Macene Oonbn Tabbuiaabl. by cypakka mrenriM Taly YIiH, €H aJJbIMEH
Xab0m mapaMeTpiHiH yaKpITKa TOyen i TeHaeyin kazambi3 (Hohmann, 2017, 4)

H_ii_ﬁﬂ—n-'-‘-zi_H:l (14)

dt a a2 a

Hemek, (14) TerneyneH yaey apKbUTbI KeJIECiIei aHbIKTaliMBbI3

E=hrf+fir=—§{;;:+3;.-.}=:J. (15)

il

(13) sxone (12) Tenaeynepai (15) TeHueyre anapbin KOsIMbI3

& 1 1 . " . 16
£ = — |3 (FR) = faR) = 2fasRH + 3fazk + 3fusrR?]. (10
Enpi 6i3 ymemeney MeH Oastyllay apachIHIArbl aybICyFa, aran aiTtkanna & = ()

CBI3BIFBI APKBUIBI OTETIH (ha3ajblK KCHICTIK TPaeKTOpUsIapbiHa Ha3ap ayaapambis. (18)

TEHJICY HeJIre TeH OO0JIaThIH IapTTap sl Ta0y YIIiH

1

_a{_f(m + frR+ 3fRRRH+3fRR§+3fRRRé:}= 0, (17)

SIFHU KEJICCIZICH IIapT OPbIHIAIYbI KEPEK

FIR) + foR + 3fagRH + 3fagB + 3famgR2 = 0. (18)
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blkmuman wapmmap:

Tpusnans! )karmait fr = 0, oifTiece Teney aHBIKTAIMAAIBL.

(17) tenmeymeri ’kakiia Hejdre TeH OONYBI Kepek, ajd Oy e3 Ke3eTiHae Kemeci
MIAPTTHIH OPBIHAATYBIHA aJIBIT KeJTedi

f(R) = fzR. (19)
By f(R) QyHKIMACH OCHI KATBIHACTHI KAHAFATTAHIBIPATHIHBIH OLIipet
3farRH + 3farB + 3fapaR2 =0 (20)

KoHe R xoHe B ImMHaMuKambIK MymenepiniH 6ipiH-Gipi %OKKa IIBIFApYHIH Talam
eTel.

Epexue xarmaitnap:

Erep R = 0 oHe B = () Gosica, OHIa TeHJIey KeeCi Typre bIKIIaMIaua bl

fzR = f(R). ey

Erep H = 0 0Oouica, Tek KayiFan MyIeiepi Kajgabl.

Eckepe xeretin xarmail, H = 0 ymwin Oyl mapT j — [j ajdblll KeJill, TYPaKThI
HYKTETe COHKeC Kelelli, COHIBIKTaH Oyl JKaFhaijia elKaHaaid aybicy OOJIMaii[Ibl.
Ocpinaiima, aysicynap Tek H # () ke3ze, keneciiel TeHIeY apKbUIBI OPbIH/IaIa bl

3fRRA+3fRRRE®—Z(F(R)-RfR)

H= .
2frrR

(22)

Kyneipm asnepeust scone panmomowlx uwexapa
Enni xyHTIpT HEprus MeH (aHTOMBI MIeKapaHbl OTy MIAPTTAPBIH aHBIKTAY YIIiH
THIMITI OapOTPOTITHI HHIAEKCTI KeJleciel jka3aMbI3

bl
WpE = - (23)

(13) xome (12) Tenneynepmi (23) Teyzeyre anapbinn KOHFaH/a ajJaTbIHBIMBI3

—2( F(R)~fRR)+2fRRRH+ fRRA+RRRR"

I 24
;Ef'lﬁ.‘}—m R)-3fprRH 24

Wpg =

Mysna 013111 acipece 6apoTpONTHIK WHACKC -1 MOHIHEH a3 HeMece YIKeH Oe, aijie
OCBI €Ki MYMKIH/IIKTiH apachlH/Ia THHAMUKANBIK Typ/e e3repeTin H = H* 6ap Ma aereH
CYPAK KbI3BIKTBIPAbL. Wpg = —1 KpUTHKaIBIK MoH (paHTOM/IBIK 5KoHE (PAHTOMIBIK EMEC
KYHTIPT SHEPIUs JICM aTajaThlH SHEPIUsIap MIeKapachl OOJIBIN TaObLIaIbl, COHIBIKTAH
«(paHTOM/IBIK IIIEKapay» peTiHae Je Oerii.

Kenecineli mapt opbIHaIFaH1a
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¥ — frRRE+fRRRR®

fRRR (25)

wpg = —1 ten Gonapl, srau paHTOM/IBI IIeKapa GaiiKkanabl.

basynay napamempi g

Bi3 eHai ochl KOCMOJIOTHSUIBIK MOJENb MIeHOepiHae FanaMHBIH 3BOFOIMSICHIH
CUINATTaWTBIH HETi3r1 mapaMeTpiepai 3eprreiimis. bi3miH Monenbae KyHTipT SHeprus
TBIFBI3JILIFBIHBIH ITApaMeTpi

FRR-FIR)

Qpe=1-
DE 65 m

(26)

Byt Tenniey MonubuKalusIIaHFaH TPaBUTAIUSIA KYHTIPT SHEPTHS KOCMOJIOTHSUTBIK
TYPAKTBIJIaH €MeC, KOChIMINIA KUCBHIKTHIK CKAJIIPhIHAH KEJICTIHIH KOPCETE].

Joctypai Typae KEHICTIKTIK KHCHIKTBIKIICH —OailsIaHBICTHI Q, napaMmeTrpi e
anbIKTanaapl. Jlereamen, Oy mapaMerp Oi3fiH MOJeNb YIIiH Oipiaei jKorayajpl,
eliTkeHi 613 FLRW KeHICTIKTIK Teric KeHiCTiK-yakKbITIIeH IiekTenemi3. Hotmxecinae
napaMmeTpiiep MIeKTey TeHACYiH KaHaFaTTaHbIPAThIH KeJIeCiIel TeHEY allaMbI3:

ﬂ?]‘l + ﬂ,. + ﬂDE = l. (27)

My#arsl {1, - 3T THIFBI3IBIFBIHBIH TApaMeTpi, {1,.- CoyIie NIbIFapy THIFbI3ABIFbIHBIH

napametpi, {IbE - KYHTIPT SHEPrHs THIFBI3ABIFBIHBIH APAMETPI.

by rerney FanaMHbBIH dHEpTHS OaTaHCHIH OUTAIpe T )KoHe OapIIbIK KOMIIOHSHTTEPIiH
KOCBIHIBICHI 1-Te TeH O0TYbI KepeK eKeHIH KopceTeIi, OYJI CTaHIapTThI KOCMOJIOTHS AaFbI
xanmak Famamra coifkec kemei.

baxpuraHaTeIH TapaMeTpIIePAiH TaFbI Oip MaHBI3IBI JKUBIHTHIFEI, H Xa00:1 mapaMeTpi

apKbUIBI @pHEKTeNTeH 4 Oasynay napamerpi. OHbI Kelieciielt TeHaey apKbUIbI )Ka3aMbl3:
H 1 1 . ., .
g=—1-2=——|[-2(f(R) - faR) — 2faxRH + 3fuxk + 3fanzRZ]. (25)

H2 &fr H2

Byn Tenney FanaMHbIH VIIFalObIHBIH OasiyyiayblH HEMECE YIeMeNeyiH KopceTeTiH
MOJTIIIePiH aHBIKTaiabI. d Tepic MoHI yIeMeni KeHelymi KkepceTesi.

Cmapobunckuti mooeni

bynan aper kapaii 6i3 (16), (26) sxone (28) Terneynepin CTapoOWHCKIA MOJEII YIIIiH
3epTTen, rpaduKTepiH TYPFBI3aMBI3.

Cmapobunckuii mooeni ywin Fanam yoeyiniy 36onoyuscyl i/ a

CrapoOuHCKHUiT Mojel Kenecinel hyHKITHS apKbUTBI Oepiremni

f(R) =R +aR? (29)

Enni (18) tenneyre (31) TeHpeyai amapsill KOWBIIN, Keleciie MoHIEpi KoinaHa
OTBIPBII

19




ISSN 2224-5227 4.2025

fa=1+2aR (30a)
far = 2 (30b)
frrr =0 (30¢)
R=— (30d)
H= (300)
R=—rr (306)
R= -}i}a (30g)

rpad MK TYpFHI3aiibIK.

fFanamHblH \{,EI,EMEJli Y/1F¥ato 3BOJTIOUUACHI
0.0f

— ala

—0.4}
-0.61
T
w -0.8f
-1.0¢
—1.2f
—1.4f

-6 2 4 6 8 10

YakpIT t

Cypert 1. FanaMHbIH yaemei YIFaio 3BOTIONISCHHBIH YaKbITKA TOYeIai rpaduri

I-cyperte ¥ oci Fanamubig (d/a) YJIFAIOBIHBIH YJIEY1H KOpceTei, all * oci yaKbITThI
kepceteni. bacrankpima (yakbITTBIH IIaFbIH MOHJEpiHIE) YAEy Tepic Ooibl, Oy
yirraronel Oastynarazpl. ComaH KeiliH o1 keTepije Oacrar, rpadUKTiH COHBIHAA OJ
HeJTe JKakpIHAa bl by OypeiH FanamHbBIH yiFaiosl OasyiaraHblH SFHA MaTepPHUSIHBIH
IpaBUTALMSUIBIK TAPTHUTYbIHA OaiiIaHBICThI, OipaK KeliH KYHTipT SHEPTUSHBIH dCepiHEH
xeJeniel OacTaraHbIH KOPCETE]I].

1- cyperre FanamHbBIH YIFal0 KbUIIAMJBIFBIH Kajail ©3repTeTiHl KepCeTiIreH.
Enmi ocel FamamHubIH yAeyiHIH 3BOJIOIMSICHIHAAFEl TOMEHJIETIICH IIapTTapibl

KapacThIpaMbI3:

Erep d/a = 0 Oonca, onna FamamHbIH yneyiHiH 3BomoLUsAcH yoeudi. Cebeoi,
FanamHbIH ylieyiHIH 9BOTIOIMSCH KYHTIPT SHEPTUSTHBIH YCTEM/IIK €Ty (a3achlHa Coiikec
KeJe/i.
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Erep d/a <0 Gonca, onna marepus ycremIik eTkeH Keszeri epre Famamra ToH
0oJaThIH Oasyiay KYOBUTBICH OaiiKamapl.

Erep éi/a = 0 Gonca, onma ocel apKbLIbl 0Ty (hazanapiblH e3repyin kepcerei oasy
VIFAfONCH JKECNICTITEeHTe ICHIH.

Cmapobunckuil Mooeni yuiin Kyneipm snepusiivlly molebl30vieol dpg

(30a)-(30g) TenmeynepiH KoimaHa OTHIPHITN, 0i3 KapacTBIPBIT OTBIPFAH MOICIb

yuiin (26) teraeyne 6Gepinren {lpE KYHripT SHEPrHSHBIH THIFBI3ABIFE YIIH rpaduk
TYPFbI3albIK.

KYHFipT 3Heprus TolFbi3abIFbl

5.0L— Qo
4.5¢
4.0t
o 3.5}
3.0f
25¢
2.0t
15}

0 2 4 6 8 10
YakbIT t

Cyper 2. KyHTipT 2HEprust THIFBI3ABIFBIHBIH YaKbITKA TOYeJ i rpaduri.

2-cyperte ¥ eci Famamuarbl KyHTIPT SHEPTUSHBIH CANBICTHIPMAIIbl MOJIIICPiH, a
¥ ocCi YakpITThl KepceTeli. MyHa KYHTIPT SHEPTUSHBIH THIFBI3IABIFEl YaKbIT OTKEH
CalfbIH apTa TYCETiHiH Kepyre Oomajbl. ByJl yakeIT ©TKEH CailblH KYHTIPT SHEPTHSIHBIH
FanamHbIH SBOJNIONMSCHIHA KOCKAH YIeci apra TYCeTiHiH Oinmipeni. 2-cyperre
Fanampare! skaimsl SHEPrUsl THIFBI3ABIFBIHBIH KaH/Ial yiieci KYHTIpT SHEpTusi eKeHiH
kopcereni. bacrankel kesenne {lpg & 0, cebebi 3ar men pagmanms 0achiM. YakbIT
ore kene {lpg ocim, 1-re ymMThIIamBI, OYJI arbIMIarsl yaeMelll KeHeHymi TyCiHmipesi.
bonamrakra 6y ypmic skanmraca 6epce, KyHTIpT dHEPrUs TOJIBIFRIMEH YCTEMIIK €TeIi.
Byt craHaapTThl KOCMOJIOTHSUIBIK MOJICIbIE COMKEC Keeal, MyHaa Kazip Ny # 0,7,

Cmapoounckuii modeni ywin basyniay napavempi 9

(30a)-(30g) TeHmeynepiH KoigaHa OTHIPHIN, 0i3 KapacTHIPBIT OTBIPFaH MOJENb
yuwin (28) Tenaeyne Oepinren 9 Oasynay mapaMeTpi YIIiH rpaduk Typrbi3aibik. (30)
Tereyneri H yakpiT 6oiibHia H TyBIHIBICH apKBUTBI CAHJBIK TYPIE €CEITENe.

21




ISSN 2224-5227 4.2025

basynay napameTpi q(t)

-0.50} N /
—-0.51}
o —0.52
—-0.53}
-0.54}

— q

0 2 4 6 8 10

YakbIT t

Cyper 3. 1 Gastynay napamMeTpiHiH yaKbITKa Toyesi rpauri.

By mapamerp FanaMHbIH XbULIaMABIFBIH HEMece OasynayblH KopceTemi. g = 0
Oonca, Fanam Gasymaiigsl, g < 0 Oornca, o xKenenae .

3-cypeTTe q Tepic ekeHiH kepyre Oomnanbl, Oyn FamamMHBIH yaemeni YJFaloblH
Oinmipeni. YaxkpsITThIH OackiHIa IpadUK coll KoTepiieai, Oyt a3mamn Oasynayiabl KopceTyi
MYMKiH, Oipak KeiiH oJ Tepic MoHAEpAe TYPaKTaHAIb. {f 6asynay mapameTpi FamaMHbIH
YIFAI0 JKBUIIAMABIFBl KaHIIAJIBIKTHI JKBUIAAM ©3repeTiHiH kepceredi. Exal maprrap
KapacThIPaMBbI3:

Erep g = 0 Oomnca, Fanam 6asynaiios: (Marepust YCTEMAIK €Te/i, TapThUIBIC KYII
TapTajsl).

Erep g < 0 Oosca, onna Fanam ynemeni kenelieni (KyHIIpT SHEprus 6ackim).

Erep g = 0 Hykrecinze 6asy KCHEUTY/ACH JKEICIICTUINCH KEHEHTYTe aybICy OpbIH
ajajbl.

Kasipri xocmonorusaa Oakputaynap kasip g # —(,55 €KeHIH Kepcereni, Oy
JKEIETACTUITCH YIIFArOIbI OlImipesi.

KopwiThinabsl. bym xympicta tamaMm »BOMIONMSICHIHBIH —HETI3TI  Ke3eHAEpl
MofrUKaIVsIIaHFAaH TPaBUTAIMS TYPFBICBIHAH KapacThIPbUIALL. YJIFalo yleyiH,
Oasy’may mapaMeTpiH JKOHE KYHTIPT OHEPIHSHBIH THIFBI3ABIFBIH  CUIIATTAWTHIH
TeHAeylIepAl Tannay PajmamMHBIH OTKEH yakKbITTa MAaTepHsHbIH T'PAaBUTALMSACBIHAH
TybIHJaFaH Oasty yiraro (azachlH OacTaH ©TKepreHiH KepceTTi. [lereHMeH, YakpIT oTe
KeJie KYHTIpT HEPTUSHBIH ocepi 6achbiM OOJIbII, OYJI yIeMeli YIIFafoFra KOIIyre KeJIi.

Puyum CKaNsApBIHBIH KBAJPaTThIK MOAM(UKAIMACH 0ap f(R) —TpaBUTALUSHBIH
KapacThIpbUIFaH Mojelli FalaMHBIH THHAMHUKAJIBIK TTapaMeTpiiepiHiH e3repyiH rpapux
apKBUIBI CHITATTayFa MYMKIHJIIK Oepi. Ecenrreynep epre Fanamna KyHripT SHEprHSHBIH
TBHIFBI3/IBIFBI [IIAMAJIBI OOJFAHBIH PAacTajbl, OipaK yakbIT ©Te KeJjie OHBIH YJIECi apThil,
Ka3ipri I9yipaeri KaIbl SHEPTUS THIFBI3ABIFRIHBIH 70% KaKbIHIa b

By HoTmke Oakpuiay IEpPEKTEpPIMEH COMKEC Keliedl jKoHe Oojamiakra KYHipT
SHEPTHUSAHBIH YCTEMJIIT Typajbl TUIIOTE3aHbl pacTaibl skoHe FamaMHBIH ofjaH 1a Kel
MeJIIIepAe YAeMelll YJIFaloblHa oKesedl. 3epTrey MoAu(UKanWsIaHFaH TPABUTALUSA
teopusinaps! ctanaapTTel ACDM yrriciMen 6ipre KOCMOIOTHSUTBIK ABOJIIOIHIFA Oaama
TYCiHIKTeMe 0o0Jjia ajlaThIHBIH Kepceremi. bomaimiakra acTpOHOMHSUIBIK OakblLiayiap
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HETi31HJe YCHIHBUIFaH MOJEINb/Al erKeH-TerKel Tekcepy >koHe FamaMHbIH yiFaio
JUHAMHUKACHIH CHUIIATTalTBIH apaMeTpiIepi HAaKThlIay MYMKIH OOJa bl
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Abstract. In this paper, we study an integrable model for describing nonlinear wave
processes in multilayer media typical of various physical systems. These systems include
optical media, magnetic materials, plasma formations, as well as quantum and spin
structures with internal degrees of freedom. The main focus is on constructing a new two-
layer equation, the M-LXXII, which is gauge equivalent to the two-component Fokas-
Lenells equation. This equation represents an important generalization of classical models
used to describe complex nonlinear interactions in dispersive, anisotropic, and spatially
inhomogeneous media, including effects of multimode behavior, multicomponent
coupling, and spatiotemporal dependence. The integrability of this model is confirmed
by constructing a Lax pair, which enables the application of methods from integral
geometry and the theory of the theory inverse scattering. The Fokas-Lenells equation is
known for its ability to describe the evolution of light and dark solitons in optical fibers
taking into account higher orders of nonlinearity and dispersion effects. In this paper,
we additionally construct a Darboux transformation that allows finding exact analytical
solutions, including multisoliton configurations. In particular, a single-soliton solution
for the M-LXXII equation is presented, which emphasizes its applicability to modeling
specific wave structures in multilayer and multicomponent physical systems. The
presented results can be used for further analysis of complex nonlinear interactions and
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dynamics in multilayer media, and also find important application in applied problems
of modern theoretical and mathematical physics, contributing to the development of
new methods for modeling and controlling wave processes in various materials and
structures.

Keywords: Two-component Fokas-Lenells equation, spin system, Lax representation,
two-layer M-LXXII equation, Darboux transformation, gauge equivalence
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Kacoibaea Mepyepr — JKammbl skoHe TeOpHsUIBIK (HM3HKA Ka(eIpachbIHBIH ara OKBITYIIBICH,
JL.H. I'ymunes atempars! Eypasns ynTTeIK yHHBepcuTeTi, Actana, Kasakcran,

E-mail: mbzhassybayeva@gmail.com; ORCID: https://orcid.org/0000-0001-8491-0893;

Mpeip3akynoBa Kaiimapet — PhD, AnreOpa »xoHe reomerpust KadeapachlHBIH KadelpachIHBIH ara
oxbITymbsicsl, JI.H. I'ymunes aremparer Eypasnst ynTTeIk yHEBepcHTeTi, Actana, Kasakcran,

E-mail: zhrmyrzakulova@gmail.com; ORCID: https://orcid.org/0000-0002-4047-4484;

AbeyoBa Mapikanryns — OJKammbl jkoHe TeopHsUIBIK (DU3MKAa KaeIpachIHBIH MarkCTpPaHTHI,
JL.H. I'ymunes atempars! Eypasns ynTTeIK yHHBepcuTeTi, Actana, Kasakcran,

E-mail: abeuovamarzhan7@gmail.com; ORCID: https://orcid.org/0009-0009-5678-6747.

AnHoTtanusi. By sxympicta op TYpii (U3MKaNIBIK Kylenepre ToH KOC KaOaTThl
OpTajarbl CBI3BIKTHIK €MeC TOJKBIHIBIK IPOLECTEepl CHUMaTTayAblH WHTErpaiIbl
MOZCTiH 3epTTeiiMi3. MyHnail Kyidenepre ONTHKalbIK oOpTajap, MAarHUTTIK
Marepuanjap, rmiasMaiblK TY3UTIMIep JKoHE iMIKI epKiHIIK Adpekeci 0ap KBaHTTHIK
KOHE CIHMHIIK KypbhUIbIMAap karazpl. Herisri Hazap exi kommnoneHTTi Pokac-Jlensmic
TeHJeyiHe KannOpOBTI SKBUBAIEHTTI kaHa Koc Kabartel M-LXXII TeHaeyin Kypyra
ayaapbuiaabl. By Tenaey mucnepcusuIbIK, aHU30TPOITHI )KOHE KeHICTiKTe OipTeKTi emec
opTanapjarbl KYpaeli ChI3bIKTEI EMEC dPEKeTTeCYNIepi cuiarTay YIIiH KOJAaHbUIaThIH
KJIACCUKAJIBIK MOAEIBbAEPAIH MaHbI3Ibl JKaJIbLIAYbl OOBIN TAObUIAAbI, COHBIH iIIiHAE
MYJIBTUMOJIQIIBIK, KOITKOMIIOHEHTTI JKOHE KEHICTIK-YaKbITTBIK TOYEIIUTIK acepiepi. by
MOJICTIb/IIH MHTErPAJIBUIBIFBl HHTETPAIbIK TEOMETPHS SAICTEPiH KOHE IAIIbIpayablH
Kepi eceOiHiH TEOpPHSICHIH KOoNAaHyFa MyMKIHIIK OepeTiH Jlakc yObIH Kypy apKbUIBI
pacranansl. @okac-JIeHAIIIC TEHIEY1 CBI3BIKTHI €MEC KOHE AUCTIEPCHSIIBIK dCepIIepIiy
YKOFapbl PETTLIITIH €CKepe OTHIPBIIN, ONTHKAIBIK TaIIIBIKTAPJaFbl AlIbIK )KOHE KYHI1pT
COJIMTOHAAP/BIH IBOJIONMACHIH CUNATTay KabijgeTiMeH TaHbIMald. byn makamama mon
AQHAJMTUKAJBIK [IEeiMAEP/l, COHBIH 1MIiHIE MYJIBTHCOITUTOH/IBI KOH(PHUTYpaLUsIIapIbl
Tabyra MYMKIiHAIK Oeperin [apOy TypieHAipyiH KOCBIMILIA KypacTbIpambl3. Aran
aiitkanga, M-LXXII texzeyi ymiH Oip CONMMTOHABI HICHIIM YCBIHBUIFAH, OJN OHBIH
Kenl KabaTThl KOHE KON KOMIIOHEHTTI (PM3MKANBIK >KyHeneplaeri HaKThl TOJNKBIHIIBIK
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KYpBUTBIMAAPIBl MOJENbACY YIIiH KOJJAHBUTYbIH aran KepceTeldi. ¥CBhIHBUIFaH
HOTHXKeJIep KOl Ka0aTThl opTalapAarbl KypAesi ChI3BIKTHIK €MeC 03apa opeKeTTecynep
MeH AMHaMHKaJIapbl OaH opi Tajjay YLIIH MaiAadaHbUTybl MYMKiH, COHBIMEH Karap
op Typii Marepuanaap MEH KYpbUIBIMIApAarbl TOJIKBIHABIK MPOLECTEPl MOACIbACY
XKoHe OacKapyaIblH jKaHa SAICTEpiH JaMbITyFa BIKIAI €TETiH Ka3ipri TEOPUSUIIbIK JKOHE
MaTeMaTUKaIbIK (U3UKAHbIH KOJJaHOANbl MoceselepiHae MaHbBI3Abl KOJAaHY/IbI
Tadabl.

Tyidiin ce3mep: Exi kommonentti Dokac-JleHamic TeHIEyi, CHHMHIIK IKYlie,
Jlakc kepinici, Koc kxabartel M-LXXII tennmeyi, HapOy Typnenmipyi, KaauOpoBTi
9KBUBAJICHTTLTIK
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AunHoramuss. B pganHO paboTe wHcciemyeTrcs HMHTErpupyeMasi  MOJeb,
MIpEeAHA3HAYEHHAs JJIs1 ONIMCAHMS HEJIMHEHHBIX BOJHOBBIX IIPOLECCOB B MHOTOCIOMHBIX
cpenax, XapakTepHBIX Ul Pa3IMYHBIX (HU3MUYECKUX cucTeM. K TakuMm cucrtemam
OTHOCSTCSl ONTHYECKHE CPeZbl, MArHUTHBIC MaTepHajbl, Mia3MEHHbIE 00pa30BaHMUS,
a TaKk)Ke KBaHTOBBIC M CIIMHOBBIE CTPYKTYpPhl C BHYTPEHHHUMH CTENEHSIMH CBOOOJIBI.
OcHOBHOE BHHMAaHHE YHAEISEeTCs MOCTPOECHUIO HOBOTO JIByXCIIOMHOIO ypaBHEHHS
M-LXXII, kotopoe siBIsieTcss KalnOpOBOYHO-IKBUBAJICHTHBIM JBYXKOMIOHEHTHOMY
ypaBHeHuto ®Doxaca-Jlenamnca. JlaHHOe ypaBHEHHE MNpeACTaBiIsieT COOOM BakHOE
0000IIIeHHe KJIACCHYECKUX MOJesIel, TPUMEHSEMBIX MJISl OMHCAHHS CIIOMHBIX
HEJIMHEHHBIX B3aUMOAECUCTBUM B JUCIIEPCUOHHBIX, AHU30TPOIHBIX U IPOCTPAHCTBEHHO
HEOJHOPOAHBIX Cpenax, BKIo4ast 3pGeKTbl MHOTOMOAOBOCTH, MHOTOKOMIIOHEHTHOCTH
U INPOCTPAHCTBEHHO-BPEMEHHOM 3aBUCHUMOCTH. MHTErpHpyeMOCTb NaHHON MOJIEIU
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IIOATBEPKAAETCS IyTEM IOCTPOEHUS Napsl JIakca, 4TO MO3BOJISAET IPUMEHATH METO/IbI
WHTETPANbHOW T'€OMETPUM U TEOpUU OOpaTHOW 3agadd paccesHUs. YpaBHEHHE
®oxkaca-JleHdmica U3BECTHO CBOEH CIOCOOHOCTHIO ONMUCHIBATH HBONIOLHUIO CBETIBIX
U TEMHBIX COJIUTOHOB B ONTHYECKUX BOJOKHAX C Y4YETOM BBICIIUX IOPSAJIKOB
HEJIMHEWHBIX U JUCTIEpCHOHHBIX 3 dekToB. B paMkax naHHOH pabOTHI TOMOTHUTEIEHO
MOCTPOEHO mpeodpazoBanue JlapOy, mo3BoJIstoNIee HAXOIUTh TOUHbIE AHATUTHYECKHE
peleHns, BKIIOYasi MHOTOCOJMTOHHBIE KOH(GUTypanuu. B 4acTHOCTH, NPHBEICHO
OJHOCOIUTOHHOE peueHue Uit ypaBHeHus M-LXXII, 4TOo nogyepkuBaeT ero
IIPUMEHUMOCTD K MOZACINPOBAHUIO KOHKPETHBIX BOJHOBBIX CTPYKTYP B MHOTI'OCIOMHBIX
W MHOTOKOMIIOHEHTHBIX (u3M4ecKux cuctemax. llpencraBieHHbIe peE3yJbTaThl
MOTYT OBITH HCIHOJNB30BaHBl Ui JaJbHEHIEro aHaiu3a CIOKHBIX HETMHEHHBIX
B3aUMOJEHUCTBUNA U JUHAMUKM B MHOTOCIIOMHBIX CpPENaX, a TAK)KE HAXOUAT BAKHOE
IIPUMEHEHUE B IIPUKIIAJHBIX 33]]a4aX COBPEMEHHOM TEOPETUYECKOM U MaTEMAaTUYECKON
¢u3uKU, CrocoOCTBYSl Pa3BUTHUIO HOBBIX METOAOB MOJCIMPOBAHUS W YNPAaBICHUS
BOJIHOBBIMU IIPOLIECCAMMU B PA3JIMYHBIX MaTepuanax U CTpyKTypax.

KuroueBbie ciioBa: 1ByXKOMIIOHEHTHOe ypaBHeHHe Pokaca-JIeHansca, ciuHOBast
cucrema, npencrasienue Jlakca, nByxcioitnoe ypasaenne M-LXXII, npeobpazoBanue
Hap0Oy, kanuOpoBoUYHasi IKBUBaJICHTHOCTh

«Hannoe uccnedosanue Quuancupyemes Komumemom mayxu Munucmepcmea
Hayku u gvlcue2o oopazosanust Pecnyonuxu Kazaxcman (Ipanm No AP25794905)».

BBenenue. Hexotopeie (hnznueckue siBIICHUS B TPUPO/IE, BKIFOUAs PACIIPOCTPAHCHUE
BOJIH B ONTHYECKUX CpeaaxX, JMHAMUKY MATHUTHBIX MaTepUaJIOB U MOBEIACHHUE MIA3MBbl,
MOTYT OBITh OINHUCAHBI C TOMOINBID CIHUHOBBIX M JPYTHX MHOTOKOMITOHEHTHBIX
HEJIMHEHWHBIX CHCTEM, OTPAXKAIOIIUX KITFOYEBbIC (PU3UYCCKUE CBOWCTBA MOJICIUPYEMbIX
00bekTOB. CIIMHOBBIE CUCTEMBI TIPEACTABISIOT COO0 aHCaMOII B3aUMOICHCTBY FOIIIUX
CIIMHOB, JEMOHCTPUPYIOLINE KOJUICKTUBHBIC A((EKThI, BKIIOYAs KOTCPEHTHEIC
BOJIHOBBIE IMPOLIECCHl U COJIUTOHBI. Takue CUCTEMBbI BCTPEYAIOTCS B MATHUTHBIX
MaTepuanax, KBAaHTOBBIX CTPYKTYpax U Ijia3Mme.

Cpeny HENWHEHHBIX ypaBHEHUH OCOOBI HMHTEpeC MPEICTABISAIOT ypaBHEHUS
tuna [péaunrepa, OMUCHIBAIOLINE SBONIONUI0 MEAJCHHO MOIYIUPOBAHHBIX BOJH
B CclHa0OHEIUHEHHBIX JUCIEPCHOHHBIX cpefaax. OHM IIMPOKO TPUMEHSIOTCS B
HEJIMHEWHOW ONTHKE, KBAaHTOBOUM (u3uke, (hU3MKEe KOHJCHCHPOBAHHBIX COCTOSIHUM,
a Taxxke B BoHOBOM runpoanHamuke (Chabchoub, 2016; Belyaeva, 2007; Carretero
Gonzalez, 2008; Myrzakulov, 2019). B nocieaaue aecstunetust 00IbIIOE BHUMAHUE
YACISAETCS U3YYCHHUIO Pa3IUYHbBIX 0000IIeHn HenrHelHoTo ypaBHeHus [1Ipénunrepa,
BKuItOYast YYE€T 3(p(PEKTOB BBICIINX MOPSIIKOB, CHIBHOW TUCIICPCUH, B3aUMOACHCTBUN
MEXKIy MOIaMH U HEJIMHEHHBIX TOMPaBOK.

OnHuM U3 Takux 00001eHnH sBsieTcs ypaBHeHne dokaca-Jlenamica (DJI), koropoe
OMHCHIBAECT HEIMHEHHOE pacHpoCTPaHECHUE HMIYIbCOB B ONTHYECKUX BOJOKHAX
C y4€TOM IIMHEHHBIX W HEJIMHEHHBIX ONTHYECKUX 3(PQPEKTOB BBICIIETO IMOPSIKA.
Baxnoii ocobeHHOCThIO ypaBHeHUs DJI 110 CpaBHEHHUIO ¢ KJIACCHYECKUM HEJIMHEHHBIM
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ypaBHeHueM Ulpénunrepa sBiseTcs To, 4TO OHO JIOMYCKAeT KaK CBETIIbIE, TAK U TEMHBIE
conutoHHbIe pemrenus (Matsuno, 2012a; Matsuno, 2012b). MaTerpupyemoe ypaBHeHHE
@JI umeer Bug (Hu, 2012; Fokas, 1995; Bekova, 2023).

. . 2 .
iq, —iq, +2q,~|q| q, +ig =0, (1)

rae q(X,t)— xommiekcHas 006004Ka TONs, X - PACCTOSHHE PACIPOCTPAHEHHS U
{ 3ama3apIBaoIee BpeMs, KOTOphIe 0003HAYaoT JacTHYHOe MU depeHITMpoBaHNe 10
apryMeHTam X,! M { - MHUMas €AWHNLA.

Kpowme Toro, B mociemaue rombl HaOIIOMASTCS PACTYIINI HHTEPEC K MHOTOMOIOBBIM 1
MHOTOMEPHBIM MOJEIISIM, TIPEBOCXOSIINM IO CII0KHOCTH TPAIUITUOHHBIE OTHOMEPHBIE
cuctemsl (Myrzakul, 2019). PaccmarpuBaroTcst MHOTOKOMIIOHEHTHBIE 1 MHOTOCIIOMHEIE
CUCTEMBI, MOICTTUPYIOIINE B3aNMO/ICHCTBUE BOJH C Pa3IMYHBIMU YacTOTAMU, MOJIAMHU
WJIH TIOJIAPU3AIUSAME. DTO OCOOCHHO aKTyalbHO B 33/[adaX BOJHOBOTO B3aMMOJIEHCBUS
B CJOXHBIX ONTHYECKHX CTPYKTypaxX, MHOTOYPOBHEBHIX KBAHTOBBIX CHCTEMaX,
AHM3O0TPOITHBIX CpeflaX, a TAKKe B CITMHOBBIX CHCTEMaX M MAarHUTHBIX MaTephaiax C
HeckonmbkuMu noacuctemamu (Geng, 2021; Song, 2017).

B nmanHOil paboTe HAXOAWTCS IBYXCIOWHOE YpaBHEHHS JIByXKOMIIOHEHTHOTO
ypaBHeHus1 DJI, Ha3biBaeMoe ABYXClIOMHBIM ypaBHeHueM M-LXXII. Takxe, 0CHOBHOM
LIEJBIO SIBIISIETCS TOCcTpoeHus peobOpazoBanus JapOy (I1/1) ams aToro ypaBHeHU, 94TO
MTO3BOJISIET MOyYaTh TOYHBIC COJIMTOHHBIE PEIICHHUS, a TAK)Ke HCCIEeI0BATh TUHAMHKY
MHOTOCIIOMHBIX CITUHOBBIX chcTeM. [10m00HBIe TOIXOIBI JAIOT BOSMOXKHOCTH TITyOrke
MIOHSTH CTPYKTYPY ¥ TIOBEJICHHE CIIOXKHBIX (PU3NIECKUX CHCTEM U HAXOAT BCe OOJbIee
MIPUMEHEHHUE KaK B TEOPETUIECKHUX, TaK M B MPHUKIATHBIX 3a/1a4aX.

Marepuajibl U OCHOBHBbIE MeTOAbI. B nanHOW paboTe MoiydeHo IBYXCIIOWHOE
ypaBHeHue M-LXXII, koTropoe BBIBOOUTCS U3 IByXKOMIOHEHTHOTO ypaBHeHus DJI ¢
ITOMOTIIBIO KaJTMOPOBOYHOTO TpeoOpa3oBaHusl. DTO ypaBHEHHUE ONHCHIBAECT HETMHEHHOE
B3aUMOJICHCTBHE BOJIH B MHOTOCJIOMHBIX cpefax. Takke, MOCTPOeHa COOTBETCTBYHOIIAS
napa Jlakca. [lanee npumensiercst meron I1JI, koTophiil O3BOJIsSET HAXOAUTh TOYHBIE
AHAIMTUYECKHE PEIIeHUs, BKIIFOYasi COTMTOHHBIC PEIICHMS.

Taxum 00pa3oM, UCIIOIB30BaHHBIE METOJIBI BKITFOYAFOT:

* KaTHOPOBOYHOE MTPEOOPA3OBAHHKE;

* ipeoOpazoBanue Japoy.

OTH METO/BI O3BOJISIOT 3(h(PEKTUBHO aHAIM3UPOBATH AMHAMUKY MHOTOCIOWHBIX U
MHOTOKOMITOHEHTHBIX HETMHEIHBIX CUCTEM.

Pe3ynbrarbl u 00cy:kneHue. B manHoil paboTe CTpOUM IBYXCIIOHHOE yYpaBHCHHE
M-LXXII, xoTopoe KaIMOpPOBOYHO SKBHUBAJICHTHO IBYXKOMIIOHEHTHOMY YpPaBHCHHIO
@®JI. MaTepec K ABYXKOMIIOHCHTHBIM YPaBHEHHUSAM OOYCIOBICH HMX CIIOCOOHOCTHIO
OTIHMCHIBATh B3aWMOJICHCTBHE BOJH C PA3IMYHBIMHU 4acTOTaMH. [l0CKOIBKY OHH MOTYT
ONKUCHIBATh BOJIHBI pa3HOM 4acTOThl. PaccMOTpUM IBYyXKOMIOHEHTHOE ypaBHeHuEe DJI
(Feng, 2018):
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. . . 1 1 .
iq,, —1q,,, +iq, — q1q,, +2q,, _EqZFZQIx _E‘hrz%x =0, (2a)
. . . 1 1
1G5 — g, +1q, — 412G, +24,, — 5 N2 =5 datihe = 0, (26)
1 1
Iy =y T+ g, =25, + PRCEATR 0, (28)
. . . 1 1
iry, —in, +in +qnn, =25, +E‘]1r1r2x +5Q1”2”1x =0, (2r)

e  g;,7; —KOMIUIEKCHbIE (yHKIMH (* O03HAYa€T KOMILIEKCHOE CONPSIKEHHE),
WHJEKCHI X, - YaCTHBIC TPOU3BOIHBIC, & U i - MHUMOE YHCJIO.
[Ipencrasnenue Jlakca (I1JI) muis cuctemsl (2) uMeeT ClaeayrOIINN BU:

Y =U,Y, (€)
¥, =Y, (4)
B KOTOPOM MaTpu4HbIe orepatopsl J , B V2 OIIPCIHIJICHBI KaK

U, ==iA L+ 10,

b

V I I
V,=—ilT+AQ+i—2+is+—V ———
’ o+ 20 7 4

U Jajiee MPUBEACHBI SIBHBIC ()OPMBI MATPHI] 2,0, Vo N

-1 00 0 4. 9. —(gn+q) 0 0 0 g q
Z=10 1 0}, O=|r O 0] V= 0 qrn nqg, |, Vo=|-n 0 0|
0 0 1 r,, 0 0 0 qr, G -, 0 0

Teneprs nepelizeM K HOCTpoeHHUIO AByXcioiHoro ypasHenuss M-LXXII. Heobxonnmo
CHayasla HaWTu a1 Hee mnapy Jlakca. HaunéM c¢ paccMOTpeHHs ClEqyIOLIEero
KaJMOPOBOYHOTO MPeOOpa30BaHMS:

D=g'¥W,g="¥], .

e g(x,t) yaurapnas 3 x 3 marpuia KanuGpoBOYHOIO IPE0OPa3OBaAHUS.
Haiinem npousBoaHbie BeKTOpHON (QyHKIMH D 1Mo aprymMeHTam X u f:

O =(g'Y -g'g.g\¥Y=UO, (5)

O, =(g'V,-g 'gg V=V (6)
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Bui6upaem £(X,?) yHutapHyto MaTpHILy, YIAOBICTBOPSIOILYIO COBMECTHOMN CHCTEME
YpaBHEHUM

g.=Uyg,
g, =Wg,

snece  Uy(x,t) u  W(x,t) aBafioTcs aHTHOPMHTOBBIMH — MATPHIIAMH,
YAOBJICTBOPSIOLIMMH YCIOBHUIO HYJIEBOH KPUBHU3HBI B cucTeMe ypaBHeHu# (3)-(4)

UO (X,f) = _l)‘?)z + )’OQ:

W(x,t) =—idg Y + 2, FLA7N SR o
NI LTS )

Ine A, - nocrosnnas. CrenoparesbHo, yunthisas (3)-(4) , moyuaem

O, =(-i(2-2)g" S g+(A-2)g ' 0g )0,

11 i1
O, =|-iA-2)g Y g+(A-1)g ' 0g+| ——— gV, g-—| ——— g g |0.
, [ X =2)g " D g+(A—2)g"'0g (/1 /’%Jg Y4 4(12 %]g J

W3BecTHO, UTO

g Y g=T, T’=1

[locne cnOXHBIX BBIYMCICHUI M MPeoOpa3oBaHUK MbI MOIYUMIM CBSI3b MEXKIY
pEIIeHNs MU UCKOMOHM CITMHOBOW CHCTEMBI M CUCTEMOU ypaBHEHHWH (2) B clemyromeM
BUIE:

. 1
=—IT,
gng% N
) 2
glVQg*=7§(F T ).

Tenepb cuctemy ypaBHeHuid (5) 1 (6) MOXKHO TIepenucarh Kak

X
0

O = —xf—xﬁr+ﬂ_%r‘x®,
22,
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O, = |-i ,12—,1§+L2—L2 ro| Ao o+ A L | |@.
427 AN 22, 24 24 2

s yno6ersa:
O =U, (7)
O, =V, (8)
rae
l(?L2 /'LZ)F+ (A /10) o
24,

0
Vi=—i| X=X +L2—L2 r+| 2 p L+ A i .
4X 44 24, 27 20 2
Taxum obpazom, nonyvaercs HoBoe [1J1.
[Tepexpectrno muddepentupys ypaBaenus (7) u (8) momydaem
U,-V,+[U,V'1=0. )

3nech

U, ==i(A = 2T, +3(£—1)(F,R +IT,),

0

T R C S S U ST R o A 1
V= (=i -1 7 4/12))r TN I +IT, )+( )(rr +IT,)
! 1= _194(22_32 L_ 2 2ye M0 AN 2 Z_L .
U,V ]=-2i(4 /10)(2% o L 2 /%)(M 2)F (% DA =2 /12+4/12))
f(fo - 1)(5 —5)(F I, -I.L).

[TocTaBuM BCe 5TO B ypaBHEHHE (9) M paCCMOTPHM €TI0 MO CTENEHsIM A

—i2,L +i2,L, — rﬁirr L e Y _ Y=o, o
473" 22, 27, 2, " 22, 47,
S L L ()
R =ikl 4 P _Aopp (Ao };’rrxx—%[n,rx]:o. (12)
0
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YMmuoxas ypaBaenue (10) Ha — I/ )*0 , AIMeeM

iT —il + ’Fg —Lz [T +IT, -T>-TT, —Mj =0,
428 22 2
NN
o i(1-41%)
iT +— [T -T J+o—")p =,
; 4%[ o ] PO (13)

3/1eCh KBaJpaTHbIE CKOOKM 0003HaYal0T KOMMYTaTOpbl. TakuM 00pa3om, ypaBHEHHE
(19) mpencrasnsieT coboit Bickomoe aByxcioiHoe ypaHerne M-LXXII.

Tenepp, moctpoum I1J] mns ypasuenust (13). IIJ] nmpencraBnsieTr coboi oauH u3
KITFOYEBBIX METO/IOB HHTETPUPYEMOH TEOpWH, IMO3BOIIONINA HAa OCHOBE HW3BECTHBIX
pelIeHni CHCTEeMaTHYeCKH CTPOWUTH HOBBIE, 3a4acTyl0 0OJee CIIOKHBIE CTPYKTYPHI
(Matveev, 1991; Myrzakulov, 2016; Huang, 1989). Ero npuMmenenue kK JByXCIOHHOMY
ypaeHuto M-LXXII He TOJIBKO COXpaHAeT UHTEIPUPYEMOCTh CUCTEMBI, HO U IOPOKIAET
0oraryro uepapxuio pelieHrH, OT COIMTOHHBIX JI0 PAIIMOHAIBHBIX M APYTHUX THUITOBBIX

CI)OI])?,NZTOM paznene moctpoum [1J] mns ypasaenns (13). [Tycts
O =L,
rae marpuua [,
L=AN-1.
®' nomxken ynoBnerBopat TeM ke I1JI, uto u ypasuenus (7) u (8), Tak uto
o = UD,
o = Vo,

B KOTOpPOM MaTpuuHble omeparopsl U u V' 3aBucar or [, Kak MaTpUUHBIE
oneparopsl U u V' ot I'. Kpome Toro, oHM UMEIOT ClIeIyIONIMii BUJ:

U =-i(x —Aﬁ)F’+MrT;,
22

0
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Vi=—i )8—/1§+L2—L2 ra| At r'r;{ﬁ—l)r'r;.
42> ax 22, 24 24 2

Marpuua [ noI4uMHAETCS CIAEAYIOIINM YPaBHEHHUSAM:
L+LU = UL, (14)

L+LV = VL. (15)

Taxum oOpazom, u3 ypaBuenus (14) moxygaem

I’ = NN,

u u3 ypaBHenus (15) nmeem
rr =T,
N =0

t

TCHCpL MPEATION0XKNUM, YTO MaTPpUIy /N MOXKHO 3allACaTh KaK

my Ny A
N:HA71H71: 1’121 n22 1’123 (16)

u
1m11 my, mp
N'IIHAH_'ZZ My, My, My |, (17)
My M3y Mgy
e
A 0 O
A=10 4, 0] (18)
0 0 A
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U =Ny Ny + 1y Nos Ty + sl o — N Ty s = i Ryy = 1y 3T,

ITocne HEKOTOPBIX BEIYUCIECHUH CIETYET

Wl(ﬂvlatax) _W;(A‘latax) _l//;(/l]atax)

A =A=X, H= Wy (Ast, %)y (At x) ) 0
WS()“I;tﬁx) 0 l//1()4;1’)5)
y; AT AT
P B ol 2 PO Y B LY B 2T
Ay =wiwy,  —wws y P+,
BKOTOpOM

Aty Py, P+l P

U tax, nus matpuiel N 1oJyyaeM CIleayrouiee BbIpakeHue

. o2
A - vl L RAA
) + 2 + ) YWy, + €y WWiEz T+ v €n
1 2 3 l//] lll/l
. A ARIAs .
N = l YV \W,€, Py + 2 VoY s€, , (19)
. 2 v, v, P +ly,
* * 3 i 2
ViYsés Vo33 +
A A
vy ly, [ v
Al ‘2 +24, v, ‘Z A5y, ‘2 Wll//z(;tl_lz)"'zwi*z(ls_lz) ‘//1‘//3(}1_13)"'?(’12_;{3)
1 1
NT=— W:WZ()LI _lz) 11 ‘lllz |2 +lz( v, |2 +W/3 |2) WzW;(A _/lz) > (20)
vivs(4 - 4y) w5 (4 —4y) A, Iz A4y, ‘2+|W2 ‘2)
CrenosarenbHO, MOXKHO 3anucarh [1]] B TepmuHax coOctBeHHBIX QyHKImA [T (7)
u (8) xax
Ry = Ny = RysMyy Ay Iy, = RpMyy = RsMy, - 1y My — Ry Mgy — A3
[ —
= Z Ny My = Ny — NoaMlyy Ny TNy — Ny Tlyy = N3y, oy 113 — Ny M3 — Fy3Msy |

Ny My — Ny My — a3y,
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Jlnst noctpoenwust 1-comuronHoro pemerus [ -cnimHoBo# cucremsl (13), paccMoTpum
HYJIEBOE PELICHUE

=z, 1)
B atom cirydae cobcTBeHHBIC (DYHKITUN 331af0TCS KaK

22X (Az —1+ ﬁ}ﬂ‘ 3,
Vi T e

—9+i61
= e .

n2x+| A2 —1+$ 1+i5,

v, = e

N PLEN. = |+i8,
4x 0+id5

0+id
= e 2 ,

Vs = ¢
rie 0, KOMILTEKCHBIE TIOCTOSHHBIE I

0=0+i0, = —i/”t2x—i(/12 —1+L2jt.
42

Tor, Jla MBI IToJTy4acM

1'*1[1] 1"2[1] 1’*3[1]
= i i
2 2 3 >
(1] (1] (1]
F?o FZ FS

e n; m M; 3anarorcs ypasaenusamu (19), (20) u (21).

Taxmm 00pa3om, B X071e HCCIIeTOBaHUS ITOTYIEHO AByXCioitHOe ypaBHeHne M-LXXII,
KOTOpOE SIBJISCTCS] KAJIMOPOBOYHO HKBUBAJICHTHBIM JBYXKOMIIOHEHTHOMY YPaBHEHHIO
@JI. Ins sToit Moaenu noctpoeHa napa Jlakca, 4to HoATBEPKAAET €€ UHTETPUPYEMOCTb.
C nomompro Mertoma [lapOy paspaboraHo mnpeoOpa3oBaHue, IO3BOJISIOLICE
HaXOAWTh pAa3IUYHbBIC TOYHBIE peIleHWs. B dYacTHOCTH, mNpeacTaBiIeHa cxema
MOJY4YEHHUs] OIHOCOIUTOHHOIO peuleHus. [lomydeHHble pe3ynbTaThl AEMOHCTPUPYIOT
3¢ PEeKTUBHOCTh NPUMEHEHHOTO MOAXO0/A VIS aHAJIM3a U MOZCIUPOBAHNS HETMHEHHBIX
IIPOLIECCOB B CIOKHBIX (PU3NUECKUX CUCTEMAX.

3akiroueHue. B naHHO# padoTe ¢ MOMOIIBIO KAaTMOPOBOYHOIO NMPeoOpa3oBaHMs
ObUIO TIOCTPOEHO [BYXCJIOMHOE YpPaBHEHME, 3KBHBAJCHTHOE ABYXKOMIIOHECHTHOMY
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ypaBHenuto DJI. [Toctpoenue napel Jlakca 1uisi HOJyYEHHOTO YPaBHEHUS MTOATBEPIUIIO
€ro MHTEIPUPYEMOCTh, YTO TIO3BOJIMJIO Jlaiee CKOHCTPYHPOBATh IMPEOOpa3OBaHUE
Hap0Oy, oOecrieunBaromiee MEXaHHM3M  IOJNIyYCHUS  TOYHBIX  AHAJIUTHYECKHX
peweHnii. B yacTtHOCTH, mpenacTaBieHa KOHCTPYKLMS OAHOCOJUTOHHOTO PELIEHUS,
JEMOHCTPUPYIOLIasd BO3MOXHOCTh ONMCAHMS BOJHOBBIX CTPYKTYP B MHOTOCJIOWHBIX
cpenax.

Takum  o0Opa3om, moCTpoeHHOe JIByxcinoiHoe ypaBHeHue M-LXXII u
COOTBETCTBYIOLLIUE METOAbl HMHTEIPUPOBAHUS  OTKPBIBAIOT  IMEPCIEKTUBBI  JJIs
JaIbHEUINNX HCCIIENOBAHUM B 00JAaCTH HEIMHEMHON OUHAMHUKHA U MaTEMaTHYeCKON
(bu3ukH, 0COOCHHO B KOHTEKCTE MOJICIIMPOBAHUS MHOTO CJIOWHBIX U MHOTOKOMITOHEHTHBIX
B3aMMOJICUCTBUM.

References

Bekova G., Myrzakulov R., Yesmakhanova K., & Zhassybayeva M. (2023) Integrable motions
of curves of the induced Fokas-Lenells equation. Optik, 286. — P. 170979. https://doi.org/10.1016/j.
1j1e0.2023.170979 (in Eng.).

Belyaeva T.L., Hasegawa A., & Serkin V.N. (2007) Nonautonomous solitons in external potentials.
Physical Review Letters, 98. — P. 074102. https://doi.org/10.1103/PhysRevLett.98.074102 (in Eng.).

Carretero-Gonzalez R., Frantzeskakis D.J., & Kevrekidis P.G. (2008) Nonlinear waves in Bose-Einstein
condensates: Physical relevance and mathematical techniques. Nonlinearity, 21. — P. R139-R202. https://
doi.org/10.1088/0951-7715/21/4/R01 (in Eng.).

Chabchoub A., & Grimshaw R.H.J. (2016) The hydrodynamic nonlinear Schrodinger equation: Space
and time. Fluids, 1(3). — P. 23. https://doi.org/10.3390/fluids1030023 (in Eng.).

Feng B.F, Ling L., & Zhu Z. (2018) General soliton solutions to a coupled Fokas-Lenells
equation. Nonlinear Analysis: Real World Applications, 40, — P. 185—214. https://doi.org/10.1016/].
nonrwa.2017.09.012 (in Eng.).

Fokas A.S. (1995) On a class of physically important integrable equations. Physica D, 87. — P. 145—
150. https://doi.org/10.1016/0167-2789(95)00126-X (in Eng.).

Geng X., Li Y., Wei J., & Zhai Y. (2021) Darboux transformation of a two-component generalized
Sasa-Satsuma equation and explicit solutions. Mathematical Methods in the Applied Sciences, 44. — P.
12727—12745. https://doi.org/10.1002/mma.7219 (in Eng.).

Hu J., Kuppuswamy P., & Xu S. (2012) Rogue waves of the Fokas-Lenells equation. Journal of the
Physical Society of Japan, 81(12), — P. 124007. https://doi.org/10.1143/JPSJ.81.124007 (in Eng.).

Huang N.N., & Xu B. (1989) Darboux transformation method for finding soliton solutions of the
Landau-Lifshitz equation of a classical Heisenberg spin chain. Communications in Theoretical Physics,
12. —P. 121—126. (in Eng.).

Matsuno Y. (2012) A direct method of solution for the Fokas-Lenells derivative nonlinear Schrodinger
equation II: Dark soliton solutions. Journal of Physics A: Mathematical and Theoretical, 45(47). — P.
475204. https://doi.org/10.1088/1751-8113/45/47/475204 (in Eng.).

Matsuno Y. (2012) A direct method of solution for the Fokas-Lenells derivative nonlinear Schrodinger
equation I: Bright soliton solutions. Journal of Physics A: Mathematical and Theoretical, 45(23). — P.
235201. https://doi.org/10.1088/1751-8113/45/23/235201 (in Eng.).

Matveev V.B., & Salle M.A. (1991) Darboux transformations and solitons. Springer, Berlin. https://doi.
org/10.1007/978-3-642-61630-2 (in Eng.).

Myrzakul Zh.R., & Zhadyranova A.A. (2019) Soliton surface associated with the WDVV equation for
the n = 3 case. Journal of Physics: Conference Series, 1391(1). — P. 012105. https://doi.org/10.1088/1742-
6596/1391/1/012105 (in Eng.).

Myrzakulov K.R., Myrzakul Z.R., & Zhadyranova A.A. (2019) Soliton surface associated with the
oriented associativity equation for the n = 3 case. International Journal of Mathematical Physics, 10(2). —
P. 63—67. https://doi.org/10.18454/1IMP.2019.10207 (in Eng.).

36




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

Myrzakulov R., Nugmanova G., Yesmakhanova K., Yersultanova Z.S., & Zhassybayeva M. (2016)
Integrable motion of curves in self-consistent potentials: Relation to spin systems and soliton equations.
International Journal of Geometric Methods in Modern Physics, 13(1). — P. 1650004. https://doi.
org/10.1142/S0219887816500049 (in Eng.).

Song C.Q., Xiao D.M., & Zhu Z.N. (2017) Soliton and rogue wave solutions of a two-component
nonlinear Schrédinger equation coupled to the Boussinesq equation. Chinese Physics B, 26. — P. 100204.
https://doi.org/10.1088/1674-1056/26/10/100204 (in Eng.).

37




ISSN 2224-5227 4.2025

ACADEMIC JOURNAL

OF PHYSICAL AND CHEMICAL SCIENCES
ISSN 2224-5227

Volume 4.

Number 356 (2025), 38-51

https://doi.org/10.32014/2025.2518-1483.382

UDC 538.9
SRSTI 44.41.35

©G.K. Beketova®,N.N. Zhanturina, Z.K. Aimaganbetova, 2025.
K. Zhubanov Aktobe Regional University, Aktobe, Kazakhstan.
E-mail: Diko 2006@mail.ru

Cs,AgBiBr, DOUBLE HALIDE PEROVSKITES AS ADVANCED
MATERIALS FOR HIGH-EFFICIENCY SOLAR CELLS

Beketova Gulnara — PhD student of the educational program «Physics» of K. Zhubanov Aktobe Regional
University, Aktobe, Kazakhstan,

E-mail: Diko_2006@mail.ru; https://orcid.org/0000-0002-9213-7586;

Zhanturina Nurgul — PhD, Associate Professor, docent of the Physics department of K. Zhubanov
Aktobe Regional University, Aktobe, Kazakhstan,

E-mail:nzhanturina@zhubanov.edu.kz; https://orcid.org/0000-0001-9540-6334;

Aimaganbetova Zukhra — PhD, Associate Professor, docent of the Physics department of K. Zhubanov
Aktobe Regional University, Aktobe, Kazakhstan,

E-mail:zukhraaimaganbetova@mail.ru; https://orcid.org/0000-0002-8765-516X.

Abstract. Among all double perovskites, Cs, AgBiBr, has proven to be the most
promising and commercially viable. The methods of obtaining of double halide
perovskite, such slow crystallization method, solution deposition method, spin-coating
method were considered. Results of band gap calculation are presented in the work. The
range of it according to different studies includes from 1.6 eV to 2.25 eV depending
on calculation method. Valuable review was done in the direction of efficiency, which
is dependent on the architecture of solar cell and layers combination. Different solar
cells based on Cs,AgBiBr, were analysed. Optoelectronic properties — absorption,
luminescence, photocurrent, luminescence kinetics were considered from different
papers. Absorption coefficient of Cs,AgBiBr, is 10°, an absorption spectrum (350-610
nm), charge carrier mobility (1 cm*V''s™), and charge carrier lifetime of 1.4 ms, which
is an order of magnitude longer than that in lead-based perovskites. Additionally, they
exhibit notable luminescent properties, with a luminescence spectrum in the range of
400-600 nm and decay times up to 600 ns. The performance of solar cells is influenced
also by the values of photocurrent and voltage exhibited by the sample. The voltage
considered in different works varied from 1.03 V to 1.07 V, and the photocurrent ranged
from 0.78 to 1.78 mA-cm™.

Keywords: Cs,AgBiBr,, solar cells, efficiency, band gap, absorption, photocurrent,
luminescence, luminescence kinetics
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AnHoTaumus. bapiaplKk KOC TIEPOBCKUTTEPIIH IMIIHAE TIEPCIEKTUBTI JKOHE
KOMMEPUMAIIBIK ~ TYPFBIIAH THIMAI  Marepuaniapabie  Oipi 6onbm  Cs,AgBiBr,
Ta0bUTabl. COHFBI KBULIAPBI OYJI MaTepuaj SKOJOTHSUIBIK Kayilci3miriMeH, yKOFaphl
TYPaKTBUIBIFEIMEH JKOHE KOJIAHJIBI OMTOAICKTPOHIBIK KACUETTEPIMEH 3epTTEYIIIep
HazapblH epekie ayaapyna. JKyMbicTa KOC TallOMITI TEPOBCKUTTI ally JicTepi,
MbICaNbl, Oasy KpHUCTaJJaHy oici, epiTIHMIHI TYHABIPY OJici >KoHE aWHAIABIPY
(spin-coating) omici KapacTBIPBUIAABI. OpOIp TOCLT KPHUCTAIAAPILIH CalachlHa, JKYKa
KalarTapablH OIpTEKTUIITIHE JKOHE MaiiblH KYH DIIEMEHTTEpiHIH cumnarramaapblHa
e3iHIiK ocep Oepeni. Makamana Kollak apajibIFbIH €CENTey HOTIIKENepl YChIHBIIFaH.
OpTypai 3epTTeyiep OOMbIHINA OHBIH JUANIA30HbI eCerTey dJliciHe OaiianbicThl 1.6 3B-
TeH 2.25 3B-ka jeiiiHri apaibIKThl KaMTH bl COHIali-aK KYH 3JIEMEHTI KYPbUIBIMBIHBIH
TUHIMZUIIN MEH Kabarrap KOMOMHAIWSICHIH TajijjayFa apHajfaH IOy KYPri3iireH.
Cs,AgBiBr, wmerisingeri oprypni KyH Oarapesyiapsl Ja TaHaaigrad. FeuibivMu
OacwIIBIMIAp JAepeKTepiHe CyHeHe OTHIPHIN, MaTepHaIbIH HETi3r ONTOIEKTPOHIBIK
KacHeTTepi — JKapBIKTBI KYTY, JEOMUHECICHIIUSA, (OTOTOK JXOHE JTFOMHHECIICHIIUS
xkuHeTuKachl Tanganaasl. Cs AgBiBr, xyTbuty kospduumenti 10°, sxyThily criekTpi
350-610nM apanbIFbIHIA OpHATACKAH. 3apsi TAChIMAAAY IIBUIAPABIH KO3FAITKBIII THIFbI
mamMamen 1cm*Blc! skame 3apsa TackIMaNIay IBIHBIH KBI3MET €Ty Mep3imi 1.4mc, oy
KOPFachIH HETi31HAETi MEpOBCKUTTEPMEH CalIbICThIpPFaH/Ia YIKEHIpEeK OOJNBIN Kelei.
CoHBIMEH KaTap, MaTepHall allKbIH JIOMUHECIICHTTIK Kacuertepre ue: onap 400-600 am
JTaITa30HbIH/A IIOMUHECIICHITNS CTICKTP1 %oHe CoHy yakbIThl 600 HM nefiin xereni. Kyn
OarapesutapbIHBIH KYMBIC OHIMALUTITIHE (POTOTOK TIEH YITiHIH KepHEY MOHJIEPI JIe acep

39




ISSN 2224-5227 4.2025

eTeni. Oprypii 3eprreyiepiae kepuey 1.03 B-tan 1.07 B-ka neitin sxereni, ain poTOTOK
0.78- 1.78 MA-cm™ apanbirbinaa Gosranbel kepcetinre. byn kepcerkim Cs,AgBiBr,
MaTepUabIH JKOFapbl TUIMJII KOHE SKOJOTHSUIBIK Ta3a KYH TEXHOJOTHSIAPBIH AAMBITY
YILIiH YJIKEH MEePCIEKTHBTI HET13 peTiHe KopceTeTi.

Tyiiin cesnep: Cs,AgBiBr,, xyn Garapesnapsl, THIMILUTIK, KOJIAK apallbIFbl, KYTY,
(hOTOTOK, IIOMHUHECLEHIINS, TIOMUHECICHLUS KHHETHKACHI
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Annoramus. Cpean Bcex JBOHHBIX IEPOBCKHTOB OIHUM M3 HauOolee
MEPCTIIEKTUBHBIX M KOMMEPUYECKHU JKU3HECTIOCOOHBIX Marepuainos npusHan Cs,AgBiBr,,
KOTOPBIH B OCTIETHHUE OBl MPUBIIEKAET 0CO00E BHUMaHUE HcCieoBareneii onaroaaps
COYETAaHHMIO DSKOJOTWYECKOW Oe30MacHOCTH, CTaOWJIBHOCTH UM OJaronmpusTHBIX
OIITORNIEKTPOHHBIX XapaKTepUCTHK. B paboTre paccMOTpeHBl OCHOBHBIE METObI
MOJTYYEeHHUs] JBOWHBIX TaJOUAHBIX MEPOBCKUTOB, TaKHE KaK METOI MEAJICHHOM
KpUCTaJNTM3alM1, OCaXIEHHE W3 pacTBopa M METOA LEHTpUQyrupoBaHus (spin-
coating). Kaxxplii 13 3THX METOI0B 00J1alaeT CBOMMH NPEUMYILIECTBAMH, BIUSIOLIIMU
Ha Ka4YeCTBO KPHUCTAIJIOB, OAHOPOAHOCTD IJIEHOK M KOHEYHBIE TTapaMeTPhl COIHEUHBIX
9NIEMEHTOB. B craTbe mpuBeAeHBI pe3ylbTaThl Pacuy€TOB LIMPHHBI 3alperéHHOM
3oubl Cs,AgBiBr,. ComiacHo pasiv4HbIM HMCCIIENOBAHUAM, OHA BAPBUPYETCS OT
1.6 mo 2.25 3B B 3aBucumocTH oT MeTona pacuéra. [IpoBeaena o63opHas pabora mo
ouieHKe S(P(PEKTHBHOCTU CTPYKTYpBI COJHEYHOIO 3JEMEHTa W KOMOWHAIMU CIIOEB.
[Tpoananu3nMpoBaHbl pasIUYHbIE CONHEYHBbIE dNeMEHThl Ha ocHoBe Cs,AgBiBr.. Ilo
JaHHBIM HAayYHBIX MyOIMKalMi paCCMOTPEHBI ONTOAIEKTPOHHBIE CBOMCTBA MaTepHara:
MOTJIONICHNE, JTIOMUHECHEHIH, (OTOTOK M KWMHETHUKa JoMHHecHeHInH. Koaddu-
nuent norsomenus Cs,AgBiBr, cocrasnser 10°; nmuanazon crexrpa moriomeHus —
350- 610 HM; MOABMIKHOCTH HOCHTENEN 3apsiga — okoyio 1 cm? B'-c'; Bpems KuU3HU
HocuTened — 1o 1.4 Mc, 4YTO Ha MOPSOOK BHINIE, YeM Y CBHHLIOBBIX IEPOBCKUTOB.
Marepuan Taxke 00J1aaeT BEIpaKEHHBIMH JTIOMUHECIIEHTHBIMHA CBOHCTBAMU: CIIEKTP
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JIFOMUHECICHIIUU JIexkuT B auarnazoHe 400-600 um. Ha 3ddexTuBHOCTL CONHEUHBIX
9IIEMEHTOB JIOMOJHUTENBHO BIUSIOT 3HaYEHHsI (POTOTOKA W HANIPSDKEHUS: B PA3THUHBIX
HCCIIeIOBaHUX HanpsbkeHne Bappuposaiock oT 1.07 mo 1.30 B, a ¢pototok — ot 0.78
no 1.78 MA-cM?. DTu mokasarenu MOATBEPKIAIOT nepcnektuBHOCTh Cs,AgBiBr, B
KauecTBE OCHOBBI JJIsl Pa3BUTHsI BBICOKOI((PEKTUBHBIX M IKOJOTHMYECKH Oe30MacHbIX
COJIHEUHBIX TEXHOJIOTHH.

Kawuesbie caoBa: Cs,AgBiBr,, conneunbie OGarapen, >(p(EKTUBHOCTS,
LIMPHHA 3alpelieHHON 30HBI, IMOMIONIeHUE, (OTOTOK, JIOMHHECHCHLUS, KHHETHKA
JIIOMHUHECLCHLIUH

Introduction. As photovoltaic elements and materials for solar cells, materials are
primarily evaluated based on their band gap properties, absorption coefficient, and
stability. The band gap should correspond approximately to the solar spectrum, in the
range of about 1.1 eV to 1.7 eV. The absorption coefficient must be sufficiently high to
enable the use of extremely thin material layers. On average, this value ranges from 10?
to 10° cm™ (Robert L.Z. et al., 2018).

Double halide perovskites are promising candidates as materials for solar energy
applications. They are called “double” because, whereas a simple perovskite has
the formula ABX,, a double perovskite follows the formula A B B, X , where B
is a monovalent cation and B, is a trivalent cation. A 2x2x2 supercell is formed, in
which combinations of cations can produce a material with unique physicochemical
properties, a large band gap, high absorption coefficient, and long carrier lifetimes (Sirtl
Maximilian T. et al., 2022)

For example, when time-resolved photoluminescence was measured, the charge
carrier lifetimes in these materials exceeded 100 ns, which is an order of magnitude
greater than the required minimum (Slavney A. H. et al., 2016). Another advantage of
double perovskites is that they are lead-free and therefore less toxic.

Among all double perovskites, Cs,AgBiBr, has proven to be the most promising and
commercially viable. Substituting Cs™ cations at the A-site increases the decomposition
energy of the perovskite from — 0.111 eV (for MAPbL)) to — 0.069 eV (for CsPbl,),
thereby improving material stability. Toxic lead is replaced with silver (Ag") and bismuth
(Bi*") cations. This not only reduces toxicity but also enhances stability by increasing
the Coulombic interaction energy (Alkhammash H. 1. et al., 2023).

Cs,AgBiBr, has an optimal crystal structure, long charge carrier lifetimes, and
greater stability compared to lead-based analogues (Yang J. et al., 2018). Another
notable feature is that Bi*" shares the same electronic configuration as Pb?*, which is
crucial for light absorption and prolonged charge carrier lifetimes (Ji F. et al., 2023).

This review article discusses the structure, synthesis methods, and key optoelectronic
properties of Cs,AgBiBr,, which make it a strong candidate for use in solar cell materials.

Materials and methods. The efficiency of a solar cell, the value of the band gap,
and the charge carrier lifetime depend on the crystal growth method. Generally, solution
deposition, slow crystallization from solution, and spin-coating methods are used.

In the slow crystallization method, the solution is first saturated with CsBr, AgBr,
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and BiBr, salts, then cooled to approximately 4°C, leading to crystal formation. The
solvent is HBr or another acidic solution. This method is suitable for obtaining single
crystals.

For obtaining the purest crystals with good optical properties, the solution deposition
method is used. In this method, a mixture of precursors is first placed in solvents such
as Isopropyl Alcohol (IPA), Hydroiodic Acid (HI), Dimethyl Sulfoxide (DMSO), or
Chlorobenzene (CB) at high temperature. Then the solution is cooled, or the solvents
are evaporated, leaving behind crystals.

For film formation, the spin-coating method is suitable. In this method, the dissolved
Cs,AgBiBr, powder in DMSO (0.5 mol/L) is applied to a substrate using spin-coating,
then cured under low pressure (LPA).

Let us consider the various methods used in studies.

In study (Robert L.Z. et al., 2018), a Cs,AgBiBr, crystal was grown by the slow
crystallization method at low temperature from a saturated solution. The precursors
CsBr, AgBr, and BiBr, were mixed in HBr. After stirring for one hour, the solution was
slowly cooled and placed in a refrigerator at 4°C. Crystals grew over one week using
vacuum filtration, followed by immersion in acetone.

In work (Yang J. et al., 2018), Cs,AgBiBr, powder was dissolved in DMSO at a
concentration of 0.5 mol/L, forming a clear light-yellow solution. A uniform Cs,AgBiBr,
film was obtained using an optimized LPA method, similar to methods used for the
fabrication of organic—inorganic hybrid perovskite films under standard conditions.
The solution was deposited onto a glass/ITO substrate using the spin-coating method,
after which the film was transferred to a low-pressure chamber for further solidification.
Compared to traditional thermal annealing (TA), the LPA method gave a film with
higher uniformity and good crystallinity, as confirmed by microscopic images. The
lattice constant of the crystal synthesized in this way was a = 11.2640(8) A.

The most common method for obtaining crystals is the method of precipitation in
solution. BiBr,, CsBr, AgBr are dissolved in isopropanol (IPA, 99.5%), hydroiodic
acid (HI, 57% in H,0, 99.95%), dimethyl sulfoxide (DMSO, anhydrous, 99.8%) and
chlorobenzene (CB, 99.8%). The composition of the mixture is thoroughly stirred at a
temperature of 120 °C, until the solvents evaporate, leaving behind raspberry-colored
crystals. The mixture is then gradually cooled at a rate of 5 °C per hour. The entire set of
components is left to stand overnight. After precipitation, the crystals are separated by
filtration and washed with ethanol, dried in a vacuum at 60 °C, resulting in Cs,AgBiBr,.

Results and discussion. Structure. Slavney et al. were the first to successfully
synthesize the cubic Fm3m double perovskite Cs,AgBiBr, with an indirect band gap of
1.95 eV (Li Z. et al., 2020), (Savory Ch.N. et al., 2016). The crystal structure is shown
in Figure 1.
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Figure 1. The structure of Cs,AgBiBr,

The green spheres represent Cs* ions, which occupy the large voids between the
octahedra. The grey and violet atoms are Ag™ and Bi*", respectively; they alternate
within the octahedra formed by Br atoms. The brown Br spheres are located at the
vertices of the octahedra, coordinating the silver and bismuth cations. In this structure,
both Ag™ and Bi*" are surrounded by six Br anions.

The conduction band minimum of Cs,AgBiBr, originates from antibonding Bi 6p—
Br 4p orbitals at the L point, and the valence band maximum from Ag 4d—Br 4p at the
X point (Ji F. et al., 2023).

The valence band consists of silver cations and bromide anions, while the conduction
band includes silver and bismuth cations.

The band gap width plays an important role for a solar cell material, and it depends
both on the method of crystal synthesis and on the method of measurement, whether
theoretical or experimental.

In work (Yang J. et al., 2018), the band gap width of the crystal, calculated from the
ultraviolet region of the absorption spectrum, is 2.05 eV.

According to HSE06+SOC calculations, the direct and indirect transition energies
in the investigated material are 2.45 eV and 1.79 eV, respectively. The conduction band
width is calculated to be 0.75 eV, and the Spectroscopic Limited Maximum Efficiency
is at the level of 7.92% (Savory Ch.N. et al., 2016).

A range of values has also been obtained for the band gap width of the investigated
material: 1.95 eV (Slavney A. H. et al., 2016), 2.19 eV — (Li Z. et al., 2020) 2.25 eV
— (Yang J. et al., 2018), 1.95—2,19 eV (McClure E. T. et al., 2016), 1.91 eV (A.Ullah
etal., 2024).

According to first-principles calculations, the band gap in the material is indirect and
was found to be 1.654 eV. This value is lower than that of Cs,AgBiCl (2.77 ¢V) and
Cs,AgInCl, (3.23 €V). - (McClure E. T. et al., 2016).

Band gap engineering of Cs,AgBiBr, has been achieved through the introduction
of defects and doping with trivalent metals (Yang J. et al., 2018). In order to create a
direct band gap material from Cs,AgBiBr, it is necessary to introduce an impurity with
valence s-electron states that can occupy the silver site. These can be In or Tl ions. For
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example, the addition of 0.075% TI(I) enabled the formation of a direct band gap of
1.57 eV for Cs,AgBiBr, and 1.86 €V for Cs,Ag(Bi,.c2sSb,.375)Br,. However, according
to studies, the decomposition energies of such structures were found to be negative,
indicating their instability, whereas the decomposition energy of the base material with
silver is 0.38 €V, and for Cs,AgBiCl, it is 0.57 eV (Savory Ch.N. et al., 2016).

Hydrogenation technology is also applied to tune the band gap width and significantly
improve the optoelectronic properties of perovskites. Before plasma treatment for
hydrogenation, the Cs,AgBiBr, samples were indirect semiconductors with a band
gap of 2.18 eV. However, after treatment, a reduction in the band gap to 1.91 eV was
observed (Alkhammash H. I. et al., 2023).

In principle, a direct band gap is not a strict requirement for solar cell materials;
thicker layers can be selected to ensure effective optical absorption.

Nevertheless, despite the fact that this structure is lead-free and ideal for optoelectronic
applications, the challenge in commercialization lies in the fabrication of thin films for
use as solar cell components.

Efficiency improvements

The first solar cell based on Cs,AgBiBr, had the following layer structure: FTO/ETL/
PAL/HTL/Au. Instead of ETL — AZnO, CdZnS, LBSO, and Nb,Os; HTL — CZTSe,
CdTe, PTAA, TiO,:N, NiCo0,04, Sb,S;, nPB, GaAs, ZnTe, CNTS.

Among previous studies, Alkhammash et al. achieved the highest PCE (21.88%)
using the structure FTO/ZnO/Cs,AgBiBrs/NiO/Au (Alkhammash H. I. et al., 2023).

At the same time, experimental works using the structures FTO/TiO,/Cs,AgBiBrs/
Spiro-OMeTAD/Au and FTO/TiO,/Cs,AgBiBrs/Spiro-OMeTAD/MoQOs/Ag demon-
strated PCEs of 1.66% (E. Greul et al., 2017) and 2,51% (Igbari F. et al., 2019), respec-
tively, which do not meet the expectations of Greul E. et al., 2017, Igbari F. et al., 2019.

However, in the study main, by combining ten different HTLs and four ETLs, an
outstanding efficiency of 23.50% was achieved for the proposed structure FTO/AZnO/
Cs,AgBiBre/CNTS/Au, which is an exceptional result.

In (Yang J. et al., 2018), the solar cell architecture with the base element was chosen
as n-i-p type with ETL — SnO, and HTL — poly(3-hexylthiophene-2,5-diyl) (P3HT).
However, this cell demonstrated an efficiency of 1.44% at an annealing temperature of
250 °C. According to experiments, poly(3-hexylthiophene-2,5-diyl) as a hole transport
material showed significant instability. In contrast, the architecture without HTL
exhibited greater stability.

In (Alkhammash H. I. et al., 2023), a hydrogenated sample of Cs,AgBiBrs was used,
and hydrogenation through the plasma method, depending on the duration of treatment,
increased the degree of hydrogen penetration from the surface to the middle layer. Here,
instead of the hole transport material, Spiro-OMeTAD was used, and SnO, served as the
ETL. The highest achieved efficiency was 6.37%.

Despite the stability of perovskite solar cells, the exciton binding energy in
Cs,AgBiBrs is an order of magnitude higher than in the classical MAPbITJ, which
explains the relatively low efficiency of the former (Yang J. et al., 2018).

In recent years, several experiments have been conducted to improve the
characteristics of Cs,AgBiBrs:
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* Greul and co-authors experimentally studied this material and achieved a PCE of
1.66% (Greul E. et al., 2017).

* Igabari and his team conducted further research and achieved a PCE of 2.51%
(Igbari F. et al., 2019).

* Theoretical studies also played an important role. Zhang and Alanazi combined
SnO, and Spiro-OMeTAD with Cs,AgBiBrs, achieving PCEs of 6.37% (Zhang Z. et al.,
2022) and 14.29% (Alanazi T. L. et al., 2023), respectively.

* [slam and co-authors applied a combination of TiO, and Cu,O, which resulted in a
PCE of 7.25% (Islam M. T. et al., 2020).

* Alkhammash and his group used ZnO and NiO, achieving an impressive PCE of
21.88% (H. I. Alkhammash et al., 2023).

 Chabri and his team also studied Cs,AgBiBrs and achieved a PCE of 7.16% (1.
Chabri et al., 2023).

Thus, further research on Cs,AgBiBrs is necessary to identify the best material
combinations and further enhance its photovoltaic properties in order to unlock the full
potential of this perovskite solar cell (PSC).

The benchmark HDP Cs,AgBiBr; for solar cells was first introduced in 2017 (Greul
E.etal., 2017).

The characteristics of solar cells based on Cs,AgBiBrs with different layer
combinations have been analyzed and are shown in Figure 2 (McClure E. T. et al.,
2016).

PCE — the efficiency of the solar cell, V_, J , FF — voltage, current density, and
fill factor, i.e., the ratio of maximum power (P_ =V _x1 ) to the product of V. andJ_.

Comparison of Key Parameters for Cs:AgBiBrs-based Solar Cells

-®- PCE (%)
Voc (V)
Jsc (mA/cm?)
- FF (%)

Value

FT0/Zn0/Cs2AgBIBr6/NIO/AU
ITO/CAS/Cs2AgBIBr6/Ca/Au

ITO/Sn02/Cs2AgBIBI6/Spiro-OMeTAD/Au
Glass/FTO/TIO2/Cs2AgBIBr6/Cu20/AU
FTO/AZNO/Cs2AgBIBr6/CNTS/Au
FTO/CAZNS/Cs2AgBIBr6/CNTS/AU
ITO/CdZnS/C52AgBIBr6/CNTs/Au
FTO/Nb205/C52AgBIBr6/CNTs/Au

FTO/TIO2/CS2AgBIBr6/Spira-OMeTAD/Au
ITO/SN02/Cs2AgBIBI6/Spiro-OMeTAD/AU

FTO/TIO2/Cs2AgBIBr6/Spiro-OMeTAD/MoO3/Ag

Device Structure

Figure 2. The characteristics of solar cells based on Cs,AgBiBrs

Ascanbe seen from the figure, the voltage values, in principle, do not vary significantly,
unlike the photocurrent density. The combination of layers has a significant effect on
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the latter. To provide specific values, for the structure in work 5, the voltage varied from
1.03 V to 1.07 V, and the photocurrent ranged from 0.78 to 1.78 mA-cm™. This was a
cell with an n-i-p structure, where the film of the main material was applied to tin oxide
(ETL), and poly(3-hexylthiophene-2,5-diyl) (HTL). Hydration improves the transport
properties of the material; the hydrated material showed an initial photocurrent of 1.03
mA-cm™ and 11.4 mA-cm™ after treatment. The voltage increased from 0.88 V t0 0.92 V
(Alkhammash H. I. et al., 2023).

In work (Ullah A. et al., 2024), photocurrent values of 5.01 mA-cm™ and voltage of
0.89 V were obtained. Here, TiO, was used as the ETL and Spiro-OMeTAD as the HTL.

The voltage values are directly influenced by the differences in the conduction band
energies of the acceptor and the valence band of the donor.

Based on the values of the bandgap and the intensity of the absorption peaks, the
photocurrent should lie in the range from 6 to 17 mA-cm™, and the above-shown results
generally fall within this predicted range (Tress W. et al., 2022).

The next figure describes the efficiency of Cs,AgBiBr, solar cells.

Efficiency (PCE) of Cs2AgBiBre-based Solar Cells
PCE (%)

20

1s

PCE (%)

10

r0-ONeTAD/Au

FTO/T02/Cs2AgBIBré/Spiro-OMeTAD/Au
TO/Sn02/Cs2AgBIB6/5piro-ONETAD/Au
Glass/FTO/TI02/Cs2AGBIBI6/CU20/Au
FT0/Zn0/Cs2AgBIBI6/NO/AU
ITO/CdS/Cs2AqBiBr6/CalAu
FTO/AZNO/CS2AGBIBI6/CNTS/Au
FTO/CAZnS/Cs2AQBIBr6/CNTS/Au
TO/CZNS/CS2AGBIBIE/CNTs/AU
FTO/NE203/CS2AgBIBI6/CNTS/AL

FTOITIO2/C52AgBIBr6/Spiro-OMeTAD/Mo03/Ag
TO/Sr02/Cs2AgBiBr6/5pir

Device Structure

Figure 3. Efficiency of Cs,AgBiBr, solar cells

Optoelectronic properties. Absorption

We have reviewed studies on absorption, luminescence parameters, and the obtained
values of voltage and current density.

Calculations and measurements of absorption, dielectric function, refractive index,
reflectivity, and conductivity play a major role in determining the optoelectronic
properties of the samples. In work (Sirtl Maximilian T. et al., 2022), it was concluded
that the real and imaginary parts of the dielectric permittivity are high at low photon
energies and significantly decrease with increasing photon energy. This value provides
information about the speed of light in a dense medium. Dielectric permittivity is
more related to the excitation of electrons for intra-band transitions, with its maximum
occurring at 6.5 eV. The real part of the refractive index has its maximum value at 2.5
eV, which fully satisfies the requirements for use as a component in solar cells. The
value of the refractive index is 2.74 (Ullah A. et al., 2024).
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A typical absorption spectrum for Cs,AgBiBrs samples is shown in Figure 4, and in
many studies, this shape remains consistent, with the peak shift differing by only +5 nm.
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Figure 4. A typical absorption spectrum for Cs,AgBiBrs samples (Ji F. et al., 2023)

The absorption consists of three parts. The first is a flat and broad absorption region
at wavelengths below 350 nm, associated with absorption due to direct forbidden
transitions. This range is close to the value of the bandgap. A characteristic and strong
peak around 438-450 nm accounts for more than 20% of the total light absorption in
Cs,AgBiBrs films. This absorption is related to the optical transition from the ground
state 1S, to the excited state of the triplet 3P, of the Bi** ion in Cs,AgBiBrs. The third
region is a weak and broad absorption zone at higher wavelengths with an edge around
610 nm, which arises due to absorption from indirect forbidden transitions (Ji F.et al.,
2023).

In study (Robert L.Z. et al., 2018), the absorption peak maximum for the crystal
was located at 2 eV. The tails of the absorption spectrum are usually associated with a
high degree of disorder, meaning the presence of defects due to silver ions or vacancies
caused by cesium.

The maximum absorption intensity is observed at a temperature close to 100°C, and
it decreases as the temperature continues to rise.

In work (Yang J. et.al., 2018), the absorption peak is at 438 nm with a weak tail at
610 nm, which corresponds to 2.8 eV and 2 eV, respectively. The first one is attributed
to excitonic absorption. The 440 nm peak was also attributed to excitonic absorption in
work, while peaks below 400 nm correspond to intra-band transitions.

Samples treated with plasma hydrogenation technology showed an increase
in absorption intensity around 496 nm with increasing treatment time up to 1200 s
(Alkhammash H. 1. et al., 2023). As the degree of hydrogenation increased, the
concentration, mobility, and lifetime of charge carriers also increased, which explains
the enhanced absorption around 496 nm.

Results from transient absorption spectroscopy showed photoinduced absorption
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centered at 2.14 eV. Photoinduced absorption in Cs,AgBiBrs decayed with a similar
time characteristic to the bleaching of the ground state, which further confirms the
slow decay of photocharged particles on a microsecond timescale, as photoinduced
absorption can only arise from states formed after excitation.

The absorption coefficient begins at 1.6 eV, and generally, for use in solar cells, a
coefficient value at the level of 10° is sufficient. The maximum measured absorption
coefficient is 22.5x10° at an energy of 14.65 eV. Conductivity in the material begins at
1.85 eV and peaks at 9.71 eV, which corresponds to the low-energy part of the spectrum.
This is quite acceptable for optoelectronic applications.

Luminescence

Photoluminescence (PL) in Cs,AgBiBrs exhibits intriguing features due to its
electronic structure and defect states. The nature of luminescence in the material is
evidently associated either with spatially localized centers of coloration or with intra-
band transitions. According to various studies, the peaks are concentrated in the 600—
700 nm range, which corresponds to an energy of around 2.0—2.1 eV. This peak is
usually attributed to transitions associated with defect states in the material’s forbidden
band. The position of the peak depends on the method of material preparation, excitation
technique, material treatment, and temperature conditions.

Additionally, a significant Stokes shift is observed between the absorption and
emission peaks, indicating strong electron-phonon interaction and possible exciton self-
localization. Temperature studies show that PL intensity increases as the temperature
decreases, which is linked to the suppression of non-radiative recombination processes.

Material processing, such as doping or altering synthesis conditions, can significantly
affect the spectral characteristics of PL, allowing for tuning the optical properties of
Cs,AgBiBrs for potential optoelectronic applications.

In work (Ji F. et al., 2023), thin films were found to have two main peaks: a broad
one at 1.87 eV (663 nm) and a narrow one at 1.98 eV (627 nm) at 22,6 K. The forbidden
band width for these samples was calculated to be between 1.95-2.19 eV.

In work (Tress W. et al, 2022), photoluminescence was observed at 545 nm. Notably,
in these samples, the luminescence was red-shifted compared to the absorption. This
large Stokes shift indicates significant electron-phonon interaction, leading to self-
localized excitons or emission from coloration centers. While the luminescence between
500-600 nm is characteristic for thin films and single crystals, for nanocrystals, the
emission peaks are centered around 460 nm.

In work (Alkhammash H. I. et al., 2023), photoluminescence was observed at 761 nm,
and upon applying the hydrogenation technique, the intensity of PL at 761 nm tended
to increase. The transitions responsible for PL may involve phonons or be localized at
defects. With hydrogenation, due to changes in the band structure (e.g., compression
or expansion of the forbidden band), a shift in the PL wavelength may be observed.
Additionally, as the degree of hydrogenation increased, the concentration, mobility, and
lifetime of charge carriers also increased.

Time-resolved spectroscopy experiments have revealed that luminescence appears
after about 1 ns following excitation (Robert L.Z. et al., 2018). The method of time-
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resolved absorption spectroscopy allowed for the recording of charge carrier dynamics
and their radiative recombination. The carrier lifetime in thin films of the material was
recorded at 1.4 ms, which is an order of magnitude longer than in lead-based perovskites.
Similar acceptable transport properties were found in larger samples.

It was concluded that most recombinations are non-radiative, while radiative
recombinations occur due to defects. To confirm this, Particle Size Distribution (PSD)
calculations were made, indicating that the valence band is below the Fermi level, with
its maximum at 1.5 eV, suggesting a p-type material. This is due to acceptor impurities,
such as silver vacancies or cesium vacancies.

These experiments allowed for the calculation of charge carrier mobility, which was
found to be 1 cm? V! s, a relatively high value, contributing to the high quantum
efficiency of solar cells based on Cs,AgBiBrs.

From time-resolved spectroscopy results in work (Yang J. et al., 2018), two
photoluminescence quenching times were recorded: 1 ns and 30 ns. The first corresponds
to the time of bimolecular recombination, where an electron from the conduction band
recombines with a hole from the valence band. The second corresponds to the exciton
lifetime.

In work (Ji F. et al., 2023), two luminescence decay times were also recorded: a rapid
decay of 50—150 ns, which is emission from traps or temporary states, and a slower
decay of up to 600 ns, which is emission from fundamental electron-hole recombination
in the material.

According to theoretical predictions, in thin films, photoluminescence should decay
relatively slowly, around 200 ns, while in single crystals, it should decay longer than
500 ns.

In work (Sirtl Maximilian T. et.al., 2022), results show that density functional theory
calculations indicate a derivative nature of the band structure, suggesting low charge
carrier mobility due to the relatively large effective mass of the charge carriers.

Photocurrent

The performance of solar cells is influenced not only by the bandgap width and
charge carrier mobility but also by the values of photocurrent and voltage exhibited
by the sample. For the structure in work (Yang J. et al., 2018), the voltage varied from
1.03 V to 1.07 V, and the photocurrent ranged from 0.78 to 1.78 mA-cm™2. Hydration
improved the material's transport properties, and the hydrated material showed an initial
photocurrent of 1.03 mA-cm?, which increased to 11.4 mA-cm? after processing. The
voltage increased from 0.88 V to 0.92 V (Alkhammash H. . et al., 2023).

In work (Tress W. et al., 2022), photocurrent values of 5.01 mA-cm™ and voltage of
0.89 V were obtained.

Voltage values are directly influenced by the differences in the conduction band
energy of the acceptor and the valence band of the donor.

Based on the values of the bandgap width and absorption peak intensity, the
photocurrent is expected to fall in the range of 6 to 17 mA-cm-2, and the reported results
are within this predicted range.

Conclusion. Double halide perovskites Cs,AgBiBrs represent a new generation of
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materials for solar cells due to their outstanding optoelectronic properties. Specifically,
these include an optimal bandgap width (1.6 eV — 2.19 eV), an absorption coefficient
of 10°, an absorption spectrum (350 - 610 nm), charge carrier mobility (1 cm?V-'s™),
and charge carrier lifetime of 1.4 ms, which is an order of magnitude longer than that in
lead-based perovskites. Additionally, they exhibit notable luminescent properties, with
a luminescence spectrum in the range of 400-600 nm and decay times up to 600 ns.

Of course, these parameters are strongly dependent on the sample preparation method
and fabrication process. Solution crystallization, solution deposition, and spin-coating
methods allow the production of high-purity Cs,AgBiBrs samples. The bandgap width
and its nature (direct or indirect) are influenced by the crystal defect structure and the
use of additional technologies.

However, researchers continue to produce various samples and test their optoelectronic
properties to improve the stability and efficiency of solar cells. The architecture and layer
combinations also play a significant role. As of today, the highest efficiency achieved is
23.5% for the combination of FTO/AZnO/Cs,AgBiBrs/CNTS/Au.
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Abstract. Studies of the inner regions of the Solar System remain limited, despite
their importance for understanding interplanetary matter and the near-Sun environment.
The region extending from the solar corona to Earth’s orbit, including the zodiacal
light and the inner Zodiacal Cloud, has been studied only fragmentarily, although it
hosts key processes transforming cometary—asteroidal material into dust and gas.
The aim of this work is to investigate near-Sun dust by determining its line-of-sight
velocities in the transition region between the solar corona and the zodiacal light at
heliocentric distances from 3R to 16R, with emphasis on dust dynamics and its relation
to the electron corona.The proposed method is spectroscopic observations using a small
space telescope equipped with a spectrograph operating in the wavelength range A =
5000—6000 A. This range enables analysis of key diagnostic lines: the Mg I triplet
(A5167—5184 A) for dust velocity measurements; the Fe XIV green emission line
(15303 A) from the electron corona, also serving as a wavelength reference; and the Na
I doublet (A5890—5896 A) for dust diagnostics and detection of atomic emissions from
disrupted small bodies. The expected results include improved determination of dust
particle sizes and the radial distribution of near-Sun dust concentration compared to
the Parker Solar Probe experiment (Szalay et al., 2024). The practical significance lies
in advancing remote spectral diagnostics of near-Sun dust and supporting future space
experiments focused on the inner Solar System.

Keywords: F-corona, dust, Zodiacal Cloud, comets, radial velocities
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Annoranusi. KyH xyleciHiH iki allMaKTapblH 3epTTey OJap/IblH IIaHeTaapablK
3aT SBOJIOIMACHIH JKOHE OKOJIOCOJHEUYTIK OPTaHbl KaJIBINITACTHIPAThIH MPOLECTEP/i
TYCiHy/IET1 MaHBI3/Ibl POJIiHE KapaMacTaH a1l Jie xeTkiikci3. Kyn koponaceinan XKep
opOHTAChIHA JICHIHTI KeHICTIK, SFHU 30J{UaKTHIK JKaPBIK IMeH 30IMaKThIK OYJITTHIH iIIIKi
Oeutiri, OYriHri KYHTe IeHiH TeK QparMeHTapibl TypAae 3eprrenreH. [1on ocel aiimakra
KOMETaJIbIK-aCTEPOMITHIK TEKTi 3aTTHIH IIaH JKOHE Ta3 QaszajapblHa aybICYbl CHSKTHI
ipreyi mporecTep Kypeli, alaija oiap OakpUlayFa Hallap KOJDKETIMII JKOHE TEK
JKEKeJIeT'eH DKCTIIEPUMEHTTEP asiChbIH/a FaHa TipkenreH. byt skyMbIcThIH MakcaThl — KyH
KOpOHAachl MEH 30/IMaKTHIK JKapblK apachlHAarbl eTneni aiimakra, Kynnen 3R—16R
apasbIFBIHAAFBl TEIMOLEHTPIIK KAIIBIKTBHIKTAP/1a, OKOJIOCOIHEUTIK MIaHHBIH COYJEIiK
KBUIJAM/IBIKTAPbIH aHBIKTAY apKbLJIbl OHBIH (PU3UKAIIBIK KacueTTepiH 3eprTey. Epekie
Ha3ap I[IaH KOMIIOHEHTiHIH JAMHAMHKACBIHA YKOHE OHBIH DIIEKTPOHJBIK KOPOHAMEH
OaifmaHpIChIHA aymapbuiafel. Herisri omic perinme A = 5000—6000 A TonkpH
Y3BIHBIKTAPhI AUATTa30HbIH/1a )KYMBIC ICTEHTiH crieKTporpadieH »a0abIKTaaFaH IIaFbIH
FapBIIITHIK TEJECKONTH KOJNAHATHIH CIIEKTPOCKOMMSIIBIK 3€pPTTey YCBHIHBUIAABI. By
CHEKTPIIiK Anana3oH OipHeIle MaHbI3Abl IUATHOCTUKANIBIK ChI3BIKTApAb! Oip Mesrinae
Tanjayra MyMKingik Gepeni: Mg I tpunneri (A5167—5184 A) maH kopoHachIHBIH
COyJNelNiK JKbULAaMIBIKTapblH aHbIKTay YiIiH, Fe XIV sneKTpoHIBIK KOpOHACBIHBIH
KACBUT SMHCCHMSUIBIK ChI3bIFEI (A5303 A) TONKBIH Y3BIHIABIFHIHBIH TIPEK ChI3BIFBI
petinne, connaii-ak Na I nyoneri (A5890—5896 A) IIaH]TbI JIMATHOCTUKAJIAY JKOHE Killli
JICHENeP/IiH bIABIpaybl HOTIDKECIHIE Maiifa OoNaThlH aTOMABIK SMHUCCHSIIAPIBI 13Aey
ywin xonpanbutagsl. Kyrinerin Hotmxkenepre Parker Solar Probe skcnepumentimen
(Szalay et al., 2024) canpicTeipraHza IuaH OeJIIEKTEPiHIH OJIEMICPIH >KOHE
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OKOJIOCOJTHEUTIK IIaH KOHLEHTPALUMSICHIHBIH PaJHajiblK TapaldyblH aHAFypiIbIM oIl
aHbIKTay *KaTaabl. JKYMBICTBIH MPAKTHUKAJIBIK MaHbBI3ABUIBIFE OKOJIOCOIHEYTIK IaHIbI
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aiiMarbIH 3epTTeyre apHajfaH OoJjallaK FapbIIITHIK SKCIEPUMEHTTEP YILIiH FBUIBIMU
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Annoranus. MccnenoBanus BHyTpeHHUX oOnacteld COTHEYHOM CHCTEMBI OCTAIOTCA
KpaifHe OrpaHMYCHHBIMH, HECMOTPSl Ha UX KJIIOYEBYIO POJIb B MOHMMAaHHU 3BOJIOLUH
MEXIUTAHETHOTO BEIIECTBA M MPOLECCOB, (POPMUPYIOIIUX OKOJIOCOJIHEUHYIO CpEny.
[IpocTpancTBeHHAss 00JacTh OT COJIHEYHON KOPOHBI 10 OPOUTHI 3eMJIH, BKIIOYAOLIAs
30[IMaKaJIbHBII CBET W BHYTPEHHIOIO 4YacTh 30[MaKaJbHOTO OONiaKa, A0 HACTOSILETO
BpeMeHH u3yueHa gpparmenTapHo. IMeHHO B 9TOH 30HE IPOUCXOAAT PyHAaMEHTaIbHbIE
mporecchl TpaHcOpMalMK BELIECTBA KOMETHO-aCTEPOMIHOTO TPOUCXOKACHUS B
MBIJIEBBIE M T'a30BbI€ KOMIIOHEHTBI, KOTOpbIE €1a00 IOCTYMHBI JAJsi HAOMIONEHHWH H
W3BECTHBI JIMILB 10 OTACIBHBIM dKCHepruMeHTaM. Llenbio TaHHOM paboThl SBIsSETCS
uccnenoBaHue GU3NIECKUX CBOHCTB OKOJIOCOTHEUHOM MBUIM HA OCHOBE ONpEeIICHHS
e€ Jy4eBBIX CKOPOCTEH B TEPEXOJHOW 00JacTH MEXKAY COJIHEYHOW KOPOHOW U
30[IMaKabHBIM CBETOM Ha TeJIHOLeHTpUuYeckux pacctosiHusix 3R—16R. Ocoboe
BHUMAaHUE y/IeJIEHO JUHAMUKE IbUIEBON KOMIIOHEHTBI 1 €€ CBSI3H C 2JICKTPOHHON KOPOHOHA.
OCHOBHBIM METOAOM HMCCIICAOBAHUS MPEATaracTcsi CIeKTPOCKOIUS C UCIIOIb30BaHHEM
HEeOOBIIOr0 KOCMUYECKOT0 TEJIECKOIa, OCHAIIEHHOTO CIIEKTporpadoM, paboTatomuM B
nuanasone A= 5000—6000 A. DToT auanazoH Mo3BoJAET OHOBPEMEHHO aHATH3HPOBATh
HECKOJIbKO IMaTHOCTHYECKH 3HAYUMBIX JUHMiA: Tpumier Mg I (A5167—5184 A) nna
OTIPEICNICHUS JTyUEeBBIX CKOPOCTEH MBbIJICBOH KOPOHBI, 3€JEHYI0 SMUCCHOHHYIO JTHHHIO
Fe XIV (15303 A), npumensieMyo Takxke Kak ONOPHYIO TMHHIO, 1 1y6ieT Na I (L5890
5896 A), 4yBCTBUTENBHBI K MPUCYTCTBHIO aTOMAPHBIX SMUCCHH, BO3HHKAIOIIMX
IpU pa3pylIeHuH Manbix Tel. OXugaeMble pe3yJabTaTbl BKIIOYAIOT OoJiee TOYHOE
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OIIpeieNIeHHe Pa3MEpOB YaCTHIl W PaIualbHOrO paclpelesieHHss KOHLEHTpaIUn
OKOJIOCOJTHEUHOM MbIIH, 4eM B akcriepumente Parker Solar Probe (Szalay et al., 2024).
[IpakTuueckast 3HaY4MMOCTH pabOTHI 3aKIIOUAETCS B PA3BUTHU METOJOB JUCTAHIIMOHHOM
CHEKTPaJbHON JUArHOCTHKH OKOJIOCOTHEYHOM MBUIHA M CO3JaHUU HAYYHOW OCHOBBI ISt
OyIyIMX KOCMHYECKHX MHCCHI, HAalpaBIEHHBIX Ha M3y4YeHHUE BHYTPEHHEH oOnmacTu
CostHeuHOM CUCTEMBI.

KioueBsbie cioBa: F- xopona, mbute, 3oanakanbHoe 00JIAKO, KOMETHI, JTy4YeBbIE
CKOPOCTH

Introduction. The dust or Fraunhofer corona (F-corona) was discovered long ago,
during the total solar eclipse of December 12, 1871. Dark absorption lines, or Fraunhofer
lines, were visually detected by Pierre Janssen (Janssen, 1883) in the spectrum of the
solar corona. During the 1883 eclipse, he succeeded in photographing the spectrum of the
F-corona. Based on his observations, he concluded that dust particles reflecting sunlight
were present in the solar corona. Later, Grotrian (1934) proposed a common origin for
the F-corona and the zodiacal light. It is evident that as zodiacal dust approaches the
Sun, it must sublimate at some critical distance.

Observations of the radial velocities of dust in the F-corona remain scarce due
to the experimental challenges involved. Attempts to measure Doppler shifts of
absorption lines using spectrographs were largely unsuccessful because of insufficient
measurement precision.The short duration of eclipses and the absence of sensitivity-
enhancing equipment made it impossible to conduct such experiments in the first half
of the 20th century.

1) The first successful observations of dust radial velocities in the F-corona were
carried out during the solar eclipse of June 30, 1973, at an elongation of 7.5R ; west of
the Sun (Kozlov, 1974). A Fabry-Pérot spectrometer with pneumatic spectral scanning
was used in the observations near the strong absorption line of Mg I at A5184 A.After
accounting for the profile of the corresponding Fraunhofer line from the daylight sky,
the measured radial velocity west of the Sun was found to be +50 km/s. This result
implies that the interplanetary dust along the line of sight is orbiting the Sun in the same
direction as the planets.

2) Later, during the solar eclipse on February 26, 1979, radial velocities were measured
at distances of 3.2R, and 4.3R_ west of the Sun using a radial velocity correlation
spectrometer (Beavers et al., 1980). The correlation spectrometer enables simultaneous
scanning of the profiles of multiple spectral lines within a selected wavelength interval.
In practice, this yields a composite velocity profile based on the sum of all lines, each
of which may be indistinguishable individually. The resulting data revealed a common
feature in both velocity profiles—a negative velocity of =50 km/s. At the 43R, distance,
the velocity profile also exhibited an additional peak of +230 km/s. To interpret the
findings, the authors proposed a simple two-component model of near-solar dust: one
component consisting of dust moving along straight orbits beyond the region starting
at 4R, and a second component of dust falling toward the Sun with velocities ranging
from —50 to —250 km/s.
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Methods, materials and results. The task of observing not merely isolated points in
the F-corona, but obtaining a two-dimensional map—i.e., a full field of radial velocities—
was first formulated and implemented during the total solar eclipse of July 31, 1981
(Shcheglov et al., 1987). Observations of the dust radial velocity field in the outer
solar corona at distances from 3 to 7.5R_ , based on the Doppler shift of absorption
lines, were carried out under the supervision of Professor P.V. Shcheglov (Moscow
State University (MSU)). The expedition team, which included scientists from both
MSU and FAI, was stationed in the village of Shortandy, Akmola region, in northern
Kazakhstan. The experimental setup included a coronagraph with an artificial Moon
blocking the inner corona up to 2.5R, an interference filter (IF) with a half-width of
14 A tuned to the Mg I 15184 A line, a Fabry—Pérot etalon placed in the exit pupil, a
fast (f/1.5) camera lens with an image intensifier (IIT), and 103aG photographic film for
registration.

At the time, such an experiment seemed nearly impossible. Given the short duration
of totality (only 75 seconds), achieving a spectral resolution of ~0.5 A for the dusty
corona was considered unrealistic. The task required the development of a specialized
spectral instrument—a spectrograph based on a Fabry—Pérot interferometer. The full field
of view of the instrument reached 3.5 degrees. The results were obtained an interferogram
as a concentric ring centered on the Sun, corresponding to Fraunhofer lines in the green
region of the solar spectrum (around Mg 1 A5184 A), which contained information on
the Doppler velocities of near-Sun dust. For the first time, a full velocity field was
obtained rather than a few point measurements in the F-corona at distances from 3 to 7
R,. Data analysis revealed that dust near the ecliptic plane was dominated by particles
on direct Keplerian orbits. Additionally, retrograde-moving dust was detected—its origin
was attributed to a retrograde comet that had fallen into the Sun about 10 days before
the eclipse (Shcheglov et al., 1987). However, some features of the observed radial
velocities remain unexplained, particularly the origin of the northern polar outflow with
a radial velocity of approximately +150 km/s.

A second successful attempt to observe the radial velocity field in the F-corona was
made during the total solar eclipse on July 11, 1991 (Aimanov et al., 1995), in Mexico.
For this campaign, FAI developed two identical coronagraphs for the green (around
Mg 1 15184 A) and blue (around Ca II A3933 A) spectral regions. The field of view
was expanded to 5 degrees. Unfortunately, the exposure time was insufficient to fully
implement the plan; data were obtained only in the inner region up to 6 R, using
the "blue" coronagraph. The new observations confirmed earlier results from the 1981
eclipse: the existence of a dust-free zone around the Sun at distances of 6-7 R and the
finding that dust particles near the Sun were approximately 0.5 um in size—nearly two
orders of magnitude smaller than the "average" zodiacal cloud particles (Leinert, 1975).

In addition to the FAI group, similar research was conducted by colleagues from the
United States, W.I. Beavers and J.J. Eitter, who happened to be at the same observing
site in Mexico as the FAI team. As in 1979, they employed Griffin’s mask correlation
technique. In 1979, they obtained radial velocity profiles at only two locations. In 1991,
they acquired a series of 12 radial velocity measurements of the solar corona in the 400—
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440 nm spectral range, both west and east of the Sun, from 2.5R_ to 5 R along the
celestial equator, and at three positions north of the Sun. Their findings were published
only in 2009 (Beavers and Eitter, 2009). They concluded that the near-Sun component
of the F-corona is relatively weak, contributing only 7-14% of the total volume. A
stronger diffraction component from the near-Earth F-corona, with zero Doppler shift,
dominated the line profiles. They also detected a high-velocity redshifted outflow at
330 kmy/s.

After a long break, successful observations of the dust radial velocity field in the
F-corona were once again carried out in Kazakhstan under excellent weather conditions
near the village of Mugalzhar, Aktobe region, during the total solar eclipse of March
29, 2006. These observations were repeated shortly thereafter due to the eclipse
path on August 1, 2008, also passing close to the region. The second campaign was
conducted near Barnaul, Russia, using nearly identical instrumentation. In both cases,
interferometric observations of the radial velocity field of dust in the F-corona were
conducted at distances from 3 to 11 R using a coronagraph with a Fabry—Pérot etalon
and an interference filter placed in the exit pupil. The region within 2.5R ; was blocked
by a mask placed on the field lens, whose flat surface was aligned with the primary
image of the corona. The difference in the optical layout between the 2008 setup and the
2006 setup consisted solely of replacing the interference filter. In 2006, an interference
filter with a half-width of 10 A tuned to the Mg 1 1 5172 A line was used, while in
2008, an interference filter with a half-width of 20 A and maximum transmission at
A 5202 A was employed. An Apogee Alta-10 CCD camera with 14 um pixel size was
used for image capture. The Fabry—Pérot etalon produced concentric spectral rings, with
the wavelength of each ring decreasing as its radius increased. By measuring the ring
radius at each point in the field of view, one can determine the wavelength, and thus
the integrated Doppler velocity of dust along the line of sight. A summary of the results
from these two eclipses is presented in Shestakova and Demchenko (2016).

As an example, Figure 1 shows the original image of a working frame obtained
during the 2006 eclipse, along with its transformations at two processing stages.

A comparison of the radial velocity observations of near-Sun dust up to 11R ; during
the total eclipses of March 29, 2006, and August 1, 2008, revealed that the dust varies
in composition and is dynamically inhomogeneous from year to year. During the 2006
eclipse, it was found that there was virtually no dynamical connection with the ZC
(Figure 2). The dust motion on March 29, 2006, was directed opposite to planetary
motion and had a significant inclination to the ecliptic plane. These results suggest
a genetic link between the observed dust orbital motion and Kreutz-group comets
observed near the Sun around the eclipse date. In contrast, the 2008 eclipse revealed
classical zodiacal dust concentrated near the ecliptic plane (Figure 3).
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Figure 1. 130-second interferogram of the near-Sun region from March 29,
2006, shown at different processing stages: the raw frame, the frame corrected
for the field function, and the fully corrected frame after mathematical processing.
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Figure 2. Radial velocities of dust in the F-corona on March 29, 2006. N corresponds to 0°,
E to 90°, S to 180°, and W to 270°. The range from 360° to 450° represents a repetition of the initial
0°—90° segment. Open squares and filled diamonds indicate two different processing methods using
images of the daytime sky taken before and after the eclipse.
The solid line represents the average between the two methods.
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Zodiacal dust moving along classical orbits in the direction of planetary rotation
is expected to exhibit positive radial velocities west of the Sun (270°) and negative
velocities to the east (90°), as shown in the eclipse observations from August 1, 2008,
in Figure 3. In contrast, Figure 2 presents the results from the March 29, 2006, eclipse,
where cometary dust dominates the near-Sun region, moving across the ecliptic plane.
The influence of zodiacal dust appears only as a slight negative deviation on the eastern
side (around 120°) and a more pronounced rise on the western side between 270° and
300°. Bsol
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Figure 3. Radial velocities of dust in the F-corona on August 1, 2008. 0° corresponds
to the north ecliptic pole; E =90°, S = 180°, W = 270°. The bold curve represents a fourth-order
polynomial fit to the data.

To date, due to the exceptional difficulty of such experiments, no new observational
data on dust dynamics in the near-Sun region have been obtained. The most recent
results worth mentioning come from the Parker Solar Probe space mission (Szalay
et al., 2024), which traversed the innermost regions of the ZC. Contrary to previous
expectations, the mission revealed that most of the dust mass is concentrated in very fine
particles with radii of approximately 0.6—1.4 um, rather than 10-100 pm as previously
assumed (Leinert, 1975).In our own eclipse experiments following the 1981 campaign,
we determined particle radii of approximately 0.4-0.5 pm and a power-law exponent
of the dust concentration variation with distance of o= 1.1 (Shcheglov et al., 1987).
Based on the 2008 eclipse data, we derived an average particle radius of 1.15 pm and
an exponent of o = 1.08 (Shestakova and Demchenko, 2016), which closely agrees with
the Parker Solar Probe findings (Szalay et al., 2024). Only in 2006, when the near-Sun
region was filled with cometary dust, did the power-law exponent o appear significantly
steeper at o = 2.2, while the particle radii remained in a similar range of about 0.9 um.

Discussion. Existing knowledge of the dust corona brightness is largely based on
observational syntheses and eclipse measurements. The study by Kimura and Mann
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(1998) presents a composite graph of the brightness of the solar corona and the zodiacal
light, compiled from observations by various authors (Figure 4), providing a unified
view of brightness variations across the near-Sun region. Complementary results were
obtained from observations of sky brightness conducted by specialists of the Fesenkov
Astrophysical Institute during total solar eclipses, as well as in the periods immediately
before and after the eclipses (Shestakova and Demchenko, 2010). These measurements
offer valuable constraints on the spatial distribution and brightness of the dust corona
and its contribution relative to other coronal components.

Table 1. Sky brightness during the total solar eclipse on March 29, 2006, and of the daytime sky before
and after the eclipse.

File/elongation 4.0R, 4.4R 10R 10R

Eclipse 4.92 x 10° B, 470x10°B, [2.85x10°B, [2.86x 10° B,
Day sky 1 (before) 4.58 x 107 B, 3.62x105B, [3.41x10°B, [2.61 x 107 B
Day sky 2 (after) 1.82 x 10° B 2.16 x 10° B, 1.47 x 10° B, 1.43 x 10° B
Day sky 1/eclipse 0.93 x10* 0.77 x 10* 1.20 x 10* 0.91 x 10
Day sky 2/eclipse 0.37 x10* 0.46 x 10* 0.52 x10* 0.50 x 10*

The observations of the March 29, 2006, eclipse were conducted under excellent
weather conditions. The brightness measurement errors at the edge of the field of view
(I0Ry) for the eclipse image reached up to 30%, while the errors for the remaining
measurements remained within 5-10%.

As seen from Table 1, at a distance of approximately 4R, the coronal brightness
exceeds the background sky brightness far from the Sun (at 10 R ) by a factor of about
1.7. Moreover, at the field edges (10 R ), the background sky in both the western and
eastern parts remains constant during the eclipse: B(eclipse) = 2.9 x 10 B . This value
closely matches the eclipse sky line in Figure 4, where B(eclipse) = 1 x 10 B. The last
two rows of Table 1 allow us to estimate the difference between daytime and eclipse sky
brightness. The brightness ratios B (day sky / eclipse) are within the range 0.37 x 10*
to 1.20 x 10* These estimates may be valuable for ground-based testing of instruments
intended for space-based observations. Also of interest are the data in Tables 2 and 3,
which present the results of sky brightness measurements during the total solar eclipse
of August 1, 2008 (Table 2), and comparative results from both eclipses on March 29,
2006, and August 1, 2008 (Table 3).
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Figure 4. The visible brightness of the solar corona in the equatorial plane of the Sun as a function of
elongation, expressed in units of the solar disk brightness.

Table 2. Sky brightness during the total solar eclipse on August 1, 2008, and of the daytime sky after the

eclipse.

File/elongation 49R, 41Ry 10Ry 10R,
Eclipse 1.32- 10% B 1.26 - 10% B 0.90-10%B, | 1.24- 10®* B
Day sky 6.54 - 105 B, 570-10°B, | 4.60- 10°B, | 5.21-10% B
Day sky /eclipse 0.50 - 10* 0.45-10* 0.51-10* 0.42 - 10*

Table 3. Ratio of sky brightness values for the solar eclipses: B, (2008) /B, (2006)
File/elongation 4.9 R/4.0R(E) 41R, 10R, 10R
Eclipse2008/eclipse2006 2.68 2.68 3.16 4.33
Sky(2008)/ Sky2 (2006) 3.59 2.64 3.13 3.64
(Day sky /eclipse)2008/ 1.34 0.99 0.99 0.84
(Day sky /eclipse)2006

The observation of the August 1, 2008, eclipse was carried out about an hour after
cloud cover had passed. The sky was noticeably brighter than during the 2006 eclipse. As
seen in Table 3, the sky brightness during the 2008 eclipse was approximately B(eclipse)
~ 10* B_, which is about five times higher than during the 2006 eclipse and an order of
magnitude greater than the eclipse sky brightness shown in Figure 4. Particular attention
should be given to the Day sky / Eclipse ratio in the last row of Table 3. Despite the
differences in weather conditions between the two eclipse events, the ratio B (Day sky /
eclipse)2008/ B (Day sky /eclipse)2006 ~ 1. This result is important, for example, when
planning and preparing future total solar eclipse observations. Auxiliary Tasks:
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1) Observation of the Green Coronal Line Fe XIV at 25303 A.

In addition to the above-discussed observations of radial velocities during solar
eclipses using the Mg 1 absorption triplet (A5167-5184 A), it is worth noting an
emission line that appeared in the final frame taken 20 seconds before the end of totality.
In both 2006 and 2008, a bright emission line was observed in the form of three rings
corresponding to three interference orders. This bright line, seen in the scattered light
of the eclipse sky, is likely associated with the strongest emission line of thirteen-times-
ionized iron, Fe XIV, from the electron corona at A 5303 A. This emission was used as a
reference line for radial velocity measurements. Thus, the green coronal line, in addition
to being an indicator of coronal activity, can serve as a wavelength reference line.

2) Observation of the Sodium Doublet Na I, 25890 — 5896 A.

As for the Na I doublet at L5890—5896 A, FAI specialists have experience observing
its emission during the NASA experiment known as the DART mission (Shestakova et
al., 2023). At the moment of impact between the spacecraft and the asteroid Dimorphos,
spectral observations of the Didymos—Dimorphos asteroid pair were conducted using
the AZT-20 telescope at the Assy-Turgen Observatory. During and immediately after
the collision, emission lines of alkali metals—Na, K, and Li—were detected in the
spectra. Thus, observations of the sodium doublet can be used both for determining dust
radial velocities and for detecting atomic emissions resulting from the disruption of
small bodies.

3) Search for Oxygen Emission at 15577A in Earth's Atmosphere as Earthquake
Precursors.

Solving the problem of earthquake forecasting is of paramount importance and
requires no justification of its significance. Observing the Earth's nighttime hemisphere
from space in the oxygen O I emission line at a wavelength of A5577 A offers a way
to test the hypothesis that fluctuations in the nightglow of Earth's atmosphere at this
wavelength may serve as precursors to earthquakes.To carry out such observations, a
small-aperture telescope equipped with a spectrograph capable of recording the A5000—
6000 A range in a single frame can be used to scan the nighttime hemisphere of Earth.
A spectrograph slit length of 20—30 arcminutes would be sufficient to cover the entire
visible disk of the Earth. Capabilities of Space-Based Observations and Instrument
Selection. Based on the observational experience described above in the A5000—6000 A
spectral region, we propose a program of comprehensive spectral studies at the interface
between the electron and dust components of the corona (the K- and F-corona).

The background zodiacal light brightness in the ecliptic plane at a distance of 50 R
(12.5° elongation) from the Sun is about 10" B (see Figure 1), which is two orders
of magnitude fainter than the sky brightness during a solar eclipse. Ideally, spectral
observations in the 25000—6000 A range should be conducted starting from 4R and
extending as far as the instrument sensitivity allows. The regionup to 16 R, corresponds
to the sublimation zone for dust of various chemical compositions. Using slit-based
observations with a spectrograph, the entire radial range from 4 R, to 16 R, can be
covered with a field of view of approximately 30 arcminutes when the slit is oriented
radially with respect to the Sun. Since zodiacal dust extends to much greater distances,
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observations could also be extended along the ecliptic plane and toward the ecliptic
poles, up to S0R, (12.5°). According to Makarova et al. (1994 ), the brightness of
the Sun in the selected spectral region is about By = 2.8 x 107 J/(s'm*-pm-sr). The
zodiacal dust brightness at 50 R (from Figure 4) is estimated as: 10" B, =~ 2.8 x
10* J/(s'm?-pum-sr). The minimum ZL brightness may reach two orders of magnitude
lower: 10 B, = 2.8 x 10 J/(s'm*>-pm-sr) (per Figure 1). In a study by Kuznechik et
al. (2007), the radiance of major night-sky components was measured near the galactic
pole and zenith at wavelengths 0.53 and 0.69 pm in Minsk and surrounding areas.
Estimates were given for lunar scattered light, the Milky Way, zodiacal light, airglow,
and artificial light pollution. The zodiacal light brightness in the direction of the galactic
pole (in the absence of the Moon) was: B, =1.533 x 10 J/(s'm* pm-sr). The estimated
sky brightness under full Moon conditions at 0.5 um wavelength was: B_ = 5,25
x 10* W-m?2-sr'-um™, though the authors suggest this value is likely overestimated
and should be about one order of magnitude lower. Interestingly, our estimate of the
zodiacal light brightness at S0R ; is only about 2 times lower than the full Moon sky
brightness, indicating that testing the spectrograph’s sensitivity for such tasks can be
performed even during full Moon nights. Required Equipment: A small telescope with
an aperture of 30—40 cm, equipped with a spectrograph capable of recording spectra
in the A 5000—6000 A range in a single frame with a dispersion of 0.175 A/pixel. In
this spectral region, the Doppler velocity scale is approximately 60 km/s per A, which
allows for a radial velocity measurement accuracy of 4—6 km/s. The 30-arcminute-long
slit of the spectrograph should be oriented radially with respect to the Sun, covering the
range from 4 to 16 R is about 1/10,000 of the daytime sky brightness, whereas at an
elongation of 50R, , the difference between the zodiacal light and the daytime sky
brightness reaches a factor of 10°. The main challenge lies in pointing the telescope at
the near-Sun region from multiple positional angles around the Sun, ideally with a 30°
step. If close solar pointing is not feasible, observations may be limited to scanning
more distant regions using the spectrograph slit—either along the ecliptic plane or toward
its poles.

Conclusion. Scanning the inner region of the Solar System using a telescope equipped
with a long-slit spectrograph for measuring dust radial velocities, detecting emission
clouds, and identifying atomic emissions provides a unique opportunity to study the
dynamics of these phenomena and investigate their origins. Space-based astronomical
observations are typically oriented toward the anti-solar direction to study galactic and
extragalactic objects, leaving nearby regions of space significantly underexplored. For
instance, SOHO mission data indicate that approximately 200 comets fall into the Sun
each year. It is evident that as they approach the Sun, they release significant amounts
of dust and gas. The lack of observational data in the near-Sun region is largely due to
the challenges posed by the Sun’s intense brightness. Even with solar shielding, slight
pointing errors can damage highly sensitive instruments. Due to the exceptional
complexity of such experiments, no new observational data on dust dynamics in the near-
Sun region have been obtained to date. The most noteworthy recent results come from
the Parker Solar Probe mission (Szalay et al., 2024), which flew through the innermost
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regions of the zodiacal cloud. According to the cited study, most of the dust mass is
concentrated in extremely fine particles with radii of approximately 0.6—1.4 pm, rather
than in larger particles with radii around 30 pm, as previously believed (Leinert, 1975).
In addition, they estimated the power-law exponent describing how dust concentration
changes with distance to be a = 1.1 + 0.3, over the range 0.1 to 0.25 AU. Based on
observations from the 2008 solar eclipse conducted by FAI researchers, the average
particle radius was found to be 1.15 pm (Shestakova and Demchenko, 2016). The same
study also determined the power-law exponent for dust concentration with distance
to be o = 1.08, closely matching the Parker Solar Probe results.t is also worth noting
the results from the March 29, 2006 eclipse, which turned out to be unexpected. The
exponent was significantly steeper: a = 2.2, while the average particle radius remained
within a similar range of about 0.9 pm (Shestakova and Demchenko, 2016). The reason
for this discrepancy was that the near-Sun region had been filled with cometary dust
released by Kreutz group comets that passed near the Sun one day before the eclipse.
The accuracy of our experiments, even though they were carried out from the ground,
demonstrates the high efficiency of the method for measuring the radial velocities of
near-Sun dust. Given that many active processes take place in the inner Solar System -
including the destruction of small bodies, comets, and meteoroid streams - it is necessary
to intensify research efforts in this region. The processes occurring there may have a
significant influence, including on conditions affecting life on Earth.
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Abstract. The article addresses the problem of rational fuel use at Thermal Power
Plant No. 1 in Semey, which is essential for ensuring reliable and efficient heat and
power supply. The relevance of the study is determined by the need to analyze the annual
fuel consumption structure for planning supplies and optimizing boiler operation. The
methodology is based on data from the automated fuel supply control system. Annual
consumption volumes were calculated for three steam boilers of type E-90-3.9-440 and
two hot-water boilers of type KV-TK-116.3-150. The results showed that coal is the
plant’s dominant fuel: annual consumption reached 162,678 tons, accounting for more
than 99% of the balance. The highest value was recorded for steam boiler No. 6 —
42.577.4 tons. The other steam boilers consumed 31,903.7 and 34,687.7 tons. Hot-water
boilers used 22,467.4 and 31,041.8 tons, and their combined consumption exceeded
53,000 tons, which is comparable to the steam boilers and confirms their significant
role in covering the heat load. Fuel oil use was relatively low and limited to startup and
combustion stabilization, with a total of 778 tons per year. The maximum value was
observed in steam boiler No. 7 — 198.5 tons. The findings confirm a balanced load
distribution, stability of the fuel scheme, and efficiency of the plant’s operation. The
results can be applied to fuel supply planning, optimization of combustion regimes, and
improving the reliability of heat supply in Semey.

Keywords: fuel consumption, steam boiler, hot-water boiler, coal, fuel oil, automated
control system
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Annoranus. Makamana Cemeil kamaceiHAarbl Nol JKbUTy SJEKTP OpPTaIbIFBIHIA
OTHIHJIBI YTHIMJIBI TIAlJJalaHy MoceJieci KapacThIpbliaabl. byl Macerne aiimak
TYPFBIHJIAPBIH KBUTYy JKOHE SJIEKTP SHEPIUsSCHIMEH CEHIMJI opi THIMJI KaMTamachl3
eTy YIIiH epekiie MaHb3Fa ne. KazakcTan sHepreTHKachiHIa KOMIPAIH YiIeci )KOFapbl
OOJIFaH/IBIKTaH, HAKThI KOCIOPBIHAAPAAFbl OThIH KYPBUIBIMBIH TaJlIay FHUIBIMH JKOHE
TOXKIPUOCIIK TYPFBIJIaH ©3€KTI OO0JIbIN TaObLIaabl. 3EPTTEYIIH ©3CKTLIIr — KBIIIBIK
OTHIH TYTHIHY KOJIEMIH aHBIKTay apKbLJIbl OTBIH JKETKI3YIl JKOCIapiay, Ka3aHJIbIK
JKYMBICBIHBIH PEXHUMJICPIH OHTANIAHIBIPY JKOHE KaJbl KYHCHIH TYPaKThLIBIFBIH
Oaranay KaKETTUIINIMEH TYCIHIIpUIeai. OAicTeMe aBTOMATTaHIbIPbUIFAH OTBIH Oepy
Oackapy JKyHecCiHIH HaKThl JEpPEKTepiH MaijanaHyra Herizuesui. JKbUIIbIK TYTBIHY
kesemuepi yir E-90-3,9-440 Oy kazanawirsl xoHe exki KB-TK-116,3-150 cy kbI3asipy
Ka3aHJbIFbl VIIIH €CENTeNil, OJapAblH CalbICTBIPMaJbl KYKTEMECI aHBIKTaJIIbI.
Hotmxenep kKeMip/iH HETi3ri OThIH €KEHIH KOPCETTI: KaJIbl ILIFBIHBL 162 678 ToHHA
OoubIll, KYpBUIBIMHBIH 99%-1aH actaMblH Kypaiabl. EH skorapel TyThiHy Ne6 Oy
KazaHbIiHAa Tipkeaai — 42 577,4 tonna. backa Oy kasaHabikrapsl THicidme 31 903,7
xoHe 34 687,7 TonHa xxymcasipl. Cy KbI3ABIPY Ka3aHABIKTAPhI a3y TYThIHFaHbIMEH (22
467,4 xone 31 041,8 ToHHA), OJap/IbIH KUBIHTHIK Kejiemi 53 000 ToHHanaH ackll, Oy
Ka3aHJIbIKTAPbIMEH CAJIBICTBIPMAJIbI ICHI€UTe )KETT1 JKOHE XKBUTY KYKTEMECIH xKa0ynarbl
MaHbBI3/IbI POJIIH aNKbIHIAABl. Ma3yT IIbIFBIHBI IIaMajbl OOJIbI JKOHE HETI3iHEH
Ka3aHJbIKTap/Ibl 1ICKe KOCY MEH >KaHYJ/Ibl TYPaKTaAHABIPY YIIIH KOJIAAHBULABL. JKbIIIbIK
KeJsieMi 778 TOHHaHBI KYpaJibl, OHBIH 1IIIHIE eH >korapbichl No7 Oy KazaHbiHga — 198,5
TOHHA. AJIBIHFAH HOTHXKEJEDP KYKTEMEHIH TEHrepimai OesiHYyiH, OThIH CXEMaChIHBIH
TYPAKTBUIBIFBIH JKOHE CTAHIUS KYMBICBIHBIH THIMJIUTITIH pacTaiabl. KopeIThiHIBLIAD
OoJamakTa OThIH )KETKI3y/i )Kocapiayaa, )KaHy pesKUMIIepiH xKeTuiaipyne xone Cemeit
KaJIaChIHbIH KBLTY KaObIFBIHBIH CEHIMJIIITIH apTThIPYa KOJIIaHBLTYbl MYMKIH.

Tyiiin ce3mep: OThIH TYThIHY, Oy Ka3aHIbIFbI, Cy Ka3aHJbIFbI, KOMIp, Ma3yT,
aBTOMATTaH/IBIPbUIFaH OacKapy Ky#eci
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AHHoTanus. B cratbe paccmarpuBaeTcst mpobiemMa paroHaIbHOTO MCIOIb30Ba-
HUS TOIUIMBA Ha TeryioanekTpouenTpanu Ne 1 ropona Cemeit, YTo UMeeT BaKHOE 3Ha-
YyeHue Jisi obecredeHus: Haié&KHOCTU U dPGEKTUBHOCTU TETIO- U SHEPTOCHAOKEHUSI.
AKTyabHOCTb HCCIIeIOBAHUS OIpeeIaeTcss HeOOXOIMMOCTBIO aHAJIN3a CTPYKTYPHI I0-
JIOBOTO TOTUTMBOIIOTPEONICHUST IS TNIAHUPOBAHMS TOCTABOK M ONITUMH3ALINHU PEKUMOB
paboThl KOTENBLHOTO 000pyAOBaHMs. MeToIMKa OCHOBaHA Ha MCIIOJIL30BAHUH JTAHHBIX
ABTOMAaTU3UPOBAHHON CHUCTEMBI yIIpaBJICHUs noaadeil tormsa. [Iposenén pacuér ro-
JIOBBIX 00BEMOB MOTpeONeHHs s TPEX MapoBbIX KOTIOB Tuna E-90-3,9-440 u nByx
BogorperHpix kKoTiioB Tuna KB-TK-116,3-150. Pe3ynprars! moka3anu, 4To yroyib sBis-
€TCsI OCHOBHBIM TOIUTMBOM CTAHIIUU: €T0 TOI0BOH pacxon coctaBmwi 162 678 TOHH, 4TO
npesbimaetT 99% B cTpykrype norpebienus. Hanbomnbimas Harpy3ka NpUXOIUTCs Ha
napoBoil KoTén Ne 6 — 42 577,4 tonH. [[ns AByX APYTHX MapOBBIX arperaTtoB pacxoi
coctasuia 31 903,7 u 34 687,7 TonH. Bogorpeiinbie KOTIIBI MOTPEOAIOT MEHbIIIE — 22
467,4 u 31 041,8 TOHH COOTBETCTBEHHO, OIHAKO MX CYMMAapHBIA pacxoj MpeBbIIIaeT
53 000 ToHH, YTO COTOCTAaBUMO C ITOKAa3aTEIIMHU MapOBBIX KOTIOB M MOATBEPKIAET UX
BaXHYIO POJIb B TMOKPBITUU TEIUIOBOW Harpy3ku. Pacxon MaszyTa HEBENMK M OrpaHU-
yuBaeTcsd (PyHKIUAMH pOIPKUATA M cTaOMIM3anuu ropeHus. ['onoBoit 00bEM cocTaBui
778 ToHH, HauOoOJIbIIICe 3HAUCHUE 3a()UKCHPOBAaHO Yy mapoBoro korna Ne 7 — 1985
ToHH. ClenaHHbIE BBIBOJBI CBUIETENBCTBYIOT O COATAHCHPOBAHHOM paclpe/eleHun
Harpy3Ku, YCTOHUMBOCTU TOTUTUBHON CXeMbl M d((GEKTHBHOCTH IKCIUTyaTalldl CTaH-
1un. Pe3ynsraTsl MOTYT OBITH HCIIOJIB30BAaHbI TPH TUTAHWPOBAHUH TOTUIMBOCHAOKEHNS,
COBEpPIICHCTBOBAHUH PEKMMOB TOPEHUS M MOBBIIICHHN HAIEKHOCTH TETUIOCHAOKEHHS
ropona Cemeii. KiroueBble cioBa: morpeOlieHHe TOTUTUBA, TAPOBOH KOTEN, BOJIOTpEii-
HBIHA KOTEJN, Yroyb, Ma3yT, aBTOMAaTU3UPOBaHHAS CHCTEMa yIPaBICHNUS.

KuioueBble cjioBa: moTpebIeHNE TOIUINBA, MAPOBON KOTEN, BOJOTPEHHBIA KOTEM,
yTOJIb, Ma3yT, aBTOMaTU3MPOBAHHAS CHCTEMA YIIPaBICHUS
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Introduction. Energy supply for industrial and residential consumers in modern
cities is predominantly provided by combined heat and power plants (CHPs), which
play a key role in the cogeneration of thermal and electrical energy (Lepiksaar et al.,
2023; Ogbuabia et al., 2023; Smagulova et al., 2023; Chen, 2022; Safari et al., 2025).

Amid the global intensification of the greenhouse effect, rising atmospheric pollution,
and increasingly stringent environmental requirements, the reliability and operational
efficiency of coal-fired CHP plants have become critically important (Li et al., 2025;
Wang P. et al., 2025). Maintaining stable and efficient plant operation is essential not
only for ensuring uninterrupted energy supply but also for reducing pollutant emissions,
optimizing fuel consumption, and improving overall energy efficiency, thereby
supporting sustainable and environmentally responsible power generation (Wang C. et
al., 2023).

Recent advances in intelligent coal-fired power technologies have significantly
improved the reliability and operational efficiency of CHP plants (Liu et al., 2025).

CHP-1 in the city of Semey is the only thermal power plant in the city and has been
in operation since 1931, supplying thermal energy and steam to both residential and
municipal facilities as well as industrial enterprises. The heat consumers are located on
the left bank of Semey and include residential buildings, administrative institutions, and
industrial sites (BAQ.KZ, 2023). Figure 1 presents the thermal schematic of the steam
circuit of CHP-1 in Semey, illustrating one of the two main pathways of heat generation
at the plant.

The main source of thermal energy in the presented scheme is the steam boiler unit
(1) of type E-90-3.9—440, designed to produce high-pressure water steam (Serikkazinov
et al., 2025). CHP-1 operates three such steam boilers. The generated steam is directed
to the steam turbine (2), where it is converted into mechanical rotational energy that
drives the electric generator (3) to produce electricity. The installed electric capacity of
the plant is 18 MW. The generated electricity is used primarily for internal needs.

After exiting the turbine, the exhaust steam enters the condenser (4), where it
transitions to the liquid phase. The condensate pump (5) transfers the condensate to
the feedwater tank (6), from which water is returned to the boiler using the feedwater
pump (9). To compensate for losses, chemically treated water is supplied to the circuit
via pipeline (10).

Thermal energy for district heating is extracted from the turbine system and delivered
to heat consumers (7), while circulation in the heating network is maintained by the
district heating pump (8).

It is worth noting that, in addition to steam boilers, CHP-1 also operates two hot-
water boilers of the KV-TK-116.3-150 type, which are used to produce thermal energy
depending on district heating demand (Khazhidinova et al., 2023). The thermal capacity
of CHP-1 reaches 413 Gcal/h, which enables coverage of a significant portion of the
annual thermal load.
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Figure 1. Thermal schematic of the steam circuit of CHP-1 in Semey: 1 — boiler unit E-90-3.9-440;
2 — steam turbine; 3 — electric generator; 4 — condenser; 5 — condensate pump; 6 — feedwater tank;
7 — heat consumers; 8 — district heating pump; 9 — feedwater pump; 10 — pipeline supplying
chemically treated water

The city's district heating system is a complex and dynamic mechanism, whose
efficiency largely depends on the rational use of fuel. The primary fuel used at CHP-1
is Karazhyra coal, delivered by rail and stored in an open yard. For boiler startup and
combustion stabilization, fuel oil grade M-100 is used, delivered in rail tankers and
stored in dedicated reservoirs (Stepanova et al., 2024). The main factors affecting fuel
consumption are presented in Figure 2.

| Main Factors Affecting Fuel Consumption
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Figure 2. Main Factors Affecting Fuel Consumption
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The equipment and boiler units of the CHP plant are relatively new — installed
after 2015, which ensures stable operation and compliance with modern technical
requirements.

The use of two types of fuel provides flexibility in the operation of boiler units,
depending on production conditions and seasonal fluctuations in heat demand.

To ensure that the fuel meets established technical requirements and to support the
efficient operation of the boiler equipment, fuel quality analysis is carried out in the
laboratory at the CHP plant.

To ensure reliable and efficient operation of the fuel supply system, an automated
control system (ACS) for fuel supply has been implemented at the CHP. The main
function of this system is to monitor and regulate the fuel delivery processes from the
storage yard to the boiler units in accordance with the current thermal load (Serikkazinov
et al., 2025; Khazhidinova et al., 2023; Stepanova et al., 2024).

The automated control system (ACS) provides:

— automatic control of main and auxiliary fuel supply mechanisms (belt and
scraper conveyors, crushers, feeders);

—  monitoring of process parameters (fuel consumption, bunker levels, operation
of actuators);

—  equipment protection from emergency situations through the implementation of
interlock and alarm algorithms;

—  collection, storage, and real-time display of information on equipment status
and process parameters.

The system is equipped with specialized software. The use of the automated control
system (ACS) significantly improves control accuracy, reduces fuel losses, minimizes
the human factor, and enhances the overall reliability of the fuel supply process.
Additional advantages of the ACS include faster decision-making, stable equipment
operation under variable loads, reduced risk of overloads and fuel delivery failures, and
simplified maintenance through a built-in diagnostics and parameter archiving system
(Janta-Lipinska et al., 2024; Lee et al., 2025).

The aim of this study is to analyze the structure of fuel consumption at CHP-1,
determine the annual volumes of coal and fuel oil usage, and identify the operational
characteristics of the boiler equipment. The results make it possible to assess the current
efficiency of fuel resource utilization.

Material and methods. The object of this study is the fuel supply system of CHP-
1 in the city of Semey, which includes steam and hot-water boilers operating on solid
and liquid fuels. The aim of the research is to conduct a quantitative and qualitative
analysis of the annual fuel consumption at the plant, taking into account the specifics of
operating different types of boiler equipment.

The analysis is based on actual operational data on annual fuel consumption for
the 2024 - 2025 heating period. These data were obtained from operator workstation
readings and from the interface of the automated fuel supply control system (ACS).
The 2024 — 2025 heating period represents the most recent fully completed reporting
period at the time of the study.

71




ISSN 2224-5227 4.2025

The analysis was based on actual data on annual fuel consumption for a defined
reporting period. Data were obtained from readings displayed on operator station
monitors and in the ACS interface, ensuring high accuracy and real-time data collection.
Coal and fuel oil consumption for each boiler was recorded separately, allowing for a
comparative assessment of thermal load levels and operating intensity.

To visualize and interpret the data, a diagram of annual fuel consumption was
compiled, with coal consumption presented as bars and fuel oil as a line chart. The
visual representation made it possible to identify both absolute consumption values and
the share of each fuel type in the overall consumption structure. Particular attention
was given to the ratio between steam and hot-water boilers. Since hot-water boilers are
operated on par with steam boilers, the fuel distribution analysis was carried out without
a preliminary division into base and peak units.

Thus, the applied research method represents a systematic technical analysis with
elements of statistical processing of operational data. This approach makes it possible
to reasonably assess the effectiveness of the current fuel supply structure at CHP-1 and
identify key trends and features in the operation of thermal equipment.

Results and discussion. Figure 3 shows the annual fuel consumption by boiler units.
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Figure 3. Annual fuel consumption by boiler units

The highest coal consumption is recorded for steam boiler No. 6 of type E-90-3.9-
440 and amounts to 42,577.4 tons per year, indicating a high thermal load and intensive
operation. For the other steam boilers, this indicator is 31,903.7 and 34,687.7 tons per
year, respectively. Hot-water boilers show lower coal consumption volumes — 22,467.4
and 31,041.8 tons per year, which corresponds to their operational purpose.

Fuel oil consumption is significantly lower compared to coal. The highest consumption
of fuel oil is observed for steam boiler No. 7 — 198.5 tons per year, likely due to more
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frequent startups and the need to stabilize combustion. For steam boilers No. 1 and
No. 6, fuel oil consumption is 150.1 and 160.0 tons per year, respectively. Hot-water
boilers No. 1 and No. 2 consume equal amounts of fuel oil — 137.7 tons per year each,
which indicates stable operating conditions and a standardized ignition approach.

The total annual coal consumption amounts to approximately 162,678 tons per year,
while the total annual fuel oil consumption is 778 tons per year. This confirms that
coal is the main fuel used at CHP-1 for all boiler types. Fuel oil is primarily used as
startup and auxiliary fuel, as evidenced by its minor share in total consumption and the
distribution pattern across boiler types.

The analysis of annual fuel consumption at CHP-1 in Semey provides a comprehensive
understanding of the operational balance between steam and hot-water boilers. The
results obtained in this study generally confirm the well-documented trends in the
literature, according to which coal remains the predominant fuel for combined heat and
power plants in Kazakhstan and other Central Asian countries (Ogbuabia et al., 2023;
Smagulova et al., BAQ.KZ, 2023). The calculated annual coal consumption of more
than 162,000 tons, representing over 99% of the total fuel balance, is consistent with
previous studies emphasizing the critical role of coal-fired boilers in ensuring regional
energy stability (Li et al., 2025; Wang C. et al., 2023; Stepanova et al., 2024).

Compared with earlier works that mainly focused on combustion efficiency of
non-design or low-grade Karazhyra coal (Serikkazinov et al., 2025; Khazhidinova et
al., 2023; Stepanova et al., 2024), this study expands the scope by analyzing not only
combustion aspects but also the overall fuel consumption structure at the plant level. This
comprehensive approach highlights the operational significance of hot-water boilers,
whose total annual coal consumption (over 53,000 tons) is comparable to steam boilers.
Previous studies tended to describe hot-water boilers as auxiliary or peak-load equipment
(Wang P. et al., 2025; Wang C. et al., 2023); however, our findings demonstrate their
permanent contribution to covering base thermal loads, which represents a distinctive
feature of Semey CHP-1.

The relatively small share of fuel oil consumption (778 tons per year, less than 1%
of the balance) confirms its strictly auxiliary role. This is consistent with international
practice, where liquid fuels are primarily used for boiler startup and flame stabilization
(Chen M., 2022; Li et al., 2025). At the same time, the observed differences in fuel oil
consumption across boilers (e.g., higher use in steam boiler No. 7) suggest possible
differences in startup frequency or operational regimes, which require additional
investigation.

The strength of this study lies in the use of actual operational data from the automated
control system, which ensures accuracy and minimizes subjective interpretation. Such
an approach corresponds to modern research practices in the field of intelligent coal-fired
power plant monitoring (Liu et al., 2025). Nevertheless, the study also has limitations.
It covers only one reporting period and does not analyze seasonal variations in fuel
consumption, which may affect the overall balance. In addition, the environmental
dimension — such as emissions of SO[], NOy, and particulate matter — was not
included in the present analysis, although this factor is becoming increasingly relevant
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in the context of sustainable power generation (Li et al., 2025; Janta-Lipinska et al.,
2024).

Future research should therefore focus on a more detailed assessment of seasonal
consumption patterns, efficiency of individual boilers under varying loads, and the
integration of advanced combustion optimization technologies, including artificial
intelligence-driven control systems (Safari et al., 2025; Lee et al., 2025). In addition,
linking fuel consumption data with environmental performance indicators would
provide a more holistic evaluation of the plant’s operation.

In summary, this study contributes to the understanding of fuel consumption patterns
at CHP-1 in Semey, confirms the predominance of coal as the primary energy resource,
and emphasizes the significant role of hot-water boilers in ensuring the reliability of
district heating. The findings provide a useful basis for practical applications in fuel
supply planning, optimization of combustion regimes, and enhancement of energy
security in the region.

Conclusion. The analysis of the annual fuel consumption at CHP-1 in the city
of Semey made it possible to determine the fuel consumption structure and identify
operational features of the boiler equipment. Coal from the Karazhyra deposit is the
primary fuel for all types of boilers — both steam and hot-water. Its share in total
consumption constitutes an overwhelming majority — more than 99%, with a total
annual consumption of approximately 162,678 tons.

Fuel oil grade M-100, with an annual consumption of 778 tons, serves a strictly
limited auxiliary function. Its use is mainly associated with boiler startup and combustion
stabilization during initial operating modes, which is particularly relevant during start-
up and unstable operating conditions.

It is important to note that the hot-water boilers at CHP-1 do not operate as peak-load
or standby units, but function alongside the steam boilers, providing a significant share
of the thermal load. This is reflected in the high coal consumption — over 53,000 tons
per year for the two hot-water boilers, which is comparable to that of the steam units.

The joint operation of steam and hot-water boilers at CHP-1 allows for flexible
response to varying loads and ensures the supply of both electricity and heat in
accordance with current demand. Thus, the fuel consumption structure of CHP-1
demonstrates stability and efficiency, as evidenced by the balanced load distribution
among boiler units.

The scientific novelty of the study lies in the comprehensive assessment of fuel
consumption for both steam and hot-water boilers, taking into account their joint
operation, which makes it possible to more objectively characterize the load structure
and the efficiency of energy resource utilization.

The practical significance of the work consists in the possibility of using the obtained
results to optimize fuel regimes, improve the planning of coal and fuel oil supplies,
increase combustion efficiency, as well as to develop measures for energy saving and
enhancing the reliability of the city’s heat supply system.
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Abstract. This article is devoted to the theoretical investigation of processes in
macroscopic systems based on the corpuscular—-wave dualism and quantum statistical
distributions using the Green's function method. In particular, it provides a detailed
description of the characteristics and properties of the Green's function for an ideal
Fermi liquid, single- and two-particle Green’s functions, as well as Green’s functions
for extreme temperatures and the Dirac and Schrodinger equations. The work analyzes
aspects of applying the Green’s function method to processes in many-particle quantum
systems and to solutions of equations describing the particles that constitute such systems.
For a given operator and boundary conditions, the Green’s function can be defined, and
the solution to the corresponding equation describing the fluid can be written in integral
form using this function. A distinctive feature of this method lies in the application
of mathematical physics tools — such as Fourier methods, integral transforms, special
functions, and mathematical analysis — to solve problems in quantum macrophysics
that are governed by the principles of quantum and statistical mechanics. The relevance
of this study stems from the application of the Green’s function method to quantum
phenomena. This approach is considered one of the most effective methods for solving
partial differential equations that describe various processes. It requires transforming
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the original differential equation into an equivalent integral equation involving Green’s
functions, which is then solved. The transformation involves moving to momentum
representation and applying Fourier transforms via complex variables.

Keywords: Fermi liquid, Fourier transform, momentum representation, macroscopic
system, Green’s function, quantum system
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AHHOTanusi. Makana KOPIyCKyJa—TONKBIHIBIK EKIKAKTBUIBIK >KOHE KBAHTTBIK
CTaTUCTUKAIBIK  YJECTipiMIepre HEri3IelreH MaKpOCKONMSIIBIK — JKyhemepaeri
nponecrepi [puH QyHKUMSIAPHI TOCLTIMEH TEOPHSIIBIK TYPFBIIA 3epTTEyTe apHaJFaH.
Haxrel aliTkanga, wpean QepMu—cyHbIKTHIH [puH (yHKUMsmIapsl, Oip >koHE eKi
Oemmekrik [puH QyHKOUsIapel, WEKTi Temmneparypara skoHe [upak, Llpeannrep
TeHJeyNlepiHe apHalFaH [puH QYHKUMSUIAPBIHBIH EpeKUISTIKTepi MEH KacueTTepi
TaJlaHbIl KepceTiareH. KenbenmekTi KBaHTTHIK KyHenepae oTeTiH mpouectep MeH
COHJAFrbl OeJIIeKTepre apHajraH TeHaeyinepai wmwemyae [puH QyHKOMAIapsl dmiciH
KOJIIaHyAbIH THIMAI TYCTaphl capajanraH. HakTeuibl Oip omepaTop MeH LIeKapalblK
maprrap ywin [puH QyHKIMSACHIH aHBIKTAI, OChl (YHKIUSHBIH KOMETIMEH CYHBIKTHI
CUMATTAaWTBIH TEHACYAIH MHICHIIMIH WHTErpan TypiHzxe ka3yra Oonaabl. byn omictin
e3iHIOiK Oip epekmeniri KBaHTTHIK MEXaHHKAa MEH CTATUCTUKAIBIK MeEXaHHKa
3aHABUIBIKTApPbIHA KYT1HETIH KBAaHTTHIK MaKpO(QHU3UKAHBIH OCHl TEKTEC €CeNTepiH
HmIBIFapy OapbIChIHAA MaTeMaTHKalIblK (u3ukanarbl Dypbe oici, HWHTErpaIblK
TYpJEHAIpYyJAep oaici MeH apHaiipl (QyHKOUsIap, MaTeMaTHKaJblK —TaJAaydblH
ozicTepi KoiaaHbUTaAbl. TakbIPBIITHIH ©3€KTUIIN KBaHTTHIK KyObUIbIcTapra [puH
(yHKUMSIIAPBIH KOJJIAaHY TOCUTIMEH OalIaHBICTBI SKeHIIriH aiThin oTTiK. Cebeoi,
OyJ1 Tocin TYpai mpouecTepre colkec KeleTiH JepOec TyBIHIBIIB U PepeHIUSIIIBIK
TEHJEYAepAl eITyaiH eH Oip KOIalibl TOCIepiHiH OipiHe caHalabl, SFHU KYOBUIBICTHI
cunaTTanTeiH A depeHUsIABIK TEHISYCH COFaH SKBUBAJICHTTI TYPAET1 MHTETPaJIABIK
TeHjaeyre oTim, [ puH (QYHKUMSICHI KaTbICaThlH OCHI TEHJAEYI Iy KaKeT Ooiajbl.
HuddepeHuusnabIK TeHAeyAeH WHTETPaNIbIK TEHACYre oTy OapbIChIHIA UMITYJIbCTIK
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KOpIHICKEe aybICy, KOMIUICKCTIK aWHBIMaJIBLIBIP apKblibl Dypbe TypieHAipynepi
*KacajbiHaael. Henamik »oHe OipiHIN KybIKTay MIapTTapbl OOMBIHIIA HWHTETPAJIIBIK
OpHEKTEepre KOJ JKeTKi31iM, KYObUTBICTBIH epeKUIeTiKTepiHe Kapail HHTerpa meKkrepi
OolbIHIIA MHTErpajiaydbl OPbIHAAY apKbUIBI HAKTHl IIEMIIMAEP ajbIHATBIH OOJNabl.
KapacTplpbuiFan MakpOCKOUSIIBIK JKyHesep TOMKBIHABIK (GYHKIHsIIAphl TYPAKTHI, al
(U3MKaIBIK IaMaJapFa ColKeC KOMBUIATBIH OTepaTopiaphl yakbITKa Toyesai 00IaTeiH
rei3eHOeprTiK ycTaHbIMFa colikecTeHnipinai. Ecenreynmep CHIpTKBI epicTiH acepi
ECKEepUIreH KoHEe eCKepiIMereH JKaraainap Yl Kypri3ijiai, COHpIMEH Oipre HOMIHIII
YKOHE OIpIHIII KYBIKTAy MapTTapblHa COMKEC KEIETiH HOTHKeNep KenTipiii.
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AnHoTtammusa. CraTbd MOCBSIIEHA TEOPETHUYECKOMY M3YUEHHIO IPOLECCOB B
MAaKpOCKOIIMYECKUX CHCTEMAax HAa OCHOBE KOPILYyCKYJISIDHO-BOJIHOBOIO JAyalau3Ma U
KBAaHTOBBIX CTAaTHCTHYECKUX PACHPEACICHUI C HCIOJIB30BAHUEM METOoAa (YHKIUHA
['puna. IlogpoOGHO omucaHbl 0COOCHHOCTH M CBOMcTBa (QyHKIMH |puHA MaeaIbHOU
(epMU-KHUIKOCTH, ONHO- W JBYXYAaCTHUYHBIX (QyHKOMHA [puHa, a Takke (QyHKIMN
I'puna juis mpenenpHBIX Temmeparyp W misg ypaBHeHuid Jlupaka u Illpenunrepa.
[Ipoananu3upoBaHbl acHeKTbl NPUMEHEHHUs] Merofa (GyHKUM [puHa K mpoueccam,
MIPOTEKAOIIYM B MHOTOYAaCTUYHBIX KBAHTOBBIX CUCTEMAX, M K PELICHUIO YPaBHEHUH,
MpeAHa3HAYCHHBIX JJIsl YacTHL, OO0pasylomMX Takue CcHucTeMbl. I 3amaHHOTO
orepaTopa M IpaHUYHBIX YCIOBUM MOXHO omnpenenuTh GpyHkuuio ['puHa u yepes Heé
MPEACTABUTh PELICHUE YPABHEHUS, OINUCHIBAIOLIEIO JKUJIKOCTb, B BHUJE HHTErpaa.
OTnanunTenbHas OCOOCHHOCTh METOJa 3aKIoYaeTcs B TOM, YTO TIPH PEIICHUU
3aJa4 KBaHTOBOW MakpO(HM3HKH, OCHOBAHHBIX HA 3aKOHAX KBAaHTOBOM MeEXaHHKH
W CTaTUCTUYECKONH (DU3UKH, HCHONB3YIOTCS METOAbl MaTeMaTHUeCKOH (HU3HUKH:
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npeoOpazoBanuss Pypbe, HHTErpaNIbHBIE MPE0OPa30BaHusl U CHenUanbHble (YHKLINH.
AKTyaJIbHOCTh HCCIICIOBaHHUS CBSi3aHA C NMpPUMEHEHHWeM Meroaa (QyHKumMi ['puHa K
KBaHTOBBIM SIBICHHUSM. Takoil moaxon sBIsieTcs OAHMM M3 Hamboiee dPQEeKTUBHBIX
CIOCOOOB  pEIIeHHST ypPaBHEHHH B YACTHBIX NPOU3BOJHBIX, OMNUCHIBAIOIINX
pasnuunble Qusndeckue mponecchl. [lepexox oT muddepeHINANEHOTO ypaBHEHUS
K DKBHBAJCHTHOMY HHTETPAJIbHOMY, yuuThIBaromeMy (yHkuuio [puHa, BKIIIOUaeT
Nepexoa K UMITYJIbCHOMY MPEACTABICHUIO U MpUMEHeHHe mnpeobpasoBanuii Dypoe ¢
HCTIOJIb30BAHUEM KOMILJIEKCHBIX TIEpEeMEHHBIX. B HyIeBOM M TepBOM MPUOIMIKEHUSIX
MOJTy4alOTCsl MHTErpajbHbIE BBIPDAKEHHUS, a KOHKPETHBIE pPEIIeHHs 3aBUCAT OT
BBITIOJIHEHNSI HHTETPUPOBAHUS MO COOTBETCTBYIOIUM TIpeAesaM, ONpeAesieMbIM
¢usnueckoil mpupomoil sineHus. PaccMarpuBaeMble MaKpOCKOIMHYECKHUE CHUCTEMBI
COOTBETCTBYIOT I'ei3eHOEPTOBCKOMY MPEICTABICHNIO, B KOTOPOM BOJHOBBIC (DYHKIIMU
MOCTOSIHHBI, & OIEPaTOpPbl, COOTBETCTBYIONINE (U3MUECKUM BEIMYMHAM, 3aBHUCST OT
BpPEMEHH.

KiroueBble cioBa: ¢GepMHU-KHIKOCTb, NpeobpasoBanue Pypbe, HMIIYIbCHOE
MpeAcTaBIeHIe, MAKpPOCKONIMYECKasl cucTeMa, QyHKIMs [ piuHa, KBaHTOBasi cCHCTEMa

Kipicnme. 1938 xputbl I1. Kanuna men [I. AjieH amikaH KBaHTTBIK CYHUBIKTap—
KBaHTTBIK 3¢ ¢exTrepre (MbpICalibl, SHEPIHSAHBIH KBaHTTANIyblHa, OOJIIEKTEPIiH
KOPITYCKYJIa—TOJNKBIHABIK ~ €KDKAKTBUIBIFBIHA ~ JKOHE  KBAHTTBIK  CTATHCTHKAJIBIK
yJecTipiMaepre) Heri3OelreH  MakKpOCKONMMSUIBIK JKyie. KBaHTTBIK MexaHHMKaga
JKEeKeJIereH OeJILeKTepaiH Kal—KYHiH, OlapIblH e3apa dcepiecylepiH cuamnarTayra
MYMKYHJIK Oap, an KBaHTTBIK CYWBIKTaFbl CaHbI KOI O6JILIEKTepi *KeKe—Iapa ajblil
KapacTelpy MyMKiH eMec. OJapablH YKbIMAACTBIFbIHA HETi3A€ITeH poliecTep Ke3inae
FaHa KBaHTTBIK KacueTTep Oaiikanasl. TeMeHri Temneparypanapaarsl pepMUOHAApIaH
KYpBUIFaH aCKbIHAKKBII TeMuii—4 TeH (QepMU—CYHbIK TMAPOJMHAMHUKAHBIH HETi3Ti
3epITey HBICAHBl OONBIN TaObLIAABl KOHE OyiapAblH TaOWFAThl KBAaHTTBHIK CYHBIK
TaJanTapblH TOJBIFBIMEH KaHaFaTTaHAbIpaabl. byl opramapna Heri3iHeH KBaHTTBHIK
MaKpOCKONMSIIBIK KyObutbicTap oteni (Maryxun u nmp. 2018:55). Meranmap men
KapTbUIail @TKI3TiIITepAET] YIEKTPOHAAP, AUAICKTPUKTEPAET] SKCUTOHAP KOHE aTOM
SIIPOCHIH/IAFbI HYKJIOHJAp KBAaHTTHIK CYHBIK KaTapblHa KOChLIa aajbl.

1830 >xputbl OpuTaHABIK MareMaTtuk Jkopk I'puH snmexTpocTaTHKa MEH KbLTY
OTKI3TIIITIKKE KaTBICTBI OIPTEKCi3 IEKTI ecenTep i menry 0apbiChbIHAA ©3iHiH aTbIMEH
arajatblH (YHKUMSUIAPABl €HTI3iM, ONapAbIH TEOPHSUIBIK KYPBUIBIMBIHBIH HETi3iH
»Kacar IIBIKKaH 0onaTeiH. MareMaTHKanblK (PU3MKaJarbl HETi3ri MaTeMaTHKANbIK YFbIM
HeMece Kypajibl O0JbIn TaObuIaThiH ochkl GyHKuusuiap XX racelp OOHBI keTine (1amMu)
OTBIPBIN AJIEKTPOAMHAMUKAIAFbI, OPICTIH KBAHTTBHIK TEOPHACHIHIAFBI, IIAIIBIPAYIIAp
TEOPHSICHIHAFBI IEKapalbIK MIapTTaphl 0ap CBI3BIKTHIK OipTekci3 AnddepeHIHsIIbIK
TeHJCYNIepAl LIyl aHarypibIM >KeHiaaeTin Oepai. Hakreumail aiiTcak, epicrepriy
KBAaHTTBIK TEOpHsACHIHAA [puH (QyHKUMSAIAPBl KEHICTIK—YaKBITTHIH Oip HYKTECiHEH
Oacka Oip HYKTECiHE ©Ty BIKTHUMAIABUIBIFBIH CHIIATTAca, LIallbIpayjaap TEOpsChIHAA
Oyap OemeKTepaiH opTYpii HbICAaHJap/aH IIAlIbIpayblH CUIaTTan Oepyre KayKapiibl
oonapl. CoHbIMEH Oipre, aybITKyJlap TEOpPHACHIHAA da [puH (yHKUMSIIApBI 9pTYpIi
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KBaHTTBIK MporecTepre apHanran OelHMaHIbIK AuarpaMMaapibl TYPFbI3yFa CeNTIiriH
TUTI3A]1.

KBaHTTHIK cylibIKKa apHanFaH [ puH QyHKUIUACH KOl AeHeN 1 XKYyHenapAiH KaCHeTTepiH
cCUMaTTayFa apHaJfaH MaTeMaTUKaNbIK KypbUl (ammapar, MHCTPYMEHT) eceOiHae
KOJIIAHBIIATBIHEL alThUIABL. ON CHIPTKBI dcepiepliH JKyHere »acaWTbhlH BIKIAJIbIH,
JKYHEHIH OCBI BIKIAJIFa KATBICThI iC—OPEKETiH JKOHE )KYHEH1H TepMOANHAMUKAJIBIK KOHE
JMHAMHKAIIBIK KACUETTEepiH Oarajayra MyMKIHIIK Oepeii, SFHU OJI JKYHCHIH Tere—
TEHLTIK MEeH Tele—TeHCI3AIK KYHIepaeri xaraainapsiHan xabapaap eTyre KayKapibl.
ConbimeH Oipre, ['puH QyHKUMSIAPBIH THIFBI3ABIKTHL, KOPPEISIHUAIBIK (QYHKIHUSTIAP/IbL,
KBa3HOOIIIEKTEepP CIEKTPIH >KOHE T.0. MaHBI3Abl LIaManapibl ecenTeyre >KeMicTi
TYpPAE KOJIAaHBUIBIN Kenedi. PepMu—CYHBIKTHIH TeMIlepaTypachlHa KaThICThl €CenTep
KBUTYJBIK AP QEKTTepai ecKepeTiH TeMmmeparypaiblk [puH (QyHKUusmapbl apKbUIbI
memineni (Mansimes, 2022:435). Aun, xeke mapa OeliekTiH Oacka OeuekTep
apachIHAAFbl KO3FalbICBIHA KATBICTBI Macesiep Oip OemmekTik [puH QyHKUMAIapHI
OoiibiHIIA mremriyice, eki OenmiekTik [puH QyHKUMsIapbl exi OejeK apachblHAAaFbl
KOPPEeJSILUSIHBI aHBIKTAI Oepe aabl.

Y CBHIHBUIBINT OTHIPFaH MakallaJa KOFapblla KeNTIPUIreH TEOPHSIIBIK MoceeNepain
OipkarapblHa ecenTeyiep JKYpri3imilm, ojap JKyHeJeHill, BIKIaMIsl TypJiepae
KepceTineTin 6onaapl. ATan aiiTKaHaa, MaKpOCKOMMSUTBIK JKylenep MeH uaean gpepmMu—
CYHBIKTBIH ['puH (yHKUMsIIaphl, exi OONIIEeKTIK jKoHEe HIEKTI TeMIepaTypajiblk [puH
¢ynkumsinapel, Hdupak, Ulpeaunrep TenneynepiHe apHanran [puH QyHKIMSIApHI
KapacThIPbUIATBIH  O0Jafabl. AJIBIHFAaH HOTHXKEJIEep CallbICThIpManbl OarajaHaTbIH
Oonanpl.

3eprTey MaTepuaagapbl. TeMeHr1 TeMneparypanapaarbl CYHbIK TeIMNHAI KBAHTTHIK
CYHBIK peTiHJEe KapacTblpa OTBHIPHIN OHBI [pHH (yHKUMSUIApBl apKbUIBI 3epTTEY
Ke31HJeTr1 MaTepHuall PeTiHAe oCcepiecylll KBaHTTHIK JKYHelIepliH TepMOAMHAMHKACHI
MeH AMHAMHUKACHIH CHUIATTayAaFbl TECOPHSIBIK MPUHLMITEP MEH OJapbIH KOJJaHbLTY
KarjalnapblH anxyra Oomazabl. MyHnmail Keskapac apKbuibl Oip OeNIIeKTi >KoHe
Kol OeNeKTI KOppelsUusiblK  (QYHKIUSAIApAbl ecenTeyre, TEePMOIMHAMHKAIIBIK
IaManapiablH —CHEKTPIIEPiH, MHKPOCKONTHIK OCEplecylepAiH MaKpOKaCHETTEpPMEH
0alTaHBICTBHIPBIH aHBIKTAyFa MYMKiHAIK Oepeni. Herisri marepuangapra Kacuerrepi
KBaHTTHIK 3(exTTepre Heri3aenreH KBaHTTHIK CyHbIKTap *xaraabl. CoHbIMEH Oipre,
3epTTey MaTepHalAaphl Ke3iH e MbIHA MoceTIeepAiH KAMTBUTYbI KayKETTi: KOIl OOIIIIeKTi
KBaHTTBIK KYHenep, KBAaHTTHIK CYHBIKTAP YFBIMbI, HEUTpaiasl GpepMu—CyHbIK KoHE
OHBIH TeNme—TEeHJAUTIK KacHeTTepi >KoHEe (epMHU—CYHBIKTBIHKBA3HOOIILIEKTEPiHe
apHaJIFaH KHHETUKAJbIK TEHACYIIED.

3eprrTey amicrepi. [puH GyHKIMAIApbIHA HETi3ENTeH 9JiC OOMBIHIIA KBAHTTHIK
CYHBIKTBI 3€pTTEy Ke3iHAe CYHMBIK OeNIIeKTepiHiH e3apa acepiecyiepiH eckepyre
MyMKiHAIK TybiHaanasl (b Kalmenov et. al., 2008:180; Bamarypos u ap, 2019:475).
By onic HakTBUTBL Oip omeparop MeH IIEKapaliblK MIapTTapra colikec KeneTiH [puH
(YHKUMSCBIH aHBIKTal, OChl (DYHKUMSHBIH KOMETriMEH CYHBIKTBI CHIATTalTBhIH
TEHJCYIIH INemIMiH HMHTErpan TypiHIe jKasyra jkarmail skacaiinel. KBaHTTBIK
MEXaHHKa MEH CTaTHCTHKaJbIK MEXaHUKa 3aHAbUIBIKTapbIHA JKYTIHETiH KBaHTTBIK
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Makpo(pHU3UKaHbIH OCBHl TEKTEC E€CENTEpiH IMIbIFapy OapbIChIHAA MaTeMaTHKaJbIK
¢usukanars @ypbe o/1ici, HHTETPAIIBIK TYPIACHIIPYIIEp 9Aici MeH apHaiibl pyHKUusIap,
MaTeMaTHKAIIBIK TaJJIaybIH dAicTepi Koiaanbuiaasl. OckutapMeH Oipre, MbIHA Ti3iMACTI
MaTeMaTUKaIbIK (PU3MKaHBIH MaTeMaTHKaJbIK anmaparTapbl KOJJaHbUIAAbL: Jepoec
TYBIHIBUIBI TUGPEPEeHIMSIIIBIK TEHIEYIep, MaTeMaTHKaIbIK HHTEIPAIIIBIK TeHIEYIep,
(GYHKUMSHAIABIK Tanay >KOHE BIKTUMAJIBUIBIKTAp TEOpHsChL. DUMKAIBIK KYHEHIH
CTallMOHAp KYHJIepiH TaOyFa jKarail ;kacaliThIH BapHALMSUIBIK €cerTeyiep Ae 3epTTey
0apbICHIHA MaHBI3bI POJI aTKApaIbl.

Hormxenep. KBaHTTBHIK Makpodusuka TeopusuiblK (U3MKaHBIH aepOec  Oip
OeniMi peTiHAe KaJbINTACKIN, KAaTThl JKOHE CYHBIK (azamapiarbl —KyObUIBICTApIbl
OenuiekrepiH aHcamOni Heri3iHae KBAaHTTHIK MEXaHUKA, CTATUCTHKAJBIK MEXaHHKa
KOHE DIIEKTPOJMHAMHUKA 3aHAbUIBIKTApbl OOHBIHIIA 3epTTeil anaapl. OnapabiH
TaburaThiH Oenrisi Oip MaTeMaTHKaIIBIK MOJEIBACP apKbUIbI 3epTTe anaasl. Mbicabl,
MeTalAapblH KACUETTEPiH TePEHIpeK 3epTTey YIIiH OHJAFbI 3JEKTPOHAApIbl GpepMu—
CYHBIK J1eN aJly KQKeTTIIIr TybIHAalIbl. DNEeKTPOHIBIK CYHBIKTBIH TEOPHSCHIH KacayFa
KPUCTAJIJIBIK TOP KON KHUBIHJBIK KEeATIPETiH OOJFaHABIKTAH, alJIbLIMCH OIPTEKTi JKoHE
M30TPONTHIK JKaFaiapra apHajJfaH 3aHAbUIBIKTapIbl OCKIiTim amy Kepek OOabl.
Jon ocputaiima MeTanaapAblH acKblH OTKI3TILITIMH 3J€KTPOHABIK CYHBIKTBIH aCKbIH
AKKBIIITHIFBIHA apHAJFaH KapamaidblM H30TPONTHIK MOJENb apKbUIbl TYCIHAIpYTe
Oonanpl.

Cy#bIKTaFrpl aTOMAAPIABIH JKBUTYNBIK KO3FaJlbICTApbIHA JKayalThl 1€ OpOMIIbIIK
TOJKBIH Y3BIHABIK aroMAap apaiblK ejuemMaepMeH Oipaeil OonmaTblH TOMEHTI
temneparypaiapaa (1-2 K) cyiibIkTarbl MakKpOCKONMSUIBIK KYOBIIBICTap KBaHTTHIK
3aHABUIBIKTapFa OarbIHATBHIH Oosanbl. Kiaccukamiblk ke3KkapacTap OoWbIHIIA abCOIOT
HOJb TeMIleparypaja OapiblK 3aTTap KarThl Kyire aliHaJBIN KeTyJaepi THiC OONaThIH.
Amnaiina, remuiinin cyiieik He® sxone He' wmsotomTapsl aTroMaapbiHBIH €3apa oJici3
ocepiiecyniepi canfapblHaH aOCOJIOT HOJMb TeMIepaTypa MaHaibIHIa KBaHTTHIK
KyObuTBIcTap OaliKanaThlH CYHBIK Kyiae Kana Oepeai. Ochl xaFaigaH CoOH oJap YLIiH
KaTThI KYH aca MaHbI3Ibl eMec.

XKaptel crimHai OenmeKTepAeH TYpaTblH MaKpOCKOMMSUIIBIK JKYHEHI TONKBIHIIBIK
(DyHKIMATApHl TYPAKTBI, an (U3MKANBIK INAManapFa coiikec Ko#bLtateiH J
OIepaTopiapbl yakbITKa TIyeiai OomaTblH Teii3eHOeprTiK YCTaHbIMIa KapacThIpap
ooncaxk, onna (a Kalmenov et. al., 2008:426; Mamchuev 2023:38)

f.(t,7) = f,(F)exp(iHt ) exp(—iHt)
1.7, F)= £, (F)exp(iHt ) exp (—iHt)

JKyiieHnin 6ip 6eawexmik I pur ¢h)yHkyuscol YIIIH TOMEHJIET1 ©PHEKTI Ka3yFa 00Ja bl

Gab (Zl > Zz) = _iNf;z (Zl )fb* (Zz)
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Mynna (1)-ri ¢,7 aitubivansuapsl L>7 xome t,,F OombIn e3repim, onap

COMKeCIHIIIEe Zl-)Zz apKbUIbl OCNriieHal; [N — XpOHOJIOTHSUIBIK KOOCHTY CHMBOJIBL,
TOOEITIK KaJIbl ChI3BIK JKYHEHIH HEri3ri Kyl OOHbIHIIA opTalaiay AereHai oinmipin
Typ. [pyH QYHKIUSACHIHBIH CHIPTKBI OPIiC OOJIMaFaH Ke3JIeri CIIMHIIK TOYEJJUIIr eKiHIIi

paHKTeri 5ab CIIHOP apKbLIBI MBIHA TYP/E aHBIKTATA/IBI:
Gab (ZI’Z2) = 5abG(Zl7Z2)

)Kyﬁeueri 66J'IH.I€KTep ThIFbI3AbIFbIHBIH KOOPAWHATAJIBIK MaTpULIAChL

P71 =n" £, (0,7 £, (t,7) (1)

Byn epHek apKbUIbI jkeke OOJIIEKKEe KaThICThl Ke3—KelreH (PM3MKaNIBIK IIaMaHbIH
opTalla MoHiH aHbIKTayFa 0onajbl. (4)—Ti [prH QyHKIMICH apKbUIbI Ja Ka3albIK:

- = . - -
P (1:75) =in" G, (¢,1:t, > 0,7;)

Ocbl  QyHKuusiHBIH =~ Dypbe—KikTemyl OeJNIeKTepAiH HUMIyIbcTep OOWBIHIIA
yJecTipiMiH aHbIKTayFa MyMKiHAIK Oepeni (Andreev et. al., 2019:1046; Kykymikusa u
np, 2015:774):

n(p)=n| p(7, i) exp{=ip(; )} d*(x, —x) =

- j G(t,7)exp{—ipr } d’x 2)

3
By epHek umnynbsc MoHIEpi p apaJbIFbIHa OONAThIH MIBIHAKEI (KBa3H €MEC)

(2r)’
OeJIeKTep i KOHIICHTPAIHSICHI eKeHiH OaiiKay KUbIH eMec. (2)—Hi KBa3uOOIIeKTepIiH
yiectipiM (QyHKIHSICBIMEH IIaTacTHIPHIN anMay KaxkeT. Erep e 6i3 (2)-Ti UMITyIbCTIK
oetineneri [ puH QyHKIUSACHIHBIH

G(t,7) = [ G(o, p)exp {i(5F —a)t)}‘g%)f

TYpAE Ka3bUIFaH YITICiH KoigaHap OoJcak, (2)-epHEeKTiH jKa3buTybl TOMEH IETiIe
OoJaanl:
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i do
i T Gte 3 exn i 49
n(p) lglg_fw (0, p)exp{=ion} —

MYHJIaFbl (0 —KOMIIIEKCTI aifHBIMAJIbI; ajl

G(o, p) = [ G(t,7) exp{~i(pF — b))} did’x 3)

G( t,?) (QYHKIMSCHIHBIH Y3iTIiCTITIK KacHeTiH eckepe oThIphin (3)—epHekTeri df
OOMbIHIIIA OPBIHAANATEIH HHTETpATIay/bl meKTepl —o TeH O-Te neiiiH skoHe 0—meH oo
JICiiH OOJIaThIH €Ki UTerpayira 0eJim, MaTpullanapabl KOOSHTy epexeciH KOJAaHAThIH
0oJicak, HOTHXKEIIE @ COPTTHI OOIIIEKTIH 71 KYHJIepiHe apHaFaH MblHA TCHIIKT] alaMbl3
(Koran, 2004:102; uxapesa, 2015:65):

6(17)==5 S ) 7 (Z)

Byn xepne KocbHIBUIAY amaibl Kyieneri 0apiblK KBaHTTHIK Kyijep OoHbIHIIA
KYprizineni.

Epkin OemmekTep KyleciHe apHajraH Tei3eHOEprTik f omepaTop TeMEHHEri
TEHJIEY/ll KaHAFaTTaHABIPaIbL:

2

1
- Af —
ot 2m Vo =K/

JKorapplia KenTipiireH TYKBIpBIMIAp MEH KaThIHacTap/bl €CKepeTiH OoJicak, oHaa
Oy renaeyniH [ prH GYHKIHACH apKbUTBI Ka3bIIFaH TYPIHE KOJ KETKi3e alaMbI3:

(i% = —%Jr ij(t,F) =5(0)5(F)

MyHIa¥bl (—CYHBIKTBIH XUMUSITBIK TTOTeHIMsUTBl. Ochl Teraeyni @ypbe OolibiHIIa
TYpJIEHIIpCeK, OHIa

=2
(w—p—ijo(w,ﬁ):l
2m

byn epuekreri G, —6emuekTep apachinia scepiaecynep OomMaraH Karaira conkec
kenetin ['pun dynknusice (JdemunoB u np, 2018:70; Upxun, 2011:459):
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=2

“N_r.._ P
G,(»,p)=[o 5

m,

-1

+ 1 +isigno]

Herisri N ky#l OoiiblHIIA TOPT Trel3eHOEprTiK f oreparopiapAblH TOMEHJETI
KOOCUTIHIICIH exi boauexmix [ pun ¢hynkyuscel nen ataipl:

Q34,12 = Nf3f4f1*f2* 4)

Byt ¢pyHkuusHbI OipTeKTi )KYiie YIIiH UMIYIBCTIK OeiiHene (KopiHicTe) KapacThIpraH
BIHFAWJIbI, SFHU OJ1 YII FaHa apryMEHTTep albIpMachiHa TOYeIi 001abl:

Z-72,,2,-2,,7,~Z,

Ce0e0i, Oapnwik Z, Z,, Z,, Z, aiinpiManbuiap OoHbiHIIA KYprizineTin Dypbe
KIKTEYJIepiHiH KOMIIOHEHTIHE (KYpYILIBIChIHA) 0—(QYHKIHS KipeTiH 0oiabl:

_[Q34,12 exXp {i(p3Z3 +p,L,—pL —Dp,Z, )} d4Zld4ZZd4Z3d4Z4 =
= (27[)4 5 (p3 t+p;,—p _pz)Qgs,ab (p3,p4,p1,p2)
I'pyH QyHKIMACBIHBIH apryMeHTTepi Yiuin Py + P, = P3 + P, Tenairi opbiHAaIa bl

Honb ik xybikTaynarsl Oy pyHKIws Oip Oenmiekti ['piuH QpyHKIMSIapBIHBIH abIPBIMBI
apKBUIBI TOMEHJIETIACH TYPAC Ka3bUIaabl:

0 o (Py: s o 22) =(27)' 8 (1= 2,) G°, () G, (P,) =8 (1= 2.) G°, (,) G" (P)) ]

Keneci sxybikraynapna [puH (QyHKIUsIChIHA €HOEH KaiFaH KOCBIMINA MYyIIIenep
naina 0onabl;

Q0A3A4,A1Az =(27 )4 [6(4) (p—py) G0A3A| (p) GoAm2 (p2)- 5@ (P —py) GOA;AZ (p.) GOAAA, (P )J +

+G 5. (P3) G, (P) iRy 5, 55, (D3 Pas P15 22) Gy (21) G, (22)

byn xepne »xyienmeri OemmexrepaiH ab KOMIIOHEHTTepi AB OenrineynepiHne
aybICTHIPBIIIBI. COHFBI JKa3bUIFaH OPHEKTET R—ubiyObiK (hyHKyusA AET aTaaibl )KoHe
OHBIH UMITYJIbCTIK OeifHe IeT1 xKa3blTy TYpi TOMEHACTIACH:

R6a,ab (p33p4>p1ap2) = _R(Sb,ab (p4,p3,pl,p2) = _R§b,ba (p3,p4,p2,pl)
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MaxkpoCKONHsJIBIK JKYHEHIH HOJIIK eMec Temmeparypanarbl [puH (yHKIUSICHIH
Taly YIIiH TYHBIK JXKYHEHIH Heri3ri kyii OoiblHIIA opramanayaaH ['mbcc yaecripimi
OolibIHIIA OpTamIagayra (< >) aybicy kepek. lllekti Temmeparypanapaarel [pun
(DYHKIMSICBIHBIH aHAJTUTUKAJIBIK KACUCTTEPIH KapacThIpya Kidipicmi )aHe Lieepineeiu
I'pun pynxyusnapein xonganran MaHb3Abl. Kigipicti [puH QyHKUMSCHIHBIH >Ka3bLTy
TYp1 TOMEHIeT1 i

Gy (20 2,) = (£ (Z) 1y (Z.)+ 1, (2.) £.(2))

CBIPTKBI 0pic k0K Ke3ae 6yi1 dynkuus Tek Z = Z, —Z, ajippMachiHa FaHa TOye
0O0JIaThIH TOMEH/IETI CKAJIAP (PYHKIMsFA allHAIA b

o 1 o
Gab (Zl ’Z2) = 6ab EGaa

t <0 mapteiHaa G“ (t, r ) = 0 GonraHIBIKTAH JKOFapbIJa KeNTipiireH QyHKIUSIHBIH
HAMITYITECTIK OefiHeci

G (@, p) = [ [expi(wt— pr)G* (t,7)dtd’z
0

Inrepinerimnr (Gf TI'puH QYHKIMSCHIH A7 OCBIHAAH JKOJIJApMEH IIBIFaphIN alyFa
Oonanpl. Temneparypansl cunarTarsiin [ puH QyHKIUSCH

3 (Dnm
G(w,p) =—@an,4ms(p—i€m) ﬁ l+e 7

n

CraHaapTThl MOJEIBJACTI TPOIECTEeP/l €CenTey YIIIH MaTreMaTUKajblK (Qu3uka
Tociepi MEH apHaiibl (pyHKIMSUIAD TEOPHUSICHIH KOJIaHY Ka)KeTTUTIr TybIHAAWIBI.
OiiTKeH1, CKalsip, BEKTOPJBIK JKOHE CIUHIIK O6JIIeKTepre apHaIfaH TEHACYIIep
opTypimi perti quddepeHIUsUIBIK TeHaeylaep Oombin TaObutafbsl. Ocbl allThUIFaH
JKaFaiFa MbpICall pETiHJEe AIEKTPOMArHUTTIK ©PICTEri AJIEKTPOHFa apHalFaH TOMEH/EC
kenripinerin Jupak Tenneyin ['pun GyHKUIUSICH TOCUTIMEH ISy KapacThIpambl3:

(1070, =m)e(x) = —ecE, (x)9 () )

0o 1 2 3
MyHJaFbl 0% = {0' ,0 ,0°,0 }— Jlupax MaTpuIanapsl; e—3IeKTPOHHBIH 3apsbl.
(5)-Tenaeyni menry yuriH TOMEHETi KOChIMIIIA €CEeTITi MISMIiN any Kepek 0oabl:
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(icr“@a —m)G(x, xo) =5 (x—xo)
Conpa, (5)—rig memrimi (Defenu et al., 2024:52; Nussinov, 2020):
¢(x)= —eI G(x, x’ )G“Ea (xo )(p (xo)dxo

Ocobparsl ['puH QyHKUMACBIHBIH MIMITYJIBCTIK OeiHect:

1
(27)

G(x.2")=——[S(p)exp{-ip(x-2")}d"p (6)

Mynnarer S ( p)—@ypbe oeiineneri ['pun ¢ynkuusicel. JupakTelH aeibsTa—
(yHKUIUSACBIHBIH

s (x—xo) = (2;)4 J-exp{—ip(x—xo)}d“p

epHerin, 0° p, = % Oenrineyimen JlupakMarpunanapelibil g% ? + 5gP5% = 20%F
OpPBIH aybICTBIPBIMABUIBIK KacHeTiH KojjaHcak, onna @ypee Oeitnemeri [pun
¢yHkumsicel MeH Jupak TeHaeyiHe coiikec KeneTiH [puH (QyHKUMSCHIHBIH ©pHEKTepi
MBbIHa/1al OOJaIbl:

()2
()= | el

Taaxkpuiay. KBaHTTBIK kyHenepaeri ChIpTKBI epicteri Oemmek Ilpenuarep
TEHICYIMEH CHUITaTTaTaThIHBI OCIT1ITi:

> F) (7

MYHJaFbl [ —ocepiiecyre ’ayanThl onepaTop, H —raMuIbTOHNAH,

w(?):exp(ilgf) (8)
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(7)—tenneyni I'puH GyHKOMSICHI TOCUTIMEH MIENTy YIIiH OCHI IU(QEPEHUUSIIIBIK
TEHJICYJICH DKBUBAJICHTTI HHTETPAJIIbIK TEHJIEYTe aybIcy KaxeT ((8)—Typaeri TONKBIH/IBIK,
¢ynkuusra [puH QyHKOMSCH €HETIH WHTErpalJblK MyIle KOCBUIATBIH OO0JIajbl)
(Beekman et al., 2017:82):

v () =exp(ikr )+ [ G(E.7,7 ) (F)y (') dF’
Mynnarer G (E 7 F ) — TaMHJIBTOH OTIePAaTOPBIHA COMKEC KEeIETiH jkoHe [IUpaKThIH

- =/ . 2 = =/ = =/
nenmsra—bynxmuscsr (O (7” -r )) Oap TeMeHperi (E—H)G(Ea”,” ) =6 (’” -r )
TEHICYiH KaHaFraTTaHABIpaThIH [ pruH GyHKIHACH. OHBIH CIEKTPIIIK KOpiHici

Y3imicci3 CeKTp KaraaibIHa

G(E.7.7') :IW" (;O)V_’E(? )(;f)}

Kepim oTeIpFaHbIMBI3/1all, 5KBUBAJICHTTI HMHTETPAIABIK TEHACYIepre KipeTiH [ puHmik
(hyHKIHSIIapIBIH UMITYIIBCTIK, CIEKTPAJIbABIK OeliHenep e xkone Oypre TypraeHaipyiepi
OOMBIHINIA JKa3BUTYBl KOWBLIFAH €CenTepieri MpOIEeCTepHAiH KeHICTIKTIK (Hazamarbl
aHBIKTATy aliMaKTapblH JoN Oarajam OThIpyFa MYMKIHAIK Oepce, eKiHIII jKaFblHAH
KOMIDIEKCTI alHBIMAJIbl (DYHKIHSIAD TEOPHACHIMEH YINTACA OTBIPHIN TPOIECTIH OTY
Te3iriH Oaranay/abl OHTAWIaHABIPAbl. AJIBIHFAH HOTIOKEJIEP/Ii MAIIBIpay TEOPHUsICHIHA
KYpBUIFAaH €CemTepli WIelTyle >KOHE CHHHIIK OOJIIeKTep/IiH KBaHTTHIK-OPICTIK
aMIUTUTYAJIapbIH €CETTel MIbIFapyia KoJiaHyFa 0omabl.

KopbIThiHAbI. MakanaHblH TakbIphIOBIHIA KAMTBUIFAH HAESJIApFa  COHKeC
MaKpOCKONMSIIBIK JKYHelep MeH uaean (pepMU—CYHBIKTBIH [pHH (yHKOUSIApHI, €Ki
OeJIIIeKTIK )KHEe MIeKTi TeMiieparypanbik [ pus GyHkusmapsl, upak renaeyinig [ pun
(bYHKIHSICBI KapacThIPBUIIBL. TaKBIPBINITEIH ©3€KTUTITT KBAHTTHIK KYObUTBICTapFa [ puH
(hyHKIMSITApBIH KOJ/TaHy TACLTIMEH OaillaHBICTHI €KEeHJIITiH alThIN Ty KaxkeT. Cebeoi,
OyJ1 Toci TYpIi mporecTepre colkec KeJeTiH epOec TyBIHABLIBI TG GEPEeHITUSITIBIK
TEHJACYIep/Al WICIymiH eH Oip Kojaiibl TocinaepiHiH OipiHe caHamanel, SFHU
KYOBUIBICKA OepiireH Tikened TeHJey/ IIenry OapbIChIHAA ONepaTopiIblK KepiHicTeri
I'pyH (QYyHKOMACH KaThICATHIH KOCBHIMINA KapamaibiM JiepOec TYBIHIBUIBI TEHJACY
memigei. Opi  Kapalh WMIYNBCTIK KOPIHICKE ayblca OTBIPHIT  KOMIUIEKCTIK
alfHBIMANBUTBIp apKeUIbl Dypbe TypreHmipyiepi skacamanbl. Hemmik skoHe OipiHmmi
JKYBIKTAY HIaPTTaphl OOWBIHINIA MHTETPAIABIK O©PHEKTEPTe KOJ KETKI31TiI, KYOBLTBICTHIH
epeKIIeTiKTepiHe Kapald WHTerpasl MIeKTepi OOMBIHIIA HAKTHI MIEHIIM/Ep ajJbIHATHIH
Oomagel. MyHmali Mozienb/ie MaTeMaThKaiblK (DM3WKAaHBIH Oacka 1a Tociinmepi MeH
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apHaiibl QYHKUIMSUIAPBIHBIH aJlaThlH OPHBI €peKIle eKeHIIr ayKbIMIbl ecenTeyiepi
KYPri3reH Ke3ze aikbIH Oaiikanaabl. Makana Ma3MyHBIH/A KENTIpUITeH HOTHKENEPIiH
MaTeMaTHKaIbIK ecernTeysepi bIKIaM/Ibl TYp/e FaHa YChIHBUIBIN OThIPALL. bacThl OarbIT-
MaKpOCKONMSIIBIK JKYHenepaeri KBaHTTBIK d(deKTTepre colikec KeleTiH TeHeyaepai
mwemryae [ puH QyHKUMsIapbiH KONJaHYAbIH epeKIIeNiKTepiH KopceTy O0abl.

JeduerTep

a) Kalmenov T.Sh., Koshanov B.D. Representation for the Green’s function of the Dirichlet problem for
the polyharmonic equations in a ball. Siberian Mathematical Journal. — 2008. — T. 49, Ne 3. — C. 423—
428. — DOI: http://dx.doi.org/10.1007/s11202-008-0042-8

Andreev A. F., Zakharov V. E., Kolokolov 1. V., Lebedev V.V., Mineev V.P., Novikov S.P., Pitaevskii
L.P., Pokrovskii V.L., Starobinskii A.A., Feigel’man M.V., Fomin [.A., Eliashberg G.M. Isaak Markovich
Khalatnikov (on his 100th birthday). Yemexu ¢usmuecknx nayk (Phys. Usp.). — 2019. — T.62. —
C. 1046—1047. — DOI: 10.3367/UFNe.2019.08.038651

b) Kalmenov T.Sh., Koshanov B.D., Nemchenko M.Y. Green function representation for the Dirichlet
problem of the polyharmonic equation in a sphere. Complex Variables and Elliptic Equations. — 2008. —
T. 53, Ne 2. — C. 177—183. — DOI: http://dx.doi.org/10.1080/17476930701671726

Beekman A.J., Nissinen J., Wu K., Liu K., Slager R.-J., Nussinov Z., Cvetkovi¢ V., Zaanen J. Dual
gauge field theory of quantum liquid crystals in two dimensions. Physics Reports. — 2017. — T. 683. —
C. 1—110. — DOI: https://doi.org/10.1016/j.physrep.2017.03.004

Defenu N., Lerose A., Pappalardi S. Out-of-equilibrium dynamics of quantum many-body systems
with long-range interactions. Physics Reports. — 2024. — T. 1074. — C. 1—92. — DOI: https://doi.
org/10.1016/j.physrep.2024.04.005

Mamchuev M.O. Green’s function of the problem with local displacement for the fractional telegraph
equation. Adyghe international scientific journal. — 2023. — T. 23, Ne 4. — C. 34—42. — DOI: http://
dx.doi.org/10.47928/1726-9946-2023-23-4-34-42

Nussinov Z. Macroscopic length correlations in non-equilibrium systems and their possible
realizations. Nuclear Physics B. — 2020. — T. 953. — 114 948. — DOI: https://doi.org/10.1016/j.
nuclphysb.2020.114948

Bbanarypos b.5I. ®ynkuus ['puna ypaBHenus Illpenunrepa B MeTOAe KBAHTOBaHUS IOTCHLMANA.
KIOTD. — 2019. — T. 155, Ne 3. — C. 472—480. — DOI: 10.1134/S004445101903009X

Hemunos PI., Kouemaes b.M., Tarupo JLP. Meronsl KBaHTOBOW Teopuum IO B (DU3HKE
KOHJICHCUPOBAaHHOI'O COCTOSIHUSA: KOHCHEKT ekuuil. — Kazanb: Kazan. yu-1, 2018. — 92 c.

Jukapesa E. B. Meton ¢ynkiuii ['prHa B MaTeMaTHIeCKUX MOJEISAX JJISL JIBYXTOUEUHBIX KPaeBBIX
3aga4. BecTHuk BopoHEKCKOro rocyjapcTBEHHOIO YHUBEPCUTETa MHXKEHEPHBIX TexHonoru. — 2015. —
Ne 3. — C. 62—67. — DOL: https://doi.org/10.20914/2310-1202-2015-3-62-67

Wpxun B.IO. Metox nByxBpeMeHHBIX (QyHKIMI [prHa B Teopun MarHeTH3Ma METAJIOB C CHIIBHBIMU
xoppemsasamu. Teopernueckas 1 Mmatremarndeckast ¢pusuka. — 2011, — T. 168, Ne 3. — C. 453—466. —
DOI: https://doi.org/10.4213/tmf6693

Koran Bagum PomanoBna. Metoxn kBazukiiaccuueckoi (pyHKIMN [ prHa B ME30CKOIIMIECKOH (hU3HKe:
JHC. ... Kaua. ¢us.-mat. Hayk: 01.04.02. — Mocksa, 2004. — 159 c.

Kykymkuu U. B., llmynst C. @epMu-kuakocTHbE 3PQEKTH 1 IepeHOPMUPOBKA MaCChl KBa3HUaCTHIT
B CHCTEME JIByMEPHBIX 2JIEKTPOHOB C CHIIBHEIM B3auMozeiicTereM. IIncsma B XKypHai sSkcriepuMeHTaIbHOM
n teoperndeckoid pusuku. — 2015. — T. 101, Ne 10. — C. 770—776. — DOI: https://doi.org/10.7868/
S0370274X15100082

Mansmmes K.1O. [Ipexcrasnenne gynkimii [ prHa BOTHOBOTO ypaBHEHUS Ha OTPE3KE B KOHEYHOM BHIIE.
Wzsectust Caparosckoro ynusepcurera. — 2022, — T. 22, Ne 4. — C. 430—446. — DOIL: https://doi.
org/10.18500/1816-9791-2022-22

Maryxur B.JIL., HImuar E.B. OcuoBsl cratnctuueckoit ¢usukn. — Kazanbs: Kazan. roc. yn-t, 2018.
—84c.

89




ISSN 2224-5227 4.2025

References

Andreev A.F., Zakharov V.E., Kolokolov I.V., Lebedev V.V., Mineev V.P., Novikov S.P., Pitaevskii L.P.,
Pokrovskii V.L., Starobinskii A.A., Feigel’'man M.V., Fomin [.A., Eliashberg G.M. (2019) Isaak Markovich
Khalatnikov (on his 100th birthday). Physics — Uspekhi, 62. — P. 1046—1047. https://doi.org/10.3367/
UFNe.2019.08.038651

Balagurov B. Ya. (2019) Funktsiya Grina uravneniya Shredingera v metode kvantovaniya potensiala
[Green’s function of the Schrddinger equation in the method of potential quantization]. Journal of
Experimental and Theoretical Physics (JETP), 155(3). — P.472—480. https://doi.org/10.1134/
S004445101903009X (in Russian)

Beekman A.J., Nissinen J., Wu K., Liu K., Slager R.-J., Nussinov Z., Cvetkovi¢ V., Zaanen J. (2017)
Dual gauge field theory of quantum liquid crystals in two dimensions. Physics Reports, 683. — P. 1—110.
https://doi.org/10.1016/j.physrep.2017.03.004

Defenu N., Lerose A., Pappalardi S. (2024) Out-of-equilibrium dynamics of quantum many-body
systems with long-range interactions. Physics Reports, 1074. — P. 1—92. https://doi.org/10.1016/j.
physrep.2024.04.005

Deminov R.G., Kochelaev B.I., Tagirov L.R. (2018) Metody kvantovoy teorii polya v fizike
kondensirovannogo sostoyaniya: konspekt lektsiy [Methods of quantum field theory in condensed matter
physics: lecture notes]. Kazan: Kazan University. 92 p. (in Russian)

Dikareva E.V. (2015) Metod funktsii Grina v matematicheskikh modelyakh dlya dvukhtochechnykh
kraevykh zadach [Method of Green's functions in mathematical models for two-point boundary value
problems]. Vestnik Voronezhskogo gosudarstvennogo universiteta inzhenernykh tekhnologii (Bulletin of
Voronezh State University of Engineering Technologies), (3). — P. 62—67. https://doi.org/10.20914/2310-
1202-2015-3-62-67 (in Russian)

Irkhin V.Yu. (2011) Metod dvukhvremennykh funktsiy Grina v teorii magnetizma metallov s sil'nymi
korrelyatsiyami [The method of two-time Green’s functions in the theory of magnetism of strongly
correlated metals]. Theoretical and Mathematical Physics, 168(3). — P. 453—466. https://doi.org/10.4213/
tmf6693 (in Russian)

Kalmenov T. Sh., Koshanov B. D., Nemchenko M.Y. (2008) Green function representation for the
Dirichlet problem of the polyharmonic equation in a sphere. Complex Variables and Elliptic Equations,
53(2). — P. 177—183. https://doi.org/10.1080/17476930701671726

Kalmenov T.Sh., Koshanov B.D. (2008) Representation for the Green’s function of the Dirichlet
problem for the polyharmonic equations in a ball. Siberian Mathematical Journal, 49(3). — P. 423—428.
https://doi.org/10.1007/s11202-008-0042-8

Kogan V.R. (2004) Metod kvaziklassicheskoy funktsii Grina v mezoskopicheskoy fizike [The method
of quasiclassical Green's function in mesoscopic physics]. Cand. Phys.-Math. Sci. Diss., 01.04.02. Moscow.
— P. 159. (in Russian)

Kukushkin I.V., Schmult S. (2015) Fermi-liquid effects and quasiparticle mass renormalization in a
strongly interacting two-dimensional electron system. JETP Letters, 101(10). — P. 770—776. https://doi.
org/10.7868/S0370274X15100082 (in Russian)

Malyshev K.Yu. (2022) Predstavlenie funktsii Grina volnovogo uravneniya na otrezke v konechnom
vide [Representation of Green’s functions of the wave equation on a segment in closed form]. Izvestiya of
Saratov University, 22(4). — P. 430—446. https://doi.org/10.18500/1816-9791-2022-22 (in Russian)

Mamchuev M.O. (2023) Green’s function of the problem with local displacement for the
fractional telegraph equation. Adyghe International Scientific Journal, 23(4). — P. 34—42. https://doi.
0rg/10.47928/1726-9946-2023-23-4-34-42

Matukhin V. L., Schmidt E.V. (2018) Osnovy statisticheskoi fiziki [Fundamentals of Statistical Physics].
Kazan: Kazan. gos. un-t. — P. 84. (in Russian)

Nussinov Z. (2020) Macroscopic length correlations in non-equilibrium systems and their possible
realizations. Nuclear Physics B, 953, 114948. https://doi.org/10.1016/j.nuclphysb.2020.114948

90




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

ACADEMIC JOURNAL

OF PHYSICAL AND CHEMICAL SCIENCES
ISSN 2224-5227

Volume 4.

Number 356 (2025), 91-104

https://doi.org/10.32014/2025.2518-1483.386

UDC 629.78.075.001.14; 629.78:001.891
I'PHTU 89.17.15

©A.V. Serebryanskiy'*, Ch.B. Akniyazov'?, Ch.T. Omarov!, S. Sittykova',
D. Kadyrova', 2025.
'Fesenkov Astrophysical Institute, Almaty, 050020, Kazakhstan;
2Te Punaha Atea - Space Institute, University of Auckland,
Auckland, New Zealand.
E-mail: aserebryanskiy@gmail.com

ANALYSIS OF LUNAR IMPACT FLASHES STATISTICS

Serebryanskiy Alexander — PhD, Head of the Observational Astrophysics Department Fesenkov
Astrophysical Institute, Almaty, Kazakhstan,

E-mail: serebryanskiy@fai.kz; ORCID: https://orcid.org/0000-0002-4313-7416;

Akniyazov Chingiz — PhD student. Acting Head of the Satellite Observations and Information Systems
Laboratory, Fesenkov Astrophysical Institute, Almaty, Kazakhstan, Te Punaha Atea - Space Institute,
University of Auckland, Auckland, New Zealand,

E-mail:akniyazov@yahoo.com, cakn210@aucklanduni.ac.nz; ORCID: https://orcid.org/0000-0002-6325-
0213;

Omarov Chgis — Professor, PhD. Fesenkov Astrophysical Institute, 050020, Almaty, Kazakhstan, Email:
chingis.omarov@fai.kz; ORCID:https://orcid.org/0000-0002-1672-894X;

Sittykova Sofiya — B.Sr, Engineer in the Department of Observational Astrophysics, Fesenkov
Astrophysical Institute. Almaty, Kazakhstan,

E-mail: sofiasittykova@gmail.com; ORCID: https://orcid.org/0009-0006-4505-432X;

Kadyrova Daiana — BSc, Engineer at the Laboratory of Observations of Artificial Earth Satellites.
Almaty, Kazakhstan,

E-mail: kadyrova@fai.kz; ORCID: https://orcid.org/0000-0002-3821-742X.

Abstract. This paper analyzes research on the frequency and characteristics
of meteoroid impacts on the lunar surface. These impact events provide data on the
velocities, timing, and distribution of meteoroids, which can be used to refine meteoroid
population models, validate existing lunar impact models, support lunar seismology
research, and inform safety measures for future lunar missions. The study proposes
using a high-power camera or a two-channel reflector telescope in lunar orbit to
detect impact flashes. The telescope would utilize CCD photometry in the visible
range and infrared observations for a more comprehensive analysis. The dual-channel
system would enhance accuracy by filtering out false signals. The parameters of the
telescope and the requirements for the system as a whole are described. Such studies
complement and simultaneously expand the capabilities of projects such as LUMIO
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and studies of a population of small-sized (about 1 mm or less) meteoroids conducted
by ground-based observations. The larger aperture and infrared capabilities will allow
for the detection of smaller meteoroids and the study of post-impact processes. This
research would significantly contribute to our understanding of the lunar meteoroid
environment and cislunar situational awareness within the framework of the concept
of the Kazakhstan cislunar telescope being developed, and enhance preparedness for
future lunar exploration.

Keywords: meteoroids, meteoroid observations, cislunar orbit, CCD photometry,
infrared observations
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AHHOTaLHA. Afl,[[LIH OeTKi Ka6aTI:IHa MCTCOPUATAPABIH COKTLIFBICY CTATUCTUKACHI

OoiibiHIA 3epTTeynepre Taifay >Kypri3ingi. Al OeTiHAeri COKTBIFBICY OKHUFalapbIH
0akpUIay METEOPOMITAPIABIH JKbUIIAMABIFBI, YaKbITTBIK YKOHE KEHICTIKTErl Tapaitysbl
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TypaJisl aknapar oepeni. by aknaparrap MeTeopouATapbIH MOMYJISIH MOACTbICPIHIH
CEHIMIUIITIH apTThIpy, AWMEH COKTBIFBICYABIH KOJNJAHBICTAFbl MOJENbBICPIH TEKCEpY,
ail celiCMONOTHSICHIH 3ePTTEYTe XKOHE OHBIH 11IKi alilMaKTapblH MOJIENIBACYTE BIKIIA €Ty
XKoHE OonamrakTarbl. AW MHUCCHsIIaphl YIIIH ail FapbIITHIK JKaFgaiaapaaH xadapuap
eTy OarapramachlH Oacray yIUiH naiiaananyra 0onansl. JKymMbIcTa METEOPOUATAPIBIH
AtibiH OeTKi KabaTbiHa ocep eTyiHeH KapKblUIAapAsl aHbIKTay YILUiH ail opOuTachiHa
3epTTey KYPrizy MYMKIHZIIT KapacThIpbLIaabl, OJ1 AUXPOUKANIBIK (€Ki TYpHi TOJIKbIH
Y3BIHBIFBIHA IIAFBUIBICY HEMECE OTy) allHaMeH OeJIiHreH eKi apHachl 0ap >KpLiiam
KaMepaHbl HeMece XbUlgaM pediaeKTopiibl TeIeCKONThl NaiganaHansl. ApHalapAblH
Oipine kepiHeTiH Auanasonaarsl 3bA-poTomerpuscs (3apsiTanran Oainanbic acnadsbl,
3BA) ymiH, ekinmici — WKnuanazonelHgarsl Oakbuiaynap YIOiH epeKIIeneHeT.
Exi apHa rapbelITHIK coynenep MeH Oacka Ja Ke3leHCOK OKuFajapAaH TybIHIAaraH
JKaJIFaH CUTHAJIAPIIbI KOO Ke3iHJIe COMKECTIK JKYHEeCIH eHTi3ylli KaMTaMachl3 eTeli.
TeneckonThIH MapaMeTpIIepi )KIHE KaJbI Kylere KOWbIIaThIH TajanTap CHIIATTaJIFaH.
Mynpaii 3eprreynep Oenrini Oip mareiHama LUMIO skoHe sxepaeri Oaxpiiaynap
KYpri3eTiH WarblH emmemai (mamamMeH 1 MM JKoHE OfaH a3) METeOpOHITapAbIH
MOMYJISALMUSCHIH 3€PTTEY CHUSKTBHI K00anapablH MYMKIHAIKTEPIH TONBIKTBIPY >KOHE
KeHelTy Oounbin Tabbuiansl. KamepaHbiH (TEJIECKONTHIH) alepTypachlH YIIFANTy JKoHE
UK apHacbHBIH OONyBl COKTBIFBICYJBIH TIPKEITe€H OKUFATAPBIHBIH JHEPreTHKAIBIK
JMana3oHblH  ycak OeJuekTepre Kapail aiTapiblkrail KeHeWrTyre, CcoHpai-ak
COKTBIFBICYJaH KEHIHI1 MpomecTepre 3eprTeyiep >KYprisyre MYyMKIHIIK Oepeni.
Byn 3eprreynepai opblHAay Ka3aKCTaHABIK Aiffa >KakblH OpOTTaAarbl TEeJNECKONTHIH
O3ipJICHII JKaTKaH TY)KbIpbIMIaMachl meHOepinae Aiffa yKaKblH JKarJaigan xadapuap
eTy yuriH Oakpuiaynap OOWBIHIIA >KOCHAapJaHFaH MiHJETKEe aWTapibIKTald KOCBIMIIA
Oomasl.

Tyiiin ce3nep: mereopouabl, HaOMONEHHE METEOPOUIOB, OKOJOIYHHBIE OPOHTHL,
CCD-doromerpus, nHpakpacHble HAOMIOACHHS
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AnHotaums. IIpoBen€H aHanM3 CYyLIECTBYIOIIMX HCCIEIOBAHUM, MOCBSIIEHHBIX
CTaTUCTUKE YIApOB METEOPOWIOB O MOBepXHOCTh JlyHbl. HaOmiomeHus BCIIBIIIEK,
BO3HUKAKOLIUX IPU CTOJIKHOBEHUSIX C JIyHHOW IIOBEPXHOCTBIO, IO3BOJISIOT MOIYyYarh
CBEIEHUS O CKOpPOCTSX, IPOCTPAHCTBEHHOM M BPEMEHHOM pPacIpEleICHUU
METEOpOHJIOB. JTa WH(OpMAIMs Ba)KHA Ui YTOUYHCHHUS MOZETCH METeOPOHIHBIX
HONYJISIUI, MPOBEPKU CYILIECTBYIOLIMX MOJEIEH B3aMMOAECUCTBUS C IOBEPXHOCTHIO
JlyHbl, JUIsl 3ajiad JIYHHOM CEHCMOJIOTMHM W MOJCIMPOBAaHWs BHYTPSHHUX oOjacTei
JlyHbl, a Taxke st (HOPMUPOBAHMS CHCTEMbI CUTYallMOHHON OCBEIOMJIEHHOCTH JIJISt
Oylylux JTYHHBIX MHCCHH. B pabore paccMarpuBaercsi BO3MOXKHOCTH IPOBEICHHS
HCCIIeIOBAaHUI Ha OKOJIONYHHOW OpOWTE, HAIIPaBICHHBIX HAa OOHApy>KEHHE BCIBIIICK
OT Y/IapOB METEOPOUJOB C HCIIOIB30BAHUEM CBETOCUIIBHOW KaMepbl WIN TeJIeCKOIa-
peduexropa ¢ OByMsl KaHajlaMHd, pa3delEHHBIMU TUXPOMYHBIM 3epkaiioM. OnuH
kaHan npennazHadaercss g [13C-poromerpun B BUAMMOM JAuamna3oHe, BTOPOM —
Juisl HaOmroieHnit B MH(pakpacHOM Juarna3oHe. J[Ba kaHaia 00ecleunBarOT CUCTEMY
COBIIQ/ICHUH, MO3BOJISIONIYI0 3(P(QEKTUBHO OTCEKaTh JIOXKHBIE CHTHAJIBI, BHI3BAaHHBIC
KOCMHYECKUMHU JIy4yaMH M CllydallHbIMU ITymMamu. OnncaHbl OCHOBHBIE MapaMeTphbl
Teleckona © TpeOoBaHHWS K cucTeMe. llpemnaraeMble HWCCIEIOBaHUS SIBISIOTCS
JOTIOJTHEHUEM H PaCIIMPEHHEM BO3MOXKHOCTEH MpoekToB, Takux kak LUMIO, a
TaKk)Ke Ha3eMHBIX HAOJIOEHWH MalbIX METEOPOMJOB pasMepoM mopsiaka 1 MM u
MEHbIIIe. YBenu4yeHue aneptypsl u Hanmune MK-kanama CyIecTBEHHO pPacCUIMPSIOT
JIana3oH PEerruCTPUPYEMbIX DHEPrHil CTOJIKHOBEHUH, MO3BOJISIsI (PUKCHpoBaTh Oolee
MEJIKME YacTULbl U HU3y4aThb IOCIEYIapHbIe INpolecchl. Peanusanus npemiokeHHON
[IPOTPaMMBI Oy/IET Ba’KHBIM BKJIAJIOM B Pa3BUTUE CUCTEMbI OKOJIOJTYHHOH CUTYallMOHHOM
OCBEJOMJIEHHOCTH B PAMKAX KOHIIEIIIIMH Ka3aXCTaHCKOTO OKOJIOJYHHOIO TEJIECKOIIA.

KuaroueBble cioBa: MeTeOpouabl, HaOIIONEHHE METEOPOHIOB, OKOJIOIyHHBIE
opbutsl, CCD-(horomeTpusi, ”HPppaKpacHble HAOTIOICHUS

BBenenue. Monenu mosiBIEHUS] M Pa3BUTHUS Ta30IbLIEBOIO M B IOCIEIYIOIIEM
MIPOTOIUIAHETHOTO JUCKAa SBJISIOTCS OCHOBOIIOJIATAIOIIMMU B TEOPUH 3BOJIOLUHU
Conneunoii cuctemsl. IloaTBep:kieHue UM OMPOBEPKEHUE ITUX MOJEIEH CTPOUTCS
Ha HaOIIONEHUSIX COBPEMEHHOIO COCTOSIHUS ra30MbUIeBOM cocTapisiomnieil CoaHeqHOH
CHUCTEMbI, a TaKK€ Ha aHaIMW3€ paclpeieNieHHs M AUHAMUKHA acTEepOHIOB, KOMET U
METEOPOUIOB, YTO TAK)KE MPEJCTABISET MHTEPEC C TOYKU 3PEHUS MPOrHO3UPOBAHUS
M OLEHKM WX BIUSHHUS Ha amnmaparsl B OKOJIO3EMHOM KOCMHYECKOM IPOCTPAHCTBE
(OKII). C pocrom uucia anmnaparoB B OKII nosieisiercst Bce 00JIbIe OATBEPIKICHUI
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CYLIECTBEHHOCTU TAaKOro BO3ACUCTBUS (MOBpexkIeHUs coiHeuHbix mnaHener MKC,
BozzeiictBue Mukpo-mereoponioB Ha JWST). Takoe Bo3umelicTBUE OXHIaEMO
BO3pacTaeT BO MHOTO pa3 MpU IPOXOKICHUU 3E€MJIU 4Yepe3 METEOpPHBIC MOTOKH.
WHTepec k maHHOH MTPOOIIeMe TaKkKe BO3POC C MOSIBIICHUEM HOBBIX IPOTPAMM OCBOCHUS
Jlynbl, Takux, Hampumep, kak Artemis. OJHAKO 3TOT WHTEPEC HE OIPaHUYMBACTCS
TOJIBKO OKOJIONYHHBIM M OKOJIO3EMHBIM MPOCTPAHCTBOM, HO MpOCTUpaeTcs A0 JIyHbI
u Mapca. [loBepXHOCTH ATHX TeJd MOJBEPIKEHBI IMMOCTOSHHBIM OOMOapIUPOBKAM
METEOPOUIAMH BCEX Pa3MEPOB, MOCKOIBKY OHH HE 00J1a/1at0T INIOTHBIME aTMOC(epaMHu,
a, CJIENIOBATEIbHO, HE CIIOCOOHBI 3allUTHTH JFOJCH U )KM3HCHHO BAXKHBIC HJICMEHTHI
Oyayuieir mH(pacTpyKkTypbl. HacKoJIbKO KPUTHUYHBIM SIBIISICTCS TaKOE BO3JICHCTBHUE
MOXKHO TPEACTABUTH €CIU BCIOMHUTBH, YTO TaKUE METCOPOUABl UMEIOT CKOPOCTH
JI0 HECKOJIbKUX JECSTKOB KHIOMETPOB B cekyHIy! Briaensemast sHeprus npu ynape
METEOpOora METPOBOTO pa3Mepa O MOBEPXHOCThH JIyHBI, IKBUBAJIEHTHA HECKOIBKUM
COTHSIM KUJIOTPAMM B TPOTHUIIOBOM 9KBUBAJIEHTE. J[a’ke METeOpoua pa3MepoM B HECKOIIBKO
CaHTUMETPOB MOXKET MPEJCTABIATH CMEPTENBbHYIO YTPO3Y, IPU ITOM KOJIMYECTBO TAKUX
TeJ pacTeT 00paTHO MPONOPIIMOHAIBHO WX pa3Mepy, YTO IMPEJICKa3bIBACTCS Teopue
sBommonuu ConHevHo# cucteMbl. OTHAKO, KaK U JIt00ast qpyras Teopus, OHa HYXKIaeTCs
B 9KCTIIEPUMEHTAIILHBIX TPOBEPKaX M Kak ObLJIO MoKa3aHo B padotax (Brown u np., 2002;
Suggs u ap., 2014) HamMX 3HAHUN O TUIOTHOCTSX MOTOKOB KPYITHBIX METEOPOHJIOB H
MaJIbIX aCTEPOUIOB VISl 3TOTO BCE €IlIe HEAOCTATOYHO.

[TockonbKy UCTOUHUKAMU METEOPOUIOB SIBISIFOTCS] ACTEPOUIBI U KOMETHI, TO aHATIN3
pocta ux uncia B OKII MoxxeT ObITh MPEIBECTHUKOM MPUOIIKEHUS 00Jiee KPYITHOTO
Tena. Mojenu pacnpefeneHus METCOPOUIOB MOTYT SIBISTHCS JOMOJHUTEIBHON
nH(popMaIMel TPU TOCTPOCHUU MOJIEICH pPACIpPECIICHUs] aCTEPOUIOB M KPYITHBIX
MeTeopouJIoB B cucteme 3emisi-JlyHa, 4to camo mo cebe umeer OOoJbIoe 3HAYCHUE
JUTst 0€30TIACHOCTH OKOJIOJYHHBIX MUCCHIA, YMCIIO KOTOPBIX PAcTeT B MOCIEIHEE BpEeMs
M3-32 BO3PACTAIOIIEr0 MHTEpeca K OCBOCHUIO JIyHBI M OKOJOIYHHOTO MPOCTPaHCTBA
co ctopoHsl Beaymux kocmuueckux areHTCTB (CNSA, ESA, ISRO, JAXA, NASA,
Pockocmoc, Spacell) (Liakos u ap., 2020).

Metoabl ucciaenoBanuii. TpaaulIMOHHO METOAAMM aHAIW3a pACIPEAeTICHUs
MOMYJISIIIUI METEOPOUIOB 10 Pa3MePaM U U3yUEHHUS UX XUMUUECKOTO COCTABa SIBIISIOTCS
(oToMeTpUUECKHII U CIEKTPAJIbHBIA aHAJIW3 PE3yJbTaTOB BXOXJICHUS METCOPOB B
armochepy 3emun. Takue HaOIOACHUS POBOAATCS YK€ Ha MPOTSHKEHUU KaK MUHHUMYM
50 neT. OgHaKO TaKKEe METOIbI UMEIOT OIIpeIeICHHbIC TPYAHOCTU. OTHOM U3 HUX SIBIISETCS
OTPaHUYCHHOCTH TUIOIIA I MOHUTOPHHTA U3 OT/CNILHOM B3 TOW 00CEepBATOPUU, UTO IIPHU
BbIcOTE aTMOChepsl mopsaaka 80 kM, cocTaBisieT okoio 35%10° kM2 DTo 3HAYUTENHLHO
OTpaHMYMBACT CTATUCTHKY HaOmromaembix coOwituii (Liakos w mp., 2020). [pyroit
TPYIHOCTBIO SIBIISICTCS COBOKYIHBIN 3(D(eKT HeONMaronpusTHHIX MOTOIHBIX YCIOBUH U
Mapa3uTHOM 3acBeTKU. JlJisl peleHus ePeYrCICHHBIX TPYIHOCTEH ObLIO MPEIIOKESHO
HaOIIOIaTh MOBEPXHOCTh JIYHBI Ha npeaMeT oOHApyKEHUS MPU3HAKOB CTOJIKHOBEHUS
METEOPOUIOB O €€ MoBepxHOCTh. [Inomane moBepxHoctu JlyHsl, 0OparieHHO K 3emite,
cocrariseT 19 x10° km?, yto moutu B 500 pa3 6osibIie TOH MIOIMAAN, YTO JOCTYITHA IPU
HaOJIOICHUSX BCIIBIIIEK B aTMOoc(depe. [[pyrumu ciioBamu, peaiaraeTcsi UCIoib30BaTh
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Jlyny B KadecTBe CBOEOOPa3HOT0 IKpaHA-MHUILIEHH, Ha KOTOPOM MBI B TPUHIUIIEC MOKEM
HabmoAaTh O0JIee MOTHYI0 CTATUCTHKY CTOJIKHOBEHUH MeTeopon10B. [Ipu 3ToM IoruuHO
MPEANON0KHUTE, YTO KOJIMYECTBO YIApOB METEOPOMAOB O JYHHYIO MOBEPXHOCTh Ha
€IMHHILY TOBEPXHOCTH aHAJIOTHYHO YMCITy CTOJIKHOBEHHUH C MOBEPXHOCTHIO 3eMITH TOH
K€ TUTOLLA/IH.

Habmronenue 3acoObITHAMY CTOIKHOBEHHS CTOBEPXHOCTHIOJIyHBI 1aeT HH(OPMALHIO
0 CKOPOCTSAX, BPEMEHHOM U NPOCTPAHCTBEHHOM paclpelieieHHH METeOpOUAOB. DTa
nHPOpPMALMS MOKET OBITH MCIOJNB30BaHa JUIS TOBBILICHUS JOCTOBEPHOCTH MOJEIeH
MOMYJISIIMA METEOPOUIOB, MPOBEPKH CYLIECTBYIOUIMX MOZETCH CTOJIKHOBEHHH C
JIyHOH, comecTBUS B UCCIIENOBAHUAX JIyHHOW CEMCMOJIOTMU U MOZCIUPOBAHUIO €€
BHYTPEHHHUX 0OJacTeH, a TaKkKe Uil HHULUUPOBAHUS IIPOTPaMMbl OCBEJOMIICHHOCTH
00 okononyHHOU 00cTtaHoBKH A Oyaymmx muccuid (LUMIO, 2023).

O naOmofeHUsIX TaK HA3bIBAEMBIX TPAH3MEHTHBIX JYHHBIX SIBICHHH COOOLIAnoCh
HEOJTHOKpaTHO, a Yunudpen Kamepon karanorusuposaina 1468 takux coowrtuii (Chilton,
1969). Hekotopeie U3 3TUX COOBITHI HAONIOMATUCH IByMs M Oojiee HAOIIOIATeIIsIMHU,
HaXOAALIMMUCS B OTHOM U TOM ke reorpaduyeckom mecte. Ho eme panee Accounanus
Ha6monareneii [Tnaner u Jlynsr' (LMIS) Ha nporsokenun 6onee 20 aer ¢ 1940-x o
1960-x romoB opraHu30BbIBaja MOHUTOPHUHT JIyHBI C 1IeJbI0 OOHAPYKEHHST COOBITHH
METEOPUTHBIX CTOJKHOBEHHI C ee MOBepXHOCThIo. OIHAKO, HM OIWH M3 MHOTHUX
KaH/AWJAaTOB TaKUX CTOJIKHOBEHMH TaK W MOJIYYMJI HE3aBHCUMOTrO moaTBepkaeHus. Ho
y>ke B Havase 90-x rooB 20-T0 CTOIETHS C UCTIONB30BaHUEM (POTOMETPOB U C [OSIBIICHUEM
nepsbix [13C nmpueMHUKOB K 3TOH 3amave BepHyHch BHOBb. CHauana Melosh u ap.
(1993) (Melosh u ap., 1993) npoBenu TeOpeTUUECKYIO OLIEHKY OOHAPY>KEHHS BCIIBIILICK
OT ylapa MeTeopoujaa O MOBEpXHOCTh JIyHBI ¢ momomsio GoTomerpoB. MMu Obu10
MOKa3aHo, YTO TPH yiape 0 MOBEPXHOCTH JIyHBI MeTeopona pazmepoM Oosee 0aHOTO
MeTpa, BCIBIIIKA OT TAaKOTO COOBITHSI MOXET OBITh OOHapyXeHa (OTOMETPHUECKUM
METOJIOM TEJIECKONIOM MeTpoBoro kinacca. (Ortiz u ap., 1999) npoananusuposanu 4.3
yaca HaOmonenuid JIyHHOW NOBEPXHOCTH U HE OOHAPYXHJIM COyAapeHUI ¢ DHeprueu
oonee 5x10° [Ix. Oqnako cam metox npsmoii [13C-Busyanu3zanuu ObUT IPOTECTHPOBAH
W 3adBJCH KaK TIOTEHUWAlbHO HOBBIM HMHCTPYMEHT JJsl OLEHKH HOMYJISLUH
MeteoponoB B OKII, Maccel 1 CKOPOCTH KOTOPBIX TaKOBBI, YTO U3ITydaemasl SHEPrHs
NpU CTOJKHOBeHUH TpeBbimiaeT 5x10° [[x. Bo3aMOKHOCTh MPOBEPUTH METOJ B Jeje
OblUIa TPeOCTaBICHA yXKE B TOM K€ rofy, HaOmonas ynapbl METEOPOHIIOB BO BpeMs
nposeta noroka Jieonun 18 HosiOps 1999 rona. Bniepsrle ObII0 MOTy4YeHO HE3aBUCHMBIE
noaTBepkaeHus Benblimek (Ortiz u ap., 2000; Dunham u ap., 2000). 3T0 mocmyxuno
TOYKOM K OpraHM3alid HOBBIX CKOOPAMHUPOBAHHBIX KaMIIAHWK CHUCTEMaTHYECKUX
MTONCKOB TaKWX COOBITHH U HaYaly MPOBEACHUS OJTHOLEHHBIX HAYYHBIX UCCIIEIOBAHUM
B 9TOM HanpasieHnu. Yxe B 2000 roay (Bellot u 1p., 2000) nposenu HabroaeHus JIyHsl
Ha TeJecKorne ¢ anepTypoit 20 cM, OCHAIIEHHOTO BUAEOKaMePOil ¢ rmosieM 3peHus 8°x6’,
a Tak)Ke MPeACTaBUIIN METOAMKY OLICHKH SIPKOCTU COOBITHH C yueToM MpeoOpa3oBaHus
KHHETHYECKOW PHEPTUH B U3ITyUCHHE.

B pab6ore (Ortiz u ap., 2002), ucons3ys napamerp 3pPeKTUBHOCTH IPe0Opa3oBaHUs

! Association of Lunar and Planetary Observers
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SHEPTUU B CBETOBOW IOTOK MO pe3yabraraMm HaOmromeHus Jleonua B 1999 rony,
paBHOro 2x107, MpUILIH K BBIBOAY, YTO HAOIIONEHUSI MOTYT OBITh HCIOJIB30BAHbI JUIS
OLIEHKH IUIOTHOCTH MOTOKa METeOpouJoB. VX HaOMIOAeHUsI COIIacyroTcsi ¢ MOTOKOM
MeTeopon10B 18 Hostopst, 2001 B 18:15 UT 0,1 meTeopon1oB ¢ Maccoii 6omee 2x 108 kr
kM2 al,

Lunar Meteoritic Impact Search (LMIS) opranuzosano nadmrogenus 3a JlyHoit Bo
Bpems mectr coobitiii B 2000 u 2001 romax. 3arem B 2006 romy mporpamma NASA
MEO (Meteoroid Environment Office) Hauana MOHUTOPUHT CTOJNKHOBEHUH ¢ JIyHOIl 1
obOHapyxwmia 399 Benbimek B Teuerue 2005—2016 rogos. [lapamnensHo (Yanagisawa
u z1p., 2008) oOHapy>KWIIK CTOJIKHOBEHHS ¢ [ eMHHUAaMU U ONIPEEeTUIN MAacCy YacTull,
MIPOAOJIKUTEIBHOCTD BCIBIIIEK U MOJT KAKUM YITIOM 3TH CTOJIKHOBEHUS IIPOUCXOIUIIH.

B 2014 romy (Suggs m nap., 2014) ompeenuam KUHETUYECKYIO DHEPIHIO H
pacnpenenerue Maccol 126 oOHapyKeHHBIX CTOJIKHOBEHHH 10 JaHHBIM NASA ALaMO
(Automated Lunar and Meteor Observatory). Imu monydeno, uto asust JlyHbI TIOTOK
11 ipeienibHoi sHeprum 2,5 x 10 kT B TpoTHiioBOM 3KkBHBaseHTe win 1,05 x 107 [Ix
cocrariseT 1,03 x 107 km? u'!, a motok st mpeaensHoi Macceel 30 T cocTasisier 6,14
x 101 M2 roxm!.

B 2015 rony B Haumonansnoit oocepBaropun Adun (NOA) Hayan cBoe pa3BHTHE
amOunmosusli mpoekt NELIOTA (NEO Lunar Impact and Optical TrAnsients),
¢dunancupyemblii EBporneiickum kocMudeckuM areHTcTBoM (ESA)? Mo MOHUTOPUHTY
Jlyapl ¢ uenplo OOHApyKEHHUs] CTOJKHOBEHHH C HeW HEOONbIINX METEOPOHIOB.
Habmronenust npoBoasTCs ¢ MOMOLIBIO 1.2-METPOBOTO TeNECKONa U BYX BHICOKaMep.
KparkocpouHoli 11ebo IpoeKTa sBIsieTCsl OOHAPYKeHNE TYHHBIX YIAPHBIX BCIIBIILIEK U
OLIeHKa (PU3NYECKHX MapaMeTPOB METEOPOUIOB (HAlpUMEp, MacChl, pa3Mepa), a TAaKKe
napamMeTpoB yAapoB (HampuMmep, TeMIepaTrypbl, pa3MepoB KpaTepoB Ha MOBEPXHOCTH).
CpenHecpo4HOI LeNnblo ABISAETCS MOMYyYeHHE CTaTUCTHYECKUX JAaHHBIX O 4acToTe U
pasmepax MeteopouaoB U Manbix OC3, KoTopeie OyAyT HCHONIB30BaThCS KOCMHUECKOH
MPOMBIIUICHHOCTBIO B KaueCTBE BaKHOW HH(OpMAIMU JIJIsl 3aLIUThI KOCMHYECKUX
anmapatoB. Ha manHblii MomeHT (OkTaA0ps 2024 ropma) 3aBeplieH BTOPOH dTarl
Habmronenuit. 3a 6,5 neT HenpepsIBHOTO MOHUTOpHHTa JIyHBI ObLTO 0OHapyxkeHo 187
yaapubix Benbimek (Liakos u ap., 2020); Bonanos u ap., 2018; Xilouris u ap., 2018;
Liakos u np., 2024). 1o pe3ynsraTam 3TOTO MpOEKTa ObLIa MOJy4YeHa OYEHb BayKHAS
nHPOpMAIHS N0 CTATUCTUKE COOBITHIA, TpuBeaeHHas B Tabnune | u3 padots! (Xilouris
u ap., 2018). Yactora ynapoB o moBepxHOCTh JIyHBI cocTaBisieT IpUMEpHO 7 yaapoB B
qac AJIs CIy4aliHBIX MIPOLIECCOB M B ABa Pa3a OOJIbIIE YIAapOB MPH MPOJIETE METEOPHBIX
1OTOKOB. [1IIOTHOCTB NOTOKOB ITpu 3TOM mopsizka 2x 1077 B 4ac Ha KBaipaTHBIN KUJIOMETP
1 4x107 B yac Ha KBapaTHBIN KMIIOMETP, COOTBETCTBEHHO.

2 https://neliota.astro.noa.gr/About/Project
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Tabmuna 1 - Ilokaszarenn oGnapyxennss NELIOTA, ocHoBaHHBIE Ha NPOBEPEHHBIX BCIBIIIKAX U
4acToTax IOSBICHUSI MeTeoponaoB Ha JlyHe (Ha Bceil MOBEPXHOCTH) M BOKPYr cucteMsl 3emiusi-JlyHa
BHYTPH METEOPOHIHOTO OTOKA

Detection rate Impact frequency on Moon Appearance frequency around Earth
(meteoroid h!' km?) (meteoroid h) (meteoroid h)
90 km | 1600 km [ 20000 km | 36000 km
Sporadic 1.93*107 7.3 101 154 1683 4344
Stream 3.79*107 14.4 199 303 3312 8550

OTU pe3ylbTaThl MO3BOJIMIM IONYYUTh CTAaTUCTHUKY IOTOKOB METEOPOUIOB IS
Pa3HBIX BBICOT B OKOJIO3eMHOM mpocTpaHcTBe (PucyHok 1), xorma cucrema 3emits-
Jlyna Haxomutcsi (KpacHas IUHHsI) WIM HE HaXOIUTCS (3elieHas IJUHUS) BHYTPHU
METEOPOUTHOTO TOTOKA. TakyKe yKa3aHbl IUara30Hbl HU3KOM OKOJIO3EMHOH OpOUTHI
(LEO), cpenneii oxomozemuoi opoutel (MEO) u reocranuonapsoit opoutsl (GEO)
(Liakos u np., 2020; Bonanos u ap., 2018; Xilouris u np., 2018; Liakos u np., 2024;
Yanagisawa u ap., 2002).

Ry LEO MEO GEO

1000

Number of meteoroids per hour

—— Sporadic
—— Stream

10 100 1000 10000
Distance from Earth's surface (km)

Pucynok | - Hacrora nosiiieHust METEOPOUII0B BOKPYT 3eMITU

ITomumo mpoekra NELIOTA Ha ceromHsITHUN AeHb CyIIECTBYIOT €IIC IBE TPYIIIIHI,
OCYIIECTBIISIONINE CHCTEMaTHYeCKUii MOHHMTOPWHT TOBEpPXHOCTH JIyHBI C I1enbio
oOHapy»XeHHsl yIapHbIX BCrblmek. [lepBas rpymnmna — 31o komanna MIDAS? | Bropas
— 910 Ypasineane HACA* mo meTeopouIHO# cpene.

3amadyy aHanM3a CTATUCTHKH pACHpeleNieHHuss W JAWHAMUKA Malopa3sMEepHBIX
METEOPOHIOB MOJKHO OBLIO ObI PEHINTh, HAOIOIAs TEHEBYIO CTOPOHY 3eMIIH ¢ OPOUTHI,
HO 3TO OKa3aJloCh HEBO3MOXKHBIM H3-3a 3HAYUTENIFHOTO CBETOBOTO 3arpsS3HEHUS.
HaoGmronenue ke TEHEBOW CTOPOHBI JIYHBI ¢ MOBEPXHOCTH 3E€MJIM M OKOJIO3EMHBIX
OpOUT TOXKE CONPSIKEHO C ONpPE/IeICHHBIMH TPYAHOCTSIMHU. Bo-TIepBBIX, N3-3a HAIUYHS
OOJIBIIOTO YHCIIa UCKYCCTBEHHBIX aImapaToB W ()parMeHTOM KOCMHUYECKOrO Mycopa
Mexay 3emiiet u JlyHOH, ipr HAOMIONCHUSIX BCE YaIlle PETUCTPUPYIOTCS OTOICCKH OT

*MIDAS - Moon Impact Detection and Analysis System
* Meteoroid Environment Office - NASA
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9THX OOBEKTOB, YaCTh M3 KOTOPBIX MpOEUUpyeTcs Ha AUCK JIYHBI U MOKET MPUBECTH
K OIIMOOYHBIM OIICHKaM KOJIMYECTBA pealbHBbIX CTOJIKHOBEHWH. Bo-BTOpBIX, H3-3a
yaaneHus JIyHbl BCHIBIIIKK OT yAapOB MajlOpa3MEPHBIX ()parMeHTOB 3apETUCTPUPOBATD
OyZleT JOBOJBHO CIOKHO, TOCKOJNBKY 3TO MOTpeOyeT MCIOb30BaHUE WHCTPYMEHTOB
c OOJBLION anepTypoil. B-TpeTbux, ¢ MOBEpXHOCTH 3eMJIM U ¢ HU3KHX OKOJO3E€MHBIX
OpOUT TPHUXOIWTCS TONAararbCsi Ha CETh TEJIECKONOB WM (DIOTHIMIO ammaparoB
JUIL HETNPEPHIBHOTO WJIM JIOCTaTOYHO MPONOJDKUTENIbHOTO HaOmonenus JlyHHOM
MOBEPXHOCTH, YUYHUTBIBAS CTATUCTHKY TakuxX coObITui. Ho, koHeuHO, HauOOJbIIyIO
CIIOKHOCTH JJIsl Ha3eMHBIX HaOMoneHui mpeacraBmsieT arMocdepa 3emuu. [lmoxas
MOro/la WM TJIOXHE YCJOBUS BUAMMOCTH HE IO3BOJISIOT YBEPEHHO OOHApy)KHMBaTh
ciabple ObICTPBIC BCIIBIIIKK M HETATUBHO BIMSIOT Ha HAOMIOAEHMS Oosee JIIMTEIbHbBIX
SpKuX coObITHH. [Ipyroii mpuunHOMN, BIUSIOMICH HA HAOMIONCHMS, SIBISAETCS OJIMK OT
JTHEBHOM cTopoHbl JIyHBI, KOTOpBIN He mo3BoMsier HaOmomath JlyHy, korma ee dasa
Oonbrie ~45%. BplmenepedrciaeHHbIe TPYAHOCTH MOXKHO TMPEOIOJIETh € MOMOIIBIO
KOCMHUYECKHX TEJECKONOB Ha okonomyHHou opoute Jlyne (LUMIO, 2023) wnu Ha
Takux opOuTax, Mpy KOTOPBIX ammapar OyAeT JOCTaTOYHO MPOJOIKUTEIHLHO HAXOAUTCS
OTHOCHUTENBHO On3K0 OT JIyHBI.

TaxoBbiM nipoekToM siBisieTcss LUMIO. B paMkax pa3BUTHS IPOEKTa OKOJIOTYHHOTO
teneckona B KazaxcraHe npeaiaraeTcst 4acTb BpeMEHH MOCBATHUTD 3aa4e 0OHapYKEHUs
YAApOB O JIyHHYIO IOBEPXHOCTh METeOpou0B. [Ipenaraemblii mpoekT OyAeT sBIseTCS
cyllecTBeHHbIM JomnosnHeHueM ycuausM LUMIO u oryactu mpojoimkareneM 3THX
HCCIIEeIOBAHUM, MOCKONBKY MperonaraeTcs MpoBOAUTh Takue HaOmomenus B MK
nuanazone (mHcTpyMeHT LUMIO OyneT ux mpoBOAWTH B BUAUMOM JHANIa30HE), a caM
WHCTPYMEHT TpernoiaraeTcsi 0oblleil anepTypbl, 4YTO JacT BO3MOXKHOCTb PaclIMpHUTh
aHanM3 Ha OoJiee MEJIKHE METEOPOUIbI.

Beibop UK nmamazona mpoaukToBaH cieayromuM ¢aktoMm. [Ipu cTomKkHOBEHHH
METeOpOoUJa C MOBEPXHOCTBIO JIyHBI, MPOUCXOAUT B3PBIBHOE BBIACICHUE DHEPIUU B
MOMEHT CaMOr0 yZapa U NocIeIyIOUIMM OCThIBaHHEM 00acT JIyHbl, Kyaa mpumiesncs
yaap, ¢ BeljienenueM terioBoid auepruu B MK nuanazone. Bpems oxnaxaeHus 3aBUCUT
OT DHEPruM, MOIVIOIIEHHON MarepuanoM JIyHbel Ha eIMHUIlY MJOLaaN MOBEPXHOCTH,
W/ OT TOTO CKOJIBKO SHEPrHy ObUIO MepeiaHo 00JacTH HEMOCPEICTBEHHO MOJ
00JIaKOM pa3orpeToro rasa M3-3a B3phIBa, a TaKKe OCTHIBAHHEM (ParMEHTOB CaMOTO
METeOpOoua, OCTaBIIUXCS Mocie yaapa. IIpogoimKuTeIbHOCT BCIIBIIIKU B PE3YIIBTATE
yZapa, 10 HEKOTOPbIM OIleHKaM JutuTcs nopsiaka 10~ mc. Tlpu stom, HaOmonaBmmecs
¢ 3eMJIi BCOBIIIKY Ha JIyHe B BUAMMOM JHana3oHe JUIMIUCh okojio 30 Mc, 4yTo ckopee
BCETO SIBJSIETCS CIENCTBHEM OXJIAXJIEHUs MecTa ynapa. OT4acTu, IpoJoHKUTENbHOE
cBeyenue (Oosee 50 Mc) mocne ymapa MOKHO OOBSICHUTH MEAJICHHBIM OCTBIBAHHEM
¢parmenToB camoro Tena (Madiedo u ap., 2018).

CKOpOTEYHOCTH NMPOLIECCOB, CBSI3aHHBIX C yAapaMHU, PEIbSIBISET TONOIHUTENbHbIE
TpeOOBaHUsI K CHUCTEME B II€JIOM M QITOPUTMYy aHalu3a MOJIy4YaeMbIX JaHHBIX B
yacTHOCTH. {151 mocTpoeHus KpHUBOM Onecka COOBITHS HAOMIONCHUE STOrO0 COOBITHSA
JOJDKHO MPOUCXOIUTDH pH yacToTe nopsaka 100 kaxpos B cexynay. M3-3a 6onbiioro
o0beMa JaHHBIX M BPEMECHU CUMTBHIBAHMS CHUTHAJA HYKEH TaKOW NETEKTOpP, KOTOPBIN
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MO3BOJISIET Ha dTalle CUUTBHIBAHMS CHT'HAJA BBIACISATH M CUUTHIBATH OTICIBHBIN MaTd
(y4acTok) ¢ 3apericTpUpOBaHHBIM COOBITHEM W3 Bcero u3oOpaxeHus. [lockonbky
[UTAHUPYETCSs, YTO MOHHUTOPUHI JIYHHOH IOBEPXHOCTH OyHET OCYILECTBISITHCA C
yacToTol nopsiaka 30 KaxpoB B CEKYHY, TO C TAKOH e YaCTOTOM JOJKEH cpadaThiBaTh
QITOPUTM JETeKTHpOBaHUs coObITHs. Kak Tonbko coObITHE OOHAPYKUBAETCS, AOJIKHA
M0JaBaThCsl KOMaHAa CKaHUPOBaHus ¢ 4acToToi 100 kaapoB B CEKyHIY C COXpaHEHUEM
nar4eil KaJpoB, Ha KOTOPBIX 3TO COOBITHE PETUCTPUPYETCSL.

JL11st OLIeHKM SHEPTETHKH MPOLECcca, IOMUMO €r0 IPOJOKUTEIBHOCTH, HEOOXOIMMO
HUMETb OLIEHKY €ro TeMIIeparypbl, YTO MOXKHO CAEJaTh 10 IIBETOBOM XapaKTEPHCTHKE
coobiTus (Liakos u ap., 2024) (Pucynok 2).
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Pucynok 2 — 3aBucumocTts nmokasarens 1usera (R-1) or remneparypst (13 padotsr (Liakos u np.,
2024).

Kpome Toro, Obiio 0OHapykeHO, YTO CKOPOCTH TEIUIOBOTO HM3Iy4deHHs oOmacTteit
BCIIBIIIKA HE OJMHAKOBBL, YTO BEPOSITHO, CBSI3aHO C Pa3HBIM THIIOM Marepuaia
METEOPOUJIOB M JYHHOTO TPyHTa W TakuM oOpa3oM TOXKe SBISETCS TMPEIMETOM
nccienoBanus. K HacTosmeMy MOMEHTY HE MHOTO COOBITHH OBLJIO 3aperuCTPUPOBAHO
cpasy B HecKoNbKuX ¢unbTpax. Hampumep B puimbrpax V u | ObLI0 CHATO OTHO COOBITHE
B 2015 roxy (Madiedo u np., 2019) u B Tpex ¢umsrpax R,V u B codsrtre B 2019 rogy
(Topputo u mp., 2017). IlosToMy B paMKax pa3BUTHS KOHIICTIIIMH Ka3aXCTAaHCKOTO
OKOIIOJTyHHOTO TEJIECKOIIa M3HAYaJbHO TPENIoaraeTcsi BOZMOXHOCTh HaJHUUsS JIBYX
(hoTomMeTprUECKHX KaHAJOB (B TOM YHCIE ISl pealn3allii CXeMbl COBIAICHUS IS
OTCEWBaHUs JIOKHOTO cpalarbiBanusi). ONWH W3 KaHAJOB MpeIaraeTcs BBIACITUTH
o poromerprudeckue HaOmoneHus B UK numamazone, a BO BTOpoM KaHase B IOJIOCE
¢umerpa V JXKOHCOHA.

OpHako, TpW pacueTax DJHEPTeTHUKH COOBITHIA, CIEAyeT YYUTHIBATH MOTEPIO
nHpopmarmu Bo BpeMs cunthiBaHusa curaana ¢ [13C npuemuunka (Liakos u ap., 2024).
Oror (akT MOMmKEeH yUYHTHIBaThCS Kak mpu BbiOope marumkoB (I13C kamep), Tak mpu
pa3paboTKe WU ONITHMHU3AIHH POTPAMMHOTO 00CCIICUCHHS.

Uro kacaercss onTUMH3AIMK PabOTHI TeNecKoNa Ui PelIeHus paccMaTpuBaeMoOin
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3aJa4, a TaKKe BEIOOpa COOTBETCTBYIOILMX OPOUT, TO HEOOXOIMMO Y4eCTh H3BECTHYIO
Ha JaHHBI MOMEHT CTaTHCTHKY COOBITUH BCIBINIEK OT YIApOB METEOPOHMIOB O
JYHHYIO TOBEPXHOCTh. [10 MOHATHBIM NpUYKMHAM, CTATUCTHKA YAAPOB OOHAPYKEHHBIX
C OKOJIOJIYHHBIX OpOWT B MPEANOJaraeMoM JIuana3oHe UIMH BOJH HaM B HACTOSILICE
BpeMsl JOCTOBEPHO HEHM3BECTHA, HO HEKOTOPBIC MPEIIMOJIOKEHUSI MOXKHO CIIeNaTh
Ha OCHOBE TOJYYEHHBIX JaHHBIX OT JIPYruX SKcnepuMmeHToB. B pabore (Liakos u
ap., 2024) npuBeneHa cTaTUCTHKa OOHapykeHHe yaapoB mereopouaoB (Tabnmua 2)
B 3aBUCHMOCTH OT PAaCIOJIOKCHHUSI PETUCTPUPYIOLIEro o0OpydoBaHMs (ammapara).
[TockonbKy pa3zpadarsiBaeMast KOHLIEIIIHS OKOJIONYHHOTO TeJIECKOIa He TOIpa3yMeBaeT
TOYHBIX JaT €€ peaiu3alni, Hac OyIeT HHTepecoBaTh YacTOTa CIIOPaIuIeCKUX COOBITUI
(Korma HET METEOpHBIX IMOTOKOB) (Spo), HaOIIOZAEMBIX C OKOJOJYHHOW OpOUTHI
(Moon, Orbit). YactoTa coObITHIi OblIa MOTYYEHA U3 MPEANON0KEHUS 00 N30TPOIHU
pacmpeneneHuss METEeOpOUI0B B OKOJIONYHHOM M OKOJO3€MHOM mpocTpaHcTse. s
MOJTY4YEeHHUs] KOHCEPBATHMBHON OILCHKM MBI BO3BMEM 332 OCHOBY CTaTHCTHKY TOJIBKO
JUTSE TOATBEpkAEHHBIX coObiTHi (Validated). M3 crarucTuku ciieyeT, 4To BEpOSTHOE
YHCJIO YAapOB METEOPOHIOB O MoBepXHOCTh JIyHBI mopsaka 8 coObituii B yac. [lpu
HaOMIOAEHUSX TEHEBOH cTOpoHbl JIyHBI MBI MMeeM mopsiaka 4 coObITHH B 4ac, H
CJIEIOBATENIbHO MHUHHMMAaJIbHAsl MPOAODKUTENFHOCTh CECCUM HAOMIONCHHN JOJDKHA
OBITH HE MeHee ~15 MHHYT JUIsl perucTpauuu XOTs Obl OMHOTO COOBITHS. DTOT (akT
HEOOXOJMMO YUHUTHIBATh PU BHIOOPE ONTHMANBHBIX OPOUT M TNIAHUPOBAHHS HAYYHOM
MIPOTPaMMBI TEJIECKOIA B IIETIOM.

Tabnuma 2 - YacTora nosiBenust mereoponios Ha JIyne u 3emiie u Bokpyr Hux (Liakos u np., 2024).

Moon Earth
Sur Orbit MS LEO GEO
Distance (km) 70 90 2000 36000
Validated Spo 7.8 8.4 108 181 3338
(meteoroids h™') Str 14.8 16.0 205 344 6356
Total 8.7 9.4 121 202 3742
Validated and suspected Spo 9.9 10.8 138 231 4268
(meteoroids h™') Str 24.7 26.7 341 573 10594
Total 11.9 12.9 165 277 5117

B mpubopHoM ocHamieHuu JUIs 3agadd  OOHApYXKECHHUS BCIBILIEK OT YIApoB
METEOPOUIOB O MTOBEPXHOCTH JIyHBI MOXKHO HCIONB30BaTh CBETOCHIIBHYIO KAMEPY MM
CBETOCHJIBHBIH TENIECKON-PEQIIEKTOP C ABYMs KaHAJIAMH, Pa3eICHHBIMU TUXPOUYHBIM
3epkasioM. OuH u3 kaHasoB Belessiercs nof [13C-dgoromeTpuio B BUANMOM Hana3oHe
(V-¢pmnerp xoHcoHa win 6e3 (punbsTpa), Bropoit — o Habmonenust B UK nnamnazone
C UCTIONIb30BaHUEM (PUIIBTPA B AMANa30He 5-6 MKM. JIBa kaHata obecneyar peaau3annio
CHCTEMBI COBIAACHUS ITPY OTCENBAHNUH JIOKHBIX CUTHAJIOB, BHI3BAHHBIMU KOCMUYECKHUMU
Jy4aMd U OPYyTUMH ciaydaidHeiMU coObitusaMu. st UK kananma B HacTosiee Bpemst
noctynasl HgCdTe I13C kamepst pazmepom 1024 x 1024 nukceneit (3aBUCUT OT BEIOOpa
LeJIEBOI OPOUTHI M (PU3MUYECKOTO pa3Mepa MUKCENsT), 00eCIIeUNBAIOILIMMH I10JI€ 3PEHHS
~3° x 3° (mpu BeIOOpE opOuTel HALO L2). Pasmep nosst [13C-kanpa B 3aBUCUMOCTH

101




ISSN 2224-5227 4.2025

OT MMapaMeTPOB ONTHYECKON CUCTEMBI MPOJAUKTOBAH HEOOXOAMMOCTbIO HAOMIOIATh BECh
JIUCK TeHEeBOU cTopoHbl JIyHbl. OTHUM M3 BO3MOXKHBIX pelieHui MoxeT 0biTh HAWAIIL
2RG nnmn HAWAII 4RG xommnanuu TELEDYNE®S,

st monaBneHns: TEPMaIbHOTO IIyMa OT Y3JIOB TEJECKOMa, COOCTBEHHBIX IIYMOB
peructpupyrouieil annaparypsl U (OKaJIbHOM MI0CKOCTH, HEOOXOANMO MOIEPKUBAT
TemmnepaTrypy Ha ypoBHe Huxke 65 KenbBuHOB. JlJi1 3TOro Hy>K€H MHOTOYpPOBHEBBIN
pazuarop, KOTOPBIM BKIIIOYAET B ceOsl 3aIIMTHBIE SKPaHbl OT TeIlla, KOTOPOE UAET OT
COJIHEUHBIX aHEJeH ¥ caMOro afrapara, He0OX0IMMOCTb OJIeHIbI Ha BXOAHOE OTBEPCTHE
TenecKomna, JAJIs SKpaHUPOBaHUs Mapa3uTHOro ceeta ot JIyHsl 1 ColHLA U OXJIaIUTENb.
VYuutsiBas pemenue padorars B UK nuanazone (5-6 MKM) H, clieioBaTeNbHO, HATHYHE
KpUOTEHHOM YCTaHOBKM JUI1 OXJIQXJIEHUS MHCTPYMEHTa W JIETEeKTOpa, a TaKxke
HEOOXOOMMOE Halu4ue IBYX (DOTOMETPHUUECKUX KaHajoB, rabapuThl BO3MOXHOTO
anmapata OyayT Oonblie MaKCUMaJIbHO AomycTuMoro pazmepa KyoCaros B 16U.

HexoTopsie pemienusi, KOTOpble MOTYT OBITh aJanTUPOBAHBI MO pa3padaThiBacMBbIi
HWHCTPYMEHT, ObUTH NipeacTaBieHsbl B okciepumente LUMIO Ha kondepenunu iCubeSat
(Topputo u np., 2017).

O6cy:xaenue u BbIBOABL [ Ipeiaraemas HayqHas 3a1a4a, 0 IOUCKY COOBITHH yIapoB
METEOpPOUJIOB O MOBEPXHOCTH JIyHBI, SIBISETCA B HEKOTOPOM CMBICIIE JONOIHEHHUEM
U OJHOBPEMEHHO paCIIUPEHUEM BO3MOXKHOCTEH Takux mpoekroB kak LUMIO u
HCCIIeIOBaHUH MOMYJSIIMK MaJlopa3MepHbIX (opsiaka | MM U MEHbIIE) METEOPOUIOB,
MIPOBOAMMBIX Ha3eMHBIMH HaONoneHusAMU. PerieHue 3Toii 3a1a4u ¢ UCTIONb30BaHUEM
Ha3eMHBIX HaOJIONEHMI CWIIBHO OTPaHUYEHO H3-32 HEBO3MOKHOCTH MOHHMTOPHHIA
OoNpIIMX TMJIOMIAfe M, CIIeA0BaTeNbHO Manod()(EKTUBHBI [AJsl TOJHOLEHHOTO
CTaTUCTHYECKOTO aHaimu3a. Kpome Toro, Takue HaOMIONEHHS OTSATOLICHBI MOTOAHBIMU
YCIOBUSIMH, HATMYHEM NTapa3uTHOM 3aCBETKH U IIEpephIBaMH B HAOIIOICHHUSX,, CBI3aHHBIX
C CyTOYHBIM BpalieHrneM 3emin. B To e BpeMs, ObIJI0 MoKa3aHo, 4To, 00J1a1asi J0BOJIEHO
CKPOMHBIMU BO3MOXKHOCTSIMH OOpPTOBOTO HMHCTPYMEHTA, amlmapar Ha OKOJOJYHHOU
opbute cmocoOeH 0OHAPYKUTh CTOJIKHOBEHHS METEOPOUIOB Pa3MEPOM MEHEe OHOTO
mumaMeTpa (LUMIO, 2023). VBenuyenue anepTypbl KaMepbl (TelecKona) U HaJluyue
NK-kaHa1a mo3BOIUT 3HAUNTENIBHO PACIIUPUTB IHATIa30H YSHEPTETUKN PETHCTPUPYEMBIX
COOBITHI CTOJKHOBEHHH B CTOPOHY BCE 0oJiee MEJIKHX YacTHILI, & TaKKe MPOBOIUTH
HCCIIeIOBAHUS MOCTCTOIKHOBUTEIBHBIX MPOLIECCOB. BrimonHenne 3Toi 3axauu Oyaer
SIBIISITBCSL CYILIECTBEHHBIM JIOTIOJIHEHHEM K 3aIlJIaHUPOBAHHON 3a/1aue 10 HAOIIOACHUSIM
B paMKax pa3BUTHS OKOJIONYHHOH CUTYallMOHHOM 0CBEIOMIIEHHOCTH.

YuuTeiBas 00JBIIONH MHTEpEC K M3y4eHUIO JIYHBI 1 OKOIOIYHHOTO MPOCTPAHCTBA,
npeasaraemMasl HaydHasi 3afiadya 1o M3y4eHHUIO COOBITHH CTOJIKHOBEHHMH METEOPOHIOB
C TIOBEPXHOCTHIO JIyHBI, B cOYeTaHNH C (PYHKIMOHUPYIOIIUMH Celdac MpOeKTaMu U
IUTAHUPYEMBIM KOCMHYECKHUM MHCCHSM, a TakKXe IUIAaHUPYEMBIM HCCIIEOBAaHUAM
MaJIeHUsI METEOPOB B aTMocdepe 3eMiIH Ha IUPOKOYTONBHBIX ONTHUYECKUX KOMILIEKCaX
oOcepBaropuu Acchl-TypreHb, TOMOTYT YTOUHUTH THANa30H pa3MepoOB MalbIX TeNl B
OKOJIO3€MHOM KOCMUYECKOM NTPOCTPAHCTBE.

S HAWAII-2RG | Teledyne Imaging
¢ HAWAII-4RG | Teledyne Imaging
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Hanuuue nByx doromerpudeckux kananos, npeaaputensHo V u J (K), mos3somut
MOJIyYUTh TEMIIEPATYPHYIO XapaKTEPUCTHKY COOBITHUS W Hapsay C KpPUBOW Oiecka
JIACT BO3MOXKHOCTh IOJYYUTh MOJHYI0 KaPTUHY COOBITUH U, B YaCTHOCTH, HadyaabHbIC
YCIIOBHUSI CTOJKHOBEHHWH, ompenenuts Tunm mereopouna (Ernst C.M. u ap. (2003)).
[TomyueHHbIe HOBBIE 3HAHUS B PE3yJIbTaTe ITHX HAOIIONCHHM, OyIyT MPEICTaBISATh
WHTEpeC i ucclenoBarencit JlyHbl, CHenUaIrcTOB, 3aHUMAIOLIMXCS BOIMPOCAMHU
0€30I1acCHOCTH KOCMHYECKHUX alllapaToB.
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Abstract. The Lagrange—Jacobi Equation plays a very important role in astronomy
and astrophysics in study of the long-term behavior of astrophysical objects. This
work presents an application of the Lagrange-Jacobi Equation for celestial mechanics
and dynamics of large-scale structures of Universe. In this paper we consider a non-

stationary N -body Problem, as a model which is describing the dynamics of large-
scale gravitational systems. The classical solution of this problem assumes that the
gravitational constant is a constant. However, several cosmological models allowed
for the possibility of changing over time of the gravitational constant, which leads
to a significant complication of the problem. The main aim of the present work is to
demonstrate that the Lagrange — Jacobi equation can be used for the qualitative analysis

of the NV - body problem that helps to understand the variety of the astrophysical
populations. Using the Lagrange—Jacobi Equation, with the help of the method of
integration of the differential equation, we obtained an energy quasi-integral that is
conserved during the slow evolution of the gravitational constant. In result, we
demonstrated a possible analytical approach for the ability to understand some new

dynamical aspects of the N._ body Problem with a variable gravitational constant on the
basis of the Lagrange-Jacobi Equation, what is important for understanding the global
evolution of the astrophysical environment.

Keywords: Lagrange-Jacobi Equation, N-body Problem, Gravitational constant,
Quasi - Integral
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Annoramust. Jlarpamk-SlkoOu TeHIEyl acTpoHOMHS MEH acTpodu3HuKajga
acTpo(M3UKANBIK HBICAHAAPIABIH Y3aK MEp3iMai MiHE3-KYIKBIH 3epTTeyAe MICHIyIi
pen arkapansl. byn makanama Jlarpamxk-SkoOM TeHAEyiHIH acmaH MeXaHHKachlHA
XKOHE ©OJemJeri ipi MacmTa0Thl KypbUIBIMAAPIBIH JWHAMUKACHIHA KOJAAHBLIYBI

yceHBUTFaH. byn wmakamama 0i3 N._ JIEHEJIep YaKhITKA TOYeAl MoCceNeciH ipi
MacIITa0Thl TPABUTAIUSIIBIK KYHETIepaiH JMHAMUKACHIH CUTIATTANTHIH MOJIEITh PETIHIE
KapacThIpaMbI3. byJl MoceneHIH KIACCHKAJBIK MISHTiMI TPaBUTAIUSIIBIK TYPAKTHIHBIH
TYpaKTBl eKeHiH Oomxkaiapl. Jlereamen, Oipkarap KOCMOJIOTHSUIBIK MOJCIBICD
TPaBUTAIUSIIBIK TYPAKTHIHBIH yaKbIT ©TE KeJie 3repyl MyMKIHIITIH KapacThIpabl, Oy
MOCEJIeHI alTapibIKTall KUBIHAATaabl. byJl MakajgaHBIH HETi3Ti MakcaTel — Jlarpamk-

SxoOu TeHIeyiH N JICHeIIep MOCEIIECiH caraibl TaJjay YIIliH Maijananyra 0oIaThIHbIH
KepceTy, OYJT aCTpOPU3IUKAIBIK ITOMYIISAIUSIIAPABIH OPTYPIILIITIH TYCIHYTE KOMEKTECEI.
Jlarpamk-Sko6u TeHneyiH jxoHe audQepeHHanabK TeHACYII HHTETpalrsiay 9IiCiH
KOJIZIaHA OTBIPBIT, 013 TPABUTAIMSIBIK TYPAKTHIHBIH 0asy DBOJIOLUSICH KE3iH/C
CaKTallaThIH DHEPTUSHBIH KBa3HU-MHTETPANbIH anjiblK. HoTmxkecinae, 0i3 MoceneHiH
KelOip kaHa MUHAMHKAIBIK ACHEKTUIEpiH — acTpO(U3UKANBIK OpPTaHBIH >kahaHIIbIK
OBONIOLUACHIH TYCIHY YIIiH MaHb3Abl Jlarpamk-SlkoOu TeHIeyiHe Heri3aenreH
afHBIMAJIbI TPABUTAIMSIIBIK TYPAKTBICHI 0ap JICHeIep Il TYCIHYTe aHATUTUKAIBIK TOCIII
KOPCETTIK.

Tyiiin ce3nep: Jlarpamxk-Skoou Tenaeyi, N . JICHEJIep MAceleci, IPaBUTALUSIIBIK
TYPAaKThl, KBa3U-HHTETPajl
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AHHoTanms. YpaBHeHue Jlarpanxka—SIko6u urpaetr BaXHYIO pOJib B aCTPOHOMHUHU
U acTpopu3UKe, IOCKONBbKY WCIONB3YeTCsl Ui aHaiu3a JOJTOTEePHOANYECKOTO
MTOBEIEHUS TPAaBUTAIIOHHBIX CHcTeM. B nanHo# paboTe paccMarpuBaeTcs MpUMEHEHNE
ypaBHeHus Jlarpamka—SkoOu k HeOeCHON MeXaHUKe U AMHAMHKE KPyTTHOMAaCIITaOHBIX
cTpyktyp Bceenennoit. Ocoboe BHUMaHUE yaeleHO HecTauoHapHOW 3amadye N-Ten ¢
TIepEMEHHON TpaBUTAMOHHOW TocTosHHOW. Kiaccwmdeckas (opmymupoBka 3amadu
N-Tenn mnpenrnonaraeT HEU3MEHHOCTb TPABUTAIMOHHON ITOCTOSSHHOM, OJHAKO psll
KOCMOJIOTHYECKHUX MOJEJed JOIMyCKaloT €€ MEIJIEHHYIO 3BOJIOIMIO BO BPEMEHH,
YTO MPHUBOAUT K YCIOKHEHHIO TUHAMUYECKUX ypaBHEHHHU. Llenbio paboThl sBIsieTCS
JEMOHCTpALnsi BO3MO)KHOCTEH mpuMeHeHus ypaBHeHus Jlarpamxa—SxoOu mms
Ka4eCTBEHHOTO aHaJlM3a TaKWX CUCTeM. Mcmomp3ys ypaBHeHue Jlarpamka—SIkoOou u
METOZIbl MHTETpUpOBaHus JudpepeHInanbHbIX ypaBHEHHUH, TTOIYYeH KBAa3UUHTETPall
SHEPTHUH, COXPAHIIOMINNCS TPU MEAJIEHHOM N3MEHEHUH I'PaBUTAIIMIOHHON MTOCTOSHHOM.
IToka3zaHo, YTO JaHHBIHM OXO0/] [IO3BOJISIET BLIIBUTH HOBBIC TMHAMUYECKHIE 0COOCHHOCTH
3a7a4u N-Tell ¢ MePeMEHHOHN IPaBUTAIIMOHHOM OCTOSHHOM, UTO BayKHO JIJ1sl TOHUMAaHUS
[7100JIEHOM ABOIOIUHU acTPO(PU3NUECKUX CHCTEM.

KuroueBsle ciioBa: ypaBHenue Jlarpamka-Skoou, 3anaqa N - Teln, rpaBUTAI[HOHHAS
IOCTOSAHHAsA, KBa3U-UHTCTpall

Introduction. The V - body problem, a cornerstone of classical celestial mechanics
and astrophysics, in its most straightforward form, assumes that the gravitational force
between bodies is governed by a constant gravitational constant (5, as it is prescribed
by Newton’s law of gravitation (Duboshin, 1963). However, a fundamental constant of
gravity, may not be constant over time and this assumption is quite reasonable in the
context of modern astrophysics and cosmology.

For example, for the Near-field cosmology that explores the structure, dynamics, and
evolution of the Universe on relatively small scales within the redshifts z < 0.1, for which
some advanced tools are performed in this domain providing detailed examinations of
the density field, the local matter power spectrum, and proofs of cosmological models
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and alternative theories of gravity (Binney J. et al, 2008; Kilinch, 2004; Courtois H. et
al, 2025; Piedipalumbo E. et al. 2012).

The gravitational constant (; being fundamentally constant parameter, in several
cosmological models, can vary with time. In particular, we should remind Jordan’s work
on N - body Problem (Jordan, 1967), in Universe with weakening gravity and Dirac’s
concept of a time - dependent gravitational constant (Dirac, 1972).

In this paper we show, that one of the crucial analytical tools for the analysis of such
many bodies systems is the Lagrange-Jacobi Equation. This equation relating dynamical
variables with energy of the system, opens perspective to describe its evolution. In
context of the NV - body with variable gravitational constant, the Lagrange-Jacobi
Equation provides qualitative approach for study of its dynamical properties (Omarov,
1975).

The Lagrange—1Jacobi equation thus forms the basis for the theoretical analysis of
the global evolution of many bodies in the astrophysical environment.

Research materials and method. We consider the /N - body problem

2—

m c;r,. =—grad, W, (i=1,2,...,n), (1)

12
W =Gy @)
i#j j

where W is a potential energy of the system, G(t) — is the gravitational constant as
a varying function of time ¢.
Multiplying Eq. (1) by g7 / dt scalarly and making summation over i, we obtain

dr. d°F, dw oW 3)
o BLL_ [
= dt dt? dt ot
which can be written as

N .

D (D) o |= G @)
dt| 245 dt G
or
dn _ G (%)
a G
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2

It is interesting to note here, that according to Brans-Dicke theory (Brans C. et al,
1965; Paliathanasis, 2023; Peebles 2017; Pinki, 2023; Pinki K. et al, 2022), the
behavior

G__a )

G t
where  is the constant coefficient.
In case of ¢z =1 we have Dirac’s law (Dirac, 1972) under which the following
relation
G
——2-10"200""
G

0

is valid for the dynamical condition for gravitational systems of present-day.
For the problem (1) the Lagrange - Jacobi equation can be written in the form

2
lfﬁj W42k (7.1)

where J is the momentum of inertia of the system:

J =2 mr’ (8)
From Eq. (5) and (7) we obtain
dh G 1d*J
—=—|2h—— 9
dt G [ 2 dr? ) ®

Results. Thus, the synthesis of equations for energy evolution (5) and the Lagrange
— Jacobi E (7) results in the following quasi-integral for the } - body problem (1)
with variable gravitational constant:

G? 1 ¢, -d*J
h_G_gh"_ngJG'G a (10)
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or

4, G
a "G

h, (11)

2G2

where G, and ho are the values of G and } in some initial epoch Z.

If in Universe with variable gravitational constant the N - body system is
evolving so slowly that the virial theorem is applicable to its each instant state
and therefore

dt’ (12)

Then the magnitude of /4 is evolving in accordance with the law:

h="—h, (13)

It is important to note as well, that under
G-G = const (14)

the above quasi- integral (11) becomes the following first integral of the
gravitating system (1):

h—G- GZ G hy 4G G[Z ”ZJ. (15)

1

The main result of the present work is to demonstrate LJE another one
application and in some way this stands for a straightforward extension of our
earlier paper where The Lagrange - Jacobi equation used for the qualitative
analysis ofthe N -body problem (Omarov Ch. etal, 2023) that helps to understand
the variety of the astrophysical populations (Ferraiuolo S. et al. 2025).

Conclusions and discussions. Thus, we received the quasi- integral (15) for
the V - body problem (1) with gravitational constant varying in time.

Taking into account that
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G-G=G,- G, (16)

we have

: i, G’ G, dr.
h—-G-G i -0 .G L
Z‘r’ dt Gj( oGP O(Z‘r’ dt )0]

(17)

Let the term

GZ - Z (%j +Q(p,.7) (18)

i

is the energy integral of some autonomous system of the Eq.

d’p.
———=—grad  Q .
m, dr> grad, (121,2,...,11) (19)
to which the system of equations (1) is transformed under space-time
transformation of the form

From (6) and (18) it follows that

h=h Gy —12G, Z( )P+ (r )ﬁioﬁio), (20)

We obtained the energy integral (20) for the autonomous Eq. (19) after making
space-time transformation of the quasi-integral (17), as an analytical result of the
application of the Lagrange-Jacobi Equation to the N - body problem (1) with
variable gravitational constant.

In conclusion, this work has achieved significant advancement through use
of the Lagrange - Jacobi Equation as an effective and fruitful analytical tool
and method to understand some dynamical aspects of the N - body problem
with a time-variable gravitational constant. The main result of this paper is the
quasi-integral for the N - body problem with variable gravitational constant that
helps to get more comprehensive understanding of the Universe’s structure and
evolution.
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Abstract. The article discusses a new approach to studying the parameters of the
stellar wind from hot stars in massive binary X-ray systems with a neutron star (NS),
which manifest themselves as accreting X-ray pulsars. The proposed technique is based
on the analysis of the observed characteristics of neutron stars in these systems. In
particular, it is shown that the rotational evolution of the NS can be used to determine
the stellar wind velocity of the massive companion at the orbital radius of the compact
source. This approach relies on the fact that the transfer of angular momentum during
wind accretion is directly linked to the local properties of the stellar wind, such as its
velocity and density structure. The relevance of the problem is due to the insufficient
study of the stellar wind parameters of hot stars, since traditional spectroscopic methods
do not always allow us to reliably detect wind components in the spectra of sources,
especially in systems with strong X-ray irradiation or complex wind geometry. In such
cases, the wind structure may be significantly modified by the presence of the compact
object, leading to deviations from standard theoretical wind models. The proposed
method provides an independent and complementary diagnostic tool, allowing wind
parameters to be constrained through X-ray timing observations rather than optical or
ultraviolet spectroscopy. This significantly expands the range of systems for which wind
properties can be investigated.

Keywords: stellar wind, X-ray pulsars, massive binary systems, wind accretion,
neutron stars
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Aunnoranusi. byn makanana HeltpoH xynasisbl (HXK) Gap maccuBTI peHTreHmik
KOC OKYyHenmepAeri BICTBIK JKYIABI3AAPABIH JKYIABI3ABIK JKEl IMapaMeTpiepi
3epTTEYAiH JKaHa TOCI KapacThlpbUIafgbl. MyHzIail skyienep akKpeKIMsIaHATHIH
PEHTTeHAIK Tynbcapiap peTiHie Oaiikamazpl. ¥ CHIHBUIFAH O/iC OCHI KyHenepaeri
HEHTPOH >KYIJBI3AAPBIHBIH OaKblIaHATHIH CHUMATTaMajapblH TaljayFa HeTi3JelNreH.
Atan aiTKaHga, HEUTPOH KYJIIBI3BIHBIH aifHaTy SBOJIOIMACHIH MaiajiaHy apKbUIbI
BIKIIAM OOBEKTiHIH OpOUTANBIK paJuyChIHAAFBl MACCHUBTI CEPIKTEC >KYJIIBI3IbIH
KYJIIBI3IABIK JKell KBUIAaM/IBIFBIH aHBIKTayFa OOJaThIHBI KepceTineni. bynm Tocin xken
apKBUIBI AKKPEKIHS Ke3iHJe OYPBIIITHIK HMIYIBCTIH Oepilyl >KYJIIBI3ABIK JKEIIiH
KEPTUTIKTI KacHeTTepIMEH, aram alTKaHJa OHBIH IKbUIJAMIBIFBI MEH TBIFBI3IBIK
KYpBUTBIMBIMEH, TiKeNel OaliflaHbICThl €KeHiHE Heri3fenreH. MoceseHiH ©3eKTiIir
BICTBIK, SKYJIBI3IAPABIH SKYJIIBI3IBIK JKell HapaMmeTpiepiHiH JKETKUIIKTI Iopexkene
3epTTeNIMeyiMeH TyciHaipineai, ce0edi A9CTYpii CIEKTPOCKONMSIIBIK dAicTep OapibIK,
Karaaiaa Ke3nepiH CIEeKTpIIEpiHeH Kell KOMIIOHEHTTEPIiH CeHIM1 TYpAE aHbIKTayFa
MYMKiHIIK Oepe Oepmeiini. byn ocipece KyIITi peHTreHAIK coyleneHyi O0ap Hemece
JKeJI TeOMETPHACH KypAei kylenepre ToH. MyHaal sxarqainap/aa sikiaM 00beKTiHIH
OCepiHCH KYJIIBI3IBIK JKEJ KYPbUTBIMBI aTapiabIKTall e3repin, CTaHaapTThl TCOPHSIIBIK
el MOJICTIb/ICPIHEH ayBITKYJapFa oKellyl MYMKiH. ¥ CHIHBUIFAH OJIIC JKYJIIBI3IBIK JKEI
napamMeTpliepiH ONTHKAJIBIK HeMece YIbTPaKYJTiH CIEKTPOCKOMMs apKbUIbI eMec,
PEHTTeHAIK TAMMUHITIK OaKplIayap KOMETiMeH MEeKTeyre MyYMKiHIIK OepeTiH Tayenci3
Opi TOJILIKTBIPYIIBI TUArHOCTUKAIBIK Kypai OOJbIN TaObuIaabl. byl sKyJIABI3ABIK JKel
KAacHeTTepiH 3epTTeyre OOJIAThIH Kylenep ayKbIMBIH eadyip keHelteni. Ocpuiaiima,
arajFaH TOCUJI MaCCHBTI PEHTTEHIK KOC XKYHenepaeri el cunarraMmaiapbiH 3epTTeyre
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MaHBI3/Ibl YJIEC KOCHIN, aKKPEKLUs MpOoLeCcTepiH, OYpPBHIITHIK UMITYJIbCTIH OepiiryiH
KOHE HEUTPOH KYIABI3AApBIHBIH Y3aK Mep3iMIl alfHally 3BONIOLMSCHIH TEpeHipeK
TYCiHyre MYMKIHJIK Oepei.

Tyiiin ce3aep: >KyJIABI3ABIK JKeJl, pEHTTeHIIK yJabcapiiap, MaCCUBTI EKLTIK JKyHenep,
JKeJI apKbUIbI aKKPEKIHSI, HEUTPOH JKYJIIBI3Iaph
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AHHoTammusa. B crathbe paccmarpuBaeTcs HOBBIM MOAXOM K HCCIIEAOBAaHHUIO
[apaMeTpoB 3BE3JHOIO BETpa B MACCUBHBIX PEHTITEHOBCKUX [BOMHBIX CUCTEMAX C
HelTpoHHO# 3Be3n0# (H3), npossisiromniei ceds Kak akKKpeUPYIOMNUHA PEHTTeHOBCKHUH
mynbcap. [Ipennaraemas MeToMka OCHOBaHa Ha aHAIN3€e HAOIIONAeMbIX XapaKTePUCTHK
HEUTPOHHOM 3BE3/bl, YTO IMO3BOJSET HUCIOJIB30BATh SBOJIIOLUI0 €€ BpALLCHUS IS
OTIpEIeNICHNs] CKOPOCTH 3BE3MHOIO BETPa MACCHBHOTO KOMIAHbOHA HA OpOHMTATBHOM
paccTosHMM KOMIAKTHOTO o0bekTa. MeTos Oomupaercs Ha TO, YTO IEPEHOC YIIIOBOTO
MOMEHTA IPU BETPOBOM AKKPELMM HANPSAMYH CBS3aH C JIOKAJIBHBIMU CBOMCTBAMU
3BE3MHOTO BETpa — €ro CKOPOCTBIO W MpOQHIEM IUIOTHOCTH. AKTYyalbHOCTb
uccnenoBaHusi 00yCIOBIEHAa TeM, YTO MapaMeTpbl BETpa TOPSUYUX MACCUBHBIX 3BE3N
HU3y4eHbl HEJOCTAaTOYHO: TPAIAULMOHHBIEC CIEKTPOCKOIIMYECKUE METOJbl 4YacTO HeE
MO3BOJISIIOT HaAE&KHO BBIICIUTH BETPOBBIE KOMIIOHEHTBI, OCOOEHHO B CHCTEMax ¢
CHJIBHBIM PEHTT€HOBCKHUM H3JIyUYeHHEM HIIU CJIOKHOU TreoMeTpueil BeTpa. B mogoOHbIx
YCJIIOBHUSAX CTPYKTypa BETPa MOXKET CYLIECTBEHHO HMCKa)XaTbCs IOJ BO3AEUCTBHEM
KOMIIAKTHOTO 00BEKTa, YTO MPUBOIAMT K OTKJIOHEHHSM OT CTaHAAPTHBIX TEOPETHUECKUX
monened. Ilpennmaraemslii  METOA  SBISETCS HE3aBUCHUMbIM U JOIOJIHSIOIIUM
JUArHOCTHYECKUM HHCTPYMEHTOM, IO3BOJSIOIIMM HAKJIAbIBaTh OrPaHUYEHUsS Ha
CBOMCTBa 3BE3JHOTO BETPa HA OCHOBE PEHTI€HOBCKUX TAMHHTOBBIX HaOmoneHui, 6e3
HEOOXOIMMOCTH MCIIOJIB30BAHMSI ONITHUECKON WK YIBTPa(rOIeTOBOI CIEKTPOCKOIINH.
OTo pacumupseT CHeKTp CUCTEM, A KOTOPBIX BO3MOXKHO HCCIIEZOBAaHUE MapaMeTpOB
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3Bé3,I[HOF0 BETpa. Takum o6pa30M, nmpeacTaBJICHHAsA MCTOAUKA SBJISICTCA BaXHbIM
AOMNOJHCHHUEM B HU3YYCHUH BCTPOBLIX XApPAKTCPUCTUK MACCHUBHBLIX PCHTICHOBCKHUX
JIBOMHBIX CHCTEM H CHOCO6CTByCT boiee I‘J'IY6OKOMy IIOHMMAaHUIKO MEXaHHU3MOB
AKKpenuu, rnepeHoca yriioBoro MOMEHTA U 53BOJIIOIWU CIIMHA HCfITpOHHI:IX 3Bé3£[.

KiioueBble cJjioBa: 3BE3IHBIN BCTCP, PCHTTCHOBCKHUEC IIYyJIbCapbl, MACCHUBHBIC
JIBOMHBIC CHUCTCMbI, BETPOBAs1 aKKpCIus, HCﬁTpOHHLIG 3Bé3I[I>I

BBenenue. PeHTTeHOBCKHE MyIbcapbl B MACCHBHBIX JBOMHBIX CHCTEMaX SIBISIOTCS
3aMarHUYeHHBIMA HEUTpOHHBIME 3Be3damu (H3), koMmaHbOHaAMM KOTOPBIX SIBISIOTCS
MacCHBHBIC HEBBIPOXKICHHBIC 3BE3/IbI PAHHUX CHEKTPANbHBIX KJIAcCOB. OCHOBHBIM
MeXaHH3MOM I'eHepalii PeHTTEHOBCKOTO H3ITyYeHHS AJIS TAHHBIX HCTOYHUKOB SIBIISICTCS
Mpolecc akKpenuu. 3axBau€HHOE BELIECTBO, B3aMMOJCHCTBYS C MarHuToc(epoit
HEHUTPOHHON 3BE37bI, ABMKETCS BAOJIb CHJIOBBIX JMHUH B OKPECTHOCTh MAarHMTHBIX
nosirocoB. HecoBnanenue oceil Bpauienus: 1 MaruutHoro nunosis H3 coznaer s dexr
MyNbCUPYIOLIETO U3ITyueHus A BHemHero Habmonarens (Potekhin, 2010).

B HMXB-cucremax MacCHBHBIM KOMIIAHBOH KAK IIPABUJIO, HE 3allONHSET CBOXO
nojocth Porra, n mepeHoc Macchl MPOUCXOIUT Yepe3 3aXBaT IIIOTHOTO 3BE3HOTO BETpa
(pexum BerpoBo akkpenuu). Cpeau u3BecTHbIXx HMXB-mynscapoB HaOmromaroTcst
KaK KBa3UCTAallMOHAPHBIC HCTOYHUKH, PEHTT€HOBCKHI ITOTOK OT KOTOPBIX MPETEPIIECBACT
IUTaBHBIC Bapuauuu Oe3 SBHOW BCHBIIIEYHOH AKTUBHOCTH, TaK M TPaH3UEHTHBIC
0OBEKTHI, IEMOHCTPUPYIOIINE PE3KUE U3MEHEHUs B HAOII0JaeMOM IOTOKe OoJiee yeM
Ha TMOPSIOK, YTO OTPa)KaeT pa3iuyMs B PEKUMAax aKKPEIHU M THIIAX KOMIIAHHBOHOB
(Kim, 2023). CrpykTypa aKKpEIMOHHOTO IIOTOKa B TaKHX CHUCTEMaxX MOXET
CYIIECTBEHHO Pa3InvaThCs B 3aBUCHUMOCTH OT YCJIOBUI: pacCMaTpUBalOTCs pa3InvHbIe
CIICHApUU aKKpeLUuH: KBasuchepudeckas akKpeuwus, aKKpeUuuss M3 KeIUIEPOBCKOTO
JIMICKa, a TAK)KE aKKpeIHs U3 MAarHUTHO-JIEBUTALMOHHOTO AMCKA MPH 3aXBaTe BEIIECTBA
n3 3amarumueHHoro serpa (lkhsanov, 2015). OOMEH yIIOBEIM MOMEHTOM MEXKIY
AKKpELUPyeMbIM TIOTOKOM U HEHTPOHHOH 3BE3/101 BIHMET HA POTALMOHHYO SBOJIOIHIO
H3. B nporuecce naHHO# 3BONIIOLUH HEUTPOHHAS 3BE3/1a CTPEMHTCS K TaK Ha3bIBAEMOMY
PaBHOBECHOMY MEPUOAY, KOTZA YCKOPSIOIIUE M 3aMEJISIONINE MOMEHTHI CHJI B3aUMHO
komnencupyrores (Lipunov, 1992).

[Iponiecc poramuonHoii sBomroru H3 cymecTBeHHBIM 00pa3oM 3aBHCHUT OT
XapaKTEPUCTHK 3BE3IHOTO BETPa (CKOPOCTH, INIOTHOCTH, MMapaMeTphl HEOAHOPOJHOCTH
BeTpa, Hainmuue coOctBeHHOro MarnutHoro mnoms) (Ikhsanov, 2015). Opnaxo,
yKa3aHHbIE BETPOBBIC MTapaMETPhl OCTAIOTCSI HEAOCTATOUHO W3YUYEHbI U3-3a CIIOKHOCTH
WACHTH(QHUKAIUK TPaJULMOHHBIMU (CHEKTpalbHBIMH) MeTonamu. bomee Toro,
YCT@HOBJIEHO, YTO BETPOBOW IOTOK TOPSYHMX 3BE3N HE SBISETCS OXHOPOAHBIM H
cepuuecKku-CHMMETPUYHBIM 10 cBoei cTpykrype (Kudritzki, 2000).

Ha Texkymuii MOMEHT, OCHOBHBIM METOAOM H3YyYEHHsI BETPOBBIX XapaKTEPUCTHK
MaccuBHBIX komnoHeHToB HMXB-cucrem sBisieTcs onTudecKast CIEKTPOCKOIUS, TAe
HCTOYHHKAMHU WH(POPMAIMK O BETPE TOPSUYMX 3BE3] PAHHUX CHEKTPAIBHBIX KIacCOB
sBIsifoTCs pezoHancuble tuHuK (NV, SilV, CIV u np.) B yasrpaduoneroBoii odnactu.
bnaromaps sToMy MeTOmy YHAlnOCh HU3Y4YHTh OBICTPbIE KOMIIOHEHTHI 3BE3IHOTO
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BETPa MACCHUBHBIX 3BE€3l, a TaK)KE OLEHUTb UX TEMIl HCTEUCHHS B NPHUOIMKECHUH
MOJIETT  OTHOPOXHOTO  cepuyecKu-cuMMeTpudHoro BeTpa. [lo  pesymsratam
9THX WCCIEIOBAaHUN, TOpsSYMEe 3BE3[bl B PE30HAHCHBIX JIMHHUAX YIbTpaduonera
JEMOHCTPHPOBAIN OTHOCHUTEIBHO OOJBIIYI0 CKOPOCTh KEKTHPYEMOI'O BEIIEeCTBa,
nopsaka v, ~1500—2000km/c, ¢ XapakTepHBIM TEMIIOM HCTEYEHHUS ~10"’*10'9M®/
rox (Kudritzki, 2000).

Hecmotpst Ha Oomblioe KOJIMYECTBO MPOBEACHHBIX CHEKTPAIBLHBIX HCCIIEAOBAHUH,
JI0O CUX TOp OCTAarOTCsl MaJIOM3y4YEHHBIMH BOMNPOCH O CTENEHH HEOIHOPOJHOCTH
3Be3nHoro Berpa (Oskinova, 2013). Takke cymiecTBYIOT HEKOTOpBIE TPYIHOCTH B
H3yYCHHUHU BETPOBBIX XaPAKTEPHCTHK TPaJUIIMOHHBIMU (CHEKTpaIbHBIMU) MeTofaMu. B
YaCcTHOCTH, 1aJIEKO HE y BCEX 3Be3[l, U TeM OoJee BXOIIINE B PEHTTEHOBCKHE BOMHBIC
CHCTEMBl MOXXHO HaOII0AaTh, BHOCHUMBIE 3KEKTUPYEMBbIM BELIECTBOM PE30HAHCHBIC
JUHUAMW TIOTJIOUICHHUS B CIIEKTPE, a TOJIBKO B Cllydae HEMPO3pPayHOro (C JOCTATOYHOM
OINITHYECKOH TONMuMHON) 3Be3aH0r0 BeTpa (Kudritzki, 2000). Takum 00pa3om, HeCMOTps
Ha BBICOKYIO HAJ€XKHOCTh TPaJWIMOHHBIE METOJbl ONTHYECKON CHEKTPOCKONUHU He
BCEr/ia MO3BOJISIOT MOJMYYUTh OLIEHKM BETPOBBIX XapaKTepUCTUK. B maHHON pabote
MBI TpenjaraeM ajJbTepHaTHBHYI0 METOIUKY OIpEJeNIEHUs] TapaMeTpoB BETPa,
IJIe OCHOBHBIM MCTOYHHKOM JaHHBIX SIBISIETCS HEHTPOHHAas 3Be3fa, MPOSBIAIONIAS
ce0sl Kak peHTreHOBCKHMU mynbcap. Ee HaOmomaemble XapaKTEpPUCTHKH MOTYT OBITH
WCIOJB30BAHbI JUIsl MOJMyYEHUs] KOCBEHHBIX OIIEHOK BETPOBBIX XapaKTEPUCTHUK €e
MacCHUBHOTIO KOMIIaHbOHaA.

MarepuajJbl M OCHOBHbIe MeTOABI. AKKpeuus H3 3BE3AHOIO BETpa U
B3aMMOZCUCTBHE C MarHuToc(epoil HEWTPOHHOH 3Be3abl. PaccmoTpum mporecc
BeTpoBoil akkperuu B HMXB cucteme ¢ Helitponnoit 3Be3noii. Korna H3 aBuxercs
o opOuTe CKBO3b IUIOTHBIA 3BE3AHBIA BETEP CBOETO MAacCCHBHOI'O KOMIIAHbOHA, OHA
IPaBUTALMOHHO 3aXBaThIBA€T 4yacTh BellecTBa. IIporecc nepeHoca macchl B JaHHOM
cllyyae MOXHO pa3ZieluTh Ha HeckoibKo ctaauit (Davidson, 1973):

3axBar BemiecTBa Ha paauyce bonau. Ha paccrosaum mnopsinka paauyca
IPABUTALMOHHOIO 3aXBaTa I, ONPEENAEMOr0 YCIOBUEM PABEHCTBA SHEPIETHKHU BETPa
U TpaBUTAIMH, IPOUCXOIUT 3aXBaT Marepuaia. Panuyc bonau 3agaércs Gpopmyinoii:

g = (1)
TeL

rae M| — Macca HEUTPOHHOH 3BE3JIBI, U
IpaBUTALMOHHAS TOCTOSIHHAS.

1. ®opmupoBaHne KBa3HC(HEPUUECKOTO aAKKPELMOHHOIO TIOTOKAa. 3aXxBadyeHHOE
BEIIECTBO Hampasisercss B cropony H3, dbopmupys mzHadanbHO KBasuchepuyecKuii
MOTOK. DTOT MOTOK 001a7]a€T YIIIOBBIM MOMEHTOM BCJIEACTBHE OPOUTATBHOTO IBHIKECHHS
CHCTEMBI, a TaKK€ MOXET 00nanarb cOOCTBEHHBIM MarHUTHBIM mojieM. CTpyKTypa
MOTOKa 3aBUCHT OT MHOXKECTBAa IApaMETPOB M ONHMCHIBACTCS B PaMKax pa3HbIX
AKKPELIMOHHBIX CTPYKTYp (KBazuC(HEpUUECKOro, TUCKOBOTO H JIp.), OIHAKO B JaHHOU
pabote paccmarpuBaeTcs KBasHC()EpHUECKUH Clydaid, KOrJa 3aXBauCHHBIH MOTOK He
oOpasyet yctoitunBoro Kereposckoro qucka (Shakura, 2013).

| — €€ OTHOCHUTENIbHAs CKOPOCTh, G —
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2. BzaumonericTeue ¢ Marautocepoit. Ha rpanuniie Maruurocdepsl (r~r, ) IBUKEHHE
AKKpPELMOHHOIO MOTOKa TOPMO3UTCS AaBieHUueM MarHuTHoro nosnd H3. JlansHelimee
[IPOHMKHOBEHUE BELIECTBA MPOMCXOAUT MPEUMYILECTBEHHO 3a CU€T IUQQy3un Hiu
IJIa3MEHHBIX HEYCTOHYHMBOCTEH B MarauTomnayse (Lipunov, 1992).

3. Akkpenust Ha noBepxHocTh H3. Ilpn monananun BHYTpb MarHuTocepsl miasma
JBUKETCS BAOJb CHUJIOBBIX JMHUM MAarHUTHOIO IOJIS MO HANpPaBIEHHUIO K MarHUTHBIM
nomtocam H3, dopmupyst o0mactb ropayux ISITEH, II€ M MPOHCXOOUT TeHepalys
PEHTIEHOBCKOTO M3JTy4YeHHs 3a cueT yaapHoro Harpesa (Lipunov, 1992).

B mpomecce akkpeuumu ycraHaBIuMBaeTcs OaJaHC MEXAY YCKOPAIOIIMMH H
TOPMO3SIIIUMU MOMEHTAMHU CHJI TPUIIOKEHHBIX CO CTOPOHBI aKKPELMOHHOIO MOTOKa
K HEWTpPOHHOW 3Be3e, B ITOM cillydae poTanuoHHas 3Bomouus H3 omuceiBaercs
CJIEYIOIUM YPaBHEHUEM:!

I % = Ksu - st 2)

e [—moment nnepuun H3, o =21/P — yriosas ckopocTh oceBoro Bpamenus, K u
K, — ycKopsromue 1 3aMeUISIOIME MOMEHTBI CUIT COOTBETCTBEHHO. AKKPELMPYOIIas
HEHUTpOHHAs 3B€3/1a B IPOIIECCE CBOM POTAIIMOHHON YBOJIOIIUH OYy/IET CTPEMHUTHCS K TaK-
Ha3bIBAEMOMY PaBHOBECHOMY TIEPHOJY, KOT/Ia YCKOPSIOIINE ¥ TOPMO3SIINE MOMEHTHI
CWJI B3aUMHO KOMITEHCUPYIOT JIPYT ApYra, TAKUM 00pa30oM JieBas 4acTh ypaBHEHUs (2)
oOparaeTcs B HyJIb.

B cnyuae crarimonapHo# akkpeliy (TeMIT3axBaTa BEelecTBa HE MEHsIeTC HaMacITade
BPEMEHH ) TP TOCTIKEHUH HEUTPOHHOH 3BE370H CBOEr0 PaBHOBECHOTO MEPHUO/IA TEMIT
M3MEHEHHsI OCEBOIO BpallleHUs oOparaercs B Hyilb ¢ = 0, BCJIEACTBHE B3aMMHON
KOMITEHCAITMH YCKOPSIOIIUX ¥ TOPMO3SIIIUX MOMEHTOB cWiI. Ho B nelicTBUTETHRHOCTH
AKKpEIUPYIOIIe PEHTTEHOBCKHE ITyJIbCaphl B JIBOMHBIX CHUCTEMax JAEMOHCTPUPYIOT
Xa0THUYECKHE YePe/ Iy IONIUeCs BapHallii YCKOPSHUS 1 TOPMOKEHHS OCEBOTO BpAIICHUS,
JUISIITAECS] HAa MacIiTadax BPEMEHH OT HECKOJBKUX JIHEH 10 HECKOIBKUX MECSIEB U
naxe neT (Kim, 2023). DToT ¢akT yka3blBaeT Ha TO, YTO HEHTPOHHBIE 3BE3/IbI B JAHHBIX
CUCTeMax JIOCTHIIIM CBOETO YCPEIHEHHOTO PAaBHOBECHOTO IIEPHO/a, HO CIEJCTBHUE
HEOOIBIITUX U3MEHEHHH B TEMIIE aKKPEIINH, CBSI3aHHBIX C HEOTHOPOTHOCTSIMH 3BE3THOTO
BETpa, MPOSIBISIFOTCS PETYJISIPHbIC HE3HAYNUTENbHBIC KOJNCOAHNS BETMUUHBI Peq BONTU3N
CPeIHero 3HA4YCHUSI.

VYenosue B3aumMHOM Kommnencanun Momentos cun (K =K ), npunoxennsix x H3,
MTO3BOJISIET OIIEHUTh BEIHUYUHY Peq. B ciydae BeTpoBOH akKpeluu, MaKCHMalbHO
BO3MOYKHBI 3aXBaTbIBAEMBI HEHTPOHHOHM 3BE3/I0i YINIOBOW MOMEHT B EIUHHILY
BpeMeHH oreHnBaeTcs kak (Davidson, 1973):

K™ |=Ma,,r2 3)

e M- temn 3axBara BemecTsa, =27/P  — opOuranbHas yriosas ckopocts H3,
ar, — pamuyc bonmu.
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IIo MEpC MPOABUIKCHHA AKKPCIIMOHHOTO TIOTOKa K HeﬁTpOHHOﬁ 3B€371€ YaCTb
YIJIOBOI'O MOMCHTA OUCCHUIIMPYCT. YCKOp}HOH.[I/II‘/'I MOMCHT CHIJI, HpI/IJ'IO)KCHHLII‘/'I K
HCfITpOHHOfI 3BC3€ CO CTOPOHBI AKKPECIIMOHHOT'O MOTOKA C YyUYCTOM JUCCUIIAIUU:

wl _ ey i
Ksu - E M ﬂm.b I'g (4)
B cBoro ouepeab TOpMO3ﬂLL[I/II>'I MOMCHT CHJI, HpHJ’IO)KeHHBIfI CO CTOPOHBI
aKKPEIMOHHOT0 TO0TOKa K rpanuiie maruutochepsr H3, Boipaxkaercs kak (Ikhsanov,
2014):

(gsp) _ : Z y 2
K. " =k Mwrr >k Muwr; (5)
e r, — paauyc marautochepnr H3, a k — Oespasmepubiii koo(pdurment

3¢ ($eKTUBHOCTH Mepeiady yIIIOBOro MOMEHTa. B pamkax kBazucheprieckon akKpennn
pajyC MarHuTOC(Eephl MOoIaracTcsi paBHbIM AJIbBEHOBCKOMY paauyCy I =r,, Ha
KOTOPOM JIaBJI€HHE TUHAMHYECKOTO MOTOKA CPAaBHMBAETCS C JABIEHHEM MarHUTHOTO
nonst H3 (Ikhsanov, 2014):

7
Mis o
M' .||.|LGJ"’I.:-LS
31ech B, — JIATIONbHBI MAarHUTHBIA MOMEHT HEUTPOHHOM 3BE3JIBI, M — temn
aKKpenuu BemecTBa, G — rpaBUTAIMOHHAS TIOCTOSHHAS, Mns — Macca HEUTPOHHOM

3Be3npl. JlaHHas (opMysa MO3BOJSIET OLIGHUTH 00JacTh, B KOTOpOi Marutocdepa
HauMHAeT CYIIECTBEHHO BIMATH Ha aKKPEIIMOHHBIN MOTOK.

[Ipn BeimonHenuu ycnosus paBHoBecus K =K, u ¢ yderom Beipawenus (1)
MOJIy4aeM BaKHYIO OLEHKY OTHOCUTEIBbHON CKOPOCTH HEUTPOHHOU 3BE3/IbI:

ral kl."'Pl:l'."El 'I'L'.?LS (7)
3nech PS — mnepuon oceBoro Bpamienus H3, a POrb — OpOUTANBHBINA TIEPUO].

[Ipenmonaraercsi, 4TO 3BE3IHBI BETEp, 3aXBaTbIBAEMBbI HEHUTPOHHOH 3BE370H,
001asaeT yioBOH CKOPOCTBIO MopsaKka opouranbHon: Q =EQ  =E2n/P_ . a 0<¢<1 —
napameTp JIUCCUIAlMU YIIIOBOIO MOMEHTA.

PaccmaTrpuBaemble HCTOUHHKH.

CenX-3

Cen X-3 011 0TKPBIT B 1967 TO Ty € TOMOIITBI0 KOCMIYecKoi o0cepBaroprun Uhuru, kak
TOYEUHBIN PEHTI€HOBCKUI NCTOYHUK. [lanbHel e HaOmoAeH s BBIIBUIIN PETYIISIPHBIC
MyJbCALUU B €r0 PEHTI€HOBCKOM U31yueHuu ¢ nepruogaoM 4.876+0.0154, yto no3poiauiio
OTOX/IECTBHUThH JAHHBI MCTOYHUK C PEHTTEHOBCKHM IynbcapoM (Giacconi, 1971). A
oOHapyXeHHE CHHYCOMJAIBHBIX aAMIUTUTYIHBIX BapHanuid ¢ mepuomgom ~2.087cyT.
TO3BOJIMIIN CJEJIaTh BBIBOJ 0 TOM, 4T0O Cen X-3 SBIIsIETCA 3aTMEHHOM JBOMHOM CHCTEMOM
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C MacCHBHBIM KOMIaHbOHOM. OnTuueckue HaOmoaeHus B 0biacTy okanm3anuu Cen
X-3 ¢ moMOIIIBIO pa3IMYHBIX TeneckonoB oocepratopuii ESO u Las-Campanas B mepuon
1973—1974 rr. no3BoNMIM UACHTU(DUIIUPOBATh ONTHYECKAN KOMIIOHEHT CHCTEMBI KaK
3Be3y paHHero cruekrpanbHoro kinacca 09—09.5 V wim BO [—III. Takum oOpasom,
Cen X-3 cran mepBeIM 00BEKTOM, OTOXKIESCTBIEHHBIM KaK PEHTICHOBCKUH MylbCap B
MAacCHUBHOHU IBOMHOM cucteme. JlanbHeline UCCleqOBaHUs UCTOYHUKA B ONTHYECKOM
JMana3oHe MO3BOJIMJIM YTOYHUTH CIEKTPAIbHBIN Kilacc HOPMaJbHOIO KOMIIOHEHTa
kak 06.5 II—III, maccoii ~20.2M, (Ash, 1999), pacnonaratoutyrocst Ha paccTosHUN
d,=5.7+1.5 kK. DKCUEHTPUCUTET OPOUTHI KOMITAKTHOTO MCTOYHHMKA XapaKTEPH3YeTCst
npeaenbHo Manoil BenmurHoi e=0.00021, Gnu3koi K uaeaabHON KpyroBoid opOuTe.

0A01657-415

OAO 1657-415, ucxogHo OoTKpbIThIA B 1978 rogy kak 3aTMEHHBIA PEHTTEHOBCKUHN
HUCTOYHHK , CIyCTS TOA OBUI OTOXIESCTBICH C AaKKPEUHUPYIOUIMM pPEHTTEHOBCKHM
MyJI5CAPOM, TIEPHOA KOTOPOTO Ha TOT MOMEHT cocTaBisl 38.22 c¢. PeHTreHoBckast
CBETHUMOCTh MCTOYHUKA Ha MPOTsDKeHUHM HaOmomenwit 2002-2016 T B zmana"mHe
18—50 k3B maBHO BappUpoOBaJlach B JHANa3oHe L,=01-2X 10%" (d/d )
apr/c (Sidoli, 2018). OAO 1657-415 pacmonoxken Ha paccrosauu d =6.4+1.5 xmk
U OTOXKJECTBICH C MAcCHBHOW DEHTTCHOBCKOH JBOWHON CHCTEMOH, HWMeroIei
OpOUTANIBHBIA TEPHON Pory = 10.44 cyt (Fortin, 2023). DkcueHTpUCUTET OpPOUTHI
e~(0.104. KommoHeHTaMH CHCTEMbI SBJISI€TCS HEWTPOHHAS 3Be3Aa M MAaCCHBHBII
CBEpXTHIaHT criekTpanbHoro kiacca Ofne. HeliTpoHHast 3Be3/1a B HACTOSIIYIO AIIOXY
BpalllaeTcsi ¢ MepuooM F, = 37.024¢ y ognagaer maruutHbIM MOJIEM, BEJTMYHMHA
KOTOpOTO Ha €€ MOBEPXHOCTH, M3MEpEeHHas W3 aHajln3a [HUKJIOTPOHHOH JIHMHUH,
Ha0J110/1aeMOii B PEHTI€HOBCKOM CIIEKTPE HCTOYHMKA, cocTapiseT B = (3.1+0.2) x10"
I'c.

VelaX-1

Vela X-1 Tak xe, kak 1 Cen X-3 HCXOIHO OTKPBIT KOCMHYECKOW obOcepBaropueit
Uhuru Ha 3ape cTaHOBJICHUS! pEHTI€HOBCKOW acTpoHOMEH B 1967 rony. B mocnenctsue
TaK)Ke OTOXJIECTBJICH C PEHTTEHOBCKHUM ITyJhCAPOM B MAaCCHBHOM ITBOIHON cucTeme.
[lepuon oceBoro BpamieHHs: KOMIIAKTHOIO HCTOYHHKA COCTAaBIISET F, ~ 28343 cex

Op6ura oOnamaeT MajbiM 3HAYCHUEM SKCLEHTPHCUTETA, ONM3KHM K KPYTrOBOMY

e~0.088, dYro xapakTepHO /Js KBa3WUCTAIIMOHAPHBIX MyabcapoB. OpOWTaIbHBII
HEpHO COCTaBIAET Py ™ 8.96 VT (Fortin, 2023). KoMnaHboOHOM HEHUTpOHHOM
3Be3Abl sBiseTcs 3Be3fa-cBepxrurant HD 77581, pacnonokeHHOW Ha paccTOSHUU
d,=1.9+0.2 knk, npuHaekamas cnekrpaibHoMy Kiaccy B0.5 la, ¢ onenkon maccwt
M*~26MO (Fortin, 2023). Ha ocHOBaHMW CIIEKTPaJIbHBIX WCCIIEOBAaHUN B BUINMOM
U yasTpauoJIeTOBOM JAMAana3oHax, MPUBEIEHHBIX B PadOTax IMPHUBEACHBI OLECHKH
TerTITEA ﬂmm_l cranneTu BeTpa B UHTEpBase v, =600—1700 kM/c 1 TeMna NOTEpU MacChl
M ~ 4 X 107° Mg, /T02 (Sander, 2018).

4UI1538-52
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4U 1538—52 6b11 oTKpBIT B 1976 TOOY C MOMOIIBIO KOCMHYECKOH 00CepBaTOpHH
OSO-8 xak 3aTMEHHBIII pEeHTTeHOBCKMI MCTOYHUK B ABOWHOW cucteMe. JlanbpHeline
HCCIIeIOBaHUSI B paMKaX KOCMUYeCKoW Muccuu Ariel-5 mo3Boimiau 0oOHApy>KUTb
MyAbCAlUd B PEHTTEHOBCKOM IMOTOKE C mepuonoM ~528.93c, CBSI3aHHBIX C OCEBBIM
BpalllcHUEM HEUTpOHHOU 3Be3npl. Ha Tekymryro amoxy oceBoit mepuon 4U 1538—

52 cocrapmter F= = 22623 ¢ opguranpumii mepnon Forb = 3-728 €V (Fortin,

2023). CnexTpanbHbIC HAONIONCHUS B ONTHYCCKOM JIHara3oHe Ha 3.9-M Tejeckore B
obcepBatopuu Cainnar-Crpuar (ABCTpaiws) TTO3BOIHIA OTOXICCTBUTH HOPMAaJTLHOTO
kommanboHa cucteMbl (QV Nor), Kak 3BE3qy-CBEpXTUTAHT PAHHETO CICKTPAIILHOTO
kimacca B0.2 Ia ¢ TemnoM moTepu Macchl ~10’6M®/roz[ (Parkes, 1978). PaccTostHUe 1m0
WCTOYHMKA orleHnBaeTcs B d=5+0.5 kmik.

GX301-2

GX 301—2  yHHUKaNBbHBIH OOBEKT Cpemyd TOMYISIIINE KBa3WCTAITMOHAPHBIX
PEHTTEHOBCKHMX TMYJIbCAPOB B MACCHBHBIX CHCTEMaxX, OOJaNaronuii OpOMTOH CO
3HAYUTENBHON BEIMYMHON SKcieHTpucuteta e==(0.46, 9To Oo0Nee XapaKTepHO IS
TPaH3UEHTHBIX PEHTTCHOBCKUX ITyJIBCApOB, TaK KaK B TOAABIAIONIEM OOJBIITMHCTBE
Cly4aeB JUIsI KBa3WUCTAIIMOHAPHBIX IMYNbCAPOB OTa BENWYMHA HE MPEBOCXOIUT
0.2. Omenka paccTOSHHS 10 HWCTOYHWKA cocTaBiseT 3.5+0.5kmk. HopMamsHBIM
KOMIIOHEHTOM CHCTEMEI sBisieTcs 3Be3ma-cBepxruranT BP Cru (Wray 977) pamnero
criekrpanbHoro kiacca B1.5 la ¢ maccoit M, ~48 M (Fortin, 2023), nanGonpmeit mo
BEITMIMHE CPEIH BCEH TaTaKTHUECKOM MOMYISIITIN PEHTTEHOBCKHX MMyiibcapoB B MPJIC.
CriekTpaibHBIE HCCICNOBAHUS ONTHYSCKOTO KOMITOHEHTa Ha 3.6-M Teneckore ESO
(Ynmm) BeisBrun Hanmuaue P Cyg mpoduisi, TO3BOIUBIIIETO TPOBECTH OIEHKH TEMITa
ucredenns emectsa M ~ 5 X 107° — 107° M /roa ¢ TePMUHATBHOH CKOPOCTHIO
BeTpa v _~400Kkm/C.

XPer

Hcrounnk X Per ObuT M3HAYAIBHO M3BECTEH KaK IMEKysipHas 3Bezga BS 1209
(HD 24534) panHero CrmeKTpalbHOTO Kiacca, KOTOpasl 3aTeM Oblla OTOXKICCTBIICHA,
KaK MacCHBHBIN KOMIIAaHBOH PEeHTreHOBCKOTO mcrounHuka 2ASE 0352430, oTkpeITOTO
rocmudeckoit obcepBatopueit Uhuru. [lanpaeiimme nabmonennst X Per ¢ moMomipio
peHtreHoBckux TeneckonoB Komepuuk u Apudnb-5 B mepuon 1972—1975 rr
BBISIBIJTH HAJIMYHE MOIYIISALNN B TMMOTOKE €r0 PEHTT€HOBCKOTO M3ITyUEHUS C TIEPHOJIOM

~13.93muH. 3HaYcHWE TEpHOAa OCEBOTO BpAIleHUS IIyJIbcapa B HACTOSIIIYIO

snoxy cocrapmser Fe ™~ 835-29€ X Per spisercst peHTrEHOBCKHM HCTOUHHKOM

HU3KOU CBETUMOCTH, B mepuoa 2002-2016 rr. €r0 3HaYeHHE IIIABHO BaPbHPOBATIOCH
B UWHTepBaje Ly~12-63X 10% (d/ dg)* 3pr/c B [JWama3oHe W3MepeHuit
18—50 ®3B (Sidoli, 2018). MaccuBHbiii kommanboH HD 24534 mnpencraieH
3Be3/10M crekTpaibHoro kiacca BO Ve, macca KOTOporo OIEHHMBAeTCS MOPsaKa
~15.5M (Fortin, 2023). OrHocurenbHas Gnusocts cucremsl d~0.8 KIKk mossomna
MIPOBECTH JETabHBIE UCCIIEIOBAHMS ONTHYECKOTO KOMIIOHEHTa, B YACTHOCTH aHAJIH3
CHeKTpanbHBIX pe3oHaHCHBIX JInHUH CIV u SilV B ynerpadmoneToBoii 00macTi OLEHUTH

TEPMHHAJIBHYIO CKOPOCTh BeTpa Vv ~650Km/C, 4TO MOapasyMeBAeT TEMI IOTEPH
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. -5
Macchbl MOpsiAKa Mgye ™~ 5 X 1077 Mg /Tox Opbura KOMIAKTHOTO MCTOYHHKA X
Per uMeeT He3HAuUTENbHYIO BENUUMHY SKcueHTpucureTa e~0.l, XapakrepHyro Ui

KBAa3UCTALIMOHAPHBIX ITYJIbBCAPOB. O}_'[HaKO CYHICCTBCHHBIM SBJISICTCA 0p6I/ITaJ'ILHblf/’I

nepo Forb ™~ 2503 €¥T 414 ropopur 0 gocTatouHo MIMPOKOH OPOHTE, 110 CPABHEHHIO
C JIPYyTMMH KBa3HCTAIIMOHAPHBIMHE ITylbcapaMu. [1eKynsapHOil 0COOCHHOCTBIO JaHHOU
CHCTEMBI SIBIISIETCST OOINBINOE yNAJIeHHUE OTHOCHUTENBHO TIUIOCKOCTH [ anakTuku
|b|~17.1Tpan, mis oOCTambHBIX OOBEKTOB W3 TalaKTHUeckoil momyssiuu HMXB
IyJILCAPOB 3Ta BETWYMHA HE TpeBocXoauT 4.1 rpamyca.

RXJ0146.9+6121

RX J0146.9+6121 otkpeiT B 1991 romy ¢ MOMOIIBI0 KOCMHYECKOW PEHTI€HOBCKOI
obcepBatopun ROSAT u B mocneAcTBHE OTOXIECTBIICH KakK JOJITOTCPUOMMYECKII

PEHTI€HOBCKHMI IyJbcap B MAacCHBHOM JBOMHOM cucteme. Ha Tekyuiyro 3moxy ero

MEPHOJl OCEBOTO BPALIEHHS COCTABISIET F, ~1396.14c [TapameTpsl opOUTHI U

TOYHAs BEIMYUHA OPOUTAIILHOTO MIEPHO/Ia OCTAIOTCS OTKPHITHIM BOITPOCOM, Ha TEKYIIYIO
SMOXy W3BECTHA JIMIIL KOCBEHHAs OIEHKA Porp ~ 330 cy1 OpOHTATBFHOTO TEPHOAA,
MoNTydeHHasi Ha TPEINoJIOKEeHHH O TEePHOANYECKOM H3MEHEHHH PEHTTEHOBCKOTO
ITOTOKA, CBSI3aHHOTO MTPH IBIKEHIH KOMITAKTHOTO MCTOYHHUKA OT aroacTpa K IepuacTpy.
HopmanbHBIM KOMITaHFOHOM KOMITAKTHOTO HCTOYHHKA SBIISETCS 3Be3[a IVIaBHON
nocienoBatenbHocTH V831 Cas cmektpanmpHOro Kiacca Bl Ve, macca xortopoit
cocrasisier M, ~11 M (Fortin, 2023), pacnonaratoruasics Ha paccTossHuM 2.3+0.5 KIIK.
CBETUMOCTh PEHTTCHOBCKOTO MCTOYHHMKA B Auama3one 18—50 koB me npeTepreBasa
CYIICCTBCHHBIX U3MEHEHHIA, BAPbUPYSICh B HHTEPBAJIC Ly~ 1—1.1x10% (d/dy)*
9pr/c Ha MpoMexKyTKe Bpemenu Haomroaenuit 2002—2016 rr. (Sidoli, 2018).

250114+650

2S 0114+650 661 oTkpeIT B 1977 rogy npu 0030pe HeOA C IMOMOIIBI0 KOCMUYECKOH
pentreHoBckoir  oOcepBaropun  SAS-3. CmycTss HECKOJIBKO MECSILEB IOCHe
uaeHTU()UKANY ObLIIO0 O0HAPYKEHO, YTO AITOT KOMITAKTHBIN HCTOYHUK BXOJIUT B IBOMHYIO
CUCTEMYy M €ro KOMIaHhOHOM sIBJIsieTCsl MaccuBHas 3Be3na LSI +65 010 (V662 Cas).

[To cBoum xapakrepuctukam 2S 0114+650 sBnsieTcst KBa3uCTallMOHAPHBIM MTYJIbCAPOM,

P, ~ 94755 [
NEpHOa OCEBOI0 BpalllCHUA KOTOPOro COCTABJIACT ™ & . 110 BCIMYUHE OCECBOIO

riepuona 2S 0114+650 sBiseTcss BTOPBIM Cpeau rajaktudeckoi momymsmun HMXB
mynscapoB. C MomenTa OTKpBITHSA 2S 0114+650 meMoHCTpUpPYET TIIOOANBHBIA TPEH.T
packpyTku ¢ TemrioM ~ 107 ¢/c. IIpuurna ero CBepXJ0JITOro MEPUOIa 0CEBOTO BPAIIEHUS

0 cux Top Hem3BecTHAa. OpOWTANBHBIM TEpHOJ HAa TEKYIIYI0 3I0XY COCTaBISET
P

orb = 11.591¢VT  Maccupupiv  kommanboHoM HEUTPOHHOM 3BE3/bl SBIIETCS
ceepxruradt V662 Cas, npuHajyiexainui criekrpaisHomy kiaccy Bl Ia (Fortin, 2023).
Jeranpabie uccienoBanus V662 Cas B ONTHYECKOM JUana3oHe, BHITOTHEHHBIE Ha 2.5-
M Teneckone Mcaak Hetoron oOcepBaropun Jla-Ilanema, TO3BOMUIN POBECTH OLICHKY
TEPMUHAJIBHON ckopocTH BeTpa v ~1200+300kM/c M Temma HCTEYEHHs BELIECTBA

- -5
M~ 3 X 107° Mg /103 (Reig. 1996).
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Pe3y.111>TaT1>1. O]_ICHKB. CKOpOCTH 3Bé3,[[HOFO BETpa 13 YCJIOBUS PABHOBECHS MOMCHTOB

cun. B YyCJI0BHUHN 0OamaHca MOMEHTOB CUJI, IIPUITOKCHHBIX K H3, ee oceBoit nepuon

P,=P
COOTBETCTBYCT PAaBHOBCCHOMY 3HA4YCHUIO = g, B cBoro ouepeab, 3TO YCJIOBUC

MO3BOJISICT OLHCHUTHL CKOPOCTH 3BC3AHOIO BETpa Ha paanyce Op6I/ITBI HeﬁTpOHHOﬁ

3BE3Mbl. B 3TOM ciydae oTHOcHTenbHas ckopocth H3 Vgt OTIPEICIISICTCST BKIIAJIOM
3BE3HOTO BETpa MAaCCUBHOTO KOMIIAaHROHA W OPOUTAILHOTO MBIDKEHUS camoi H3 kak

BeKTOpHas cymma: Yret — Yw T Vo (cM. Puc. 1).

Neutron star's
orbit

Massive o N —=gp front
companion y !

Stellar .
wind

Pucynok 1. — Cxema B3anuMOAEHCTBHUS 3BE3IHOTO BETPa MAaCCHBHOTO KOMITAaHBOHA M HEHTPOHHOM
3Be3apl B HMXB cucreme.

Takum 00pa3om monydaeM BBIPaKCHHE [UIs OLEHKH CKOPOCTHU 3BE3IHOIO BETPa Ha
paamnyce opoutsl H3:

| 1y 727 ;
qsp __ |[Ps E:]l“ [:M) (EGMM:]B{? 2
v, = | —

1o AT
R (kr Pﬂ-?ﬂbjlu Hm

orb

Brimeonucanueie pvaéTLI PaBHOBECHOTO II€pUOJia U CKOPOCTHU BETpa ObLIH
MPOBCACHBI IJId pAZla KOHKPETHBIX PEHTICHOBCKHUX ITYJIbCAPOB, OIMMCAHHBLIX B Pa3aciic
PaCCManI/IBaeMI:Ie HCTOYHUKHU. B Ta6m/1uax lu2 MMPUBEICHBI Ha6J'IIOI[aeMI)IC napamMeTpbl
CHUCTCM U pACCUUTAHHBIC HA UX OCHOBC XapaKTCPUCTUKHU 3BC3AHOIO BETPA.
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Tabmuua 1. Actpodusndeckue napamerpsl 38é31-komnanboHOB B HMXB. [TapaMeTpbl peHTT€HOBCKUX
nynscapos B HMXB-cucremax.

Mo (M i v,
Hazpanme | P.(c) Porp(cyr) | Mopt (M) OnT.KoMI |a (@ e.)
(M /roa) | (mm/cex)
Cen X—3 4.80 2.08 20.5 0a&lIf) 0.062 | 1x10°° 2000
OAO —E
1657415 37.0z 10.45 14 Ofpe/WN9 | 1.9¢ | 3x10 HEU3BECTHO
Vela X-1 283.43 8.96 26 B0.5 Ia 0.33 4% 107F 600
4y 1552387 5264 3.73 19 BOI 0.04 3x 1077 600
GX 301—2 6725 41.5 43 Blla+ 1.51 1x107% 400
X Per 5333 250.3 15 09.51lle 5.5 5x 10 650
2S 0114+650 | 9475 11.€ 17 Blla 2.15 5% 1077 1200

Tabnuua 2. Actpodusndeckue napameTpbl HEKOTOPBIX BBICOKOMACCHBHBIX PEHTTEHOBCKHX ITyJIbCAPOB
(HMXB) u pacuéTHble paBHOBECHBIE IIEPUOBI TS PEXKUMa KBa3UC(HEPUIECKON aKKPEIHUH.

Ha3spanne Ly (3pr/c) |By, {1013['(,-} M (rfc) He |[1DMI'|: I:Ha-_]' Vg (B21/C)
Cen X—3 4.0% 10% |30 2.15x 10 |1.50 379

OAO 1657—415 | 5.5% 10% |3.3 3.12x 10 |1.65 431

Vela X-1 1.3% 10% |25 7.0% 102 [1.30 644
4U1538—52  |a.2% 10% |23 4.95x10%% [1.15 790

GX 301—2 2.8% 10% |42 1.51x 10 |2.1p 530

X Per 25%10% |56 1.35x%10* |2.80 200

2S 0114+650 21%10% |25 1.13x 10 |1.25 1572

Tabmuma 3. OneHOYHBIE CKOPOCTH 3BE3IHOTO BETPa MACCHBHBIX KOMIIOHEHTOB JUIs BBIOpaHHBIX
HMXB-nynbcapos.

HasBanue plebsd Vgrp (KM,C) ¥} (km/c)
Cen X3 4.80 452 500
OAO 1657—415 37.02 240 360
Vela X-1 2834 315 560
4U 1538—52 5264 380 700
GX 301—2 6725 217 480
X Per 8353 87 180
2S 0114+650 3475 2441 1550

O6cyxnenue. B nannoii pabore npuBeieHa HOBast METOAUKA ONIPEAEIEHHS CKOPOCTH
BETpa MAaCCUBHBIX KOMIIAHBOHOB PEHTIEHOBCKUX IIyilbcapoB B HMXB cucremax 1o
HaOMI0IaeMBbIM XapaKTepUCTUKAM HEHTPOHHOM 3Be3/Ibl B peKUMe KBasHchepuyecKo
akkpenuu. [IpakTHueckoe NPUMEHEHHE NAHHOIO IOJAXOAA IMPOJEMOHCTPUPOBAHO B
BHJIC YMCJIEHHBIX OLICHOK HA IPUMEPE HECKOJIbKHMX M3BECTHBIX KBA3UCTALMOHAPHBIX
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PEHTIeHOBCKHX MMynbcapoB. [lokazaHo, 4To Mozmenb KBa3uCHEpUUECKOH aKKpeUuH U
y4eT PaBHOBECHBIX TIEPHOI0B ITO3BOJISIET OOBSICHUT HATTMYNE MEIJICHHO BPALIAIOLIIXCS
nyiascapos B HMXB cucremax, Torjga kak MOJENb JUCKOBOU aKKPELUH MIPEACKA3bIBACT
3HAUUTEbHO OoJiee ObICTpBIe OceBble BpameHus H3.

PaccmotpenHasi MeTonuka MOXKET OBITH TOJIE3HA [UIi KOCBEHHOTO ONpeesICHHS
a¢dexkTuBHBIX ckopoctel 3BE3nHOrO Berpa B HMXB cucrtemax, rjie TpaJuiiMOHHbIE
METO/Ibl, OCHOBAaHHbIE Ha CIIEKTPaJIbHOM aHaJH3€, He CIIOCOOHBI MPOBECTH OLICHKU. B
MEPCIEKTHUBE COUETaHNE HAOTIOACHUH POTALIMOHHOM YBOIOLINH MTYIHCAPOB C MTOJOOHBIM
TEOPETUUECKUM MOJICIMPOBAHUEM MOKET J1aTh OTPAHUYEHHS Ha MapaMeTphl 3BE3IHOTO
BeTpa (MIOTHOCTh, CKOPOCTh, HEOAHOPOAHOCTH) U 3(P(PEKTUBHOCTH 0OMEHA YIIIOBBIM
MOMEHTOM B aKKpEeIMOHHBIX MOTOKax. Kpome Toro, pasBuras Monenb paBHOBECHOIO
COCTOSIHMS BaKHa JJIs1 MPOTHO3MPOBAHMS TOBENEHUS MYJNbCApOB INPH H3MEHEHUSX
AKKPELMOHHOIO peKuMa: HallpuMep, NMpH Mepexoie TPaH3UEHTHBIX CUCTEM U3 peKnMa
Iporesiepa B PeXXUM aKKpeluu u HaoO0OopoT. [lanpHeliniee pa3BUTHE MOJECITH MOMKET
BKJIIOUaTh OoJiee TOYHBIN yUET HeomHOpoaHOCTeH 3BE3aHOrO BeTpa (Oskinova, 2012) u
comnocrasienue ¢ pesynsraramu MIJ[-monenupoBanus akkpeunu (Manousakis, 2015).

BbiBoabl. AHanu3upys MONTYy4YEeHHBIE pPEe3yJbTaThl, MOXKHO CJH€NaTh CJETyHoIne
3axmodeHnd. [lomyueHHbIE OLIEHKM CKOPOCTH BETpa MAacCHBHBIX KOMIIAHBOHOB Ha
panuyce opoutsl H3 Xopoio coracyercs ¢ TeOpeTHIECKUMHU MOJIEIISIMU, TOKa3aHHBIMHU

B pabore (Kudritzki, 2000). Bemumuumsr vi_m }MOFYT OBITh 3HAYUTENHFHO MEHBIIE
TepPMHHAJIBHBIX CKOpOCTeH BeTpa (v, /1, << 1). DTo CBA3aHO C TeM, YTO HEHTPOHHBIE
3BE3JIbI C MACCUBHBIMH KOMITAHLOHAMH 00Pa3yIOT TECHBIC MAPhI C MATBIMH 3HAYCHUSIMH
Oompmmx moyocedt opout. CoOTBETCTBEHHO Ha pammyce opoutsl H3 Betep eme He
yCIIeBAET JTOCTHYh MAKCUMAIIbHON BETMYMHBI — TEPMHHAIBHOU cKOpocTH. J{J1st ciryuast

Cen X-3 m 4U 1538—52 B paMKax HaIIero Moaxoja BeIUIuHa ﬂ:;m COOTBETCTBYET
500 u 700 xm/c. Takas onerka Ha paguyce opout H3 (a=0.06 a.e. n a=0.04 a.e.) sBisieTcst
JIOCTATOYHO OOJBIIION, TAKUM 00pa3oM, TOATBEPIKAast THIIOTE3Y, UTO TaHHBIE HICTOUHUKN
HE SBJIIOTCS BETPOBBIMU akkpeTtopamu. B cirygae Cen X-3 m 4U 1538—52 maccuBHBIE
KOMITaHBOHBI 3aITOJTHSIOT CBOTO MTOJIOCTH PolIia 1 TepsIOT BEMEeCTBO Yepe3 BHYTPEHHIOO
TOUKy Jlarpan:a c mocienyommM BTeKaHUEM B MOJIOCTh Pollia HEUTPOHHOMN 3BE3/Ibl.
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Abstract. Diffusion in multicomponent gases is characterized by a number of specific
phenomena that are not observed in binary diffusion. An analysis of previous studies
shows that in certain systems with significantly different diffusion coefficients, convective
instability may arise under specific geometric and thermophysical conditions. Stability
analysis makes it possible to identify parameter regions in which a transition from the
diffusion regime to the convective regime can occur; however, this approach does not
fully describe the mechanisms responsible for the formation of convective structures and
their temporal evolution. In this regard, the present work employs numerical modeling
methods to investigate the conditions for the onset of concentration-driven gravitational
convection in ternary gas systems, the formation of convective flows and their evolution
over time, as well as the influence of the initial mixture composition on the instability
characteristics of the system. A mathematical model based on a classification scheme
of physical parameters is proposed, allowing the processes occurring in the transition
region between the “diffusion—concentration convection” regimes to be described.
As a result of numerical calculations, concentration fields of the gas component with
the highest molecular mass were obtained at various time instants. The analysis shows
that the isoconcentration lines undergo significant deformation over time and acquire a
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nonlinear character. This phenomenon is closely associated with the loss of mechanical
equilibrium stability of the system and with differences in the mutual diffusion
coefficients of the components. It is also established that the degree of distortion of the
isoconcentration lines depends on the initial concentrations of the mixture components.
The results demonstrate that, for certain mixture compositions, large-scale structured
convective flows are formed, whereas in other cases a purely diffusive regime is
preserved. The obtained data are in good agreement with experimental observations
and contribute to a deeper understanding of the physical mechanisms of mass transfer
in multicomponent gas mixtures.
Keywords: concentration, diffusion, density, mixtures, quasi-stationary mixing,

numerical calculation
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Annorauus. KenkoMnoneHtti raznapaars! auddysus Ounapisl 1udysus Kke3inae
OalikanMaiThIHOIpKaTap epeKIIe KyObUIBICTApMEH CHITATTANIAAbl. 3epTTeyepreKacanran
Tangay kepcerkenaed, nuddysus kodpPuuueHTTepl aTapibIKTal aibIpMAaIIbUIBIFbI
Oap kelibip xxyiienepe Oenrini 6ip reoMeTPHUSIIBIK JKIHE KbLTY(PHU3UKAIBIK TapaMeTpIiep
Ke31HJIe KOHBEKTUBTIK OPHBIKCHI3/BIK Maiiaa 601ybl MyMKiH. OpHBIKTBUIBIKKA YKacaIFaH
tangay IUQQy3UsUTBIK KYHAEH KOHBEKTHUBTIK KyWHre Tyl MYMKIH IapameTpliep
ailMaKkTapblH aHbIKTayFa MYMKIHAIK Oepeni, amaiina Oyl Tocil KOHBEKTHMBTIK
TY3UTIMIIEP/IiH Taiiia 00y MEXaHNU3Mi MEH OJIAPJIbIH YaKbIT OOMBIHINA JAMYbIH TOJBIK
cunarraii anmaiael. OcblFaH OaiaHbICTHI KYMBIC OapbICBIHIA YIIKOMIIOHEHTTI Ta3
KyHenepiHaeri KOHLEHTPAUMSJIBIK TPaBUTALMSUIBIK KOHBEKLUHUSHBIH Maiina Oomy
LIapTTapbl, KOHBEKTHBTIK AaFbIHAAPIBIH KaJIbINTACYbl MEH OJapHAbIH ABOJIOLUSICHI,
coHmali-aK OacTamKkpl KOCHa KYPaMBIHBIH JKYHEHIH OpPHBIKCBHI3ABIK CHIIATTApbIHA
ocepi caHABIK MOJENbAEY dicTepi apKbuUlbl 3eprreneni. DU3MKAIBIK MapameTpiep
OolbIHIIA KIKTEY ChI30achblHAa HETi3[eNTeH MaTeMaTHKaJblK MOJENb YCBIHBLIBIM, OJ1
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«auQdy3usi — KOHLEHTPAUMSIBIK KOHBEKLHUS» DPEXKHUMICPIHIH aybIicy aiMarblHAa
KYPETiH YpaicTepi cunarrtayra MyMKiHAIK Oepeai. CaHABIK ecenTeynep HOTHKeCIHAe
OpPTYPIi YakKbIT Me3eTTepiHAe MOJCKYJIANIbIK Maccachl €H YJKeH ra3 KOMIIOHEHTiHiH
KOHIEHTpaLusi epicTepi anblHFaH. AJBIHFAaH JAEPEKTEp M30KOHIEHTPALMSUIBIK
CBI3BIKTAP/IbIH YaKbIT OOWBIHIIA alTapIbIKTal AeopMalnsIaHaTBIHBIH JKOHE OJap.IbIH
OCHCBHI3BIK CHITaTKa Ue OONAThIHBIH KepceTeai. by KyObUIbIC KyHeaeri MexaHHKaIbIK
TENe-TeHIIKTIH OPHBIKCBHI3ABIFPIMEH JKOHE KOMIIOHEHTTepAiH e3apa auddysus
K02(UIMEHTTEPiHIH aWbIPMAIIbUIBIFBIMEH THIFBI3 OaiinanbicTel. COHBIMEH KaTap,
HM30KOHLEHTPAIMSIIBIK CBHI3BIKTAPAbIH KHCAIO JPEXKECiHIH KOCla KOMIIOHEHTTEPiHIH
0acTarnKkbl KOHIICHTpAIMsUIapblHA TOYEI Al eKeH T aHbIKTaN bl JKYpri3iiren 3eprrey
HOTIXKeJepi Oenrini Oip KypaMIbIK KaTbIHACTapAa ipi MacITaOThl KYPbUIBIMIAHFaH
KOHBEKTHBTIK aFbIHIAPIbIH KaJIbIITACAThIHBIH, all KeHOip jkarainapaa xykene Tasa
T y3UITBIK PEKUMHIH CaKTaJIaThIHBIH KOPCETTI. AJNBIHFaH HOTHXKEJIEP TIKIpHOeiK
OakpUIAyIapMEH JKaKChl YIHJIECin, KOIMKOMIIOHEHTTI ra3 KoclanapblHIaFbl MaccaaaMacy
ypaicTepiHiH (QU3NKaNbIK MEXaHU3MIEPiH TEPEeHIpeK TYCiHyre MYMKIHAIK Oepenti.

Tyiiin ce3aep: xoHUeHTpauus, TUQPQy3us, THIFBI3ABIK, KOCIA, KBAa3UCTAIIMOHAPIIBIK
apanacTbIpy, CAaHJBIK €CENTeY
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Annoramusi. uddy3us B MHOTOKOMIOHEHTHBIX  Ta30BBIX  CHCTEMax
XapaKTEepU3yeTcsl PSAAOM CHEeUU(UUECKUX SBICHUH, OTCYTCTBYIOLIMX NMPH OMHAPHOM
muddysun. AHanM3 MCCIENOBAaHMK IOKa3blBAaeT, YTO B HEKOTOPHIX CHUCTEMax C
CYIIECTBEHHO pa3iuyaromuMucs kodpduuuentamu auddysun npu onpenenéHHbIX
TFE€OMETPUYECKHX U TEINIO(QU3MYECKHX MapaMeTpax MOXKET BO3HUKaTh KOHBEKTHBHAS
HEYCTOWYMBOCTb. MeTobI IMHEHHOr0 aHaIn3a yCTOMYUBOCTH MTO3BOJISIOT OMPEAECIIUTh
o0yacTy mapamMeTpoB, MPH KOTOPBIX BO3MOXKEH Mepexos 0T AU((HY3MOHHOTO PexUMa K
KOHBEKTHBHOMY, OJJHAKO TAaKOH MOAX0M He AAET MOJTHOTO MPEJACTABICHHS O MEXaHU3Me
(dopMHpOBaHMS KOHBEKTHBHBIX CTPYKTYP M WX BpPEMEHHOH 3BoiouuH. B cBsizn
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C 9TMM B paloTe C HCHOIB30BAaHMEM YHCICHHOTO MOJCIUPOBAHUS HCCIEIYIOTCS
yCIIOBUSI BO3HMKHOBEHHS KOHIIEHTPALIUOHHOM TPAaBUTAL[MOHHOW KOHBEKIUH B
TPEXKOMITIOHEHTHBIX Ta30BbIX CHUCTEMax, Mpouecc (OPMUPOBAHMS KOHBEKTHBHBIX
TEUCHUH U UX JMHAMHKA BO BPEMEHH, a TAK)Ke BIMSHUE HAYaIbHOTO COCTaBa CMECH Ha
XapaKTepUCTUKU HeycToHunBOCTH. [Ipeanoxkena MaTeMaTHueckas MOJI€/b, OCHOBaHHAs
Ha KJ1acCU()MKAIIMOHHOM cXeMe 10 PU3MYeCKUM apaMeTpaM, MO3BOJISIFOIIAst OIMCHIBATD
MPOIIECCHl B 00aCTH Tepexoa MEexKay pexkuMamMu «aupy3ns — KOHIEHTPaUOHHAS
KOHBEKIMs». B pesynprare 4HcIeHHBIX pacdy€TOB MOITYYEHBI MOJS KOHLEHTPALUU
ra3oBOro KOMIIOHEHTa C HauOOJbIIeH MOJEKYISIPHOW Maccoil B pa3iUYHbIC MOMEHTBI
BpeMEeHHM. AHalM3 TMO0Ka3ajd, 4YTO H30KOHIEHTpPAllMOHHBIE JIMHUM CO BPEMEHEM
3HAUUTENBHO 1e(OPMHUPYIOTCS U TMPUOOPETAIOT HEMMHEHHBIH XapakTep. DTO CBA3aHO
C ToTepeil yCTOMUMBOCTM MEXaHHYECKOTO pPABHOBECHS CHCTEMBl M pa3IMUUsIMHU
k03¢ GUIHEeHTOB B3auMMHOW AU((PYy3UH KOMIIOHEHTOB. YCTAaHOBJIEHO, YTO CTENEHb
WCKPUBJICHUSI N30KOHLEHTPAIIMOHHBIX JIMHUH 3aBUCUT OT HAauyaJbHBIX KOHIIEHTpPAIMH
cmecu. [lomyueHHble pe3ynabTaThl CBUAETENBCTBYIOT O TOM, YTO NPHU OMPENENEHHBIX
COOTHOUICHUSX KOMIOHEHT (JOPMHPYIOTCSI KpyIHOMAcIITaOHBIE CTPYKTYPHUPOBaHHBIE
KOHBEKTHBHBIE TEUEHHs, TOrJa Kak B JIPYI'MX cClydasX cucTeMa OcTaércs B UYUCTO
muddysnonHom pexxkume. llpencraBieHHble JaHHBIE XOPOLIO COIIACYIOTCA €
IKCIIEPUMEHTAILHBIMA HAONIOACHUSIMH M PACHIMPSIIOT [MOHUMaHUE MEXaHU3MOB
MaccoIlepeHOoCca B MHOTOKOMIIOHEHTHBIX I'a30BBIX CMECSX.

KnroueBble  ciaoBa:  koHueHTpauus, Auddys3us, IMIOTHOCTb,  CMECH,
KBa3UCTAllMOHAPHOE CMEIIEHNE, YUCIIEHHBINA pacyeT

Kipicne. BipTexTti emec TemnepaTypaiblK epicTeri rpaBUTAlMsIIBIK KOHBEKIUSHBIH
naia OOMybIH 3epTTEy HOTHIKEIepi 3epTTENETIH 3aTThIH KacHeTTepiMeH OailaHbICThI
KBUTY JKOHE MaccarachIMalbl YPAICTEPiHiH HETi3ri mapamMeTpiiepiH aHbIKTay OOMbIHIIA
YCBIHBIMAP 33ipiieyre MyMKiHAIK Oepai. By yehIHbIMIap HaKTHI JKaFaiiapaa apanacy
PEXKHUMIICPiH OOJKAYFa HKOJT AlllajIbl.

CoHbIMEH KaTap, MEXaHUKaJIbIK TeNe-TeHIIKTIH OPHBIKCBHI3ABIFBIHBIH Maiaa O0Iysl
KOHE OflaH 9pl KOHBEKTHBTIK TY3UTIMIACPAIH AaMybl THIFBI3ABIK T'PaAUEHTTEPI MEH
aybIPJIBIK KYIIiHIH OarpiThiHA Toyenai (Kossov, 2025; Nield, 2006; Bejan, 2004). Tuicti
rpaJiveHTTEpAiH OaFbITTaphl COMKEC KeIMETeH KaF/iaii1a KOHBEKTHUBTIK aybITKyJapAblH
naiina 0oiysl MEH onapZblH opi Kapail Jamysbl Oailikanazael. AJ KepiciHIie >karnaija
opraga TYpaKThl CTpaTH(QHUKALUS OpHAWABI KOHE KOHBEKTHMBTIK KO3FalbIC OPBIH
aJMamIbl.

KOHBEKTHBTIK  OPHBIKCBI3ABIKTBIH —Maiina Oodybl MeH T'MAPOJHMHAMHKAIBIK
ayBITKYJIapAblH OfaH opi JaMyblHBIH (u3uKanslk uHTepnpetanusicel  (Nield,
2006; Bejan, 2004) enOekrepinme cumartanrad. Auaijga, OacTankblia TYPaKThl
cTparuuKanys >KargalblHAa >KYPETiH H30TEPMAIK KOIKOMIIOHEHTTI apaiacysl
cunarray yuin Paneiain xputynblK eceOiniH gopmanusmin kongany (Kossov, 2014;
Kocog, 2004) sxymbICTapbIH/Ia KOPCETUITCH ICH, OipHEIIe mapIuaIbIK KOHIEHTPAIUs
IpaJeHTTEPiHIH dcepiH ecKepydl Taman eredi. MyHmall Ty3eTymiH MaHBI3IbUIBIFBI
(Kossov, 2017; Bird, 2002) eHOekTepiHe NONEIJICHICH, OHa PTYPJIi MOJICKYIAIbIK
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Maccamap MeH auddysus xorpduuuentTepi Oap YIIKOMIOHEHTTI KyHenepae
KOHBEKTHBTIK YHBITKYTapIblH OOCEHICHUTIH OHE KYIICHEeTiH aiMaKTapbIHBIH Oap
eKeHJIr aHbIKTanfaH. byn kemkoMnoHeHTTI audQy3us Ke3iHAe KYpbUIBIMIBIK
arpIHIapIbIH mariga OomybiHa ceben Oomywsl mymkiH. (Kocor, 2004; Kossov, 2017)
eHOEeKTepIH/Ee NaMBITBUIFAH TOCLT TEK OepiireH ®KbuTypHU3HKaJIbIK )KOHE T€OMETPHSIIBIK
napameTpiiep aiMarbiHIa « 1M Py31s — KOHBEKLHUSD PeXKUMAEPIHIH aybICy IIeKapachlH
FaHa aHbIKTalAbl. KypbUIbIMIBI KOHBEKTUBTIK aFbIHAAPABIH Maiaa 0oy mporeci MeH
OJIapIbIH 9pi KapaWfsl SBOJTIOUMACH KapacTblppiiMaraH. CoHali-aK, KOIIKOMIOHEHTTI
ra3 xyhenepingeri 1ugysus 5koHe OpPHBIKCHI3IBIK MIporiecTepi OipKaTap KyMblcTapaa
(Ruev, 2009; Levintal, 2019; Shen, 2011; Arekhov, 2023; Bogatyrev, 2013; Bogatyrev,
2014) keHiHEeH 3epTTEeNreH.

OcbifaH 0alIaHBICTBl W30TEPMUSUIBIK KOIKOMIIOHEHTTI apayiacy KaraaiblHaa
«auQdy3usi — KOHBEKLUHUS» PEKUMAEPIHIH aybICy MIEKapachblHAAa KYPBUIBIMIBIK
TY3UTIMAEPIiH naiaa 00y JMHAMUKACBIH 3€PTTEYy ©3CKTI Mocelie OOJbIN TaObLIA b,
JKyMmbicTa GacTankpl KypaMmaapra e YIIKOMIIOHEHTTI ra3 KocnanapbiHbIH JU(Qy3HsITbIK
apHalapbl apKbUIbl apanacyblH 3epTTeyre apHalifaH CaHJAbIK 3epPTTey HOTHXKenepi
YCBIHBUIFaH.

Marepuangap men daicrepi. JKympIcTa IUIMHIAPIIK apHaZa YIIKOMIIOHEHTTI ra3
KOCHAachbIHbIH AU QY3UsIbIK TackiManbl 3epTreneni. EcenTin kobuiysl 1-cyperte
KOPCETUIreH.

/, d=2r N — N 5
Computational
H Physical area :> I;Ica X2

O I
a) b)

Cyper 1 - KenmkoMnoHeHTTI MaccaanMacy Mofeni: a) Apanacy aiimarbl; 0) KenmkoMnoHeHTTI
Kocraap/biH AU dy3HsUIBIK YAIIBIKTapa OPHAIACYbI

Kanannpin xoraprel Gemiri S| MoneKynansK Maccanapbl A, xone A, GonarbiH
ra3 KOCIachlHAH TYpaJbl, OyJI KOCIa apHaHBIH TOMEHI1 OeJIriHAe OpHalacKaH S, .

MOJIEKyNanblK Maccackl A4, OonareiH rasra auddynaupneneni. Ocel ke3ne Kemeci
Oopkamaap KaObUIIaHAIbL:

1. KoMIOHEHTTep/1iH MOJIEKYIIaJIbIK Maccalaphl YiliH A , MbIHA IIAPT OPbIHAAIA IbI:

M,>M,>M,.
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2. Toyenci3 nuddysus mwapTsl MbIHA TYPAE KapacThIPbUIAIbL:

3 3

z ‘,j,:o JKOHE Zc,:l

i=l1 i=l

«duddy3ust — KOHBEKIUS» PEKUMJICPIHIH aybiCy IIeKapachlHa aKblH aiiMaKTa
YIITKOMITOHEHTTI Ta3 KOCTAChIHBIH KOITKOMIIOHEHTTI apajacy MpOIECiH CUIATTay YIIiH
Byccuneck xybikraysl (Kossov, 2019) Herizigae >ka3purraH MIamMaliapra apHajfaH
THAPOAMHAMUKAJIBIK TEHAEYIIep JKyHeci KOiIaHbIIaIbl:

a_u+(uV)u = -va +VV2ll+g(ﬁlcl +ﬁ202)y’

ot Po
(1)
E+VV(CI> =D, Vic, +D,V-c,,

a * *
§+ VV{c,) = Di V¢, + D,,Vc,,

divv =0,

MYH/IaFbI <C,»> — caHay/IbIH OacTaybl peTiH/Ie aIbIHFaH KOHLICHTPALUSIHBIH TYPaKThI
opramia MoHi, y — GipJiK BEKTOp, V — KMHEMATHKAJIBIK TYTKBIPILIK KO3(QQHUIUEHTI,

Py — KOCHaHBIH THIFBI3IBIFBIHEIH OPTAIIa MOHi.
KocnanslH KOHIIEHTpAIHsFa THIFBI3IBIFEI MBIHA KATHIHACTICH aHBIKTATA B

1(0
ﬁi:_ L >
Py \ Oc;

p:Tij

P = po(l_ﬂlc{ _ﬂzcé)a

Opraia MaccabIK XKoHE OpTallla CaH bIK )KbULIaMABIKTAPAbIH aybITKYJIAphl Oipaei
petTe OONFaHIBIKTAH, KeJeci KaThIHACTapAaFsl MamMaliap/bl V OpHbIHA U KOJIAaHyFa
6onanel (Kocos, 2004). Onmeyaid cunaTraManblK MaciiTabTapbiH ObUIAl TaHAaHMBbI3:

H — xaHamaelH CBI3BIKTEHIK ommemi, H 2y - YaKpIT, D), / H — KbULIAMIBIK,
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AI.H — KOHILICHTpanus, PoVD;z / H? — KbICBIM.
(1) Tenneynep xyiieci eamemci3 maManap apKbUIbl KeJeci Typre TypiaeHaipiaeni:

0

i+Lch1 = LAc1 +Lrl2Ac2,

o Pr, L 2

%} A 2
ﬁ-FLVVCZ = —lerAc1 +LA02, @
ot Pr, A4, Pr, Pr,,

ou 1 -

—+—V(@i-u)=-Vp+Au+(Rar, +Ray,) ,

ot Pr,

diva =0,

myHarel Pr, = V/ D; — Ipanarnsain qudysusnsik cansl, Ra, = gB,4.H N / D;V
— Poneiinin nuddy3usnpk caHbl, MYHIAFbI A— OepiireH emeMci3 TpajiieHT.

Opi kapait (Kossov, 2019) eHOeKkTe YCHIHBUIFaH aJTOPUTMII KOJTaHambI3. (2)
TEHJIEYJep KYHeciH (U3UKAIBIK MapaMeTpiep OOMBIHINIA KIKTEY CXeMachl apKbLUIbI
caHBIK jxoMeH mierreMi3 (Navon, 1987).

Hunmuaapiik aitMakThIH KUMAChl IEKApTTHIK KOOPAWHATTAP KYHECiHe eKiemmeM/I

Hxd o6meic perinme xapacteipsuiafsl (la-cyper). Ecenreynep esmiemcis Topia,
128x128 emnmemiepin/ie xKyprizisii.

Ecenteynin OipiHII Ke3eHIHJEC KO3FAJIbIC MOJIIICPIHIH TachIMaJbl TEK KOHBEKIIUS
MeH augysus ecebiHeH )Ky3ere acaibl. ApajibIK KbUIIaMIIBIK opici AgamMmc—bamdopt
xoHe Kpank—Hukoscon cxemanapsl OoiibiHina ansikraiansl (Kossov, 2019):

3)

AL rar——

myHnarsl H' = —V(u'u)n — KOHBEKTHBTI MymIenep, U — apaiblK KbULIAMIBIK
epici, At — yakpIT OOMBIHIIA KaJaM, 7 — (" MEe3eTTerl uTepauus Homepi .

Ecenteynin exiHIIi Ke3eHI KbICHIMHBIH JKBUIJAMJBIK MOHIMEH OalIaHbICHIH
aHBIKTANUIbI:

4)

V'ﬁn

Ap =
P At
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YuriHmi Ke3eH XKbUIIaMJbIK OpIiCiH TEK KBICBIMHBIH TOMEHJCyiHe OalIaHbBICTHI
KaiiTa ecenTey/i KaMTHIbI:
)

n+l1 Ny}
—u

- =.Vp.
At P

TepTiH]_Hi KE3CH/AC KOHIICHTPAIIUAHBIH KOMHOHCHTTCpi aHbIKTaJaabl:

n+l n
¢, —c 1 1 1
S A T S L o)
At 2 Pr, Py,
Cn+1 _Cn 1 1 1 (6)
e =—(F”+1 —F”)+—Acl" +—AcS,
At 2 Pr,, Pr,,
1 1 1
C;z+ —1— cn+ _C;z+ ,
myHnarel "= —V(ll"+l -C") - KOHBEKTHBTI MYIIIEIEP.
A1, eKapasibIK [MIapTTap MbIHA TYPJE KOPCETIIEIi:
(7
(=0, 2520, 1213
u(x,,t —=0, i=1-
’ on
MYHJIarbel n = <n1,n2)— CCCITCY aﬁMaFBIHI)IH ImeKapacblHAarbl CBIPTKBI HOPMaAJIb.
Bacranke! maprrap ocbl TYpJie KepceTiiei:
u(x,7)=0,
q(xt= )xés =X, ¢(x71=0) =0, (8)
( 0) szl 2’ C2 (x T _0) xeS$, =O’
[N (x,r = O) ces, =0, c (x T = 0) s = X3.

MYHJIaFbl X, - JKOFapFbl KOMIIOHEHTTEP/iH KOHLEHTPAIHUSACH S, JKOHE TOMEHIT S,
alfMaKTarbl KOHIICHTPAITHSI.

Hotumikenep MeH Ttaiakbuiay. 3eprrey skymbicel 0,3CH, + 0,74Ar — N, ra3
KOCTIachl VIIIH JKy3ere achIpbUInbl. EcenTeynep KbICHIM p=Ilamm, al TeMmreparypa
7=295,0 K >xarmaiimapsl Ke3iHIe, ajl yakeIT OoiibiHma ecenTik Kamambl 0,005 mem
AJIBIHBIN, YaKbIT OOHBIHIIA 03repici: a)t = 1,22¢;2)t=1,63¢,6)t=1,83¢c,8)t=2,24
c-Ka TeH. KaHanabiH y3bIHABIFB MEH paguycsl L = 165107 r = 107 m MoHzepiHe TeH
6omapl. bepinreH skyiie YITiH KOCITaHbIH MEXaHUKAIBIK TETIe-TCHIITIHIH TYPAKThUTBIFBIH
YKOFAJITY YaKbITHI IIaMaMeH OipHelIe CeKyHATHI Kypaiiapl. OcblnaH KeiiH KOHBEKTUBTIK
aFpIHIAPIBIH KBUIIAM JaMybl Oaiikamansl. KOHBEKTHBTIK arblHIAAP ipi MacIITaOThI
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KYpbUTBIMAAp TYpiHIE »Ky3ere acaipl. KoHBeKuMs KypbUIBIMIApBIHBIH Maiiaa 0oy
Ipolieci NepUOATHIK CUIAaTKa ue O0OMybl MYMKIiH, ajl MyHJal apajnacy TypiHIe OachiM
TacsIMaJIZay bl PETiHEC MOJIEKYIAIbIK MAacCcachl €H YJIKEH KOMIOHEHT OpEKeT eTe/l.

CanzablK MoAeJbJeY HOTHKENepiH Tangay OapbIChIHIA W30KOHLEHTPAIMSIIBIK
CBI3BIKTAP/BIH YaKbIT ©T€ Kejle aWTapibIKTal >KoHEe >KbUigaM JedopMalysuIaHblIIl,
©3TepPeTIHIIT, COHBIH CaJlAapbIHaH KYP/eIi KYPBhUIBIM/IBIK aF bIH aiiMaF bl KAJIBII TACATHIHBI
aHBIKTAIABI. MaccaaiMacy YpAiCiHIeTi KOTKYPhUTBIM/IbI JHHAMUKAHBIH 0ap eKSH/IIT 2
CYpEeTTe KeNTIPUITeH HOTIKENIEP apKbUIbI J1a PACTAJIIbL.

08 08

0.18 0.18
06 b 0.6 o6
0.14 0.14
> 0.12 > 012
0.1 0.1
0.08 0.08
0.4 0.06 04 0.08
004 0.04
0.02 0.02
0.2 02
6) B)

Cypert 2 - V30KOHLEHTPAMSUIBIK OPICTEPIiH YaKbIT OOHBIHIIA ©3repyi:
a) OacTarnkpl Ke3eHIer KOHI[CHTPALUs Tapaybl; 9) OacTarKpl YHBITKYIap/blH naiiaa 00iysl; 0)
KOHIEHTPALMSIIBIK KOHBEKLIMSIHBIH AfKBIH JaMybl )K9HE KYPBUIBIMAAHFAH aFbIC TY311yi; B) TONBIK
KaJIbIITACKaH KOIKYPBUIBIMBI KOHBEKTHUBTI KYPBITBIMIAP.

Keneci kesekre, mom OChl Kyle KapacTBIPBUIBIN, OipaK KOHIIGHTpAus MoHI
e3reptiai. Keiceim p=1arm, Temneparypa T=295,0 K, yakpIT Ooiiprama kagamsr 0,005

nen anwiapl. Ecenrreynep 0,25CH, +0,754r - N, xyieci yuin sxyprisii.
Hemek, 3epTTemnin oThIpraH OapibIK >KyHenepae AudQy3usuIbK OPHBIKCHI3IBIKTHIH
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OalikanaTelHbl  aHBIKTANABL.  JnupQy3usnplK peXMMHEH KOHBEKTHUBTI —pPeXHUMIe
aybICYJbIH HEri3ri KepceTkimTepiHiH Oipi e3apa auddysus kod3hUIHEHTTEpiHIH
enoyip adbIpMallbUIBIFBIHA ~ OaMIaHBICTBl  M30KOHLIEHTPALMSUIBIK — CBHI3BIKTAPIIBIH
OelChI3BIK Typre eHyi 6obin Ta0biIa bl. COHBIMEH KaTap, KbICBIMHBIH YKOFapblIaybIMEH
HN30KOHLEHTPAIMSAJIBIK aiiMaKkTa KOHBEKTHBTI KYPBUIBIMIAPABIH TY3iJe OacTalThIHBI
Oalikananel. bepinreH HoTWKelep KOCHAaHBIH apajiacy Ke3eHAEpiH CHIlarTar,
HM30KOHLIEHTPALMSJIBIK CBI3BIKTAPIBbIH KUCAIObl YaKbIT OTKEH CalblH alTapibIKTai
KBUIJAM ©Cill, HOTHKECIHAE KYpAeTi KYpBUIbIMIApMEH CUNATTalaThlH aFbIHIApAbIH
naiina OonmyblHa OKeNeTiHI KepceTeli. AFBIH TY3idyi OapbIChIHAA OHBIH LIEKapachl
aymarbiHga AuGQy3UsUIBIK Tapalny alKblH opi HaKTHl Oalikanaigsl. MeTaH, a30T KoHE
aproH KOMIIOHEHTTEPIHIH e3apa opeKeTTecyl HOTMKECIHAEe KOHLEHTPAIMSIHBIH
TOMCHJICHTIHI Jie KOpiHEeIi.
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— -1 — -2 . . . . .
Cyper 3 - p=1 amm, T=295,0 K, L =165 x10 m, T = 1077, MOHJIepl YUIIH JKyHeciHaeri Mmeran
M30KOHIICHTPALUSUIBIK ChI3BIFBIHBIH THHAMUKACH

KopbIThbIHABI. Y CHIHBUIFAH MAaTEMaTHKAJIBIK MOJEIb  YIIKOMIIOHEHTTI ra3
KOCTIACBIHBIH OPTYPIl KypaMJIbIK MOHJIEpi YIIIH KOHBEKTHUBTIK KYPBUIBIMHBIH TY31Ty
MPOLICCIH CUMATTayFa MyMKIH/TiK Oepesii. KOHBEKTHBTIK OPHBIKCHI3IBIKTHIH Maii1a 001y bl
G dy3us ke3iHae OalKaaMaiThIH H30KOHIICHTPALUSIIBIK Tapayaap bl adTapibIKTai
KHCAIObIMEH OalJIaHBICTBI 00JYbl MYMKiH. KOHIICHTpaIMsUIBIK TapaayliapiIblH KUCAr0
JIOpexeci JKyHeneri MOJCKYJIajdblK Maccachl €H YJIKGH KOMIIOHEHTTIH MeJIIepiHe
Toyenai. benrini Oip Kypamumapaa OyJl KHCA KOMBUIBIN, kyheae Taza auddysus
MpoIIeci Ky3ere acajbl.

Ochlnaiiiia, CaH IbIK €CEITeY HOTHXKEIEePI KOJITaHbIIFaH MOJIC]Ib MEH €CETITEY 9JTICIHIH
«TUQPy3usT — KOHICHTPAIMSUTBIK KOHBEKIHS» PEKUMJICPiHIH aybicy MapamMeTpliepin
aHBIKTayFa JKOHE CEHIMJII IepeKTep alyFa MYMKIHIK OEpeTiHiH KOpCeTeIi.
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Annotation. Modern space technologies impose increasing requirements on the
accuracy, reliability, and autonomy of spacecraft control systems. One of the key
challenges is the high-precision determination of the spatial orientation of platforms,
which ensures the correct operation of onboard systems, accurate targeting of payloads,
execution of flight programs, and successful mission management. Insufficient
orientation accuracy reduces the effectiveness of scientific observations, navigation
operations, and equipment utilization, making the development of high-precision
orientation systems a priority scientific and technical task.

Star trackers are leading orientation instruments due to their high angular accuracy,
resistance to interference, and autonomy from ground-based infrastructure. Their
performance is determined by the parameters of the optical system, including light-
gathering power, resolution, level of aberrations, quality of the photosensitive matrix, and
resistance to external factors such as vibrations, radiation, and temperature fluctuations.
Optical distortions, noise, or stray illumination can significantly reduce measurement
accuracy, emphasizing the critical importance of optimizing the optical system.

Modeling the optical system of a star tracker at the design stage allows predicting
the influence of structural and physical factors on orientation accuracy, investigating
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aberrations, diffraction effects, and sensor noise, as well as evaluating the efficiency
of image processing algorithms. The use of modeling methods enables optimization of
system parameters, improvement of tracker accuracy and reliability, and reduction of
costs associated with experimental testing.

Therefore, the research and modeling of the optical system of a star tracker is a
highly relevant scientific and technical task, crucial for the development of modern and
advanced spacecraft, including astrophysical observations, Earth remote sensing, and
autonomous navigation.

Keywords: spacecraft, star tracker, orientation detection system, a way to increase
accuracy, optics, error models, range, adaptive signal filtering, the centroid algorithm,
the direction of the sensor to the starry sky, flight simulation
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Annotanus. Ka3ipri KoOCMOCTBIK TEXHOJIOTHSIIAPAbIH JaMybl FapbILI annapaTTapblH
Oackapy KyWesnepiHiH JJoJiri, CEHIMIUIri >KOHE aBTOHOMJBUIBIFBIHA KOWBLIATHIH
TaJanTapAblH apTybIMeH cumartanaisl. Herisri minnmertepmid Oipi — FapbIITHIK
aTgopManapaslH KeHICTIKTErT OpHalacyblH KOFaphl TONIIIKICH aHbIKTay, ce0eli o
OOPTTHIK KYHeNIepAiH AYPbIC KYMBIC ICTEYiH, )KYK amnmnapaTypachlH JoJ OarbITTay/lbl,
yiry OarmapiaMaiapblH OpbIHAAY/IBI )KOHE MUCCHSHBI THIMAI OacKapyabl KaMTaMachl3
eteni. OpueHTAIVSIHBIH JKETKITIKCI3 JOIIJITT FRUTBIMU OaKbLIayTap/iblH, HABUTAIIHSITBIK
orepalysIapAbIH JKOHE ammnapaTThlK KypalJapAblH THIMAUITIH TOMEHAETYI MYMKIiH,
COH/IBIKTAH KOFaphl AJIIKTI OPUEHTAIMSIIBIK KYHenepal 93ipiey MaHbI3Abl FHUTBIMU-
TEXHUKAIBIK MiHIET OOIBII TaObLIa bl

Kynne3ael gaT4ukTep KOFaphl OYPBIMITBHIK TONAIr, KeAeprijiepre Te3iMIiIir
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YKOHE KepJeri HHPpaKypbUIbIMFa ToyeJICi3 aBTOHOMABI JKYMbIC MYMKIHJIITI apKachIHIa
OpPHEHTAlMs Kypajiapbl apachblHAa JXETeKIN OpbH anaabl. OJapablH THIMALIIT
ONITHKAJIBIK JKYHEHIH MapaMeTpiepiHe, COHBIH iIIiHAE >KapblK JXKHMHAy KaOineTiHe,
abeppauusuiap JeHreiine, (OTOKETKI3Till MaTPUIAHBIH CalacblHa >KOHE CBHIPTKBI
ocepiiepre (Aipingep, paauanus >KOHE TEMIIEepaTypajblK aybITKylIap) Te3IMIUTiriHe
toyenzi. Ke3 kenren onTukaiblk OypMmanaHyiap, HIyAbIH OONybl HeMece Mapa3uTTiK
KapbIK OJILIEYAepAiH NIIIriH alTapiblKTall TOMEHAETYI MYMKiH, OYJI ONTHKAaJbIK
KYHEHI OHTalIaHIBIPYABbIH aca MaHbI3bl €KeHiH KopceTeli.

JKynapl3apl  MaTYMKTIH ~ONTHKANBIK OKYWECIH ko0amay Ke3iHAEe MOICIbACY
KOHCTPYKLMSUTBIK JKOHE (HU3UKANBIK (DakTOpiIapAblH OpUEHTAlMs NNIIriHe 9cepiH
Oomkayra, abeppauusmapisl, AUGpPakuMsUIBIK dhdexTinepal xoHe (OTOKETKIrimI
MaTpHLaHBIH LIyJapblH 3epTTeyre, COHIai-ak OeiiHe eHAey alroOpUTMICPiHIH
THIMITIriH Oaranayra MyMKiHIIK Oepeni. Monenbaey omicTepiH KONAaHy >KYHEHIH
napamMeTpliepiH OHTaMIaHIBIPYFa, NATYUKTIH AQJAINT MEH CEHIMAUITIH apTThIpyFa
YKOHE SKCIIEPUMEHTTIK ChIHAKTapFa KEeTETiH IIBbIFbIHAAPABI a3alTyFa MYMKIHIK Oepei.

OcpbifaH 0alIaHBICTBl JKYJIABI3AbI TATYUKTIH ONTHKAIBIK JKYHECIH 3epTTey >KoHE
MOJIETIb/ICY Kazipri 3aMaHfbl JKOHE MEPCIEKTHBAJIBIK FapbIlll amnapaTTapbiH, OHbBIH
1IIiHAE aCTPOHOMUSUIBIK, OaKbLIaynap, XKep/i KalbIKTHIKTaH 30HATAY KOHE aBTOHOM/IbI
HaBUralys MiHACTTEPiH jKacay YILIIH MaHBI3AbI FHUTBIMU-TEXHUKAIBIK MiHACT OOJNbII
TaOBLUIABL.
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Annoranus. CoBpeMeHHbIe KOCMUYECKHIE TEXHOIOTUH MPEIBSIBISIOT TOBBIICHHEIE
TpeOOBaHUs K TOYHOCTH, HAAEKHOCTH M aBTOHOMHOCTH CHUCTEM YNpPaBICHHS KOCMU-
yeckuMH anmaparami. OTHUM U3 KITIOUEBBIX aCIIEKTOB SIBISETCS] BBICOKOTOYHOE OTpe-
JeTICHHEe MPOCTPAHCTBEHHONW OPHUEHTALMH IUIaTPopM, oOecrednBaroniee KOPPeKTHOE
(yHKIMOHMpOBaHUE OOPTOBBIX CHUCTEM, TOUHOE HaBEACHHE MOJIE3HON Harpy3KH, BbI-
MOJHEHUE MPOrpamMM IoJETa U yCIelHoe ynpasienne Muccueil. Hemocratounast tou-
HOCTh OPHEHTAIMU CHIXKaeT 3Pp(PEeKTUBHOCTh HAYYHBIX HAOMIOICHUN, HABUTALIUOHHBIX
OTepalii U dKCIUTyaTally anmnaparypbl, YTO JAelaeT pa3padOTKy BBICOKOTOYHBIX CH-
CTE€M OpPHEHTALUU PHOPUTETHON HAyYHO-TEXHUUECKON 3a/1auei.

3BE3MHBIE NATYMKH SIBJISIOTCS BEAYLIMMH CPEICTBAMH OpPUEHTALMH Onaromaps
BBICOKOH YIJIOBOW TOYHOCTH, IMOMEXOYCTOHYMBOCTH W aBTOHOMHOCTH OT Ha3eMHOM
UHPpacTpyKTypbl. WX 3¢¢eKTHBHOCTh oOmpeaeseTcs apamMeTpaMd ONTHYECKOH
CHCTEMBI, BKJIOYas CBETOCHIY, Pa3pellarollyl0 CIIOCOOHOCTb, YPOBEHb aleppaiuii,
KauecTBO (pOTONpHEMHON MAaTPHUIIBI M yCTOWYMBOCTD K BHEIIHUM BO3IEHCTBUSM, TAKHM
Kak BUOpaLuy, panuaiys 1 TeMIieparypHble Koieoanus. ONTHYeCKHe HCKaKEHUSL, IIyMBbI
WM NApa3uTHOE OCBEHICHUE MOTYT CYIIECTBEHHO CHIKaTh TOYHOCTh U3MEPEHHH, UTO
NoAYEPKHUBAET HEOOXOMMOCTD ONTUMH3ALUKN ONITHYECKON CHCTEMBI.

MopnenupoBaHye ONTHYECKOH CHCTEMbI 3BE3IHOTO JaTYNKa Ha 3Tare IPOSKTUPOBAHHS
MO3BOJISIET MIPOTHO3UPOBATh BIMSHHE KOHCTPYKTHBHBIX M (PU3MUYECKUX (aKTOpOB Ha
TOYHOCTH OPHEHTALIMH, UCCIIe0BaTh adeppaluun, TuPpakuIuOHHBIE SPPEKTHI U HIyMbI
(oTonpréMHOI MaTpHULB, 8 TAKXKE OLIEHUBATh YPPEKTUBHOCTH aITOPUTMOB 00pabOTKU
n3zo0paxenuil. I[lpuMeHeHe METOIOB MOIEINPOBAHUS 00ECICUYMBACT ONTUMH3ALNIO
apamMeTpPOB CHCTEMBI, TIOBBILICHUE TOYHOCTH U HAAEKHOCTH PA0OTHI JaTUMKa, a TAKKE
COKpaILlCHHE 3aTpaT Ha IKCIIEPUMEHTAIbHbIE UCTIBITAHUSL.

Takum 0Opa3om, ucciae0BaHNE U MOJCTUPOBAHUE ONITHUECKON CUCTEMBI 3BE3HOTO
JlaT4YrKa SIBISETCS aKTyaJbHOM HAay4YHO-TEXHHYECKOH 3a/ayeil, KPUTUYECKH BaKHOU
JUIsL pa3padOTKH COBPEMEHHBIX M MEPCIEKTUBHBIX KOCMUUECKUX aImapaTroB, BKIHOYAs
acTpoduznveckue HaOIIOACHUS, AUCTAHIMOHHOE 30HANPOBaHNE 3eMIM U aBTOHOMHYIO
HaBUTALHIO.

Ki1ioueBble cjioBa: KocCMUYECKUH alnapar, 3BE31HbIH 1aTYUK, CHCTEMa ONIpeIeICHHS
OPHEHTAIINH, CIIOCO0 MOBBIIEHHUSI TOYHOCTH, ONITHKA, MOAEIH MTOTPEIIHOCTH, IUaMa30H,
ajanTuBHAs (QUIBTPALUs CUTHANA, aJTOPUTM LEHTPOHUJA, HalpaBlICHHE AaT4nKa Ha
3B&37HOE HEOO, MOZIENIUPOBaHKE MONETA

Beenenue. B nocnennue necatunerus 3ajada OpUEHTALMM KOCMMYECKHX arma-
paroB (KA) monmyuuna mUpOKOe OCBEIIEHHE B HAyYHOW M TEXHHYECKOH JIUTEpaType.
Omna oxBaThIBaeT Kak ammapaTHble cpeicTBa (TMPOCKOIBI, aKCEIePOMETPBI, 3BE3AHbIC
W MarHUTHBIC JaTYMKHN), TaK U aITOPUTMHUYECKYIO 0a3y, BKIIOYAsl KIaCCUYECKHE U WH-
TEJJIeKTyaJIbHbIe METO/bI 00paboTku JaHHBIX. OJHUM U3 KJIIOUYEBBIX acTIeKTOB (pyHKIIH-
OHHMPOBAHUS KOCMHUYECKHX allaparoB SBJSETCS UX OPUEHTALMs B IpocTpaHcTse. [Ipa-
BWJIBHOE OIpEAETICHUE OPUCHTAIMK ariapara KPUTHYECKH Ba)KHO U oOecIieueHHs
ero paboToCrnocoOHOCTH, BBHITIOIHEHHS HAyYHBIX 3a[a4 U yCIIEIIHOTO B3aUMOICHCTBUS
C IpYTUMHU 00BEKTaMH B KOCMOCE. B yCIIOBHSIX MOCTOSIHHOTO POCTA YKCIIa CITyTHUKOB U
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HCCIIEIOBATENLCKIX MUCCHH, a TAK)KE YBEIMUYCHHUS CIIOKHOCTH 33/1ad, CTOSIIUX Mepe
KOCMHUYECKHMH arnaparaMmu, HeoOXOTUMOCTh B d(Q(PEKTUBHBIX U HaJISKHBIX METO/AX
OIIpE/IeNICHNs] OPUEHTAIIMM CTAHOBHUTCSI OCOOCHHO aKTyaslbHOW. Braromapst MHOTONIET-
HUM HCCIIEIOBATEIBCKIM TOCTIKEHHUSIM Pa3paOOTUHKH TONYYHIIN TTyOOKOe ITOHMMa-
HUE OIMMOOK 3BE3/IHBIX TATYUKOB. TakuM 00pa3oM, MOXKHO eIie OOJIbIIIe TOBBICUTH TOY-
HOCTb U3MEPEHUH 3BE3/IHBIX JaTYUKOB.

3BE3MHBIN TaTYMK, KaK yCTPOHCTBO [Tl aOCOTIOTHOTO U3MEPEHHUsT OPHEHTAIINH, T10-
JYYHII HIMPOKOE MPUMEHEHUE B KOCMUYECKHUX alllaparax, CllyTHUKaX, 0alTUCTUIeCKUX
pakerax ¥ HaBUTAI[MOHHBIX CHCTEMaX Ha MOPCKOM TpaHCIIOpTe Oiiarogapsi CBOei TOUHO-
CTH Ha ypoBHe foJjeit yrimosoit cekyHanl (C.C. Liebe, 1995; J.L. Joergensen, et al, 2005;
C. Liu, et al, 2010; L. Ma, et al, 2018). Pabotast Ha 0CHOBe TOITy4eHUs N300pakeHUI
3BE3]] C TIOMOIIBIO ONTHYECKUX AATUYUKOB (32 McKiItoueHrneM CONHIA), OH BBITOJIHSET
MocieIoBaTebHbIC TPOLEAYPBI, BKIIOUas IPEABAPUTENLHYIO 00paboTKy H300paskeHHS
3BE3]1, ONpEIC/ICHUE IICHTPOUIOB 3BE3]1, UACHTU(DUKALINIO 3BE3]] U OTIPE/ICTICHUE OPUCH-
TaIuy, YTOOBl YCTAHOBUTH NMPOCTPAHCTBEHHYIO OPHUEHTANNIO OTHOCUTEIHFHO WHEPIIH-
aIbHON HEOeCHON CHCTEMBI KOOPIMHAT Ha OCHOBE CHCTEMBI KOOPAMHAT KOPITyCa.

3Be3HBIE MATYUKH (AHTI. Star trackers) — 3TO ONTUYECKUE CEHCOPBI, TIPETHA3HA-
YEeHHBIE [T ONIPEACITICHUS] OPUEHTALIH KOCMHUYECKOTO arapara 1o MOJI0KEHHIO 3BE3.
OHu ABJSIFOTCS OMHUMHU U3 HanOOJIee TOYHBIX CHCTEM OPUEHTAIUH, 0COOCHHO BOCTpE-
OOBaHHBIX B HAYYHBIX U aCTPOHOMHUYECKUX MUCCHSIX. [[puHIMT pabOTHl OCHOBAaH Ha CO-
MTOCTaBIIEHUH HAOIII0aeMOTO N300pakeHUs 3BE3]T C ITATIOHHBIM 3BE3THBIM KaTaJlOTOM,
YTO TI03BOJISIET TOYHO PACCUUTATh OPUEHTAIINIO almapara B IPOCTPAHCTRE.

Onruyeckue cuCTeMbl HAOMIOAGHUS Ul KOCMHUYECKMX allapaToB HIParoT
KITIOYEBYIO POJIb B BBHIMOJHEHUHM MHOXKECTBA 3a]a4: OT MOHUTOPUHIA MOBEPXHOCTH
3emMiu 10 U3y4YeHHsI DIyOOKOTO KOCMOCa. ODTH CHUCTEMbI JOJDKHBI 00ECIIeurBaTh
BBICOKYIO TOYHOCTh ¥ MUHUMAJIbHBIE HCKXKEHUsI IIPU TIepeade JaHHbIX. PazpaboTka
TaKOW CHCTEMBI BKJIFOYAET OIpE/eIeHe OCHOBHBIX IMapaMeTPOB ONTHYECKOTO TPaKTa,
MOJISIUPOBAHUE YIJIOBOTO PAa3pelleHrs U TIOJIA 3PeHHs, a TaKKe aHaln3 BIWSHUS
TUMUYHBIX ONTHYECKUX UCKAKECHUH.

Takum 00pazoM, eNbIO AaHHOH PaOOTHI SBISETCS pa3padoTKa U MOACTHPOBAHHE
OIITHYECKOM CHCTEMBI 3BE3THOTO IaTUMKA JIJIsi KOCMUYECKOTO arapara ¢ o0ecriedeHueM
BBICOKOM TOYHOCTH OMNPEACNICHNUS OPUEHTAlWH, HAAEKHOCTH M YCTOMYMBOCTH K
BHEITHUM BO3ICHCTBUSM.

3amaun paboOTHI:

1. IlpoBectn pacdyeT OCHOBHBIX XapaKTEPUCTHK ONTHYECKOrO TpakTa 3BE3AHOTO
JaT4rKa, BKIIIOYasi OTHOCUTEIBHOE OTBEPCTHE U TUPPAKIIUOHHBIN MTpeed.

2. OmpenenuTh yIIIOBOE pa3pellieHre CUCTEMBI U ToJie 3peHus, 00ecTednBaroIee
HEOOXOAMMYIO TOYHOCTH OPUEHTAIH KOCMHYECKOTO arapara.

3. CMonmenupoBaTh W TPOAHATU3NPOBATH ONTHYECKHE a0eppallii, B TOM YHCIe
00YKOO0Opa3HOe WCKaKEHHE W KOMY, W OLEHUTh WX BIMsSHUE Ha (DOpMUpOBaHHE
n300paxKeHusl.

4. OUeHUTh Ka4eCTBO ONTHYECKON CHCTEMBI C MCIIOIb30BAHHEM MOIYJISIIHOHHOM
nepenaun koHTpacta (MTF) mis kommdecTBeHHONW XapaKTEPUCTHKH pa3peniaromeit
CIIOCOOHOCTH.
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Marepuasibl 1 MeToabl. COBpeMEHHBIE 3BE3IHBIC TATYHKH 00ECTICUHBAIOT OJHY H3
CaMbIX BBICOKHX TOYHOCTEW B CHCTEMaxX OpPHEHTAIIMH, OIHAKO JuIsi Mainblx KA BaxkHO
HE TOJBKO Ka4eCcTBO, HO U HAJI&)KHOCTh B YCIOBHUSIX OIPAaHUYCHHBIX BBIYHCIUTEIHLHBIX
W DHEPreTHUECKUX pecypcoB. PaszHbple aBTOpBI MpEANaraloT pa3IHyHbIE METOJIbI
MOBBIIICHHS TOYHOCTH 3BE3IHBIX CEHCOPOB — OT AalMapaTHbIX YAYYIIeHHH [0
ITOPUTMHYECKOW onTUMH3alui. OCHOBHBIMH BBI30BAMHU B UX Pa3paboTKe SBISIOTCS
YCTOWYMBOCTh K KOCMHUYECKOMY H3TYYCHUIO, MUHMMHU3AIMS BIUSHUS Mapa3uTHOTO
cBeTa U 00ecriedeHre BEICOKOH TOYHOCTH NIPU OTPaHUYCHHBIX rabapuTax.

Kocmuueckasi cpena xapakTepu3yeTcsi BBICOKUM YPOBHEM PaJHAIMH, YTO MOXKET
HETaTHBHO CKa3aThCs HA (PYHKIIHOHAILHOCTH ONTHYECKOM CHCTEMBI: 110]] BO3JICHCTBUEM
HMOHU3UPYIOIIETO M3ITyYCHHUSI ONTHYECKUE MaTepualibl, BKIOUAs JIMH3bI U MOKPBITHS,
TEPSIOT IPO3PAYHOCTb, YTO CHIKAET IPPEKTUBHOCTD TIEpeIadr CBETA; palualns MOXKET
BBI3bIBAaTh HakoIwieHHe 1ymMoB B (oromarpuiax (CCD, CMOS), yxyamas KauecTBO
n300paXeHus; KpOME TOTO, pafHalsl CllocOOHa HarpeBaTh ONTHYECKUE KOMITOHEHTHI,
BBI3BIBAS HX TEPMHUYECKYIO JIe(hopMaIiio. B TMHAMUYECKHUX yCIOBUSIX ITTHHA PA3MBITOTO
n300paXKeHUs 3BE3/Ibl MOXKET COCTABIIATh ACCATKU MTUKCEINEH, 3HAUUTEIHHO TPEBBIIIAs
crarnueckyto ¢pynkuuto paccesaus touku (PSF) (C.C. Liebe, 2002).

B pa3paboTke 3Be3AHBIX TATUMKOB MOCBSIIEHO MHOTO HCCIEIOBAaHHN, B KOTOPBIX
pELIeHBI BOMPOCH! BIMSIONMX Ha d(PPEKTUBHOCTh U TOYHOCTH JBHXKECHHUS IO OpOUTE
W WCIIONHEHUS MaHEBPOB, a TaKKe 3a/Jaud TOBBIIICHUS TOYHOCTH OTPEICIICHHS
opueHTanuu 1o 3Be3faam. Hampumep, B padore (M.Moldabekov et al, 2014) onucansr
OCHOBHBIC JTallbl TPOCKTUPOBAHUS ONTHYECKOM CHCTEMBI, BKIIOYas pa3padoOTKy
TpeOOBaHU, BBHIOOP ONTHUYECKOH CHUCTEMBbI MyTeM aHanu3a ¢ mnomoiinbio CAIIP,
MPOEKTHPOBaHHE OJIEH/Ia C TIOMOIIBIO MOJEIHUPOBAHUS, & TAKKE OCHOBHBIC ATaIlbl
W3TOTOBIICHHS €€ KOMITOHEHTOB (JIMH3) ¥ KOHTPOJISI KaueCTBA M3TOTOBJICHHS ONTHYECKOM
cucrembl. B pabore (D. Akhmedov, 2016) npeacraBiieHbl pe3yinbTaThl TECTUPOBAHHS
MPOTPaMMHOT0 I MATEMaTH4eCKOT0 00ecieueH s C TOMOIIBIO KOMIUIEKCA IPOTrPAMMHOTO
MOJICTIUIPOBAHUsSI C WCTIOJIIb30BAHUEM DPA3IUUHBIX KOHPHUTypanui NeeKToB, BKIIOYAs
IIYMBI JIaTYUKa U300pakeHHs, MOIeTUpOBaHue (DYHKIIMHU paz0dpoca TOUYEK, HCKaKEHHS
OIITHYECKOHM cUCTEeMBI 10 2%. AHaNIHM3 pe3ylbTaToB UCIIBITAHUHN ITOKa3all, YTO TOYHOCTh
OTIpE/ICTICHNs] OPUEHTAIINN 3BE3HOTO TpeKepa HAXOJUTCS B JIOIYCTHMOM JHAITa30He.
B craree (K.L. Alipbayev et al, 2021) wuccienoBaHbl U pacCMOTPEHBbI TEPBUYHBIC
pa3paboTKK MaTeMaTHYeCKOTO0 M MPOrpaMMHOTO UMHTHPOBAHUS 3BE3THOTO JaTYMKA,
a TaKkKe MaTeMaTH4ecKHHd MOJeNb 3BE3IHOT0 JaT4YMKa W OIMCAHBbl KaK OJWH W3
WHCTPYMEHTOB OpUEHTAIIMN KOCMHYECKOTO anmapara. B padore (Zbrutskii, A.V., et al,
2016) pa3zpaboTana HemUHEHHAS MaTeMaTHIECKast MOJIEIIb, TIO3BOJISIONIAS 3HAYUTESIHHO
MOBBICHTh TOYHOCTh BBIYMCIICHUH M YMEHBIIUTh UX 00BEM TPU aBTOMATH3UPOBAHHOM
aHalM3e JBIDKCHHS JMHAMHYECKH TMEPecTpauBaeMbIX THPOCKONOB. B  moxmenn
WCTIONIL3YIOTCSl YCPEJHEHHBIC ypaBHEHUS JIBW)KEHHS JIMHAMHYECKH HACTPAMBaEMbIX
THPOCKOIIOB, IOTy4YEHHBIE U3 yPaBHEHUH IBHKEHHUS, 3aITMCAHHBIX B CHCTEME KOOPIMHAT,
BpallamoIIeiics BMECTe C TMPOCKONIAMH B TEPMHUHAX YIVIOB KpydeHus. s cucrem
YIPaBIICHHUS C TIPUBSI3KON PEKOMEH/TyeTCsl CIIONh30BaTh TMHAMHYECKH HACTPanBaCMBbIH
THPOCKOI C OTHUM KOJIBIIOM Ha 3yacTHuHOM nojsecke. B crarbe B.U. (M.M. 3aBap3uH,
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2023) paccMOTpeHa aKTyaJbHOCTH CO3IAHHS MaJOTa0apUTHBIX ONTUYECKHX CHCTEM
BBICOKOTO Pa3pelleHus AJsl MaJblX KOCMHYECKHX amnmaparoB. lIpuBeneHo ommcanue
TEKYLIETO COCTOSIHUSI OTEYECTBEHHBIX M 3apyOEKHBIX CPEICTB TUCTAHIIMOHHOTO
3oHaupoBanus 3emian popmata CubeSat, monTBepanBIIee HEOOXOIUMOCTh Pa3padOTKH
OTEYECTBEHHBIX MHOTOCOCTaBHBIX CITYTHUKOBBIX TPYIIHUPOBOK.

Jnisi MOBBIIEHHST TOYHOCTH 3BE3AHOTO JaTYMKa BaKHO HE TOJBKO YITydIlIaTh
annapaTHylo 4acTh, HO U pa3palaTbiBaTh YMHBIE IPOTPaMMHBIE METOABI, YYUTHIBATH
pealbHyl0 Cpedy KOcMOoca M BBICTpaMBaTh KOMIUIEKCHYIO CHCTEMY OpHEHTAIIHU.
O0benrHeHe COBPEMEHHBIX TEXHOJIOTHI U MEXKIUCIMIUTMHAPHOTO MTOIX0Aa OTKPHIBAET
IIMPOKUE MEePCIIEKTHUBHI JiJis Oymymux kocmudeckux. B padore (K.L. Alipbayev, 2022)
HCCIIeTyeTCs OBBILICHHUS TOYHOCTH U3MEPEHHUS [TAPAMETPOB OPUEHTALUH KOCMHYECKOTO
anmapaTta 3Be3JHBIMH JaTdyukaMu. [IpuMeHeH MeTox BBIYHMCICHWH, MCIONb3YIOMIMN
QITOPUTM TOYHOW OLEHKH LEHTPOWJAA, BOCCTAHABIMBAIOIIMK (YHKLIMIO pa3dpoca
TOYEK I10 3aIICaHHBIM aCTPOHOMHYECKUM U300pakeHus M. [Ipenyioxkena MUHIMU3aIHs
a¢dexToB TypOylneHTHOCTH arMocdepbl M IIYMOB CHUCTEMbl Ha H300paKEHUSIX C
JUTNTETILHOM SKCIIO3UIMEH, TOYYEHHBIX Ha3eMHBIM TEJIECKOIIOM.

Ha TouHoCTB 3B€3HOTO IaTYMKa BIUSIOT pa3nuuHble pakropsl. OqHIM U3 Hanbosee
3HAUUMBIX (aKTopoB siBisieTcs IyM. Lllym MoxkeT OBITH BBI3BaH JATYUKOM Kamephl,
JNIEKTPOHUKONH W anropuTMamu o0paboTku. PaccestHHBIN CBET - emie oxuH (aktop,
KOTOPBI MOXKET MOBJIUATH HA TOYHOCTH 3BE3AHOTO JaTyuka. PaccessHHBIN CBET — 3TO
CBET, MOMAAAI0UINK B KaMepy U3 UCTOYHHKOB, OTIIMYHBIX OT 3Be3M, Takux kak CoyHie,
Jlyna unm armocdepa 3emun. OmuOKn KannOpOBKH TaKKe SBIAIOTCS CYIIECTBEHHBIM
HCTOYHHKOM OIINOOK B 3B€3A4aTOM JaTurke. OmuOKH KaTuOpOBKY MOTYT OBITh BEI3BAHBI
C MJIOXUM OCBEILCHHEM (3aTyMaHUBaHHUEM) KaMephl, Kojieca (PMIIbTpa WM poLeccopa.
B crarbe (K. A. Anun6aes et al., 2025) paccmarpuBaetcs pa3paboTka U MOAETHUPOBAHHE
QITOPUTMa JUISl 3BE3HBIX JaTYMKOB, KOTOPBIH MCIIONB3YeT YHUKAIBHBIA moaxox 0Oe3
HEOOXOOMMOCTH Tiepebopa BceX BOZMOXKHBIX KOH(UTYypaluid 38e3/. 3HaYUMOCTb TOH
paboThl OAYEPKUBACTCSI OCTPHIM 3aPOCOM Ha YIyYIIEHHE TEXHOJOTHH HaBUTaLUU
KOCMUYECKHX allapaToB, OCOOEHHO B YCIOBHSIX YBEIMYMBAIOIIETOCS KOIUYECTBA
KOCMHUYECKHX MHCCHH, KaK TOCYAapCTBEHHBIX, TaK U KoMMepueckuX. [Ipeanmaraemprii
METOJl, OCHOBaHHBIN Ha UCIIOIb30BaHUH PA3PEKEHHOTO PU3HAKOBOTO MPOCTPAHCTBA,
MO3BOJISIET 3HAYMTENBHO COKPAaTUTh BpeMsi 0O0pabOTKM [aHHBIX 3a cueT Oojee
3¢ (EeKTUBHOTO TIOMCKA M COIMOCTABJICHUS 3BE3[HBIX MarTepHoB. B pabore (Carmeli,
2023)nccnenoBanbl MOTPEOHOCTH B HAIEKHBIX , HEAOPOTUX U BBICOKOITPOM3BOAUTENLHBIX
3BE3MHBIX TpeKepax, CHOCOOHBIX TOYHO paclo3HaBaTh 3BE3JHBIE Y30Pbl HA CHHUMKAaX
Heba ¢ BepOsSTHOCTBIO ycrexa okoiio 98% 3a 870 mukpocekyHa. Metoabl puibsTpanuu
U OLIEHKH OpHeHTauuu, BKitodas ¢puinsTp Kanmana, paccmarpuBarotcs B psiie padboT
(J.L. Crassidis, 2011; M.L. Psiaki, 2001). B pa6ore (J.L. Crassidis, 2011) mpoBoasT
KJaccu(UKauio U CpaBHEHUE pa3nuuHbIX oueHouHbx anroputmoB (KF, EKF, UKF),
MIPUMEHSIEMBIX B YCIOBHSIX I'ayCCOBCKOTO M HerayccoBckoro nryma. Pabora (M.L. Psiaki,
2001) otaenbHO BBLAESIET MpoOIEMy ONpeAeseHus: opueHTanuu ¢ nomoupio EKF u
aIaNTHBHBIX METOIOB HA OOPTY MaJbIX CITyTHUKOB.

Kpome TOro, TOYHOCTH OIpeAeNeHUs] MOJOKEHHsI 3BE3Ibl OTHOCHUTCS K YHUCIY
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OCHOBHBIX XapaKTePHCTHUK (DYHKIMOHUPOBAHUS 3BE3MHOIO JaTYMKa U BO MHOTOM
OIpezieNisieTcss YPOBHEM aleppalii ONTHYECKOW CHCTEMBI, TOrJa KaK MOTPEHIHOCTb
HU3MEpEeHHsT KOOPIMHAT 3BE3bl SBISCTCS KPUTHUECKUM (HAKTOpPOM, (OPMHUPYIOLIHM
CYMMapHYyI0 OIIMOKY M TOAJEKAIIUM MHUHHMHU3ALUH Ha CTaJud IMPOSKTHPOBAHHSL.
Owmnbku monoxeHust 38E371, 00ycIOBICHHbBIE a0eppalusIMH, PACCUNTBHIBAIOTCS B paMKax
MOJICTI ONTHYECKOM CHCTEMBI 3BE3MHOrO AAaT4YMKa W YUYUTHIBAIOTCS IIPH aHAIM3e
TOYHOCTHBIX XapakTepucTHK. OTHON M3 MPHOPUTETHBIX 3a7ad pa3paOOTKH SIBISETCS
oOecrieueHNe BBICOKOM TOYHOCTH PabOThl CHUCTEMBI TPU JKECTKHX OTPAHUYCHUSIX
mo macce W rabapuTam, 4TO JOCTHUTAeTCsl 3a CYET NPHUMEHEHHUs acephuuecKux
JIMH3, TO3BOJSIIOIIUX COKPAaTUTh YHCIIO ONTHYECKUX DJIEMEHTOB 03 yXyIIIeHUs
KauecTBa M300pa)KeHUsI, UCIOJIb30BAHUS aJalTUBHBIX BJIEMEHTOB JJIsi KOMICHCAL[MH
abeppauunii u TepMuUecKuX AedopMannii, BHEAPEHUSI KOHCTPYKIUH U3 aMIOMUHHS WIN
YIIETIACTUKOB /1715l CHIKEHHUSI MAacChl, a TaK)Ke MPUMEHEHHS KOMITAKTHBIX ONTHYECKUX
MOZyJIeH, BKIIIOYash MHUKPOOOBEKTHBBI, YTO CHOCOOCTBYET YMEHBILCHHIO pa3MepoB
U KOHCTPYKTHUBHOU ciiokHOCTH cucTteMbl. B crarbe (Kamila Saurova, et al., 2025)
HCCIIEI0OBAHBI METO/IBI TOBBIIEHHSI TOYHOCTH 3BE3/IHOTO AaTUYMKa M POAHATU3UPOBAHBI
TpeOOBaHMs K KaueCTBY M300paKEeHHsI, TOTYy4aeMOro C TOMOUIBbIO OOBEKTHBA 3BE3THOTO
narduka. s 1eTaabHOTo MOACTMPOBAHHS M aHATN3a ONITUYECKON CHCTEMBI 3BE3HOTO
JaT4vKa HCIONb30Bajock nporpamMmmHoe obecrnedeHne OSLO. bBeun  oueHens
pa3NuYHble BapHAaHTHl KOHCTPYKLIMH ONTHYECKOH CHCTEMBlI 3BE3IHOIO JaT4hKa,
BKJIIOYasi MapaMeTpbl ONTHYECKUX KOMIIOHEHTOB OOBEKTHBA M XapaKTEPUCTHKH
MIPUEMHHKA ONITHYECKOTO M3ITYyUYEHHS], KOTOPBIE BIUSIOT HA TOYHOCTH JaTYMKa, a TAKKe
ObUIM paccMOTpeHbl (PyHKIHMOHATIbHBIE BO3MOKHOCTH 3THX KOMIIOHEHTOB. B craTbe
TaKKe HCCIEIYIOTCSl CTPAaTerny TMOBBIICHUS] TOYHOCTH AAT4MKa, B PE3yJbTaTe 4ero
Obu1a pazpaboTaHa MOJIENb ONTHYECKON CUCTEMBI 3BE3JHOTO JaTUHKa.

BaxxabIM 3Tarnom B rporiecce pa3padoTK1 MOJEIH OTPELIHOCTEH 3BE3AHOTO IaTYHKa
SIBIISIETCSl IPOBEJCHNE MCIIBITAHUM Ul OLIEHKU KadecTBa pabOThl 3BE3AHOTO AaT4MKa
W ycTpaHeHHIo morpemHocteil. CleayromuM He MEHee BaKHBIM STalloM SBISETCS
0TpabOTKa 3BE3AHOTO JaTYMKa B YCIOBUSIX KOCMOCA WIIH TONyYeHHE JIETHOH UCTOPHH.
OnHUM M3 BO3MOXKHBIX BapHAHTOB SIBIISIETCS MCIOJNB30BaHME 3BE3IHOIO IaT4HKa B
KauecTBe MOJIE3HON HArpy3KH Ha MUKPOCIYTHHKE. [lorpeHocTh OpueHTalMi MHOTUX
COBPEMEHHBIX 3BE3HBIX AATUYUKOB OMPEAEISIETCS CHCTEMAaTHYECKMMH OLIHMOKAMH.
B pabore (Maksim Tuchin etal., 2013) paccmarpuBaeTcs BIMSHHE CIyYaiHBIX H
Pa3NUYHBIX CUCTEMATHYECKUX OUIMOOK JAaTYMKOB HA TOUHOCTh OPUEHTALMH 3BE3IHBIX
natankoB. OOCYKIAroTCs pe3yibTaThl MOAETHPOBAHMS OCHOBHBIX CHUCTEMAaTHYECKUX
omKOOK, MpeXkae BCero, 00yCIOBICHHBIX HEJOOLEHKOH HEOTHOPOIHOCTH TEMHOBOTO
Toka. [IpenokeHsl MeTobl y4éTa OCHOBHBIX CUCTEMATUYECKUX OLIMOOK M CHUXKEHHS
WX BIUSHHA Ha TOYHOCTh OpHEHTALMU 3BE3AHBIX JaryukoB. B crarbe (Gian
Paolo Candini etal., 2012) omnucaHbl OCHOBHBIE XapaKTEPUCTHKH pa3pabOTaHHOU
CHCTEMBI U pe3ylbTaThl UCHBITAaHUH. B paboTe ommchiBaeTCS MUHHATIOpHAs CHCTEMa
yOpaBlieHHsT OpUEHTaLUel, MOAXOAsAlas Ul HAaHOCIYTHUKOB, pa3paboTaHHas
HCKJTIOYHUTENIFHO C HCIOJIb30BAHUEM KOMMEPYECKHX KOMIIOHEHTOB. CHcTeMa MOXKET
paboTaTh Kak CHCTeMa MaHEBPHUPOBAHUS B PEabHOM BPEMEHH, BBITIOJIHSST KOMaHIbI,
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nepenaBaeMble ¢ 3eMJIM, WJIM KaKk aBTOHOMHAs CHCTeMa YIPaBJCHUS OpPHEHTAIHEH,
nojyyJarouias JaHHbIE O COCTOSHUM COJIHEYHOH OaTaper OT CIIyTHHUKA-XO03iMHA H
adeMepuIbl CIIyTHUKA, IIepeAaBacMble ¢ Ha3eMHOW CTaHIUH.

B crarbe (KnebanoB u np., 2017) paccMarpuBaeTcsi METOAMKA KOMIICHCAUH abep-
paumii BOTHOBOTO ()pOHTa B TeNECKOIE KOCMHUYECKOTO armnapara. B cooTBeTcTBUM C
npeasaraeMoil METOAMKON CHauasa BBIMOJIHAETCS pacyeT (PYHKLIUH pacCesHHs TOUKH
JUIsL TMana3oHa mapaMeTpoB TEMIIEPATYPHOTO TOJISl M TIOJIOKEHUH 3epKall. 3aTeM BhIOH-
paercsi Hanbosee OIM3KOE K M3MEPEHHOMY pacyeTHOE 3HayeHre (PyHKIMU paccesHust
TOYKH, KOTOPOE NPUHUMAETCS 38 UCXOAHOE JUIS MPOLEIYPhl ONTHMU3ALUH, B COOTBET-
CTBHHU C KOTOPOH ompesessieTcsi Habop napameTpoB, HauOosIee TOYHO ampoOKCHMUPY-
IOLIMX U3MEPEHHYIO QYHKIMIO paccesiHus Touku. B padote (Bo Sun et al., 2025) npen-
CTaBJICH METOJ] KOPPEKLUH HU3KOYACTOTHBIX OIIMOOK B 3BE3/IHBIX JaTYHKAX MyTEM BbI-
SIBJICHUS] U KOMITEHCALIUU U3MEHEHUI BO BHYTPEHHHX DJIEMEHTAX OPUEHTALIMH JaTYHKa.
B nccnenoBannyu UCTonb3yeTCs alrOPUTM HAaUMEHBIINX KBaIpaToOB ¢ (PUKCHPOBAHHOM
MaMsITHIO U YAyYIIeHHBIH KyOaTypHbIi ¢punsTp KanMana ¢ KBaapaTHBIM KOPHEM LTS pe-
LICHUS TaKUX POOIIeM, Kak pacXokIeHHE QUIBTPOB M KOBapHalys OIIKOOK ¢ Heompe-
JIeTICHHOM MOJIOKUTEIbHON BETMYMHOM. B KOHEYHOM cueTe 9TOT MOAXO HallpaBjeH Ha
MOBBIILICHHE TOYHOCTU U HAJIS)KHOCTH U3MEPEHUH 3BE3JHBIX JaTYUKOB 33 CUET yMEHb-
LICHUS] HU3KOYaCTOTHBIX OIIMOOK, BEI3BAHHBIX TAKUMH (PaKTOpaMH, KaK TePMOYIpyras
nedopmarus.

BaxxapiMacriekToMpaOoThI3BE3AHBIX JaTYUKOBIBIIICTCSI MX KannOpoBKka. Kannoposka
MO3BOJISIET YCTPAHUTh CHUCTEMAaTHUYECKUE OMIMOKH, KOTOPbIE MOTYT BO3HHKATh H3-3a
HECOBEPIICHCTBA ONTHUKHU, XapaKTEPUCTUK CEHCOPOB M ApYyrux ¢axropos. KannbOposka
BKJTIOUaeT B ce0s KaK cTaTHYEeCKHe MPOLEAYpPbl, TaK U JUHAMHUUECKUE TECThI, KOTOPhIE
MIPOBOAATCSI B PA3IMUHBIX yClIoBUsX. COBpEeMEHHBIE 3BE3IHBIC AaTYUKH MOTYT OBITH
OCHAIIIEHBI CIIELMAIbHBIMHU CUCTEMAaMH [T aBTOMAaTHY€CKOM KaTMOPOBKH, YTO TO3BOJISIET
3HAUUTEIBHO YIPOCTHUTH MPOLECC UX HACTPOHKHM M MOBBICUTH HAaJIe)KHOCTH paboThl. B
cratbe (Wenfeng Tan, etal., 2018) mpeanaraercs KOMIUIEKCHBIH METOA KaaluOpPOBKU
WHTETPUPOBAHHON CHCTEMBI 3BE3ITHOTO JaTYMKa M THPOCKOMUYECKUX OJOKOB C TOUKH
3peHHMs INI00aLHOHN epcreKTUBLIL. MIHTerpanus 3BE31HOT0 TaTYMKa K THPOCKOITUYECKUX
0JI0KOB IMO3BOJISIET B MOJIHOW MEpEe MCIOJIb30BATh MPEUMYILECTBA KaXXI0T0 U3 HUX U
o0ecreunBaTh HENPEPHIBHYIO W TOYHYIO MH(OpMALHUI0 00 OPUEHTAIMH C BBICOKON
yactoToi ooHoBNeHus. B cratbe (Hao Zhang et al., 2017) npennaraercst HOBbIH METOA
KaJUOPOBKHU JIsi OpPOMTANbHBIX 3BE3MHBIX JATYMKOB 0€3 anmpHOpHOW HH(OpMAaLnH.
Pesynbrarsl MOIEIMPOBAHUS U SKCIIEPUMEHTOB MOKa3bIBAIOT, YTO KaIHOpOBKa MPOCTa
B OKCIUTyaTallu, OTIMYAETCs BBHICOKOH TOYHOCTBIO M HaleXHOCThIO. [Ipeanaraemprii
MeToJl 00JaaeT MpPEeUMyIIeCTBAMH CaMOMHUIIMAU3AMN 1 He TpeOyeT ompeeeHus
OpHMEHTAIMU WU MPEIYCTaHOBICHHBIX TApaMEeTPOB JaTYHKA.

Pesyabrarpl u 00cy:xaeHusi. CoBpeMeHHBIC 3BE3IHBIC JaTUMKU CTAJKHBAIOTCS C
PSIOM OTpaHUYEHUM, CBSI3aHHBIX C MAacCod, radapuTaMu M YCTOMYMBOCTBHIO K BHEII-
HUM BO3JEHCTBUSM, YTO OKa3bIBAET CYIIECTBEHHOE BIHMSIHUE HA TOYHOCTH ONpPEIeIICHHS
nojoxkeHus 3B€31. CyIleCTBYIOIIUE METOJBI MOBBIIIEHNST TOYHOCTH, HECMOTPS Ha UX
3¢ PEeKTUBHOCTH, HE BCETa MO3BOJISIOT OAHOBPEMEHHO MHHUMH3HPOBATh ONTHYECKHE
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abeppaiuu 1 00eCreYnTh KOMIAKTHOCTh U HaJI&KHOCTh CUCTEMbI. B CBs3M ¢ 3THM B
paboTe MpeUIoKeH KOMILIEKCHBIA METO]| MCCIICIOBAHMSI, HAIPABJICHHBIA HA ONTHMH3a-
LU0 ONITUYECKON KOHCTPYKIIUU M AJITOPUTMOB 00pa0OTKU CUTHAJIOB C IIEJIBIO TIOBBIIIIC-
HUS TOYHOCTH PabOTHI 3BE3HOTO IaTUHKA.

[Ipemnaraemplii METOJ] OCHOBAH Ha HMCIIOJIb30BAHUH ac(EPUUCCKUX JIMH3, TIO3BOJIS-
IOIUX COKPATUTh KOJMUYECTBO ONTHYECKUX IJIEMEHTOB 0€3 CHMKCHUS KayeCTBa H30-
OpaXeHUs1, a TAKXKEe Ha BHEJIPCHUU aJalTUBHBIX ONTUYESCKUX 3JIEMEHTOB, KOMIICHCH-
pyromux abeppaiuu u TepMudeckue aepopmanuu. s KOIMYeCTBEHHON OIICHKH (-
(hbeKTUBHOCTH METO/Ia pa3padaThiBacTCsS MaTeMaTHYeCKas MOJICNIb ONITUYECKON CHCTe-
MBI 3BE3THOTO JaT4MKa, BKIIOYArOIas yuét abeppaiuii, (OTOHHOrO U 3JIEKTPOHHOTO
IIYMOB, JIUCKPETH3AIMH U300paXKeHUs: U 0COOEHHOCTEH aJrOpUTMOB IIEHTPOUIUPOBA-
Husl. Ha e€ ocHOBE ITPOBOUTCS pACUET MOTPELIHOCTEN U3MEPEHHUS TIOJIOKEHUS 3BE3N U
orpenessieTcs ONTUMaIbHass KOH(DUTYpaIysl 3IIEMEHTOB CUCTEMBI.

Meroauka uccie10BaHMs BKIIOYAET MMOCIEI0BAaTENBHOCTD AEMCTBUI: MOAEINPOBA-
HUE ONTUYECKON CHCTEMbI, aHAIIN3 BIUSHUS a0eppaiuii U IIyMOB HA TOYHOCTh, BHE-
JIpEHUE aJaNTUBHBIX U KOPPEKTUPYIOLIUX DJIEMEHTOB, a TAKXKE OLIEHKA TOYHOCTHBIX
XapaKTEPUCTUK C MOCIEAYIOIUM CPAaBHUTEIIBHBIM aHAJIM30M C CYLIECTBYIOLIMMHU MO~
xonamu. [IprMeHeHue nmpeiokeHHOT0 METO/Ia MO3BOJISET JOCTUYh CHUKCHUS OLTHOOK
OTIPENICIICHUS TTOJIOKEHUS 3BE3]1, YMEHBIIICHUSI MaCChl U TA0APUTOB CUCTEMBbI, MTOBBIIIIE-
HUS YCTOMYMBOCTH K BHCITHUM BO3JICHCTBHSM U TEMIIEPATyPHBIM KOJICOAHHSIM, a TAKIKE
00ecreunBacT BO3MOXKHOCTh MHTETPALMU B COBPEMEHHBIC KOCMUYECKHUE allaparhl C
JKECTKMMHU OTPAHUYEHUSMH 110 ITapaMeTpaMm.

H3znoscenue pesynvmamos. 3BE3IHBIN JaTYUK — 3TO ONTHUYECKOE YCTPOUCTBO,
KOTOpPOE omnpezenseT opueHTanuo KA oTHOCUTEIbHO HAITPABICHUE 3B€3/1 B TOTYUYEHHOM
M300paKeHUU Ha MIPHUEMHUKE ONTHYECKOTO U3IYyUYCHHUsI 3BE3IHOTO JIaTUUKa.

3BE3IHBIIM JAaTYUK C TOUYHOCTHIO MeHee 1" momamaer B pa3psii BBICOKOTOUHBIX
3BE3/IHBIX JIATYMKOB. bolbIioe 3HaYeHHE MMEeT pa3paboTKa CBEPXTOYHBIX 3BE3JIHBIX
JIATYUKOB JIJIS 32124 HAONFOJICHHS 3eMJTH U aCTPOHOMHUYECKHUX HAOIIOICHUH ¢ BHICOKUM
pa3pelIeHUEM.

3peannnit naTumk
Iporpassio-
OnroMexannyeckan . porpa
Biok aekTpoHuKEn MATEMATHHECKOE
YACTE -
obecneuenme
Onrudeckan L | Momyis MaremaTHieckoe
CHCTeMA ACTCKTOPAa UGL“.'!II:‘U.'I“IC
CKTPONHLI .
boprosoe
Mexannueckan MOAYIE
P TIPOTPAMMHOE
KOHCTPYKUNA COPADOTEN -
obecnevcnne
HHEOpMATIT
Brena —

Puc. 1 - CocraB 3Be3qHOTO JaTUYMKa
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s obecrieueHus: MakCHMajbHO BBICOKMX XapaKTEPHCTHUK 3BE3JHOTO JaTduka
TpeOoBaHus (GOPMHUPYIOTCS HCXOMS M3 HEOOXOAMMOCTH OJHOBPEMEHHO 00ECIICYUTh
JNETCKTHPOBAaHUE 3Be37bl, UACHTU(DUKALMIO €€ OJecka W OMNpeIelieHUEe YIIIOBOIO
MOJIOKEHUS ¢ MAKCUMAJIbHOM TOUHOCTBIO.

Jemexnop 113
D o [?ﬁeadm /ramma
me = U > 00, 9, 4 4/

Onmuseckas
cucmema biox 3nekmponuky

JBesduoe wedo brexda

Puc.
2 - [IpuHimn paboThl 3BE3IHOTO JaT4HKa

Ontruyeckuil TPAKT CHCTEMBI OTpENeNsIeTcs] e€ TeOMETPUICCKHMHU MapaMeTpamMHu:
(DOKYCHBIM DPacCTOSIHMEM, JHAMETPOM arepTypbl W JUIMHOH BOJIHBI CBeTa. ODTH
napameTphl BIUSIOT HA CBETOCUITY U Pa3peliarolyto ClIOCOOHOCTh CUCTEMBI.

JudpakiMOHHBIH TpeJen IMOKa3blBaeT TEOPETUYECKYIO TPAaHHUIY pa3pelieHHs
onTHYeCKo# cuctembl. OH paccuuThiBaeTcs 1mo dpopmyie (1):

9—1221 1
= 1225 (1)

rae A— AJHMHA BOJIHBL, D — nuamerp aneprypsl.

VYmioBoe paspelieHHe — MHHUMAJIbHBIA Yroi, IMOJ KOTOPBIM CHCTEMa MOMKET
pa3nuuuth ABa oObekTa. OHO oOIpenemnsiercs 4epe3 pa3Mep NHKcens U (OKyCHOe
paccrosiHue.

[one 3penust (FOV) — obnactb, Habar0gaeMasi CUCTEMOM, 3aBUCUT OT Pa3MEpOB
ceHcopa 1 (POKYCHOTO PACCTOSIHUSI.

Onrtnueckue uckaxeHus: (00YKoOOpa3HOE MCKa)KEHUE, KOMa) — 3TO OTKIOHEHHS
n300paXeHUs OT UACATBHOTO U3-3a HECOBEPILICHCTBA CUCTEMBI.

Monynsunonnas nepeaada kourpacta (MTF) xapakrepusyer ciocOOHOCTb CUCTEMBI
nepeaBaTbh KOHTPACT Ha Pa3JIMUHBIX MPOCTPAHCTBEHHBIX YaCTOTAaX.

Oynkuus paccesnust Touku (PSF) — pacnpenenenne MHTEHCHBHOCTH CBETa OT
TOYEUHOTO HCTOYHMKA, OTPaKaroIlee pa3peliaonlyo ClioCOOHOCTb CUCTEMBI.

Jnisi BBIMOJHEHUWS TOCTABJICHHBIX 3a/ad HCIONB30Bajach MpOrpaMMHasi cpena
MATLAB. bbuiy BBIIIONHEHBI CIEAYIOIINE STAIbI:

1. Pacuyét ocCHOBHBIX TapaMeTPOB ONTHUECKOTO TPaKTa (OTHOCHTENBHOE OTBEPCTHUE,
I paKMOHHBIA pee).

2. OmnpeneneHue yriIoBOTO pa3pelleHns U MOl 3pEHHsT CHCTEMBI.
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3. MogenupoBaHue reOMEeTPUIECKUX UCKKEHHUH (00YKOOOpa3HBIX U KOMBI).

4. Tloctpoenue rpaduxoB MTF u PSF nis orieHKH KauyecTBa CUCTEMBI.

Pesynomamot pacuémoe ¢ komanonom okue. OtHOcutenbHOe orBepctue (F/#):
10: OtHomienue (OKYCHOTO PacCTOSHHSA K AWAMETPY amnepTyphl, yKa3bIBalollee Ha
CBETOCUITY CUCTEMBI.

— Judpaxuuonnslii npeaen: 2.7681 ymi. cex: MakCUMaJIbHO JOCTHKUMAs YIoBast
paspeniaromias CiocoOOHOCTh ONTUYECKOH CHCTEMBI.

— YroBoe paspemenue Ha nukcenb: 0.99007 yri. cek: CriocoOHOCTh pa3nnuyaTh
MUHHMAaJIbHBIC I€TAIN B H300payKeHUHU TIPH 3aJaHHOM Pa3Mepe IMHKCEs.

— Tlone 3penms: 4.1235 x 2.7497 rpamycoB: Yrom HpOCTpaHCTBA, KOTOPBIN
OXBaTBIBACT CHCTEMa HAOMIOCHHS.

Command Window

OTHOCMTeNnbHoe oTeepcTHe (F/#): 10

IMppaxiMOHHEE npenen: 2.768B1 yrn. cekr
¥rnoroe paspemleHMe Ha OMEcens: 0.9900
None speuma: 4.1235 = 2.7497 rpanyconr
Pacu&rr SaseplisHE. OnTHUYSCKasg CHCTEeMa HaCTpoeHa.

-

Puc. 3 - Pesynbrarsl pacuéron

Mooenuposanue onmuueckux uckaxcerutl. Vicxonnoe nzo0paxxeHre MOACTUPYETCS
B BHJe [ayccoBoro msaTHa, KOTOPOE MPEICTaBIsIeT COOOW WAeaIbHBIH OOBEKT
HaOIOICHUSI C PABHOMEPHOM SIPKOCTBIO M CHMMETPHYHON HHTEHCUBHOCTBIO 10 TICHTPY.
Taxoe n300pakeHNE CIYKHUT 3TAJTOHOM JUIS ONEHKH BIMSHUAS ONTHYECKUX MCKaKEHUH
Ha (opMHUpPOBaHNE N300PAKEHUS B CUCTEME 3BE3HOTO JIaTYHKa.

Hckaxénnoe n3o0pakeHUe IeMOHCTPHUPYET 3PPEeKT 00UK000Pa3HOrO MCKAKEHUS,
TP KOTOPOM ITPOUCXOTUT PacTsKEHHE KPaeBhIX 001acTeil n300paskeHsI OTHOCHTEIHHO
neHTpa. B maHHOM MojenupoBaHuM 00YKOOOpa3HOE HCKKEHHE ¢ KOAPPHUIIMEHTOM
-0.5 BBI3BaJO 3aMETHOE HWCKPHUBIEHHE H300paXeHHA MO KpasM, YTO XapaKTepHO
JUIS TIHPOKOYTOJBHBIX ONTHYECKUX CHCTeM. [IOMHMMO BHU3yajabHOTO HCKPHUBIEHUS,
00uk000pa3HOE HCKAKEHHE TPUBOIUT K H3MEHEHHUIO YITIOBOTO pa3Mepa 00bEKTOB, 4TO
MOKET CHWKaTh TOYHOCTH OTIPENEICHUS TOJMOKEHNS 3BE3A M IEHTPOUAOB CBETHI Ha
(hoTonmpuEMHOM YCTpOICTBE.

st KOMMYeCTBEHHOW OICHKM BIUSHHUS WCKOKEHUH Ha KaueCTBO H300paKEHUS
JIOTIONTHUTENFHO MOCTPOeHBI (yHKIMHU pactpenenenus Touku (PSF) u moxynsaimonnas
niepenava kouTpacta (MTF). Ananus PSF noka3siBaeT pa3sMbIBaHHE KPACBhIX yUIaCTKOB
MSITHA W YBEJIIMYEHUE pa3Mepa Toukd, a rpaduku MTF neMoHCTpHpYIOT CHUKEHHE
KOHTPACTHOHN Nepefayr Ha BBICOKUX MPOCTPAHCTBEHHBIX HYACTOTAaX. IJTO ITO3BOJIIET
BBISIBUTh KPUTHYECKHE O0JACTH, TJI€ MCKKEHHS HanOoJiee 3HAUYUMBI, ¥ OINPEJCITUTh
HEOOXOMMOCTh MPHMEHEHUSI KOPPEKTUPYIOIIUX DIIEMEHTOB ONTHYECKOW CHCTEMBI,
TaKHUX Kak acepuyecKre JIMH3bI TN aJallTHBHbIE SII€MEHTHI.
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WcxoaHoe n3o6pakenue VIcKk KEHHOE M306parkeHne

Puc. 4 - UckaxxéHnHoe n3o0paxeHue

Abeppayuu. Koma nposBIsieTCsl KaK BBITSHYThIE CBETOBBIE IIATHA Ha N300paKeHUH,
yXy[umasi TOYHOCTh mepenadn aetaneid. Koma c kospduumenrom 0.3 mpuBena K
BBITSDKCHHIO CBETOBBIX IIATEH, 0COOCHHO 3aMETHOMY Ha nepud)epun n300parkeHUsI.

Vicxo atoe nsobparenune W306pakeHne ¢ KOMoW

Puc. 5 — M3o6paxkenune ¢ KoMOi

Dyuxyus paccesnus mouxu (psf). M3o0pakeHHe IEHTPAIBHOTO MaKCUMyMa
MTOKa3bIBAET, YTO CHCTEMA CTIOCOOHA (POKYCHPOBATH CBET C MUHUMAJIHHBIM PaCcCEsTHUEM,
COXpaHssl BBICOKYIO Pa3pelIarollyio CIioCOOHOCTh. lleHTpanbHbI AuQpaKkInOHHBII
MaKCUMYM y3KHH, 9TO IMTOITBEPIKAAET BEICOKYIO PAa3pPEIIAFOIILy IO CTIOCOOHOCTH CHCTEMBI.
JudpaknrnoHHbIE KOJIBIIA CIA0bl, YTO MUHIMH3HPYET TOTEPH CBETA U UCKAKEHUSI.

B xome ganHoN paboTHI ObLTA MMpOBEIeHA OIleHKa A (HDEKTHBHOCTH pabOTHI IIEICBOM
anmaparypbl KOCMHYECKOTO ammapara. Ha ocHOBe cMofenmupoBaHHBIX JaHHBIX OBLITO
BBITIOTHEHO:

1) Ouenka pa3penieHns CHCTEMBI, KOTOpasi ToKa3aia MHHIMAaJIbHOE pa3penieHre Ha
ypoBHe (.20 rpaycos.

2) Ananm3 o0beMa TaHHBIX 32 OJMH KaJp U 00IIero oobema nepeaaBaeMbIX TaHHBIX
3a CeKyH]y, KOTOPBII BBISIBIII TIPEBHIIICHUE ITPOITYCKHOW CITIOCOOHOCTH CHCTEMBI.

3) Ouenka 3¢ppexTuBHOCTH pabOTHI CHCTEMBI, KOTOpas cocTaBmia Bcero 3.90%.

Ha ocHOBaHMM TIONY4YEeHHBIX pE3yJAbTaTOB OBUIO BBISBICHO, YTO IPOITyCKHAs
CIIOCOOHOCTH CUCTEMBI HEJIOCTATOYHA JIS ITepelady BCeX TAaHHBIX C 3a/IaHHOM YacTOTOH
CHEMKH H yTJIOM 0030pa.
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st moBbimeHus 3()(HEeKTHBHOCTH 1I€TIEBOH ammapaTypbl IPEIIOKEHbI CIIEAYIOIIUe
pEeKOMEHIaluu:

1) YMeHBIIUTh YacTOTYy CBEMKH WM Pa3pelIeHue CUCTEMBI JAJIsl COKpAIlEHHS
o0beMa nepeiaBaeMbIX TaHHBIX.

2) PaccMOTpeTh BO3BMOXXHOCTH YBEIMYEHHUS! MPOIMYCKHOW CIIOCOOHOCTH Mepenadu
JaHHBIX, YTO MO3BOJIUT COXPAHAThH BBHICOKOE KaYECTBO ChEMKH U IE€TAIU3UPOBAHHOCTh
JaHHBIX.

Puc. 6 — dyHkuus paccesHusS TOUKU

B xome paboTsI mpoBeaeHa KOMIUIEKCHAs OIeHKa 3((HEKTHBHOCTH paOOTHI IIEIeBOM
anmaparypbl KOCMAYECKOTO ariapara Ha OCHOBE CMOJIETMPOBAHHBIX JaHHBIX. AHAIN3
MOKa3aJl, YTO MUHUMAJIbHOE pa3pelieHue cucteMmbl coctapiser 0,20 rpaaycoB, 4To
COOTBETCTBYET 3asiBIEHHBIM TPEOOBaHMSM K TOYHOCTH OTPENCICHHUS ITOJOKEHUS
00bexToB. OTHOBpEMEHHO MPOBENEHHBIN aHAIN3 00BEMA TaHHBIX BBISIBHJI IIPEBhIIICHUE
MIPOITYCKHON CITOCOOHOCTH CHUCTEMBI, YTO OTPAaHUYMBAET BO3MOKHOCTh MEpEIadr BCeX
JMAHHBIX C 33/JIaHHOW YacTOTOW CHEMKH W YoM o030pa. DddexTnBHOCTH pabOTHI
CHCTEMBI B TeKyIlell koHpurypaunu cocraBuia scero 3,90%, 4to CBUICTEIbCTBYET O
HEOOXOAMMOCTH ONTHUMH3AIHH e€ TTapaMeTpPOB.

[IpoBenérHoe MoOAENMUpOBaHWE ONTHYECKOW CHUCTEMBl 3BE3MHOTO  JaTdhKa
MTO3BOJIMIIO KOMILJIEKCHO OIEHUTHh BJIHMSHHE OCHOBHBIX ITapPaMETPOB ONTHYECKOTO
TpaKTa Ha TOYHOCTH OTIPe/IeTICHHS OPUSHTAIINN KOCMHYECKHX anmnaparoB. [lomydeHHbIe
JAaHHBIE TTOATBEPIKIAIOT, YTO YIIIOBOE pa3pelieHe 1 T0JIe 3PEHUS CUCTEMBI SBIISIOTCS
KITFOYEBBIMH  XapaKTePUCTHKAMH, OTPEACTSIONMMH  KadecTBO  (POPMHUPOBaHUS
3BE3THOTO HM300paXCHWST W TOYHOCTh BBIYMCICHWN TMOJIOKEHUs amnmnapara. AHajau3
TEOMETPUIECKUX abeppalmmii, BKIOUas 00YKOOOpa3HbIe W KOMa, MOKa3all, 4To JaKe
HE3HAYNTENbHbIE WCKAKEHUS TPUBOIAT K CMEIICHHIO IEHTPOB CBETOBBIX IATEH Ha
(hoTrommpu€mMHOI MaTpuIle, YTO HEMOCPEICTBEHHO CKa3hIBAETCS HA TOUHOCTH U3MEPEHUH.

[loctpoennsie rpadukn MTF u PSF obecneumnm KoNMWYeCTBEHHYIO OILEHKY
BIUSTHHSI ONITHYECKUX MCKXCHUN W ITyMOB (DOTONPUEMHOTO YCTPOICTBA HA KAY€CTBO
n300pakeHus1. Pe3yasTaTsl BRIIBUIIH, YTO TUCKPETU3ANNS H300paKSHUS ¥ OTpaHUIeHHAS
MIPOITyCKHAasi CIOCOOHOCTH KaHaa Iiepeiadyn TaHHBIX MOTYT CYIIIECTBEHHO OTPaHUYHBATh
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3 PEKTUBHOCTh CHCTEMBI, AK€ NPU ONTHMAaJIbHBIX ONTHYECKUX XaPAKTEPHUCTHKAX.
310 mOAUYEpKUBAET HEOOXOOMMOCTh KOMIUIEKCHOTO MOAXOAa K IPOSKTHPOBAHHIO,
YUUTHIBAIOLIETO KaK ONTHYECKHUE, TaK U (P POBbIE KOMIIOHEHTHI 00paOOTKH CUrHAA.

IIpenyiosxkeHHbIE Mephl IO IOBBILIEHUIO TOYHOCTH, BKIKOUYAs HCIOJIb30BaHUE
acepruuecKuX W aJanTUBHBIX ONTHYECKHX OJIEMEHTOB, NPUMEHEHHE JETKUX U
YCTOMYUBBIX KOHCTPYKTUBHBIX MATE€PHAJIOB, ONTHUMM3ALUI0 YaCTOThl CBEMKH U
paspelieHus] CHCTeMbl, HalpaBlieHbl HAa MHUHUMM3ALMUIO abeppauuii ¥ MOBBILICHHUE
oMexoycToiunBocT. VX peanusanus mo3BOIUT CHU3UTH MAccy U TabapHuThl AaT4HKa,
YBEIMUYUTH NPOIYCKHYIO CIIOCOOHOCTh KaHalla mepeaadyn MHGOpMalul U 00ecreunTh
cTaOMIbHOE (PYHKIIMOHUPOBAHKE B YCIOBHSIX KOCMHYECKOH IKCIITyaTaliH.

Takum o0Opa3om, pe3yibTaThl MOJAEIUPOBAHMS IONTBEPKIAIOT 3HAYMMOCTD
CUCTEMHOI0 IOAX0/a K MPOEKTUPOBAHUIO OITUYECKON CHUCTEMBI 3BE3HOTO JaT4yuKa U
JEMOHCTPHPYIOT BO3MOKHOCTH €€ ONTHMHU3ALMH AJIs1 00€CIIeYeHHUS BBICOKOH TOYHOCTH
1 HaJEKHOCTU ONIPECIICHHs] OPUEHTALIMU KOCMUYECKHUX alllaparos.

BruiBoa. B paMkax BbIONHEHHOH pabOThl MPOBEACHO MOJECTUPOBAHUE ONTHYECKOM
CHCTEMBI 3BE3THOTO JaTUMKa C [eNbl0 00eCTIedeHUs] BEICOKOM TOUHOCTH OIpeeIeHuUs
OpUEHTAllUd KOCMUYECKHMX almaparoB. bbuIM paccyuTaHbl OCHOBHBIE IapaMeTpbl
OINITHYECKOTO TPAKTa, BKIIIOYAsi OTHOCUTEIBHOE OTBEPCTUE U AM(DPAKIIMOHHBINA Npeae,
BBIIIOJIHEHO OIPENEIICHUE YIIIOBOIO Pa3pelleHUst U IOJIs 3PEHUST CUCTEMBI, a4 TaKKe
MIPOBEJICHO MOJEINPOBAHNE TEOMETPHUECKUX abeppaunii, Takux Kak 004kooOpa3HbIe
n koma. JlomomautensHo moctpoensl rpadpuku MTF u PSF mis onenkn kauectBa
n300paKeHUs M aHalM3a BIMSIHUS ONTHYECKUX UCKaKEHUI HAa TOYHOCTH U3MEPEHHI.

Ha ocHoBaHum pe3ynbTaroB MOIECIUPOBAHUS BBISABICHBI KIIOYEBbIe (DaKTOPBI,
BIMAIOLIME HAa TOYHOCTH OMNpeIeNieHHs MOJIOKEHHs 3BE3], BKIIOUas abeppanuu
ONTHUYECKOM CHCTEMBI, IIyMbl (OTOMPUEMHOIO YCTPOMCTBA M JUCKPETH3ALMIO
n3o0paxenus. Ouenka’phekTHBHOCTH pabOThI CUCTEMBI TOKa3aJ1a, 4TO CYLIECTBYOIIHE
napameTpsl TpeOyIOT ONTUMH3ALNH IS TOCTHKESHHUSI HEOOXOIUMOTO YPOBHS TOYHOCTH
U palMOHaILHOTO UCTIOJIB30BAHUS MPOITYCKHOM CIIOCOOHOCTH Mepeaadn TaHHbIX.

[IpeasnoxeHb MEPHI MO MOBBIILIEHUIO TOYHOCTH U 3P HEeKTUBHOCTH pabOoThI 3BE3THOTO
JaT4yrKa, BKIJIIOYAs MCIIOJb30BAaHHE acPEepUuecKuX U aJalTUBHBIX ONTHYECKUX
JJIEMEHTOB, IIPUMEHEHUE JIETKUX U YCTOMYUBBIX KOHCTPYKTHBHBIX MAaTEpHUAJIOB,
ONTHUMM3ALUI0 YACTOTBl CbEMKH U pa3pElICHUs CUCTEMbI, a TAaKXKe YBEIUYCHHE
MIPOIYCKHOH CIIOCOOHOCTH KaHaa nepenady nHpopmanun. Peanuzamnust 5THX HOAX0I0B
MO3BOJIUT O0ECNEUNTh HAAEKHOE U TOYHOE ONpEACICHUE OPUEHTALUU KOCMHUYECKUX
anmnapaToB, YMEHBIIUTh MacCy U Ta0apUThI CHCTEMBI U TIOBBICUTH €€ dKCIUTyaTallHOHHbIE
XapaKTEPUCTUKH B YCIOBHUSIX KOCMUYECKON HKCILTyaTal[Uu.
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Abstract. The paper presents the results of research on the process of forming copper
and nickel electroplated coatings on a polypropylene substrate using an innovative
method of photochemical surface activation. The scientific novelty of the research lies
in the development of a comprehensive approach that combines preliminary chemical
modification of the polymer surface with the subsequent formation of an electrically
conductive nanocomposite sublayer based on a copper-silver system. A key element of
the developed technology is an original activation stage, which consists of treating the
surface with a CuCl, solution, leading to the formation of associated catalytic centres
containing CuCl phases and partially reduced metallic copper. These centres serve as
the basis for the deposition of a thin sorption film from solutions of silver nitrate and
ascorbic acid, which is subsequently subjected to photochemical reduction under the
action of visible radiation (flux density 700—1100 W/m?). As a result, a continuous,
highly adhesive and electrically conductive layer is formed within 15—20 minutes. It
has been experimentally confirmed that the resulting conductive sublayer provides high
adhesion to the polymer matrix and allows uniform, non-porous electroplated copper and
nickel coatings to be obtained. The practical significance of the work lies in the creation
of a resource-efficient and scalable technology for the metallisation of chemically inert
polyolefins, which opens up prospects for its application in high-tech industries such
as the electronics industry (production of flexible printed circuits, shielding coatings),
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automotive industry (creation of wear-resistant and decorative elements) and production
of functional composite materials.
Keywords: polymer metallization, electroplating, silver, copper, nickel
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AHHOTanusl. Makanaga HWHHOBALVSUIBIK (QOTOXUMHSJIBIK OCTTIK OeJceHmaipy
ofiici apKbLIbl MOJHUIPONMICH CyOCTpaThIHIA MBIC TIEH HHUKENb 3JIEKTPOIUTHKAIIBIK
KanTaMmajiapblH ally MPOLECiHiH 3epTTey HOTHXKENepi YChIHBIIFAH. 3epTTEYdiH FhUIBIMH
YKaHAJIBIFbI — MOJTMMEp OCTIH aJ/IbIH ajla XUMHSUTBIK-MEXaHUKAJIbIK MOAU(DUKAHSIIAYIbI
YKOHE KEWIHT1 MBIC-KYMIC >KYHeciHe HeTi3[eNreH 2JIEKTP OTKI3Till HAaHOKOMITO3UTTIK
Kabar Ty3ymi OipiKTIpeTiH KelIeH i Tocuial a3ipiaeyae. JaMbITbUIFaH TEXHOJOTUSHBIH
Heri3ri anemenTi — 6etTi CuCl, epiTiHaiciMeH eHACYICH TypaThIH OacTanKel OeJICEHIIPY
ke3eHi, o CuCl ¢asamapbl MeH >kapThUlall OTKI3Till METAJUIIBIK MBIC KaMTHUTBIH
OalimaHBICKaH KaTaJIMTHKAJBIK OPTAJBIKTApAbIH TY3iTyiHe okenenai. byn oprambikrap
KYMiC HUTpaTbl MEH acCKOPOWH KBIIIKBUIBI ePITIHIIEPIHEH KYKa COPOLMSIIBIK Kadar
TY3UTyiHIH Heri3iH Kypa#asl, o ThIFbI3AbIFEl 700—1100 BT1/M? xapblK coyleHiH
ocepiHeH (POTOXUMHSIIBIK peakiysiFa yisipaiasl. XKyka copOnmsibK Kabar coyaeHiH
THIMII eHyiH KamTamachi3 ereni sisHn CuCl/Cu Oencenai opTanbIKTapblHIA KYMICTIH
(DOTOXUMUSIIBIK TOTBIKCBHI3ZAHY JKOHE aCKOPOMH KBIIIKBUIBIHBIH KO3IBIPBUIFaH KYWIe
OTyl HOTHMXKECIHJIE XUMUSIIBIK TOTHIKChI3MaHybl. HoTikecinae 15-20 MuHYT immiHze
Y3HIKCi3, )KOFaphl aAre3usiFa ue MEKTpP OTKI3rim KabaT Ty3ineai. JKCIepuMEHTTIK TypAe
pacranraHzai, aJbplHFAH OTKI3TII KadaT MoIMMep MaTpHLAChiHA JKOFaphbl aAre3UsTHbI
KaMTaMachl3 €Till, MbIC TE€H HHUKeNbAiH OIpKeNKi, TajdbBaHUKAIBIK KalTaMaJapblH
anyra MyMKiHAiK Oepeni. JKyMBICTBIH NMPaKTUKANBIK MaHBI3bl — XUMUSUIBIK OeiiTapar
nonuonepUHICpAl MeTaJUllayFa apHallfaH Pecypc YHEMIl >KoHe MaciuTaOTasaTbiH
TEXHOJIOTUSIHBI 93ipiey, OyJl »JeKTpoHuKa (MKeMIi OachulFaH cxemamap, dKpaHiay
KabarTapAbl OHIIpy) aBTOMOOWIb ©HEpKaciOl (To3yra TO3IMIi JKOHE JEKOpPaTHBTI
ANIEMEHTTEP Kacay) *KoHe (YHKIMOHAJAbI KOMIIO3UTTI MaTepuaniap eHIipici CHIKTHI
YKOFapbl TEXHOJIOTUSUIIBIK cajlaapia KoJAaHyFa MyMKIHIIK Oepei.
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AHHoTanmusa. B pabore mpencTaBieHbl pe3yiabTaThl HCCIEIOBAaHUS MpoIecca
(hopMupoBaHHS TaTbBAaHMYECKHX TMOKPBITHA MEIW W HUKEIS Ha TMOUIOKKE W3
MTOJUTIPOTIFIIEHA C HWCIOJh30BAHWEM WHHOBAIIMOHHOTO MeTona (OTOXMMHYECKON
aKTUBAIMH TTOBEPXHOCTH. HaydHas HOBU3HA HCCIIEIOBaHMS 3aKITI0UAETCs B pa3paboTKe
KOMITJIEKCHOTO TIOJIX0/Ia, COYETAIOIIETO NPEABAPUTENFHYI0 XUMHKO-MEXaHHIECKYIO
MOMUGUKAIIIO TTOJTUMEPHON TIOBEPXHOCTH C TIOCIEAYIOMHMM (OPMHPOBAHUEM
AIIEKTPOIIPOBOJISAIIETO HAHOKOMIIO3HUTHOTO TIOACION Ha OCHOBE CHCTEMBI MEIb—
cepebpo. KiroueBBIM 2I€MEHTOM TEXHOJOTHH SIBISIETCS OPUTHHAIBHBIA  dTal
aKTHUBAIlMH, 3aKIIOYAIONIHiicss B 00paboTke moBepxHOCTH pactBopoMm CuClll, dro
MIPUBOAUT K OOPa30BaHUIO KATAIUTUYECKH AaKTUBHBIX IEHTPOB, COAEpKamnx (asbl
CuCl m 9acTHYHO BOCCTAHOBIIEHHYIO METAINIMYECKYI0 Melb. DTH IEHTPHI CITy)KaT
OCHOBOW [IJI1 OCAXICHHS TOHKOH COpPOITMOHHOW IUIEHKH W3 PAcTBOPOB HHUTpara
cepedpa U acCKOPOMHOBOM KHCIIOTHI, KOTOpasl Jjanee moaBepraercs (OTOXUMHIECKOMY
BOCCTaHOBJICHHIO TI0J] BO3IEHCTBHEM BHIMMOTO U3Iy4eHHs (TUIOTHOCTH moToka 700—
1100 Bt/m?). HeGompmas TonmuHa TUIEHKH 00ecIiedurnBaeT NTyOOKOe MPOHUKHOBEHHE
M3ITy4eHUs 1 THUIIAAPYET COMPSKEHHBIE MTPOIECCHI: (POTOXMMHYECKOE BOCCTAHOBICHNE
cepebpa Ha neaTpax CuCl/Cu u XuMHYeCKOe BOCCTAHOBJICHUE B 00bEME TUIEHKH 3a CUET
repexo/ia ackopOMHOBOM KHCIIOTHI B BO30YKIEHHOE COCTOsTHHE. B pe3ynbrare B TeueHne
15-20 munyT (DopMHUpYETCS CIIIONTHONH BBICOKOAATE3WOHHBIN 3JIEKTPOIPOBOISIINI
CIOH. DKCHEPUMEHTAJIbHO MOATBEPKIEHO, YTO IOJXYYEHHBIH  MPOBOISIINI
MTOJICJION O0ecTeYrBaeT BBICOKYIO aAre3dWi0 K TIOJIMMEPHOW MAaTpuIile M IT03BOJISIET
[OJTy4aTh paBHOMEpHBIE, OECITOPUCTHIE TaIbBAHMYECKNE TOKPBITUS MEIU M HUKEIS.
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[IpakTrueckas 3HAYUMOCTh pa0OTHI 3aKIIFOYACTCS B pa3paboTke pecypcodPPeKTHBHON
Y MacmTabupyeMor TEXHOIOTHH METAILTH3AI[MH XUMUYECKUA MHEPTHBIX MTOJTHOIC(PHHOB,
OTKPBIBAIOIICH TMEPCIEKTUBBl MPUMEHEHUS B BBICOKOTEXHOJIOTHYHBIX OTPACISIX:
AJIEKTPOHHOW  MPOMBINUICHHOCTA (TMOKUE T[€YaTHBIE CXEMbI, OSKpPaHUPYOIINE
MOKPBITHSI); aBTOMOOWMJIECTPOCHUM (JICKOPATUBHBIE U W3HOCOCTOHKHE DIIEMEHTHI);
MIPOU3BOICTBE (PYHKIIMOHAIBLHBIX KOMITO3UTOB.

KuroueBble ci10Ba: MeTauIM3alys oJMMepa, rajJbBOHOTIOKPBITHS, Cepedpo, Melib,
HUKEJb

Qunancuposanue: Jlannoe uccredosanue Quuancupyemcs Komumemom Hayxku
Munucmepcmea nayku u evicueco obpasosanusn Pecnybnuxu Kazaxcman, epanm
No AP25793971 «Paspabomka MHO2OCIOUHBIX MEMALIUSUPOSAHHBIX NOKPLIMULL
Ha noaumepax O CO30AHUSL 3AUWUMHLIX OKPAHOG pPA3IUYHO20 HA3HAYEHUS Om
NEKMPOMASHUMHBIX UBTYUCHULLY.

Beenenue. Ilomunponuien, Oyny4d YHUBEPCAIBHBIM TEPMOIUIACTOM, IIHPOKO
MIPUMEHSIETCS] B MPOMBILUIEHHOCTH Oyiarofapsi OiaronpusiTHOMY COYETaHUIO (U3UKO-
MEXaHHYECKHX CBOMCTB M TEXHOJIOTMYHOCTH MepepadoTKu. OJHAKO €ro UCIIOIb30BaHIE
B pslie TEXHUYECKHX O0JacTeil orpaHn4YMBaeTCs MPUCYLUIMMU HEJOCTATKaMHU: HHU3KOH
YAAPHOH BSI3KOCTBIO, TOBBIIIEHHOH XPYIKOCTBIO NPH HHU3KUX TeMIIEpaTypax H
3HAUUTENbHON ycankod mpu QpopmoBaHUH. DPGEKTUBHBIM METOAOM MOIU(HUKALNH,
MO3BOJISIIOLIMM TPEONOJETh STH OTPAaHHYCHHS, SBIISIETCS HAHECEHHE METaNTUYeCKUuX
NOKpeITHH. B pesynbrare (QopMHUpYIOTCS KOMIO3WUTHBIE CHCTEMBI, COUYCTAIOLIHE
MpenMylIecTBa MOJMMEPHON OCHOBBI (Mayasi MIOTHOCTb, KOPPO3HOHHASI CTOWKOCTB,
9KOHOMHSI METalljIa) U METaJUIMYEeCKOrO CIIosl, KOTOPhIi 00ecreYrBaeT MOBBILICHHYIO
HN3HOCOCTOHKOCTD, TEPMOCTA0OMIBHOCTh, XMMHUYECKYIO PE3UCTEHTHOCTD, YAYUILICHHbIE
TAaKTHJIbHBIE W JI€KOPAaTHBHBIE XapaKTEePUCTUKU (MeTayundeckuid Oneck). Takum
00pa3zoM, MeTau3alys NOJIUIIPONHIICHa TO3BOJISIET CO3/1aTh KOHKYPEHTOCIIOCOOHBIE
Marepuanbl, pacmmpsiomue (yHKIMOHAIBHBIE TPaHHULBl NPUMEHEHHS JIaHHOTO
MOJMMEpa B BBICOKOTEXHOIOTHYHBIX oTpaciisix (Mehdizadeh, et al., 2018).

BaxHbIM  IpeMMylIecTBOM  METaNIM3UPOBAHHBIX  JeTajeld  SBIsSETCS — UX
ANEKTPONPOBOJHOCTb. B CBsI3M ¢ 3TUM pa3paboTaHbl M LIMPOKOE NPUMEHEHHE
HMeeT MeTaTu3alus MOJIMMEPHBIX MaTepUaioB MPH WU3TOTOBICHHS NMEYaTHBIX ILIAT
(I1IT), aBTOMOOMJIBHBIX KOMIIOHEHTOB M B CPEICTBAaX HANpaBICHHBIX Ha 3alIUTYy OT
anekrpoMarauTHeix nomex (EMI) (Melentiev, et al., 2022). Ceromnsi pa3paboTaHbl
LEJIBIHA PsIl METOJOB HAHECEHHUS] METAJNTMUECKUX MJICHOK Ha MOJMMEPHbIE MaTepHabl.
B nanHble Bpemsi CylIecTBYeT TPH OCHOBHBIX METOAA METaUTU3alM{ IOJIMMEPOB:
¢duznueckoe ocaxaeHune u3 naposoii gpasel (PVD), xumuueckoe ocaxneHne u3 napoBoi,
ra3oBoii nin xxuakor dasel (CVD) u xumuueckas 37eKTPOIUTHYECKAsT METaTU3aLHs
(XOM). CpaBHHUTENBHBIH aHATU3 ATUX TPEX OCHOBHBIX METOAOB METaJUTU3ANN
MOJMMEPOB MPEACTABICH B Tadmuue 1.
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Ta6n1/1ua 1- CpaBHHTeJ’[BHLIfI aHaJIn3 OCHOBHBLIX METOAOB METAJIJIM3allUU TOJIMMEPOB

IMapamerp PVD (®usuueckoe CVD (Xumnueckoe Xumnyeckas
OCaKJeHHe U3 IAPOBOIl | OcaskieHHe U3 NApOBOii | (31eKTPOIMTHYeCKas
¢dasbl ( Mai, et al., 2004) ) | ¢pa3sl (Mai, et al., 2005)) | (Pan, 2004))
MeTaAJIH3AIUs
Temneparypa Huskas — cpennsis (B Bricokas (mo 1000 °C u | Huzkas (komHaTHAs —
mpoiecca 3aBHCHUMOCTH OT METOZIa | BBIIIE) 90 °C)
HarpeBa)
HeobxomumocTth OO0s13ateneH (BakyyMHas | 3aBUCHT OT BapHaHTa He tpebyercs
BaKyyma Kamepa) (uHorza Tpebyercsi, HO He
BCer/a)
Ob6opynoBanue CnoxHoe u CpenHell CI0KHOCTU [pocroe maboparopHOe
JOPOTOCTOSAIIEE (BBICOKOTEMIIEPATypPHEIE | HJIM TIPOMBIIIIIEHHOE
PEaKTOpHI) obopynoBaHne
PaBHOMEpHOCTH Cpennss (3aBUCUT Bricokas (mpu TouHOM Bricokas (maxe Ha
TIOKPBITUS OT TEOMETPUH U KOHTPOJIE TAPAMETPOB) | CTIOKHBIX T€OMETPHSIX)
PaCIIONOKEHHS)
[Ipumenenue Ha OrpaHu4eHo OrpaHH4eHO (BBICOKAs [upoxo mpuMeHUMO,
TomMepax (TepMOUYYBCTBUTEIBHOCTE | TEMIIEpATypa pa3pymiaeT |0CoOeHHO Ui
MOJINMEPOB) TIOJIUMEPBI) JIMIIEKTPUKOB
Tommuua mokpeiTust | ToHKHE MOKPHITHS (OT Ot ToHKHX /10 cpeaHuX | OT TOHKHX IO TONCTBIX
HECKOJIbKIX HAHOMETPOB | CIIOEB (JIeTKO KOHTPOIHPYETCST)
IO MHKPOHOB)
DHepro3arparsl Bricokue (anexTponHble | Boicokue (Harpes, Huskue
MYIIKH, HATPEB, BAKyyM) | pPEaKTOpbI)
Tun peakuuii Ousnueckoe ocakaeHne | XuMmudeckue ra3odasnsle | XMMHUECKoe
peakuu BOCCTAHOBJICHHE B
pacTtBope
Karanmusaropsr / He tpebyrorcst Yacto HE TpeOyroTcs TpeOyercs
ANMEKTPONPOBOTHOCTH TIpe/iBapUTeIbHAS
AKTUBAIHS TIOBEPXHOCTH
Coepsl mpumenenust | OnTrka, MEKpPOJIEKTPO- | MUKPODJIEKTPOHHKA, ABTOMOOMIIECTPOCHUE,
HHKa, QaHTUKOPPO3UITHBIE | TEIUIO3AIUTA, QHTUKOP- | YJIEKTPOHHUKA, OBITOBAs
HOKPBITHS PO3UIHBIC TOKPBITHS TEXHUKA

Kax Bugno m3 Tabmuimel, Hambonee A(PGEKTHBHBIM M YacTO HCIOIB3YEMBIM B
MIPOMBIIIUIEHHOCTH METO/IOM SIBIISIETCS XUMHKO-3JIEKTPOIUTHISCKUN MeTaJUTH3aIlns.
JlaHHBII1 MTpoLIeCC BKIOYAET HECKOJIBKO 3TAIOB:

— TIOJITOTOBKA IMOBEPXHOCTH IJIACTMACCHI, BKIIOYAIOMINNA B Ce0I MEXaHHUYECKYIO
00paboTKy, O00C3KUpHUBAHWE, TPEATPABICHUE, TpaBICHHUE, VIaBIUBAHUE |
00e3BpekMBaHNE PacTBOPA TPABICHUS, IIPOMEKYTOYHBIE IPOMBIBKH;

— aKTHBAIMS IOBEPXHOCTH IJIACTMAcCa IyTeM CO3/IaHUs KaTalTMTHUECKHUX IIEHTPOB,
00ecreunBaloNNX HHAIIMHPOBAHNE PEaKIINi XUMHUIECKOTO BOCCTAHOBIICHUS METAINIA;

— XHUMHYECKOE OCaXICHHEe TOHKOro cjosg Metamia (o0sraHO 0,3-0,8 MKM)
MIPHUIAIOIIETO TIOBEPXHOCTH TUIACTMACCa dJIEKTPONPOBOAHOCTH, JOCTATOYHYIO ISt
MTOCJIEAYIOIETO HAHECEHUS SIEKTPOXUMIYECKHUX TIOKPBITHH;

— TaJbBAaHMYECKOE OCAXK/IEHHS OCHOBHOTO METAJUTMYECKOTO MIOKPBITHS TPpeOyeMoit
TOJIIIAHBI.
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IIpu sTOoM KIIIOYEBOH SIBISETCS] CTAausl CO3JAaHUE DIIEKTPOIPOBOTHOTO IOMACIOA,
10 KOTOPOMY U OYZIET MPOUCXOJUTDH IEKTPOOCAKICHHE OCHOBHOTO MeTaiuia [Aminul
Islam, et al 2017]. O6GbIYHO CIOCOO CO3MAHUS MOCION ABISCTCS IIIABHBIM OTIUYHEM
BCEX M3BECTHBIX TEXHOJIOTMM MeTayuiM3alui MoauMepoB. B Hacrosiiee Bpemst
SKOJIOTUYECKUM acleKT MMEeeT BaKHOE 3HAYCHHUE, U MPOLECC XUMUUYECKOrO MEAHECHHUS
MPU3HAH HKOJOTHYECKU BPEIHBIM M MOTCHIIMAIBHO OMACHBIM ISl 3JI0POBbs Y€JIOBEKa
(Scarazzato, et al, 2017).

OCHOBHBIE TPOOJIEMBI, CBSI3aHHBIE C HCIOJIB30BAHUEM IMPOIECCa XUMUYECKOTO
METHCHUSI:

— JlnuTenpHOE BpeMs MOATOTOBKU 3arOTOBOK B MPOIECCE XUMHUYECKOTO MEAHECHHUS
(oxo1no 2 yacos);

— Bricokuii ypoBeHb 3K0I0THYeCcKOro yiiepoa;

— HeoOxonumocTh IOCTOSIHHOM paboThI ¢ (hOpMaTHHOM;

— Hcnonp3oBaHue KayCTUUECKOU COMBI U MOATOTOBKA KayCTUYECKOTO KOHIICHTPATA;

— IlepekaunBaHue pacTBOpa U HATUYKME BCIIOMOTAaTEIbHON EMKOCTH;

— HeoOxonumocTs 100aBieHNs CTaOMIIN3aTOPOB B BAHHY;

— HecTaOmiibHOCTh MEIHSIIIIETO PACTBOPA;

— 3HaYUTEIbHBIA 00bEM aHAIMTUYECKHUX TPOLICIYP;

— Yacras He0OXOIMMOCTh KOPPEKTUPOBKH IpoIiiecca.

COBpEMEHHBII PHIHOK TEYATHBIX TUIAT TPEOyeT BICOKOKAYECTBEHHOU MPOMYKIUH,
YTO MPE/IONAraeT UCIOJIb30BaHIE HOBBIX TEXHOJOTHI M COBPEMEHHOTO 000PYIOBaHHUSI.
OnHo#l W3 HaumOoyiee JOCTYMHBIX ajJbTEPHATHUB 3aMEHE MpoIlecca XUMHUYECKOTO
MEIHCHUSl SIBISICTCSI TEXHOJOTHS, KOTOpas YCIEUIHO BBITECHSET TPATUIIMOHHBIC
METO/Ibl XUMUYECKOTO METAJNTU3UPOBaHUs, — TpsiMas MeTajutu3anus. B TexHonorun
raJIbBAHUYECKOTO MOKPBITHS TOJIMMEPOB TEPMHUH «IIpsiMas METAJLTU3AIUsD) O3HAYaeT
MPOLIECC HAHECEHUs TalbBAaHMUYECKOTO TIOKPBITHS Ha IOJUMEpPHBIC Marephalibl 0e3
CTaJ11 BOCCTAHOBIICHUS MEIN U HUKEJIS.

s obecnieuenus anexTpudeckoi nposoaumoctu (Dupenne, 2020), HeoOxoaumoit
JUTST TOCTIEAYIOIIETO TaIbBAHUUECKOTO OCaXKIEHUA Meau Ha cTeHku orBepctuit 111,
MIPUMEHSIIOTCS clienyronye npoueccel (Augustyn et al, 2017):

* C UCIIOJIb30BAHUEM MAJIIAAUEBO-0JIOBIHHOTO aKTUBATOPA C MOJUOKCUITHICHOM;

* C HUCIIOJIb30BAHUEM MAJIIaAUEBO-OJIOBIHHOTO aKTUBATOPA C BAHUIMHOM;

* Ha OCHOBE MPeo0pa30BaHus MaJIa(us B CYab(U MaIas;

* TexHojorust Neopact, HCIONB3yIOIIas CBOOOJHBIM OT OJIOBa TNa/UIaJuil B
KOJUTOUTHOM (popme.

OTarpymnmna MeTOI0B MPSMOM MEeTAITN3alliY Pa3BUBAIACH KaK YCOBEPILICHCTBOBAHUE
TEXHOJIOTUU C XHUMHYSCKMM MeAHeHueM. Kaxnuplii Texmporecc obnamaer
OTIPEJCICHHBIMU JOCTOMHCTBAMU U HeJocTaTkaMu. Ho B CBOIO ouepenlb, 3TH METOJbI
OTKPBUIM MYTh K MOUCKY BO3MOKHOCTH CO3JAHUSI 3JCKTPONPOBOISIIMX MOKPHITHH,
NPEALIECTBYIONIUX TajJbBAaHUYCCKOMY MEIHEHUIO, HA OCHOBE HHBIX MAaTepUalioB
— MEHEe XHMMHUYECKU aKTHBHBIX, YeM MaJUTaJUii, U TPH STOM Ooyiee JOCTYIMHBIX
[0 CTOMMOCTH U MPOCTOTE TMOJIy4YeHHUs. B YacTHOCTH, CEJIEKTUBHOE HAHECCHUE
AJIEKTPOIIPOBOIHOTO TIOJIMMEPHOTO MIOKPBITHUS IPUBJICKAET BCE OOJIbIIIEEe BHUMAHUE KaK
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peanpHas anbTepHAaTUBA XUMHUYECKOMY MeAHeHuto. [IpenmyinecTta 3Toro metoga —
BBICOKAS TPOU3BOJUTEIBHOCTD U HAJCKHOCTh, XOPOIIIasi COBMECTUMOCTD C PA3THUHBIMU
TUMAMHU JIAMUHATOB, MaJlo€ KOJMYECTBO CTAJUM W HUZKUA YpOBEHb BO3IEHCTBUS
Ha OKpYXKalomiyro cpeny. MHTepecHpIM acmeKToM, KOTOPBIA 3aciyKHBAaeT 0CO00To
BHUMAaHUS, SBISAETCS BO3MOXXHOCTh MOIM(UKAIUN W3BECTHBIX TallbBAHUYECKHX
MOKPBITHA C MPUMEHEHHEM (OTOXMMHUYECKUX IPOIECCOB, YTO JaeT BO3MOXKHOCTh
3 PEKTUBHOTO pelIeHHs YKa3aHHBIX MTPOOIeM.

Hnst  pemennss 0003HaYeHHOW MpOOJEMbI  aBTOpaMu  pa3padoTaH  METOJ
HU3KOTEMITEPATYPHOTO TPSMOTO HaHECEHUS AIEKTPONPOBOIAIIEH cepeOpsIHOI TIEHKN
Ha monunponwieH. KiroueBoi cramueit sBisercs (OpMHUPOBAHHE COPOITMOHHOTO
AKTUBAIIMOHHOTO CJIOS TIOCPEICTBOM HMMEPCHOHHON 00padOTKH B pacTBOpax HUTpaTa
cepedpa u ackopbuHoBo# kucnotsl (Serikbayeva, et al., 2023).

Metoauka. Hayuynsie uccienoBaHusi MPOBOAUIUCH HA MOJIMMEPHBIX IIACTHHAX
13 TIOJIUIMPONHIICHA C pa3MepaMu 2¢M X S5ScM u ToamuHON 3Mm. s HamIsImHOTO
HaOTIONEHNs 32 XOJOM XHMHUYECKHUX W (DOTOXMMHYECKHX IPOIECCOB IMPEANOYTEHNE
OTJABaJOCh IOJMMEpPAM C CBETIbIMU OTTEHKaMH. Bce HCnoib3yeMble pearcHThbI
OBUTH aHAJTMTHYECKOW YUCTOTHI M COOTBETCTBOBANIM Kiaccudukarmu "X.4". CocTaBbl
pacTBOpPOB U TMOCJEIOBATEIbHOCTh ONEpaldii MpU METAUIU3ALUU  IOJIUMEPOB
MPEJICTABJICHBI B TAOHIIC 2.

Ta6JII/IHa 2- HpOHCCCI)I 1 COCTaBbI paCTBOPOB, UCIIOJIB3YEMBIX B IIpOLECCaX METAJUIM3allUU ITOJIMMEPOB

ITpouece CocTaB pacTBOpOB
Ob6ezxupuBaHne Na,PO,- 201/, Na,CO, — 20r/1.
Tpasnenne K,Cr,0, — 6,5%, H,SO, —93,5%
Heiirpanuzanus NaOH 10r/n
AxXTHBaLUs CuCL, 100r/n
[onydenue AgNO, 20r/n
SIIEKTPOTIPOBOAHOTO CIIOS C, H,0,40r/n
lanpBanMueckas 1)CuSO, -7 H,0 - 50r/m;
MeTaJlJTU3aLHs H,SO, - 50r/m;
C,H,OH.-50r/m.
2) NiSO, -125r/n
NiCl, — 25 r/m;
H,BO,— 25 r/m;
HOOCH-CH,-CH,-COOH — 10 r/m.

HcxonHasi moBepXHOCTh MojuMepa TuApodoOHa MOITOMY HEOOXOIUMO MPOBECTH
MPEJIBAPUTEIIBHYI0 XUMHUECKYI0 OOpabOTKYy MOBEPXHOCTU C IICJbIO MPHUAAHUS e
rHIPOQUIBLHBIX cBOMCTB. [Iporiecc 00paboTku mommMepa HaYMHAETCS C UCTIONb30BaHUEM
LIETIOYHOTO 00E3KUpUBATEIIS, 32 KOTOPBIM CIeyeT THIaTebHOE MPOMBIBAHHE BOIOMH.
[Tocne 3TOTO CIEAYIOMINM IIAroM SBIsieTCs 00paboTKa MIIaCTUKA TPABUTENIEM.

[IponykTel, oOpasyrolnuecs TMpU MPEIBAPUTEIBHON 00pabOTKe IMOJIMMEPOB,
aHanm3upoBain MetogoM MK-cnekrpockomnum.

I[J'IH HCCICA0BaHUA BO3I[CI710TBH$1 DJICKTPOMATrHUTHBIX BOJIH CBETOBOI'O U3JTYUYCHUS B
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paboTe NCHONIb30BAINCH KaK COMHEYHOE H3IIyUeHHE, TaK U U3Ty4eHUE UCKYCCTBEHHOTO
OCBEILEHHs OT n1eKkTposamil. [I10THOCTE MOTOKA N3MYUYeHHs U3MepsUTach IPU OMOIIH
CHEIMAITLHOTO U3MepHTest COMHeUHOTO m3mydeHuss SM 206-SOLAR u, B 00JIbIIMHCTBE
ciydaes, coctasisiia ot 800 no 1100 Br/m?.

AHanu3 CTPyKTYpBbl U COCTaBa MTOJYyYEHHBIX IUNIEHOK TPOBOJMIICA C UCTIOJIB30BAaHUEM
pacTpoBOro 3EKTPOHHOTO MUKpockomna ISM-6490-LV.

Jnst ompeneneHus: SIEKTPOIPOBOAHOCTH OOPa30BaHHBIX IUICHOK HPUMEHSIICS
TecTep i uaMepenus: conporusineHuss DT-830B. Axaresust cepeOpsHBIX MOKPBITHHA
K TOJMMEPHOH OCHOBE IMPOBEPsUIaCh C MOMOLIBIO OOBIYHOIO CKOTYa. Pe3ynbTarsl
YKa3aHHBIX TECTOB OBUIM BAKHBIMU MJISl JajbHEHINEro M3yueHHs BIHMSHUS HOHOB
MeTajljla Ha MOBEPXHOCTh IJIaCTHKA.

CBolicTBa TaJbBaHMYECKHX MOKPBITUH MEAM W HHUKEISd H3ydaldd METOAO0M
pentreHodazoBoro aHanmza

Pesyabrarel m o0cy:kaenusi. B pesynbrare mpoBeAE€HHONM IpeaBapUTENbHOMN
00paboOTKH TIOJIMMEPHBIX 00pa3loB, BKIIOYABIIEH MEXaHMYECKOE BO3ACHCTBHE U
XMMUYECKOe TpaBJIeHHE, Ha HMX IOBEPXHOCTH (opmupoBajics MOAU(UIMPOBAHHBIHN
cioii. CortacHo nuteparypHbiM qaHHbIM (Gornukhina, 20006), naHHBIH CIOH CONEPKUT
(yHKIMOHAJIBHBIE TPYIIIbI, TAKUE KaK THAPOKCHIbHBIE, KAPOOHMIIbHBIE U aIbACTH/IHBIC,
CBSI3aHHBIE C YACTUIAMU TOJIMMEPHOI MaTpuibl. CHOpMUPOBaHHBIE TOBEPXHOCTH ObLIN
nccnenosansl Mmerogamu MK-cnexrpockonuu. Ha pucynkax 1 u 2 npeacrasiens MK-
CHEKTPBI HCXOAHOH U MOIU(PHUIMPOBAHHON MOTUMEPHON TOATIOKKHA COOTBETCTBEHHO.

f + t f f + t t i t t t + t t t +
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
IR Prestige 21 (ATR Miracle) 1/cm

Pucynok 1 - UK-ciexTp 06pasiia HCXOAHOTO TOIHITPOIHICHA

8 00 3400 3200 3000 2800 2600 2400 2200 2000 1800 16
IR Prestige 21 (ATR Miracle 1/cm

Pucynok 2 - UK-criekrp 06paboTaHHOI MOIMMEPHOH MOIOKKH
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HK-cniekTpockonus HMCXOAHOTO mojurpornwieHa (puc. 1) BbIsIBUIA
HaJIMYMe XapaKTepHBIX MOJIOC: BAaJIEHTHBIX Konebanuit cszeit C—H (2357 cm
"), a Taxoke aedopmanoHHbIX Konebanuil csazeit C—H B muiockoctu (663 cm
") u BHe mockocTH (879 cm!), uto coorBercTByeT rpynmnam —CH,— u =C-H
cootBeTcTBeHHO (Tapacesuy, 2012).

Anamuz UK-cnektpoB (puc. 2) mo3BOIMI UACHTU(DUIMPOBATH KIIOUEBBIE
CTpyKTypHbIe 31eMeHThl. [lormomenue B oOmactsax 3059,10 cm!, 2850,79
cm!' u 2920,23 cm!' cOOTBETCTBYET BajJeHTHBIM KojeOaHusM cBsizeit C—H B
MeTuneHoBbIX (—CH,—) u metmnbHbix (—~CH;) rpynmax, XapakTepHBIM st
MOJIMIIPOIIMIIEHOBOTO cKeneTa. Hamuuue IuMpokol IOJIOCH! IOMIOIIEHHS B
nuana3zone 1450,47 — 1365,60 cM™ MOXET CBHAETENbCTBOBATH O MPUCYTCTBUU
¢parmenToB ¢ rupokciibHbIMU rpyrinamu (—OH). Curnasnst B oonactu 1068,56
— 1026,13 cm' uHTEpHpPeTUPYIOTCS KaK BaJIeHTHbIE KoJeOaHUs CBsA3eH
C—O B mpocThIX 3UPHBIX WK CIOXKHOI(UPHBIX (parMeHTax (Hampumep,
=C-0-C), a He BUHWJIBHOM TpyNIbl, Ui KOTOPOW Oojiee XapaKTepHbl WHbIE
yacTtoThl. [lormomenus npu 964,41 cm™, 752,24 cm™ u 694,37 cm! oTHOCSATCS
K JedopManvoHHbIM Konebanusim cBsizeit C—H u, BeposTHO, oTpaxkaroT
pEryJasipHOCTb  (CTEPEOPETYISIPHOCTh)  MAKpPOMOJIEKYISIPHOM  CTPYKTYpPBI
ucxogHoro mnonumepa. CpaBHutTenbHbIM aHanu3 MK-cnekTpoB HMCX0mHOTO
U TIOABEPTrHYTOro 0O0pabOTKe MOJUMPONUICHAa OJHO3HAYHO TMOATBEPKIAAET
XMMUYECKYI0 MOJM(UKALNI0 NMOBEpXHOCTU. Kpurepuem ciyX HUT MNOsBICHHE
HOBBIX TOJIOC MOIVIOIIEHUS, XapaKTepHbIX s KapooHMIbHBIX (>C=0, ~1700-
1750 em™) u ruapokennbHbIX (—OH, ~3200-3600 cm™) pyHKIMOHATBHBIX TPYTIII,
YTO YKa3bIBA€T HA MPOIIECCHI OKUCIICHUS B XO/I€ IPEABAPUTEIbHON 00pabOTKH.

Ha mnoBepxHocTH monuMepa 3a CY€T HAKOIJIGHHUS KapOOHMIIbHBIX,
THJIPOKCHIIBHBIX M KapOOKCHJIBHBIX TPYIMI, OTHOCSIIUXCS K albJeTruiam,
KETOHaM U KHUCJIOTaM, (OPMHUPYIOTCS pa3zivyHble (YHKIUOHAIbHbIE I'PYIIIHI,
MIPUAOLIME TTOBEPXHOCTH CMAYMBAEMOCTb.

[locne akTMBaLMK MOBEPXHOCTH MOJMIIPONUIIEHA C MIOMOIIBIO CMAauUBAHUSA
B pacTBOope aumOpoMuaa Meau c¢ KoHuneHtpamueid 100 r/m m BozneicTBus
COJIHEYHOTO M3JIy4€HHUs, Ha MOBEPXHOCTH OOpa3yeTcs IUIEHKa, coiepiKalias
MOHOOpPOMHUJI MM U 3JIEeMEHTHYI0 Menb. [lomyueHHasl MieHKa OTIMYaeTcs
XOpOIIUM CIEIJICHHEM C OCHOBOM, Onarofgapss (pOpMHUPOBAHHIO ACCOLMATOB C
NPONYKTaMU TPABJIECHUS Ha MOBepxHOcTH. OOpa3zoBaHHE MOHOOpOMHUIA MeIu
U DJEMEHTHOW MeIu B IpoLiecce TPABJICHUS MOJUIIPONHIEHA MOXET OBbITh
IIPEJICTABICHO YPaBHEHUSAMH, BKIIIOYAIOIIMMH COEIUHEHUS AJIbJETUIHOW WIH
KETOHHOM rpymisl, Takue kak RcCHO.

R CHO +2CuBr,+ H,O =R COOH + 2CuBr + 2HBr 1
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R CHO +CuBr+ H,0 = R COOH + Cu + HBr )

HaneceHnue TOKONPOBOISIIETO CIIOS IPOBOIMIIOCH 0 3aIIaTCHTUPOBAHHOMY paHee
cniocoOy (IlarenT Ha M3o6perenue PK Ne 36399). ITocne mpoMBIBKH 1 CYIIKH 00pasiia,
IIPOBOAMJIOCH CMAuMBAHUE BOIHBIM PAcTBOPOM, COIEpXKAllUM HHUTparT cepedpa B
muarazoHe koHneHTtpanuu 20-40 /7, ackopOwHOBas kucioTa B jauamazone 50-100
r/n. Ilpy 5TOM Ha TIOBEPXHOCTH TUIACTHHBI OCTaBajCsl COPOIMOHHBIA CIIOW STOTO
pactBopa. B nanpHelneM IIacTHHY IOABEPraid BO3JIECHUCTBHUIO 3JIEKTPOMArHUTHBIX
BOJIH BHJIUMOI'O CIIEKTPa COJIHEYHOI'0 M3JIyueHHs. B pesynbrare Takoro BO3AEHCTBUS
MpoTeKaeT (HoToXuMHUIEcKast peaKius 3.

2AgNO+ CH,0, “SAg +C,H,0,+2HNO, (3)

Ho xpome 3Toi peakiiny MOKET POTEKaTh U YMCTO XUMHUYECKas peakuusd 4. OtoMmy
CIIOCOOCTBYET JIOBOJILHO BBICOKAsI KOHIICHTPALUS aCKOPOMHOBOW KUCIIOTHI.

2AgNO,+ C,H,0,—Ag +C H 0 +2HNO, (4)

Taxum o6pa3om, 3(peKTrBHBIE KOHIIEHTpAMKA HUTpaTa cepedpa u acKopOMHOBOI
KHCIIOTHI 00eCeunBaloT o0pazoBaHHME CIIOs cepebpa ¢ XapakTepHBIMH (U3HUKO-
XMMHYECKHIMH CBOWCTBAMHM METAJUIMYECKOro cepedpa, BKIIOYas AIEKTPOHHYIO
MIPOBOJIMMOCTb.

[TomyuyeHHast 2MEKTPONIPOBOAHAS IUICHKAa cepedpa MO3BOJSET TIajlbBAaHHYECKUM
METOZIOM HApACTHUTh CJIOW MPAKTUYECKH JIF000T0 MeTalIa 10 TpeOyeMOi TOIIIUHEL

B nanHOit pabore TPOBOAMIOCH IJIEKTPOOCAKAECHHE Meau Ha o0pasmax
MOJMIIPONMIICHA T'aJIbBAHOCTATHUECKUM MeTonoM. Anre3us oueHusaercst B 100% u
MOJKET OBITh pe3ynbTaroM cBsi3u Menu ¢ aapom Ag/ITI1. COM-mukpodoTorpaduu (puc.
3) TOKa3bIBAIOT, YTO pa3Mep 3epHa MEIHOI IUICHKH YBEINYUBAJICS NPU MOBBIIICHUN
BPEMEHH IeKTpoan3a. [Ipr 5ToM MeIHOE MOKPBITHE CTAHOBHUTCS KOMIAKTHBIM, XOPOILIO
pacTEeKaoIUMCS 110 TOBEPXHOCTH.
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[NonHaa wkana 3282 knn. Kypcop: 0.000 [ila)]
B r

PucyHOK 3 — XapakTepHUCTHKH MEIHOTO MOKPBITHSL, MTONYYEHHOTO rajJbBaHHYECKHM METOJIOM:!
a — o0mwuit Bu moBepxHOCTH NOKPBITHA (X100); 6 — MHKpOCTpYyKTypa morepednoro cedenus (x100);
B — Mopdonorust mosepxHoctH (x1000); © — pe3yabTaThl aHaIn3a HIEMEHTHOTO COCTaBa.

Ag/TIIT Ge3 Kakux-TMOO TPEIIMH W BHIMMOM T'€OMETPUHM KPHCTAIJIOB MEIH Ha
Mukpodortorpapusx COM. MeaHoe NOKpBITHE, MOMYYEHHOE B TeyeHHE 15 MuH,
XapaKkTepu3yeTcsl IOOYIIpHOH CTPYKTypoil. OTa MOp¢oJorus MokasblBacT, YTO Ha
nepBoM 3tane (GopMupyercsi MeaHoe ocaxaeHue no ¢gopme Ag. bonee mnurensHoe
BpeMsI DIIEKTPOJIM3a BIMSET HA TEKCTYPY, KOTOpasi U3MEHSETCS Ha KOMITAKTHBIE 3epHa
KyOudeckoi popMbI C reOMeTpHel KpUCTauIorpaduu Meau.

[IpouHOCTB Ha OTPBIB MEXK Ty raJIbBAHMYECKMM MEAHBIM CII0EM H ITOTTOKKOH SIBIISICTCS
Ba)KHBIM ITOKa3aTeNieM IS OLIEHKH BO3MOYKHOCTH TEepeaadr dIEKTPOHHOTO curHaia. B
3TOil paboTe MeaHOe TOKPBITHE MOCe HAHECEHUsI Ha MOUIOKKY OBUIO MCIIBITAaHO Ha
LaparnaHue ¢ TOMOLIBIO CKOTYa. TecT CKoTYa MPOBOAMIIN HaJl CBEKETIPUTOTOBICHHBIMH
obpazuamu (Hamill, et al., 2018). MeaHoe OKpbITHE ¢ MAPKUPOBKOW pe3a 0Ka3aaoch
MPOYHBIM MOf OBICTPO OTClamBarolielicss JeHTod (puc. 4a). B coorBercTBUUM CO
cragnaprom (ISO2409-1992) menHoe MOKphITHE BOOOIE HE OTPHIBAIOCH (puc. 40),
JEMOHCTPHPYsI IPEBOCXOIHYIO aAre3HI0 Uil TpeOyeMoro mpuMeHEHHSI.

a 0

PucyHok 4 — Pe3ysbraThl HCIIBITAHUS aJITe3UH TAJIbBAHWYECKOTO MEJHOTO TTOKPBITHS METOIOM
peréTyaThbiX HaJPe30B C UCIOJIb30BAaHUEM KIICHKOM JICHTBI: @ — OLIEHKa OOBIYHOTO MEHOTO TIOKPBITHS;
0 — OLIeHKa MEIHOTO MOKPBITHSI, IPOBEIEHHAsE B COOTBETCTBUH co ctanaaptom ISO 2409-1992.

l'anmpBanmueckoe ToOKpeITHE Ni Ha momiokkax [III Toke wcCIemoBaIoCh.
OnexrpoocaxaeHre Ni u3 MPOMBIITUIEHHOW BaHHBI, YIIOMSHYTO€ B KCIIEPHUMEHTATHBHOM
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pasfene, JErko JOCTUraercsi, IMOCKoibKy moBepxHocTh IIIT yxe oOpaborana
OZHOPOJHOI cepeOpeHHoi reHKol. [ToxydyeHHOe HUKEeNeBOE MOKPBHITHE OAHOPOIHBIH.
COM-u300pakennss HHUKenupoBaHHbIX o0pasuoB [II1 mpencraBinensl Ha puc. S.
Ha mumkpodororpadusx BuaHa OFHOPOAHAS HHUKEIEBOE IMOKPHITHE C TIOOYISPHOM
CTPYKTYpOH. Bpemsi snmekTponu3a OKas3bIBaeT OOJIBIIOE BIMSHHE Ha MOPQOJIOTHIO
nokpeiTUs. OOpa3oBaHHBIN IAPOBHAHBIN (opMma yBENTUUMBAETCS C YBEJIUYCHHUEM
BpPEMEHH DJIEKTPOJIN3a, & TEKCTYpa CTAaHOBUTCS 0o0Jiee TIIOTHON | IIIaJIKOM.

— oo
TO0MKM 3nekTROHHOE M30BRAKEHHE 1

0

Criextp 1

NMankaa wkana 1686 uwn. Kypcap: 0.000 i)
T

Pucynok 5 — XapakTepuCTHKH HUKEJIECBOTO IIOKPBITHS, MOIyIEHHOTO rajbBaHHIECKUM METO/IOM:
a — o0mmit Bux moBepxHocTH MOKPHITH (X100); 6 — MHUKpOCTpyKTypa nonepedHoro cedenns (x100);
B — Mopouorus moBepxHocTH (x1000); r — pe3yabTaThl aHAIN3a HIEMEHTHOTO COCTaBa.

a
PucyHok 6 — HcnbITaHne aare3uy rajlbBaHN4eCKOTr0 HUKEJIEBOTO TIOKPBITHS METOIOM PELIETYATHIX
HaJpe30B: a — 0OBIYHOE HUKEJICBOE IMOKPBITHE; O — HUKEJICBOE MOKPBITHE, COOTBETCTBYIOIIECE
TpeboBanusam cranaapra [ISO 2409-1992.
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Hukakux TpemuH He HaOmronaercs aare3us oneHuBarotcs B 100% ot craHgapTHOTO
TecTa Ha KJIICHKOU JICHTE, MOJTBEPIKTAIONIUI BEICOKOE KA9eCTBO HUKEIICBOTO TTOKPBITHS.
[IpoBea€HHBIC MCCIIEIOBAHUS IOKA3aJld BO3MOXKHOCTH (DOPMHUPOBAHHUS CEPEOPSHBIX
TUIEHOK HAa TIOBEPXHOCTH MOJTHUIPOIHUIICHA B TPUCYTCTBUH PEareHTOB HUTpara cepedpa
M CBETOBOTO M3IyYeHUs. B pe3ynbrate Ha MOJIUMEPHBIX MOJIOKKAX, AKTUBUPOBAHHBIX
yKa3aHHBIMU METaJlIaMH, ObLIH TIOJTYYCHBI FAIbBAHUYECKUE TTOKPBITHS MEIU M HUKEJIS,
a TaKkKe OmpeieieHbl UX (DU3MKO-XUMHUECKHE M (DU3UKO-MEXaHUYEeCKHE CBOWCTBA.
CocTaB rajabBaHHMYECKHX HOKpBITHﬁ, IMOJYYCHHBIX Ha MNOJHMMEPHBIX IMNOBEPXHOCTAX
C DIIEKTPONPOBOJSIIIUM CJIOeM cepebpa, ObLI TakKe IMOJATBEPKACH PEHTICHOBCKUM
(ha3oBBIM aHATH30M (pHC. 7).
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Pucynok 7 - Pentrenoda3zoBblit aHaTN3 ralbBAHUYCCKUX MOKPBITHIA METH U HUKEJIS,
c(hOpMHUPOBAHHBIX Ha MOJMMEPHOU TOIOKKE a) rajibBAHUYECKAs MeJT; 0) rabBaHUYCCKAsl HUKEIb;

ITo marHBIM hazoBOTO aHAIH3a, HA TU(PAKTOTPAMME 3apETHUCTPUPOBAHBI PE(ICKCHI,
COOTBETCTBYIOIIME METAUTUYECKON MeIW W HHUKEIbH, Ha (OHE IMHKOB HCXOIHOTO
nonumepa. Paspaborana mpuHImNUagbHas cxeMa (OPMHPOBAHUS Ha IMOBEPXHOCTH
nojiuMepa TIEHOK, 00J1aIal0IIUX ISKTPOIPOBOISIINMHU CBOWCTBAMHU (pHC. 8).

Maiicuyaspy Xima otey Beaceraipy
Na PO, - 201, KCr0,-65% CuCl- 20012
NaCO,~20r/ HS0,93,5%

Tanssanikansik Ni
TansBanigasik Cu

-] TambBantKkaILK Kanava

PI/ICyHOK 8 - 06]11]/16 OTarlbl IIponecca MNoJay4CHHUs raJibBAaHU4CCKOI'0 MMOKPLITHS Ha ITIOBEPXHOCTU
TOJUITPOINTUIIEHA € UCIIOJIB30BAHUEM BJIEKTPOIIPOBOAAIICTO CJI0S.

Merantanspy
AgNO, -201/n;
CHO, -401ia
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BriBoa. HpOBCZ{CHHOC HCCIICAOBAaHUEC J0OKa3aJlo 3(1)(1)6KTI/IBHOCTB pa3pa60TaHHOro
METOAAa METAJINIM3allUN IMOJUIIPONNJICHA, OCHOBAHHOI'O Ha (bOpMPIpOBaHI/II/I crienualib-
HOI'0 3JICKTPOIPOBOASAIICTO CJIOA. KitoueBbim q)aKTOPOM ycrexa CTajia KOMIIJICKCHasA
MOATO0TOBKA MOBEPXHOCTH, BKIIHOUAIOIIAasl €€ MEXaHUYCCKYI0 U XUMHUYCCKYHO 06pa60TKy
C nocneﬂy}omef/i aKTHUBaIUeH pacTBOPOM XJIOpUAa M€ JJId CO3JaHUA aKTUBHBIX LECH-
TPOB. HpI/IMCHCHI/IC aBTOpCKOfI METOAWKN HAHCCCHUA COp6]_[I/IOHHOI71 IIJICHKHU ITI0O3BOJIUIIO
NOJIYy4YUTDb BBICOKOAATE€3UBHBIN SHCKTPOHpOBO,I[HH.[I/IfI HO}.'[CJ'IOﬁ, 4TO 00€CIIEUMIIO OCaXK-
ACHUEC PABHOMCPHBIX U KAYCCTBCHHBIX I'aJIbBAHUYCCKUX HOKpBITI/Iﬁ MEAU N HUKEJIA.

Haquaﬂ 3HAYUMOCTb pa6OTBI 3aKJIFO4acTCs B paSpa60TKe LICJIOCTHOM TE€XHOJIOTH-
YeCKOM OCIIOYKH, HepeBOI[SIH.ICfI XUMHUYCCKHU I/IHCpTHI:Ifl JAUIJICKTPUK B COCTOSAHUC, IIPU-
ToAHOC JIA CTAHAAPTHBIX MPOLECCOB raJiIbBaHOIJIACTHUKU. HpaKTI/I‘{eCKaﬂ IOCHHOCTDH HC-
CJICAOBAaHUS MOATBEPIKAACTCA CO3AaHUCM KOHKprHTOCHOCO6HOﬁ TEXHOJIOTHUH, KOTOpas
OTKPBIBA€T HOBBIC BO3MOXXHOCTU IJI NPUMCEHCHU MCTAJUIM3UPOBAHHBIX IMOJIMMEPOB B
BBICOKOTCXHOJIOTUYHBIX OTPACIIAX, TAKUX KaK 3JICKTPOHUKA, TPAHCIIOPT U CUCTCMBbI CBA-
3u. Takum o6pa30M, JaHHas pa60Ta BHOCHUT CYH_ICCTBCHHLII‘/'I BKJIaJg B q)YHKLII/IOHaJ'II/IBa—
U0 NOJIUMCEPHBIX MAaTCPUAJIOB, IpeAIarasd HaJACKHOC PCIUICHUEC AJId UX METAJIJIM3allun
U paclivpsd MOTCHIUAJ MMPOMBIIIJICHHOTO MCITIOJIb30BaHUS.
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Abstract. This study presents a techno-economic assessment of technologies for
producing magnesium sulfate from serpentinite waste generated during the mining
and processing of chrysotile asbestos, which poses an environmental hazard. The
investigation focuses on a new alternative method for processing powdered serpentinite
waste (PTW), including stages of low-concentration sulfuric acid leaching and
subsequent neutralization of the resulting sulfate solution using serpentinite waste
thermally activated at 750 °C. The approach aims to evaluate the efficiency of magnesium
sulfate production, the quality of the final product, and the potential profitability of
the technology. It was demonstrated that the combined leaching and neutralization of
serpentinite waste enables the production of magnesium sulfate with a total yield of
46%, yielding a high-quality commercial product — MgSO,-7H,0O. Preliminary techno-
economic indicators, calculated based on material and energy inputs (excluding fixed
costs) and average market prices of MgSO,-7H,O, indicate the economic feasibility
of the proposed technology. A comparative analysis with conventional magnesium
sulfate production methods showed that the use of local serpentinite waste and its
thermally activated form for neutralization significantly reduces raw material costs
and enhances profitability. The study establishes that the proposed processing scheme
has high technological efficiency and can be integrated into existing chrysotile waste
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processing facilities. Overall, the findings confirm the feasibility of industrial-scale
magnesium sulfate production based on Kazakhstan’s local mineral resources, offering
an environmentally responsible and resource-efficient approach while generating a
valuable chemical product for agricultural and industrial applications.

Keywords: magnesium sulfate, serpentinite waste, sulfuric acid leaching, thermally
activated serpentinite
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AnHoTanus. byn Makanana Xxpu30THII acOeCTTi OHAIPY KoHe OalbITy Ke3iH/e naiaa
OONIaTBIH CEPIEHTHHUT KaJAbIKTapbIHAH MarHui Cynb(aTblH ally TEXHOJOTHSCHIHBIH
TEXHUKO-OKOHOMHUKAIIBIK 3€pTTeyIepl YChIHbUIFaH. 3epTTey OapbIChIHAA YHTAKTaJIFaH
TEXHOJOTHUSIBIK ~ KAJABIKTapAbl TOMEH KOHUEHTPALMSUIBI  KYKIPT — KBIIIKBUIBI
epiTiHAICIMEH OHJIEY XKoHE alblHFaH cyibdat epiTinaicin 750 °C-Ta TepMOaKTUBTEHI€H
CEpICHTUHHUT KaJJBIFBIMEH OelTapanTtay >KOHE Ta3apTy Ke3eHJepi KaH-)KaKThl
KapacThIpbUIFaH. Byjl Tocinm MarHMKAIH THIMJI IIBIFYBIH KAMTaMachl3 €Till, KOChIMIIa
HMOHJapMEH JlacTaHy[bl a3alTyra MyMKiHIiK Oepeni. by tocin wmarauii cynbdarbia
MgSO,-7H,0 46% eHIMALIIKIEH KOHE Ta3aJbIFbl JKOFaphl canaja ajxyra MYMKIHJIIK
Oepeni. DneMeHTTIK Tanjay OapbICbiHIa MarHuid cyinb(aTbIHBIH KypaMbIHIA KaJbIUN
MEH TeMIp/IiH MeJILIepi oTe a3 eKeHi aHBIKTaJIbI, OYJ1 ©HIMHIH KOMMEPLUSIIBIK TYPFbIIaH
TapTBIMABUIBIFBIH  apTTHIPaAbl. MaTepHaiiblK >KOHE JHEPreTUKANbIK MIBIFBIHAAD,
COHali-aK OHIMHIH oOpTalla HapbIKTHIK Oaranapbl HEri3iHne, MarHuil CyabgarbiH
OHIIPYIiH TEXHUKO-DKOHOMHUKANBIK KOPCETKIIUTEePi AaHBIKTAJIbIN, TEXHOJIOTHSIHBIH
SKOHOMHKAJIBIK THIMIUIITH Oaranayra MYMKiHAIK Oepxi. CanmpICThIpMalibl Tanjay
KOPCETKECHJICH, JKEPriliKTI CEePIEeHTHHUT KaJABIKTAphlH MarHUid Cyab(arblH anmy
OHIpiCiHIe TaiifasaHy J>XoHE OHBIH TEPMOAKTUBTEHICH (opMalapblH KBIIKBLT
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epiTiHzicin OeiTapanTayna KojaAaHy MIBIFIHAAPABI AUTapIBIKTAal a3aiThII, OHAIPICTIH
peHTadenbauTiriH apTThipaabl. COHBIMEH KaTap, YChIHBUIFaH TEXHOJIOTHUS SKOIOTUSUIBIK
TYPFBIIAH Kayilci3, TYpaKThl OHAIpiC MPOLECCiH KaMTaMachl3 €Te/l )KOHE pecypcTapibl
THIMII TaiganaHyra MYMKIHAIK Oepexai. bynm TexHomorust KaiWTa eHAEY apKbUIBI
TEXHOTEHAIK KaJABIKTap/AblH KOpIIaFaH OpTaFa THUTI3eTiH 3MSHABI 9CEpiH a3alTaibl.
XKana eHIey TEXHONOTHSIIBIK CYJI0AChl KOFAapbl THIMAUTIKKE He OOJBIN, XPU30TUI
KaJIBIKTapbIH KaiiTa @HJeUTiH KOCIMOpbIHAapFa EHI1311yl MYMKiH. 3epTTey HoTHKeIepi
Kazakcrannarbl )KeprilikTi MUHEpaAbIK-IIUKI3aT 0a3acblHa CYHEHE OTBIPBII, MarHUi
Cynb(aTbIHBIH OHEPKACINTIK OHAIPICIH YHBIMIACTBIPYABIH MEPCHEKTUBTLNIMH HAKTHI
Jonennen .

Tyiiin ce3nep: Maruuii cynbdarsl, CepIEHTUHUT KAIIBIKTAPbI, KYKipPTKBIIIKbIIIbI
clrTiciznenaipy, TepMoOeICeHAIPINTreH CepIeHTUHHT
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AnHOTanMd. B crarbe NPENCTABIEHO TEXHHUKO-DKOHOMHMUYECKOE HCCIEN0BAaHUE
TEXHOJIOTUU TOJy4YeHHUs Cyinbpara MarHusi H©3 CEPHEHTHHUTOBOIO  OTXOJA,
o0pazyromierocs npu A00bYe U 000TaIIeHUH XPH30THII-acOecTa U MPeaCTaBISIIOIIETO
3KOJIOTUYECKYIO OIIACHOCTh. PAaCCMOTpPEHBI OCHOBHBIE ACIIEKTHI HOBOM aJIbTEPHATUBHOMN
TEXHOJIOTUU TepepadOoTKH MOPOIIKOOOPa3HOro OTXOJa XPH30THIOBOTO  CHIPHS,
BKJIFOYAKOIIEH CTaJUU CEPHOKMCIOTHOIO BBIIIEIAUUBAHUS PACTBOPAMU  CEPHOM
KHUCJIOTBI HU3KOH KOHLIEHTpAaUUU U MOCIEAYIOIIEH HEeHTpalU3aluu MPOLyKTUBHOIO
Cynb(haTHOrO pPacTBOpa C HCIOJIb30BaHUEM TEpMOaKTUBHpoBaHHOro mpu 750 °C
ceprieHTHHHTA. [IpoBeneHa oueHKa 3(PQEKTUBHOCTH MOMY4YECHHUsS cynbdara Marxus,
KauecTBa KOHEYHOTO MPOAYKTa M IMOTEHUUANBbHOW PEHTA0ETbHOCTH NPEIIOKECHHOM
TexHonoruu. [TokasaHo, 4T0 coUeTaHKHE TPOLIECCOB BBIIIECIAYUBAHNS U HEUTPAIA3ALUU
MO3BOJIICT TMONYYUTh Cyiabpar MarHusg ¢ OOmuM BbIXOAOM 46% U BBICOKUMH
KaueCTBEHHBIMH XapaKTepUCTHKaMu ToBapHoro npoaykra MgSO, - 7H,O. Ha ocHoBe
pacyeToB MaTepUaNbHBIX U SHEPreTHUECKUX 3aTpar (0e3 yueTa MOCTOSHHBIX PACXO0B)
n cpenHed peiHOuHOM cromMoctd MgSO, 7H,O onpeneneHsl npenBapUTeIbHbIE
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TEXHUKO-3KOHOMHWYCCKUC MMOKA3aTCIIN, [TO3BOJIAIOIINE IPOTHO3UPOBATE SKOHOMUYECCKYHO
3(1)(1)CKTI/IBHOCTL TCXHOJIOT'HUH. HpOBeZ[CH CpaBHHTCHLHLII;'I aHaJin3 C HM3BCCTHbBIMH
METOAAaMHU  MOJYyUCHUSA cyan)aTa Marsaus. yCTaHOBJ'ICHO, YTO HMCIIOJB30BAaHUC
MCCTHBIX CCPIICHTUHUTOBBIX OTXOAOB UM HUX TEPMOAKTHUBUPOBAHHBIX q)OpM JJIsL
HCI\/'ITpaJ'H/Ba]_[I/II/I KHCJIBIX PaCTBOPOB BbIIICIAYMBAHUA TO3BOJACT CYHIECCTBCHHO
CHU3UTH 3aTparbl HaA CBIpI:é 1 NOBBICUTDH peHTa6eJ’ILHOCTL MpoOUu3BOACTBA. HOKa3aHO,
YTO HOBas TCXHOJOTHUYECCKasA CXEMa O6J'Ia,£[aeT BBICOKOM 3(1)(1)€KTI/IBHOCTBIO U MOXKCT
OBITH UHTET PUpOBaHa B Z[CP'ICTBYIOLHHC npeamnpuAaTus 1o nepepa60TKe XPHU30TUIIOBBIX
OTXOJO0B. PeByJ'ILTaTLI HCCICA0BaHUs NMOATBCPIKAAIOT IMEPCIICKTUBHOCTDL OpTraHU3aIlun
MPOMBIIIIJICHHOT'O TPOMU3BOACTBA cyan)aTa Maravs Ha OCHOBE MHHCpaJ'ILHO—CLIpLCBOfI
6a3bl KazaxcTana.

KiioueBblie cjioBa: Cynb(l)aT Martus, CEPriICHTUHUTOBLIC OTXO/Abl, CCPHOKHNCJIOTHOC
BBIIICTIAaYMBaHUC, TCpMO&KTHBHpOBaHHLIﬁ CCPICHTHUHUT

Introduction. Serpentinites are magnesium-rich silicate rocks containing significant
amounts of silica and have been widely investigated as raw materials for producing
magnesium and its compounds. These rocks, including industrial waste generated during
the processing of chrysotile-asbestos ores, represent a valuable source of magnesium
(Kalichenko et al. 2007; Sagarunyan et al. 2014; Shevko et al. 2022; Kozlov et. al. 2015;
Gabdullin et al. 2012; Fedorockova et al. 2016; Sierra et al. 2018). Various processing
methods for serpentinites have been proposed, each with specific technological and
economic limitations (Auyeshov et al. 2024).

The serpentinite ores from the Zhitikara deposit, located on the eastern slope of
the Southern Urals in Kazakhstan, belong to the Bazhenov geological-industrial type
and consist primarily of serpentinized peridotites, dunites, and serpentinites (Dzhafarov
2013).

The average chrysotile content in these ores is approximately 4.5-5.5%. The
mineralogical composition includes chrysotile, lizardite, and antigorite (Mg,Si, O (OH),),
along with brucite (Mg(OH),) and magnetite (Fe,O,). The processing plant, JSC
"Kostanay Minerals," has an annual production capacity of approximately 500,000 tons
of chrysotile, and over 65 years of operation, it has generated substantial volumes of
waste. This waste, which may still contain residual chrysotile fibers, poses environmental
and health risks due to airborne dispersion (Punenkov et al. 2022).

To mitigate these issues, several approaches for valorizing the tailings have been
proposed, with particular attention to extracting magnesium from serpentinite waste.
Compared to dolomite, which contains 20-22 wt.% Mg, serpentinite can have a higher
magnesium content of 25-26 wt.%, making it a promising alternative raw material.
Previous studies have investigated its leaching behavior using various acids, including
sulfuric (Btonska et al. 2016) and hydrochloric acid (Mpouras et al. 2017; Fouda et al.
1996; Shaban et al. 2018; Huang et al. 2017; Teixeira et al. 2012). However, despite
extensive research, there is still limited practical implementation of technologies for
producing specific industrial-grade magnesium compounds from serpentinite, especially
those supported by techno-economic analyses.
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In response to this gap, the present study proposes a novel process scheme for the
production of magnesium sulfate (MgSO,-7H,0O) from serpentinite waste generated
during chrysotile processing at the Zhitikara deposit. The process involves sulfuric acid
leaching followed by neutralization using thermally activated serpentinite, combined
with a preliminary economic evaluation of the key process stages. The aim is to assess
the resource and economic efficiency of this technology and the feasibility of utilizing
industrial waste for the production of high-purity magnesium compounds.

Materials and Methods. Sample preparation. Powdered process waste (PTW) from
the chrysotile beneficiation plant at JSC "Kostanay Minerals" was used as the main raw
material. The chemical and mineralogical composition of this waste closely resembles
that of the original chrysotile ore. The material appears as a bluish-gray fibrous powder
without lumps or solid inclusions, collected using bag-type dust collection systems
used during the crushing and fractionation of chrysotile raw materials. The elemental
composition of the PTW is presented in Table 1.

Table 1. Elemental composition of PTW

Element C (0] Mg Al Si S Ca Fe Total
Elemental composition
of PTW, wt.%

2.58 | 51.00 | 25.00 | 0.54 | 1745 | — | 0.50 | 2.93 100.00

Thermal activation. Thermal treatment of the PTW was carried out at 750°C for one
hour in order to prepare it for use as a neutralizing and purifying reagent for the sulfate
solution. The treatment significantly altered the particle size distribution, eliminating
fractions smaller than 0.9mm. The dominant particle size fraction after calcination was
in the range of 0.14—0.08—0.07mm, representing approximately 94% of the material.
The thermally activated PTW was used without any further grinding.

Analytical instrumentation. Analytical measurements were performed using a JSM-
6490LV scanning electron microscope (JEOL, Japan) equipped with an INCA Energy
350 EDS system, and an iCAP-Q mass spectrometer (Thermo Scientific, Germany). All
analyses were conducted in accordance with established laboratory protocols to ensure
the accuracy and reproducibility of results.

Results and discussion. Leaching of process tailings (PTW) with sulfuric acid

Leaching of powdered PTW with sulfuric acid was carried out according to the
following stoichiometric reaction:

Mg Si,0,(OH), + 3H,SO, — 3MgSO, + 2Si0, + 5H,0 (D
To ensure complete reaction of magnesium with sulfuric acid and account for the
presence of trace metal impurities, a slight excess of acid was introduced. The leaching

process also follows the simplified ionic reaction:

Mg + H,SO, — MgSO, + 2H* )
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A molar ratio of 1.0:1.046 (Mg*": H,SO,) was selected. The stoichiometric amount of
sulfuric acid was calculated based on the total magnesium content in PTW.

Leaching was performed in a round-bottom flask equipped with a thermometer,
reflux condenser, sampler, and a propeller stirrer. A mixture of 500 g of PTW and 1000
cm?® of distilled water was placed into the flask. Under continuous stirring at 200—300
rpm, 415 cm?® of 92% sulfuric acid (density = 1.824 g/cm®) was added dropwise in
three portions of 150—200 cm? using a dropping funnel. The total mass of the reaction
mixture was 2256 g, resulting in a liquid-to-solid (L:S) ratio of 4.51.

Upon acid addition, the suspension rapidly heated to 100—105°C within 2—3
minutes, accompanied by intense foaming and boiling. To avoid overheating, acid was
added in intervals. After the final portion, gentle boiling was maintained throughout the
remainder of the 3-hour leaching period.

The resulting mixture appeared as a dense bluish-gray suspension with a measured
pH of 0.57. Aliquots (10 mL) were taken at 30, 60, 120, and 180 minutes. Samples
were filtered, and the residues were washed, dried at 105°C, and analyzed chemically.
Magnesium concentration was determined both instrumentally and by classical chemical
titration, with a relative error not exceeding 2—3%, confirming the consistency of
results. The elemental compositions of both filtrates and residues for the different
leaching durations are summarized in Table 2.

Table 2. Elemental composition of the filtrate and insoluble residue at different leaching durations (30,
60, 120, and 180 min, t = 100—105°C)

Element Leaching time, min
30 60 | 120 | 180 30 | 60 [ 120 | 180
Filtrate, wt.% Residue, wt.%

C — — — — 4.85 4.36 5.19 443
(0] 5.09 57.10 | 53.65 | 57.41 54.17 53.53 53.79 53.98
Mg 10.36 10.71 11.11 11.69 3.31 2.99 2.42 2.39
Al 0.48 0.42 0.37 0.30 0.33 — — —
Si 4.10 3.82 4.25 3.86 34.53 36.06 36.36 36.45
S 28.99 28.02 | 28.46 | 28.42 1.50 1.31 1.19 1.56
Ca — 0.27 — — 0.22 0.28 — —
Fe 1.98 2.66 2.16 2.32 1.10 1.46 1.06 1.19
Total 100.00 | 100.00 | 100.00 | 100.00 | 100.00 100.00 100.00 100.00
m, g (MgSO,)| 168.65 | 168.90 | 171.60 | 167.68 — — — —
Note: “—” indicates values below the detection limit or not determined.

Analysis of the data in Table 2 shows that within 30 minutes from the start of PTW
leaching with sulfuric acid, nearly all elements present in the waste are transferred
into the sulfate solution, with the exception of calcium, which appears in the solution
only after 60 minutes. However, a significant change in the concentrations of the main
elements in the sulfate solution and insoluble residue is not observed in the time interval
from 30 to 180 minutes. Specifically, the magnesium content in the solution increases
by only 12.8%, iron by 17%, and silicon decreases by 5.8%. In the insoluble residue,
the concentrations of these elements also change accordingly: magnesium decreases
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by 27%, silicon increases by 5.5%, and iron by 17%. These results confirm that the
maximum rate of PTW dissolution during acid leaching occurs within the first 30
minutes of contact with sulfuric acid.

The mass of magnesium sulfate formed during the leaching of 100 g of PTW with
sulfuric acid at 98 °C after 30 minutes was 168.65 g (containing 10.36% Mg, equivalent
to 16.90 g), which corresponds to 70% of the theoretical yield. It is also notable that the
yield of magnesium sulfate in the solution does not increase significantly beyond the
30—180-minute range (168.65, 168.90, 171.60, and 167.68 g).

Neutralization and purification of the productive sulfate solution using thermally
activated PTW at 750°C. Under the same conditions, the leaching of PTW with
sulfuric acid was conducted, but the leaching time was limited to 30 minutes. Upon
completion of this step, 1.0 dm? of distilled water was added to the acidic suspension.
Thermally activated PTW (TA-PTW), previously heated at 750°C for one hour, was
used as the neutralizing agent. At this temperature, the alkaline reactivity of the material
is significantly enhanced due to internal structural transformations of the serpentinite,
including the formation of periclase (Dikanbayeva et al. 2021; Yeskibayeva et al. 2024).
Neutralization was carried out until the suspension reached a pH of 8.3. The resulting
mixture was then filtered, and the solid residue was washed twice with 0.5 L of distilled
water. It is noteworthy that at pH = 8.3, both filtration and washing were completed
efficiently. The obtained filtrate was almost completely free of impurity metal ions, with
the exception of trace amounts of calcium.

Table 3 presents the results of elemental analysis of both the filtrate and the solid
residue after neutralization of the acidic suspension using thermally activated PTW
(TA-PTW). The data reflect the composition of the purified productive magnesium
sulfate solution and the remaining solid phase.

Table 3. Elemental analysis of the neutralized sulfate suspension at pH = 8.3: initial materials, filtrates
after phase separation, and solid residue (OS)

Initial materials Neutral suspension
Element PTW TA-PTW Filtrate I Filtrate IT Residue (OS)

C 2.58 2.54 — — 9.35
(0] 51.00 45.22 59.90 61.90 48.55
Mg 25.00 27.89 16.60 15.64 11.91
Al 0.54 0.46 — — 0.56
Si 17.45 19.17 — — 23.60
S — — 23.50 22.21 0.43
Ca 0.50 0.53 — 0.25 0.30
Fe 2.93 4.19 — - 5.30
Total 100.00 100.00 100.00 100.00 100.00
Note: “—” indicates values below the detection limit or not determined.

The yield of magnesium sulfate during the neutralization of the acidic PTW
suspension using TA-750 reaches 46% of the total magnesium content in the initial
materials (PTW and TA-PTW), while magnesium recovery relative to the amount of
sulfuric acid used was approximately 100%.
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The concentration of magnesium sulfate in the filtrate obtained after leaching the first
portion of PTW (Filtrate I) was 243 g/L (24.3%). When a second, fresh portion of PTW
was leached using this magnesium sulfate solution (with sulfuric acid concentration
adjusted for repeated leaching), the concentration of magnesium sulfate in Filtrate II
increases to 47—48%. Calcium remained in the final product at a concentration of
0.014—0.016% (see Table 3, residue—OS).

The solid residue obtained after neutralization of the acidic PTW suspension using
TA-PTW contained the following elements: Mg = 11.91%, Al = 0.56%, Si = 23.56%, S
=0.43%, Ca = 0.30%, and Fe = 5.30%. These values suggest the potential reuse of the
residue as a magnesium- and silicon-containing fertilizer for agricultural applications.

The use of TA-PTW as a neutralizing reagent offers several advantages over
conventional reagents such as NaOH:

1. It additionally enriches the productive sulfate solution with magnesium due to
acid—base interactions between TA-PTW and the acidic suspension;

2. It does not introduce any foreign elements into the sulfate system from external sources;

3. Owing to its specific structural and adsorptive properties, it ensures more efficient
purification of the magnesium sulfate solution from impurity metal ions, except for a
minor amount of calcium.

The production of magnesium sulfate heptahydrate using the described leaching
(Figure 1), neutralization, and purification processes with TA-PTW enables the
formation of high-purity MgSO,-7H, 0.

PTW - 0.4 t (d<1 Suspension: 10

A4

mm) minutes, L/S = 2.0
H,0-0.8t l
Leaching:
92% H,S04—0.444 » 05 hour, T=98-100 °C, H,SO4—39%
t-4.167 mol
v
H,0-1.5t¢ Neutralization:
pH=8.3;
- = T = 50°C; 3 hours
TA750=04t 1-Filtrate:
¢ solution MgSO4— 2.0t;
Filtration: —p 19.5%
10 minutes l

1-Sediment Crystallization from solution
H,0-0,5t

[ zseomen | DI

Rinse water: Centrifugation, washing
solution MgSO4— 0.5 t, >MgSO4-7TH20 - 1.0 t;
3.5-3.8% Yield: 46%
92% H,S04— 0.444 L 4 ‘
t (4.167 mol) 1-Filtrate + rinse water +
0,81 92% H,S0,— (0.444 t

39% sulultion H,S04)

2-cycle: To the beginning of the process (second leaching cycle)

_ Finished product (MgSOa4-7H>0)

2-cycle: To the beginning of the process (second leaching cycle)
Finished product (MgSO,-7H,0)
Figure 1 - Technological scheme for the production of magnesium sulfate heptahydrate
(MgSO,-7H,0) from chrysotile processing waste (PTW)
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Comparative analysis (Table 4) demonstrates that the purity characteristics of the
synthesized magnesium sulfate comply with the requirements of GOST 4523-77,
confirming its classification as a marketable product with established commercial value.

Table 4. Comparison of magnesium sulfate heptahydrate (MgSO,7H,0) quality indicators with GOST
4523-77

No Indicator Norm Experimentally obtained
Chemically Pure for MgSO,-7H,0*
pure analysis (h.d.a.)
1 MgSO,-7H,O (magnesium sulfate
hel% o drais), % £ 99.5 99.5 99.5
2 Water-insoluble substances, % 0.00200 0.00200 0.00100
3 H_ SO, (acidity), % 0.00200 0.00200 —
4 MgO (alkalinity), % 0.00100 0.00100 0.00100
5 Cl (chlorides), % 0.00050 0.00200 —
6 NH, (ammonium salts), % 0.00100 0.00200 —
7 Fe (iron), % 0.00020 0.00030 0,00024
8 Ca (calcium), % 0.01000 0.02000 0.01400-0.01600
9 Mn (manganese), % 0.00050 0.00100 0.00070
10 As (arsenic), % 0.00004 0.00004 —
11 Pb (heavy metals), % 0.00010 0.00010 —
12 Zn (zinc), % 0.00100 0.00500 0.00020
Note: * — Analysis performed using Thermo Scientific iCAP-Q Mass Spectrometer.
“~” indicates values below the detection limit or not determined.
h.d.a., highly defined analytical.

Based on the scaled data from Table 3, the resource and energy efficiency of the
proposed technology for producing 1.0 t of MgSO,-7H,O from PTW was assessed,
considering only material and energy inputs and excluding capital and operational
costs. The calculations were performed using average market prices for sulfuric acid
and electricity tariffs in Kazakhstan in 2024 (0.065 $/kWh) (Table 5).

Table 5. Resource and energy efficiency of the technology for producing commercial-grade magnesium
sulfate heptahydrate (MgSO,-7H,0) from PTW (serpentinite waste)

1) Specific consumption of raw materials and energy required to produce 1 ton of MgSO,-7H,O
Resource type Unit Consumption Role

per product
PTW tons 0.40 Raw material
TA-PTW 0.40 Raw material
Sulfuric acid (density = 1.824 g/cm?) tons 0.44 Reagent 1
Technical water tons 2.80 Reagent 2
2) Specific consumption of raw materials and energy resources to produce 0.400 tons of TA- PTW
Resource type Unit Consumption Role

per product
PTW tons 0.46 Raw material
Electricity kWh 92.40 Energy input
3) Resource and energy efficiency MgSO,-7H,O
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Articles Unit Quantity Price, $/t Price, $

Income part 175.00
MgSO,-7H,0 tons 1.00 175.00 175.00
Expenditure part 60.00
PTW tons 0.46 3.00 1.40
TA- PTW tons 0.40 3.00 1.20
Sulfuric acid (density=1.824 g/ tons 0.44 100.00 44.40
cm’®

Water (technical) tons 2.80 1.00 2.80
Electricity (firing) kWh 92.40 0.07 6.00
Note: Estimated based on average market prices for 2024 in Kazakhstan: sulfuric acid — $100/t; technical
water — $1/t; electricity — $0.07/kWh. Labor, depreciation, and overhead costs are not included.

Thus, the gross profit, excluding fixed costs, for the production of magnesium
sulfate (MgSO,-7H,0) is $115/t. The break-even price (P_. ) is $60/t, and since P_. <
$175/t, this indicates that magnesium sulfate production by this method is economically
viable. From an economic perspective, the process demonstrates a sufficiently positive
balance. Industrial production of magnesium sulfate heptahydrate (MgSO,-7H,0) is
carried out using several technological routes, which differ both in terms of the raw
materials employed and the associated cost structures. The most common approaches
include: 1) extraction from natural kieserite/epsomite; 2) processing of magnesite/
dolomite using sulfuric acid. Under typical prices for industrial H,SO, and energy
resources, the production costs via these conventional routes generally exceed those of
direct processing of serpentinite waste, reaching approximately from 150 to 220 USD/t.
Therefore, reducing the costs of raw materials (PTW) and the neutralizing agent (TA-
PTW) represents a critical factor in enhancing the economic efficiency of the proposed
technology.

Conclusions. The techno-economic study of the processes of sulfuric acid leaching
of PTW using low-concentration sulfuric acid solutions and the neutralization of
the resulting sulfate solution with thermally activated serpentinite waste (TA-PTW)
demonstrates that this technology can achieve a total magnesium sulfate yield of 46%
relative to the theoretical magnesium content in the raw serpentinite involved in the
extraction processes, producing a commercial-quality product — MgSO,-7H, 0.

The techno-economic indicators, determined based on calculations of material and
energy consumption and the average market price of the product, show promisingly high
values, confirming the resource and economic efficiency of the proposed magnesium
sulfate production technology from PTW, as well as the feasibility of the repeated
utilization of chrysotile-based technogenic waste.

Simple calculations show that 1.0 ton of PTW can yield magnesium sulfate
(MgSO,-7H,0) products valued at $175-200. At the same time, success from both
technological and economic standpoints is ensured by the use of thermally activated
PTW for the neutralizing and purifying the sulfate leaching solution. The rational use
of sulfuric acid, which is the only consumable reagent, is an additional advantage in the
process of producing magnesium sulfate from serpentinite waste.
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Abstract. Relevance. Pollution of water resources with heavy metal ions remains a
major environmental problem. Wastewater from mining, metallurgical, and chemical
industries often contains toxic Pb**, Cd?*!, Zn?*, and Cu?' ions that bioaccumulate and
threaten ecosystems and human health. Due to the limited effectiveness of traditional
treatment methods, environmentally safe and cost-efficient adsorption technologies
based on natural minerals are gaining importance.

Research objective. This study investigates the kinetics and thermodynamics of heavy
metal ion adsorption on modified diatomite sorbents based on Ca-montmorillonite and
determines diffusion, energy, and practical characteristics of the process.

Research methods. Adsorption of Pb**, Cd**, Zn**, and Cu*" was studied under static
conditions at pH = 5.5 £ 0.5 and 288-313 K. Kinetic parameters were determined using
pseudo-second-order models, while equilibrium data used the Langmuir isotherms. IR
spectroscopy evaluated structural and chemical changes in the sorbent surface.

Results. Heavy metal extraction reached 95-100% within 20—30 minutes and
equilibrium achieved in 40—60 minutes. The kinetics follow a pseudo-second-order
model (R?= 0.99), while equilibrium adsorption is described by the Langmuir isotherm,
which indicates the monolayer nature of adsorption. Activation energies (kJ/mol)
were: Pb?" — 75.5; Cd*" — 51.1; Zn*" — 45.6; Cu*" — 26.1. IR spectroscopy confirmed the
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participation of —-NH,, -COOH, and —OH groups in ion exchange and donor-acceptor
interactions.

Practical significance. Modified diatomite sorbents demonstrate high efficiency in
removing heavy metals from wastewater. The material is inexpensive, environmentally
friendly, and suitable for use in industrial water treatment systems.

Keywords: heavy metals, Ca-montmorillonite, diatomite, polyethylenepolyamine,
adsorption
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AHHOTAUMs. O3eKTUTri. Ayslp MeTall MOHIAPBIMEH CyIBIH JacTaHybl Ka3ipri
3aMaHHBIH €H ©3€KTi dKOJIOTHSIIBIK MacemeNepinin O0ipi 6ompm kama Oeperi. Tay-keH,
METAJUTYPIHsI JKOHE XUMHsI OHEPKOCIOIHEH IIBIFATBIH OHEPKACINTIK aFbIHIBI Cylapaa
KeOiHece OMOAKKYMYISIIMSUTBIK KOHE JKOKYHelep MeH amaM JCHCAyIbIFBIHA Kayil
tenmiperin Pb?*, Cd*", Zn*" sxone Cu?" CHAKTHI Y6 HOHAAp Oomanel. JlocTypii Tazapry
OMICTEepiHIH THIMIUIITI MIEKTEYIi OOJFaHIBIKTAH, TAOMFU MHUHEPAJIbl MaTepuaiiapra
HETi3/IeJITeH AKONOTHSIBIK Ta3a XKOHE YHEeMJIi COPOIMSUIBIK TEXHOJOTHSIIAp EepeKIe
MaHBI3/IbI.

3eprreymid MakcaThl. byt sKYMBICTBIH MakcaThl — Ca-MOHTMOPWLIOHHUT HETi31HACT1
MonuUKaIUsIIaHFaH THATOMIBI JKep afCcOpOCHTTEPIHACTI aybIp METaUT HOHIAPBIHBIH
COpOIMACHIHBIH KHHETUKACKI MEH TEPMOAMHAMHUKACKHIH 3€PTTEY, COHIai-aK MPOIECTIH
T PYy3USICHIH, YHEPTHICHIH JKOHE TMPAKTHUKAIIBIK CHITATTaMaJIapbIH aHBIKTAY.

3eprrey omictepi. Pb*", Cd*, Zn*" xone Cu?*" cOpOIUACH TYPAKTHI ITANKATY
karmaneraaa, pH = 5,5 + 0,5 xone Temmneparypackl 288—313 K Gonranma, CTaTHKAIBIK
JKarmanaa 3epTreni. KnHeTukambslK mapaMeTpIiep sKaJiFaH eKiHI peTTi MOmeIbACpIi
KOJJIaHY apKbUTbI aHBIKTAJIBI, aj Teme-TeHMIK Jepektepi JIeHrMiop m3oTepmanapbi
KOJTaHy apKbUTH TalfgaHAbl. AJCOPOCHT OCTIHIETI KYPBUIBIMIBIK JKOHE XUMUSIIBIK
e3repictrep MK criekTpocKonusIChIH KOJ/TaHy apKbLTbI OaraTaHIbl.
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Hotmxenepi. Ayblp MeTalul HOHIAPBIHBIH SKCTPaKUuUs O KbuiaaMabiFel 20-30
MuHyT imiHae 95-100%-ra sxerteriHi, an Tene-TeHIikke 40—-60 MUHYT inriHIe
JKETETiHI aHbIKTaNbI. [Ipoliecc KHHETUKACKI JKallFaH KIHIII PETTi MOACIbMEH KAKChI
cunarrairad (R? = 0,99), an rtene-tenaik copOuwmsicel JIGHIMIOp HM30TepMachIMEH
cUnarTanajbl, Oy aJcopOIMsIHBIH MOHOKA0ATThl CUTIATHIH KepceTeli. benceHmimik
sHeprusuiapbl (k/x/mMonb) anbikramael: Pb* — 75,5; Cd*" — 51.1; Zn*" — 45.6; Cu* —
26.1. UK-cnexrpockonust -NH*, -COOH xone —OH TonTapbIHBIH HOH aqMacy >KoHe
JIOHOP-aKLENTOPJIBIK ©3apa 9peKeTTECyIepre KaTbICyblH pacTaibl.

[IpakTrKalbIK MaHBI3IBUIBIFBL. HoTikenep MoauduKalUsIaHFaH JHUATOMIBI Kep
cOpOCHTTEPiHIH ayblp MeTajaap/bl aFbIH/bI CyJapAbl Ta3apTyAa *KOFapbl THIMAUIITIH
pactaiinel. Marepuan ap3aH, SKOJOTHSUIBIK Ta3a KOHE OHEPKACINTIK Cy TazapTy
KYHenepinae eHri3y YIIiH YChIHBUTYbl MYMKIH.

Tyiiin ce3nep: aybip metasgap, Ca-MOHTMOPWIJIOHUT, AUATOMHUT, MOJUITHIICHITO-
JTUaMUH, aacopOouus
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AHHOTammsA. Axmyanronocms.  3arpsa3HEHHE  BOAHBIX  pPECYpCOB  HOHAMH
TOKENBIX METaUIOB OCTAETCsl OJHON M3 HauOoJiee OCTPBIX IKOJOTHYECKHUX MPOOIieM
coBpeMeHHOCTH. CTOYHBIE BOBI TOPHOI0OBIBAOIIEH, METAJUTY PrUY€CKOM M XUMUYECKOM
MIPOMBIIIUICHHOCTH COJIEpKaT TOKCHYHbIe MOHBI Pb**, Cd*", Zn*" u Cu?’, CKIIOHHBIC K
OMOAKKyMYJISLIUU U TIPECTABISIONINE CEPhE3HYIO YIPO3y JJIsl 3KOCUCTEM U 3[0POBbs
yenoBeka. B ycnmoBusix HuU3koW 3(pPEKTHBHOCTH TPAJULIMOHHBIX METOIOB OYMCTKU
BO3pacTaeT 3HAUCHHUE SKOJOTMUECKH OC30MaCHBIX M JKOHOMHYHBIX COPOIMOHHBIX
TEXHOJIOTUI HAa OCHOBE MPUPOIHBIX MUHEPATIOB.

Lenv uccredosarus. VIzyueHre KHHETUYECKUX U TEPMOAMHAMUYESCKUX MTAPAMETPOB
COpOIIMY MOHOB THKENBIX METAIOB HA MOIU(PUIIMPOBAHHBIX aJICOPOCHTaX Ha OCHOBE
Ca-MOHTMOPWJIJIOHNTA, a TaKXKe OmpeieiicHre MU(PQPY3MOHHBIX, IHEPTETUUYCCKUX U
SKCILUTyaTallMOHHBIX XapaKTEPUCTHUK TIpoIecca.
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Memoowvr uccneoosanus. Ancopouust Pb*, Cd*’, Zn*+ u Cu?' ugywanacp B
CTaTUYECKUX YCIOBHUSAX MPU MOCTOSHHOM BeTpsixuBanuu, pH = 5,5 + 0,5 u remneparype
288—313 K. Kunernueckue napaMeTpbl pacCUMTHIBAIUCH IO MO MICEBAOBTOPOTrO
MOpsAJIKa; PABHOBECHBIE JaHHBIE aHAIM3MPOBAINCH 1O H30TepMme JleHrmropa.
CTpyKTypHO-XUMHUYECKHE U3MEHEHHS MMOBEPXHOCTHBIX TPYII OLIEHUBAINCH METOAOM
HK-cnekTpockonuu.

Pesynomamei. TlokazaHo, YTO CTENEHb W3BJICUEHMS] HOHOB TSKEIBIX METAJIOB
cocrasiseT 95—100% B Teuenne 20—30 MUHYT, a paBHOBecHe JocTUraeTcs 3a 40—
60 MunyT. KnuHeTtrka copOunu cCOOTBETCTBYET MOJICNIN MICEBAOBTOpPOro nopsiaka (R? =
0,99), 9TO CBHIETEILCTBYET O XeMOCOPOIIMOHHOM MexaHu3Me. PaBHOBecHast aicopOIust
XOpOIIIO OMHUCHIBAETCS U30TepMoi JIeHrMropa, MoaTBepKaast MOHOCIOWHBIA XapakTep
nporecca. OnpezeneHsl SHepruu aktuBaiyu (k/x/momns): Pb* — 75,5; Cd*— 51,1;
Zn*" — 45,6; Cu*" — 26,1. UK-cnexTpockonus BbIsSIBUIIA y4acTHE (QYHKIHOHAIBHBIX
rpynmn —NH*, —COOH u —OH B HOHOOOMEHHBIX W JIOHOPHO-aKICITOPHBIX
B3aMMOJICHCTBUAX C MOHAMH METaJIIOB.

Ipaxmuueckoe 3nauenue. Pe3ynpraTsl 1eMOHCTPUPYIOT BBICOKYIO 3(Q(QEKTUBHOCTh
MOIM(UIMPOBAHHBIX JHATOMHTOBBIX COPOCHTOB MPU OYMUCTKE CTOYHBIX BOJ OT
TSKENBIX METayuloB. Marepual OTJIMYaeTCss HU3KOH CTOMMOCTBIO, HKOJOTMYECKON
0€30MaCHOCTHI0 U MOXKET OBITh PEKOMEHJOBAH K HCIOJB30BAHUIO B MPOMBIIICHHBIX
CHCTEMaX BOJIOOYHCTKH.

KuaroueBble ciaoBa: Tskénsle  MeTayisl, (Ca-MOHTMOPWUIOHHUT, JHATOMMUT,
MOJIMATHIICHITONUAMUH, afcopOIus

Introduction. Environmental pollution with heavy metal ions is one of the pressing
environmental issues of our time. Wastewater from industrial enterprises, including
mining, metallurgical, and chemical industries, often contains toxic elements such as
lead (Pb*"), cadmium (Cd?"), zinc (Zn**), and copper (Cu?*). Since these elements are
not biodegradable and tend to accumulate in living organisms, they pose a significant
threat to ecosystems and human health (Igbal, 2018).

Currently, various methods are used to remove heavy metals from aqueous
environments: chemical precipitation, ion exchange, membrane and electrolytic
technologies (Azimi et.al., 2017). However, most of these methods require high energy
consumption, large amounts of reagents, and generate additional waste. Therefore,
adsorption methods based on natural and inexpensive mineral materials are a more
environmentally friendly and economically advantageous alternative (Ugwu et.al.,
2019; Barakan et.al., 2021).

In recent years, natural diatomite and montmorillonite clays have been widely
studied as effective sorbents for heavy metals due to their high specific surface area,
porosity, and chemical stability. Modification of these materials with organic polymers,
such as polyethylene polyamine, increases their adsorption capacity and enhances the
activity of surface functional groups (EISayed 2018; Zhao et.al., 2019).

The aim of this work is to study the kinetics and thermodynamics of heavy metal ion
adsorption on modified diatomite sorbents based on Ca-montmorillonite, to determine
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the diffusion and energy characteristics of the process, and to determine the practical
significance of the results obtained in the field of environmental protection.

Materials and methods. Water-washed Ca-montmorillonite clay was used in the
study. The adsorption of heavy metals from solutions was studied in a static mode
with constant shaking. A sample of the sorbent-a solution with a specific sorbate
concentration-was placed in a conical flask, maintained at a pH of 5.5 £ 0.5 for a specific
time and at a specific temperature (Esmail et.al., 2013; Khachatryan 2014).

The components of the sorbent and metal solutions were determined depending on
time and temperature. The kinetics and thermodynamics of the adsorption process were
studied. Various temperatures (288, 293, 303, 313 K) were used to study the effect of

temperature.
The following equations were used to describe the proportion of external diffusion
into the environment: D_ is the external diffusion coefficient, and signal is the

thickness of the solution film.

The Arrhenius equation was used to determine the activation energies (Ea) of the
heavy metal adsorption process on diatomite sorbent. The Langmuir adsorption model
was used to explain the experimental data.

Adsorbed metal ions are desorbed with a 1 M hydrochloric acid solution, with a
deadsorption rate of 95—98%. The adsorbent purified in this way is treated with a 20—
30% alkali solution for 2—3 hours and reused for further purification and extraction of
metal ions.

To determine the mechanism of interaction of the modified diatomite sorbent with the
surface, IR spectroscopy studies of samples were carried out before and after interaction
with Cu?* and Pb*" ions.

Results and Discussion. 3./ Kinetics. The time dependencies of heavy metal
adsorption studied in the temperature range of 288—293 K (Figure 1) show that for
all studied systems, the adsorption values reach constant values after 40—60 minutes.
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Figure 1 — Kinetic curves of heavy metal adsorption on diatomite sorbent

The degree of metal removal reaches 95-100% in about 20-30 minutes.
The contribution of external diffusion to the adsorption of heavy metals in the studied
sorbent can be described (Wagner et.al., 2005; Godymchuk 2003) as follows (1):

3Dgxt
y = (M)

Taking into account this equation, where D___is the external diffusion coefficient,
r, is the radius of the sorbent particles, sigma is the thickness of the solution shell around
the sorbent particles, its value is taken to be equal to 5*103 cm (Adebowale et.al.,
2005), Kp is the distribution coefficient, determined by the equation (Lutsenko 2004;
Vezentsev 2008): Kp = a/Cp, where a is the number of sorbed ions (mmol/g), and Cp
is the equilibrium concentration of these ions in solution (mmol/cm’), tD_  can be
calculated from the tangent of the slope of the line-In(1-F).

Processing of the kinetic adsorption curves of the studied heavy metals using equation
(1) showed that the time of onset of the linear dependence of the function -In(1-F)=f(t)
depends primarily on the temperature of the experiment.

Thus, if at a temperature of 288-293 K a high linear dependence of this function
is observed in the first 20-30 minutes, then at a temperature of 303—313 K this time is
reduced to 5—10 minutes, which is due to a decrease in external diffusion resistance with
increasing temperature. Consequently, the external diffusion coefficient also increases
with increasing temperature. )

In most cases, the dependence @ — t12 s polylinear, characterized by 2—3 sections
and described by the following equation (2):

. =ky-tzt+A )

where A is the segment cut off from the coordinate axis at a =f(t"?), dependence.
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Diffusion parameters. 3.2. In equation (1), d describes the thickness of the boundary
layer. The first part describes the diffusion of the sorbate through the solution layer to
the sorbent surface (Table 1).

Table 1. Diffusion parameters of heavy metal adsorption on diatomite sorbent.

Ton tK [Zf”-’ k, mole*g'*sec. 0 D, cm?/sec. B,
cm*/sec. a ! !
288 1.65*10° 4.60*107 1.70*10°* 5.00
Pb?* 293 4.93*10° 5.60*107 6.81*10°* 3.37
303 5.86*%10° 6.90%107 8.52*10® 3.00
313 1.01*10 9.30*10° 1.19*107 3.10
288 2.07*10° 6.10*10° 5.96*10* 3.13
Cd>* 293 2.80*10° 6.70*10° 7.24%10°% 3.37
303 3.20*10° 8.20*10° 8.94*10® 321
313 5.85*10° 8.20*10° 2.26%107 2.35
288 1.14*10° 6.30*%10° 5.96%10°* 3.37
702 293 1.46*10° 7.40*%10° 7.66%10°* 3.19
n 303 1.53*¥10° 8.90*10° 5.96%10°¢ 4.35
313 2.58*10° 1.25%10~ 9.37*10°¢ 4.74
288 1.18*10° 6.60*10~ 6.39%10°* 3.36
Cu 293 1.41*10° 6.60*10° 8.09*10* 3.19
u 303 1.68*10° 8.40%107 6.81*10° 6.02
313 1.81*10° 9.20*10° 8.52*10° 438

The second part, whose slope determines the internal diffusion rate constant,
describes the internal diffusion process itself [3]. To calculate the internal diffusion
coefficients (Di), the classical equation for internal diffusion from a confined volume
into a spherical body, proposed by Boyd and Adamson (Ivanov 2005; Byurnieva 2009;
Neudachina 2004), was used (3):

o i _ sz
F=1 e EXI}( r® (3)
where Di is the internal diffusion coefficient, cm?/s; r is the radius of the sorbent
. . . Dyt . o
grain, cm; t is the time, s. — l:: = B, — Fourier homochromy criterion.

Based on the determined t-Bt, the Bt—t dependence is constructed, the slope of
which is determined by Di.

The temperature dependence of the internal diffusion coefficient (Wax et.al., 2001)
is expressed by equation (4):

AE
D; = Dexp( =) )
where AEa is the activation energy of the overall diffusion process, and D, is the
factor before the exponential factor.
The Biot coefficient is used to estimate the contributions of external and internal
diffusion in the overall process (5):
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Diggrr
t = Dk (5

As noted in (Kasani 2023), at B, > 20 the adsorption process is limited by internal
diffusion, at B,1 — by external diffusion, intermediate values indicate mixed diffusion
kinetics.

From Table 1, it can be seen that the external diffusion coefficients, being mainly
single-order quantities, depend on the ion type and vary sequentially in the temperature
range 293—313 K:

D_Pb*>D_Cd*>D_Zn*>D_Cu*".

The internal diffusion coefficients of Pb2+ and Cd2+ increase with increasing
temperature, while for Zn2+ and Cu2+, Di does not show a clear temperature dependence.
Studies have shown that the Di values (and, consequently, the internal diffusion rate)
of the ions under investigation depend on their crystallographic radii, decreasing as the
latter increases; a similar dependence (Kostenko 2004).

The ions under study can be arranged in a row according to their crystallographic
radii:

Pb>>Cd*>Zn*
Cu?70.1120.0990.0830.060

The results of the study indicate a mixed diffusion mechanism for the adsorption of
heavy metals in the clay under investigation, with a slight predominance of the external
diffusion mechanism, as also indicated by Bi criterion values ranging from 3.0 to 6.02.

It is assumed that the adsorption stage itself can make a significant contribution
to the kinetics of the entire process. Therefore, to describe the patterns of this kinetic
stage, pseudo-first-order and pseudo-second-order reaction models were used, which
are linearly expressed by equations (6) and (7) (Lukaszczyk et.al., 2004):

In(a.. —a.) = Ina, — kit

Lo+l (6)

ot kzugc_ Do

where a_ and at are the equilibrium adsorption quantity and adsorption quantity
(mmol/g) at time t, respectively, and k, k, are the adsorption rate constants of pseudo-
first and pseudo-second order reactions, respectively.

t/a was calculated from the dependenciest, k,, anda_using equation (6). Acomparison
of the results of using pseudo-first and pseudo-second-order models (Table 2) to
describe the adsorption kinetics of the studied ions shows that in most cases the pseudo-
second-order equation allows for the description of highly correlated experimental data.
Coefficients are R,. Moreover, the values of a_ calculated by equation (1) give the best
agreement with the experimental a_. From Table 1, it can be seen that the values of the
rate constants k, for all the ions studied increase with increasing temperature. From the

dependences of In k..
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=_Fa
Ink,; = - T const (7)

According to the 1/T Arrhenius equation: the activation energies (Ea) of the
adsorption process of heavy metals on diatomaceous sorbent were determined, kJ/mol:
Pb*75,5; Cd**51,1; Zn**45,6; Cu* 26,1.

Sufficiently high activation energy values may indicate reversely activated adsorption
from subsequent ions on the modified sorbent.

Thus, in the case of Pb*", Cd*', Zn*" and Cu?" adsorption on modified diatomite, the
adsorption kinetics are a combination of external and internal diffusion kinetics (with
a slight predominance of external diffusion) and a pseudo-second-order reaction model
is described.

The adsorption isotherms of Pb**, Cd**, Zn?" and Cu?" at 293 K are shown in Figure
2, which shows that the saturation process occurs during the adsorption of the studied
ions in the concentration range of 0.8—1.2 mmol/dm?.

The results of the Langmuir isotherm equations based on experimental data are
shown. The results obtained may be useful in developing a adsorption technology for
the purification of natural wastewater from heavy metals using a modified sorbent based
on diatomite.

When describing experimental isotherms of heavy metal ions by mineral sorbents,
the Langmuir adsorption model is often used in the literature (Vezentsev et.al., 2008).

A ECp
T (1+E-Gp) ®)

where A is the adsorption limit; K is the adsorption equilibrium concentration
constant, which characterizes the intensity of the adsorption process, I/mol.
Linearization of adsorption isotherms according to the equation (Ivanov 2005):

_ 1 101

1
A Ax AxK Cp )

0.30 4

a, mole\g

0.20
0.15
0.10

0.05

0,00 t+——TFT—"+T"+7T"T T T T 1
00 02 04 06 08 10 12 14 1.6

C, mole/dm?®

Pb* (1), Cd** (2), Zn* (3) and Cu*" (4) (V=50 cm’, m=0,1 g; pH=5,5+0,5; 1= 60 min; t=293K)
Figure 2 - Adsorption isotherms of heavy metals on diatomite sorbent
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The constants and correlation coefficients of the Langmuir equation are summarized
in Table 2, which shows that the Langmuir isotherm is most suitable for describing the
adsorption of the studied ions by the modified diatomite sorbent (see correlation R,
and satisfactory agreement between experimental and calculated values according to
equation (4) a_, which indicates a monolayer covering the surface of the heavy metal
sorbent. It was also noted that the adsorption of heavy metals on diatomite sorbent is
better described by the Langmuir equation and the pseudo-second-order reaction model.

Table 2. Equation constants.

Langmuir equation
Cations a, mmole/g b, dm’/ mmole Rz dexp
Pb** 0.26 135.795 0.999 0.26
Cd* 0.31 8.405 0.997 0.28
7n* 0.28 15.489 0.998 0.26
Cu?t 0.29 28.851 0.999 0.28

It is known that the adsorption of heavy metals on the sorbent under study can occur
through several mechanisms [5]: 1) ion exchange; 2) formation of chelate complexes
with surface hydroxyl groups of the mineral; 3) “stacking” bonds on the edges and
corners of valence attachment during the growth stages of montmorillonite crystals.
In the case of the natural sorbent under study, the adsorption process proceeded by
the mechanism of ion exchange with the replacement of heavy metal ions mainly by
calcium, sodium, and magnesium cations.

The results of the study showed that the adsorption of Pb*", Cd*", Zn** and Cu** on
modified diatomite occurs mainly by the ion exchange mechanism, is endothermic in
nature and is well described by the Langmuir isotherm equation. The kinetics of this
process is a combination of external and internal diffusion kinetics with the dominance
of external diffusion kinetics and is best described by a pseudo-second-order reaction
model.

The degree of deadsorption of adsorbed metal ions with hydrochloric acid solution
reaches 95-98%. The purified adsorbent is reused for further purification and extraction
of metal ions. This indicates that the diatomites modified in this way can be reused many
times, and metals can be further concentrated and extracted by any physicochemical
methods, which ensures the disposal of waste and the environmental and economic
feasibility of using such a universal adsorbent.

3.3. IR spectra. In order to determine the mechanism of interaction of the modified
diatomite sorbent with the surface, the IR spectra of the samples before and after
interaction with Cu?>" and Pb*" ions were studied.

On the surface of the sorbent, —NH,, COOH, OH- groups were found, the
corresponding vibrations were as follows: v=1646.09-1408.53 cm™, 1079.29-589.31 cm
1,2926.75-3400 cm ! (Akhmedov et.al., 2001).
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After contact with metal ions of the sorbents, a shift phenomenon is observed in all
recorded peaks. The adsorption bands corresponding to amino groups at a frequency
of 1408.53 cm™ shifted to lower frequencies, while the band corresponding to the
deformation vibrations of NH groups (at 799.52 cm™) shifted to higher frequencies. In
addition, a peak at 1079.29 cm™ sensitive to the influence of metal ions was detected.
After interaction with Cu** and Pb*" ions, this peak shifted to lower frequencies. A
similar change occurred in the peak corresponding to carboxyl groups at 1243.82 cm™.

3.4. Sorption mechanism. Considering the above, it can be concluded that during the
adsorption of Cu?" and Pb*" ions on the sorbent surface, their binding occurs mainly due
to electrostatic, donor-acceptor interactions, and ion exchange mechanisms under the
influence of —NH, -COO-, and OH- groups. Pb** and Cu*" ions, as d-elements, tend to
form donor-acceptor bonds with amino groups on the cell surface. In addition, both ions
have the ability to interact with carboxyl and hydroxyl groups through ion exchange
mechanisms.

Conclusion. The study showed that water-washed modified diatomite sorbents
based on Ca-montmorillonite are capable of effectively removing heavy metal ions
(Pb*, Cd**, Zn*", Cu*") from aqueous solutions. The adsorption process was studied
under static conditions at pH = 5.5 & 0.5 and in the temperature range of 288—313 K.
The results showed that adsorption equilibrium is reached in 40—60 minutes, and the
degree of metal ion extraction is 95—100%.

The results of kinetic analysis showed that the adsorption process follows a pseudo-
second-order reaction model, and the Langmuir isotherm is in good agreement with
the experimental data. This confirms the monolayer nature of adsorption and the
endothermicity of the process. An increase in temperature leads to an increase in the
rate of external diffusion and a decrease in activation energy.

IR spectroscopy studies have shown that the functional groups —NH,, —COOH,
and —OH on the sorbent surface interact with heavy metal ions, participating in ion
exchange and the formation of donor-acceptor bonds, which, in turn, ensures high
efficiency and selectivity of the sorbent.

The use of modified diatomite sorbents is an environmentally friendly and cost-
effective method for treating natural and industrial water contaminated with heavy
metals. The results of this study can serve as a scientific basis for the development of a
new generation of adsorption materials for removing heavy metal ions.

References

Adebowale K.O. et.al. (2005). Adsorption of some heavy metal ions on sulfate and phosphate-modified
kaolin AppliedClayScience. — V.30. — P.145-148. (in English)

Akhmedov S. A., Babuev M. A., Basargin N. N., Rozovsky Yu. G. (2001). Sintez i izuchenie sorbcionnyh
svojstv nekotoryh polimernyh helatnyh sorbentov na osnove polistirola [Synthesis and study of adsorption
properties of some polymer chelate sorbents based on polystyrene]. Factory laboratory. — V.67. — No.5.
— P.15-17. (in Russian)

Azimi A., Azari A., Rezakazemi M., & Ansarpour M. (2017). Removal of heavy metals from industrial
wastewaters: a review. ChemBioEng Reviews, — V.4(1). — P.37-59. (in English)

Barakan, S., & Aghazadeh, V. (2021). The advantages of clay mineral modification methods for
enhancing adsorption efficiency in wastewater treatment: a review. Environmental Science and Pollution
Research, — V. 28(3). — P. 2572-2599. (in English)

194



ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

Byurnieva U. G. (2009). Koncentrirovanie i opredelenie medi, svinca i kadmiya s ispol'zovaniem
polimernyh sorbentov, modificirovannyh azosoedineniyami [Concentration and determination of copper,
lead and cadmium using polymeric sorbents modified with azo compounds]. Diss. Cand. Chem. Sciences:
02. 00. 02. Dagestan State University—Makhachkala. —111 p. (in Russian)

ElSayed, E. E. (2018). Natural diatomite as an effective adsorbent for heavy metals in water and
wastewater treatment (a batch study). Water Science, — V. 32(1). — P. 32-43. (in English)

Esmail G.K., Ramazanov A.Sh. (2013) Sorbciya ionov kadmiya i svinca iz vodnogo rastvora
prokalyonnoj glinoj [Adsorption of cadmium and lead ions from an aqueous solution by calcined clay].
Bulletin of Dagestan State University. — Issue 6. — P.200-203. (in Russian)

Godymchuk A. Yu. (2003) Tekhnologiya izgotovleniya silikatno-karbonatnyh sorbentov dlya ochistki
vody ot kationov tyazhelyh metallov [Technology of manufacturing silicate-carbonate sorbents for water
purification from heavy metal cations]. Abstract of Cand. Tech. Science Dissertation: 05.17.11. —Tomsk.
—24 p. (in Russian)

Igbal M. N., & Ashraf, A. (2018). Environmental pollution: Heavy metals removal from water
sources. International Journal of Alternative Fuels and Energy, — V. 2(1). — P. 14-15. (in English)

Ivanov V.M., Polyanskov R.A., Sedova A.A. (2005). Sorbciya ionov medi (II) vismutolom I,
immobilizovannym na prirodnom ceolite. [Adsorption of copper (II) ions by bismuthol I immobilized on
natural zeolite]. Vestn. Moscow Univ.Ser.2. Chemistry. —T.46. — No.l. — P.61-65. (in Russian)

Kasani H. A., & Selvadurai, A. P. S. (2023). A review of techniques for measuring the Biot coefficient
and other effective stress parameters for fluid-saturated rocks. Applied Mechanics Reviews. — V. 75(2).
— P. 020801. (in English)

Khachatryan Sh. V. (2014). Heavy metal adsorption by Armenian natural zeolite from natural aqueous
solutions. Chemistry and Biology. — Ne2. — P.31-35. (in English)

Kostenko E.E., Shtokalo M.I. (2004). Tverdofaznaya spektrofotometriya—effektivnyj metod
opredeleniya tyazhelyh metallov v pishchevyh ob"ektah [Solid-phase spectrophotometry — an effective
method for determining heavy metals in food objects]. J. Analytical Chemistry. — Vol. 59. — No. 12. — P.
1276-1282. (in Russian)

Lukaszczyk J. et.al. (2004). Sorbents for Removal Surfactants from Aqueous Solutions. Surface
Modification of Natural Solids to Enhance Adsorption Ability. J.Appl.Pol.Sci. — Ne2. — P.1510-1515. (in
English)

Lutsenko M. M. (2004). Sovershenstvovanie tekhnologii ochistki stokov gal'vanicheskih proizvodstv
ot ionov medi nikelya :author's abstract of candidate of technical sciences dissertation [Improving the
technology of cleaning galvanic production wastewater from copper and nickel ions]. 05.23.04. St.
Petersburg. — 20 p. (in Russian)

Neudachina L. K., Eremin D. V., Skorik Yu. A., Yatluk Yu. G., Lakiza N. V. (2004). Sintez i sorbcionnye
svojstva novyh helatoobrazuyushchih sorbentov s neorganicheskoj osnovoj i funkcional'nymi gruppami
b-alanina [Synthesis and adsorption properties of new chelating sorbents with an inorganic base and
functional groups of b-alanine]. Proceedings of the VII conference "Analytics of Siberia and the Far East".
http://www.anchem.ru/literature/books/asdv-2004/030.asp. (in Russian)

Ugwu I. M., & Igbokwe, O. A. (2019). Adsorption of heavy metals on clay minerals and oxides: a
review. Advanced adsorption process applications. — P.1-23. (in English)

Vezentsev A.l., Korolkova S.V., Volovicheva N.A. (2008). Fiziko-himicheskie harakteristiki prirodnoj i
modificirovannoj gliny mestorozhdeniya polyana Belgorodskoj oblasti [Physicochemical characteristics of
natural and modified clay from the Polyana deposit in the Belgorod region]. Adsorption and chromatographic
processes. — Vol. 8. — Issue 5. — P. 790-795. (in Russian)

Wagner A.C. et.al. (2005). Removal of Heavy Metals from Wastewater by Brazilian Natural Materials.
Revista CENIC Ciencias Quimicas. — V. 36, No. Especial. . (in English)

Wax J. F., Albaki, R., & Bretonnet, J. L. (2001). Temperature dependence of the diffusion coefficient in
liquid alkali metals. Physical Review B. — V. 65(1). — P. 014301. (in English)

Zhao Y., Tian, G., Duan, X., Liang, X., Meng, J., & Liang, J. (2019). Environmental applications of
diatomite minerals in removing heavy metals from water. Industrial & Engineering Chemistry Research. —
V. 58(27). — P.11638-11652. (in English)

195




ISSN 2224-5227 4.2025

ACADEMIC JOURNAL

OF PHYSICAL AND CHEMICAL SCIENCES
ISSN 2224-5227

Volume 4.

Number 356 (2025), 196-207

https://doi.org/10.32014/2025.2518-1483.394

©A.Abdrakhmanova'*, V. Krivchenko?, A. Sabitova', B. Kuderina3, 2025.
'NJSC «Shakarim University», Semey, Kazakhstan;

’The Scientific Research, Design, and Technological Center for Electrochemical
Engineering, Dubna State University, Moscow Region, Dubna,
Russian Federation;

SNJSC «Kokshetau University named after Sh.Ualikhanov»,
Kokshetau, Kazakhstan.

*E-mail: zzzk2014@mail.ru

DOL-ENHANCED ELECTROLYTES AS A ROUTE TO STABLE
ANODES IN Li—V,05; SYSTEMS

Abdrakhmanova Azhar — PhD student, Chemistry and ecology department, NJSC «Shakarim
University», Semey, Kazakhstan,

E-mail: zzzk2014@mail.com; ORCID: https://orcid.org/0000-0003-1196-6081;

Krivchenko Victor — Candidate of Physical and Mathematical Sciences, The Scientific Research, Design,
and Technological Center for Electrochemical Engineering, Dubna State University, Moscow Region,
Dubna, Russian Federation,

E-mail: victi81@mail.ru; ORCID: https://orcid.org/0000-0002-8909-9021;

Sabitova Alfira — PhD, Head of Chemical technologies and Ecology department, NJSC «Shakarim
University», Semey, Kazakhstan,

E-mail: alfa-1983@mail.ru; ORCID: https://orcid.org/0000-0002-3360-7998;

Kuderina Balken — PhD, Senior Lecturer, Department of Morphology, Physiology, and General
Pathology, Sh. Ualikhanov Kokshetau University, Kokshetau, Kazakhstan,

E-mail: b.kuderina@shokan.edu.kz; ORCID: https://orcid.org/0009-0001-4602-8194.

Abstract. The development of stable anodes based on metallic lithium remains one
of the key and most urgent challenges in creating lithium batteries with high specific
energy and long cycle life. Increasing requirements for safety, efficiency, and durability
make it important to study the interfacial processes that determine lithium-anode stability
under various operating conditions and external influences. In this regard, the aim of the
work is a comprehensive evaluation of the influence of electrolyte composition on the
interfacial stability and electrochemical characteristics of the lithium anode in the Li—
V.05 system, as well as the identification of the most practical electrolyte formulation.
The study analyzed four electrolytes based on a mixture of propylene carbonate and
1,2-dimethoxyethane (3:7): 1 M lithium difluoro(oxalato)borate (LiDFOB) and 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), each tested with and without the
addition of 15% 1,3-dioxolane (DOL). The applied methods included galvanostatic
cycling at different current densities, recording of discharge curves, and impedance
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spectroscopy for evaluating interfacial resistance and SEI-layer dynamics. Experimental
results showed that the introduction of DOL significantly improves electrode processes
by reducing interfacial resistance, increasing Coulombic efficiency, and ensuring more
stable anode behavior. The best performance was demonstrated by the LiTFSI + 15%
DOL electrolyte, which retained approximately 75% of its initial capacity near 300
cycles. The practical significance of the study lies in the fact that the identified patterns
enable targeted optimization of electrolyte systems to create more reliable, energy-
dense, long-lasting lithium batteries of the next generation.

Keywords: lithium anode; V,Os; electrolyte; LiDFOB; LiTFSI; 1,3-dioxolane;
Coulombic efficiency; impedance spectroscopy
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AHHoOTanus. MeTaIsIIUTHH HET131HeT1 TYpaKThlaHOATap Ikl Kacay KOFapbl MEHIITIKT1
SHEPTUACH KOHE Y3aK KBI3MET €Ty Mep3iMi Oap JUTHH-WOHABI aKKyMYJISITOPIAP.IbI
o3ipreyaeri aca e3eKTi KOHE MaHBI3IbI FRUTBIMUA MIHACTTEPAiH Oipi OOIBIT TaOBLTA B
Kayincizmikke, THIMAUTIKKE JKOHE Y3aKMEP3iMIIi )KYMBICKAa KOWBIIATHIH TaJlanTap.IbIH
APTYBUIATHH AHOBIHBIHOPTY PIT1 AKYMBIC PEKUMICPIMEH CBIPTKBIOCEPIICP KAF TalbIH/TaF bI
TYPAKTBUIBIFBIH aHBIKTAUTBIH MEXK(a3aliblK YIAEpICTEpIi TEPEeH 3epTTEydl KaxkeT
eteni. OcbiFaH OalIaHbICTBI OYJI )KYMBICTBIH MaKcaThl — Li—V205 JKyHeciHaeri TuTui
AHOZBIHBIH MK (Da3aliblK TYPAKThUIBIFbIHA YKOHE DJICKTPOXUMHUSIIBIK CHUITaTTaMallapblHa
AIEKTPOJIAT KYPAMBIHBIH 9CEPiH KEIMICH I1 TYpae Oaranay, COHIaii-aK eH MepCIeKTUBAIBI
JKOHE TIPAKTUKAJIBIK TYPFBIIAH MaHBI3IBI JIEKTPOJIUT KYPaMBIH alKBIHIAY. 3epTTCYae
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MPOMWICHKapOoHaT TieH 1,2-IMMEeTOKCHUATaH Kocmackl (3:7) HerisiHae AaiblHAaIFaH
TOPT DJIEKTPOIUT KapacThlpsuiael: 1 M mutuii audrop(okcanaro)oopar (LiDFOB)
xoHe 1 M nmutuii ouc(tpudropmerancynbdonnn)umun (LiTFSI), onapasiy opkaiichich
15% 1,3-guokconan (DOL) KocburFaH jXoHE KOCBUIMaraH HYyCKajapaa 3€pTTei.
Konnmaneiiran  oficrepre opTypii TOK THIFBI3IABIKTAPBIHAA TajlbBaHOCTATHKAIBIK
LUKJIZICY, Pa3psIThIK KUCBHIKTAPIbl TIpKEYy kKoHE Mex(a3alblK KeJepriHi, coHmah-aK
SEI kabaThIHBIH KaJIbIIITaCy TUHAMUKACHIH TAJJIAy YIIIiH UMITEAHCThIK CIIEKTPOCKOIIHS
Kipzi. DKCIePUMEHTTIK HoTHXKeep pyHKImoHAIbIK Kocna JJOJI eHrizy aieKTpoaAThIK
MPOTIECTEeP Il alTapBIKTall JKaKCapTAThIHBIH, (ha3aapajblK KeACpriHi TOMEHICTETIHIH,
KYJIOH/IBIK THIMIITIKTI apTTHIPAThIHBIH )KOHE aHOTHIH TYPAKThI )KYMBICHIH KAMTaMachI3
eTeTiHiH KepceTTi. EH sxoraps! HaTmwkenepai 15% J1OJI kocsuiran LiTFSI anextpomnuti
kepcerin, 300 1UKINaH KeHiH OacTankbl CHIABIMIBLUIBIKTEIH IIaMaMeH 75%-bIH
cakTajpl. 3epTTEYiH NPAKTUKAIBIK MaHbBI3bl — aJIbIHFAH 3aHJBUIBIKTAp JINTUH-HUOH
AKKyMYJIATOPJIAPBIHBIH JKaHa OYBIHBI YIIIH HEFYPJIBIM CEHIMJIi, SHEPrUsIChl JKOFaphI
JKOHE Y3aKMEp3iMIi DIIEKTPOJIUTTIK JKYHelepai MaKcaTThl Typle OHTalIaHABIpyFa
MYMKIHIIK Oepei.

Tyiiin ce3nep: mutuii anonpr; V,0,; snexrpomut; LiDFOB; LiTFSI; 1,3-11okconan;
KYJIOHJIBIK TUIMJILTIK; MMITEIAHCTHIK, CIIEKTPOCKOTIHS
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AnHoTauus. Pa3paboTka CTaOWIBHBIX aHOAOB HAa OCHOBE METALTHYECKOTO
JIATUS OCTa&TCS OMHON W3 KJIFOUEBBIX M aKTyalbHBIX 3aJad MPHU CO3MAaHUH JTUTHEBBIX
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AKKYMYJIATOPOB C BBICOKOH YIEIbHOW SHEPrHEel U JUIUTEIBHBIM CPOKOM CITY>KOBI.
[loBbimenHple TpeOoOBaHUS K 0e30macHOCTH, A((EKTUBHOCTH U JIOJATOBEYHOCTH
JICJIAl0T 0COOCHHO Ba)KHBIM HCCIJICJIOBaHUE MEXK(a3HBIX MPOIECCOB, OMPEHACIISIONIINX
YCTOHYMBOCTh JIMTHEBOIO aHOAA IPH Pa3IMUYHBIX PEKUMAaX pPadOThl M BHEUTHHX
BO3ICHCTBUSAX. [[enblo JNaHHOW pPabOThI SIBISETCS KOMIUICKCHAsT OICHKA BIIMSHUS
coCTaBa »JJIEKTpOJIUTa Ha MeX(}a3Hy0 CTaOWIBHOCTh M DIEKTPOXUMHUYECKHUE
XapaKTEPUCTUKH JINTUEBOTO aHoja B cucteMe Li—V,0s, a Takxke BBISBICHUE HaubOoIiee
MEPCIIEKTUBHOTO M MPAKTHYECKH 3HAYMMOI0 COCTaBa JJIEKTponuTa. B mcciemoBanun
AHAIM3UPOBAIIUCH YETHIPE IJICKTPOJIUTA HAa OCHOBE CMECH MPONUIICHKapOOHATa M
1,2-qumetokcuatana (3:7): 1 M nutuii gudrop(okcanaro)oopara (LiDFOB) u 1
M nutuit O6uc(rpudropmerancyabponun)umuaa (LiTFSI), kaxapiii — B BapuaHte
¢ nobamnenuem 15% 1,3-muokcomana (DOL) u 0e3 Hero. Memoow: BKItOYaIu
raJIbBaHOCTAaTUYECKOE IUKIOBAHUE TIPU Pa3HBIX TUIOTHOCTSIX TOKA, aHAIIU3 Pa3psiIHbIX
KPUBBIX U UMIIEIAHCHYIO CIIEKTPOCKOITUIO I OI[CHKH MEX()a3HOro CONMPOTHUBICHUS
u auHaMuKH GopmupoBanust SEI-crosi. Ixcnepumenmanvhvie pe3yrvmamst MoKa3aiy,
4TO BBeJeHUE (QYHKIMOHAIBHOU 100aBku DOL 3HAYMTENBHO YIydlIaeT IeKTPOIHBIC
MPOLIECChI: YMEHBIIACT MEK(a3HOE COIMPOTHBICHUE, TIOBBINIACT KYJIOHOBCKYIO
3¢ dekTUBHOCTh U oO0OecreurBaeT Ooliee CTAOWILHOE MOBEJCHHE JIMTUEBOTO aHOJA.
Haunyumme xapakrepuctuku npogemonctpuposan snekrponut LiTFSI + 15% DOL,
COXpaHMBIIHM 0K0JI0 75% nepBoHauanbHOU éMKocTU K 300-My nukiy. [lpakmuyeckas
3HAUUMOCMb UCCICOBAHUS 3aKIIIOUACTCS B TOM, YTO BBISBICHHBIC 3aKOHOMEPHOCTH
MO3BOJISIIOT ~ ICJICHATIPABIICHHO ONTUMHU3UPOBATh 3JICKTPOJIUTHBIE CUCTEMBI ISt
pa3pabotku Oosiee HaIEKHBIX, FHEPTOEMKHUX U JIOJITOBEYHBIX JINTHEBBIX AKKYMYJISITOPOB
HOBOTO TIOKOJICHHSI.

KaroueBbie caoBa: nutueBblii anom; V,0s; anekrponut; LiDFOB; LiTFSI;
1,3-nmuokcosaH; KylnoHOBCKast 3()()eKTUBHOCTb; UMIIEIAHCHAS CIIEKTPOCKOTIHSI

Introduction. Lithium-ion batteries (LIBs) have transformed the landscape of
energy storage, underpinning the rapid expansion of portable electronics, electric
vehicles, and grid-scale storage systems due to their high energy density and extended
cycle life (Tarascon & Armand, 2001, Goodenough & Park, 2013, Zhang et al., 2018).
Yet, the growing demand for batteries with even higher energy densities and enhanced
safety characteristics has revealed the limitations of conventional graphite anodes.
In this context, lithium metal has emerged as a promising alternative anode material,
owing to its exceptionally high theoretical specific capacity (3860 mAh-g*) and the
lowest redox potential among known electrode materials (—3.04 V vs. SHE) (Xu, 2014,
Lin et al., 2017, Bruce et al., 2012).

Despite its advantages, the practical application of lithium metal anodes (LMAs)
is hampered by several critical issues, including the formation of lithium dendrites,
continuous parasitic reactions with electrolyte components, and the development of an
unstable and resistive solid electrolyte interphase (SEI) (Zhang, 2013, Liu et al., 2019,
Chen et al., 2021a). These phenomena contribute to rapid capacity fading, reduced
Coulombic efficiency, and severe safety hazards. Therefore, stabilizing the lithium—
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electrolyte interface is a key prerequisite for the successful deployment of lithium metal
batteries in commercial applications (Wang et al., 2022).

Recent progress has shown that ether-based electrolytes, particularly those comprising
dimethoxyethane (DME) and 1,3-dioxolane (DOL), exhibit improved compatibility
with lithium metal due to their low viscosity and ability to form flexible and uniform
SEI layers (Hong et al., 2025, Ren et al., 2020, Chen et al., 2021b). In parallel, the
use of advanced lithium salts such as lithium difluoro (oxalato)borate (LIDFOB) has
proven effective in constructing SEI layers rich in inorganic components like LiF, which
reduce interfacial resistance and improve passivation stability (Wang et al., 2020, Li
et al., 2019). Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), known for its
superior ionic conductivity and electrochemical stability, is another widely explored
salt, although it often requires additives or co-solvents to mitigate corrosion and side
reactions (Li et al., 2024, Song et al., 2022).

The design of mixed-solvent systems combining high-permittivity components such
as propylene carbonate (PC) with low-viscosity ethers offers a rational approach to
balance ion transport, SEI formation, and chemical stability. Moreover, the choice of
cathode material plays a crucial role in defining electrolyte requirements. Vanadium
pentoxide (V,0s) stands out for its high theoretical capacity and layered structure
enabling multivalent redox reactions, but it is also highly sensitive to electrolyte-
induced degradation, especially in the presence of aggressive solvents or decomposition
products (Hu et al., 2023, Kim et al., 2025).

To address these challenges, this study focuses on evaluating the electrochemical
performance of lithium metal electrodes in Li—V,0s systems using ether-based
electrolytes with and without DOL co-solvent and two different lithium salts (LiDFOB
and LiTFSI). The results provide new insights into the role of electrolyte formulation
in stabilizing lithium metal interfaces and enabling long-term cycling in high-energy
battery systems.

Materials and methods. All chemicals and materials were used as received without
further purification. Lithium difluoro(oxalato)borate (LiDFOB, >99.5%, Solvionic) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, >99.9%, Sigma-Aldrich) were
used as lithium salts. The solvents propylene carbonate (PC, 99.7%, Sigma-Aldrich),
1,2-dimethoxyethane (DME, 99.5%, Sigma-Aldrich), and 1,3-dioxolane (DOL, 99.8%,
TCI) were dried over 3 A molecular sieves and handled under an inert atmosphere.

Vanadium pentoxide (V,0s, 99.2%, Alfa Aesar) was used as the active cathode
material. Conductive additives included multi-walled carbon nanotubes (MWCNTs,
>95%, CheapTubes Inc.) and Super C45 carbon black. The binder was polyvinylidene
fluoride (PVDF, Solef 5130), dissolved in N-methyl-2-pyrrolidone (NMP, 99.5%,
Merck). Aluminum foil (20 um thick, MTI Corp.) served as the current collector, and
lithium metal foil (150 pm thick, @15.6 mm, China Energy Lithium Co.) was used as
the anode.

Cathode Preparation

The cathode slurry was composed of V,0s (91 wt%), MWCNTs (1 wt%), Super
C45 carbon black (3 wt%), and PVDF (5 wt%) dispersed in NMP. The mixture was
magnetically stirred at room temperature for 12 hours to obtain a homogeneous paste.
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The slurry was cast onto aluminum foil using a Doctor Blade Coater (MTI AFA-
I1-V), with the blade height set to 200 pm to ensure uniform film thickness. The coated
electrodes were dried at 100 °C under vacuum for 12 hours. After drying, the electrodes
were calendered using a hot rolled to a final thickness of 100—120 pm and punched into
14 mm diameter discs. Prior to cell assembly, the discs were additionally dried under
vacuum at 110 °C for 6 hours to remove residual moisture.

Electrolyte Preparation

Four electrolyte formulations were prepared based on a PC: DME solvent mixture
(3:7 by volume) with 1 mol-L* concentration of either LIDFOB or LiTFSI. Two of the
formulations included 15 vol% of DOL as a co-solvent:

1. 1 M LiDFOB in PC: DME (3:7);

2. 1 M LiDFOB in PC: DME (3:7) + 15% DOL,;

3. 1 M LiTFSI in PC: DME (3:7);

4. 1 M LiTFSI in PC: DME (3:7) + 15% DOL.

Each solution was stirred for 12 hours, filtered through a 0.22 um PTFE syringe
filter, and stored in sealed glass vials under argon.

Cell Assembly

CR2032-type coin cells were assembled in an argon-filled glovebox (SPECS
GBO02M, Russia) equipped with oxygen and moisture sensors. The glovebox-maintained
oxygen levels below 1.0 ppm and moisture content below 0.1 ppm, which was essential
for handling lithium metal and ether-based electrolytes. Celgard 2325 microporous
polypropylene membranes were used as separators. Approximately 100 pL of electrolyte
was added to each cell. Cells were sealed using a hydraulic crimper and allowed to rest
for 12 hours prior to testing to ensure proper electrolyte wetting. For each electrolyte
formulation, 2—3 cells were assembled to verify reproducibility.

Electrochemical Testing

Galvanostatic cycling was performed using a BioLogic VMP-300 multichannel
potentiostat in the voltage range of 2.2-3.8 V. Rate capability tests were carried out at
C/2, C, 2C, and 5C, followed by a return to C/2 to assess capacity recovery. Long-term
cycling was conducted at C/2 for 300 cycles. Coulombic efficiency was calculated as
the ratio of discharge to charge capacity in each cycle.

Electrochemical Impedance Spectroscopy (EILS)

EIS measurements were performed before and after the first three formation cycles.
The frequency range was from 100 kHz to 10 mHz with an amplitude of 10 mV. All
impedance measurements were conducted at room temperature (25 + 1 °C). Data were
analyzed using equivalent circuit models in EC-Lab software.

Results and discussion. The primary objective of this study was to investigate the
impact of electrolyte composition on the stability of the lithium metal electrode in Li—
V,0s systems under varying discharge rates and extended cycling conditions. Four
electrolyte systems were evaluated:

1. 1 M LiDFOB in PC: DME (3:7);

2. 1 M LiDFOB in PC: DME (3:7) + 15% DOL;

3. 1 M LiTFSI in PC: DME (3:7);

4.1 M LiTFSI in PC: DME (3:7) + 15% DOL.
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Figure 1 - Discharge voltage profiles of Li—V,0s cells with different electrolytes at varying
discharge rates: (a) 1 M LiDFOB in PC:DME (3:7); (b) 1 M LiDFOB in PC:DME (3:7) + 15% DOL,;
(¢) 1 M LiTFSI in PC:DME (3:7) + 15% DOL; (d) 1 M LiTFSI in PC:DME (3:7)

Figure 1 presents the discharge voltage profiles at current densities of C/2, 1C, 2C,
and 5C for the different electrolytes. While all systems demonstrated similar specific
capacities at low discharge rates (C/2), significant differences emerged under higher
current loads. The LiTFSI-based electrolyte without DOL exhibited the most rapid
performance degradation with increasing current, showing pronounced polarization
and capacity drop, especially at 2C and 5C. In contrast, electrolytes containing DOL-
particularly the LiDFOB + DOL formulation-retained higher capacities and flatter
voltage plateaus, indicating improved lithium-ion conductivity and lower interfacial
resistance at elevated rates.

These results suggest that DOL plays a critical role in facilitating lithium-ion transport
and suppressing interfacial polarization at high rates, likely due to its low viscosity and
ability to form an elastic, ion-conductive SEI layer. The superior performance of the
LiDFOB + DOL electrolyte can be attributed to the synergistic effects of the borate salt,
which promotes the formation of a stable SEI enriched with LiF and boron species, and
DOL, which enhances the mechanical integrity of the interphase. Together, these factors
enable more uniform lithium deposition and reduce charge-transfer resistance, thereby
improving voltage stability under dynamic conditions.
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Figure 2 - Cycling performance of Li—V, 0O, cells with different electrolyte compositions: variation of
specific discharge capacity versus cycle number

Figure 2 displays the long-term cycling performance up to 300 cycles. The results
clearly show that DOL-containing electrolytes exhibited superior capacity retention.
The LiTFSI + DOL system retained ~85% of its initial capacity after 300 cycles, while
LiDFOB + DOL retained ~75%. In contrast, systems without DOL showed significant
capacity degradation: LiDFOB retained less than 50%, and LiTFSI about 60%. Figure 2
presents the long-term cycling performance of Li- V,O, cells with different electrolyte
compositions over 300 cycles. Among the four tested systems, the 1 M LiTFSI in
PC: DME (3:7) with 15% DOL exhibited the most stable cycling behavior, retaining
approximately 75% of its initial specific capacity after 300 cycles. This result indicates
that the combination of LiTFSI with DOL effectively stabilizes the lithium metal anode,
likely due to the formation of a uniform, elastic, and ion-conductive SEI layer supported
by the synergistic effects of the high-ionic-conductivity TFSIX anion and DOL-derived
polymeric interface.

Surprisingly, the electrolyte with 1 M LiDFOB + 15% DOL, which had demonstrated
excellent rate capability in Figure 1, showed the most rapid capacity fading during
extended cycling. The capacity dropped sharply after ~50 cycles and approached zero
by the 300th cycle. This suggests that while the initial SEI formed by LiDFOB and
DOL may be effective, it lacks long-term mechanical or chemical stability, potentially
leading to SEI breakdown, increased resistance, or parasitic reactions over time.

The electrolyte 1 M LiDFOB without DOL maintained moderate cycling
performance, retaining about 60% of its initial capacity, suggesting that LIDFOB alone
forms a somewhat stable SEI, albeit less effective under extended stress. The electrolyte
1 M LiTFSI without DOL, showed around 50% capacity retention, highlighting that
while TFSI provides good ionic conductivity, the absence of a co-solvent like DOL
results in unstable interphase growth and gradual degradation.

Overall, these results emphasize that the combination of TFSIT] with DOL is more
favorable for long-term cycling performance than DFOB[] with DOL, despite the
latter showing better initial rate capability. This finding underlines the importance of
compatibility between the lithium salt and co-solvent in designing electrolytes for high-
energy lithium metal batteries.
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Figure 3 - Coulombic efficiency of Li—V,0s cells over cycling for different electrolyte compositions:
(a) 1 M LiDFOB in PC: DME (3:7); (b) 1 M LiDFOB in PC: DME (3:7) + 15% DOL; (c) 1 M LiTFSI
in PC: DME (3:7) + 15% DOL; (d) 1 M LiTFSI in PC: DME (3:7)

Figure 3 presents the evolution of Coulombic efficiency (CE) in Li—V,0Os cells with
different electrolytes over 300 cycles. All systems achieved CE values close to or above
98%, but important differences in stability and fluctuation patterns were observed.

Electrolytes containing DOL initially reached higher CE values (approaching
99—100%) within the first few cycles. However, over prolonged cycling, both DOL-
containing systems exhibited increased fluctuations in CE, especially after 200 cycles.
This behavior may indicate evolving interfacial instability or progressive degradation of
the SEI formed in the presence of DOL, possibly due to mechanical stress or electrolyte
depletion.

In contrast, DOL-free electrolytes demonstrated lower absolute CE values,
particularly in the early cycles, but maintained more stable and consistent CE behavior
throughout the entire test. This suggests that although the SEI formed without DOL may
be less protective or conductive, it remains chemically more uniform and structurally
stable over time, minimizing cycle-to-cycle variability.

Thus, the use of DOL improves initial CE and SEI formation, but its long-term benefits
may be limited by mechanical or chemical degradation of the polymer-rich interfacial
layer. The lower fluctuation in CE observed in DOL-free systems highlights the trade-
off between initial interfacial activation and long-term electrochemical stability.
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Figure 4 - Nyquist plots of Li—V,Os cells before and after initial formation cycles for different
electrolyte formulations: (a) 1 M LiDFOB in PC: DME (3:7); (b) 1 M LiDFOB in PC: DME (3:7) +
15% DOL; (c¢) 1 M LiTFSI in PC: DME (3:7) + 15% DOL; (d) 1 M LiTFSI in PC: DME (3:7)

Figure 4 presents the results of electrochemical impedance spectroscopy (EIS) for
Li—V,0s cells with different electrolyte compositions, measured before and after initial
formation cycles. In all cases, the Nyquist plots exhibit characteristic semicircles in the
high-to-mid frequency range, which correspond to charge-transfer resistance (R _ct) and
interfacial impedance associated with the formation and properties of the solid electrolyte
interphase (SEI) on the lithium metal anode. After formation, all systems demonstrate
a decrease in semicircle diameter, indicating improved electrode—electrolyte contact
due to SEI development. However, the extent and stability of this improvement differ
markedly depending on the electrolyte formulation.

The electrolyte based on 1 M LiTFSI in PC: DME (3:7) + 15% DOL (Figure 4c)
exhibited the lowest interfacial resistance and minimal increase in R_ct after formation,
suggesting the formation of a highly conductive and mechanically robust SEI. These
findings are consistent with earlier results shown in Figure 2 (superior capacity retention)
and Figure 3 (high and stable Coulombic efficiency), confirming that the combination
of LiTFSI and DOL leads to an interfacial structure favorable for long-term cycling and
fast lithium-ion transport.

In contrast, the LiDFOB + DOL system (Figure 4b), while initially promising

205



ISSN 2224-5227 4.2025

in high-rate discharge tests (Figure 1), showed a pronounced increase in impedance
after formation. This may be attributed to the gradual accumulation of decomposition
products or instability of the polymer-rich SEI formed from DOL, leading to higher
resistance and unstable performance in prolonged cycling (Figure 2) and fluctuating
CE (Figure 3). Additionally, the LiTFSI-only electrolyte (Figure 4d) maintained
moderately low impedance, further supporting the known electrochemical stability of
the TFSI" anion. This agrees with prior, which emphasize the benefits of LiTFSI in
high-performance lithium battery systems due to its weak coordination strength and
favorable SEI chemistry.

In summary, this EIS investigation confirms that LiTFSI-based electrolytes,
particularly in combination with DOL, yield more stable, conductive, and low-resistance
interphases, which directly contribute to enhanced electrochemical performance and
durability of Li— V,O, cells.

Conclusion. The growing demand for high-energy and long-life lithium-metal
batteries requires the development of advanced electrolyte systems capable of stabilizing
the lithium anode and ensuring compatibility with high-voltage cathode materials. This
study addresses this challenge by systematically evaluating the impact of different
electrolyte compositions - based on LiDFOB and LiTFSI salts in PC: DME solvent
mixtures, with and without the addition of 1,3-dioxolane (DOL) - on the electrochemical
performance of Li— V,O, cells.

The research confirmed that electrolyte composition plays a decisive role in governing
the cycling stability, Coulombic efficiency, and interfacial resistance of lithium-metal
batteries. Electrolytes containing DOL showed superior rate performance, particularly
LiDFOB + DOL, due to improved ionic conductivity and reduced polarization. Notably,
the LIDFOB + DOL electrolyte demonstrated excellent performance at high current
densities, maintaining stable operation under increased rate conditions. However,
long-term cycling tests revealed that LiTFSI + DOL offers the best combination of
capacity retention (~75% after 300 cycles) and high Coulombic efficiency, which
remained consistently close to 99%. Electrochemical impedance spectroscopy further
demonstrated that this formulation yields the lowest charge-transfer resistance after
formation, highlighting the formation of a stable and conductive SEI.

The use of LiTFSI, a salt known for its high ionic mobility and chemical stability,
together with DOL, which enables the formation of an elastic polymer-rich SEI, proved
to be particularly effective. The synergy between these two components led to improved
interfacial stability, suppressed parasitic reactions, and reduced degradation over time.

By contrast, while the LIDFOB + DOL system provided excellent initial performance,
its stability under extended cycling was limited. This underlines the importance of not
only additive selection but also salt—solvent compatibility in tailoring electrolyte
formulations for specific battery chemistries.

In conclusion, the 1 M LiTFSIin PC: DME (3:7) +15% DOL electrolyte demonstrated
the most promising overall performance and can be considered a viable candidate for
further scaling and integration into advanced lithium-metal battery systems. Future
work may focus on optimizing DOL concentration, incorporating additional additives,
or extending the approach to other cathode materials to further enhance performance.
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Abstract. In the context of increasing anthropogenic pressure on water resources,
climate change and increasing water scarcity, the issue of sustainable water resource
management is of particular relevance for Northern Kazakhstan. The dominance of
agriculture in the region's economy, the development of mining and mining production,
and the deterioration of municipal infrastructure pose a significant threat to the quality
and availability of fresh water, which in turn affects the stability of ecosystems and
public health. Systematize modern technological solutions for environmental monitoring
and water purification, as well as assess institutional and management mechanisms that
ensure the rational use of water resources. A systematic literature review of domestic and
foreign scientific publications, analysis of regulatory and legal documents, as well as a
comparative assessment of modern technologies in the field of environmental monitoring
and water purification were used as research methods. Satellite remote sensing, sensor
networks, geoinformation systems, bioindication methods, and membrane, sorption,
and biological purification technologies were considered. The practical significance
is determined by the formation of scientifically based recommendations aimed at
improving the water resources management system, reducing environmental risks,
improving the quality of drinking water and protecting the health of the population of
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Northern Kazakhstan. Based on the summarized data, the main challenges are identified
and promising areas for the development of water technologies are identified, including
digitalization, the use of artificial intelligence and an interdisciplinary approach. A
conclusion is drawn about the need to integrate science, management and business to
improve water security and public health in the region.

Keywords: water resources, environmental monitoring, rational water use, satellite
remote sensing, water purification technologies, institutional management, digitalization,
Northern Kazakhstan
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Annoramusi. Cy pecypcrapblHa TYCETIH AHTPOINOTeHIIK KBICHIMHBIH KYILEHOi,
KIMMaTTBIH e3repyl JKoHE Cy TallIbUIBIFBIHBIH apTybl >KardaiibiHga CoaTycTik
Kazakcran yuriH cy pecypcTapblH TYpaKThl 0ackapy Moceleci epekile ©3eKTiTiKKe
ne. AWMAaKTbIH SKOHOMHKACHIHIA aybll IIapyallbUIBIFBIHBIH OachkiM OOIyBI, Tay-KeH
OHJIPICIHIH AaMybl *OHE KOMMYHAIJIBIK HH()PaKYPBUIBIMHBIH TO3Ybl TYIIBI CYIBIH
carnachl MeH KOJDKETIMTUTITIHE eJIeyIli Kayil TOHAIpe/, OyIT 63 Ke3eriH e KoKy HenepIiH
TYPaKTBUIBIFBIHA KOHE XallblK JCHCAyNbIFbIHA dcep eTeni. OChbl 0Ny MaKalaChIHBIH
Mmakcarel — Conryctik Ka3akcranaarbl cy pecypcTapblHbIH Ka3ipri dKaraaiblH KeIIeH 11
Tajay, SKOJOTHSUIBIK MOHUTOPHUHI TIEH Cy Ta3apTy[dblH 3aMaHayd TEeXHOJOTHSUIBIK
HIeIiMIepiH KyiHesey, COHAal-aK cy pecypcTapbiH YThIM/bI aiJalaHyIbl KAMTaMachl3
€TeTiH MHCTUTYIIMOHAJIBIK KoHE OacKapyIIbUIBIK TETIKTEp i Oaranay. 3epTTey saicrepi
peTiHe OTaHIBIK JKOHE HIETENIIIK FBUIBIMU JKapusUIaHbIMAAPFa KyHesi oaebu momy
KYpridy, HOPMATHBTIK-KYKBIKTBIK Ky)KaTTap[bl Tajiay, COHAAH-aK 3KOJOTHSUIBIK
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MOHHUTOPUHT TI€H Cy Ta3apTy CalTachIHAAFbl 3aMaHay 1 TEXHOJIOTUSIaP Ikl CATTBICTHIPMAIIBI
Oaranmay KosugaHbUiAbl. CHYTHHUKTIK KAIIBIKTBIKTAH 30HATAY, CEHCOPJBIK >Kelijiep,
re0aKIapaTThIK Kykenep, OMOMHIMKAIIHS 9IICTEPl KOHE MEMOPaHAIIBIK, COPOIUSIIBIK,
OMONOTHSIIBIK  Ta3apTy TEXHOJOTHSUIAPBl KapacThIPBUIABL. 3epTTey HOTHXKENEepi cy
pecypcTapbiH  OacKapynarbl HETI3l1 TEXHOJOTHSUIBIK, HHCTHUTYLHMOHAIIBIK >KOHE
KaJpJbIK KHUBIHIBIKTAPABl AWKBIHAAN, LU(PIAHABIPY MEH >KacaHIbl WHTEJUIEKTTI
SHTi3y/IiH XKOFaphl JJIeyeTiH KopceTTi. [IpakThKaIblk MaHBI3bI Cy pecypcTapbiH OacKapy
KYHECIH KETUIAIPY, IKOJIOTHSIIBIK TOYEKeI AP/l TOMEHAETY, aybl3 Cy CallachlH )KaKcapTy
xoHe Conryctik KasakcTan XanKeIHBIH I€HCAYIBIFBIH KOPFayFa OarbITTaIFaH FhUTBIMU-
HETi3[eNTeH YChIHBIMAAPAbl KAIBINTACTBIPYMEH alKpIHAanaasl. KopbITHIHABUIAHFaH
JIEPEKTEep HETIi31H/Ie HEeTi3T1 KUbIHIBIKTap ONTICHII, CY TEXHOJIOTHSUIAPBIH JaMBITY/IbIH
MEPCHEeKTUBANbI OaFbITTaphbl, COHBIH iIIiHAEC LUU(PPIAHABIPY, >KacaHIbl WHTEIUICKTTI
naiiianany >koHe MOHApaJbIK TACLT aHbIKTanaabl. AWMaxKTarbl Cy KayilCi3miri MeH
KOFaMJBIK JCHCAyJIbIKThl KaKcapTy YIIiH FBUIBIMJIBI, OacKapyabl jkoHe Ou3HecTi
OipiKTipy KaXKeTTUIIr Typajibl KOPBITHIHABI Kacalbl.

Tyiiin ce3mep: cy pecypcrapbl, KopllaraH OpTaHbl Oakpuiay, Cynbl THIMAI
naiianany, CIyTHUKTIK KAalIBIKTBIKTAH 30HATAY, CyAbl Ta3apTy TEXHOJIOTHUSIIAPHI,
WHCTUTYLHOHANABIK Oackapy, undpranasipy, Contycrik Kasakcran
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AHHoOTanus. B ycrnoBHsX pacTylero aHTPOIIOT€HHOI'O BO3AEHUCTBUS Ha BOJHbBIE
pecypchl, IBMEHEHUS KIIMMaTa i y CHIIMBAIOIIETocs Ae(hUIITa BOIbI BOIIPOC YCTOHYUBOTO
yIpaBieHHs BOAHBIMHU 3allacaMy MPHOOpeTaeT 0coOyro 3HAYMMOCTh Al CeBepHOTro
Kazaxcrana. JloMMHHpOBaHUE CENBCKOIO XO3s5IIICTBa B SKOHOMHUKE PETHOHA, pa3BUTHE
TOpPHOAOOBIBAIONICH NPOMBIIUIEHHOCTH, a TakXke JAerpajanus MYHUIHINAIbHOU
HHPPACTPYKTYPBI CO3IAIOT CEPhEZHBIE YTPO3bI KAYECTBY U JOCTYITHOCTH IPECHON BOBI,
YTO HaNpsMYIO BIMSET Ha COCTOSHHE SKOCUCTEM M 30POBbE HaceneHus. [lenv oanmnotl
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0030pHOT cCMmambui - TPOBECTH BCECTOPOHHUH aHAIN3 COBPEMEHHOTO COCTOSIHUSI BOTHBIX
pecypcoB CeBepHoro Kazaxcrana, cucteMaTH3UPOBATh MEPEAOBHIC TEXHOIOTHUECKUE
pelIeHus B 00JIACTH SKOJIOTHUECKOTO MOHUTOPUHTA M OUMCTKHU BOJIBI, a TAKXKE OI[CHHUTH
WHCTHUTYIIMOHAIBHBIC U YIIPABICHYECKUE MEXaHU3MBI, 00 CIICUMBAIOIINE PAIIHOHATBHOE
BOJIOTIOJIB30BaHUE. Memoodvl uccie0oganuss BKIIOUAIOT CUCTEMAaTHUECKUH aHan3
OTEYECTBEHHBIX W 3apyOC)KHBIX HAyYHBIX MyOJUKAIMi, H3YyYCHUE HOPMATHBHO-
MIPaBOBOM JOKYMEHTAIINH, a TAKYKE CPABHUTEIBHYIO OIICHKY COBPEMEHHBIX TEXHOIOT U
MOHUTOPUHTA M OYUCTKUA BOABL. PaccMaTpuBanuch CHOYTHUKOBOE AMCTAHIIMOHHOE
30HJMPOBAHUE, CEHCOPHBIC CETH, TeOMH(POPMAIIMOHHBIE CHUCTEMBI, METOIbI
OMOWH/IMKAILINY, a TAaKXKEe MEMOpaHHbIC, COPOIMOHHBIC U OMOJIOTHYECKHIE TEXHOJIOTHH
OYHMCTKU. Pesynbmamsi uccie0o8anusi BBISBUIM KITIOYEBBIE TEXHOJIOTHYECKHE,
WHCTUTYIIMOHAJBHBIE W  KaJapOBbIC MpOOJeMbl, 3arpyaHswoomue 3(dQexruBHOE
YIIPaBICHUE BOIHBIMU PEeCypcaMu PETHOHA, a TAKXKe MPOACMOHCTPUPOBATIU BBICOKHI
MOTEHIUAN ITUPPOBU3AIMU U UCIOJIH30BAHUS UCKYCCTBEHHOTO HHTEIUIEKTA B cdepe
BOJHBIX TEXHOJOTUH. [Ipakmuyeckas 3Hauumocms pabomul 3aKIH0YaETCs B pa3padoTKe
HAay4HO OOOCHOBAHHBIX PEKOMCHJAIIMIA, HAMpPaBJIICHHBIX Ha COBEPIICHCTBOBAHUE
CHUCTEMBI YIPABICHUS BOAHBIMU PECYpCaMU, CHUKCHHE SKOJIOTMUYECKUX PHUCKOB,
VAy4YILICHUE KauecTBa MHUTHEBOM BOABI U 3aIIUTy 370pOBbsl HaceiaeHus: CeBepHOro
Kazaxcrana. Ha ocHOBe NOJyYEHHBIX JaHHBIX OIPEJCIICHbI OCHOBHBIC IMPOOJIEMBI,
TCHJICHIIUU U TEPCIEKTUBHBIC HAMPABICHUS Pa3BUTHUSL BOJHBIX TEXHOJIOTHM, BKIIIOYAs
nM(pPOBU3AIINIO, BHEAPEHUE HMCKYCCTBCHHOTO HMHTEIUICKTA W MEKIUCIHUILTMHAPHBIN
nogxoj1. CenaH BBIBOJ O HEOOXOIMMOCTH UHTETPAIIMK HAYKH, YIIPABJICHUS U OM3HECa
JUIS. TIOBBIIICHUS BOJHOW 0O€30MacHOCTH M OOCCICUCHHS YCTOWYMBOTO Pa3BUTHS
peruona.

KuoueBble ¢/10Ba: BOAHBIC PECYPCHI, SKOIOTUYCCKUI MOHUTOPUHT, palliOHAIBHOE
BOJIOMNOJIb30BAHUE, CITyTHUKOBOE JUCTAHIIMOHHOE 30HIUPOBAHUE, TEXHOJIOTUU OUUCTKHI
BOJIbI, MHCTHTYIIHOHAJILHOE yIpaBieHue, rudposusamus, CeBepHbiii Kazaxcran

Kipicme. Confbl OHXBUIIBIKTapAa kahaHABIK KIMMAaTTBIH ©3repyi JKoHE
AQHTPOTIOTCHIK KBICHIMHBIH apTybl JKarAalblHAA XaJBIKTBl JKOFaphl camaibl Cy
pecypCcTapbIMEeH KaMTaMachi3 €Ty Maceseci 03ekTi ombin kese/i. bY Y -ubiH 2023 sKbUTFbI
JlyHuEXKY3UIIK Cy pecypCcTapbiH JIaMbITy TypaJibl ece0iHe colikec, OYTiHue anemje eKi
MWUIHApATaH acTaM ajaM Kayilci3 aybl3 Cy TalIIbUIBIFBIHA Tar OOMyda, ajl aFrbIHJIbI
cynapabie 80%-ra AeiiHi THICTI Ta3apTyCchl3 TaOUFU Cy aiIbIHAAPBIHA aFbI3bLIAIBI, OYIT
Cy SKOXKYHEJIepiHiH JlerpaJaluschiHa KOHE CaHUTAPJIBIK-TUTUEHAIBIK TyeKeIepaiH
aptypiHa okenexi (UN-Water, 2023). JIyHuexy3inik AeHCaylblK CakTay YHBIMBI
COHBIMEH KaTap KayillCi3 eMec CyIbIH JKYKIaJbl )KOHEe TOKCUKOJIOTHUSUIIBIK aypyIapIbIH
TapalyblHJa, ocipece cy TazapTy HHQpaKypbUIBIMBI JJaCTaHy ACHIedi MEH XalbIKTBIH
KaXETTUIIKTEpiH KaHaraTTaHABIPMAaWTBIH aiiMakTapia Herisri Qakrop Oonbll Kaja
OepertiHin aran eteni. by skahanabik ypaicTep cy pecypcTapbiH OakbliayFa, Ta3apTyra
YKOHE YTHIMJIBI TalaIaHyFa KaHa TICUIACP/i 931pJiey KaKeTTUTITH TyAbIpabl, Oy TeK
3aMaHayd TEXHOJOTHSUIBIK CTaHAAapTTapFa FaHa eMec, COHBIMEH KaTap dKOXKYHelepain
TYPaKTHI 1aMYBIH JKOHE aJaM JeHCayIbIFbIH KOPFayIbl KAMTaMachl3 eTeIi.
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Contycrik Kaszakcranmarsl skarnail Oipkarap »Kajmbl jkahaHABIK KUBIHABIKTAPIbI
KepceTe/li, COHbIMEH KaTap ©3iHJIK alMaKThIK epeKIIemiKTepi Oap. ANWMaKThIH
Cy JKOXYHenepiHe aybll IIapyallbUIbIFbIH, ©HEPKICINTI >KOHE XaJbIKThl KOJJIayaa
MaHBI3/IbI POJI aTKapaThiH ©3€HAEpP, KOJJep KoHE JKep acThl CyJbl KadaTTapbl Kipemi.
ConbiMeH Katap, kenrtereH 3eprreynep Conrycrik Kazakcrannarsl cy ailAbIHIapbIHBIH
SKOJIOTHSUIBIK ~ KaFIalblHBIH ~ HAIIapiayblH, €H aJIbIMEeH ayblp MeTalJapMeH,
arpOXUMHUSIIBIK 3aTTApMEH JIaCTaHYMEH JKOHE KaJlaJIbIK aFbIHAbI CyJap/AblH TOriTyiMeH
OaiinmanpicThl eKeHiH kepceTTi. OcbiHmail nuHamuka Opraiblk A3WSHBIH 0acka jaa
KeNTereH aiiMakrapblHIa OalKamaipl, OHAa THAPOJOTHSJIBIK PEKUMIEPAIH e3repyi,
©3CHJEP/IH Tas3JaHybl KOHE TeMIlepaTypaHblH KOTepillyl Cy pecypcTapblHa KbICBIM
JKacar, SKOJIOTHSUIBIK Tere-TeHIIKTI cakraydabl KublHaataasl. Oceiiaiima, CoaTycTik
KazakcTaHHBIH Ccy SKOKYHeJepiHiH KaFaalblH KeKe-KeKe eMec, KepiciHIe kep YCTi
JKOHE KEp acThl CyJIapbIHBIH OCAJABIFBIH AHBIKTAHTBIH alMaKTBIK KoHE KahaHIBIK
MpoIecTep TYPFBICBIHAH KAPACTHIPY KEPEK.

Ocbl KMBIHIBIKTAP asIChIHIA CY PeCypCTapblH YThIMABI OacKapy KOpILIaraH OpTaHBI
KOpray cascaTbl MEH FBUIBIMH 3€pTTEyJepAiH Herisri OarpiThiHAa aiHamyga. Kasipri
ypAicTep cyabl THIMII NaijanaHy >KOFapbl TEXHOJIOTUSIIBIK CYZIbl Ta3apTy KOHE CaraHbl
OaKpLIay 9JIICTEpPiH eHIi30el MYMKIH eMec eKeHiH Kepcerei. Mbicaibl, MeMOpaHaIbIK
CY3Y 9JIicTepi )KOHE 03BIK TOTHIFY MTPOLECTEP] XUMUSUIBIK )KOHE OMOJIOTHSIIBIK J1aCTay bl
3aTTapablH KeH ayKbIMBIH JKOIOFa MYMKIHIIK Oepedl >KoHe KOFapbl camalibl CYJbl
Ta3apTyIbl KAMTaMachl3 €Ty YIUiH OyKin anem/e KeHiHeH Konaanbiiaas! (Zhang et.al.,
2024).

Hanomarepuanaap TeXHOJOTHSIAPBIHBIH JKENEN JaMybl ayblp MeTajnapibl,
OpTaHHUKAJBIK TOKCHKAHTTApbl KOHE MHUKPOJIACTAYLIBI 3aTTapibl CEJIEKTUBTI TYpAe
XKOIO YIIIH jKaHa MYMKIHAIKTEp allThl, OJapAbl ASCTYPJl oiicTep KebiHece Thimai
Typae xosi anMaiinel (Saleem & Zaidi, 2020). ConbiMeH KaTap, MeTajljap MeH
PanMOHYKIMATEPAl amyna KOFapbl THIMAUTIIKTI KamMTaMachl3 €Ty YLIIH COpOLHUSUIIBIK
Marepuangap KeTUlaipiayae, Oyl aybullIapyambUIbK KOHE aHTPOIOTSHIIK dcepiepi
KapKbIHAbI alMaKTap yIiH e3eKTi. MyHbIH 09pi Cy[bl Ta3apTy MEH KaliTa naiaaaanyablH
TYPaKThl MOJEJIbACPIHE KOLIY/IiH HET131H Kypanibl.

JlerenMeH, TEXHONOTHSUIBIK INEIIIMAEP CEeHIMAI cynsl Oakpliay >KyHesnepiHcis
THimMai Oona anMaiinel. COHFBI JKBULAAPBI Cy camachlH OaKbLIayIblH CAaHABIK >KOHE
ABTOMATTAH/IBIPBUIFaH OICTEPiHIH, COHBIH IIIIH/IE KAIIBIKTHIKTaH 30H/1Tay, CITy THUKTIK
Oakpinaynap, 3arrap wuHTepHeTi (IoT) ceHCOpnBIK IKeNmijepiHiH JKOHE JIacTayllbl
3aTTapIblH XUMUSUIBIK KYpaMbl MEH AMHAMHKACHI OOMBIHINA YIIKEH JepeKTep i Tanaayra
apHaJFaH MAaIWHAJIBIK OKBITY OMICTEPiHIH KApKbIHIbBI Jamybl Oaiikanisl (Mohan et
al., 2025). Byn texHonorusinap, acipece, JacTaHy HYKTeJEepiHIH KEHICTIKTIK Tapatybl
MOHUTOPHHITIH >KOFapbl THIMALTINT MEH IONIITiH Talal eTeTiH aybUIlapyanibUIbIK,
aiiMakTapblHOa cypaHbicka e Oonbin keneni. Conrycrik Kasakcran yumiiH myHmai
meriMaepal OipikTipy epekiie KyHabl, ce0e0i aliMak JlacTaHy KO3/IEpiH JKe/Ie aHbIKTay
YKOHE Cy CcalachbIHbIH TOMEH/IEY KayIiH 00/hKay KaKeTTiirine tan oomyza.

Ocepunaiiia, Contyctik Kazakcrannarbl Cy pecypcTapblH YTHIMABI 0acKapy KopLiaraH
OpTaHBbl TalAaydbl, 3aMaHayd Cy Ta3apTy TEXHOJOTHJIAPBIH >KOHE KOIl JAeHIeii
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MOHUTOPUHT JKYHesepiH OipiKTipeTiH KemeHIl TICUIai KakKeT eredi. AUMAaKThIH Cy
pecypceTapbl XanbIKTBIH OMip CYpPy camlachlMEH THIFBI3 OailNlaHBICTBI: JIACTaHFaH Cy
JICHCAyJBbIKKA Kayill TOHAIpENi, aJIeyMeTTiK-DOKOHOMUKANBIK TOYEKeIIep Al apTThIpaibl
KOHE TYPaKThl JaMy oJieyeTiH IIeKTeiai. Mpicaibl, 3epTTeyiep Cydarbl HUTparTap
MEH ayblp MeTalJapAblH OOJybl CO3BIIMAJBI KOHE JKEIeN aypylapiblH daMyblHa
BIKIAJI €TETIHIH, CY KayiICi3/iri MOCENeCiH TEeK DKOJOTHUSIIBIK KaHa eMeC, COHbIMEH
KaTap oJIeyMETTiK TYPFBIJaH Ja IIemeTiHiH kepceredi (Ayejoto et al.,, 2021). Ochr
KaFaainapaa MOHUTOPUHT KOHE Cy Ta3apTy JKYHEelIepiH FhIIBIMH )KOHE TEXHOIOTHSITBIK
YKaHApTy CTPATErusUIbIK MaKcaTKa aifHay/na.

Byn mony Contycrik KazakcTangarel Cy pecypcTapblHBIH Ka3ipri skarJaiblH
Tajnayra, Cyapl Oakpliay >KOHE Ta3apTyIblH Kaszipri TEeXHOIOTHSUIAPBIH 3epTTeyre
JKOHE OoJapAbl THIMJAI €HTi3yre Kelepri KeNTipeTiH Heri3ri KUBIHIBIKTapIbl aHbIKTayFa
OarbITTaiNFaH. byl >KYMBICTBIH FBUIBIMH JKaHAJIBIFB KahaHIBIK FBUIBIMH TOCUIAEPIi
aiiMaKTBIK epeKIIeNiKTepMEH OipiKTipyae, Oy Cy IKOKYHeNepiHiH KaFJaliblH KeIeH Ti
Oaranmayra JKOHE oJlapAbl YTBIMABI MaiifajaHy MEH KOpFay[blH IepPCIEKTHBAIIbI
aiiMaKTapbIH aHBIKTayFa MyMKiHJIIK Oepeni. 3epTTey/iH MaHbI3AbUTBIFBI Cy PECYPCTapbIH
Oackapy THIMIUIITIH apTTBIpy KOpIIAFaH OPTAHBIH TYPAaKTBUIBIFBIHA, KOFaMIBIK
JICHCAYJIBIKKA JKOHE alMaKThIH TYPAKThl 9JI€yMETTiK-9KOHOMHKAJBIK JaMybIHA TiKeJIeH
ocep eTEeTIHITIMEH OailJIaHBICTHI.

3eprTey Marepuasaapbl. 3eprrey Marepuangapsl perinae Contyctik Kazakcran
aliMaFbIHIIAFbl CY PECYPCTapbIHBIH JKaFJaliblH CUIIATTAUTBIH OTAH/BIK KOHE LICTENIiK
FBUIBIMH  KapysUTaHBIMIAp, XajiblKapanblKk yibiMaapabiH (BYY, JlyHuexysinik
Oank, JIJICY) anamuTuKanblK ecentepi, coHmaii-ak Kazakcran PecrryOnukachiHBIH
HOPMAaTHUBTIK-KYKBIKTBIK Ky)KarTapbl mnaiinananeiinel. COHBIMEH Karap 3epTTeyae
THIAPOJIOTHSUIBIK  JKOHE  JKOJIOTHSAJIBIK MOHHMTOPHHI  JEPEKTepi, OHBIH ilIiHAe
«Kasruapomer» yChIHFaH alllbIK aKmapaTr Ke3lepi, CIyTHUKTIK KAIBIKTBIKTAaH 30HATAY
MaTepuayiiapbl JKOHE alMaKTBhIH HETi3Ti Cy OOBbeKTiiepi OOWBIHINA >KUHAKTAJIFaH
CTaTUCTUKAIBIK MAJiMeTTep KojinaHbuiasl. Marepuannap Contyctik KazakcTaHHBIH
THAPOTPa(USIIBIK, IKOJOTHSIIBIK JKOHE OJCYMETTIK-PKOHOMHUKAIIBIK EpPeKIIeTIKTEepiH
KeIIeH i Type OaranayFa MYMKIHAIK Oepi.

3eprTey amicTepi. 3epTTey OaphIChIHAA KYUEl 9/1e0H IOy 9/1iCi KOJIIAHBLIBII, CY
pecypcTapbiH 0ackapy, SKOJIOTHSIIBIK MOHUTOPUHT KOHE Cy Ta3apTy casajlapblHAaFbl
3aMaHayd FBUIBIMH eHOeKkTepre Tanaay >Kypri3uiai. CoHbIMEH Karap HOPMaTHBTIK-
KYKBIKTBIK aKTUIEpAl CaJbICTHIpMAalbl Tajijay, SKOJOTHSUIBIK JKOHE TEXHOJOTHSUIBIK
HIenrMIepal KiKTey, COHAal-aK ajblHFaH JACPEKTEpAl CHUHTE3leYy >KOHE >KaNIbliay
onictepi mainananpuabl. Cy pecypcTapblH MOHUTOPUHTIIEY MEH OacKapyablH 3aMaHayn
TocinAepin Oaranay yIIiH CIy THUKTIK KAIIBIKTBIKTaH 30HATAY, [€0aKIapaTThIK XKyiemep,
CEHCOPJIBIK JKeJiiep koHe nupiblK miardopmanapra HeTi3AeAreH menriMaepre momy
xacannel. KoinaHbuiFaH onicTep aWMakTBIK IEHIEHIe Cy pecypcTapblH YTHIMIBI
OackapyabIH HETi3ri ypaicTepi MeH NepcleKTHBANAPbIH alKbIHAAYFa MYMKIHAIK Oepi.

3eprTey HOTHKeJepi xkoHe Taakepliay. Contyctik Kasakcranpmarel - cy
pecypcTapbiHbIH Kazipri skarnaiibl. Conrtyctik Kazakcrangarel Cy pecypcTapbiHBIH
Ka31priKaraiibl epeKile TaOUFH KafFAaiiap MeH aHTPOIIOTSH K KbICBIMHBIH apTYbIHbIH
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yineciMiMeH aHbIKTanaabl. AMMaK JananblK >KOHE OpMaHAbl Jdaja aliMarblHOa
OpHaJlacKaH, CaJbICTBIPMAJIBI TYPAE TOMEH bUIFAJIBUIBIKIICH >KOHE MKBUI apajibK
aFBIHHBIH KOFapbl ©3TePTilITIMIMEH CUMaTTalaabl, Oy Cy pecypcTapblH TaOUFH TYpAe
ocan ereni. Y e3eH OacceitHi MaHbI3abl pen atkapazabl: Ecin, ToOwut sxone Epric,
COHal-aK KypZesi THAporpadusuIbIK KeTiHI KypaUThIH KONTEereH MIaFblH KOJIAep MEeH
SHIOpEiK )xyiienep. KazakcTaHHBIH cy pecypcTapblHa KJIaCCHKANBIK IOy CONTYCTIK
YKOHE COJITYCTIK-LIBIFBIC allMaKTapbIH/Ia aybUl LIAPYallbLIBIFbIH, OHEPKACIIITI )KOHE eIl
MEKEeHJIepAi CYMEH KaMTaMachl3 eTeTiH, Oipak COHbIMEH 0ipre KIMMAaTThIH aybITKyJIaphl
MeH SKOHOMHKAJIBIK JaMyFa OTe Ce3IMTall IIAFbIH 63€Hep MEH KOJACPIiH THIFbI3AbIFbI
YKOFapbl €KEHIH aTar KepceTei.

Ecin Gacceitni Contycrik KazakcTaHHbIH cy OanaHCBIHAA OPTaJIbIK OPBIH asajbl.
By Herizinen KazakctannaH OacTanaThlH aJfbI3 ipi TpaHCHIEKAPAJbIK ©3€H, OHBIH
Cy arbIChIHBIH ayaaHbl mamameH 177 000 km? jxoHe y3bIHIABIFEI IamaMeH 2450 km
(Yapiyev, et al. 2025). XKaxpinaa xyprizinren zeprreyiep Ecin Gacceiiningeri sxep
YCTi CymapbIHBIH KajIlbl pecypcTapbl OpTalla ecelleH XbUIbIHA ImamMaMeH 2,5 ku®
OoNaThIHBIH KepceTeni, Oipak Kyprak Ke3eHIEpHe Oolap €Ki eceleH acTaMfa a3arobl
MYMKiH, OYJT y3aK yakbIT OOIbI TOMEH aFblHFa oKeJe .

ConTycrtik aiiMakTapasl imriHapa KamMTuThiH ToObu1-Topraii xone Eptic 6acceiinnepi
TpaHCIIEKapalblK AarblHHBIH Kaiita OeJyliHyiMeH cumarTanaabl, Oyl alMaKTbIH
MeMJIEKeTapaliblK Cy bBIHTBIMAKTACTHIFbIHA JKOHE KENICUIreH Cy Maiianany pexxuMaepia
KaObUIIayFa TOYEeNUIIrH apTThIPaIbI.

KnumaTThiH e3repyiHe >KoHE HSKOHOMHKAJBIK OCNCEHIUTIKKE ©Te ce3iMTal Kol
sKokyHenepi e Manbabl. Contyctik KaszakcraH jxoHe oraH ipreimec AkKMora
obneiceiHaa Bypabait KypopTTBIK-peKpeauusulblK KinacTepi, Kekiieray KblpaThIHBIH
9HIOpEH KenAepi KoHEe CyMEH >KaOIbIKTay MEH Cyapy YIUiH MaiJanaHbUIaThIH Cy
KoliManapsl CHSAKTHI KONTEreH IIaFblH JKOHE OpTa KelAep opHaiackaH. bypalaii
KOJIIHIH erKei-TerKelni 3epTTeyiaepi OHbIH THIPOPU3UKAIIBIK KOHE THAPOXUMHUSIIBIK
napameTpiiepi aya TeMIepaTypachblHbIH JKOFapbUlayblHa >KOHE >KaybIH-IIALIBIHHBIH
e3repyiHe kayar OepeTiHiH, Cy AeHIeiiHiH, MUHEpaJIaHybIHbIH KOHE KEeKe HOHAAPIBIH
KYPaMBIHBIH aybITKYbl OaliKaTaTbIHBIH KOPCETTI.

Axmonaxone Contyctik Kaszakcran oOnbicTapbIHIAFbI CY aii IbIHAAPBIHA KITUMATTHIH
©3repyiHiH THAPOMETEOPOIOTUSIIBIK 9CEPiH OaranalThH )KaKbIHA XKYPri3ireH 3epTrey
1986-2023 sxpu1aap apaiblFbIHAAFBI OpTAlla XKbUIJIBIK TEMIIEPATYPaHbIH CTATUCTHKAIIBIK
TYPFBIJAH aWTaplbIKTall ©CYiH, JKeKe KeJJepAiH OeTKi aylaHbIHBIH a3aroblH >KOHE
MayChIMJIBIK, Cy JEHI'eWiHIH ITUHAMUKACBHIHBIH e3repyiH aHblkTanbl (Yessenzholov et
al. 2024). byn HoTIKeNnep aliMaKTBIH KOJI-03€H KYHeNepiHiH KIMMAaTThIK YpAiCTepAiH
ocepiHeH KaiiTa KypbhUIbIMAAJBII KaTKaHbIH KOpCeTeIi.

XKep acTbl cynapsl, acipece opTalbIKTaHABIPBUIFAH JKYHenepl JaMbIMaraH aybUIIbIK
XKepliepae, aybl3 CYMEH oHE TYPMBICTBIK CyMeH jKa0/IbIKTay/1a MaHbI3/IbI POJI aTKapabl.
KazakcraHHBIH cy pecypcTapblHa LIONyJap CONTYCTIK alMakTapia Cy arFbIHBIHBIH
KBUIIAM/IBIFBl  MEH CallaChbIHBIH ~aWTapibIKTail KEHICTIKTIK TeTepOreHIiIIriMeH
CHUIATTaJaThIH JKaOBbIK JKOHE ILEKTEIMETeH CYNbl TOPU3OHTTApAbIH KEH TapasiFaHbIH
aram eTesl.
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CoHbIMEH KaTap, aybUIABIK JKOHE IIAFbIH Kajlalaplarbl aybl3 Cy CalachblH 3epTTey
KeHOip opTasIbIKChI3NaHABIPBUIFaH KO3AepIiH TaOUFH MUHEpaJIJaHy MEH aHTPOTIOTEHIIK
ocepiiepre OalIaHBICTBI CAHUTAPIIBIK J)KOHE XMMUSUIBIK CTAaHIAPTTapFa COMKEeC KelMey
Mocenecin kepcereni. bipre anranna, Oy skep ycTi JKoHE JKep acThl CyJIapbIHBIH ©3apa
0alIaHBICTBl JKOHE Oip Me3riife KIMMATTBIK XKOHE SKOHOMHKAIBIK (haKTOpIapIbIH
ocepiHe YIIBIPalTBIH KYpesi KOpiHiCTi Kacaibl.

Contyctik Kazakctanaarsl CyabIH JacTaHYbIHBIH HETi3r1 KO3Aepi arpoeHEepKICINTIK
KEIICHMEH, KajJaJiblK aFbIHIbl CylTapMeH >KOHE Tay-KeH eHJipiciMeH OallaHBICTHI.
JoHnai makpuipapra OarbITTaldFaH ©CIMAIK IIApyallbUTBIFBl aiiMaK SKOHOMHUKACHIHBIH
alTapiabIKTail ynecin Kypaiapl; MUHEpaAbl TRIHAUTKBIITAP MEH OCIMIIKTEPIi KOpFay
KypajJIapblH KeHiHEH Konaany Andy3usuIblK aFrbIHFa oKeseai, Oy a3ot, pochop xoHe
OpTaHHUKAaJBIK JIaCTayIIbl 3aTTapAbI Cy aliIbIHAapbIHA TaChIMAI AN IBI.

Ocipece kapi3 MHPPaKYPHUIBIMBI HAlIap IIAFbIH Kajalap MEH aybulgap/a KajlalblK
aFblHABl cynap KeOiHece J>KeTKUTIKCI3 Ta3apTbulaAbl, Oyl IIaFblH ©3C€HACpP MEH
KeJiJiepre KOPeKTiK 3aTTapblH TYCYiH apTThipaibl. Eci e3eHi MEH OHBIH cajanapsl
OolibIHIAa OpHANTACKaH OHEPKOCINTIK KICIMOPbIHAAp MEH aybUIIapyallbUIbIK eHIEY
KOCIMOPBIHAAPHI 4 63 YJIECiH KOCabl.

Ayblp MeTangap Cy SKOXKYHeJepiHiH aHTPOMOTeHIIK JacTaHYBIHBIH €H KayilTi
KOMIIOHEHTTepiHiH Oipi Oombin caHanmaabl. KazakcTaHHBIH Kep YCTi CylapbIHIAFbI
MeTaJul IeHTeiiHiH y3aK Mep3imai MoHUTOpHHT1 «Heavy metals» OnorsiHa Herizaenren
allMaKTBIK Cy camachlHBIH JKIKTEMECiH o3ipieyre MYMKIHIIK Oepii, ofaH coiikec
KaJIMHH, MBIPBILI, MBIC KOHE MapraHelr KeOiHece IIEKTEyIli KOpCeTKiIuTep OObI
TaObUIAAbl, Oy Cy alJbIHBIH TOMEH camalblK KJIacKa >KaTkbi3aabl CONTYCTIK JKOHE
LIBIFBIC alMaKTapAarbl ipi Keiaep MeH Cy KoiMaiapbl YIIiH ayblp METalAaplblH Cy
OaraHbIHIA Aa, TYOiHAEr eriHAiaepae e, Cy OpraHu3MAepiHe e )KUHAIATBIHbI, OyJT
y3aK Mep3iMi SKOJIOTHSUIBIK Kayir TeHaipeTiHi kepcerinren (Krupa et.al. 2020).

@DOoHIBIK JTacTaHyIbIH MaHbI3/Ibl KOPCETKII OOMBIN TaOBIIAThIH CONTYCTIK-LIBIFBIC
Kazakcrannarbl Kap *KaMbUIFBICBIH/IA O©HEPKACINTIK OPTaIBIKTap MEH KOJIK oJIi3AepiHiH
JKaHbIHJA KOPFACBIH, MBIC JKOHE HHKEJbJIH KOFapbl KOHIIEHTPALMSICH aHBIKTAIIbI,
Oys1 arMocdepalblK KOJIKTIH JKep YCTi JKOHE JKep acThl CyIapblH JIacTaylarbl pelliH
kepceteni (Faurat et.al. 2025).

HuTtpartapapid nactanybl aybLi IIApyalbUIBIFbI JKEPIIEPiH KAPKBIHABI Al JalaHyMeH
YKOHE aFbIHJIBI CyNap/ bl HaIap OacKapyMeH ThIFbI3 OailIaHBICThI, OYJ1 epeKIlie KHbIH/IBIK
Tynblpanbl. KasakcTaHHBIH KallalblK JKOHE aybULABIK JKEpJepiHeri aybl3 Cy carachbiH
3eprTey OipKarap alMakTapa HUTPpaT KOHLEHTPALUSCH PYKCaT eTUITeH EeKTi JeHreire
YKaKbIHIaUTHIHBIH XKoHE KelOip Karnaiiapa onapaaH achll TYCETiHiH, acipece Oananap
MEH KYKTi olieNepAiH AeHCaybIFbIHA Kayill TOHAIPETIHIH KopceTe .

XKep acTbl cymapblHAaFbl JacTaylIbl 3aTTapAblH KEHICTIKTIK TapaiyblH Tanjay
HUTpAT JAEHreiiHiH >KOFapbl OOJYbl KapKbIHIABI aybll LIAPYallbUIBIFBI JKOHE HAaIlap
Kopi3 HWHQpakypbeUIbIMBI Oap aygaHiapaa, COHAAW-aK JKeKe KYABIKTap apKbUIBI
naiiananbUIaThIH Tas3 Cynbl KabaTTapia ToH eKeHiH kepceeteni (Beisenova et.al. 2025).
Byn nepexrep acipece CONTYCTIK aliMakTap YILIIH ©3€KTi, OHJA aybUl XaJKbIHBIH KOIl
Oeuiri cymeH »aOAbIKTAy YLIIH KEPriliKTi )Kep acThbl Cy KO3/epiHe cyieHesi.
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KnumaTTeiH e3repyi cy pecypcTapblHBIH TallUbUIIBIFBI MEH CamachlHBIH 0ap
npodneManapbiH YIIBIKTBIpYAa. AkMona sxoHe Conrycrik Kazakcran oOnbicTapbIHIaFbI
KeJIiep MeH Cy Koiimasapbl OOHBIHILA TaliaHFaH y3aK Mep3imMai Oakpuiay aepekrepi
opTalla XXbUIIBIK TeMIIEpaTypaHblH KOTEPLTYiH XKoHE KaybIH-IAIIBIHHBIH TapaTybIHbIH
e3repyiH KepceTeni, Oy Kelip cy KoWManapblHIarbl Cy JCHICHIHIH TOMEHIEYiHE,
cy OeTiHIH ayJaHBIHBIH a3ar0blHA KOHE aFbIHABI Ke3eHAEPIiH Y3aKThIFBIHBIH apTybIHA
okeneni (Yessenzholov et.al. 2024).

Ecin OacceiliHi ymIiH aFbIHHBIH a3al0bl KIMMATTBIK YPHICTEPMEH [€, aybul
LIapyallbUIbIFEl MEH CYMEH JKaOIbIKTay YLIIH Cy alxy[blH apTybIMEH Ji¢ OaiIaHbICTHI
eKEeHI aHBIKTaJ/bl, Oy aliMaKThl €JJeri Cy TallbUIBIFBIHA €H Ocall alMaKTapIbIH
OipiHe aiiHaIABIPaIbI.

OpranblK A3usiFa apHaliFaH CTPATETHSUIBIK IOTYJIap/a TeMIlepaTypaHblH KeTepinyi,
XKl OONaThlH KYPFaKIIBUIBIK JKOHE KAaTThl Cy TACKbIHBI ajiIaFbl OHXKBUIABIKTApIA
KazakcTaHHBIH CONTYCTIK JKOHE IIBIFBIC aliMaKTapblHIA Cy PeCcypcTapblHa KbICHIMJIBI
apTThIpaTbiHbl atamn eTiireH (Abdullaev et.al. 2025).

Contyctik Kaszakcranmarsl cy pecypcTapblH OacKapyAblH HeETi3iH HeTi3iHeH
3aHHaMaJbIK 0a3a MeH MeMJIeKeTTiK Oargapiamanap aHbIkTaiinel. Kazakcran
Pecnyonukaceinbiy Cy kofekcinae 6acceHaiK OacKapy NPUHLIUIIL, )Kep YCTi KOHE JKep
acThbl CyJapblH THIMJI Maiaiany TaJanTapbl, COHIAN-aK aybl3 Cy Ke3lepi YIIiH Cyabl
KOpray aliMakTapbl MEH CaHUTApIIbIK KOpray OenmikTepin Oenriney Oekitinren. 2021
xbuTFbl Kazakcran PecryOnnkachIHbIH DKOIOTHSIIBIK KOJIEKC] ipl TaOUFH pecypcTapibl
naiananymbuiap YIIiH KeIIeHAl SKOJOTHSUIBIK pyKcaT Oepy MeXaHHM3MiH, COHHaii-
aK >Kep YCTi jK9HE JKep acThl CyJapblH KOpFayFa, aFbIHABI CYJIapbl TOTYTe KOHE CYIbl
KOpray aiiMaKTapbIHaFbl KbI3METKE KOMBIATBIH HAKTHI TAJIANTAP.bl CHI13Y apKBLIbI CYy
3aHHAMAaCBIH TOJBIKTHIPAIBL.

2025 BUIBI Cy CEKTOPBIH ayKbIM/IbI JKaHFBIPTYFa, Cy YHEMICHTIH TEXHOJIOTHsIap bl
EHri3yre JKoHE Cyapy jKoHE KOMMYHAJIBIK JKYiHenep/eri Cy WBIFBIHAAPbIH OaKbLIay bl
Kyweiityre OarpiTTanFan >xaHa Cy KOJEKCiHE KOJ KOWBUIIBL, OYI COJTYCTIK
aybUILIAPYaIlbIIBIK aliMaKTapbIHA TiKeIel acep eTei.

Byn xyxarrapabl OipikTipin anraHnga, cyabl THIMIAI MaiiaaiaHy KoHE KIUMAaTThIH
e3repyine Oelimzeny OOHBIHILIA YATTHIK jKoHE aiMakThIK Oargapnamanap ConTycTik
Kazakcrannarbl cy pecypcTapblH KOpFayAblH WHCTUTYLHOHAJABIK HETi3iH Kacalabl.
JlereHMeH, THUAPOXMMHUSUIBIK JKOHE THAPOJOTHSUIBIK 3€pPTTEYJepAiH HOTHXKeNIepi
peTTeyIi TananTap MeH Cy HbICAaHAapbIHBIH HAKTHI KaFalibl apaChIHAAFbl AJIIIAKTHIKTHI
KepceTei. byt anmakThIKThI KO0 YIIIH HHPPaKYPBUIBIM/bI )KaHFBIPTY, MOHUTOPHHITI
KYIICHTY >KoHEe ©3¢H OacceiHi AeHrediHme KemeHIl cy pecypcTapblH Oackapy
KaruJaTTapblH KeHIHEH €HT13y KaKeT.

Cy pecypcrapblH YTHIMABI NaigalaHy XoHe MOHUTOPHHTUICYIIH TEXHOIOTHSUIBIK
KOHE MHCTUTYyHHMOHANAbIK memimaepi. Contyctik Kasakcranmarsl cy pecypcrapbiH
YTBIMIIBI Maiiiajany >KOHE OJaplblH KOpLIaraH OpTaHbl OaKbUIAybl TEXHOJIOTHSUIBIK
YKOHE MHCTUTYLMOHAIIBIK enimMaepai 6ip Mesrinae a3ipieyi tanan ereqi. by aiimak
KYpFakK KJIMMAaTTBIH, )Kep YCTi KoHE JKep acTbl CyNapbIHbIH OipKENKi eMec TapaaybIHbIH
YKOHE aybUI LIApYallbIIBIFbI, OHEPKACIIT XKOHE Kajla KYPbUIBICH TapalblHAH KHICHIMHBIH
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apTybIMEH cumarTanajbl. JlyHuexy3inik OaHKTiH ManiMeTTepi OoiibiHina, KazakcraH
outi e eneyiai HHQPaKypbUTBIMABIK MEKTEYyIepre Tarl OONbIN OTHIP: aybUIIBIK Kepiepae
OPTaJbIKTAaHABIPBUIFAH aybl3 CyFa KOJDKETIMALTK 63%-1aH TeMeH, al Kopisre
KOJDKETIMILTIK 2%-1aH a3, )KMHAJFaH aFblHJbI CYJIApIbIH TEK a3 FaHa OeJiri THiCTi
TYpAE Ta3apTbUIaIbI.

Ocbl Karmainapna cynbl YTHIMIBI MaianaHy eHIi CyAbl ajlydsl a3alTyMeH
LIEKTENIME/1i; OJ1 MHTerpalsUIaHFaH MOHUTOPHHT JKYyHenepiH Kypyabl, THIMII CyIb
TazapTy JKOHE KaiTa maiijanaHy TEXHOJOTHsUIAPBIH EHTi3ydl, HOPMAaTHBTIK 0aza MeH
9KOHOMHKAJIBIK BIHTAJIAHABIPYABl 93ipieyni xamtuabl. Herisri OarbiTTapabiy Oipi -
SMM30ATHIK OJIIeyIepleH KAIIBIKTHIKTaH 30HATay, aBTOMATTAaHIBIPBUIFAaH CEHCOPIIBIK
xeminep, reorpadusiiblK aknaparTsiK kyienep (IAXK), OnonHauKanus smicTepi KoHe
3aMaHayu HUQPIbIK IepeKTepAl OHey IaTGopMaiapblH HHTETr palysIiayFa Heri3AereH
KeIIeH/i KopluaraH opTaHbl OakpuiayFa kemry. Kasrumpomer PecryOnukachbiHBIH
YATTBIK TUAPOJOTHSUIBIK KbI3MeTi 377 runponorusuibik OekerteH (329 e3eH, 38 ken
xoHe 10 TeHi3 OekeTi MeH CTAaHUMSCHI) TYPAaThIH MOHUTOPHHT JKETIiCIH IaMBITya KOHE
OHBI Cy JCHIeHiHIH, aFbIH/ABI CyJapAblH jKoHEe 0acka Ja mapameTpiepAiH KYHACTIKTi
YKaHAPTBUIBII OTHIPAThIH HMHTEPAKTHBTI THUAPOIOTUSUIBIK MOHHMTOPHHT KapTachbIMEH
KaMTaMachl3 €Till OThIp. byl cryTHUKTIK Oakpliaynap MEeH KEpriliKTi Cy canachbHbIH
CEHCOpJIapbIH KOcCa aifaHja, OacKa JepeKTep Ko3lepiMeH HHTerpalusuiayFa Heris
KaJauabl.

Kambikreikran 3ouaTay Aepekrepi (Sentinel-2, Landsat-8 sxone T.0.) MaHBI3OBI po
aTkapajbl, OyJ1 cy OeTiHiH aylaHbIHBIH JUHAMHUKACKHIH, CYAbIH TYCiH, KAIKbIMaJbl KATThI
3aTTaplblH MOJIIEPiH JKOHE >KaHaMa TYpAe Cy alAbIHAapBIHBIH 3BTPO(UKAIHSICHI
MeH IIeriHaijepin Oaramayra MyMKiHAIK Oeperni. Opranblk A3Hsgarbl XalblKapalblK
xo6anap 10-20 kbl iMiHAET] CIY THUKTIK JePEKTEP JKUBIHTHIFbI KOJT ayJaHbIHBIH a3aI0bI
MeH 0aTHaKThl JKepiepiH Jerpajalrsichl YpIiCTEepiH, COHJai-aK Cy TallIbUIBIFbI Kayi
JKOFaphl aliMaKTap bl aHbIKTal anaTelHbIH Kepcereni (Tesch, 2020).

KasrunpomerTin kep yCTi JKemiciHiH AepeKTepiMeH XKoHe KITMMATTHIK OOKaMIapMeH
Oipre Oy cy pecypcrapbiH OeiceHIi OackapyabslH HeriziH Kypaiinbl. CoHbIMEH
KaTtap, Cy camacblH HaKTbl YaKbIT PEXHMMiHAE Oakpulay YIIIH aBTOMAaTTaHIBIPBUIFaH
CEHCOPJIBIK JKeNijep jkacamyaa. MyHpaal skenmijepre e3eHICPHiH, KOJAEpIiH >KoHe
Cy KOHMManapblHBIH HETi3ri ydackelepiHAe OpHaThUIFaH TeMmmeparypa, pH, asmektp
OTKI3TIIITIK, epireH OTTer1, JalIbUIBIK XKoHe Oacka mapaMeTpIiep YLIiH ceHcopiap Kipyi
MYMKiH. KazakcTanga o3ipieHin KaTKaH WHTEPAKTUBTI Kep YCTi Cy/lapbIHBIH Canachl
KapTajgapbl MEH TUAPOMOHUTOPUHI JACPEKKOpIapbl WHIMKATOPIApAbIH KEHICTIKTIK
JKOHE YaKBITTBIK TapallyblH BH3yaJH3alUsUIayFa >KOHE Cy CallachlHBIH HallapiayblHa
XKeZen Jkayan Oepyre MyMKiHIIK Oepei.

Kerneci kagam - THAPOTOTUSIIBIK, KIIMMATTBIK, JKEP KOHE 9JI€yMETTiK-9KOHOMHKAIIBIK
nepexTepi OipbIHFail aHaATUTHKANBIK MIaTdopMaiapra OipiKTipy YIIiH reoaknaparThiK
xyienep(I'AX) rexnonorusnapeinnaiinanany. Kazakcrannarsi bY ¥ JIbcypecyperapbin
Oackapy OarnmapiamMachl Cy pecypcTapblH OackapyFa >KyHemiK Tocia ¢pparMeHTTeNreH
HIenIiMIepACH Cy alHaJbIMBIH TOJBIFBIMEH KAMTUTBIH MHTErpalMsIaHFaH IHQPIBIK
aTgopManapra - Ke34eH TYTHIHYIIbIFa jKOHE arblHAbI CyJapAblH KOpIIaraH opTara
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KaWTapbUTyblH KAMTUTBIH HWHTErpanusUIaHFaH LUQPIBIK IaTdopManapra KeIlryai
Tanan eTeTiHIH aram KepceTedi. byl Tocin aybul ImapyamibUIbIFBIHBIH, ©HEPKACINTIH
XKOHE ypOaHM3aUSHbBIH )KUBIHTBHIK 9CEPIH €CKepyre, Cy/bl Nalianany CHeHapHiIepiH
MOJICTIb/ICYTE JKOHE KIMMATTBIH e3repyiHe OeHiMmuenymiH opTypii IIapaapbIHbIH
TUIMIUTIrH OaranayFa MyYMKiHAIK Oepeni.

OU3HUKATBIK-XUMHSUTBIK, MOHUTOPUHITEH Oacka, OMOMHIMKALMSHBIH POJi apThil
keneni. OpTanblK A3HUsgarsl Cy aiiIbIHAAapBI OOMbIHIIA XKYPTi3iiAreH OipHele 3epTTeynep
(PUTOTIIAHKTOHHBIH, MAKPOPUTTEPiH KOHE OEHTOC OMBIPTKACKHI3IAPBIHBIH TYP KYpaMbl
aybIp MeTaliap MEH KOPEKTiK 3aTTapAbIH y3aK Mep3iMi JacTaHybIHA Ce3iMTall eKeHiH
KOHE 3epTXaHaJbIK MOHUTOPHUHI PeCcypCcTapbl HICKTEYJi OONFaHABIKTaH DKOKYHEHIH
JICHCAyJBIFBIH KellleH 11 Oaranay YIIiH maiiiananelIysl MyMKiH ekeHiH kepceTTi (Tesch,
2020). ConbiMeH Kartap, cy canacblHbIH HHAeKcTepiH (WQI) Gomxkay sxkoHE cyrapsl
JacTaHy JAEHredi OOMbIHIIA KIKTE€y YIIiH MAIIMHAJIBIK OKBITY JKOHE TEPEH OKBITY
ozicTepiH maiiianaHyfa KbI3bIFYLIBUIBIK apThil Keneni. Wang et.al. (2023) momynapst
HEHPOHIBIK JKeiepre, Ke3AeHCOK OpMaHAapra »KoHE TpaJWCeHTTIH KyILICloiHe
HETI3[eNTeH MOJENbJCp Cy CamnachlHBbIH ©3TepiCTepiH Oon OoJKall anaThIHBIH KOHE
ochUIalIIa KayinTep Typajibl epTe eCKepTyAiH Herisi Oosia anaThlHBIH KepceTerdi. by
TOCUIAEPi HETi3ri MOHUTOPUHT TEXHOJOTHSUIAPBIH, OJapAblH KOJAAaHBUTY callalapblH
JKOHE HETI3r1 apTHIKIIBUIBIKTAPBIH KYHENEHTIH KUBIHTHIK KECTe[e BIHFANIIBI TYypAe
KOPBITBIHbLIAYFa OONIaIbI.

1-kectene kentipinren aepekrep Kasakcranaa na, 6acka kepyiep/e Ae KolIJaHbUIATbIH
KOpLIaFaH OpTaHbl OaKbUIAYIbIH HET13T1 TEXHOIOTHUSUIBIK TOCUIACPiH KOPBITHIHABLIAW L.

KecTe KalbIKTHIKTaH 30HATAY, CEHCOPIIBIK keniiep skoHe [AXK TexHomorusiapbIHbIH
3aMaHayu Cy pecypcTapblH OaKbLIdy JKYHENepiHiH Heri3iHe alHaJbIN Kelie JKaTKaHbIH
JKOHE Cy pecypcTapblH OacKapy YILiH KOFapbl IJIIKTET] )KoHE yaKThIIbI aKapar alyra
MYMKIHJiK O€peTiHiH KepceTei.

Kecre 1. 3amanayu cy pecypcTapbiH OaKblIay TEXHOIOTHSIIAPHI

Texnomorus

Heri3ri KoigaHbUTy bl

Heri3ri apTHIKIIBUIBIKTAPBI

CITyTHUKTIK KaIIBIKTBIKTaH
3onxTay (Sentinel-2,
Landsat-8)

Cy neHreitiniH jxoHe OeTKi
ayJaHBIHBIH TMHAMHUKACKI, OCTKI
cynapbl Oaraay

KeHicTiKTiK KaMTy, peTPOCIIEKTHBTI
Tanzay

ABTOMATTaH/IBIPBUTFAH
CEHCOPIIBIK JKeIiIep

HakTbl yakbIT pexUMIiHIIE Cy
carachlH OaKpUIay

Y31iKci3 MOHUTOPHHT, KOFaphI
YaKBITIIA QKBIPATHIMIBUIBIK

Wnrepaxrusri TAX
wiaropmaapbi

Cy pecypcTapbl MEH )KYKTEME Ko3i
JIEPEKTEePiH MHTErpaLysiay

emimaepai Konaay,
CIICHApUIIIEPl Tanaay

Buounnankamnus

Cy sKoXKYHenepiHiH y3aK Mep3iMIi
Oaraaybl

Co3BUIMAITBI JTACTAHYFa KOFAPhI
Ce3IMTaIIBIK

JKacaHpl MHTEILICKT/
MAIHHAJIBIK OKBITY
MOJIeTIb/IePi

Cy canacbIHBIH HH/IEKC] XKoHE
JacTaHy KJIachlH OoJpKay

Epte eckepty MyMKiHAir1

Cy pecypcrapblH THIMAI NaiifajdaHyAblH TEXHOJOTHSJIBIK IIEIIiMAEpl TeK
OakpulayMeH ImiekTenmerai. Tymsl Cy TammbUIbIFl MEH KaWTapbUIaThlH aFbIHHBIH
JKOFapbl YJECIH €CKepe OTBIPBIN, THIMAI CyAbl Ta3apTy JOHE KalTa mNaijanany
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TEXHOJIOTUsIIaphI epekiie MaHbI3abpl. Mahmood et.al. (2022) Oprainbik A3us engepiaeri
aFbIHJBI CyJIapbl Ta3apTy OOWBIHIIA IIOMYBIHAA ASCTYPI adpalus LUCTepHATIaphl MEH
TYpaKTaHIBIPy TOFAHIAPBIMEH Karap, CyIbl Cyapy *XOHE OHEPKOCINTIK MakcaTTapia
Kayimnci3 KaiiTa maijananyra OarbpITTaJFaH MeMOpaHaJbIK TEXHOJOTHsap, copouus,
03bIK OMOpeaKTopiap JKOHE apajiac Ta3apTy cXeMalapbl OIpTiHACT €HTi3UIiN KaTKaHbl
KOPCETUITeH.

MeMOpaHanbplK ~TEXHOJOTUSUIAD — Kepi OCMOC, HaHOQUIBTpaLUs >KOHE
yABTpaWIbTpals — epireH TY3AapiblH, OPraHUKANIbIK JIACTAYLIBI 3aTTapAbIH JKOHE
KeHOip MUKpOJIacTaylIbl 3aTTap/AblH TEPEH KOMBUTYBIH KAMTaMachl3 €Telli JKOHE aybl3
CyIbl TazapTy KyHelepiHae lie, OHepKOCINTIK KaidTa alHaIbIMAa 1a KOJIJaHbUIabL.
(Radelyuk et.al. 2021) sxymbIcTapbIHAa Ka3aKCTaHIBIK MYHAH OHJCY 3aybITTapbIH MBICAIT
peTinze naiianaHa OTHIPBI, MEMOpaHAJIBIK KOHIBIPFBUIAP MEH Cy[bl HHTETPaLUsIay
cxemajapblH OIpiKTipy TYIIbI Cyabl KaObUIAay[bl YKOHE aFblHABI CyJapAbl arbI3yIbl
aliTapiblkTail a3aiiTa anaThlHBIH, COHBIMEH Oipre MpOLECTiH CEeHIMALIIriH apTThipa
aJIaTBIHBIH KOPCETTI.

CopOuusnplK  Marepuanigap CyIabl Ta3apTydblH €H KOJDKETIMII KOHE YHeMl
KypasinapbIHbIH Oipi 6ombin Kana 6epeni. bencennipinren kemipiep, TAOUFH LIEOTUTTED
XKoHE Moau(UKAIMATIaHFaH MHUHEpalAbl COPOCHTTEp ayblp METaul HOHAAPBIH,
OpTaHUKAJBIK OOSFBIITAPABI KOHE MHUKpPOJACTAYIIbl 3aTTapbl KeTipy YIIiH KeHiHeH
konnanbiianel (Kesari et.al., 2021). CoHFBI KbUIIAPbl HAHOKOMITO3UTTIK COPOCHTTEP
(MbIcalbl, KEyeKTi TipeKTepre MMMOOWIM3aLMsUIaHFaH MAarHeTUT HaHOOOJIIEKTEpi)
Oencenni Typae 3eprrenai. Oxap KoFapbl COpPOLMSUIBIK — CBHIMBIMABUIBIK —TT€H
CEJICKTUBTLIIKT1, COHJIai-aK MAarHUTTIK 00Ty apKbLJIbl OHAH KaJIITbIHA KeJTY/i KAMTaMachI3
eTel.

Buonorusmnsik TazapTy 9aicTepi, COHBIH 1IITHIE JICTYPIIi adpalMsIbIK LUCTepHAIap,
Ouocysriniep jkoHe calblHFaH OaTMakThl JKepiep, pPecypcTapbl LIEKTEYJi I[IarblH
KaybIMJACTBIKTap MEH aybUINIapyallbUIbIK aiMaKTapbl VIIIH €peKlle MaHbBI3IbI.
Oprainbik A3ud elJiepiHiH Tajaaaybl TYpaKTaHABIPY TOFaHIapbl MEH cajlbIHFaH OaTIaKThl
XKepiiep ayMak MeH THIPaBIMKaJbIK PEeKUM IYPbIC TaHAAIFaH jKaFnaiiia MUHUMAJIbI
SHEPrus MEH KYTIMJIi KQXKeT eTeTiH eH THIMJII menrMaep/ iy 0ipi 0ok Kana OepeTiHiH
kepceteni (Brix, 2020). MyHnpnaii sxyienepli MyHHUMNAJNABIK aFbIHIBI CyJIapbl
TazapTylaH KeWiHI1 >KOHEe Cy aiIbIHAAapBIHAAFbl KOPEKTIK 3aTTapiblH >KYKTeMecCiH
azaiiTy ywiH naiinananyra oonazapl. TyTtacrail anFaHna aiiMak OOWBIHIIA JKYpri3iuireH
3epTTeyJAepAiH HOTIXKeEJepi Cyabl Ta3apTy jKoHE KaiTa maijanaHy TeXHOJIOTHSUIAPbIH
eKiHILI )KUBIHTBIK KECTe TYPiHJC KyHeneyre MyMKiHIIK Oeperi.

2-kectene Conrycrik Kazakcran sxarqaiibiHa KOJIaHbLIA ATaThIH €H NePCIIEeKTHBAIIBI
CyIBl Ta3apTy JKoHE KaiiTa naiijanaHy TEXHOJOTHJIAPBIH JKYHeney KOpCeTiIreH.

Kecre 2. Cynpl Ta3apry >koHE KaifTa maifjanany/siH HeTi3Ti TeXHOIOT HsIaphl

Texnomorus TUNTIK KONAaHBUTYBI Heri3ri apThIKIIBUIBIKTAPBI
Kepi ocmoc, AybI3 CYBIH Ta3apTy, OHCPKICINTIK Ty3nap MEH OpraHUKaIbIK
HAHODIITBTPAIS aFbBIHJIBI CYJIAP/IbI KaiiTa oHjIey 3arTap/bl TepeH Ta3apTy
YnerpadunsTpanys AJIIBIH ana Ta3apTy, acrajbl KaTThl YKorapsr eHIMALTIK
3aTTap MEH KOJUIOUATAPIBI KOO
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CopOuusuiblk Matepuaniap | Ayblp METalIapibl, OpraHUKabIK TeMeH KYHBI, aii1aaHy/IbIH
3aTTap/bl )KOHE MUKPOJIACTAYILIBI KaparaibIMIbUIbIFbI
3aTTapibl KO
Hanoxommo3uTTik ApHaiibl TacTayIIbl 3aTTapbl JKoFapbl CENeKTHBTITIK )KOHE
copOeHTTep OHJCYACH KeHiH KaJIbIHA KeJTy MYMKIHAIT1
buopeaxropap, adpauus KananbIk sxoHe OHEpPKACINTIK aFbIHIbI | JlonenaeHreH, ceHiM/i
LIUCTEPHANIAPbBI cynap TEXHOJIOTHS
Kypbuiran 0aTmakTh [TarbiH Kasagap, ayblInapyamsuislk | ToMeH naiianaHy WbIFbIHIAPH,
xKepiep alfiMakTapsbl TabUFN KacuerTepi
Kaiita naiinanany OHEpPKACINTIK CyMEeH Kab/IbIKTay, Cy anyzpl %oHe cy aliIbIHAapbIHA
cXemaapbl cyapy TYCETiH XYKTeMEHi a3alTy
YCBhIHBUIFAH IIEHIMACp — MeMOpaHajibIK Cy3rijieyaeH Oactanm OHOJIOTHSUIBIK
ozicTepre AeWiH — CyIbl TYTBIHYIBI a3aliTy, aHTPOIOTEH/IK >KYKTEMeNepai a3auTy

JKOHE Cy/Ibl OacKapy >KyienepiHiH TYPaKThUIBIFBIH apTTBIPY QNIEYETiH KopCceTeIi.

Kazakcran  eHepkocibiHmeri cyapl Oackapy  Toxipubeci  MemMOpaHAIBIK
TEXHOJOTUSUIAPABIH ~ YHJIeCiMi, 3aybITTBIH Cy OallaHCBIH OHTAaWIaHABIPY >KOHE
Ta3apThUIFAaH CyAbl KaiiTa maijaiaHy cyabl 0ackapy KOpCEeTKIIITEpiH alTapibIKTai
KaKcapTa aJlaTbIHBIH KepceTell. Atam aiiTKaHaa, MyHail eHAey 3aybITTapbl OOMbBIHIIA
3epTTeyaep KeHleH Al Cyabl 0ackapy cXxemalapblH €HTi3y KOHE OHEPKACIIITE TYPaKThI
CyObl MaianaHy TYKbIpbIMIAMaJapblH KOJAAHY apKbUIbl JKajlbl Cy TYTBIHY
MEH arbi3y KeJeMiH a3alTy MYMKIHJITiH aram eTTi. JlereHMeH, TinTi eH THiMIi
TEXHOJIOTUSUIAP Ja THICTI MHCTUTYIIMOHANJIBIK HETi3ci3 ocayl OoJbIll Kala Oepei.
Kazakcran Pecnyonukaceiabig Cy KOAEKCi %KoHE DKOMOTHSUIBIK KOIEKC CYIbl YTHIM/IBI
naiananynblH KYKBIKTBIK HETi31H KypauIpl, Cymbl aily, aFblHABI CyJapibl arbi3y,
KO37epi CAaHUTAPIIBIK KOpFay JKOHE €H KaKChl KOJDKETIMIlI TEXHOIOTHUATIApAbl €HT13y
TaJanTapblH OCNTUTeH]II.

Conrbl XbU11aphl OacCEHHAIK KEHECTEP, BEAOMCTBOAPAIIBIK YHIISCTIPY MEXaHU3MIEPI
KOHE JKePIUTKTI OKIMAIKTEPIiH KaTbICybIMEH >KY3€re achIpPbUIATBIH KEIIeHIl Cy
pecypcrapsein 6ackapyra (CPB) 6aca nHazap aynapsutyna. bY ¥ -HbIH 6-11TbI TYPAKThI JJaMy
Makcarbl («Taza cy xoHe caHuTapusi») Koca ajFaH/ia, alMaKThIK KOHE XaJIbIKapallbIK,
Ky>KarTap Kayirci3 cy MeH CaHHWTapHsaFra >KaJIblFa KOJDKETIMAUTIIKTI KaMTaMachl3 eTy,
Ta3apThUIMaFaH arbIHIbI CYJApAbIH YJIECIH a3aiiTy jkoHe KaiiTa naiganaHyasl apTThIpy
YIIiH Oarmapiap Oenrineni.

Kazakcran «Kacbin kemip» Oarmapnamacs! sxoHe BY¥JIb Men Aszust namy Oanki
o0aJIapbl CUSKTHI XaJIbIKapasblK OacTamanapra OeJICeH Il TYP/Ie KAThICKII KeJIedl, onap
aFBIHJIBI CYNApPbl Ta3apTy KOHIBIPFBIIAPBIH KAHFBIPTYFa, OPTAJIBIKCHI3IaH [bIPBUIFaH
Ta3apTy TEXHOJIOTHUIAPbIH EHII3yre »OHE CyIbl KaiiTa naiijanaHy >xoOasapblH
KepceTyre OarpITTaFaH.

ConbiMeH Kartap, JyHuexys3inik 0aHk cy MHPPaKYpBUIBIMBIH ayKbIMIBI KaHFBIPTY
KOHE TapU(TIK cascaTThl KaiTa Kapay KaKeTTUIIriH aram Kepcerendi, cebedi
KOJIZIaHBICTaFbl TapudTep KebOiHece MHPpaKYphUIBIMFA CATBIHFAH WHBECTUIMSIAP/IBI
OTEeME/Il J)KOHE CYIIbI YHEMJICYIlI BIHTAAHIBIPMaiIbl. ByJl HHCTUTYIIMOHATIBIK JKOHE
AKOHOMUKAJIBIK TTapajap/ bl YIMIHII KecTene KpICKAIa )KyHeaeyre 00Ianl.

3-kecTe Cyapl THIMII TalmamaHyOblH HETI3TI HHCTHTYIIHOHAIIBIK JKOHE
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SKOHOMHUKAJIBIK KYpaJJIapblH KYPbUIbIMAayFa MyMKiHIIK Oepeni. Onaa Kazakcranmars
TYPAaKTHI Cy CasCaThIHBbIH HETi31H KypalThIH MEMJICKETTIK OPraHaap/IbIH, XaJbIKapaJIbIK
OacraManap/bIH JKOHE SKOHOMHKAIIBIK TETIKTEPIiH PeJli KOPCeTiIreH.

Kecre 3. CyZ[LI TI/IiMI{i naﬁﬂanaHyan HWHCTUTYHHOHAJIABIK KOHC SKOHOMHUKAJIBIK MexaHmMuepi

MexaHn3m Heri3ri Ma3myHsI Kyrinerin acep
KP Cy xozexci Cy astyznbl XKoHE arbI3yJIbl TypakTsl cyasl MaiiananyablH
perTey, Cy aifiIbIHIapbIH KOpFay | 3aHHAMAaJIBIK HeTi31
KP Dxomorusiisik kogekci Kemenni sxonorusinblk pykcar | EH y3nik Toxipubenepai eHrizyre
Oepy KOHE MOHUTOPHHT apHaJIFaH bIHTAJAH/BIPYIIAp
Bacceiinmaik keHectep xaHe Cy Cananap MEH aymMakrap KaxTbIFbIicTap/pl a3aiTy jKoHE
pecypcTapbiH OacKapy jKoHe OoiibIHIIA YiiTecTipy KEICHTI JKocmapiiay

pecypcrapbl 0ackapy KOHIH/eTI
XaJIbIKApaIbIK YHbIM

Xauslkapalslk Oaraapiamanap Kapxsuianasipy, TazapTy MEH MOHUTOPHHITI
(B¥¥/1b, AJ1b, Xacbun kerip) TEXHOJIOTHSIIAp/bI Oepy, OKBITY | JKEeIeIeTUITeH JKaHapTyIap
TapudTik xoHE IKOHOMHUKATBIK | DkoTapudrep, capananrad cy | Cymasl YHEM/IEY KoHe

casicar TeneMaepi KaliTa maiianany yIiiH
BIHTAJIAHABIPYIIAP

TypaxTsl 1aMmy MakcaTTapsl 6 XaubIKapasbIK JIeHreiineri Cy xayincizairi Macesenepine

xoHe TypakThl JaMy MakcarTaphbl | IporpecTi 6akpliay Hazap ayaapy

TypaJbl ecen Oepy

CoHBIHAA, TEXHOIOT MSIIBIK KOHE MHCTUTY IIUOHAIIBIK ST MACP CyAbl Tai aTaHyIbIH
SKOHOMHUKAJIBIK JKOHE QJIEYMETTIK acIeKTUIepiMeH ce3ci3 OaimaHbIcThl. CONTYCTIK
Kazakcrannma, XanbIKTBIH alTapibIKTail 0esiri aybUIABIK JKepliepie TYpaThIHIABIKTAH,
camasibl CyFa KOJI JKeTKi3y TeK KOFaM[BIK ICHCAYIBIKTHl FaHa €Mec, COHBIMEH Karap
ayblT IapyalIbUTBIFBIHBIH TYPAKTBUIBIFBIH, KOII-KOH YPIICTEpiH >KOHE OJIEYMETTIK
TYPAKTBUIBIKTEI J1a aHBIKTANbI. JlyHHEKY3UIik OaHKTIH Oaranaysl CyMeH >KaOApIKTay
JKOHE Kopi3 JKyhesepiHe KOCBUTyABIH TOMEH [eHIeii Vil MIapyaribuIbIKTapbIHBIH
OCAIIBIKTAPBIH APTTHIPATHIHBIH K9HE TEK HHYKEHEPITiK eI MAE /i FaHa eMecC, COHBIMEH
Karap CyOCHIUSUTaHFaH KOCBUIBIMAAPABI, TapU(TEp/IiH alIbIKTBIFIH apTTHIPY/IBI JKOHE
JKEPTLTIKTI KayBIMAACTHIKTAPABIH CY PeCypCcTapbiH OacKapyFa KaThICYBIH KOCa ajFaH/Ia,
MaKCaTTHI QJICYMETTIK OaraapiaamManapasl KaKET €TCTiHIH aTrar KopceTe .

BY¥¥JIb TtammaysiHma kepcetinreH Kaszakcrammarel cymbl Oackapyra 3aMaHayd
Tocinaep marmapeicTapra (KyprakMIBUIBIK, Cy TACKBIHBI, aFbIHIBI CYJIapIbl Ta3apTy
KOHJIBIPFBIIAPBIHBIH ICTCH MIBIFYBI) PEAKTUBTI JKayall OepyeH AepeKTepre HeTi3Ae/TeH
AJIBTH Ty JKoHE OeHiMaenTimm 6ackapyFa aybICyIbl YCHIHAEI.

byn skorapeima cumaTTaNFaH Cymbl Oakpluay, Ta3apTy JKOHE KalTa MaimaiaHy
TEXHOJOTHSIAPBIH OKIIayJlaMaid, KepiCiHIe, HOPMAaTUBTIK 0a3aMeH, DYKOHOMHKAJIBIK
BIHTAJIAHABIPYIAPMEH JKOHE KOFaMHBIH KaTbICYBIMEH KOJNiZlay TaOaThlH OipbIHFal
JKYHCHIH DJJIEMEHTTEpi peTiHAe KapacTelpy Kepek mereHmi Oummipedi. Kmmmarterg
e3repyiHe OCAIBIFBI KOHE TYIIEI CY PECYPCTAPBIHBIH MIEKTEYIl 00mybiMeH CONTYCTIK
KazakcTan ymiiH TEeXHOJOTHSUIBIK, HWHCTUTYIMOHAIABIK, HSKOHOMHUKAJBIK JKOHE
QJICYMETTIK MICTIIMICPAIH OV YisleciMi y3aK Mep3iMIi Cy Kayilci3miriH KaMTamachi3
€Ty ’KOHE KOFaMBIK JCHCAYIIBIKTHI CaKTay YIITIH MaHBI3/IbL.
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Cy pecypcmapyein ymuvimowl 6ackapyoagsl KublHObiKmap men nepcnekmueanap. Cy
pecypcTapbiH THIMI GacKapy OYTiHT1 TaHJa TYPaKThl CyAbl TaligananyFa KoJl )KeTKi3yl
aiTapiablKTail KWBIHAATATBIH KONTETeH KeAeprinepre Tan 0Oomyaa. Conrycrik Kazakcran
XKoHe TyracTail anranaa KasakcraH skarmaiibiHaa Oyil Keleprijiep - TeXHOIOTHUSUIBIK,
KapKbUIBIK, HHCTUTYHOHAIIBIK JKOHE aJaMH pecypcrap - acipece oTkip. JKakbiHIa
KYPTi3iIreH 3epTTeysiep FhUIBIMABL, OacKapyabl >KoHe OM3HEC CEKTOPBIH KAMTHUTHIH
KEIICH 11, TOHAPAJIBIK TOCI FaHa OYJI MEeKTeynepi KeHin, HudpaanIspy MeH )KacaH bl
nnTesekTTiH (JKW) aneyerin cyasl 6ackapyra OipiKTipe anaThbIHbIH KOPCETE/I.

TexHONOTHUSIBIK KeAepriiepre MHPPaKYpbUIBIMHBIH TO3YbI, aBTOMATTaHIBIPYAbIH
TOMEH JICHICHl JKoHE IHMQPIBIK TEXHOJOTHSUIAPIBIH IICKTEYIl CHTI3UIyl JKaTaJbl.
Kazakcranna kanammgapaarbl ¢y MbIFbIHBL 50-60%-Fa KeTTi, ajd CyIbl TYThIHY MCH
TYTBIHY KeOiHEece ECKipreH oiicTepMeH eJIeHe i, Oy pecypcTap/asl allblK OacKapyra
KeJIepri KenTipei.

KapxpIiblK HIeKTeyNep CyMeH KaOAbIKTay KoHE Ta3apTy JKYHelepiH yKaHFBIPTyFa
KanUTaJAblK WHBECTHLMSIApFa Ja, HWHTEIJICKTyajJbl MOHHUTOPUHI >KyHeJepiHiH
KYMBICBIHA Ja ocep eredi. MHCTHTyuMOHAnJbIK —Keneprijiiepre OacKapyablH
OeJIeKTeHYl, areHTTIKTEp apachIHAAFbI QJICI3 YHIECTIPY KOHE CY, aybUILIapyallblIbIK
JKOHE OHEPKACIIl canajapblHbIH KETKITIKCI3 HHTerpauuschl katanel. Karatayev et.al.
(2017) mwomyst KazakcTanna kaHajanap apKbUIBI Cy )KETKi3y THIMALIITT JaMbIFaH eepae
70-90% Ooica, Tek 15-20% ekeHin aTam OTTi.

AzaM pecypcTapblHBIH IIEKTEYJIEpiHe CaHABIK CY TEXHOJOTHSIApHI, CY KYKBIFBI
JKOHE Cy peCypCTapbIH OacKapy JKykenepi caachlHAaFbl MAMaHIap IbIH KETICTICY LTI,
COHal-aK 3epTTeyliep MEH ToXKipuOe apachlHAarbl oJci3 OalaHbICTap KaTalbl.
Byn kemeprinepai skeHy YIIiH FBUIBIMH JIepeKTep, Oackapy MpolecTepi xoHe Ou3Hec
MOJICTIb/ICP] CHHEPTETHKAJIBIK TYPJC dKYMBIC ICTEHTIH MOHAPAJIBIK TICIITE KOUTY KaKeT.
Atan aiiTKanaa, HUQPIBIK CTapTanTap, BEHUYPIBIK KallUTal WHBECTULHSUIAPHI JKOHE
YHHUBEPCUTETTEp MEH OHEPKICIN apachblHAarbl BIHTHIMAKTACTHIK KaszakcTaHmarbl cy
WHHOBAIMSIAPBIHBIH OKOKYHECiH KanbimracTblpa Oactaisl: Mbicansl, Astana Hub
AKOXKYHECI Cy CEKTOPBI YIIIH MISHIIM/EP 931pJICHTIH cTapTanTap bl KOJIIai Ibl.

Cy camacblH Oo/mKayFa >KacaHIbl MHTEJUICKT TIeH MalIMHAIBIK OKBITYABI KOJIJaHy
OOMbIHIIA FBUIBIMH 3€pTTEYNIEp AepeKTepii, Oackapyabl XoHe OW3HecTi OipiKTipy
apKbUIBI FaHAa MaHbI3/bl HOTHIKEIEPre KOJI JKETKi3yre OOJaThIHBIH aTam KepCeTei.
CoHJIBIKTAaH FBUIBIMH MEKEMeJiep, PEeTTeyIll OpraHiap *oHE KICcilKepiep aiMaKThIH
KaXeTTUTikTepiHe OeiiMaenreH OackapblUIaThlH, AEPEKTEpre HEri3leNreH Kyienepai
KYpy YILIiH Oipiecim >KyMbIC icTeyl Kepek.

Cy »xy#enepiH UUQpIaHABIPY >KOHE >XacaHAbl WHTEJUICKTTI KOJAaHy TYpPaKThI
Oackapy YIIiH »aHa MyMKiHikTep amajel. Krishnan et.al. (2022) makanaceiana loT
CEHCOpJIapbIHa, OYITTHIK MJIaTopMatapra )oHe TepeH OKbITyFa HETi3AeIreH aKbUIIbl
cyabl Oackapy KyHenepi jKeprilikTi IeHreiae Iypbic KOHQUTypanusianFad Ke3ae cy
TYTBIHY/BI a3alTHII, PecypcTapibl 06Tyl OHTaIaHABIpa alaThIHBIH aTan KepCeTe/l.

Kazakcran sxep yCTi jKoHE ep acThl cylapbl OOHBIHILIA >KacaHIbl MHTEIUICKTKE
HETi3JeNTeH AePEeKTepai KAMTHTBIH Cy pecypcTapblH OacKapyablH OipbIHFai H(PIBIK
1aTGOpMachlH KYpFaHbIH kKapusuiaasl. JlereHMeH, uQpIbIK TEXHOIOTHSIIApABbIH 031
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omOeban memimM eMec eKeHiH aTam ©Ty MaHBI3Ibl: OJiap TUICTI WHPAKYPBUIBIM/BL,
OakpUIAyIBI J)KOHE OacKapy cascaTblHa MHTETPalUsSHbl KaKET eTeli.

OHIpIIIK O3BIK Cy TEXHOJOTHSUIAPBIH €HTi3y oneyeri aiTapibikraid. Cynbl KaiTa
naiianany yieciH apTThIpy, CYMEH JKaOAbIKTay IKYHelepiH IKaHFBIPTY >KOHE
WHTEJUIEKTYalAbl MOHUTOPHUHITI €HII3y CyMeH >KaOABIKTayAblH TYpPaKThUIBIFbIH
alTapiabIKTail KaKcapThlll, SKOXKYHelIepre TYCETiH >KYKTeMeHi asaiita amaabpl. ATtam
aliTKaHaa, TazapTy JKoHE KalTa MaijanaHy TEXHOJOTHSIapbl apKbUIbI aybl3 CYIBIH
camachlH >KakcapTy ayblp MeTaqaap MEH HUTpaTTapAblH JacTaHybIMEH OalIaHBICTHI
CO3BUIMAIIBl aypyJIaplblH KayliH a3aita anaabl. Mpicanbl, UUQPIBIK MOHUTOPUHT
apKbUIBI KOJIIAy KOPCETINETIH XEp acThl JKOHE OPTaJbIKCHI3OAHIBIPBUIFAH CYMEH
XKaOMIBIKTay >KYHENEpiHiH YJIECiH apTThIpy aybUl TYPFBIHIAPBIHBIH Cy KayilCi3AiriH
Kakcapra amajbl. AWMaKTBIH aybll I[IapyalllbUIBIFBI MEH Cy OHAIpyre >KOFapsbl
TOYGNIUIINH €CKepe OTBHIPBIN, TEXHOJOTWS MEH MOHHMTOPHHI TEK WHXEHEPIiK
LICHIIMHEH Jie apThIK Hopcere aiiHaiyaa; ojiap QJCyMETTIK KOHE JICHCAYIBIK CakKTay
¢axTopsl OombIn TaObUTaAEl. KMMaTThIH ©3repyi ®oHE CyFa JIEreH CTPECCTiH apTybl
KaFaalblHAa MYHIal JKYHenep/i eHri3y cTpaTerusulblK OachIMIIBIK, OOJBIN TaObLIa bl

Contycrik Kazakcrannarbl Ccy pecypcTapblH TYpakThl OacKapyaarbl KHBIHIBIKTAP
alTapiablkTail: eckipreH WH(PPaKYpbUIBIM, OJICI3 WHCTUTYLHOHAJABIK YHIECTipy,
KaZpJaapAblH KETICIEYIIUIiri KoHe TeXHOJOTHSUIBIK apTTa KalylubUibK. [lereHmeH,
nuQpraHAbBIpyMEH, acaHAbl WHTEJJICKTIICH, FBUIBIMIbI, OW3HECT] jkoHe OacKapyubl
HWHTErpalysiayMeH, COHIal-aK cy MH(PAaKYPbUIBIMBIH TEXHOJIOTHSUIBIK JKaHFBIPTYFa
0aliTaHBICTHI IEPCIIEKTHBAIAp CyAbl TYPaKThI MaiiiajanyFa HaKThI )K0J amnaasl. Keneci
YCBIHBICTAP YCHIHBUIAIBL:

— HWuopakypbUIbIMABl KAHFBIPTYABl JKOHE LUQPIBIK MOHUTOPHUHT IKyHenepiH
SHTI3Y/I JKEe/ICTIICTY.

— Feibiv, OU3HEC JKoHE YKIMET apachlHAArbl MOHAPAJIBIK TuIaT(GopManapibl KoHe
BIHTBIMAKTACTHIKTI JAMBITY.

— Cynbl TYTBIHYABI OHTAMIAHIBIPY KOHE epTe TIyeKeNaep Typalbl €CKepTy YIUiH
»KacaH/Ibl UHTEIJUICKT MEH JIepeKTepl Taaaynbl OeJICeH Al TYpIe eHri3y.

— Cynpbl KaiiTa naiiianany TEXHOJOTHJIAPHl MEH OPTAJIBIKCHI3AAHIBIPEUIFAH CyMEH
XKaOnbIKTay KYHenepiHiH aliMaKTBHIK MWJIOTTHIK KoOajJapblHa Ha3ap aynapy, oJapAblH
KOFaMJIbIK JICHCAyJIbIKKa 9cepiH Oaranay.

— VHHOBaumsubIK SKyHenepai KapKbUIaHIBIPYAbI, MaiaadaHyabl JKOHE KYTil
ycTayasl KaMTaMachl3 €Ty YIUiH Kaaplapbl OKBITYAbl KOHE HOPMATHUBTIK-KYKBIKTBHIK
0a3aHbl KYLLECHTY.

By mapanapaeiH coTTi yiieciMi aiMakTBhIH Cy CEKTOPBIH camrajibl )KaHa JeHreire
KOTEpYyTe, XaJbIKThIH YKOJIOTHSITBIK, JI€yMETTIK )KOHE ACHCAyIIbIK CAKTay TYPaKThIIBIFbIH
XKakcapryra xxoHe KazakcTaHHbIH Oacka aliMakTapblHa KOJIaHBUIATHIH MOJIEINb JKacayFa
MYMKIHJIK Oepei.

Kopsiteinabl. Contyctik Kazakcrangarel Cy pecypcTapblH YTHIMABI Oackapy
FBUIBIMU JIEPEKTep/i, 3aMaHayd TEXHOJOTUSIIAPAbl KOHE THUIMAI MHCTHTYLHOHAIIBIK
MeXaHM3MJepai OIpiKTipeTiH KyHemik Tocinai KaxeT eredi. byn miomy aiMakTbiH
OipHeme e3apa OailaHBICTBI KWUBIHABIKTapFa Tal OONATBIHBIH KOpCETeNi: JKep YCTi
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JKOHE JKep acThl CyJIapbIHBIH OIpKENKi eMec Tapaitybl, aHTPOIOTeH K KYKTEMeNepIiH
apTybl, KJIMMATTBIH ©3TepyiHiH ocepi, MHOPaKYPbUTBIMABIK KoHE OacKapy LIEKTeyepi.
By daxropnap undpaaHabIpyablH JKETKUTIKCI3AIriMEH, Ta3apTy KOHABIPFBUIAPBIHBIH
TO3YyBIMEH >KOHE MaMaHIAHIBIPBUIFaH KaJIpJiaplblH >KETICHEYIIUIriMeH KypaelcHe
Tyceai, OyJ TypaKThl Cy[bl TaliAamanyabl Al TapIbIKTall KHbIHAATAIbL.

CoHbIMEH KaTap, Cydbl Oakbulay JKOHE Ta3apTy TEXHOJIOTHSUIAPBIHBIH TaMybl CY
KayiMci3Airid ;kakcapTy YIIiH HAaKThl MyMKIHIIKTep YCbIHaAbl. CITyTHUKTIK A€PEKTEpIi,
ceHcopIbIK keminepai, [AXK aHanmuTHKackIH jKoHE KacaHAbl MHTEUIEKT MOAEIbACPiH
OIpIKTIpY Cy pecypcTapblH JQJIPeK >KOHE YaKThUIbl OaKbUIay[blH HETi31H Kypawnibl.
MeMOpaHabIK, TEXHOIOTUSIIAPbl, COPOLMSIBIK MaTepralaapibl, HAHOKOMITO3UTTEPAl
oHE OMOJIOTHSUIIBIK Ta3apTy oMICTEpiH MaijanaHy SKoXyHenepre TyCeTiH KYKTeMeHi
azaiiTy oHe Cydbl KaiTa mMaiijajaHy yJeciH apTThIpy YIUiH alTapibIKTail olleyeTTi
KepceTeni, Oy ocipece TYIIBI Cy pecypcTapbl HIEKTEeydl alMakTap YIIiH MaHbBI3IbI.
TexHONOTHUSNBIK IIEMIMACPMEH Karap, WHCTUTYLHHOHAJABIK OpTa MaHBI3Abl DOl
arkapaasl. HopMaTuBTIK 0a3aHbl KETUIOIpY, Cy pEeCypcTapblH HHTErpaunusIaHFaH
Oackapy KaFUIATTapblH €HTi3y, SKOHOMHUKAJIBIK bIHTAJAHIBIPYAbI J3ipiey >KoHe
XaJIBIKAPaJIbIK BIHTBIMAKTACTBHIKTHl HBIFAUTY TYPaKThl e3repicTepre jkarnail xacaiapl.
Kazakcran ToxipuOeci TEXHONOTHSUIBIK HHHOBAaLMSUIAPABIH, THIMAI OacKapyablH
JKOHE JKEPTUTIKTI KOFaMJIACTBIKTBIH KaTBICYBIHBIH YHJIECIMI Cy KayilCi3IiriHae HaKThl
HOTHIKEJIepre KOoJ KETKi3yre MyMKiHIIK OepeTiHiH KepceTeTi.

Contycrik Kaszakcrangarsl Cy pecypcTapblH TYpPakThl OacKapylblH Oomariarsl
uuGpiblK iaTGopManapasl oJaH 9pi AAMBITYMEH, MHTEIUIEKTYalgbl MOHHUTOPHHT
KYHeNepiH eHTi3yMeH, Ta3apTy KYpbUIBICTApPbIH JKaHFBIPTYMEH JXOHE >KaHa OybIH
MaMaHAapblH AaspiayMeH Tikened OalnaHbICTBl. ¥3aK Mep3iMji MepcreKTHBaaa Oy
mrapanapAbl JKY3ere achblpy Cy PecypCTapblHBbIH CalachlH KaKCcapTyFa, HKOJOTHSUIBIK
TOyeKeNnAepHal a3zalTyra, KOFaMIBIK JEHCAYJIBIKTHl HBIFAUTyFa MOHE aWMaKTbIH
QJIEYMETTIK-DKOHOMHUKAJBIK 1aMYBIHBIH TYPaKThUIBIFBIH apTTHIPYFa bIKIaJ eTe/i.

CoHJIBIKTaH, Cy peCypCTapblH TYPaKThl 0acKapybl JKeKe cala peTiHAe eMeC, FhUIBIM,
TEXHOJIOTHUSI, MEMJICKETTIK OacKapy j>koHe OM3HEC apachblHIAarbl BIHTHBIMAKTACTBIKTHI
Ka)XET eTeTiH MoHapallblK cajla PEeTiHJe KapacThlpy Kepek. Tek KemeHni Tocin FaHa
Conrycrik KaszakctaHmarbl Cy KayilCi3[iriH KamMTaMachl3 €Tell JKOHE SKOJOTHSUIBIK
KayiIci3 )KoHE QJIEYMETTIK TYPFbIaH TYPAKThl OONAIIaKThIH HETi31H Kalai bl
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Abstract. This scientific article presents the results of physicochemical studies
aimed at assessing the potential use of lead slag processing waste as a raw material
for the cement industry. The studies were conducted using state-of-the-art analytical
equipment: a BRUKER S8 TIGER X-ray fluorescence spectrometer, a JEOL JSM-
6490LV scanning electron microscope, and a Shimadzu IR Prestige-21 Fourier-
transform IR spectrometer. X-ray fluorescence spectroscopy, scanning electron
microscopy, and infrared spectroscopy were used to analyze the lead slag processing
waste generated at «Standard Steel KZ». As a result of X-ray fluorescence analysis, the
chemical composition of lead slag processing waste was established, including: SiO,
— 23,58%, Al,O, — 5,2%, Fe O,— 32,04%, CaO — 14,99%, MgO — 3,12%; SO, —
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1,91%; Na,O — 1,95%; K,O — 1,12%; CuO — 0,42%; PbO — 0,05%; ZnO — 3,02%;
loss on ignition - 9.10%. Heavy metal oxides were also found in the waste: Mn,O,
— 0,65 %; StO — 0,18 %; Cr,0, — 0,07 %; BaO — 2,02 %; TiO, — 0,37 %; P,0, —
0,21 %. Scanning electron microscopy data revealed the following mineral phases in
the waste: hedenbergite (CaFeSi 0,), fayalite (Fe,SiO,), pseudowollastonite (CaSiO,),
magnetite (Fe,0,), hematite (Fe,0,), and zinc oxide (ZnO). Fourier transform infrared
spectroscopy data showed that silicate and aluminosilicate phases, as well as functional
groups and secondary minerals present in lead slag processing waste, are formed and
manifested in the spectral range of 3900—500 cm™'. Comprehensive physicochemical
studies have shown that lead slag processing waste in the production of Portland cement
clinker can be used as a potential substitute for iron ore raw materials.
Keywords: waste, lead slag, recycling, raw mix, clinker, cement
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Annoranusi. FeutbiMu Makanaga LEMEHT ©HEpPKociOi YIIH KOpPFachlH KOXKbIH
OHJCY KaNJBIKTAPbIH IIUKI3aT peTiHAe NaijanaHy MYMKIHIITIH (pU3KMKa-XUMHSIIBIK
OZIICTEpPMEH 3epTTey HOTIIKENepli KOpCeTINreH. 3epTTey JKYMBICTapbl 3aMaHayd
BRUKER S8 TIGER, JEOL JSM-6490LV ckanepneiTiH 3IeKTPOHIBI MUKPOCKOII KOHE
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Shimadzu IR Prestige-21 crnekTpomeTp Kypai-KaOIbIKTapAblH KOMETriMeH Kacajlbl.
JKIIC «Standard Steel KZ» xopracblH KOKbIH KaiiTa OHJIEYIEH KaJIFaH KaJIIBIKTapbl
PEeHTTeHmIK (PIyOpEeCIeHIMSIIBIK, PACTPIIBI AIIEKTPOHABI MHKPOCKOMMSIIBIK koHe MK
CHEKTPOCKOIHUSUIIBIK TaJIay SJICTepl KOJNJIAHBUIAbL. PEHTreHIiK (iayopeceHIMsITBIK
CHCKTPOMETPUS JJIICIMEH 3epPTTCy HOTHIKECIHJIEC KOPFACchIH KOXKBIH OHJICY/ICH KaJFaH
KaJAbIKTapAbIH XUMUSUIIBIK KYpaMbIH/A: SiO2 — 23,58 %, A1203 —52%,F e203—
32,04 %, CaO — 14,99 %, MgO — 3,12 %; SO, — 1,91 %; Na,0 — 1,95 %; K,O —
1,12 %; CuO — 0,42 %; PbO — 0,05 %; ZnO — 3,02 %; kyhaipy Ke3iHJeri Korary
— 9,10 % >xoHe Oacka ayblp MeTauiaap: Mn,O, — 0,65 %; SrO — 0,18 %; Cr,O,
— 0,07 %; BaO — 2,02 %; TiO, — 0,37 %; P,O, — 0,21 % anbiKTanisl. Pactopis
ANIEKTPOHIBl MHUKPOCKOMHSIBIK Tajfay HOTIKECIHAE KaJABIKTapAslH KypaMbIHIA
renendeprut (CaFeSi,0), dpasmur (Fe,Si0,), ncepnososiactonut (CaSiO,), MarneTur
(Fe,0,), remartur (Fe,0,) xone MbIpbim okcufi (ZnO) MuUHEpanaapbl aHbIKTAILIbL.
KopracelH KOXBIH ©HACYACH KajlfaH KaJJbIKTapAblH KypaMbIHIIA Ke3/IeCeTiH
CHJTMIKATTHI JKOHE aJTFOMOCHITUKATTHI (hazanapabiH, GyHKITHOHAIIBIK TONTap MEH eKiHIII
pertik MuHepangapabH 3900—500 cm! muama3oHbIHAA TY3UATEHIITT JONEIICH I
Hotwmxkecinae xypri3ireH Gu3nka-XuMUSUIBIK 3ePTTEY HOTHIKECIH/IE MOPTIAHIICMEHT
KIIMHKEPIH Ty YIIIiH KOPFaChIH KOXKbIH OHJICY/ICH KaJIFaH KaJIIBIKTapAbl SJIEYeTTi TEMip
PYyAAcChIH aTMacTRIPYIIBI MUKI3aT PETIH/IC MaiaamanyFa JKapamabl eKeHIIT1 JoJICTICHII.

Tyiiin ce3mep: KajabIKTap, KOPFachlH KOXbI, KOJIETe KapaTy, LIUKI3aT KOCHAChHI,
KIIMHKED, [IEMEHT
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AnHoTamuss. B crarbe mpencTaBieHbl  pe3yNbTaThl  (PU3MKO-XUMHUYECKUX
WCCIIIOBAaHUM, HANpaBICHHBIX Ha OIEHKY BO3MOXXHOCTH HMCIIOJB30BaHHS OTXOJOB
nepepadOoTKH CBUHIIOBOTO IIJIaKa B KAYE€CTBE CHIPhS JJIS IEMEHTHOM TPOMBIIIIEHHOCTH.
HccnenoBanusi  BBINOJIHEHBl C MPUMEHEHHEM COBPEMEHHOTO aHAIMTHYECKOTO
obopymoBanus: penrrenoduiyopecientHoro crekrpomerpa BRUKER S8 TIGER,
CKaHHUpyIolero »jekTpoHHoro mukpockona JEOL JSM-6490LV u HK-®ypse-
cnekrpomerpa Shimadzu IR Prestige-21. [ljis aHanm3a OTXOMOB, 0OPa3yIOIIMXCSI
Ha TOO «Standard Steel KZ», npumeHsMCh METOIBI PEHTIEHO(IYOPECLEHTHOM
CHEKTPOCKOITUH, CKAaHMPYIOMIEH 3JEKTPOHHOH MHKpPOCKONMU ¥ HMH(PaKpacHOM
CHEKTPOCKOIUHU. PeHTreHo(1yopecieHTHBIH aHaJIN3 TTOKa3aJl, YTO XUMUYECKHUI COCTaB
OTXOZIOB TIepepabOTKK CBHHIIOBOTO HIIaka BKItouaeT (Mac. %): Si0: — 23,58; AlOs
— 5,20; Fe20s — 32,04; CaO — 14,99; MgO — 3,12; SOs — 1,91; Na.O — 1,95;
K0 — 1,12; CuO — 0,42; PbO — 0,05; ZnO — 3,02; noTepu npu NpoKaIuBaHUHd —
9,10 %. Tax>ke BBISIBIICHBI OKCHJIBI TSDKENBIX MeTallIoB: MnzOs — 0,65 %; StO — 0,18
%; Cr20s — 0,07 %; BaO — 2,02 %; TiO2 — 0,37 %; P-0s — 0,21 %. ITo nanHbIM
CKaHMPYIOIIEH DIEKTPOHHOW MHUKPOCKOIMH HACHTU(QHUIMPOBAHbI MHHEpPaIbHbIC
¢daser: renendOeprut (CaFeSi20s), dasmut (Fe2SiOs), ncermnoBomiactonut (CaSiOs),
marHeTuT (FesOa4), remarutr (Fe20s) u okeun muaka (Zn0O). Pesymerarer UK-Oypre-
CHEKTPOCKOITUK TIOJATBEPAMIA TPUCYTCTBHE CHJIMKATHBIX W  AIIOMOCHJIMKATHBIX
¢da3, a Takke QYHKIMOHAJIBHBIX TPYII U BTOPHUYHBIX MHHEPAJIOB, MPOSBISIONINXCS
B crnekrpasibHoM amanazoHe 3900—500 cm'. KomriuiekcHble (U3UKO-XUMHYECKHE
HCCIIEIOBAHUS TIOKA3aJIM, YTO OTXOJIbI NMEPEepPadOTKU CBHHIIOBOTO IUIAKA MOTYT OBITH
WCTIOJIb30BaHbI B Ka4eCTBE MOTCHIUAIBLHOTO 3aMEHUTENS JKEJIE30PYIHOTO ChIPbS MPH
MIPOM3BOACTBE MOPTIAHIIEMEHTHOTO KIIMHKEPA.

KiroueBble ciioBa: OTXO/bI, CBUHIIOBBIA IIUIAK, YTHJIM3AIMS, ChHIPbEBas CMECH,
KITMHKEP, IEeMEHT

Kipicme. Kaszakcran PecnyOnukacel eHepkocinTik eHpipic OoiibiHma TMJI
eNJIepiHiH apachiHAa ekiHm koHe Opraiblk A3us elAepiHiH apacbiHIa OipiHII
OPBIH/IBI MEJICHIN aiiMakTa KeirbacTabl. 2024 bUTbl eMiMi3iH eHaipic keiaemi 106,8
MIIpZL JIOJUIapFa JKeTin, Oy kepcerkim OoiibiHma Tek Peceiinen (1,3 TpiaH momap)
kaunbin kese xkarblp (Kazakhstan Leads, 2025). Competitive Industrial Performance
nepexrepine coiikec Kazakcran 2025 KpUibl oneM OOHBIHIIA OHEPKICINTIK KyaTbl
OoiibrHIIa 153 ennin apacsinan 63-m1i opeiara Typakraran (Competitive, 2025). Herisri
MBIKTBI MTO3UIMSIIAP/IbI TAy-KeH OHEPKaCiOl, MyHal-ra3, MalllHa Kacay JKOHE XUMUS
canacel kepcetken (Kazakhstan Accelerates, 2025). Kazakcranma sxorapbljia aTajiraH
OHEPKACINTIK OHJIPIC CEKTOPhI OHJIIPICTIK KaJJBIKTapAbl IIbIFApyaa, YHIHILIEpAl
KaJIBINITACTBIPY/IA, YKAcaHJIbl MUHEPAJIbl TY3UTIMIEpl Haiia KpuUlyaa ja OeJICeHIUIIK
kepcetye. Eiimizzie sxbul caliblH maMaMeH 1 MJIp/] TOHHAFa JKYbIK KOJIEMJIe KaJIJIbIKTap
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(tay-ken — 70 %, enney canacel — 15-16 %) Ty3ineni, an )KUHAKTaIFaH KaJIbIKTapIbIH
xaurbl kenemi 31,6 mupa TorHanb! Kypaasl (Information, 2023). KanneikTaps! KaiTa
OHJICY, OJlap/bl Kosere skapaty mamamen 11 % kypan otsip (Kazakhstan recycles, 2025).
Byt aiitapibIkTail TOMEH KOPCETKIll OOIFaHABIKTaH SKOJIOTHSIIBIK MACeNenep i THiMal
LICHTYiH HAaKThl KagaMAapblHa MEMIICKETTIK OaFaapiaManapbl o3ipiey apKbUIbl KO
KeTKizimyne. Atam eteTiH Ooncak: «XKachll 9KOHOMUKaFa» KeIly TY>KbIPhIMIAaMachl;
«Kacpin Kazakcran» ynTTeiK xo0acel; EcoQoldau ©armapmamacel; MHIycTpusHb
JaMbITy Kopbl *koHe «XKacein [lamy» apKbUTbl MEMJIEKETTIK KapiKbUlaHaelpy; 2026—
2030 xpuIAapra apHainFaH 0apiblK KaJAbIKTapabel 0ackapy TYKbIPhIMIaMAaChIH 931piey
xoHe Oekity; KocimopblH KangslKTapblH Oackapy Oaraapiamaiapbl; OHEpKOCINTiK
KaJIBIKTap/ibl KaiiTa enzaey xobanapsl; MHGpakypblIsiM Ko0aIapblHa KaiiTa OHAeIreH
MarepuangapApl Haiijanany »xoHe T.0. Oarmapnamanap. Artanran Oargapramanap
AsICBIHJIA KaJABIKTap/bl KallTa OHJey KOHE jKaHa TEXHOJIOTHsIIApAbI eHI13y OOWBIHIIA
ayKpIMABI >ko0anap o3ipieHin, icke acyna. ComapabiH 0ipi 1934 Kbulbl amIbUIFaH
«YUMMKEHT KOPFACBhIH OHJIPY» 3aybITHIHBIH ayMarblHIa OpHaJacKaH KOPFACHIH KOXKbIH
KaliTa eHjey »oOacbiH aityra Oonazapl. LlIpiMkeHT KanmacbiHma ophHanackan JKIIC
«Standard Steel KZ» xopracblH KaJIbIKTapblH KalTa OHICY 3aybIThl KOXK KypaMbIHaH
TYCTI MeTangapabl aimyfa OarbiTTanFad. KoprachlH KOXKBIHHBIH JKaJIbl KejeMi 4,5 MIIH
TOHHAHBI Kypaiasl. byn enaipic opasl sxpuibiHa 300 MBIH TOHHA KOXKIbI KallTa eHJET,
21 MBIH TOHHA MBIpBII OKCHIiH oHaipeai (U3Bneus, 2025). Ocbiran opaii, KOKAapabl
KaliTa eHJEYy[JeH KeHiH KalFaH KaJAbIKTapIbl KOAEre Kapary, ollapAblH KoplIaraH
opTara TUTi3ep 3USHABUIBIFBIH TOMEHAETY ©3€KTi Macese eKeHIIrH KopceTe .

Byn 3eprreynin makcarer XKILIC «Standard Steel KZ» xopracklH KOXBIH KaiTa
OHJICY/ICH KallFaH KaJAbIKTapbl IIEMEHT OHEPKACiOl YIIIH IIUKi3aT MaTepual peTiHae
naianany MyYMKIHIITiH 3epTTey, KaJABIKTapAbl IUKi3aT KOCIachlHa TEMIp pydachlH
AJIMacTBIPYLIBI KOMIIOHEHT PETiHAe KOIaHy OOJbI Ta0bLIa bl

OHEPKOCINTIK KaIJABIKTApAbIH KOJNEMiHIH apTybIMEH J>KOHE KOpIUaraH OpTaHBI
KOpFay epeskeNepiHiH KaTaHIaybl JKaFJaibIHIa KOPFaChlH KOXKBIH KOCa ajfaH/a, TYCTi
METaJUTyprus KaJlIbIKTapbIH KO0 epeKIle ©3eKTi Macenere aifHanasl. KoprachlH KOXKBI
KOpFachblH KOHLEHTpAaTTapblH MUPOMETALTYPIHSUIBIK OHJACY Ke3iHIe alTapibIKTai
MeJIIIepAe TY31IeAl kKoHe KaJlbLUi, KPeMHUH, TEeMip, aJlOMHHUI OKCHIATEPIH >KOHE
aybIp MeTayn KoceubicTapbiH (Pb, Zn, Cu xoHe T.0.) KAMTHTBIH KYpAETl XUMHSIBIK
KOHE MHUHEPaJOTHAIBIK KypambiMen cunartanaasl (Li et. al, 2017). Ilepa wmen
AMOpya3 MeETaJUTyprusiiblK KOKIapAbl I[IEMEHT OHEpKIciOiHme OanaMa IuKizar
peTinae maiinanaHyra OOJaTBIHBIH, KIMHKEp (a3achlHBIH TY3UIyiHE >KOHE KyHIipy
mpolrecTepine THIMII ocep eTETiHIH aHbIKTaraH. ABTOpJap KOPFACBIHHBIH KIMHKED
KYHIipy TeMmmeparypacblH TOMEHAETYre KOMEKTECeTiHiH, Oipak OHBIH KypaMbIH
KaraH OakpUIay/bl KaxeT eTeTiHiH aran eTkeH (Pera et. al, 2004). A.M. Paman Tycri
METaJUTyprusl KOXKIAPbIHBIH EMEHT KOMIIO3UTTEPiHIH (PU3UKAIBIK KOHE MEXaHUKAIIBIK
KAacHeTTepiHe ocepiH 3epTTey apKbUIbl OyJl Mocesere alTapibIKTai yiec KOCKaH.
OHBIH KYMBICHI aJIJIBIH alla OHJIEITeH KOPFachlH 0ap KOKIapibl EMEHTTIH OepIKTiK
KAacUeTTepiH alTapibIKTali TOMEHAETICH, COHBIMEH Oipre KoplaraH OopTara 3WSHIBI
ocepai azalTy MakcaThlHAa MHUHEpal[bl KOCMa peTiHAe mNaiinanaHyra OOJaThIHBIH
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anbikTarad (Rashad, 2019). Kerraitnsik 3eprreymwinep [o 0. xone Uxan T. uement
OHJIpiCl YIIIH MIMKi3aT Kocmanapla KOPFAChIH MEH MBIPBII KOXKIApbIH NaiganaHy
MYMKIHJITiH 3epTTeni. OnapablH 3epTTey HOTHXKENepl KOKIapAbl YCaK YHTaKTay >KoHe
TEPMUSUTBIK OHJICY apKbUIBI IEMEHT MAaTPHUIIACBIHAA KOPFAChIH HOHJIAPBIHBIH TYPaKThI
OeKiTiyiHe oKeIeTiHIH KopCceTKeH, OYJ1 OIap IbIH MIalbLTY MPOLECiH KOJAIbl JeHrelre
neitin Temenaerker (Guo et. al, 2017). Peceitnik ransimaap B.W. Jloranuna men A.B.
CensieB (Loganina et. al, 2014) TycTi MeTamyprust KaJABIKTapbIH TYTaCTHIPFBILITAPIBIH
MUHEpalabl KOMIIOHEHTTEpl peTiHie MaiaanaHyabl 3epTTereH. ABTOpiiap KOPFachlH
KOXKJIapPBIHBIH IYIIIONAH/BIK OCJICEHAUIITIHIH O0lybl MYMKIH CKCHIH >KOHE THICTI
(u3nKa-XUMUSIIBIK OHACYIEH KeWiH EMEHT JKyHenepinae KoNJaHblla alaTbHbIH aTarl
kepcetkeH. A.H. Ilnarun men H.M. Ky3HenoBaHbIH >KYMBICTaphl LIEMEHT MEH OETOH
KOMIIO3UTTEPIHJIETI ayblp MeTalgapAbl TYpaKTaHAbIpyFa OarbITTasnraH. LleMeHT Tachl
Hamap epuTiH (azanmapabl KaJbIITACTHIPY apKbLIbI KOPFACHIH KOCBUIBICTAPBIH THIMI
TYpIe HMMMOOHMIM3aUMsIal anarTblHbl, Oy LEMEHT MaTepHajAapblHIa KOPFachIH
0ap KangblKTapAbl NaiganaHyra MyMKiHIIK OeperiniH anbikraraH (Ilmyrun >xoHe
Oacka, 2010). Kazakcranma AltxoxuHHiH, b.K. HcabGekoBTiH 3eprTeynepi ochl
KOKIAApIbIH XUMHUSUIBIK KOHE MHUHEPAJOTHSUIBIK KYpaMbIH 3€pTTEyre >KOHE OJapibl
LEMEHT OHEepKAICiOiHe MainanaHy oieyeTiH Oaranayra apHainfaH (AHTXOXKHH >KOHE
Oacka, 2018). By »KyMBICTBIH HOTHIKENEpi TYCTi MeTangapAbl Oim aibli, KYpaMbIH
TYpaKTaHIbIPFaHHAH KEWiH KaJIbIKTapIbl KIMHKEp IIUKi3aT KOCIAachlHa peTTEeyII
KOCIa HeMece LEMEHTKe OeJICeH i MUHEepaIbl KOCla PeTiHIe MaiaaaaHbulybl MyMKiH
eKEeHIH aral KepCeTKeH. AybIp MeTaifapibl HIaiiMalnay ChIHAKTapbhlH KOca alfaHja,
MIHAETTI TYple KOpIIaraH OpTaHbl OaKbulay KaKETTLNriH aTtam ©TKeH. T huibIMu
omebueTTepi Tangay KOPFachlH KOXKIAPhIH OHJCYACH KEeHiHIT KaJAbIKTapIbl LIEMEHT
OHEepKaciOiH/e Maiianany YIIiH alTapiabIKTal oJeyeTKe he IUKi3aT eKeHiH KOpCeTei.
3epTTeyiijepaiH KOIIiIir TEXHOIOTHSUTBIK KoHE KOJIOT USUIBIK TajlarTap OpbIHAATFaH
Karaaiaa, MyHIal KangblKTapAbl TaOUFH pecypcTapibl TYTHIHYOBI a3alTyFa >KoHE
KOpLIaFraH opTara Tepic acepii azaiTyra KOMEKTeCEeTiH MepCIeKTUBAIIbI €KiHII PETTIK
LIMKI3aT Jen caHayra OOJaThIHBIH aHBIKTaFaH.

Marepuaagap men 3eprrey daicrepi. JKIIC «Standard Steel KZ» xopracbn
KOKJIApbIH KalTa eHJey 3aybIThIHIA HEri3ri TY3UIeTIH KalJbIKTap Kejeciaen
TEXHOJIOTUSUIBIK MPOLECTEPICH OTE/I:

Koxkmapnel kaObuinay skoHe JaiblHAAy — YCaKTay jKOHEe YHTaKTay — KOXKIapIbl
OaNKBITY JKOHE MBIPBIII, MbIC, KYMICTI Oeuin any — KaJlabIKTapAblH Ty3inyi (Brett et
al, 2008). AranraH eH/ey Ke3CHICPJCH OTKCH KAJIJBIKTHIH *KaJllbl KOpiHici 1 cyperTe
KOPCETUITeH.
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a — KOPFACBIH KOKBIH TEXHOJIOTHSUIBIK OHJIEY MPOIIEC; @ — OHAEY/CH KaJFaH KaJ/IbIK.
Cypert 1 — KoprachlH KOXbIH OHJICy/IeH KaJIFaH KaJIIbIKTap.

KopracelH KOXKIaphlH KalTa eHACY KaJIABIKTAPbhIH CKIHIII PETTIK IIMKI3aT PETiH/IE
naianany MeTauTyprus, KypbUIbIC )KOHE OHBIMEH OalIaHbICTBI cayanap YIIiH aiTap-
JIBIKTAl MPAKTUKAJIBIK KbI3BIFYIIBUIBIK TyAbIpanbl. KanaaelkrapasiH Oy TYpiHIH Ipak-
TUKAJIBIK KOJIIAHBUTYbl OHBIH alTapibIKTail KelemJie TYpakThl Ty3ilyiHe, COHOal-aK
TeMip, KaJbIIM{, KPEMHHUH JKOHE aJIFOMUHUN OKCHIATEP1 MEH KaJIIBIK TYCTi €eMeC MeTal
KOCBUIBICTAPBIH KOCa allFaH/Ia, CaJbICTBIPMAaIIbl TYPAE OIPTEKTI XUMUSUTBIK KOHE MUHE-
PAJIOTHSITBIK KYpaMbIHa OaiiIaHbICThI. OHEPKICINTIK JKaFai1a Heri3ri pakrop — Kopra-
CBhIH KOJKIAPBIH OHICYHl KaOIbIKTapabl alTapibIKTall jKaHAPTHAl-aK KOJIaHBICTAFbI
TEXHOJIOTHSUTBIK Ti30ekTepre Oipikripy MyMkiamiri. Toxipube KepceTKeHeH, anapiH
asia onepauusuIapabl — YCaKTay, eeKTeH OTKi3y, MAarHUTTIK OHJCY KOHE KaxeT OoNIFaH
KaFaiaa THIPOMETALTYPrUsUIBIK OHACYII — CTaHJapTThl OalbITy KoHE OHJIey Kal-
JBIKTApBIH Mai1a’dany apKbLIbl )Ky3ere achlpyFa 0oma ibl. by KanmuTanabiK HIbIFbIHAAD-
JIbl a3alTaIbl XKOHE TEXHOJOTHSHBI €HTI13y/IiH YKOHOMUKAIBIK MYMKIHJIITIH jKaKcapTa-
nel. KoprachH KoJKIapblH KaliTa eHIey KalIbIK KoiMaaapbl MEH KaJIbIK YHIHUTepiHe
TYCETiH KYKTeMEHi a3aiiTa/ibl )KOHE YIIbI KOMIIOHEHTTEPIiH (HeTi3iHEeH KOPFachlH JKoHE
aybIp METaJUl KOCBUIBICTAPHI) TOIBIPAK TIEH JKEP acThl CyJIapblHa aybICy KayIiH a3aliTa-
Ibl. KayinTi KOMIIOHEHTTEp THICTI TYpJle TypaKTaHIbIPbUIFaH KOHE CAHUTaPIIBIK-THTH-
SHaJIBIK CTaHJIApTTap CaKTalFaH Karaalaa, KaiiTa eHJeNreH KaJIbIKTapAbl KYPbUIbIC
MaTepuaiapblH, arperarTaplibl, MHHEPaJIbl KOCTalapAbl HEMECe METaJLTYPrHsUIBIK
(urrocTepii eHAIpY YIIIH MHUKi3aT peTinae maigananyra 6onanel. KoprackiH Kox Kan-
IBIKTapBIH OHEPKACINTIK MaianaHy YIIiH XUMUSUIIBIK TaJAayabl, OOIIMIEeKTEp/IiH MeII-
nIepid Oarasay/pl )KoHE MIMKI3aT carachlH MIHACTTI Typae Oakpliay KaXXeT eKeHiH aTarl
OTKeH oH. HakThl eHipic >KarjalbiHlIa OYJI ©@HEPKACINTIK 3KOJOTHSUIBIK OaKbLiay
KYHECIH eHT13y/l )KoHEe HOPMATHBTIK-TEXHUKAJIBIK KY)KaTTaMaHbl €KiHII PETTIK [IHKi-
3aTTHIH HAKTHI TYpiHE OCHIMICYII Tajam eTei.

OHzeyneH KajiFaH KaJAbIKTapIbl IIapibl IUIpMEHIE YHTaKTam, opi Kapai
(u3NKa-XUMUSUIBIK OIICTEpAiH KOMEriMeH Tayjay »Kacajibl. 3epTTey KYMBICTaphl
M. OyesoB arbiHgarsl OHTYCTiK Kaszakcran ynusepcurerinin Wmxenepinik berinai
AlimakThIK cbiHak 3eprxaHackl MeH JKIIIC «Crangapt LleMeHT » LIeMEHT 3aybIThIHBIH
3epTXaHaChIH/IA OPbIHJAIIBI.
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OHueyoeH KailfaH KaJAbIKTapFa pPEHTreHIIK  (QuIyopecUeHUMsUIBIK — Tanjay
KIIC «Crangapt Llement» 3aybiTeiHaa sxacaniael. Tamgay BRUKER S8 TIGER
PEHTreHAIK  (IyOpECHeHIMSIIBIK CIIEKTPOMETPI KOMETIMEH KaJlJblK KypaMblHa
CaHJIBIK JKoHE cananblkK anbikTay yiniH Konganeuiabl. BRUKER S8 TIGER pentren
(IryopecleHIMSIIBIK,  CIIEKTPOMeTpi  (TonKbIHABL aucnepcusiblk, WDXRF), Pommii
(Rh) anogpimen pentren TyTiri, Kyarsl 4 kBT neitin, SPECTRAPlus 6armapnamaibik
xacakramacol, [TnanmeTtik npecc, Mycdenps nemri (erep KaipLUHALUSA KKET 0oica),
+0,0001 r jgonmikieH aHATMTUKAJIBIK Tapasbl XaOJbIKTamFaH. Yuri nadeiagay 105
+ 5 °C Temneparypajaa TYpaKThl cajJMaKKa JCHIH KenTipiiesi, ComaH KehiH 63 MKM-
JeH a3 OeJIIeKTepliH eiIeMine AediH yHTaKTanaabl. AJIBIHFaH YHTAK OIpTeKTiNIKTi
KaMTaMmachl3 €Ty YLIIH MYKHAT apajacThIpblianbl. AHAJIMTHKAIBIK MaKcarTapra
OalimaHBICTBl TIpEecTeNreH TabneTkanap nadbiHganaael. 5,0-7,0 T yHTaK yarici
10% OaiimaHbICTHIPFRIIINEH (0Op KBIIKBIIBIMEH) apaiacTelpbuiafpl. Yiari 20-30 1
KBICBIMMEH TNpecTenei. ANbIHFaH TabJeTKa aHaIu3aTop KIOBETIHE OPHAIACThIPbLIAIbI.
Tannay xe3inzae TYTiKTiH xyMbIc pexumi: 20—60 kB, 20—150 MA, Tangay armocepach:
BaKyyM HeMece reuid (KeH1J SIEMEeHTTep YIIiH), TaJlaHaThIH SJIeMEHTTEP JUara30Hbl:
Na-nan U-ra feiiiH, CHTHaJ/IbIH )KMHAKTATy YaKbIThL: 9p skonra 10—40 ¢, KonaaHbL1aThiH
anammzarop kpucrangapel: LiF, PET, Ge (snementke OainanbicTbl). [laiibiHganran
YJITi eliiey KamepachblHa OpHalacThIpbUIaabl. Tanmay »JIeMEHTTEpIiH CHIIATTaMallbIK,
CBI3BIKTApBIH Ti30€KTeH eulieyai KaMTUTBIH ajiIbIH ajla OpHATbUIFaH OarmapiaMara
ColiKec aBTOMATThl TYPJAE XKYpri3iieni. AJIBIHFaH CIEKTpJep dJIEMEHTTEpIiH Hemece
OKCHATEPIIH MaccCalblK YJECTEepiH ecenTey YIUiH OaraapiaMaiblK >XacaKTaMaMeH
enaeneni. Tanmay HOTIKenepi 3JIeMEHTTEpAiH MaccanblK yiectepi (%) Hemece
okcuarep (%) periHae ychIHbUIaABL. AHBIKTAy Imeri saeMeHTke OaimanbicTsl 0,001-
neH 0,01%-ra neitin Gonanbl. CalbicThIpMalbl eiiney Karemiri 2—5%-1aH acranibl
(Zhanikulov et. al, 2020).

OHueyneH  KajdfaH  KaJABIKTapra  3JCKTPOHABI-MUKPOCKONMSUIBIK — Tajjay
Wnxenepiik beliinai AWMaKTBIK ChIHAK 3epTXaHachiHAa xacanapl. Tangay JEOL JSM-
6490 LV mapkanbl JIeKTPOHIBl MUKPOCKONTHIH KeMeriMeH opbiHganasl. JEOL JSM-
6490LV ckaHepneiTiH 31eKTPOHAb MHUKPOCKOI JKYMBIC PEKHUMI - TOMEH BaKyyM[bl
(LV), Herextopbl - exinmi perTik snekTpoH (SE), kepi mIambIpaHKBl BJIEKTPOH
(BSE), sHeprusiHbl OUCTIEPCHSUIBIK MHUKpoTangay xyheci, Bakyymapik xyiie; JEOL
OarmapiaMabIK XKacakTamachl 0ap KOMIbIOTEpMeH skadapIkTanran. Yariep 105 +5°C
TeMIepaTypaja TYPaKThl caaMaKKka Jeiin kenripineni. Kaxer OonraH xarmaiina, onap
ycaxTanaabl HeMece CHIHABIPbUIAAbL. YITUIep allOMUHHUHA YCTarbllITapFa KOMipTEeKTi
Tacla HeMece OTKI3TiI XKeiM apKblIbl OeKiTinei. by ycTarpimineH ceHiMIi SIeKTpIIiK
OalimaHpICTBI KaMTaMachl3 eTefi. JKorapbl BakyyM/Ibl ChIHAY YIIiH ©TKI30CHTIH yiurinep
LIAIIBIPaTy apKbUIbl ANTHIHHBIH, KOMIPTEKTIH HEMece MJIaTUHAHBIH KYKa Ka0aTbIMEeH
xaObitaapl. JKaObuiMaran yarinepnai TeMeH Bakyymabl (TB) ceiHay kesinze coiHayra
Oonanpl. 3eprrey mwaprTapsl: yaey kepHeyi — 5-30 kB (omerte 15-20 xB), 3087 TOTHI -
10— 107 A, »yMbIC KaIIBIKTHIFBI — 10—15 MM, yikenTy - x20-man x30 000-ra neiin,
kamepa KbicbiMbl — LV 10-270 Ila. 3AC Tangaysl MUKpoaiMaKTapIarbl 3JI€MEHTTIK
KYpambl camaiblK oHE KapThUlail CaHIBIK aHBIKTAayFa MYMKIHIIK Oepemi. 371eMeHT
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muarna3onbl: B-nan U-ra neitin; Tannay aiiMarel: 1—5 MKM; criekTpai airy yakbITel: 30—
120 c; karenik: £2—5% (Mpbip3akoxa xoHe Oacka, 2014).

OHJieyieH KalFaH KalJgblKTapra CIEeKTPOCKOMUSIIBIK Tanaay Wmkenepnik beinai
AWMAaKTBIK CBhIHAK 3epTxaHachiHAa jkacamabl. Tammay ATR Miracle kocekiMiacer
06ap Shimadzu IR Prestige-21 cnekTtpomeTp KemMeriMeH opbiHAanAbl. Dypbe
TYpJICHAIpYiIMEH WHPPAKBI3bUI CHEKTPOCKONUS (PYHKIMOHAIABIK TONTAP/bI, (ha3aibiK
KYpaMmIbl 5KoHE 3aTTapblH XUMISUIBIK KYPaMbIH aHBIKTAy YIOiH KojnaHbutagbl. ATR
KOCBIMIIIACHIH MaianaHaTelH 9JiC KaTThl, YHTAK TOPI3Ii KOHE Hamap JaiblHAATFaH
yJAriepai KypAeni yAari gadelHAaMail Tangayra MYMKIHIIK Oepeni, Oyl eHepKocinTik
KaJIBIKTap/Ibl 3epTTey YIIiH THiMai aaic. Shimadzu IR Prestige-21 FTIR cnekrpometpi
ATR Miracle ancipetinren Tonslk marsuibicy (ATR) konasipmace! (Pike Technologies),
ATR xpucranel (anma3z / ZnSe / Ge — xoHurypauusra OaillaHBICTBI), KaTThI
yarinepai ycray mexanusmi, IRsolution GarmapiamaibIK KacakTamachl, JepeKTepi
OHJICy KOMIIbIOTEpIMEH jkaOnbikTanrad. ChlHAK Marepuangapbl (LUIAKTap, LIEMEHT,
kiuaKep) 105 + 5°C Temmeparypana TYpakThl CalMaKKa JACHiH ajIbIH aa KenTipiiaei.
¥Yurakranrad yiariiep ATR kpucranner 6eTiMeH ThIFBI3 OaiianpicTa 00y YLIIH ycak
OeuekTep ommeMiHe (<63 MKM) IeliH YHTaKTana bl Y ATUIEpi KOChIMINA XUMHSITBIK
eHIey KaxeT emec. Tanaay maprrapsl: ciekTpiik auanason: 4000—400 cm!, ciektpiik
@KBIPATBIMIBUIBIK: 4 cM™!'; ckaHepriey caHbl: 32—64; efiey Temmeparypachl: Oeiame
temneparypacel 20-25°C; ceinama KbIcbIMBL: perteneTid 150 H geiiin (Horgnies et al,
2013).

Hormxesiep :koHe TaJKbLIaydap. OHIEYOeH KalfaH KaJAbIKTapIbl IIapJibl
auipMenze yHrakray Hotmxkecinze Jle-1llarenbe KypbUFbICHIHA MEHITIKT THIFBI3ABIFbI
anpIkTaaabl. 100 r TeiFb3AbikTa (JIe Illarenbe MeHIIIKTI caaMarbiH emerinr) — 3,474
r/cM® TeH OOJIbI.

m T4
= J- = = 3
Yu =% T 3,474 r/em (1)

BRUKER S8 TIGER peHTreHmik ¢GryopecreHIUsIIBIK CIIEKTPOMETPIIE OHICYACH
KaJIFaH KaaABIKTapAblH XUMHSUTBIK KYpaMblHA KOIT AJIEMEHTTI Tajjay >KYpri3uimi.
Hortmxkecinme KOprachiH KOXKBIH OHACYCH KaJIFaH KaJIIBIKTaPIbIH XUMHSUTBIK KYpaMbl
1 KecTeme KeATIpiITeH.

Kecte 1. KopracblH KOXKBIH OHJICYACH KaJIFaH KaJABIKTApAbIH XUMHSAIBIK KYpaMbl.

[ukizar XUMHUAIBIK KYpaMsl, call. %

Oac- | xaJ-

Si0, | ALO, [ Fe,O, | CaO | MgO | SO, | Na,0 | K,O | CuO | PbO | ZnO | KKXK
Ka | 1Bl

2 273 273 3

KopracblH KOXbIH
OHJICY/ICH
KaJIFaH
KaJIIBIKTapbI

23,58 5,20 | 32,04 14,99 3,12 | 1,91 | 1,95 | 1,12 0,42 0,05 (3,02 | 9,10 | 3,5 | 100

KoprachlH KOXbIH OHJICYJCH KallFaH KaJJIBIKTAPJblH XUMISUIBIK KYPaMbIH/A
KPEMHUH OKCHIiHIH Mommepi 23 Yo-man acansl, ALLO, — 5,2 %, Fe,O, — 32 % xorapsl
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xoHe CaO — 15 % xysIK ke3neceni. COHbIMEH KaTap, XUMHSIIBIK KypamHbIH 3,5 %
backa okcunrepre: Mn,O, — 0,65; SrO — 0,18; Cr,0, — 0,07; BaO — 2,02; TiO,
— 0,37; P,O, — 0,21 % Oonel. HoTmkeciHae KOPFAachlH KOXKBIH OHJICY/ICH KallFaH
KaJIBIKTapbl KIMHKEp KYWIIpy Mporeci Ke3iHle IIWKi3aT Kocha KypaMmblHa TeMip
PYIAChIH ajIMacThIpyFa jKapamMbl KOMIIOHEHT PETiHAe KoJJaHyFa OONaThlH MaTepHai
eTel.

JEOL JSM-6490 LV mapkaibl 31€KTPOHIbI MUKPOCKOITHIH KOMETIMEH KOPFachIH
KOXKBIH OHJCYIEH KaJFaH KaJJAbIKTapFa MHKPOKYPBUIBIMABIK Tajjay >Kacajabl. 2
CypeTTe KOpFachblH KOXKBbIH OHJCYJCH KalFaH KaJAbIKTapAblH MUKPOKYPBUIBIMBI JKOHE
CIEKTPOrpaMMachl KeNTipiIreH.

UPIUN"Ku B M" tOKY um. M. Aye3oBa

OTx0/ IepepaboTKH CBHHIIOBOT O IITAKa

DnemeHT | BecoBoli% | OKcHIBI
(2] 237
(e} 31.54
Na 1.89 2.547
Mg 1.98 3.282
Al 2.65 5.008
Si 10.33 22,095
S 1.18 2,95

K 0.79 0,952 FNEXTHONKOE WaUGRENENNE 1
Ca 11.17 15,627
Mn 0.50 0,645
Fe 29.64 42,385
Zn 3.88 4.85
Ba 2.09 2,334

Hrorn 100.00 102.676

2 ) 3 8 10 12
[lonaa wkana 1328 umn. Kypcop: 0.000 [

Cypet 2 — KoprachlH KOXKBIH OHJCYAEH KaJlFaH KaJIBIKTapIbIH MUKPOKYPBUIBIMBI KOHE
CHEKTPOrpaMMachl.

JEOLJSM-6490 LV ckaneprneyIri 37eKTpOH Ibl MUKPO CKOTTBIH Al 1aIaHbIT KOPFACHIH
KOJKbIH OHJCYACH KajfaH KaJIbIKTapblH 3€pPTTEreH Ke3le, NUPOMETaJTyPrusuIbIK
IporecTepre ToH OipKaTap MUHEpaiabl ¢a3aiap MeH KYPBUIBIMIBIK KOMIIOHEHTTEP I
AHBIKTANABI. MHUKPOKYPBUTBIMHBIH 0achIM OOJIITi CHIIMKATTHI KOHE aJTFOMOCHITUKATTHI
¢asanapnan — rexendeprur (CaFeSi,O,) »orapbl Temmeparypana OaiaKblFaH alIbIK
CYp TYCTi NpU3MAJBIK KYpbUIbIMABI MuHepan, Qasaut (Fe,SiO,) xoprachiH KOX
KYpaMblHa €H KeIl TapaJfaH HM30TEPMUSUIBIK KPUCTAJAbl KOIO CYp TYCTI MHHEpal,
nceBoBostacTorut (CaSiO,) MeTannnapabiy 66TiHyiHEH KEHiH TY3UIETIH MHE Topi3ai
HilmiHAeri MuHepan, coHbiMeH Karap, marnetut (Fe O,), remarur (Fe,O,), MbIpbim
okcuii (ZnO) MuHepanIapbl aHBIKTAIJIBL.

Shimadzu IR Prestige-21 crekTpomMeTp KeMeriMeH KOPFACBIH KOXXBIH OHACYICH
KaJFaH KaJAbIKTapFa CICKTPOCKONMMSUIBIK Tajjay »Xacajabl. 3 CypeTTe KOPFachlH
KO)KBIH OHJICY/IeH KaiFaH KaiaelkrapasiH MK ciekrpodoTomeTpi KenTipinres.
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No.| Peak | Intensity Inf;;;ﬁy Base (H) | Base (L) Area | Corr.Area
1 | 50535 941819  |7,0360 513,07 499,56 0,1262 0,1970
2 |53814 | 94,3041 3,8919 545,35 534,28 0,1790 0,0890
3 | 56321 950804  |2,1874 567,07 559,36 0,1263 0,0333
4 | 609,51 |96,0063 1,2080 621,08 605,65 0,2302 0,0386
5 | 633,44 | 962154 0,5455 646,15 630,72 0,238 0,0196
6 |e6544 |955221 0,4853 669,30 655,80 0,2410 0,0173
7 |682,30 | 953620 0,4037 688,59 677,01 0,2275 0,0099
8 |74259 |956004 0,1480 746,45 734,88 0,2223 0,0058
9 | 796,60 |94,4625 0,2394 300,46 769,60 06717 0,0043
10 | 810,10 | 93,8107 0,2243 812,03 302,39 0,2511 0,0041
11 | 840,96 | 92,6995 0,2455 344,82 813,96 0,0438 0,0255
12| 852,54 | 92,4229 0,0880 854,47 846,75 0,2590 0,0029
13 | 918,12 | 92,4645 0,1009 921,897 914,26 0,2602 0,0013
14 | 1097,50 | 984837 0,3064 110135 109364 0,0459 0,0051
15 | 1558,45 | 98,8387 0,2430 1566,20 1550,77 0,0665 0,0047
16 | 2362,80 | 98,3107 0,0737 236473 | 235,94 0,0418 0,0014

Cypet 3 — KoprachlH KOXKbIH OHICYAEH KaliFaH KanablkTapasiH MK cnekrpodoromerpi.

Dypbe TypieH i pyiHiH HHQPAKBI3BLIT CIIEKTPOMETPHUSACH KOPFACHIH KOYKBIH OHIEYICH
KaJIFaH KaJABIKTapbIHBIH (Da3zanblK KOHE XHMISUIBIK KYPaMbIH 3€pTTey, COHAai-aK
METAIUTypPTUAIIBIK OHJEeYy KeWiHT1 cakTay Ke3iHae maima OosraH (pyHKIIMOHAIIBIK
TONTAap MEH EKIHII PeTTIK MWHEepajJapabl aHBIKTAy VIIIH KOJTaHBUIABL Tanmay
3900-500 cm' nuamasonbiHga ATR KOCHIMIIACHIH MaiJaMaHbIl SKYPri3iigi, Oy
KYpIem yiri AadbIHAayChI3 YATIHI TajmayFa MYMKIiHIIK Oepmi. KopracblH KOXBIH
OHJICY/ICH KaliFaH KanabIKTapbiHbIH MK criekTpriepi keH »oHe KabaTTacaThiH XKYTBLTY
JKOJNAKTaphIMEH CHIIATTaNaAbl, OYJ aMop(Thl MIBIHBI (a3achIHBIH JKOHE KypAewi
CHJIMKAT KYPBUIBIMIAPBIHBIH OachIM eKeHiH KepceTei. JKeke KapKbIH/IbI )KOTaKTapIbIH
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00JTyBI KpUCTAIABI CHIIMKAT, AJIFOMOCUIIMKATTHI JKOHE OKCHJ (pa3alapbIHbIH Oap eKeHiH
kepcereni. 505—609 cm' apanbiFblHIA TEMip MEH MBIPBIII OKCHII (ha3aapbIHbIH
XKOHE KaJIJBIK KOPFAachlH KOCBUIBICTApbhIHBIH Oap ekeHiH kepcereTiH Me—-O (Fe—
O, Pb-0O, Zn-0O) Tepbemictepine coiikec KeneTiH omakrap Oap. 638-810 cwm!
apaJbIFblHAA KaJIBIKTBIH CHJIMKAT MarpuiacbiHa ToH Si—O-Si aedopMarusiibik
TepOemicTepiHe ToH KoNakTap Oaifkamasel. by skoiakTap GasumT jKoHEe TeIeHOepTUT
TOpI3i KypbulbIMAapMeH OaimanbicThl. 840—1100 cm!' apanbiFblHIa €H KapKBIH/IBI
KeH CiHipy *koiarbl 840—1097 cm! aiimarbiHma Oaiikanaabl, Oy aTFOMOCHIMKAT JKOHE
KallbIIUI-CHIIMKAT (pa3aimapblHIAaFbl acUMMETPUsUTBIK Si—O co3bUTy TepOernicTepine
colikec Kkesei. MakCUMyMHBIH TOMEHT1 TOJIKBIH CaHAapblHa Kapal BIFBICYBI CHITUKAT
XKeiciHiH ayblp KarnoHmapmeH (Pb*, Fe?', Zn?*) esreprinrenin kepcereni. 1550-1650
cm ' apanbiFbizIa aicis sxonaktap H-O—H nedopmanust TepberticrepiMen 6ailiaHbICTHI,
OyJ1 ajcopONMsIanFral bUTFANABIH OomybiH kepcetemi. 2100-2700 cm! apanbiFsiaa
KEH CIHIpY JKOJIaKTaphbl THIPOKCUIIJICHIeH (Da3ayiap MeH OeTiMeH OaiylaHbICKaH CyFa TOH
O—H TorrrapbeIHbIH CO3bLTY TEpOeTicTepiHe COHKeC KeIIi.

KopsiTbinabl. LleMeHT eHepkaciOi YIIiH KOPFachlH KOXKBIH OHICY KaJlIbIKTApbIH
IIUKI3aT peTiH/e Naianany MYMKIH/ITIH 3epTTey HOTHKECIHe:

1. KopracelH KOXBbIH OHJIEYICH KajfaH KaJAbIKTapAblH XMMHSUIBIK KypaMblHIa
Si0, - 23,58 %, AL,O, - 5,2 %, Fe,0,— 32,04 % xone CaO — 14,99 % xe3necerinairi
AHBIKTAIABI. ByJ1 OHBIH MOpTIaHALIEMEHT KIIMHKEPIiH KYH Py Mpotieci Ke3iHae peTTeyi
KOMIIOHEHT PETiHJE TEMip PyIachlH aIMacTbIpa alaTbIHABIFBIH A2JIeNAeHal. XUMUSIIBIK,
KypaMblH/a ayblp MeTangapAbliH Menmepi 7 % Kypaabl, Oyl mamagaH apThIK eMec
eKEH/IITIH ToIeACH/I1.

2. KopracelH KOXXbIH ©HACYIEH KaJFaH KaJIbIKTapIblH KYpPaMbIHIa T'€ACHOEPTUT
(CaFeSi,0,), dpasmur (Fe, Si0,), ncesnosomnactonur (CaSiO,), maruerur (Fe,0,),
rematut (Fe,0,) sxaHe MbIpbiin okcui (ZnO) MUHEpAIIAPhl aHBIKTAIIBL.

3. KopracblH KOXKbIH OHACYIEH KallFaH KaJIbIKTapAblH KypaMblHAA Ke3IECeTiH
CHJTUKATTBI KOHE aTFOMOCHIUKATTHI (hazanapibiH, GyHKIHOHAIABIK TONTap MEH eKiHII1
pertik muHepamaapasiH 3900-500 cM! muana3oHbIH/A TY31ITEH/IIT TOIEICH/TI.

KopeITbiHabUIAN Kenle, JKYpri3iireH (HU3UKa-XUMHUSUIBIK 3€pTTE€Y HOTHXKECIHIE
KOpPFachblH KOXBIH OHJCYACH KallFaH KaJIBIKTapAbl MOPTIAHAUEMEHT KIMHKEPIH anly
YIIH TeMip Kypamjac MIMKi3aTThl aJMacThIPyIIbl KOMIOHEHT PETiHIe MaiiiajaHyra,
MOPTIAHALEMEHT KIMHKEPIH YHTaKTay Ke3inae OesiceHIi MUHepasabl KOCla peTiHae
KOJIJIaHyFa KapamJibl eKeH T H kepceTTi. CoHai-aK, KaJAbIKTap bl OSTOH OHIIpiCiH e
TONTBHIPFBIIITAP PETIH/E KOJNAaHy MYMKIHIIT Oap.
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Abstract. Currently, we can describe and quantify the chemical components
of water bodies and assess their changing dynamics. The treatment of industrial
wastewater depends on the technology used, the contamination of the source water,
and the regulations. Information on the degree of water purification is indicated by
the following methods: mechanical purification (suspended solids - 60-70%, sand,
large particles - 80-90%); physico-chemical methods (suspended solids - 90-95%,
petroleum products - 85-98%, phosphates - 70-90%, heavy metals - 60-90%); biological
purification (biochemical consumption oxygen (BOD) — 85-95%, nitrogen compounds
- 70-90%, organic substances - 85-95%); deep purification (salts — 90-99%, heavy
metals — 95-99%, organics — 95-99%, microorganisms — 99.9%) if all methods are
used, industrial wastewater can generally be cleaned at the level of 95-99%. Wastewater
is reused as technical water.

The purpose of the research work is to describe the specific causes of the state of the
pollutant intake in accordance with the level of industrial wastewater treatment. The
trend of wastewater treatment can only be described as positive, and in most cases, it is
carried out using wastewater treatment facilities.

The article describes the current practice of surface runoft and household wastewater
treatment facilities. It describes the specifics of using such devices and provides reasons

241




ISSN 2224-5227 4.2025

that prevent the achievement of quality treatment standards. Additionally, the article
discusses the main advantages and disadvantages of these technological schemes
when used for local treatment of small amounts of water. A technical and economic
comparison of these technologies is provided. An overview and analysis of an effective
biomembrane wastewater treatment technology are also provided.

Keywords: sewage treatment plants, surface effluents, domestic wastewater,
biofilters, aerotanks, bioreactors
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Annoranus. Kazipri yakpitta 0i3 Cy 00beKTiIEpiHIH XUMHUSIBIK KOMIIOHEHTTEPIH
CHIIATTaIl, CAaHIbIK TYP/C aHBIKTAl ajIaMblI3 )KOHE OJIap/IbIH 03repy JMHAMHUKACHIH Oaranai
anambl3. OHEPKOCINTIK aFbIHIBI CyIapAbl Ta3apTy KOJAAHBUIATHIH TEXHOJOTHSFa,
OacTamkbl CyAbIH JIacTaHyblHa »OHE cTaHaaprTapra OaimaHbicTel. Cyabl TazapTy
JIOpexecl Typasibl MONIMETTEp MbIHAJAl ONICTEPMEH KOPCETUIeNi: MEXaHHKAIbIK
Tazapty (exmenreH 3artap - 60-70%, kym, ipi 6entekrep-80-90%); pu3HKa-XUMUSITBIK,
omictep (emuienren 3artap-90-95%, myHait eHimaepi-85-98%, docdarrap-70-90%,
ayblp Metannap-60-90%); OHONOrHsUIBIK Ta3apTy (OMOXMMUSUIBIK TYTHIHY OTTeTi
(BIIK) — 85-95%, a3ot xocsuibicTapbl-70-90%, opranukanslk 3arTap-85-95%); Tepen
tazapry (Ty3map-90-99%, ayslp meranmap-95-99%, opraHukanslk 3arrap-95-99%,
MUKpoopranmmaep — 99.9%) erep OapiblKk omicTep KOJAaHBLICA, ©HEPKICINTIK
aFbIHABI cydapibl Kanmbl 95-99% nenreiiinge TasapTyra Oojanabl. AFBIHABI Cynap
TEXHHUKAJIBIK Cy peTiH/e KalTa naiaianbliabl.
3epTTey KYMBICBIHBIH MaKcaThl ©HEPKACINTIK aFbIHIBI CyIapAbl Ta3apTy ACHIeiiHe
ColiKec JlacTaylIbl 3aTTaplIblH TYCY XKaFAalblHbIH HAKThl CEOENTEpiH cunarTay OOJBII
TaObUIaAbl. AFBIHIBI CyJaplbl Ta3apTy YPHICIH TeK OH JeN CUMaTTayFa Ooaabl KoHe
Kol araaiaa AFbIHIBI CyJaapabl Ta3apTy KOHIABIPFBUIAPBIMEH JKY3€Te achIpbLIaIbl.
Makanaga xep YCTi aFbIHAapbl MEH TYPMBICTBIK Cy Ta3apTy KOHABIPFBUIAPBIHBIH
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KaJIBIITACKaH ToxipuOeci cunarrainraH. MyHnail KypbUIFBUIApABI  HaiiianaHy
EPEeKILIeNIri CHITaTTallFaH, Ta3aiay CalachblHbIH CTaHAAPTTAPbIHA KOJ KETKI3yre KeJepri
KenTipeTiH cebentep kenrtipinredn. COHbIMEH KaTap, Makajia/la OChl TEXHOJOTHSIIBIK
CXeMaJIapJlbIH HETI3r1 apThIKIIBUIBIKTAPEI MEH KEMIIUIIKTEPl KapacThIPbUIAAbI, erep
oJiap a3 MeJIIIep e Cy/Ibl )KEPTUTIKTI Ta3apTy YIIiH KoJaHbuIca. by TexHomorusiapab
TEXHHUKAJIBIK-DKOHOMHKAJIBIK ~ CAIBICTBIPY KapacThipbuiraH. CoHJai-ak, arbIHIbI
CyJIapIibl Ta3apTyJbIH THIMJII OMOMEMOpaHAIBIK TEXHOJIOTUSACHIHA IOy JKOHE Tallay
JKacasabl.

Tyiiin ce3mep: akaba cymapabl Ta3apTy KOHIBIPFBUIAPHI, JKEP YCTI arbIHIApHI,
TYPMBICTBIK aFbIHJIbI CYJIap, OMO(UIBTPIIED, A3POTEHKTEP, OMOpeaKkTopiIap

O©JI.M. Kanumosauna, K.JK. Kanracoaes*, A.C. Jloyaerdaes, 2025.
«AJIMaTHHCKWI TEXHOJOTUYECKUI YHUBEPCUTET», AnMmarsl, KazaxcraH.
E-mail: kairat zhalgasbayev82@mail.ru

CPABHUTEJIBHOE UCCJIEJOBAHUE METOJ0B OYUCTKHU
HNPOMBIIIJIEHHBIX CTOYHBIX BOJ|

Kanumonnuna Jlaiiia — KkaHIuIaT TEXHMYECKHX HAyK, acCOIMHUPOBAHHBIN mpodeccop Kademps
«XUMHs1, XUMAYECKast TEXHOJIOTHS U DKOJIOTHs», ATMAaTHHCKUI TEXHOIOTHYECKUIT YHIBEPCHUTET, AJIMaTHI,
Kazaxcran,

E-mail: kalimoldinal@gmail.com; ORCID: https://orcid.org/0000-0003-4397-9629;

Kanracoaes Kaiipar — Maructp TeXHHYECKHX HayK, JOKTOPAHT, CEHHOP-IEKTOp Kadenpsl «Xumus,
XMMHYECKasl TEXHOJOTHS W DKOJOTHs», AJMAaTHHCKUH TEXHOJOTMYCCKHH YHUBEPCHUTET, AJIMaTHI,
Kazaxcran,

E-mail: kairat zhalgasbayev82@mail.ru; ORCID: https://orcid.org/0000-0002-6580-6457,

Jayiaer6aeB AKHM — crapinii npenogaBaress Kadeapsl « XUMus, XUMHIECKast TEXHOJIOTHST H SKOJIOTUsI»,
AJNMaTUHCKUI TeXHOJIOrnYecKuil yHuBepcutet, AnmMarsl, Kazaxcras,

E-mail: aklakz@mail.ru; ORCID: https://orcid.org/0009-0007- 8657-5495.

AnHoramus. CoBpeMEHHbIE aHAJIMTUYCCKHE METOIbl IO3BOJSIOT JICTAIBHO
OIMKCHIBATh XUMUYECKHI COCTaB BOJHBIX OOBEKTOB W OTCIICKHBATH JUHAMHUKY €T
n3MeHeHU. D((HEKTUBHOCTh OYMCTKHM MPOMBIILIICHHBIX CTOYHBIX BOJ OIPEICIIICTCS
TUTIOM TIPUMEHIEMON TEXHOJOTHH, XapaKTePOM 3arps3HCHHN WCXOIHOW BOABI WU
JCHCTBYIOIIMMU HOpMaruBaMu KadecTtBa. CTEneHb OYHCTKH BOABl Pa3IMYHBIMU
METOJIAMH XapaKTePU3YEeTCsl CICIYIOIIMMHU IOKa3aTeNIIMU: MEXaHUYEeCKash OYMCTKA
(B3BemenHble BemectBa - 60-70%, mecok, kpymHbie dacTunbl - 80-90%); dusuko-
XUMHUYECKHE METOAbl (B3BelIeHHbIE BemecTBa - 90-95%, HedTenpoaykrel - 85-
98%, tocdarer - 70-90%, Tskenbie meramibl - 60-90%); OuojorHueckas OYMCTKa
(ouoxummueckoe norpedienue kuciaopona (BIIK) — 85-95%, asorHble coennHeHUs
- 70-90%, oprannyeckue BemecTBa - 85-95%); rmybokas ouuctka (comu — 90-99%,
TshKeNbie MeTamuibl — 95-99%, opranuka — 95-99%, mukpoopranm3mel — 99.9%).
[Ipy KOMIUIEKCHOM WCIOJIB30BAHUU METOJOB YPOBEHb OUYMCTKU IMPOMBINUICHHBIX
CTOYHBIX BOJ MOXET AOCTUTATh 95—99%, 4TO MO3BOJSET MPUMEHSTh HX MIOBTOPHO KaK
TEXHUYECKYIO BOTY.
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Lenbo nccnenoBaHus SIBISETCS aHAIN3 IPUYHMH MTOCTYIJICHUS 3arPSA3HSIONINX BELISCTB
B CTOYHBIC BOJBI U OLIeHKA A(P(PEKTUBHOCTH PA3IUUHBIX TEXHOJIOTHH OUMCTKU C yUETOM
TpeOOBaHMI K Ka4eCTBY OUYMIIEHHOM BOABI. B crarhe paccMOTpeHbl 0COOEHHOCTH
pabOThl OYHCTHBIX COOPYKEHHUH Uil IMOBEPXHOCTHBIX M XO3SMCTBEHHO-OBITOBBIX
CTOKOB, BBISIBIICHBI KJIF0UEBbIE (DAKTOPBI, IPETISTCTBYIOIIUE JOCTH)KEHHIO HOPMATHUBHBIX
nokaszareneit.  [IpencraBneHsl  cpaBHUTENbHBIE  XapaKTEPUCTUKH  OCHOBHBIX
TEXHOJIOTHYECKHX CXEM, HMX IMPEUMYLIECTBA W OTPaHUYCHHUSI MPH HCIOIb30BAHUH
JUISL JIOKAJIbHOM OYUCTKH MajiblX OO0BbEMOB. JIOMOJHUTEIBHO NPOBEAEH 0030p u
CPaBHUTENBHBIN aHaJIN3 COBPEMEHHBIX OMOMEMOpPAaHHBIX TEXHOJOTHH, OOJIaJaroIinx
BBICOKOUW 2(P(PEKTHBHOCTHIO B yHaJCHHH OPTaHUYECKUX 3arpsA3HEHUN M OMOTEHHBIX
aneMeHTOB. Ha 0CHOBE TEXHMKO-3KOHOMHUYECKOH OLIEHKHU MOKa3aHa MEPCIEeKTUBHOCTD
WX BHEIPEHUS B IPOMBIIUICHHBIN CEKTOP.

KiiioueBble cji0Ba: OYUCTHBIE COOPY)KEHHsI, TOBEPXHOCTHBIE CTOKH, OBITOBBHIE
CTOUYHBIE BOJIbI, OMO(UIIBTPBI, A3POTEHKH, OMOPEAKTOPBI

Kipicnme. Cy - xep OeriHzmeri emipmiH Ke3i peTiHAEe MaHBI3IbI TAOWFU JKOHE
CTpaTerusyIblK pecypc Oonbin TaObutagbl. COHFBI OHXBUIIBIKTA OYKIN dlemIe Cy
peCypCTapbIHBIH axyallbl OOMBIHINA aJlaHIAYIIBUIBIK APThII KEIeI.

OJIEMHIH KeNTereH ipi Kajajapbl ©3CHICP/iH carajapblHIa OpHaJlacKaH. by
©3CHIEP/IIH carajapbl MYXUTTap MEH TYIIbI CYJIBIH TYHICETIH jKepi OOIbIN TaOblIaabl
JKoHE KeOiHece TaOWFW Cyael Kypainel. Tymmbl cyma TeMeH KOHIIGHTpaIusaa
MUKpPOBJIEeMEHTTep Oonabl. O3eHIep/iH caraaapblHaa HUTPAT KOHICHTPALHUACH MCH
TY3/BUIBIK apachkiHa OalaHpIC Oap. O3eHIep/IiH caFrajlapbIHAFbl JKaFaalIap KOFaphl
OroMaccaHbIH JaMybIHa Konaiiasl 0omysl MyMKiH (bepaukosa, 2011).

CoHFBI KBUIIAPHI MEMJICKETTIK OpTaHAap/IbIH JaMybIMEH CY PECYypCTaphIH 3epTTeyre
apHaJIFaH areHTTIKTep, CyMEH OaiaHbICThI FRUIBIMIAP 63 KhI3METIHJIE KaHa CepIliH
anapl. Kazipri TeHAeHIMsUIapapl YCTaHy, TAOUFH CY OOBEKTIIEPIHIH (YHKITUSITApBIH
TYCIHY/I JaMBITY OChI MaHBI3/Ibl TAOMFU OPTaHbI CAKTAy YKOHE YTHIMJIBI Maiiananyra
HETi3JeTeH.

AnaM3aT KOFaMbl OHAIPETiH CYJbIH HETi3r1 JlacTayllblIapbl, 0Jap CalbICTHIPMAIIbI
TYpIE a3 3UsHBI dcep eTelli. by canbicThIpMabl TYp/e Yiibl eMec KoOiHece aFbIHIapFa
TOTUIETIH KaHyapiiap MEH OCIMIIKTePIiH KaJIIbIKTaPHhI.

Benrini Oip mekreym memmepne Oyl 3arTap KeiOipeynepiHie maimaisl OOTybl
MYMKiH. Byl KanabIKTap OpraHMKajblK 3aTTapra 0ail, KOMIpTeri MEH KOHE OJIeTTe
arbIH/IBI CYJap, KaJJBIKTap TYPIHJAE Cy JKOJJapblHA MIbIFapbuiafbl. ET jkoHE cyT
OHIMJICPIH, COHJAl-aK KaJJIbIKTapJbl KalTa eHJey, Kara3 eHJIIpici koHe Oacka Ja
Oipkarap cananapaa xonganbuiansl (Schmidt 1. et al., 2003).

OpraHuKaJIbIK KaaabpIKTap OapiibIK Kajamxapaa, OHEpPKOCI OpTajabIKTapbIHAA KOl
MeJlepAe eHipineni, 0ipak aFbIHIBI CyIapasl OacTamnKel, KaiTamama jKoHE YIIiHII
PETTIK Ta3apTy apKbLIbl KANIbIHA KenTipyre 0onaabl. OpraHuKaibIK JJaCTaHy COHbIMEH
KaTap KaJajblK >KaHOBIP CYBIHBIH aFbIHBIHAH TYBIHJAybl MYMKiH, OYJI Cy >KOJIapblHa
Terimyre okeneni. KeiiOip »xarmaiinapna, aram Kecy CHSAKTHI Oenrii Oip KbI3MeT
TYpJAEpiHae, KajalaplaH THIC Kepiepleri ApeHaXapl OaccehHAeple OpraHUKaIBIK
IIUKI3aTTHIH €0yip Memepi aasiHysl MyMKiH (Bomsd, 2013).
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oJjicTep MeH MaTepuajaap. AFBIHIBI Cylap — aybl3 Cy JKOHE TEXHHMKAJIBIK
CY, TYPMBICTBIK JKOHE OHIIPICTIK KaXXETTUIIKTep YVIIiH MailanaHbUIFaH, OfaH opi
naiianany TeXHUKAIBIK IapTTap OOHBIHIIA HEMece TEXHUKAIBIK TYPFbIIaH MYMKiH
eMec HIKOHOMHKAJIBIK KopceTkimTepre HeriznenreH ([pummna, 2009).

AFBIH]IBI CyNIap/AbIH MIBIFY KO31 OOMBIHINA KIKTEIyi:

1. ©upipictik arpiHab cynap (OAC) — Kypambl eHIipic TYpiHe OalIaHBICTHI:

sacTanOaraH (IIAPTThI TYPAE Ta3a); JIACTaHFaH;

2. IapyambuibIK-TYpMBICTHIK capKeiHAbl cynap (ILITCC) — Oyn caHUTapibIK
TOpanTapiaH ajblHFaH cylap, OHJIIPICTIK JXOHE OHAIPICTIK eMec Fumapartap, Ayl
KOHJIBIPFBIIAP/IBIH KAJIBIK CYJIaphl )KOHE T.0. CaTBICTRIPMAIIbl TYPIE TYPAKThl KYPaMbl
Oap;

3. Armocdepaibik (Hecepii) arbiHbl cynap (HAC) — xaHOBIp koHE epireH Kap
cynapsl ([Janunos-danmnbsa, 2006).

Jlactaymisl 3arTapblH HIBIFY Teri OOWBIHIIA MHHEPAJJIbI, OPraHUKAaJbIK >KOHE
OakTepuanapl-OnoNorusIbIK ~ Oonbin  OemiHeni. Jlactaymisl  3arTapblH — KYpaMbl
OOMBIHIIIA MEXaHUKANIBIK, XUMHSIIBIK, OaKTEPHSIIBIK aFBIHJIBI CYTap/IbIH OHOJIOTHSITBIK,
PaIMoaKTUBTI )KOHE TEPMUSIIBIK JacTaHybl OoibiHIIA KikTeneni (KpynHosa, 2005).

TuapoxumusuibiK cyabiH stactany uHaekci (CJIN), ameTte, anThl-KeTi KOPCETKIIl
Oo¥ibIHIIIA ecerTelte/Ii, THAPOXUMUSUIBIK JICT caHayFa 00ajibl; oJapbiH Oip Oemiri (cyna
epiren otreriniH koHueHtpanmscel, pH, BIIK (OBT )5) minaerti Gonbin TaObiIas!
(1-xecrte).

Kecre 1. CyablH HHTErpajibl cara KopCeTKilTepi O0MbIHIIA KIKTEIyi.

Cy CJIMU maHi Cy canacbIHBIH KJAaCTapbl
Ore Taza 0,2 neitin 1
Taza 0,2-1,0 2
Oprara JacTaHFaH 1,0-2,0 3
Jlacranran 2,0-4,0 4
Jlac 4,0-6,0 5
Ore nac 6,0-10,0 6
Aca nmac <10,0 7

OHEpKOCINTIK CapKBIHIBI CYIbl Ta3apTy TOPT HEri3ri mnpoOiieMalblK CalaHbl
Oackapyra OarbITTallFaH: MaclTa0Tay, KOPpO3Hs, aFbIHIbI CYIApIbIH KaJJbIKTApbIH
KOO JKOHE MUKpoOmonorusuiblk Oencenniniri. Kaszanapikrapaa MUKpoOTapMeH
KHUBIHJIBIK TYABIPMAai Ibl, O©UTKEH1 dKOFAphl TEMIIEpaTypa oJIapJblH 6cyiHe K01 OepMeiii
(Muxaiinos, 2008).

Cynel Ta3apTy ©HAIPICTIK MIBIFBIHIAP MEH TOYEKEJJep TOMEHACYi YIIIH KBUIBITY,
CaJIKBIH/IATY, OHJICY, Ta3apTy JKOHE a0 CUSKTHI Cy HET131HIET1 OHIIPICTIK MPOIECTeP/I
OHTAMIAHIBIPY YIIiH KOJIAHbLIAIBI.

Cyzbl Ta3zapTy COHbIMEH KaTap OHJIIpUIreH eHIMMEH OailiaHbicTa 0OJIaThIH CY/IbIH
carachIH J)KaKCcapTy YIIiH KOJAaHbUIa b1, XKapThutail TKI3rilTep )KoHe/HeMeCce OHIMHIH
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Oeuiri Ooma anmanel, MbIcajbl. CyChIHAAP, (apMaleBTUKAIBIK Mpernaparrap XoHe T.O.
By skarnaiina cyapl canachl3 eHJIey akayyibl OHIMI1 TYIbIPYbl MYMKiH.

Kenreren armaiinapna, 06ip mpoleccTeH IIBIKKAH aFbIHIBI Cynap 0acka Tazapry
mpolenypajapblHa colikec KaidTa eHaeyTe KapaMabl O0JIybl MyMKiH. ByJl cy/ibl TYTBIHY
TeJeMIepiH TOMEH/ETY apKbUIbI IIBIFBIHAAPBI a3aiTyFa, aFbIHIIBI CYJIapbl IIbIFapyFa
KETETiH IIBIFBIHIAPABI a3alTyFa MyMKIHIIIK Oepeai, OUTKEeHi KeJIeM a3asi/bl )KoHe KalnTa
OHJICNITEH aFbIHABI CyJapJarbl JKbUTYAbl KaJlbIHA KeNTipyre OaillaHbICTBI SHEprus
WBIFBIHAApH! a3asnsl (Hukanopos, 2001).

OnepkocinTe CyablH KONTEreH KOJNAaHbICTaphl Oap JKOHE Kol IKarjaijia
naianaHbUIFaHCY OHbIKaliTanaiiananyFraHeMeceKoIereskapaTy yIliH Ta3apTyIbIKaKeT
eTell. OHEePKACINTIK KOHABIPFbIFA KIPETiH IIHMKi CyIbl HAKTHI OHAIPICTIK MpoLecTepae
naiianany yUIiH KaraH cama TaJanTapblHa cail Ta3apTy KaKeT. OHEpKACINTIK CyIbl
TazapTy OapibIK acHeKTiiepAl — aFbIHABI CyNapAbl OHIIPICTIK Ta3apTy, Ka3zaHIBIK
CYBI JKOHE CAITKBIHJIATKBII ¢y KamTu bl (Pacckaszos, 2011).

AFBIH]IBI CyNIapAbl Ta3apTy 9IicTepi:

1. MexaHHKaJbIK koHE (PU3UKANIBIK (TPaBUMETPUSUIBIK, CY3y SAICTEpi: eNeKTep, KyM
YCTarbIITap, Mall YCTaFBIIITAP)

2. XumusisIK (peareHTTep - pH Kanbinka kentipy, ayslp Metangap (AM) TyHIsIpY,
TOTBIFY-TOTBIKCBHI3/IaHy peakUysuIapsbl, 1e3uHpeKIusay KoHe 1.0.)

3.Ou3UKa-XUMUSUTBIK, (KOAryssiiusi, cOpOLus, SKCTPAKLUs, SJIEKTPOIU3, MOHIBIK
anmMacy, Kepi 0cMoc)

4. DBUONOTUANBIK >KoHE OWOXMMHSUIBIK (OpPraHMKAaJbIK 3aTTapibl bIABIPATAThIH
MHUKpOOpraHu3MJep: TaOUFH XKaraaiaa (cy3y epictepi, OMOTOFaHAap) JKOHE YKacaH/IbI
TYpZe KypbuiraH (OHo(uIbTpiep, a3pOTeHKTEP, TOTHIFY apHalaphl)

S. AfrpIHABI cynapnbl eHIey Ti30eri OipHelle apanac 9IICTEpMEH JKy3ere acamibl.
AFBIHIBI cy — Oyl KOJUIOMATHIK kyie. Kommowarel Oemiiekrep TaOuru Typae
caKTanMmaiapl. PeareHTTepai KONJaHyAbIH MakcaTbl: Ta3apTy HPOLECiH JKOHE OHBIH
TOJBIKTHIFBIH Xxkenennety (Xaxanuna, 2015).

KocinopeHael KyaTbl a3 jkepre OpHalacThIpFaH Ke3[e CapKbIHIABI CyJapbl
arp3yra sxon Oepinmeriai. Cy KoHMachlHIa arbIHIBI CYIapAbl CYMBUITY >KOHE OHBI
©31H-031 Ta3apTy MYMKIHJIIr HIeKTeNreH; arbiHabl cynapaa IIIPK yner 3artap Gonran
XKarjaia eTe TOMEH; Cy KoiMachlHAa Oacka HbICaHIAp OpHANAcKaH Ke3ZAe JiacTaHy
JeHreii sxorapbl. TazapTy KOHABIPFBUIAPHI aFbIHHBIH HAKTHI KOJIeMi MEH KYpPaMbIHbIH
MOJTIMJICITEHTe COMKeC KeliMeyi, OMOIICHO3Fa YIIbI 3arTaplbiH Terinyi, pH opraHbiH
YKOHE TeMIIepaTypaHbIH KYpT e3repyine akeneni (State of the World 2000.A Worldwatch
Institute Report on Progress Toward a Sustainable Society. -W.W.Northon & Co., 2000).

Byt Maceneni ety yoigapbiHa MbIHATIAP KaTaabl:

— KbICKapTyFa OaFbITTajJfaH ©HMAIPIC TEXHOJOTHACHIH KETUIIIPY, CYy TYTHIHY JKOHE
CapKbIH/BI CyJapAbl Cy ail/IbIHbIHA aFbI3Y;

— aFBIHABI CynapAbl alHaIBIMIbl (TYWBIKTAIFAH) JKylenepae maiaanany cyMeH
XKaOMBIKTAY, aFbIH/IBI CYJApbIH JacTaHy ASPEKECIH TOMEHIETY;

— Ta3apTHUIFaH JKOHE 3aJIaJIChI3JaH bl PBUIFaH KaJlallblK aFbIHAbI CyJap/bl Maiganany
KOCIMOPBIHAAPABI TEXHOJIOTHSJIBIK CYMEH jKa0/IbIKTay;
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— OCBI KOCIMOPBIHHBIH aFbIH/IBI CYJIapbIH TEXHHUKAJIBIK MakcarTa HaijanaHy yIIiH
0acka KoCIimopbIHAAP bl CYyMEH JKa0IbIKTaY )

— OCBI KOCIMOPBIHHBIH aFbIHABI CYJapblH Oipiiecin Ta3apTy jKoHE 3alalIChI3aHIbIpy
0acka KoCIMOPBIHAAPIBIH AaFbIHABI CyJapbIMEH >OHE KaJalblK aFbIHIBl CyJapMeH
KYy3ere acajpl;

— ©3JIiriHeH Ta3apTy KOHE aFbIHABI CyTapIbl Oypy KYMbICTaphl (KEPriTiKTI Ta3apTy
KypbutsicTapsl) (Lazarova et al., 2009).

AFBIHJIBI CyNapAbl TazapTy — OyJ1 JacTayIusl 3aTTapas! (JI3) koo Hemece maToreH ik
OpraHu3MJIEpACH Ae3UHPEKIHIIaY.

Ocbl MaceseHi menry Y KaxeT 00JaThlH ic-1apaap:

1. TonbIpak KyYHapIBUIBIFBIH PETTEY MaKCaThIHAA aFbIH/bI CyJIapbl NaialaHy;

2. 3uparTapiabl, Mal KOPBIMIAPbIH, KaJAbIKTApAbl OPHANACTBIPY OOBEKTiIepiH
ayamianay;

3. 3usiHABI OpraHu3MIEpTe KapChl KYpec KOHIHIETI aBUALMSUIIBIK Iapaiapibl xKy3ere
aceIpy;

4. Kenik KypangapblHbIH KO3FaJILICEI MEH TYPaFblH PETTEY;

5. XKanapmaii Ky10 CTaHUMSUIAPbIH PEKOHCTPYKIMSIAY;

6. Ilectunmarep MEH arpOXUMHUKATTAP/bl CAKTAYIbl PETTEY;

7. AFBIHABI Cynap/bl, COHBIH IMIIHIE PEHaKAbI Cylap/bl arbi3y;

8. Ken Tapanran maiinaisl kazoanapasl Oapiay sxoHe eHaipy (Mumykos u ap., 2011).

AFBIHIBI Cynapbl arbi3y Kesinge JI3 KOHIEHTpauusicblH TOMEHIETYAIH HETi3ri
MEXaHM3Mi Cy HBICAaHAApbIH CydbuITy. CyHbBUITY KOA(PQHUUUEHTI apanacTeIpy
ko3¢ ¢unmeHTiHe OailnaHbICThI (CyAbIH KaHIIA 0eNiri CyWbIITyFa KaThICaabl), aFbIH/IbI
CyNapAbIH MaKCUMaJI/Ibl IIBIFBIHBI KOHE OaKbliay JKarAalbIHAAFbl CYJIbIH €H a3 IIbIFbIHBI
(Anexcees u ap. 2000).

XKep ycTi arbIHBIH Ta3apTy YUIiH "0y KyAbIFbl — KYM Oemrinn — MyHail — mai
0eIriII-cOpOIMSITBIK CY3Ti" cXeMachl ic XKy3iHj1e Oanamachkl3 00k Ta0bIIaabl. MyHal
KYpPBUIBICTAap JKepre KOMIITeH oHE "KbI3MET KepceTy'" VIIIH TeKcepy JIoKTepi Oap
LIBIHBI TATLIBIKTHI bIIBICTAp TYPiHAE Kacanaabl. JKeTKi3y KOIJIEKTOPBIHBIH TepEeHIIriHe
OalmaHpICTBl MYH/AH KYPBUIBIMIAP TPaBUTALMSUIBIK PEKUMIIE JKYMBIC iCTeH ajajbl
HEMece OJIap/bIH aJIbIHIa COPFBINI CTAaHIUICHI OpHaThUIa bl (CButIOoB, 2007).

Ic xy3inme MyHZmail KypbUIbIMAAp OAETTE AarblHABI CYJIapbl ajfallKbl eKi-YII
KaHOBIPJAaH Ta3apTyAbl KAMTaMacChl3 €Te/i, SFHA COPOLMSUIBIK )KYKTEME ChIHBIMIbLIBIFbI
Taycbutranra Aedin. CyqaH Jactaylibl 3aTTapAbl TPaBUTALMSUIBIK IIBIFAPYFa apHAJIFaH
KOHTeWHepiepae — KyM Oenrill koHe MyHail 0erill — cy eH Kell aFbIHMEH OipHele
OHJIaFaH MHHYTTH Kypaiabl. CyabplH ycaK JUCIEPCTi KOHE KOJUIOMATHI KOCHalapblH
peareHTTi ipileHzaipy KapacThIpbUIMaraHAbIKTaH, OYJ KYpbUIBIMAApD TEK aybIp
MUHEpalAbl KOcCHanapibl, €piMEereH >KoHEe SMyNbCUsaHOaFraH MyHall eHIMAEpiH
yCTalapl, OChUIANINIA KYM TY3aFbIHbIH peuiH atkapazs (Tepeuyk, 2010).

MyHpaali KypbpUIBIMIApFa THIMII JKYMBIC ICTEWTIH Oasama MIeriHAiNepAl KeTipy
YILLITH KBIPFBILI XKYHeIepMeH Ka0abIKTalIFaH TeMipOeTOH TYH/BIPFBIIITAPhI 0ap Kypaeni
KYpBUIBICTap OOMyBl MYMKIH, COJaH KEWiH Cynbl Kepi HIalOMEH >KOHE COPOLMSUIBIK
TazapTyMeH cysrinepae cyseai. bipak aliTapnbikrail )KoFapbl WIBIFBIHAAPFA, jK00anay
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MEH KYPBUIBICTBIH Y3aK Mep3iMJepiHe, Ta3apTy KOHABIPFBUIAPBIH OpHAIACTHIPY YLIIH
eIoyip ayMakrTap/bel 06y KaXeTTiUTirine OaiiaHbICThI, OYJI OIIIUS THIMA1 KOJIJIAaHBICKA
coiikec kenmeiini (Tepemryk, 2011).

Hotmxecinae, oObeKTiepi canyra oHe NaigananyFa pyKcaT aly YIIiH aFbIH/IbI
cynapabl KaObUIAaUTBIH Cy aliIbIHAAPBIHBIH SKOJIOTUKANBIK JKaFJaiiblHa a3 acep eTeTiH
TEXHOJIOTUSUIAp KaKeT. OKiHilIKe opail, MyH/Iail Ta3apTy KOHIBIPFbIIApbIHA TAIICBIPBIC
OepylIiNepIiy JKanfbl3 YCHIHBICHI ap3aH >KaOABIKTHI TaHIay Typajbl KeHec OOIysbl
MYMKiH, ©iTKEeHI KbIMOATBIPAK Ta3anayablH Oipaeii "canachlH" KaMTaMachl3 eTelli.

Erep macenenin Tapuxsina ke3 xyriprcek, Kenec 3amansinaa "KY", "YKO", "B1O"
CHSIKTBI 3aybITTa JadblHAAJIFaH JKUBIHTHIK KOHABIPFbUIAphl OOJFAaHBIH €CKE Tycipyre
Oonanpl, Oipak Toymirine 400 M’-TeH OacTam OHIMALTIKKE KyMTac, €Ki JeHreilmi
TYHZBIPFBIITAP MEH OMOMUIBTPIEPACH TYPAThIH KYPIEIi Ta3apTy KYPbUIBICTAPbIHBIH
YATUTIK sKoOanapel 93ipJieHAl, HeMece TYHABIPFBIIITAPAbL, adpPOTEHKTEepAl, TyHOa
TYPaKTaHIBIPFBIIITAPBIH JKOHE XJIOpPAaTop MEH aya Ypjey CTaHUMSCHIH KaMTHTHIH
OHJIPICTIK FUMapaTThl KAMTHUTBIH CBHIABIMABUIBIKTAp ONOTrbIHAH skacangsl. CoHpaii-
aK, Ol Ke3[le Tazajay carachl TeK €Ki KOpCeTKill OOMbIHIIA — OJIICHIeH 3aTTap MEH
BIIKII-15 mr/n nenreinge 6axputanran (Xenie, 2004).

Harnxesiep :koHe TaJKbLIAy. AFBIHIBI Cylapbl Ta3apTy CamachlH HOpMajay
MOcCeJIeCiHIH Ka31pri *KaFaaibl Ta3apTy KYPBUIBICTAPBIH JK00anaybuiapra OaiiaHbICTHI.
IeiH MoHIHAE, Ta3zapTy HopeXeci e eMec, arblHIAbl Cylaapabl KaObULTaWTBIH Cy
KOMMacChIHAAFbl CyAbIH canachkl Ja HOpMajaHaJbl, ajl erep pe3epByaplblH HAKThI
KaFaibl KaciOpbIHMEH coaiikec kenmece, onaa LIIPK ecentey omicremecine coiikec
eHZipic meci Oyl pesepByapibl aybl3 Cy camacblHa J>KETKI3UITeH arblHAapbIMEH
"tazapTysl" Kepek. bynan 0acka, TazapTy KypbUIbICTapBIHBIH OHIMIITIT1HE OaliIaHbICThI
TazapTy JopekeciHe KOWBIIAThIH TaJanTapibl capajay Ke3AeIMEWIl, COHIBIKTaH
OHJIIpiC TOOBIHBIH aFbIH/BI CYJaphl ipl MEranoIUCTIH Ta3apTy KypbUIFbUIapbIHAAFbIIAN
TOJIBIK Ta3apTy >KOHE 3apapchl3faHablpy LMKIiHeH oTyi Tuic (Mopozosa, 2009).
Kananelk Ta3apTy KOHIBIPFBIIAPBIHBIH KYMBICBIH TEXHOJIOTTApAbIH, MEXaHUKTEPIiH,
XUMUKTEPAiH, MUKPOOHOIOTTapAbIH OYKIJI IITAThl KAMTAaMAaChI3 €Teli.

JKanmbsl HOTHXKETIK JeHreli TazapTy Jopekeci TOMEeH KOHABIPFhUIAPBIH Maiiianany
epeKUIeTIKTepiHe KeleTiH Ooyicak, KeOiHece OmapiblH JKYMBIC DPEXHMIHIH KYpT
MayChIMJIBIK, KYHAETIKTI OipKeJKi e3repyi, TeMrepaTypaHblH aybITKYbl KOHE aFbIHJIbI
CynapAbIH Kypambl 0ol Tabbutanbl. TazapTy KYpbUIFBUIAPBIHBIH JKYMBICBHIHA Tepic
ocep eTeTiH JKOFapbla aranFaH (axkropiap eHIMIUIr KbI3MET KOpPCEeTymiH Mep3imIi
CUNATBIMEH JKOHE OJlapFa TYPaKTbl TEXHOJOTHSUIBIK OaKbliaylblH OolMaybIMEeH
Kypaenene Tycedl. byn MyHmall KypbUIFbUIapAa KaKeTTi >kaOAbIKTapel Oap
3epTXaHaAIAP/IbIH J1a, XKETKUTIKTI OUTIKTI KbI3METKEpICPAiH Jie O0oMaybiHA OailIaHBICTHI.

Kazipri yakpiTTa mapyambUIBIK-TYPMBICTBIK CapKBIHIBI CyJapAbl TazapTyra
apHaJIFaH MOIYNIBIIK KYpPBUIBICTap apachlHAa a’dpOTEHK HEri3iHIeri KOHABIPFbLIAp
KeHiHEeH Tapaijabl, Oyl OMOQMIBTpIEpPMEH CABICTBIPFAHIA KYPBUIBIC OJLIeMICPiHIH
a3/bIFbIHA, COHAAN-aK Oip CHIMBIMIBLIBIKTHL KYPBUIBICTA NEHUTpH(UKAMIMEH Oipre
KYPri3ijeTiH aMMOHHI a30ThIH HEFYPJIBbIM TePeH HUTPpU(UKALMSIAYIBI )KY3€Te achIpy
MYMKiHJiriHe 6ainansicTel. COHBIMEH Kartap, ojap MeMOpaHalbIK OMOpeakTopiapMeH
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XKaOnbIKTanFaH KypbuibiMaap. JKorapbel Oarara KapamacTaH, MYHJail KaOJIbIKTHIH
YCBIHBICTAPBIHBIH CaHBI XKbUT CalbIH apThil Keneni. Ockl peTTe AuckKini onoduisrpiepi
0ap KypbUIFbUIApAbI a aTall OTKeH )KoH. AFBIHBI CyTap/bl Ta3apTyFa apHaJFaH TOIBIK
KOHJIBIPFBIIAPFa TOH KYPBUIBIMIAPABIH OCBI TYPJEPiH, ONapAbIH apTHIKIIBIIBIKTAPHI
MeH TOH KYPBUTBIMABIK KEMIITIKTEPiH peTiMeH KapacThlpaMbI3.

Huckini O6uopminsrpiep — Oy OMOQUIBTPIAIH 1€, a’pOTeHKTIH Je Oenrinepi
0ap arbIHIBI CylapAbl OMOJIOTHSUIBIK Ta3apTy KOHIBIPFBUIAphl. broduisrpiaepmen
oJlap MMMOOMJIM3aLMSCHl KYPETiH OailiaHblc OETiHIH OONyBIMEH >KOHE MKOypii
a’pauusHblH OonMaybIMeH OallaHBICTBI. ADPOTEHKTEpre YKCACTHIK €pKiH JKY3€TiH
Ouomsenka OemmeKkTepi Oap arblHABI CyMEH TONTBIPBUIFaH pe3epByaplblH OONybIHA
OaiimaHpICTBl. AFBIHABI Cynap oaerTe rodpiaeHren Oeti Oap auckinepi Oap aifHaIMaibl
poTop TyCipinreH pesepByapra TYyCeli, OChUIAWINA JUCKUICPMAiH >KOFapFbhl Oeiri
CYIbIH YCTiHJe OoNajabl, ajn JUCKIIepAiH TOMEHri OeJliri aFbIHIbl CYWBIKTBIKKA
Oatbipbiaabl. buodunerpney auckinepnid Oetinae xypeai. buodwunbrpanms cy
OeTiHeH KoFapbl OOJIFaH Ke3fe, TUCKIIEpiH aliHaly NpoLeciHae ayaJarbl OTTETiHiH
CiHy1 oHE OMOCY3TijIey/ie COPBUIFaH JIaCTaylIbl 3aTTaPAbIH TOTBIFYBI KYPEIi, al OHbI
aFbIHIbl CyFa OaThIpFaH Ke3le epireH jKoHEe KOJUIOMATHl OPraHMKaJbIK 3aTTaplIbIH
copOuus mporueci xypeai. PoTopapl AUCKiIepMEeH alHANIBIPY Ke3iHAe aFbIHIbI CYIbI
aspauusiay mporeci Je Kysere acblpbuiaabl. buodunbsrpiey auckinepiHiH OeriHae
apTKaH CallbIH OHBIH Oip O6JIiri y3UIil, aFbIH/Ibl CYUBIKTHIKKA ©TE/Ii, OH/Ia 0JI OeJICeH
JAWIBIH YIMEKTepl CHAKTHI OJIIIeHe i, OChUIAaiIIa aFbIHABI CyTapIbl Ta3apTy Mpoueci
TEK IMCKUIEpAiH aFblHIbl CyJapMeH jKaHacy OeTiHIe FaHa eMecC, COHBIMEH Karap
JTUCKIUIEpAiH acThIHAA pe3epByapAarbl arblHAbI CYHBIKTBIKTBIH KOJEMIHAE JIe KYy3ere
aceIpblIanel. Juckinepae naiina 0onateiH OMOGUIBTPIICY KATbIHIBIFBI KIPETiH aFbIH bl
CylapAbIH KYpaMbl MEH TEMIIepaTypachl, POTOPABIH aifHaIy >KbUIAAMIBIFbI, OMOAUCK
OeTiHIH ayJaHbl CUAKTHI (haKTOpiapra OalIaHBICTBI )KOHE KIOCK MUJUTUMETPiHE» KETyl
MYMKiH. Onapasl KoJiZjaHy TIpouecinae Oyl KypbulbIMapra OeKiTiireH OrnoMaccaHbl
THEY — TachIMaJAaylIbIMEeH >KaOJbIKTANFaH a’pOTEHKTEpAl MaijaiaHy Ke3iHae
TYBIHIAUTHIH Ipoliemanapra ykcac mpoonemanap ToH. COHbIMEH, OacTalKbl TYHIBIPY
OonmaraH Ke3ze AUCKitepae OMoMaccaHbIH bIABIpaybl Maiaa 0oaasl, ajl AUCKAPaIBIK
KEHICTIK LIipiK Mici Gap IBIPBIITE MacCaMeH TYHIIBIFYBl MyMKiH. HoTrmxkecinae auck
OnoTacsIMaIayIbUIAPABIH THAPABIMKAIBIK JKYMBIC CXeMachl Oy3blIajbl, ©WTKEHI
JUCKinepaiH OeTki KaOaThlHAA TUIEHKA OoJiMaiiael. Byl KOHIBIPFBUIAPABIH KeiOip
MOAM(HUKAHUSIAPBIH/A. TOMEH OHIMIUIINIMEH epeKIIeneHe Il (ToyIirine 5 M* acraiisl),
OacTamkbl TYHIBIPFBILI Ta, INOTiHAI THIFBI3NAFBIN Ta XOK. EKIHII TYHIBIPFBIIITA
TYHIBIPBUIFAaH OnouIbTpiey Ke3iHae SpauQTIeH JUCKUII TachMalJaFblITapbl
Oap pesepByapra aiijanaapl, ol Oy jkKarjmaina OacTamkbl TYHIBIPFBINI MEH TyHOa
THIFBI3JAFBIIITHIH POJIiH aTKapaabl. byl cxema KypbUIBIMAApIbIH KaHaFaTTaHAPIIBIKCHI3
KYMBICBIHA oKenedl. MyHaall KypbUIBIMIApAbIH MOAMMDUKAIMACH THIMCI3 OOMbIN
Tabbutaapl. Onap CENnTHKTEeH, OMOAMCKTEpACH, KaiTanaMa TYHIBIPFBIIITaH THEyMEH
aJIJIbIH asia Ta3anay OJorbIHaH, Ae3MH(EeKIUsIIaY TOPaObIHAH KOHE UJICY ThIFbI3JAFbIIITaH
TYpaThiH KOHIBIPFbUTAp (XantypuHa, 2014).

Huckini Owuocysrinepi ©Oap aFblHABI CyJapAbl Ta3apTaThlH KOHIBIPFBUIAPABIH

249




ISSN 2224-5227 4.2025

KeHOip eHIipymIiiepi OHONOTHSUIBIK a30TTBl KETipy MYMKIHIITIH KepceTy YLIiH
onapjpl JeHUTpUdUKaTop O6IiKTepiMeH KaOJbIKTalbl. Anaiina, JeHUTPUPUKAIISL
MPOIECiHIH KaPKBIHIBIIBIFBI THIHBIC Ty KO31 peTiHe a30T OKCHATEPiH Mai1aaaHaTbH
MHUKpPOOpPraHM3MIEpAiH  CaHblHA, JIeMEK, KYpbUIbIC  KeJeMiHaeri Ouomacca
KOHIICHTPANUSCHIHA (TYHOA /103achl) TiKesiel OailylaHbICThI. ByJ1 KOMITOHEHTTET1 IUCKLITI
OMOQUIBTpIEp MHEBMATHKAIBIK a’paunuschl 0ap KypbUIbIMAapAaH (adpOTEHKTEPIEH)
Oip)KaKThl TOMEH, HOTM)KECIHJAE OJNap HETi3iHEeH OTTEeriHiH OWOJOTHSIIBIK TYTHIHYBI
(OBT) moHiHiH TOMeHACYiH FaHa KamTaMachl3 eTeni (I pynna kommanuii Enviro Chemie.
TexHoMOTUM 11 OYMCTKU BOJIBI).

OBTpodUKaIus MPOLECTEPi Cy O0OBEKTIIePIHE YIKSH Kayil TOHAIpeai. DBpohUKaIus
- OMOTEeHIIK AIIEMEHTTEeP/IH Cy O0BEKTICIHE apThIK TYCYiHIH HoTHKeci. Kazipri yakpITTa
aFbIHJBI CyNapAbl Ta3apTyAblH OapibIK KOJAAHBICTaFbl KYPBUIBIMAAPHI Ta3apThbUIFaH
cyzna a3ot mneH (GochopaplH KaKeTTI MeJIIIepiH KaMTaMachl3 eTrneiai. by maceneni
LICHIYiH Heri3i - a30T meH ¢ochopabl KeTipydiH TEeXHOJOTHSUIBIK MapaMeTpiepiH
CaxTail OTBIPBII, Ta3apTy KOHABIPFBICHIH OYpbIC Maiiaanany (AsaeeHkos, 2019).

Hutpudukauus >xoHe aeHUTpUHKALUs — CYIObIH camackl MeH KoplLlaraH
OpTaHBl, aJaM ACHCAyJBIFBIH KaMTaMachl3 €Ty YIIiH 3USHABI a30T KOCBUIBICTapbIH
OipIiecin JKOSTHIH aFbIHABI CyJapAbl Ta3apTyAblH MaHbI3Ibl OUOJIOTHSIIBIK MIPOLECTEPI.
MexaHuKabIK Ta3apTy KesiHae OapaOaHIbl Cy3riieH KeiOip 3arrap oTim KeTeai e
COPFBILITAP/BIH JKYMBICHIH KHBIHIATaAbl >KOHE WIpin KeTyiHe OaillaHBICTBI y3aK
KOJIIaHbICKa skapamMaiiner (1,2 cyper)

Cyper 1 - bapaban eneri
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Cyper 2 - Jlozanay cOprbICh

Cy KomjapelHAArbl KOPEKTIK 3aTTapblH MNpoliemManapbl JKakblH OoJaniakra
CaKTallybl MYMKiH. bBapiblKk KOpEKTIK 3aTTap/blH TOTIHJUIEPiH Ka3ip TOKTaTyFa
OonareiH Oosica Ja, Cy MIOTiHIUICPIHCT] KOPEKTIK 3aTTap/blH YJIKEH KOPbI KOFAPFbI
cyJapJiarbl KOPEKTIK 3aTTap/IblH JCHICHIH caKTayFa KeMmuUIAiK Oepesi. YakpIT oTe Keje
MIOrHAIEPCTI KOPEKTIK 3aTTaplblH MOJIIepl JCHUTPUPUKAIMS, JTUCICPCUS JKOHE
JKaHa IIeriHlIepMeH a0y CHUSKTBI TpoIlecTepre OailJIaHBICTBI TOMEHICHII el
kytinyae. Cy aliMaKTapbIHIarbl KOPEKTIK 3aTTapbIH JKOFaphl JCHICHI x)oHe OacKa Ja
KOpILIaFaH OpTa yKaFaaiaapbl Oaijsipiap MeH 0acka Ja Cy ©CIMIIKTEPiHIH KapKbIHIbI
ecyiHe MYMKIHJIIK Oepe/ti.

An memOpananbik Onopeakropnapasie (MBP) Heri3ri apThIKIIBUIBIKTAPHI:

— KYpbUIBICTap/a TYHOAHBIH JKOFaphl JTI03aChIH YCTAIl TYPY MYMKIH/ITIHIH eceOiHeH
CBIUBIMJIBI KYPBUTBICTAp KOJEMiH jKOHE THICIHIIIE OJlapFa TapThUIAThIH aJlaHJIbl a3aiTy;

— Ka)XeTTI Tazajlay caThblUIapbIHBIH CaHBIH a3aiiTy, OYJ BIEKTp KaOIbIKTapbIHBIH
OipIiKTepiH, COHFBI CMETAJIAFbI 1K1 KYOBIpJIap CaHbIH a3alTyFa oKelel;

— Ta3apThUIFAaH Cy MeH TyHOa KocmachklH MeMOpaHanapra Oeny OuoOpeakToplaH
TYHOQHBI IIBIFApPyAaH KOPFay[bl J>KOHE CYIbl Oip YyakbITTa Je3uH(EKIUsIIayIbI
KaMTaMachI3 etefi. bipak MeMOpaHalblK OMOpeaKTOpIapAblH Oi3iH ejjie ali e KeH
TapaJIMaybIHbIH ceOenTepiH ararn eTyre 0oamaiiibl. BipiHImigeH. OyJ1 0Chl )KaOIbIKThIH
JKOFapbl 0arachl, "KIIaCCHKAIBIK'" Ta3apTy KOH B PFBUTAPBIHBIH KYHBIHAH €/19Yip JKOFaphI.
Exinmrigen, MBP KOHIBIPFbUIAPBIHBIH €H KbIMOAT KOMIIOHEHTI -MeMOpaHajiap/biH
e3J1epi - mamMaMeH 5-7 *bUT KbI3MET eTe/li. Y IIHIIIICH, YCaK MEXaHHUKAJIbIK Ta3apTyFa
apHaJIFaH >KaOABIKTAp/bIH 1ICTEH IIBIFYbl HeMece MaiiapJplH HeMmece MyHal
OHIMJICPIHIH TOTLTYyl CHSIKTBI TOTCHINE >KarJaaiiap/iblH TybIHAAybl MeMOpaHaIapablH
ICTEH IIBIFYBIHA OKEIIe/Ti J)KOHE OYJT JKaFai1a KapKbUIBIK cajiapiapibl "KIacCHKaIbIK"
TEXHOJIOTHsI OOMBIHINA KYMBIC ICTEHTIH KYpPBUIBICTAPMEH CallbICTBIpyFa OOJIMailabl
(Abegglen et al., 2008) coiikec, MBP TexHos0THsICHI OO¥bIHINA aFbIH I Cyiap bl LIPK
JeHreitine neitin tasapry KyHbl Snds=(2+3)ILIPK kon >xeTkizyre OojaThiH IOCTYPIIi
Ta3apTy KOHJBIPFBUIAPBIMEH CalIBICThIPFaH/a 2-3 ece apTaibl.

Kopoitbinabl. CoHBIMEH, Ta3apThUIFaH arFblHABI CyJdapAbl Kaita mnaiinanany
MYMKIHJITT OOJNFaH >KarJaija, >KYMBIC ICTEUTIH KYPBUIBIMAAD Typaslbl KOPBITHIHIIBI
xkacayra Oonamel. MBP  TexHOmorusuiapbl J9CTYpii  cxemaiapnaH —OipyKakKThl
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apTeIKIbUTEIKKa we. MBP sxone MBBP - arbiHAbl cymapabl TazapTydaslH €Ki Typoi
TexHonmorusickl. MBP OMONOTHSIIBIK TazapTyasl MeMOpaHANBIK Cy3yMeH OipiKTiper,
al TUTACTHKANBIK TachIMAJaFbITapaa OHOIIIeHKa ecipymi xy3ere acbipaasl. MBP
Ta3apThUIFaH CyAbl OemekTepaeH Oemy yiriH meMmOpaHamapabl, anm MBBP arsramst
CyJap/ibl Ta3apTy YIIiH TachIMaJIayIbUIapFa OeKIiTIITeH OMOTUIEHKAHBI Taii1amaHaibl.

OBP GekiTinren Kadarel 6ap OHOIUICHKA PeaKTOPhI, OHBIH XYMBIC puHITUIT MBP-
re YKcac, albIpMaIIbIIBIFEl - OWOIUICHKA KATThl MaTepHaNABIH OEKIiTUIreH OJoThIHA
OexiTinesni.

Karter MaTepuan ONOTHIHBIH aCTBIHAAFBI adpanus OWOTIIICHKAHBIH OCyiHe KaXKeTTi
OTTETIMEH KaMTaMachl3 eTelli )KOHe TUIeHKa OJIOTBIHBIH Ta3aJaHybIH OaKbIIai Ib.

OBP epekmemnikrepi:

1. On arpHIOBI cymapra Oedimzene anmajapl, KipeTiH Cy KeJieMi MeH OpTaHHKAaIbIK
3aTTapAbIH MOJIIIEP] YIIKSH IIaMaja e3repei.

2. MBbP-re kaparanaa »yMbIC iCTey BIHFAWIIBI )KOHE YHEPTHSIHBI a3 MaiganaHabl
(TOMeHIeT1 TiKeNel adparus apKbIIbI).

AdpoTeHkTepi  0ap  JKUBIHTBIK  Ta3apTy  KYPBUIBICTApPBl  HUTpUDUKAIu,
IeHuTpUUKAI JKoHE TyHOa KocmachlH Oeiry mporectepi Oip kememie Tiz0ekTeit
JKYpreHIe arbIMIbl (adpOTEHK — EKIHIN TYHIBIPFBINI KaFUIaThl OOWBIHINA) JKOHE
ke3eHIik acep ereTiH (SBR-peakropmap) Oomysl MyMmKiH. Mep3iMai peaxropriap
KOHCTPYKTHBTI TYp/€ KapamaiibiM, Oipak a’pOTEeHKTEpMEH CaJbICTHIpFaHAa KypAewi
aBTOMAaTHKa XYyieciH KaxeT ereni. COHbIMEH KaTtap, MyH/1all KOHABIPFBIIaPIBIH KYMBIC
icTeyl YIIiH mapaienb KYMBIC iCTeHTIH eKi peakTop OOIyBI KepeK, OYII ChIABIMIBLTBIK
KYPBUIBIMIAPBIHBIH  €19yip YJIKeH KeJieMiHe okeieni. MyHmall KypbUTBIMIApIbIH
TEXHOJIOTHSUTBIK CXeMAaCHI 9JIETTEe MEXaHUKAIIBIK, OMOIOTHSIIBIK Ta3apTy, TEPEH Ta3apTy,
ne3nH(peKnusay xKoHe TYHOAHBI CYChI3aHAbIPY Ke3eHIepiH KaMTH/IBL.

TazapThUIFaH aFbIHIBI CYJIAP/IBIH TEKIIIE METPIHIH €H TOMEHT1 KYHBIH KAMTaMachI3 eTy
YIIH HYCKaJIap bl TEXHUKAIBIK-DKOHOMHUKAIBIK CABICTHIPY KaXKeT, OHBIH OapbhIChIH/IA
*KaOBIKTHIH TiKeJIe! KYHBI /1a, OHBIH JKYMBICHIHBIH CEHIMIIIIITI MEH OepiKTiri, maiinanany
IIBIFBIHAAPBI, JIACTAYIIIBI 3aTTAP/IBIH HOPMAJIaH THIC TOT1IYI YIIiH albIIITyJI TeJIeMIepi,
IITaTTaH THIC JKaFIalIapablH TybIHAAY BIKTHMAJIBIFBI )KOHE Olap/aH KeiH KYHeHIH
JKYMBICBIH KaJITbIHA KEATIpY KYHBI ECKEPLTyl KepexK.

PecrryOnka SKOHOMWKACHIHBIH OapiiblK cajlalapblHIa CyObl YHEMICYIiH >KaHa
TEXHOJIOTHSUTAPBIH, Cy IapyalTbUIBIFBIH/Ia OHEPKACINTIK yAepic OOWbIHIIA OacKapyIbIH
ABTOMATTAH/BIPBUIFaH KYHECIH, Cy PEeCypCTaphlH THIMII TaiiajaHy MEH KOopray
TYPFBICBIHIA MEMJIEKETTIK CasicaTThl JKallllail eHrizy Cy pecypcTapblH CaKTall KallyFa
MYMKIHIIK Oepei.

ConbiMeH Karap OyJ1 caylaHbl OyJIaH apbl Kapall JaMbITy asgChIH/IA CY/IbI )KHHAY YIIiH
KKEeTTi KeJjem/ie KOChIMIIA THICTI HhICAHAAp/bIH, CY TAlIIbUIBIFEI Oap eHipiepre cy
pecypcTapbhlH YHEM/IEYTe HeTi3/IeNTeH HhICAaHJapIbIH KYPBIIBICHIH iCKE achIpy, COHIa-
aKk KazakcTaHHBIH jKepacThl CYJIapbIHBIH QJIEYEeTiH 3epTTey Oi3MiH Ka3ipri Ke3deri cy
peCypCTaphIHBIH dJIeyeTiH naiianany OOHBIHIIIA MYMKIHAIKTEPIMI3/l apTTHIPaIbL.
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Abstract. The history of aromatic compound hydrogenation spans several centuries,
emphasizing the continuous scientific and industrial interest in this reaction. Its
attractiveness lies in the ongoing search for highly active and selective hydrogenation
catalysts. In addition to its theoretical significance — where the m-complex of an
aromatic ring can adsorb onto the catalyst surface in different configurations depending
on the nature of the substituent groups — the reaction serves as the foundation for
numerous industrial processes. For instance, in the synthesis of lubricating oils, aromatic
rings are hydrogenated and transformed into naphthenes; in many organic syntheses,
hydrogenation constitutes one of the key intermediate stages; and in hydrogen energy
systems, this process can act as a potential hydrogen storage mechanism. Currently,
aromatic hydrogenation can be considered a key component in the production of
environmentally friendly motor gasoline. Incomplete combustion of gasoline containing
benzene leads to the formation of benzopyrene, one of the strongest carcinogens found
in exhaust gases. According to Euro standards, the benzene content in gasoline should
not exceed 1%, while achieving the more stringent requirement of 0.1% remains
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technologically unfeasible. The development of new, highly active, and selective
catalysts capable of complete benzene hydrogenation in the presence of other aromatic
compounds could provide an effective solution to this problem.

Key Words: hydrogenation, rhodium, Sibunite, aluminum oxide, BAC, benzene,
hydrogen
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AHHOTanus. ApoMaTThl KOCBUIBICTAp/BI THIPICHY TapUXbl OipHEIIe Fachipiapra
CO3bLIaJIbI, OYJI pEaKIUSHBIH TAPTHIMIBUIBIFBI COHIIANBIK, 3ePTTEYIIiIep THAPIICY YIIiH
AKTUBTI )KOHE CEJICKTUBTI KaTallu3aTopiaapAbl i3ey/i 9i1i Je ®KalFacThIpyna. TeopHsuTbIK
TYpFBIIAH  ajFaHja, apoMarThl CAKWHAHBIH T-KOMIUIEKCI Kartanuzartop OeTiHje
CaKMHAJAFbl PAJMKAIIBIH TaOWFaTbiHA OaWIaHBICTBI OPTYPJI TYpAe aacopOIusiaHa
anmanel. COHBIMEH Kartap, OYJI pPeakilus KONTereH OHIIPICTIK MPOIEeCTepIiH HeTi3iHIe
JKaThIp: MBICAJIBI, Maiijlay MaiJlapblH CHUHTE3/Iey Ke3iHJe apoMaTThl CaKWHaiIap
CYTEKIICH KaHBIFbII, HAQTEeHepre allHaIa (bl; KONITETeH OPraHUKaJIBIK CHHTE3IEPIE O
apaibIK caTbuIapAbIH Oipi 00BN TaOBLIAAbI; a1 CYyTEKTIK JHEPreTHKaAa CYyTEeKTI CakTay
pe3epByaphl peTiHe KbI3MeT eTe anajabl. Kazipri yakpiTTa OYJ1 peakius KOJIOTHSITBIK
Ta3a OEH3MH OHIIPYAiH HEeTi3r1 KOMIOHEHTTepiHiH Oipi Oona anaapl. Cededi , KypambIHIa
OeH3ou Oap OCH3WHHIH TOJIBIK €MEC JKaHYbl HOTIIKECIHIC €H KYIITI KaHIIEPOTeHISPIiH
0ipi — OenzomnupeH Ty3ineni. Eypo ctannaprrapbina coiikec OeH3uHAEe OSH301 MeJIepi
1 %-man acmayel Tuic, anaiima Oyn kepcerkimTi 0,1 %-ra neiiiH TOMEHIETy YLIIH
Ka3ipri yakbITTa THIMJI TEXHOJIOTHSUIBIK IienriM koK. COHIBIKTaH OCH30JIbI Oacka
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apOMAaTThl KOCBUIBICTAP/bIH KATBICYBIHAA TOJBIK KOHBEPCUSIMEH THApJeyre KaOineTTi
YKaHa aKTHBTI )KOHE CEJIeKTHUBTI KaTalu3aTopiaapabl 93ipiiey MoceseHi ey aiH THiMai
JKOJTBI OOJIa aabl.

Tyiiin ce3nep: ruapney, ponuii, cuOyHUT, altfOMUHUN OKcui, BAY, Gensomn, cyTeri
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AnHoTanms. [ uaprupoBaHue apoMaTHYECKUX COEAMHEHNN UMEET JaBHIOIO UCTOPUIO
1 0CTa€TCsl OJTHOM U3 IIEHTPAIbHBIX PEAKIUH KaTaTUTUICCKON XUMUH Onarojaps CBoe
BBICOKOM TEOPETUYECKOW M MPAaKTUUYECKOM 3HauMMOCTH. VHTEpec wuccienoBarenei
K OTOW peakIMu COXpaHSIeTCS B CBS3U C HEOOXOJUMOCTHIO Pa3paboOTKu Ooliee
AKTUBHBIX U CEJICKTHBHBIX KaTajln3aTOpOB, CHOCOOHBIX 3(()EKTUBHO THUIPUPOBATH
apOMAaTUYECKHUE KOJIbLIA AK€ B CIOKHBIX MHOTOKOMIIOHEHTHBIX YITIEBOJOPOIHBIX
cuctemax. C TeOpeTHYECKOM TOUKH 3pEHUS BaXKHBIM SIBIISIETCS pa3HO00pa3ue croco0oB
a7IcOpOIUK TT-KOMITJICKCOB apOMAaTHUYECKUX KOJICI] Ha MMOBEPXHOCTH KaTau3aropa, 4To
ONpENEIAECTCS MPUPOJON 3aMECTUTENIEH U CTPYKTYPOM apOMaTuyeCKOro COECIUHEHHUS.
C mpakTHuecKoi CTOPOHBI PEaKIUs THAPUPOBAHUS JIEKUT B OCHOBE LIMPOKOTO psiaa
MPOMBILIEHHBIX MPOLECCOB: B NPOU3BOACTBE CMA30YHBIX MAacell apoOMaTUYECKUE
COCIMHCHHS HACBHIIIAKTCS BOJOPOAOM ¢ 00pa3oBaHUEM HA()TEHOB;, B OPraHUYCCKOM
CHUHTE3€ TUAPUPOBAHUE ABISIETCA KIIOUEBOW CTaJUE€ MHOTHX MOCJIEI0BATEIbHBIX
MPOLECCOB; B BOAOPOAHOMN SJHEPTETUKE PEAKIIUS pACCMATPUBAETCS KaK NEPCIEKTUBHBIN
MEXaHU3M aKKyMYJIHPOBaHUs BOJAOpOJa; B HedTenepepadoTKe THIPUPOBAHUE
apOMAaTUYECKUX YITIEBOJOPOJOB — BayKHBIM 3Tall MOJYyYEHHUS SKOJIOTMYECKH YUCTOTO
oensuHa. Ocoboe 3HaYCHUE THAPUPOBAHKIE PUOOPETACT MPU CHUIKCHUU COJIEPIKAHUS
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Ocnzona B Oem3umHe. HemonHoe cropaHue OCH3MHA, COAEPIKAIIETO APOMATHYCCKHE
YIIEBOMOPO/bI, TMPUBOAUT K OOPa30BAHHMIO BBICOKOTOKCHYHOTO KaHIIEpOreHa —
oensonupena. CormacHo TpeOOBaHUAM CTaHAApPTOB EBpo, comepkanue OeH30ma
B OcH3WHE HE MODKHO mpeBbimath 1 %, OHAKO I JOCTIDKCHUs Ooiee sKECTKOM
Hopmbl — 0,1 % — OTCYTCTBYIOT 3(h(heKTUBHBIC MPOMBIIIIIICHHBIC perieHust. [ToaTomy
pa3paboTKa BBICOKOAKTMBHBIX U  CEJCKTUBHBIX KAaTAIM3aTOPOB THUAPUPOBAHUS
0eH30/1a, 00ECTCYMBAIOIINX TONHYI0 KOHBEPCHIO B YCIOBHSIX MPUCYTCTBUS IPYTHX
apOMATUYEeCKHMX YIIEBOJOPOIOB, MPEACTABIACT COOOW aKTyalbHYI0O U BaKHYIO
HAyYHO-TIPAKTHYECKYIO 3amauy. PerieHue MaHHON MpOONIEeMbl MO3BOJIUT TMOBBICHTH
9KOJIOTHUECKYI0 0€30MacHOCTh aBTOMOOWJIBHBIX TOMJIMB M YCHUJIHTH COOTBETCTBHE
MEXIYHAPOIHBIM CTaHIapTaM KauecTBa.

KioueBble ciaoBa: ruapupoBanue, poaui, CHOYHUT, OKHCh altOMHUHHS, BAY,
OEH30I1, BOJIOPOJ]

Beenenue. Hanbonee akTHBHBIMH KaTau3aTOpaMH THAPUPOBAHUS apOMaTHUECKUX
COCAMHEHHMH sIBISieTCS MeTaibl MiatuHoBod rpymmel  (Haiting et al, 2024;
Alimohammadi et al,2019; Xiaojing et al, 2022; Hongli et al, 2015; Glotov et al,
2018; Zhihao et al, 2019; Fang et al, 2021; Akbayrak, 2018; Konuspaev et al, 2009),
a Takke Apyrue d-MeTajuibl, KaKk HHKelb, KoOansT u Menb. ABTopbl (Haiting et al,
2024) npuBOIAT CBEACHHUS O TMIPUPOBAHMU OCH30J7a M LMKJIOIeKCeHa Ha IUIaTUHE H
najjiagud, a TakkKe Ha OMMeTalIMuecKuX Karaiamsatopax Pt — Re, ¢ onpenenenuem
KHHETHYECKMX NapameTpoB. OHU CpaBHHMBaJIM BEIMYMHBI S(PEKTHBHBIX KOHCTAHT
CKOPOCTEH Ha M3yYEHHBIX KaTajJu3aTopax, U3yYWIIM BIUSHHE J00ABOK CEpOBOIOPOAA
W MEpKaNTaHOB Ha KMHETHYECKHE MapaMeTpbl U OOCYIMIN BO3MOXKHBIA MEXaHH3M
MPOXOXKACHUS PEaKlUM, a TaKKe XapakTep BIWSHHU N00aBOK peHus K IuaruHe. B
pabore (Shirokopoyas et al, 2024) u3ydeHo ruzpupoBaHue 2-MeTHIHA(TAINHA B
rernTaHe B NpucyTcTBUU 100aBok 400 ppm o cepe aAuOeH30THO(EHA HA HAHECEHHBIX
Pt — Pd xaranmuzaropax, comepkaliux Me30MOpUCThIe amoMocHiIuKaTel Al-SBA-15.
Cocras nocurens 65 % y-AlL O, u 35 % Al-SBA-15, a conepxanue Pt u Pd 0,25 n
1,0 macc. %, coorBeTcTBEHHO. ONBITHI MPOBOAMIH B aBTOKJIaBe npu 240 — 260°C u
nasnernu 30 at™M, KoHBepcus 2-MeTuiHadranuaa npu 260°C yepe3 3 yaca cocTaBuia
85 % 1pu ceNeKTUBHOCTH 1O MeTunreTpanuny 97 %. ABtopsl (Alimohammadi et al,
2019) mpuBOIAT CBEACHUS O THAPUPOBAHNUHU OEH30J1a B CMECH H-TENTAHOM Ha IICOJTUTE
13X, MomuduuupoOBaHHOM MaagueM, T.e. katanuzarop Pd/13X, tak npu Temneparype
200°C, naBnenun 1 Mna u ckopocTH mofga4yu peakiuoHnoi cmecu 20 ! u MoisspHOM
coornomenuu H,/HC = 1,3 xonBepcus Genzona cocraBuia 95 %. B 063ope (Xiaojing
et al, 2022) npoaHaau3upoOBaHO CO3aHHUE KaTAIN3aTOPOB CEJEKTUBHOTO MMAPUPOBAHNUS
Ha OCHOBE MaJuIaaus, B TOM YUCIE [IPU THAPUPOBAHUHI apOMATHUECKUX COCANHEHNH.

Ocoboe MecTo mpu TUAPUPOBaHUM OCH30JIa 3aHMMAIOT KaTalnu3aTopbl Ha OCHOBE
pyTeHus, TIe BO3MOXKHO TpeBpaineHue Oenszona B mukiorekcen (Hongli et al, 2015;
Glotov et al, 2018; Zhihao et al, 2019; Fang Hao et al, 2021). Astopsr (Hongli et al,
2015, Glotov et al, 2018) o ruapupoBanuy OEH30JIa B HUKJIOTEKCAH MSTKHUX YCIOBHSX.
B pa6ore [(Hongli et al, 2015) npuBoasrtcs ceenenuss Ru—Pt/MIL-10, roe MIL-10
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LEOINT, Ha KOTOphIi Ru—Pt HaHeceHbl METOAOM KOJIOMAAIBHOTO OCAaKACHUS, TAC
KOHBepcusi OeH3071a B MATKUX YCIOBUSX 10 99 %, cozgaHa KMHETHYeCKas MOAETb H
o0CyXJaeTcsi MexaHu3M JAeHCTBHs KaTanuzaropa. ABTopsl (Zhihao et al. 2019; Fang
et al, 2021) npuBOIAT NaHHBIE O CENIEKTMBHOM MPEBPALCHUN OEH30J1a B IMKJIOTeKCEH,
eciu B pabdore (Zhihao et al, 2019) 0060011IeHBI TEOPETHUECKUE U IKCIICPUMEHTAIBHBIC
MOAXONBI, HAaNpaBICHHbIE Ha MOBBIIMICHHE BBIXOAA IMKIOIEKCEHa Ha PYTCHUEBBIX
KaTaJu3aropax ¢ yIopoM Ha TEpPMOAMHAMHYECKUE U KHHETUYECKHE OCHOBEI, TO B paboTe
(Fang et al, 2021) npu nanecennu pyrenus Ha TS (TiO,: SiO, = 7:1) npu ruapupoBaniu
Oenzona nonyuyeno 38,2 % numkiorekcena, u aBropel (Fang et al, 2021) oGcyxaaror
T0JTy4€HUE TAKOTO XOPOLIETo pesynbrara B B3aumozeicteuem TiO, u SiO,, a Takxke ux
KOJUISKTHBHBIM Bo3eiicTBueM Ha pyTeHuid. B pabore (Fang et al, 2021) npoBonutcs
CpaBHEHHE PYTEHHMEBBIX KaTalU3aTOPOB Ha PA3IUUHBIX HOCHUTENSX M MPEAJIOKEHBI
KaTaau3aropsl CUHTE3a 4-KapOOMETOKCH()OPMUIIIMKIOTEKCaHa M3 TUAPUPOBAHUEM
COOTBETCTBYIOIIETO apOMaTH4YECKOTO COSTUHEHUSI.

CaMmbIMH aKTHBHBIMH KaTajlM3aTOpaMd THIPUPOBAHHS apOMaTH4eCKOro KOJbla
SBISIFOTCS  ponueBble Kartanu3aropsl (Akbayrak, 2018; Konuspaev et al, 2010;
Konuspaev et al, 2011; Nurlan et al, 2023). B pa6ote (Fang et al, 2021) npeacrasieHsl
pesynbrarhl ruapupoBanus 6ensona Ha Rh NPs/CeO, 6e3 pacTBopuTes B MPOTOYHOM
cucTeMe TpHUAaBIeHUH Bopopona 3 Oap m Temmeparype 25°C M CKOpOCTH MOAA4n
495 u'!, rae karanu3aTrop MOKa3bIBaeT OoJiee BBHICOKYIO aKTUBHOCTB IO CPAaBHEHUIO C
ponuem, HanecennbM Ha TiO,, ZrO, n HfO,. Aeropsr (Konuspaev et al, 2011) nposenu
CHCTEMaTHUECKUE UCCIEI0BAaHMS 110 THAPUPOBAHUIO OEH30J1a U IPYTUX apOMaTHYECKUX
COCAMHEHHH C LEeNbI0 CO3IaHMsI KaTaJl3aTOPOB CEJIEKTUBHOTO THAPUPOBAHMS OEH3071a.
B pabote (Konuspaev et al, 2010) poauii HaHOCHIIHM Ha YTOJbHBIE HOCUTEIH C Pa3BUTOM
noBepxHocThi0 Oosee 500 M/, kak cuOyHuT, KAY (KOCTOYKOBBIN aKTMBUPOBAaHHBIN
yronb) 1 BAY (Oepe3oBblil akTHBUPOBaHHBIN YTroiib), MeTogoM POIC Obu10 nmokaszaHo,
YTO CEJEeKTHBHOTO THIPUPOBAHHUSI OCH307a B MPUCYTCTBUHU JAPYTUX apOMaTHUECKUX
COCAMHEHHH HEOOXOOMMO KaTaju3aTop IOCJe BOCCTAHOBJICHUS MOAW(UIMPOBATH
KHCIIBIMHU 00aBKaMHu, YTOOBI Ha MOBEPXHOCTH BO3HHUKAHU KiaacTepsl ¢ Rh®*. ABropamu
(Konuspaev et al, 2010; Konuspaev et al, 2011) npoBeieHbI pabOTHI 1O UCCIISIOBAHHUIO
BJIMSHUS Ha KHHETUKY W MEXaHU3M THAPUPOBAHMS apOMaTHYECKHX COCIWHEHUH, KaK
coziep’KaHue POIMsI Ha KaTanu3aTope, TeMIepaTyphl, JaBlIeHHUs BOAOPOAa U MPUPOIBI
pactBoputenst, a takxke B (Konuspaev S.R et al, 2011) moka3aHo, 4to BBeJCHUE B
cucTeMy I-MOJTMOAaTa aMMOHUS B BUJie MOAH(DULIUPYIOLIei J0OaBKH MOXKET MTOBBICUTD
CEJIEKTUBHOCTh THIPUPOBAaHUS OEH30JIa B MPHUCYTCTBHUH APYTHX apOMaTHYECKUX
coenuHeHnd. CeNeKTHBHOCTh THAPHPOBAaHHUs O€H3071a MOXHO YBEIHYUTH €CIU
HCTIOJIb30BaTh MPOTOHHBIE pacTBOpHUTENU B K1cioH cpene (Konuspaev et al, 2009).

B cnenyromem nukiae paboT NpencTaBiICHBl HHUKENEBBIE KaTalIW3aTOPhl JUIS
THIpUpOBaHUsl apoMarnueckux coeanHennid (Peyrovi et al, 2018). B o630ope (Rong
et al, 2023) nmpoaHanTM3MPOBAHO HCIONB30BAaHHWE HHUKEJEBBIX KaTalU3aTOpPOB IS
THIPUPOBAHUS ApPOMAaTHYECKUX COCAMHEHHH, Te OOCYKIAaeTcsl BIUSHHE IMPUPOJIBI
HOCHTEJIEH, KOTMYECTBa METaJUIMYecKor (ha3bl, a TaKKe BO3ACHCTBUE Pa3lIWYHBIX Ha
Karanu3aropsl. ABTOpHI (Peyrovi et al, 2018) nukens nanocuu na SiO,, Si0O, — AL O,
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u AL O,, 3aTeM B IIPOTOYHOM PEKHUME TUIAPUPUBAIM OEH301 U3 PUPOPMUHT OeH3MHA
pu aTMOC(EpHOM JIaBICHUH U UHTEpBaje Temrepatyp 398 — 473°K npu paznuuHbIX
cooTHOMmEHUAX H./6€H301 M CKOPOCTAX MONAYM PEAKIMOHHONW CMECH, HauOOINbIIas
CTeneHb KOHBepCHHM Oensona jocturnyra Ha Ni/SiO, npu 423°K. B pabore (Peyrovi
et al, 2018) rugpupuBas OEH30JI B MOJENBHON CMECH C TOIYOJIOM Ha Pa3IMIHBIX
HukeneBbix Karanuszaropax: Ni/HMS, Ni/HZSM-5, Ni/HZSMS-HMS, Ni/ALO, u Ni/
SiO,. Haubonbmas kousepcust 6enzona 99,19 % ormeuena na Ni/ALO, npu 130°C,
00CYKIAr0TCsl Pa3IMYHBIX TEXHOJIOTHUECKUX (PaKTOPOB Ha MPOIECC.

Hukn pador (Kumar et al, 2023; Vasquez-Cespedes et al, 2018; Bayram et al,
2011; Gu et al, 2015; Johnson et al, 2025) MOCBSIIEH HUCIIONB30BAHUIO B KaYeCTBE
KaTaJM3aTOPOB PAa3IMYHBIX KOMIUICKCHBIX COEQUHEHWH, Tak aBTophl (Kumar et al,
2023) nmns TUAPUPOBAHUS APOMATHUYECKOTO KOJIBbIIA WCIOJNB30BajM CTAOWIBHBIA Ha
BO3/IyXE POAMEBBIA KOMIUIEKC C MUHLIEPHBIM OMC(OKCa301mi) (PCHUIBHBIM JTUTaHIOM.
B pabote (Bayram et al, 2011) mist ruspupoBaHust OSH3051a UCIIOIB30BAIN KOMILIEKC
[RhCp*CL],, tne Cp* = [n-C/(CH,).], aBropel (Vasquez-CeSpedes et al, 2018)
ncrionb3oBasin koMrieke Rh(V) mst akruBarmum cBsizni C—H. ABTOpHI IMOKa3aim, 9T0O
OpraHO-IIUPKOHUEBBIE KOMIUIEKCHI, TIOC)KEHHBIE HAa OKCHIBI ITUPKOHUS, ATFOMUHUS
U JIpyTHe KUCJIBIE HOCUTENH B MATKUX ycioBusax 25°C um armocdepHoe JaBiIeHUE
MpeBpanarT 0eH30J1 B IUKIOrekcad. B padore (Johnson et al, 2025) npeacraBneHsl
pe3ynbTaThl MO THAPHUPOBAHUIO OCH30JIa Ha KOMIUIEKCaX MEpPEXOMHBIX METallIoB,
MMEFOIUX OPraHMYECKUE JIUTaH bl

Kparkuii ananu3 cBeAeHUN 1O THUAPUPOBAHUIO APOMATHUYECKUX COECIUMHEHUH,
B YaCTHOCTH CEJEKTHMBHOE THAPUPOBaHUE OCEH30Ja, MOKAa3bIBa€T, YTO HWHTEPEC
uccreioBaTesyiel K 3Tol peakuuu He ociadeBaeT, a Ha00OPOT PacTeT, BOBIEKask HOBBIX
IPYII KaTaJln3aToOPOB, KaK KOMILJIEKCHI IEPEXOAHBIX METAILIOB.

JanHas paboTa sSBISETCS JIOTHYeCKUM MPOIOJDKEHHEM CBEACHUH, OITyOIMKOBaHHBIX
B paborax (Nurlan et al, 2023) u HampaBieHa Ha ynIyOJeHHE 3HAHUN IO CO3/IAaHUIO
KaTaJIn3aTOpPOB CEJICKTHBHOTO THAPUPOBAHHS OSH30JIa.

Mertonuka ruapupoBanus. [uapupoBaHHe TMPOBOIWIA B  CIIEIHUATHHOM
TEPMOCTAaTHPOBAHHOM aBTOKJIABE, CHAOKEHHOW TYpOMHHON MEIIAJIKOH, HCKITIOUaromei
BHeIHe-TU(QQy3nOHHBIE TOPMOKEHHE C BO3MOXXHOCTBIO OTOMpaTh NpPOOBI B XOAE
peakuuu. [t usmMepenust o6bema norIomEHHOT0 BOJOPOa UCIOIb30BaAIN yCTPONHCTBO,
MTO3BOJISIIONIEE TONJCPKUBATh IOCTOSHHOE JaBIeHHE B XoJe peakmuu. Yepes
CHETMaTbHOE YCTPOWCTBO aBTOKJIABA BHAYAJIE 3aChIITalId HABECKY KaTalln3aTopa, 3aTeM
BHOCHWJIA PacTBOPHTENb U THApUpyeMoe coenuHenne. [lociie repmernsanuy, aBTOKIaB
TPWXKIIBI MPOAYBAIM BOJOPOJIOM, 3aTe€M BKIIOYAIM OOOrpEB aBTOKJIAaBA W HaOWpain
HYXHO€ JlaBieHue Bogoposa. [Tocine 30 MEHYTHOTO OTCTOS IPU HYKHOW TeMIieparype,
BKJTIOYAJTM METIAJIKy aBTOKJIaBa U MPOBOIMIN 3aMep 00beMa MOTIIOMEHHOTO BOAOPO/A.
[locne peakmmm maBamy BpeMsi OCTHITH ABTOKJABY [0 KOMHATHOM TeMIIEpaTypBHl,
BBITPYXKAIlM TPOAYKTHl PEAKIMH Yepe3 NpoOOOTOOPHHK, IPOMBIBAIA aBTOKJIAB
pacTtBopuTeneM. Pe3ynbrarsl skciepuMerTa o(hopMITSsLTH B BUJIE rpaduka 3aBUCUMOCTH
CKOPOCTH OT OOIIET0 KOIWYECTBA MOTIAIEHHOTO BOAOPoaa. OMBITHI C THAPUPOBAHHEM
OcH3WHOB TpoBoAWIM 0e3 pactBopuTeneid. [IpoaykTel peakuuu aHaIM3UpPOBAIH
merogoMm KX,
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Kamanuzamops: TOTOBWIIM METOAOM MPONUTKH IO BIArOEMKOCTH HOCHTEJS.
Hnst  ompeneneHus BIAroeMKOCTH HOCUTENsl Opaiu  (UKCHPOBAaHHBIH 00beM
npeaBapuTenbHOro npokaiteHHoro npu 300—350°C HocuTens M NMpHUKaNbIBAIH BOAY
13 OIOPETKH C MOCTOSHHBIM TIepeMelInBaHieM 10 0Opa3oBaHus macTel. OukcupoBaIn
00bEeM KUAKOCTH K 00bEeMy HOCHTENA. 3aTeM Opain HEOOXOOUMYIO MacCy HOCHTEIsS
JUIsL TIPUTOTOBJICHHSI KaTajlu3aTopa v ONpeAessiin ero oobeM. bpanu ¢pukcupoBaHHbIH
00BbEM BOJIbI, COOTBETCTBYIOIINN BIAarOEMKOCTH HOCHTEJISI, © B HEM PACTBOPSLIH COJb
RhCI,3H,0. 3anuBanu HOcUTENb 3TH 00BEM PACTBOPA, TUIATENLHO MEPEMENIUBAIN
70 00pa30BaHUsl MACTHl U OCTABISIM Ha HOYb B TePMETHYHOM pekume. Karanuzatop
CYWIWIM TPH TOCTOSIHHOM IIE€PEMEIIMBAHUU A0 0O0pa3oBaHUs MOPOLIKA. 3a TeM
karanuzarop npokanuBaiu npu 200°C 4 yaca W BOcCTaHABIMBAJIM B TOKE BOIOPOJA
npu 300°C B teuenue 4 uacoB. Karamuzarop mocie OCThIBaHHMSI B TOKE BOAOPOIA
70 KOMHATHOM TeMIIepaTyphl MEPEchiand B OIOKCHl U XPaHWIHM B DKCHKATOPE HaJ
MIPOKAJICHHBIM CUJIUKAreIeM.

Marepuannl a1 uccieqoBaHui Oblin cienyromme. Hocurenu: cuOyHUT —
CHCUUAIBHBIA YTONBHBII HOCHTENb, pazpaboTaHHbI B WHCTUTYyTe KaTanm3a HM.
I"K.Bopeckoa CO PAH, umeer pa3Butyro noBepxHOCTh 10 S00 M?/T 1 MEXaHUYECKYIO
npo4YHOCTh; BAY — 0Gepe3oBblil akTHBUPOBaHHBIN YToib 10 500 M*/T MPOMBIIIIICHHOTO
npousBoscTBa; Y-Al,O, ¢ yaenbHol nosepxHocThio 10 100 M*r. Coms RhCI3H,0
3amasHHas B aMmIylie. ABTOMOOMIBHBIN OeH3rH Mapku AU 92, peannuszyeMslii B AJIMaThl,
OBbUI TIPEABApPHUTENILHO TMEPEerHaH Mpu arMoc(epHOM NaBICHWHM W K HEMy H00aBieH
OCH30JT MapKH «4».

AHau3bl TPOAYKTOB pEaKIMd M HCXOAHBIX COCOUHECHUH MPOBOAWIM Ha
xpomarorpage «Xpomarsk—Kpucrain 5000.2) ¢ ruraMeHHO-UOHU3AIMOHHBIH JIETEKTOP
(FID), cnabxenHol kanuuispHoi kooHko HP-5 (5 % dennn-mernnmnonucuiokca,
100 m x 0,25 mm x 0,25 MKM), mporpaMMupyemblii HarpeB Tepmocrtata: 40 °C (2
MuH) — 10 °C/mun — 250 °C (5 muH), ra3 HocUTenb renuil. Xpomarorpad cHaOxeH
OMOMMOTEKOM, MO3BOJISIIONIEH NIEHTU(UIIMPOBATH COCTAB YIIICBOAOPOAOB U MPOBOIUTH
ABTOMAaTHYECKHE PACUEThl COCTABBI aHAIN3UPYEMBIX MPO0.

OkcnepumenTsl POOC Obutn BBIIONHEHBI HA (POTORIEKTPOHHOM CIIEKTPOMETpE
¢Gupmet SPECS ¢ ucnonbsosanuem usinydenus AIK  (hv= 1486.6 5B, 150 Br). [llkana
sHepruii cBsizu (EcB) Oblna mpenBapuTeNbHO OTKaIMOPOBAaHA IO TOJOKEHUIO MHUKOB
OCTOBHBIX ypoBHei# 300ta 1 Mmeau Audf7/2 (84.0 3B) u Cu2p3/2 (932.67 3B). O6pasiibt
HAaHOCHJIUCh Ha JABYXCTOPOHHHWH MPOBOISIINN MeIHBIH ckoT4. DPdeKT moazapsaku,
BO3HHMKAIONIMH B mporecce (HOTOIMHCCHU DIIEKTPOHOB, YUUTHIBAJICS C TOMOIIBIO
METOJIa BHYTPEHHETO CTaHJIapTa, B Ka4eCTBE KOTOPOTO MCIMOIb30BaNach Al2p muHus ot
amomunus (EcB=74.5 sB), Bxomsimiero B coctaB Hocutens (y-Al203). Kak o630pHbie
CHEKTpbI, TaK U OTJEJIbHBIE CIEKTPAJbHBIE PETMOHBI 3aIHMCHIBAINCH IPH SHEPTUH
npomnyckanusa aHanuzatopa — 20 3B. OmnpeneneHue OTHOCUTENBHOTO COAEP)KaHUS
3JIEMEHTOB Ha MOBEPXHOCTH KaTaIM3aTOPOB M OTHOIIEHUE UX aTOMHBIX KOHIIEHTpAaLUi
OCYIIECTBISUIOCH [0 WHTETPAJIbHBIM  HMHTEHCHUBHOCTSM  (DOTOZIEKTPOHHBIX
JUHAH, OTKOPPEKTUPOBAHHBIX HA COOTBETCTBYIOLIME KOA(MGUIMEHTH aTOMHOMN
YYBCTBUTEJIBHOCTH.
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Pesyabrarel m ux oOcyxaeHue. TUNMYHbIE KMHETHYECKHE KPHUBBIE TMIPHUPOBAHUS
O0enszuHa Ha 3% Rh/cuOyHuTe mpu pa3muuHBIX TEMIEpaTypax MNpeACTaBICHbl Ha
pucyHke 1, rae nmpocmarpuBaroTces ABa yyacTka. Ha mepBoM ydacTke 10 MOIIOIIEHUS
npumepHo 1000 M1 Bogopoaa CKOpOCTH THAPUPOBaHuUs CHIDKaroTes oT 150 go 25 mun/
muH npu 800C, nanee HaOIIOAAETCS IIIATO C MOCTOSIHHONM CKOPOCTBIO A0 MOMTIOIIEHHS
paccuMTaHHOTO KOJMuYecTBa Bojopona. llpuyem He gomomiomieHHe MpU pa3HBIX
TeMIeparypax pasHoe, Tak eciu npu 400C peakuus NpakTHUYECKH OCTaHABIMBAETCS
nocie nornomienus 4300 mu H2, o npu 600C 6000 mu, B ipu 800C 6300 M Bogoposa.

300

250
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o

o
1

150

dv/dt (ml/min)
E

[4)]
o
1

0 T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
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Pucynox 1 — I'mapuposanue Gensuna Ha 3% Rh/cuGynure (0,3r) npu 40 aTM Bofopoaa U pasinyHbIX
temneparypax: 1 — 80°C, 2 — 60°C, 3 — 40°C.

Bun kuneTndeckux KpuBBIX TuaprupoBanus 6ensuna Ha 3% Rh/BAY (Puc.2) Takoit
kak Ha 3% Rh/culynuTte, pasHuia HabIroqaeTCs B BEIMYMHAX CKOPOCTEH THIPHUPOBAHHS.
O6mmM (hakToM 00OMX PHCYHKOB SIBJISICTCS HEIOTIOIVIONICHWE BOJOPOIA, MPHUICM
pu 400C KOIMYECTBO MOTIOIMICHHOTO BOIOpoaa B nBa pasa, yeMm npu 800C, a 600C

HaXOoOUTCA MCXKIY HUMH.
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Pucynok 2 — I'mapuposanue Oensuna Ha 3% Rh/BAY (0,3r) pu 40 at™ Bogopona u TeMieparype:
1 —80°C, 2 — 60°C, 3 — 40°C
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B yem nmprunHa TaKOTO BIMSHUS TEMIIEPATYPbI, IOUEMY ITPH CHIKEHUH TEMIICPaTyPhl
ot 80 o 400C Habmrogaercst HegonomomeHue Bogopona a0 2000 i H2, npudaem sto
HaOmonaeTcs Ha 00oux karanu3aropax (Puc.1 u Puc.2). OTBeThI Ha 3TH BOITPOCH MOXKET
MPOSICHUTH U3MEHEHUE YIIICBOIOPOTHOTO COCTaBa OCH3MHA TOCIIE THAPUPOBAHHSL.

B rtabmumax 1 u 2 mpuBeneHbl XMMHUYECKHE COCTaBbl MCXOMHOTO OCH3MHA U
MPOAYKTOB €ro Ha POAMEBBIX KaTajiu3aropax, HAHECCHHbIX Ha cHOyHUT, BAY wu
v-Al203. B Tabmune 2 mpuBeIcHBI TPYNIOBBIE, a B Tabnuue | WHAWBUAYaTbHBIN
YIJICBOJIOPOJIHBIN M0 KOHKPETHBIM COCIUHCHHSIM. B MCXOIHOM OCH3MHE CONEPIKUTCS
82,6 % mapaduHOB, T.e. IMHEHHBIX akaHOB, 4,9 % u3o0ankaHos, 1,8 % Hadrenos, 0,3
% onedunoB u 8,8 % Oenzona. CieayeT OTMETUTh, YTO JIJIS U3YYCHUS BO3MOXKHOCTH
CEJICKTUBHOTO THJAPUPOBAHHMS Mbl HaMEPEHHO J00aBWJIM HEKOTOPOE KOJIHMYECTBO
OeH3oma B OSH3WH, KOTOPBIA peajn3yeTcs B PO3HUYHON Topromie. [lepen moGaBkoit
TOProBbIA OCH3MH ObLT MEPErHaH MPH aTMOC(HEPHOM JABJICHUHU, YTOOBI UCKIFOUYUTH
HEraTUBHOE BO3/ICHICTBUE HA KaTallM3aTop J00ABOK M0 M3MEHEHUWIO IIBETa U JIPYTHX
TEXHOJIOTUYECKUX XapakTepuCcTHK. B Tabmuie 1 mokasaHo, 4To B OCH3UHE CONEPIKUTCS
82,2 % rekcana, a u3z onepuHoB oOHapyxuBaercs 0,3 % nemneHa-1, KOIHMYECTBO
WHIMBUIYabHBIX HaQTeHOB MeHee 1 % KaxIblil.

[Mocne ruapupoBanus Ha 3 % Rh/cubynur cocraB OeH3WHA CYHICCTBEHHO
u3Mmensiercs, Tak npu 400C KOIUYECTBO H-aJIKAHOB yMeHbIaercs A0 15,9 %, Takas
e TeHaeHnus Haomronaercst Ha 3 % Rh/BAY u 3 % Rh/ y-Al1203. MsI paccuuTtbiBaiy,
YTO Karajau3arop OyleT TuApUpoBaTh apOMaTHYECKOE KOJIBIIO OEH30J1a, HO OKAa3aJioCh,
YTO MPOMCXOIUT HM3MEHEHHUE BCEro YIJIEBOJAOPOAHOTO cocTaBa OcH3uHa. Hapsmy c
TUIPUPOBAHUEM NapajlIeIbHO UIIYT PEAKIIUN U30MEPU3aLINH, [IUKIN3AlUU U JPyTHE.

CpaBHEHHE W3yYEHHBIX KaTajau3aToOpoB TOKa3biBaeT, 4yTo Ha 3 % Rh/cubynute
KOJIMYECTBO M30aJKaHOB yBennunBaercs 10 61,8 %, va 3 % Rh/BAY no 57,9 %, ana 3
% Rh/ y-AI1203 no 51,3 % (Ta6n.2). KonnuectBo mukiorekcana cocrasiser 3 % Rh/
cubynure 12,8; 16,8 % Ha 3 % Rh/BAY u 13,5 % na 3 % Rh/ y-Al203 (Tab6n.1) te.
B MPOAYKTaX PEakuy OOHApYKHUBAaeTCs OOJbIIe, YeM OSH30J1a B UCXOJHOM OCH3HHE,
YTO TOBOPUT O MPOXOKACHUM PEaKLUU [UKIN3alUU alkaHoB. KpoMe IukiIorekcana B
MIPOAYKTaX peaKkIui O0HAPYKUBAKOTCS U APyrue HaQTeHbI, Kak 1,3 IMMETHIIIUKIIOTICHTaH
B 1uc- ¥ TpaHchopmax. 1,2-TUMETHIIHMKIONEeHTaH, 1,1,3-TpUMETUIIIMKIIONICHTaH,
STUILMKIOreKcaH, 1,1,2-TpUMETHUIIUKIOreKCaH, TpaHc-1,3-TuMeTHIIUKIONeKCaH.
Otux HaQTEHOB C HCXOIHBIM OCH3UHOM HE COJIePIKATCs, a Takke oOHapyxuaetcs 0,1
% ToOJIyOINa, TOT/Ia B HCXOTHOM OCH3UHE €T0 He OBLIO, TOATOMY K YHCITY MPOUCXOJSIINAX
peakiuii MOXKHO MNPUYUCIHUTH PEakluio apoMaTtu3anuu. K uuciy yrieBomopoaos,
KOTOPBIX HE OBLIO B MCXOIHOM OCH3MHE HEOOXOIMMO J00aBUTH OyTaH M M300yTaH,
MEHTaH ¥ W30IEHTaH, 2,2-IUMeTWIOyTaH, 4-MeTwineHteH-1, 2,3-mumerunoyraH,
3-MeTWineHTaH, 2,2-TUMETWINCHTaH, 2,4IUMETWINCHTaH, 2,3 IUMETHUIIISKCaH,
H-OKTaH, a TAKXK€ MOYKHO OTHECTH AUCHBL, 2,3 ,4Tpumetu-1,4-neranuen u 3,3 AUMETHII-
1,5-rekcaueH.

Ha 3 % Rh/ y-Al203 00HapyKUBAOTCS COCTUHEHUS, KOTOPBIX HE OBLIO B UCXOAHOM
Oensune u Ha 3 % RW/BAY, u Ha 3 % Rh/cubynure. 310 crneayromue coeanHEHHUS:
LUC-OKTEeH-2,  2,2-IUMETUITCITaH, 1,1,4TpUMETHIILIMKIIOTEKCAH,  ATHIOCH30JI,
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1,2,4-TpUMETUILHUKIOTeKCaH, 3-MEeTUII-3-3THUITEKCaH, O-KCUIION U APYTUE, CONCPIKAHHE
KoTOphIX MeHee 1 %.

Ananu3upyst  pe3ylbTaTbl  COCTaBOB  MPOAYKTOB  TUAPUPOBAHUS,  MOXKHO
KOHCTaTHPOBATh, YTO HAPSI/IY C TUAPUPOBAHUEM OCH30JIa Ha U3yUSHHBIX KaTalln3aTopax
UIYT CIEIYIOUIUE PEaKIUK: MU30MEpHU3aLUH, [UKIN3AIUN, apOMATU3AlNK, KPEKHUHTa,
JETUPUPOBaHUs, AKWINpOBaHUsA. Bce 3TM peaknuu HAyT 4vepe3 oOpa3oBaHUs
MOJIYTUAPUPOBAHHON (hOPMBI, KOTOpask 00pa3yeTcss Ha MOBEPXHOCTH KaTralu3aTopa, u
SIBJISIETCSI IPOMEKYTOUHBIM COSIMHEHUEM BCEX BBHIIICHA3BAHHBIX PEaKIUM.

Ta6mmna 1. CpaBHUTENBHBIH COCTAB HCXOAHOTO OCH3MHA M IIPOTYKTOB €T0 THIPHPOBAHUS Ha
ponueBsix Karanusaropax mpu 40 atm u 80°C.

Ne Ha3Banmue Hcxonubrii 3 % Rh/ 3 % Rh/BAY 3 % Rh/
GeH3uH Culyuur YALO,
1 |u- 6yren - 0,6 0,3 -
2 | H-OyTeH - 2,5 1,6 0,1
3 | u-eHTaH - 21,5 17,9 7,5
4 | H-neHTaH - 6,1 5,4 3,0
5 | 2,2-npumetnunOyTan - 12,6 11,9 9,7
6 | 4-mernaneHTeH-1 - 0,8 0,8 0,6
7 | 2,3-numeTunOyTan - 2,6 2,5 2,4
8 | 2-meruianeHTaH 0,1 8,7 8,6 8,5
9 | 3-MeTHIIIIEHTaH - 5,1 5,2 53
10 | n-rexcan 82,2 4,1 43 4,7
11 |2,2-qumeTunmneHTradn - 2,7 2.8 3,2
12 |2,4-numMeTrurieHTaH - 0,6 0,6 0,8
13 | benzoxn 8,8 0,8 0,8 1,2
14 | H-HOHaH 0.4 - - 0,1
15 |2,5-numerunokTan 0,5 - - -
16 |I-c10-1 0,1 - - -
17 | H-Oy THIILMKIIONICHTaH 0,2 - - -
18 |N-c101 0.3 - - -
19 | 1,3,5-tpumeTtrndenson 0,3 - - -
20 |2,3-1MMeTHIIOKTaH 0,5 - - -
21 | 5-MeTuaIHOHAH 0.4 - - -
22 |N-c10-6 0,2 - - -
23 |1-c10-6 1.2 - - -
24 | 2-MeTUIHOHAH 0.4 - - -
25 | 3-3TUI0KTaH 0,7 - - -
26 |N-c10-2 0,2 - - -
27 |N-c10-7 0.3 - - -
28 |1-c10-3 0,3 - - -
29 |N-c10-8 0.3 - - -
30 [I-c10-8 0,2 - - -
31 | 1,2,4-rpumMeTHnOeH30T 0,2 - - -
32 | A-c10-1 0,6 - - -
33 [ N-c10-9 0,2 - - -
34 | I-c10-10 0,3 - - -
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35 |I-c10-11 0,1 - - -
36 | deuen-1 0,3 - - -
37 | Luknorekcan - 12,8 16,8 13,5
38 | 2-meTmnrexcaHn - 3,0 3,2 4,7
39 | 3-meTunrekcax - 3,2 3,4 5,2
40 | 1t,3-1MMETHIIUKIIONICHTAH - 0,6 0,7 1,0
41 | 1¢,3-IMMeTHIIHUKIIONECHTAH - 0.4 0,4 0,7
42 | 3-3THaNeHTaH - 0,4 0,5 0,7
43 | 1t,2-1MMETHILUKIIONCHTAH - 0,2 0,3 0,4
44 | H-rekcaH - 1,8 1,9 33
45 | 1¢,2-TMMEeTHIIIUKIIONIEHTaH - 5,9 6,4 11,2
46 |2,3-1UMETHIITIEHTEeH-2 - - - 0,2
47 | 1,1,3-TpUMETHILUKIIONICHTaH - 0,2 0,2 0,4
48 |2,3,4-tpumernii-1,4-neHraauex - 0,1 0,1 0,3
49 | 3,3-numerni-1,5-rekcaauen - 0,2 0,2 0.4
50 | 3THIIUKIIOTICHTAH - 0,1 0,1 0,2
51 |2,2,3-rpuMeTHimneHTan - - - 0,1
52 | 1c,2e,4c-TpuMeTHIIICHTAH - - - 0.4
53 | Tomyon - 0,1 0,1 0,2
54 |1,1,2-TpuMeTHONMKIONCHTAH - - - 1,0
55 | 2,3-muMeTUITreKCaH - 0,2 0,2 0,5
56 | 2-mMeTHI-3-3THIITIEHTaH - 0,6 0,7 1,4
57 | Anokcua okraaueHa-2 - 0,2 0,2 0,5
58 | 1,1,2-TpuMeTUIIMKIONICHTaH - 0,4 0,5 1,1
59 |2,2,5-rpumeTnirexcan - - - 0,3
60 | 1t,3-1UMETHIIIUKIIOTEKCaH - 0.4 0,4 0,8
61 | H-OKTaH - 0,2 0,3 0,7
62 | nuc-okTeH-2 - - - 0,5
63 | 2,2-numeruirenTas - - - 0,8
64 | 1,1,4-TpUMETHIIIMKIIOTEKCAH - - - 0,2
65 | aTrOeH30I - - - 0,4
66 | 1,2,4-TpUMETHIIIIMKIIOT€KCaH - - - 0,2
67 | 3-MeTHII-3-3THIITEeKCaH - - - 0,2
68 | 0O-c9-19 - - - 0,1
69 | N-c9-13 - - - 0.3
70 | O-kcuton - - - 0,2
71 | N-c10-11 - - - 0,2

Tabnuna 2. I'pynmoBoii cocTaB OeH3MHA MOCIe THAPUPOBAHUS Ha POIAMEBBIX KaTaiauzaropax mpu 40
aTM.

t,°C Coctas nponykrtoB peakiuu, [ KX, %. Kounsepcus
aJKaH | W30aJKaH Apomarnka Hagren | Onedun | Oensona, %
Benzon | Tomyon
Ucxonuslii OeH3UH 82.6 |49 8.8 0 1.8 0,3 -
3% Rh/Cubynur |40 |15,9 |67,6 1,8 0,1 12,2 2,1 79,5
60 13,3 |59,1 0,9 0,09 10,9 1,9 89,8
80 [14,8 |61,8 0,8 0,08 9,1 1,4 90,9

266




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

3% Rh/BAY 80 | 13,5 579 0,8 0,08 9,8 1,3 90,9
3% Rh/yALO, 80 | 11,9 |51,3 1,2 0,2 19,4 3,1 86,0
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Pucynok 3 — I'mapupoBanue OeH3unHa Ha 3% poaueBbix katanusaropax (0,3 r) mpu 80°C u 40 artm:
| — cubynwut, 2 — BAY, 3 —v-AlLO,.

CpaBHEHHE KHHETHYECKHX KPUBBIX THAPUPOBaHUsS OCH3MHA Ha POIUEBBIX
KaTalu3aropax, HAaHECEHHBIX Ha pa3IM4YHbIC HOCUTENH, TOKa3blBAaeT, YTO BHJ HX
uaentrueH (Puc.3). Ha yronbHbIX HOCHTENSX aKTUBHOCTh POAMS BBIIIE, YeM Ha OKUCH
QIIOMUHHS, OYEBUIHO JTO CBS3aHO C YIACIBHOH IOBEPXHOCTBIO HOCHTEIS, €CIM Ha
y-AlL,O, ynenbHas nosepxHocTh g0 100 M*T, To cubynure u BAY mnpesbimaer 500
M?/T. KpoMe TOro HeoOXOAMMO OTMETUTh KHCIHbI XapakTep YTOJIbHBIX HOCHTEINCH,
KOTOpbIE MOTYT Ha POJMEBBIX KJIACTEpax MOJOKHUTEIbHBIN 3apsim Rh¥, koTopslii, Kak
obuto oTMeueHo paHee Hamu (Konuspaev et al, 2010), cnocoOCTByeT MOBBIIICHUE
AKTHMBHOCTH KaTajM3aropa W CEJEKTMBHOMY THJIPHPOBaHHIO OCH30lla B CMECH C
JPYTUMH apOMaTHYeCKHMHU COCTUHCHUSIMH.

Hcnone3oBaHHbIe [UIS TUAPUPOBAHUS OCH3MHA POJAMEBBIC KaTAIM3aTOPBI OBLIH
H3YyYeHO METOIOM PEHTreHO(pOTOANEKTpoHHOW crnekrpockonuu (POIC). TunnyHbi
0030pHBIN  (OTOIEKTPOHHBIH criekTp oOpasua 3 % Rh/BAY mnpencraeieH Ha
pucynke, s 3 % Rh/y-Al O, cniektp umeet Takoi Bua. Jpyrux JuHUE 31EMEHTOB Ha
MOBEPXHOCTH 00pa3IoB He OOHAPYKEHO.

Survey scan

2x10* 1

Intensity (cps)

1x10* 1

0 200 400 600 800 1000 1200
Binding energy (eV)
Pucynox 4 — OG630pHBIi (HOTOAIEKTPOHHEIH crieKTp obpasna 3 % Rh/BAY.
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Tabnuna 3. CocraB NMOBEPXHOCTH M3MEPEHHBIX 00pa3lOB B aTOMHBIX MpoLeHTax (ar.%) u atoMHOe
orHomenne Rh/Al u Rh/C.

Obpaser Rh-% Al-% Cl-% C-% O-% Rh/Al Rh/C
1%Rh-AL O, 0.9 27.9 0.3 16.2 54.7 0.03 0.06
3%Rh-Al0, 1.4 31.7 4.0 12.1 50.7 0.05 0.12
3%Rh/BAY 1.2 8.0 0.9 68.9 21.0 0.15 0.02

XUMUYECKUI COCTaB MOBEPXHOCTH POAMEBBIX KaTaJU3aTOPOB TMPEACTaBIEH B
Tabnuue 3, Tak Ha MoBepxHOCTH Karanuszaropa Rh/y-Al O, obGnapyxkusaroTcs BCe
JJIEMEHTBl HOCHUTENS, KaK aJIOMUHHUM, KUCIOpPOJ, a TakXe XJIOp, KOTOpBIH ocTaics
Ha TIOBEPXHOCTH I10CJIE€ BOCCTAHOBIIEHHUS XJIOPUCTOTO POAMS 10 MeTamaudeckoro. Ha
noBepxHocTH 3 % Rh/BAY momuMo yriepona u xjiopa oOHapyKMBaeTCsl allOMUHUH,
KOTOPOTO HE JOJDKHO OBITh, UYTO SBISCTCS HEOKUAAHHBIM (akToM, XOTsI BAY,
MIPUTOTOBIICH U3 OEPE30BOM APEBECHHBI, B KOTOPOM MOXKET OBITh aJIFOMUHHH.

Rh3d 307.1-Rh°

4x10° 1

Intensity (cps)

3x10° 1

300 304 308 312 316 320 324
Binding energy (eV)
Pucynok 5 — Rh3d dorosnextponnsrii ciekrp ob6pasna 1%Rh/ALO,.

Rh3d 308.9-Rhg, ¢

1x10% y Rh%Rho, o = 0.32
2
o
=
2 8x10°
Q
=

6x10°

304 308 312 316 320
Binding energy (eV)

Pucynox 6 — Rh3d dorosnexrponnsrii ciektp obpasna 3 % Rh/ALO,.
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Rh3d]  307.2-RH° 308.9-Rh,,
4500 4 %K
. ‘
o
=
(7]
C
& 40004
=
35001
o 308 312 316
Binding energy (eV)

Pucynok 7 — Rh3d ¢orosnexrponnslii ciekrp obpasua 3 % Rh/BAY.

Anamus dotodnexTpoHHbIX auHEA pomus (Rh3d) (Puc.5, 6, 7) mo3BomsieT caenarsb
BbIBOZ, 4T0 B OOpasue 1 % Rh/ALO, pommnii HaxomuTcss NPEMMyLIECTBEHHO B
METAJUTMYECKOM COCTOSTHUH, 00 3TOM CBHJICTEIbCTBYET KaK 3HAUCHHE SHEPTUU CBS3H
nuka Rh3d (E_ = 307.2 3B), koropoe TMnM4YHO Myt MeTama, Tak U aCUMMETpPHS
(hOTODNIEKTPOHHBIX MTUKOB CO CTOPOHBI OONBIIMX 3HAYCHUH SHEPTUH CBSI3U, UTO TAKKE
SIBJISIETCS] XapaKTEPHBIM TSI METAJIIIOB.

B npoTUBOIOIOKHOCTE 3TOMY 00pa3ily 3Ha4eHUE DHEPTUH CBSI3U OCHOBHOTO MHKA
Rh3d momyuennoe ms obpasua 3 % Rh/AL O, cocrasnser ~ 309 5B, Takoe 3Ha4eHne
XapaKTEPHO JIJIsl POJIHSI B COCTABE XJIOpHIa HITH okcuia. OTHAKO CIIEyeT OTMETHTh, YTO
B criektpe Rh3d momonmauTensHO HAOIIOMACTCS TIIEU0 CO CTOPOHBI MEHBIITNX 3HAYCHHI
sHeprun cBs3u (~ 307 »B), KOTOpoe MOXHO TPHUITHCATH MeTaLTHIeckoMy poauio. C
moMoIIsko mporpaMMbl XPS-Peak 6110 ipoBeieHo pasmoskeHne MukoB B peruone Rh3d
Ha OT/ICJbHBIC CIICKTPAIbHBIC KOMIIOHEHTBI. Pe3ylbTaThl pa3ioxeHus pe/ICTaBlIeHbI Ha
puc.6. OTHoOIIeHNE MIIOMIAAeH MTMKOB WHIUBHUIYalbHBIX COCTOSIHUN MeTayia U PoIust
B COCTaBe OKCHJIAa WIJIM XJIOPHIA (Rh"/RhOX,Cl) cocraBmsier — 0.32. B cmekrpe Rh3d
obpasna 3 % Rh/BAY (Puc.7) taxke HaOMOAAIOTCA ABA COCTOSIHUA POAWS (METaul 1
oxcun). OTHOLIEHHE MIIOIIA/e MUKOB dTUX MHAMBUIyanbHbIX coctosnuit (Rh'/Rh )
coctaBisieT — 1.5. ABropamu (Kumar et al, 2023) npu uzydennn karannzaropa Rh/
cuoyHuT MeTo10M PO C OB1710 TOKAa3aHO, UTO JJTSI CEIICKTHBHOTO THAPUPOBAHHS OSH301a
B MPHUCYTCTBUH JPYTUX apOMaTHYSCKUX COCAMHEHHH HEOOXOIMMO TPHUCYTCTBHE Ha
noBepxHocTH Rh**, /17151 4ero B KaTaluTHIECKYHO CHCTEMY TTOIKHCIISIIH, TS TOSIBICHUS
MOJIOKUTEIFHOTO 3apsijia Ha KiacTepax POJIHsl.

3akiaiouenne U BbIBOABLI. B panee mpoBenaeHHBIX Hamu padorax (Nurlan et al,
2023) ObUTO M3YyYEHO THIPUPOBAHNE WHIAUBUIYATHHBIX apOMaTHIECKUX COCTUHEHUH,
Kak OCH30J, TOJIYyOJ M KyMOJ B CpeJle pacTBOPUTEICH, KOTOPBIMH OBIIM 3TaHOIN
u Bozma. PacTBopuTens HE y4acTBOBANI B peakivu, a ObUT BCEro JHIIL CPeJoH,
KOTOPBI MOT' y4acTBOBaTh B COJbBATAIIMM WJIM THAPATAIIMHA UCXOIHBIX COCIMHECHUH,

269




ISSN 2224-5227 4.2025

MPOIYKTOB PEaKIMy U MOBEPXHOCTH KaTanu3aropa. B ciyuae rugpupoBanus OeH3011a,
HaXOJSIIIerocss B OCH3HMHE, KaTalu3aTop OKa3biBaeT NIyOOKOE BO3JICHCTBUE Ha BCE
YIJICBOJIOPOJIHBIC COCIMHEHUS, HAXOSAINUECs B COCTaBe OCH3MHA. ABTOpPHI B Havale
roJiarajid, 4To YIJICBOAOPOJAHAs cpela OylIeT CIYKUTh PaCTBOPHUTEIEM W CPEIOU, B
KOTOPOM MPOXOAMT PEAKIHsl. DKCIIEPUMEHT I0Ka3all, YTO POJAWH, HAHECCHHBIM Ha
cubynut, BAY u y-AlO,, IPOBOMUT HE TOJNBKO THAPUPOBAHUE OEH30J1a, HO U TIPOBOIUT
BT OYKeT XUMHUYCCKUX PEaKIUi MPEeBPaICHUs YIIIEBOJOPOIOB, KAaK H30MEPHU3AIHsI
(kapkacHasi ¥ [UC-TPAHC-), MUKIU3ANNSA, KPEKUHT, apOMaTH3aus, JETHAPHPOBAHUE,
ANKUIUPOBAaHKE W Jpyrue. [IpudyuHOW 3TOMY SBISIETCS HATHYHE HA TOBEPXHOCTU
METAJLTUYECKOTO POJIUS PA3IIUIHBIX (POPM a7cOPOMPOBAHHOTO BOJOPO/Ia K BO3ZMOKHOCTh
AKTHBAIMM M apOMATHUECKUX COCTUHEHHUI, W aJKaHOB, ¥ HA()TEHOB, U OJC(HUHOB.
Ecnu apomarmueckue coeiuHEHUs U ONeHUHBI aACOPOUPYIOTCS W aKTUBUPYIOTCS
4yepe3 B3auMOJICHCTBHE T-KOMIUIEKCA, TO alIKaHbl aKTHBHPYIOTCS uepe3 oOpa3oBaHue
0-COeIMHEHUN ¢ poaueM. B o0oux ciayyasx uaer oOpa3oBaHUE MOIYTHIAPUPOBAHHOMN
(dhopmbl, kak ormedeHo [1.B. CokonbCckuMm, O3 HEE XeMOCOPOIIUIO CTAN CBSA3BIBATH C
KOOpJUHAIIMEH, T.e. 00pa30BaHHEM Ha MOBEPXHOCTH KOOPIUHAIIMOHHBIX COCITUHCHHIA.
[MonyruapupoBanuyo (HoOpMy MOXKHO pPaccCMaTpUBaTh, KaK KOOPAWHAIIMOHHOE
COCMHECHHE, KOTOPOE SIBISICTCSl MPOMEKYTOYHBIM COCTOSIHAEM BBIIIE HA3BaHHBIX
peaxiuii, HAYIIUX MapaieibHO, PU THAPUPOBAHNN OCH30J1a B COCTaBe OCH3UHA.

Ucxo0s uz smozo modicHo coenams ciedyouue bl800bL.

1. Ilpu ruppupoBaHuu OCH30JA, COICPIKAIIECTOCS B OCH3MHE, UJACT IENbIi OyKeT
XMUMUYECKUX PEaKInil, OCHOBHONH M3 KOTOPBIX SIBISCTCS KapKacHas HW30MEpHU3aIlvs
YTJIEBOJIOPO/I.

2. Bo cmyuasx ruapupoBaHHe ~OCH3MHA  OTMEYAETCs  HEIOMOIVIONICHUE
PACCUUTAHHOTO KOJIMYECTBa BOJIOpOJa, MeHbIie Ha Rh/cubOynut, Oonbiie Ha 3 % Rh/
YALQ,, 4T0 CBA3aHO C NPOXOKJEHUEM TapaslIebHbIX PEAKLIHH.

3. IlpuruapupoBanuu OeH30:1a, COAEPIKAIIETOCS B COCTaBe OCH3UHA, HE JIOCTHTaeTCs
100% xoHBepcuu OeH3071a, YTO, BUIUMO, CBS3aHO C HAJTMYUEM NTapaslIeIbHBIX PEaKIIUH.

4. Meronom P®DOC mokazaHo, 4TO Ha TOBEPXHOCTH HM3YYCHHBIX KaTajau3aTOpOB
MOMHUMO METAUTHYECKOTO POIHs OOHAPYKUBAIOTCSA 3aPSHKCHHBIA  (OPMBI  POIHS
ONMU3KHE K COJISIM M OKCHJIAM POJTHSI.
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Abstract. An important task of pharmacy is to expand the base of medicinal plant
raw materials and evaluate their potential use in medical practice. The purposeful study
of plants used in traditional and folk medicine is one of the main ways to identify
promising types of plant raw materials.

Parmelia sulcata is a leaf-shaped lichen belonging to the Parmeliaceae family. This
lichen is widespread mainly on tree bark, rocks, and cliffs, as well as in forest, steppe,
and mountainous areas. Parmelia sulcata has long been used in traditional medicine
to treat skin diseases (wounds, cuts) and respiratory diseases (bronchitis and colds).
However, the phytochemical composition of this raw material has not been fully studied.

In this study, the number of phenolic compounds in the thallus of Parmelia sulcata
was determined by the spectrophotometric method. The study examined the influence
of factors such as alcohol concentration, extraction time, particle size of raw materials,
and the ratio of raw materials to extractant on the total amount of phenolic compounds.
As a result, the most effective extractant was 70% ethanol, the most effective particle
size of the raw material was 1.5 mm, and the most effective extraction time was 48
hours. The maximum content of phenolic compounds was observed at a raw material-
to-extractant ratio of 1:100. The effect of Na2COs concentration and the volume of the
oxidizer on the reaction of phenolic compounds with a mixture of phosphomolybdic and
phosphotungstic acids was also investigated.
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In the process of quantitative determination of the total phenolic compounds in the
thallus of Parmelia sulcata, the studied extraction conditions allowed their accurate
and efficient determination. This method is convenient for use in pharmacognostic and
phytochemical studies and is important for quality control of future medicines. The
spectrophotometric method is simpler, more resource-efficient, and more accessible
than high-performance liquid chromatography, and a comprehensive study of extraction
parameters allows obtaining the maximum yield of phenolic compounds.

Keywords: Parmelia sulcata, phenolic compounds, spectrophotometry,
phosphomolybdic and phosphotungstic acids, biologically active substances
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AnHoTamus. [lopinik eciMJiK MIMKI3aThIHBIH 0a3achlH KEHEWUTY JKOHE OHBI
MEIMIIMHAIBIK MPAKTHKala KOJJAaHy MYMKIHIIrH Oaranay (apMarusHbIH MaHbBI3IbI
MiHzAeTi Oonbin TaObuTaAbl. JlocTypii jKoHE XalBIKTHIK MEAMLMHAAA KOJNJaHBUIATHIH
OCIMAIKTEpl MakcaTThl 3epTTey OCIMAIK IIWKI3aTHIHBIH MEPCIEKTUBANBI TYPIEPiH
TaOy/AbIH HeTi3r1 Tocinaepinin 6ipi 00BN TaObLIAAbI.

Parmelia sulcata - Parmeliaceae TyKbIMIaCbhIHA KaTaThIH JKaTBIPAK TOPi3/i KbiHA. by
KbIHA HET131HeH arall KaObIFbIH/IA, TACTap MEH JKapTacTapla, COHIai-aK OpMaH/Ibl, Aaja
JKOHE TayJibl alMaKTapnaa KeH Tapairad. Parmelia sulcata y3ak yakpIT OOWBI ToCTYpii
MeIMIMHAAa Tepl aypylapblH (Kapauap, Kecylep) >KOHE THIHBIC ally >KOJIAPbIHBIH
aypysapbiH (OpOHXHT XK9HE CYBIK THIO) EMACY YIIiH KOJIAaHbIUIFaH. AJaiaa Oy eciMIik
LIMKI3aThIHBIH (PUTOXUMUSUIBIK KYPaMBbl TOJBIK 3€pTTEIMEIEH.

Byn 3eprreyne Parmelia sulcata KbIHACBHIHBIH TaJUIOMBIHAAFbl  (PEHOJIBI
KOCBUIBICTAP IBIH MOJIIIEP] CHEKTPO(HOTOMETPHUSIIBIK 9/11C1 apKBIIbI aHBIKTAJIIBL. 3epTTEY
0apbIChIHAA CTIUPT KOHLEHTPALMSCHI, SKCTPAKLIHUS YaKbIThI, IIUKi3aT OONIIEKTEPiHiH
eJIILIeMi, IIMKI3aT MeH IKCTPAreHTTiH apaKaThIHACHI CHUSKTHI (pakTopaapAbH (HEeHONIbI
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KOCBUIBICTAP/IbIH KHUBIHTBIK MOJIILIEpiHe acepi KapacThIpbulasl. HoTmkecinae e Tuimai
akctpareHT 70% 3TaHON, €H THIMJII MUKi3aT Oejiek enmemi 1,5 MM KoHE eH THIM/I
OeuiHy yakbIThl 48 caraTTBIK SKCTpakUusaaa aHblKTanael. LInKizaT meH sKCTpareHTTiH
1:100 apakarbiHackiHAa GEHONIBI KOCUTBICTAPABIH €H KOFapbl MOJIILIEP] aHBIKTAJIIbL.
ConbIMeH Katap heHon bl KOChUIBICTapAbIH (hochopmonudaeH xoHe hochopBosibhpam
KBILIKBUIAAPBIHBIHBIH KocnacbiMeH peakiusuiacybiHa Na:COs KOHIEHTPaUUsIChIHBIH
YKOHE TOTBIKTBIPFBIII KOJIEMiHiH dcepi KapacThIPbUIFaH.

Parmelia sulcata TannoMbIHIAFE! PEHONABIK KOCBUIBICTAP/IBIH KUBIHTHIK MOJIILIEPiH
CaHJIBIK aHBIKTAY OapbICBIHA 3EPTTEITeH SKCTPAKLIUS [IAPTTapPhI OJIAPBIH A1 Opi THIMI
aHBIKTATybIHa MYMKIHAIK Oepeni. by antic papMakorHOCTHKAIBIK )KOHE (PUTOXUMHUSIIBIK
3eprTeyiaepae KoJIanyFa bIHFalIbl, COHai-aK Oonamiak Jopijiik npenaparrap canachbla
OakpLIayna MaHbI3bl 00JIbI Ta0bUIaABl. CIIEKTPO(POTOMETPHUSIIBIK 9J11iC JKOFAPHI THIM/IL
CYHBIKTBIKTBI XpoMarorpadusira Kaparanaa KapanaiblM, pecypcTbl YHEMCHTIH JKoHE
KOJDKETIM/II TOCNT OOMbIN TaObUIaAbl, all SKCTPAKIMs MapaMeTpiepiH KelIeHAl TypAae
3eprTey (PEHONBIK KOChUIBICTAP IBIH MIBIFBIMBIH MAKCHMAJIIBI ATyFa MYMKIHIIK Oepei.

Tyiiin ce3nep: Parmelia sulcata, dpeHONBl KOCBUIIBICTAP, CIEKTPOPOTOMETPHS,
dochopmonndren xoHe GocdopBoabPpaM KBIIKBUIAAPHI, OHONOTHSIIBIK OeNCeH I
3arTap

OI.K. BaiicanoBa'*, b.K. Epraii’, A.A.Taatenos', II. Ky:karosa?,
I'.E. Cacnyraesa', 2025.
! EBpasuiickuii HauuoHa bHbl yHUBepcuTeT uMenn JI.H. I'ymunesa,
Acrana, KazaxcraH;
MeaMIMHCKWI YHUBEpCUTET Actana, ActaHa, Kasaxcran.
E-mail: galya 72@mail.ru

KOJMYECTBEHHOE ONIPEAEJEHUE CYMMbI ®EHOJIBHbBIX
COEJIMHEHMI B TAJLTIOME PARMELIA SULCATA

Baiicanosa I'aausa — IIpodeccop, Epasniicknit nannonansusiii yausepcurer nmenu JI.H. T'ymunesa,
Acrana, KazaxcraH,

E-mail: galya 72@mail.ru, ORCID: https://orcid.org/0000-0003-1338-0308;

Epraii bek3aga — Maructpant, Meguuunckuii yauBepcureT Acrana, Actana, Kazaxcras,

E-mail: Bekzada2001_2001@mail.ru, ORCID: https://orcid.org/0009-0002-6883-0062;

Ao63aa TaarenoB — Ilpodeccop, EBpasmiickuii HanmoHansHbl yHuBepcurer uMenn JL.H. T'ymunesa,
Acrana, KazaxcraH,

E-mail: abzal06@mail.ru, ORCID: https://orcid.org/0000-0002-0620-3816;

Hepueryn KyxaroBa — Crapumii npenogasarenb, MeIULMHCKUNM yHHBepcuTeT AcTaHa, AcTaHa,
Kazaxcran,

E-mail: perne-orazai@mail.ru, ORCID:https://orcid.org/0009-0008-4378-0568;

Cacnyraesa I'yaibnyp — PhD nokrop, EBpasuiickuii HannonanbHsli yansepenter umenu JI.H. I'ymmesa,
Acrana, KazaxcraH,

E-mail: gulnur_erzhanovna@mail.ru, ORCID:https://orcid.org/0000-0003-3223-3602.

AHHOTaALHA. PacmeeHHe CI:IpLCBOI\/'I 0a3bl JICKaAPCTBCHHLIX CPEACTB U OLICHKA
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MEPCIEKTHB UCTION30BAHUS MPUPOIAHBIX 0OBEKTOB B MEUIIMHCKOM MPAKTUKE SIBISIOTCS
Ba)XHEHIIMMH 3a/1auaMH COBPEMEHHOH (apmanun. LlerenanpaBneHHoe uccieqoBaHue
BUJOB, NMPUMEHSEMBIX B TPaAULMOHHOW MeOULHHE, MpeacTaBisercs 3()(heKTHBHBIM
MOAXOIOM K TOWCKY HOBBIX HCTOYHHMKOB OHOJIOTUYECKH AaKTHBHBIX COCIUHEHHUH.
Parmelia sulcata — nwmcroBaThlii numaiiHUK cemeiicTBa Parmeliaceae, mupoxo
pacrnpocTpaHEHHBIN Ha KOpE IepPeBbEB, CKABHBIX CyOCTpaTax v B pa3IHMYHbIX KIMMATO-
reorpauyeckux 30Hax. B TpaguIMOHHONW MeOWLMHE AaHHBIA BUA HCIOIB30BAJICA
IPU KOXKHBIX MOPaKeHMSX M 3a00JeBaHUSIX IbIXaTelbHBIX myTeil. HecmoTpsa Ha 3710,
ero (UTOXMMUYECKHH COCTaB OCTa€rcs M3y4eHHBIM HenoctaTouHo. Llens manHOTO
HCCIIEIOBaHUSI — KOJIMYECTBEHHOE OIpeZesieHne CyMMbI (DEHONBHBIX COEAWHEHHUH B
tajuiome Parmelia sulcata ¢ mcnonb3oBaHueM CHEKTPO(OTOMETPHUECKOTO METOJA.
Bbutn M3y4yeHbl OCHOBHBIE MapaMeTpbl SKCTPAKUUM: KOHIEHTPALMs CIHPTa, BpeMs
9KCTPaKIHH, TPaHYJIOMETPUUYECKUH COCTaB CBIPbS M COOTHOLICHHE ChIphE—
9KCTPAareHT. YCTAHOBJIEHO, YTO ONTHUMAJIbHBIC YCIOBHS BKJIIOYAIOT HMCIIOJIb30BAHHE
70% sTaHONa B KauecTBE JKCTpareHTa, pasMep dacTil 1,5 MM, BpeMs IKCTpPaKIHUU
48 wyacoB u CcoOTHOUIeHHE ChIpps W HKcTpareHta 1:100. JlomonHuTensHO
uccienoBaHo BiuMsHUE KoHIeHTpanuu Na:COs; n o0beMa OKHCIUTENS Ha PEaKiHio ¢
dhochopmonunbaeHoBoii u pochopHoBOILGpaMOBOY KucHOTamMHu. [lonydeHHbIC TaHHbBIC
MOATBEPKAAIOT, YTO ONTHMHU3ALMSA YCIOBHH OSKCTPAKIUHM O0ECIeUMBAET TOYHOE H
BOCIIPOU3BOJIUMOE OIpeiesiecHue (eHONBHBIX COSNMHEHUH B Chipbe Parmelia sulcata.
CnexrpodoTtoMerpruieckuii MeToa, Oyyun MeHee pecypcoéMKHUM U Oosee T0CTYIHBIM
[0 CPAaBHEHHUIO C BBICOKOA(P(EKTUBHOMN KUIKOCTHON XpomMarorpadueil, npeacTaBiser
co00# 3PPeKTUBHBIIT MHCTPYMEHT AJsl (apMaKOTHOCTHYECKUX U (DUTOXUMHUYECKUX
uccnenoBaHuil. Pe3ynmpraTel paboThl HMMEIOT BaKHOE 3HAYCHHWE ISl Pa3pabOTKH
CTaHJApPTOB KauyeCcTBa W TOCIEAYIOIIEr0 CO3JaHMs JIEKAPCTBEHHBIX IPENapaToB Ha
OCHOBE CBIPbSI JTMLIAHUKOB.

KiroueBsbleciioBa: Parmeliasulcata, heHONbHBIE COETUHEHUS, CIEKTPOHOTOMETPHS,
dbochopmonubaeHoBas u pochopponbdpamoBast KUCIOThI, OHOJIOTHYSCKH AKTUBHBIC
BeIIeCTBa

Kipicne. Kazakcranga tipkenren mamamed 6000-HaH acTaMm >KOFapbl CaThlIarbl
ecimikrepaiH Tek 30-35%-b1 FaHa TOJBIK 3epTTeNreH. byn kepcerkim 65—70%-
Fa JKYBIK OCIMIIK TYpJEpiHIH (UTOXMMHUSUIBIK >KOHE (apMaKOJIOTHSJIBIK KacueTTepi
QNI TONBIK 3epTTeNIMEreHiH kepcereli. COHIBIKTaH jKaHA OWOJOTHSUIBIK OeliceHl
KOCBUIBICTApbl aHBIKTAy >KOHE TaOMFH Heri3ne (uTompemnaparTap jkacay YLIH 30D
FBUIBIMU anieyeT O0ap (Wagner, et al, 2016; Wang, et al, 2017).

Kwina (Lichenes) — epekiiie cCHMOMOTHKAIIBIK OPTaHU3MIED, OJIAPIbIH KYPaMbIHAAFbI
OMONOTHSIIBIK OeJIceH 1 3aTTap papMaKoJIOrus MEH MEIMIHA A KEHIHEH KOJIaHbLIa bl
(Boustie, et al, 2005; Mitrovi¢, et al, 2011) Parmelia sulcata — Lecanoraceae TybIChIHA
JKaTaTbIH, KeH TapajFaH Xarnblpak Topi3ai KeiHa Typi (Gonzalez-Burgos, et al, 2019). byn
TYp HeTi3iHeH KbIIKaHKalbIpaKThl )KOHE apajac opMaHaap/a, aralTapbH AiHAepiHe,
tacrap Oetinze eceni (Manojlovié, et al, 2012) sxone Ka3akcTaHHBIH CONTYCTIK, IIBIFbIC,
OHTYCTIK aliMaKTapbIHAAFbl TayJIbl OpMaH OeNAeynepiHe *Kui Ke3aeceTi.
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Parmelia sulcata — epexie wicTi, cyp-x,acbul TYCTi, 3—10 CM Y3bIHJBIKTAFbI
JKarbIpak TOPi3/l TAIUIOMFa He KOTDKBUIIBIK OopraHus3M (Arya, et al, 2024). OHBIH THIFBI3
KYpPBUTBIMBI JKOHE PU3HHANAP apKbUIBI CyOCTpaTKa aKchl OeKiHyil, )KapbIK CYHTIiIITIr
MeH buTFanabl Jkakcel kepyi (Tay, et al,2004) conpaii-ak 3KcTpeMasbl JKaraaiinapra
TO3IMIUIIrT TaOUFU OpPTAachIH/A KeH TapallyblHa bIKHall eremi (Zambare, et al, 2012).
TannoMHBIH KypaMbIHAAFbl YCHHH KBIIIKBUTBI CHUSIKTBI OMOJOTHSIIBIK OeJICeH Il 3aTTap
OCIMIKTIH KOpFaHbBII (YHKIMACHIH aTKapein (Sharma, 2012.), MUKpoOpraHu3miepre
kapcel kypeceai (Gandhi, et al, 2022). octypmi memuumuana Parmelia sulcata
ekre aypynapsl, xapanap (Ferda, et al, 2015), Tepi aypynapbl MeH KyiKe >KyieciH
THIHBIIITAHABIPYIA Konnanbiaasl (Lutzoni, et al, 2009).

3eprreynep kepcetkeHueit, Parmelia sulcata xypambiHaa (GEHONIBI KOCBUIBICTAP
(Pérez, et al, 2023), dmaBoHOMIOTap, YCHMH KBIIIKBUIBI, CAlOHWHIEP XOHE Oacka
na Ouonorusuielk Oencenni 3arrap Oap (Kulbat, 2016). Bym kocwuibicTap OHBIH
aHTHOaKTepUaNbl, KAOBIHYFa KapChl )KOHE aHTHOKCHIAHTTHIK KACUETTEPiH KAMTaMachl3
eTefl.

XKanmbl  KYMBICTBIH ~ Makcatel Parmelia  sulcata  TaJuIOMBIHBIH — CHHPTTIK
CBIFBIHIBICBIH/IAFBI ()EHOJIJIBI KOCHUIBICTAP IBIH KHUBIHTHIK MoJiepin Folin—Ciocalteu
PCaKTHBIHIH KOMETriMEH CIEeKTPO(GOTOMETPHSUIBIK OJIiC apKbUIBI CAHJBIK AHBIKTAY
0OJIBIN TaOBUIAIEI.

Marepuangap MeH 3eprrey daicrepi. 3eprrey oObekrici perinae Parmelia
Sulcata KbIHACBIHBIH TaJUTOMBI Nakganansuasl. Kena yarinepi Kazakcranubsiy Lbirsic
aiimarpiHan 2025 KbUIABIH KOKTEMiHJE JKWHAIABL.3epTTeNeTiH MaTepral KoJICHKEN
XKepjie, )KaKChI )KeIeTineTin oenmene, +20...+25 °C temneparypajia TaOUrH xaraaiiaa
KenTipundi, oemnmek enmemaepi 3,0 mm, 2,5 MM xoHe 1,5 MM OoNaThiH TeCikTepi Oap
CJICKTEH OTETIH OONIIEKTEep/IiH MOJIIIepiHe NeHiH ycaKTa bl

3eprrey  OapbIChl  ©CIMJIIK  NIMKI3aThIHAAFbl  ()EHOJABI  KOCBUIBICTAP/BIH
dochopmonubren xkoHe  pocdopBoIbPpaM  KBIIKBUIIAPHIHBIH — KOCHACHIMEH
opekerrecyine Herizaenred. CHIFBIHABI KYpaMbIHAAFbl (DEHOJIIBI KOCBUIBICTAPIIBIH
JKaJbl MOJIIEepi rajul KBIIKbUIbIHA JKOHE aOCOMIOTTI KYpFaK 3aTKa KaiTa ecentey
ApPKBUIBI )KYPIi3iNreH.

JKyMbIclibl ~ epiTiHIOIEp MEH CalbICTBIPMAibl  epITIHAUIEPAl  ONTHKAIBIK
TBIFBI3/IBUTBIFBIH agpiktay ymiH Thermo  Scientific Multiskan  SkyHigh
cnekrpodoromerpi Konmaneuiaabl. Jepekrepai enaey ymin Microsoft Excel 2010
OarmapiaMachl naijanaHbUIIbl, KOPCETKIITEp OpTallla MOH + CTaHJApPTThI KaTe TYpiHAe
ecenTen/i.

3eprreyre apHanraH Parmelia sulcata TannoMbl anjplH ajla YHTAKTANbIN, HAKTHI
5,00 r emmemae ansiaasl. On 100 Mi1 KeneMIl, THIFBI3 )KaObLIAThIH KOJI0ara CajbIHbIIL,
ycrine 50 mn 70% stanon epitinaici Kyibuiasl. Komba TeiFb13 xadbutbim, +0,01 T
JOINIKIICH eJIIeHAl. ODKCTpakuus ypaici Oenme Ttemmeparypacbinga (20—25 °C),
KapaHrbl ckepAe 24 carar OOWBI Kypri3inmi, Oyl yakpITTa KOi0a Me3ril-Me3ril
maiKaibin oteipAbl. ConaH KeliH epiTiHai CY3UIl, aJFaiKkbl 5 MJI CY3iH/II TacTablIIl,
KasFaHbl "A epiTiHaici" peTiHae naiaanaHbULIbL.

DeHOoIBI KOChUTBICTAP/IBI aHBIKTAY peakiusichl yiria 0,1 mu "A epitingicine” 0,3
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M1 auctuiaeHred cy, 0,4 ma @onmna—YokansTey peakTusi xone 2,5 M 5% Na2COs
epPITIHICI KOCBUIJIBL.

30 MUHYT O6TKEH COH PEaKIUsi OHIMIHIH ONTUKAIBIK ThIFBI3IBIFbI
cnekTpodoroMeTpukaibik dicrieH S00—800 HM TOTKBIH Y3bIH/IBIFbIHIA OJIIICH]II.
AJBIHFaH HOTHDKEIIEP TaJll KhIIIKBUIBIHA KalTa eCenTein, Keneci popMyma apKbLIbI
(heHONIBI KOCBUTBICTAPABIH Kanmbl Memepi (%) ecenteni:

Agwmg «P =V V3l
X Ay ey #WaEel, =Wy,

VID
(100—wW)

= 1000

MYHJIaFbl:

A - TOKIPUOETIK YITIHIH ONTHKAIBIK THIFBI3/IBIFHI,

A, - TaJul KBIIIKBLIBI CTaHAAPTHIHBIH ONTUKAIBIK THIFbI3BIFbI;

m_- IKKi3aT Maccacel (T);

m_ - TaJul KBIIKBLIB! CTAHAAPTBIHBIH Maccachl (T);

V, — aJIbIHFaH SKCTPAKTIHIH Kouemi (M),

V  — 9KCTPaKT alMKBOTAChl KOJIeMi(MJ1);

V. - rajun KpIKbLIbI epitiHgici kememi (MI);

V" - raju1 KpIIIKBLIBI eIIIeY il KOJIOaHBIH KeJeMi(Mi);

V- TaJUl KBIIIKBLIBI aTMKBOTACHI KemeMi(Mi);

W — kenTipy Ke3iHaeri MaccaHblH >koranysl (%).

HoTtm:kesiep skoHe oJapAbl TAJKbLIAY. JTAaHOJ KOHIICHTPAIMSICHIHBIH (DEHOIIBI
KOCBUIBICTAP/IBIH JIKCTPAKIUSIIAHY JOpexeciHe ocepiH Oaramay MakcatbiHAa 50%,
70% sxoHe 90% »TaHON epiTiHAiIepl KONIaHbULILL. AIIBIHFAH HOTIDKENEp 1-Kectene
KeJTipiireH.

Kecte 1. deHONIBI KOCHUIBICTAPBIH KUBIHTHIK MOJIIICPiHE KCTPAreHT TUIIIHIH ocepi.

Comaxk . @DeHonAbI KOCBIHABIIAPEIHBIH MeIepi, %
napamerpi
DKCTpareHT CraHIapTThl Oprarua AOBCOIIOTTIK Horweni
Vi X, X, X, Xom aybTy (o) CTaH/IapPTThI kare (A) YCBIHY
YP YRITRY kare (SE) (dopmacs!
17.341 +
50% EtOH | 16.949 | 17.742 | 17.333 | 17,341 0,3967 0,2290 0.9856 0.99 %
. o
19.916 +
70% EtOH | 19.728 | 20.201 | 19.819| 19,916 0,2512 0,1450 0.6249 0.62 %
. ()
16.002 +
90% EtOH | 15.937 | 16.202 | 15.868 | 16,002 0,1760 0,1016 0.4373 0.44 %
K o

*{X} £ CTAaHOAPTTHI AyBITKY. N = 3.

3eprrey HoTHXKeNepi OotibiHIIa, 70% 3TaHOI ePITIHIICI KOJIIAaHBUIFAH SKCTPAKIIUsIa
(heHOJT KOCBUIBICTAPBIHBIH JKUBIHTBIK MOJIILIEPI €H KOFapbl HATHKe KopceTTi (19.916 +
0.62 %). by epitkim 50% sxane 90% 3TaHONIMEH CallBICTBIPFaH/Ia OHTAHIIBI SKCTPAreHT
Ooubin Tadbanel (1-cyper). OxctpareHt perinae 70% 3TaHONIBIH KOFAPhl THIMALIIT
OHBIH TOJISIPABIFEl  (PCHONABI KOCBUIBICTAPIBIH XUMHUSUIBIK TaOWFaTblHA CoMKec
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KelyiMeH TyciHmipineni. bynm epiTKill TanJOMHBIH KacylIalblK MaTPULACHIHIAFbI
MOJIEKyJIaapayblK OalIaHbICTap/Abl QJCIPETIN, OWOJOTHSUIBIK OCJICEHAl 3aTTapiblH
IKCTPaKIMSIIBIK OpTaFa THIM/I ©TyiHe MYMKIHJIK Oepei.

0,9000

0,8000

0,7000 m

0,5000 0% EOH
o 70% EtOH

0,4000 50%Et0H

0,3000

0,2000

0,1000

O: OOOO T T T T T T T T T T T T T T T T T T T T T T T T T T T T

500 550 600 650 700 750 800

Cyper 1 - Orun cimprinig oprypuni kornenTpanusceaaarsl ®K-toig Folin-Ciocalteu pearentiMen
KCIICHIHIH CIHIpY CIeKTpi

OCIMIIK INWKI3aTBIHBIH YHTAKTay JOpEXKeCiHiH (EeHONObl KOCHUIBICTapAbIH
LIBIFBIMBIHA 9CEPiH aHBIKTay MAKCATbIHA 3ePTTEJICTiH OCIMAIK IUKi3aThIH aJAbIH aja
YHTaKTaI, opTYpJIi JUaMeTpAeri eJ1eKTep apKbuibl Oemmekrepre Oeninai. Hotmwkecinae
Oenmek emmemi 3,0 MM, 2,5 MM xoHe 1,5 MM OonaTbhlH O6JIIEKTEp AJBIHILL Op
¢pakuusigan 5,0 T Memepinae anbiHFaH mwukizar 70% stanon epitigicimen 1:10
KatbiHacTa, 60 MHHYT OOMBI SKCTpaKUMsUIAHIbL. AJIBIHFAaH HOTIDKENEp 2-KecTeae
KOpPCETIITeH.

Kecre 2. deHonmpl KOCBUIBICTAp/BbIH JKUBIHTHIK MOJIIEPIHIH IIUKi3aT OOJIICKTEpiHIH oIeMine
TOYeJILIITI.

ChpIHaK .
. @DeHonabl KOCBIHABUIAPEIHBIH MOIIepi, %o
rapameTpi
[ukizar Oprama Abco- Hotwxeni
.. CraHgapTThl .
Oemmekrepinin | X, X, X, Xupr aybITKy (0) CTaHJAPTTHIK | JIIOTTIK | YCBIHY op-
MoJIIepi, MM YRty kare (SE) | kare (A) Machl
3,0 16.04 | 16.22 1 16.75|16.3367 0.3691 0.2131 09168 | 16.34+0.92
2,5 13.15(14.29 | 14.89| 14.11 0.8849 0.5110 2.198 | 14.11+£2.20
1,5 18.52 [ 18.10 [ 18.02| 18.21 0.2687 0.1551 0.667 | 18.21£0.67

3eprrey HoTwKeciHge Oesmiek emmemi 1,5 MM OonraH xarmaiaa QeHomubl
KOCBUIBICTAP/IBIH SKCTPAKIMACH €H KOFapbl OoiFaHbl aHBIKTAIBI (18.21 £ 0.67 %).
Byn ycak OeimiexkTepiiH yieci apTKaH CaiiblH OCTTIK ayJlaHHBIH YJIFAIObl eCeOiHeH
AKCTPAreHTIIEH OPEKETTEeCY THUIMJUIIT] apTaThIHBIH KepceTeni. A 2,5 MM xone 3,0 MM
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OJIIIIeM/ICPiH/IC HOTHXKE TOMEH 0oibl, THiciHme 14.11 £ 2.20 % xone 16.34 £ 0.92 %.
Ocpinaiia, MUKi3aTTel 1,5 MM eJieMre JeiiH YHTakTay — ()EHOJIbI KOCBUIBICTAP/IbI
TUIM/II OJIIIT aily YIIIH OHTAMIIBI IAPT OOJIBIN Ta0bLIaABI (2-CypeT).

D
0,8000

0,7000 -
0,6000 -

0,5000 1.5 MM

0,4000 — 2.5 MM

0.3000 3.0 MM

0,2000

0,1000

0,0000 A
500 550 600 650 700 750 800

Cyper 2 - llukizar 6emmexrepinin aprypaii enmemaepingeri ®K-teiy Folin-Ciocalteu pearentimMen
KeLICHIHIH CIHIpY CHeKTpi

JKyMbIcTa 3KCTPAKIKsA YaKBITBHIHBIH (DEHOIIBI KOCBUIBICTAP/IBIH IIBIFBIMBIHA dCEPi
JIe 3epTTel. 3-KecTeaeri MoajiMeTTepre conkec, (PEHONIBIK KOCBUIBICTAP/ABIH €H
JKOFaphl Metiepi 48 carar )Kyprisy Ke3iH/e IKCTPaKIUsd THIMAUIIT €H Korapbl 00JIbI
— 17.280 £ 0.899 mr/r. By — epiTinaize GpeHonIbl KOCHUTBICTAP/IBIH ePITKIIIKE OTyiHEe
JKETKUTIKTI yaKkpIT OepiireHin kepcereni (3-cyper).

Kecre 3. deHOmMIBI KOCBUIBICTAPBIH )KUTBIHTBIK MOJIILEPIHIH KCTPAKIHS YaKbIThIHA TOYEI LTI,

CrIHaK .
. DeHouJIbI KOCHIH/IBIIAPBIHBIH MeIepi, %o
napamerpi
Cran- Oprama .
. Hotmxkeni
Maueparust IapTThl | craHaapT- | AGCOMIOTTIK
X X X X YCBIHY
YaKbITbI, CaF ! 2 3 opr ayBITKY | TBHIK KaTe Kate (A) (bopmacsi
(0 (SE)
48 Toymik | 17.479 | 16.862 | 17.499 | 17.280 0.362 0.209 0.899 17.280 &
0.899 mr/r
+
24 toymik | 15.899 | 15.695 | 15.797 | 15.797 0.103 0.0595 0.256 13.797
0.256 mr/r
14.191 +
10 carar 14494 | 14.162 | 13917 | 14.191 0.29 0.1674 0.720
0.720 mr/r
1 carar 12.215] 12.396 | 11.871 | 12.161 0.266 0.1536 0.661 12.161 =
0.661 mr/r
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0,3500
0,3000 /“’\\
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0.2500
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48 TaymiK
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0,1000
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0,0000 LIRS D B ) B B
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Cypert 3 - Typni akctpakius yakeiThiHa Oaiinaneictel DK-ToiH Folin-Ciocalteu peareHTiMeH
KeIICHIHIH CIHIpY CIIeKTpi

ConbIMeH Karap, (eHOIbI KOChLUIBICTAP/IbIH IIBIFBIMBIHA ©CIMJIIK IHUKI3aThl MEH
9KCTPareHT apachblHIaFbl KaTBIHACTHIH ocepi 3eprreini (4-kecre). EH sKOFapbl MIBIFBIM
1:100 kareiHacwkiHga Tipkenai — 63.357 £ 2.572 mr/t, OyJ1 SKCTpareHTTiH MIMKi3aTKa
KapraHJa apThIK MeJIIEP/e KOIAHBUTYbl IKCTPAKIUS THIMJAUITIH apTThIPAThIHBIH
kepceteni. Kepicinmre, 1:10, 1:30 kaTbiHacTapbIHIa alTbIHFaH HOTHIKEJIEP CATTBICTHIPMAIIBI
Typae TeMeH Oonabl (22.772 £ 1.524 mr/r xone 41.098 £ 4.386 mr/r). Ocpuiaiima,
IIUKI3aT MeH YKCTPAreHTTiH apakarbiHackl 1:100 OGonranma (GEeHOMIBI KOCHUIBICTAPIbI
0eJ1in amy THIMJIUTITT )KOFaphl JIeT eCenTeneI.

Kecre 4. ®deHONIBI KOCBUIBICTAP/BIH JKUBIHTHIK MOJILICPIHIH IIUKi3aT—AKCTPAreHT KaTbIHACHIHA
TOYeIILTIr.

Chirax DeHOoIIbI KOCHIHILUIAPLIHBIH MoIepi, %
napamerpi Abl KOCBIH/BUIAPBIHAIR pi, %o
Illukizar rnexn iT:;{;I c(T)z?HTa:H;- Abco- Hotmwxkeni
9KCTPAreHTTiH X, X, X, X fap Aap JIOTTIK YCBIHY
ot | ayBITKy | TBIK Kare
apaKaTbIHACHI (©) (SE) kate (A) | dopmackr
1:10 22.078 | 22.995 | 23.244 | 22.772 | 0.613 0.354 1.524 22.772
1.524 mr/r
1:30 41.387 | 42.701 | 39.206 | 41.098 | 1.765 1.019 4.386 41.098
4.386 mr/r
1:50 51.402 | 50.817 | 50.469 | 50.896 | 0.471 0.272 1.171 501819;61i
1:70 53.201 | 52.655 | 51.496 | 52.45 0.871 0.503 2.16 52.45+2.16
1:90 59.832 | 60.070 | 59.582 | 59.828 | 0.243 0.140 0.602 5%86202;i
+
1:100 62.939 | 64.535 | 62.597 | 63.357 | 1.036 0.598 2.572 632355772

282




ACADEMIC JOURNAL OF PHYSICAL AND CHEMICAL SCIENCES

denonapl  KochUbIcTapaslH — Qochopmonubdaen  koHe  (ocdopBonbdpam
KBIILIKBUIAAPBIMEH 9PEKETTeCY peakUsIChIHAaFbl TOTHIKTBIPFBILITEIH OHTANIbI KOJeMi
0,4 mut exeHi aHBIKTANIBL. By KelieMe albiHFaH HOTHKE eH skoFapbl — 15.20+ 1.13 %.
An 0,2 ma xone 0,6 Mt kexemaepinae GeHoNabl KOCUIBICTapAbIH MeJIepi Oipimama
tomeH Oomubl (13.635 + 0.348 % sxone 14.08 = 1.17 %). @ochopmonudaeH xoHe
(dhochopBonbhpaM KBIIKBULIAPBIHBIH PEAareHTi KeJieMiHiH (DeHOIAbI KOCBUIBICTAPIBIH
MeJIIepine acepi S-kecte GepinreH.

Kecre 5. Folin-Ciocalteu pearenti keneMiHiH ()EHOIIBI KOCBUIBICTAP/IBIH JKHUBIHTHIK MOJIILIEPIHE acepi.

®ocpopmonnbacH DeHonabl KOCHIHABIIAPBIHEIH MOIIepi, %
KOHE
docdoponsdpam Crau- | Oprauwa Ab6comor- | Hotmkeni
KBIIIKBLI ZlaPB.IHHH X1 X2 X3 Xop'r JIapTThl | CTaHIApT- TiK KaTe yehiHy
peAKTHBIHiH AybITKY | TBIK Kare (A) (bopuace:
KeJeMi, MII. (o) (SE)
0,2 13.731] 13.473 | 13.702 | 13.635| 0.141 0.081 0.348 130633;158i
0,4 15.488 | 14.672 | 15.427 | 15.196 | 0.4545 0.2623 1.128 151'21(;i
0,6 13.535| 14.334 | 14.362 | 14.077 | 0.469 0.271 1.165 1‘:'0187i

Harpwuii kapOOHATHI epiTIHAICIHIH KOHIICHTPAUICHIHBIH OCHI PEaKIlusra dcepi ne
KapacThIPBUIABL. 3epTTey HoTIKeci OoiibiHmIa, 5% NaCOs epiTiHAici KOIIaHBUIFaH
Ke3Je GeHONIBI KOChUThICTapIbIH Moiepi 14.26 = 0.14 % Oomnblr, eH »KOFapbl HOTHKE
KepceTkeH. An koHIeHTparustabl 10% xone 15%-fa aprThipranma, coikecinme 13.78
+ 0.79 % sxone 13.35 + 1.12 % HOTWKeNepi TIPKENIM, ONTHKAIBIK THIFBI3IBIKTHIH

TOMEH/Ieyi OalKaIIbl.

Kecte 6. ®deHONABI KOCBUIBICTAPIBIH IKHBIHTBIK
KOHIICHTPALUSCHIHBIH ocepi.

MeJIepiHe HaTpuil KapOOHATHI epiTIHAICIHIH

ChpIHak ®DeHoMIBI KOCHIHIBLIAPBIHBIH MOJIIepi, %

napaMerpi

HaTIemiH iKaI;SiO};a- (;TaH_ CO;)Ta:Ia A6comor- | Hormkeni

Thl epiTinicinin | X e X JIAPTTBL | CTAHAAPT- | e are YCBIHY

KOHLIEHTpaLHs- ! : } ' | aypITKy | TBIK Kare (A) dopmack

cr, % © | ©B b
5 14.212 | 14.244 | 14.322 | 14.259 | 0.056 0.032 0.137 lé(l).Zlii
10 13.416 | 13.991 | 13.942 | 13.783 | 0.318 0.183 0.787 13;)'7789i
15 13.388 | 12.872 | 13.775| 13.345 | 0.452 0.261 1.124 131'3152i
KopsbITBIHABI. OKCTpaKLUsHBIH HeTi3r1 napameTpIiepiHig benonap

KOCBUIBICTAPJAbIH IIbIFbIMbIHA acepi ajrair peT KGH.IeH,Z[i TYPAC KapaCTbIPbUIABI. B¥J’I
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AKCTPAKIMS SJICIH OHTAMIAHABIPYABIH MPAKTUKAIBIK MaHBI3BI MAaKCATThI 3aTTap/IbIH
((eHONIBI KOCHUTBICTAP) MIBIFBIMBIH APTTHIPYFa, YAKbIT, PECYPC YHEM/IEYTe MYMKIH/IIK
Oepeni. Parmelia sulcata TannoMblHBIH (EHONABIK KOCBHUIBICTAPBIHBIH MOJIIIEPiH
JKAJIIbl CAHJIBIK aHBIKTAYIbIH MaHbI3bl 30p. OChl ©CIMJIK IIMKi3aThIHAH OOJalaKTa
JIOpITiK 3arTap JaspiaHaThiH 0o0Jica, OJIAPIBIH CalachlH Oakplidy VIIH KaXeT
(beHONBIK 3aTTaplblH CaHJBIK MOJIIICPIH BalWAANMsIAy YIIiH annapaTypaibiK
TYPFBIZIAH KOJDKETIM/Ii, OPBIH/IAY 9]1iCi OHal CIIEKTPO(OTOMETPHS 9/1iCi KOJIJAHBLIATHIH
Oomasel. Fansivaapaeiy 0ip To0b! (Fernandez-Moriano, et al, 2016; ) Parmelia sulcata
TaJUIOMBIHBIH, (PSHOJJIBIK KOCBUIBICTAPBIHBIH MOJIIIEPIH aHBIKTAyla >KOFApbl THIM/I
CYHBIKTBIKTBI XpoMaTorpadus 91icin Konganrat. bipak Oyt 91icTi OpbIHIAY TEXHUKACH
KHUBIHBIPAK, Y3aFbIPaK yaKbIT aIybl dKOHE XpOMaTorpadThiH KbIMOAT TYPYHI, (PEHOIIBIK
KOCBUIBICTAP/IbI CAHJIBIK aHBIKTAy/la CHEKTPO(OTOMETPHsS 9JIICI apTHIKIIBUIBIKTAPFa
0achIM EKEHJIITiH KopeceTe .
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Abstract. In this study, the cathodic reduction of manganese (II) ions on titanium
and lead electrodes was investigated in ammonium sulfate ((NH,),SO,) solution and in
aqueous mediausing the voltammetric method by recording potentiodynamic polarization
curves. High-purity analytical-grade MnSO, salt was used in all experiments. X-ray
diffraction (XRD) analysis confirmed that the MnSO, sample possessed a well-defined
crystalline structure. Voltammetric measurements were performed in a thermostated
three-electrode electrolytic cell with separated cathodic and anodic compartments. A
thermostat of the LT-105a model was used to maintain constant temperature. A silver/
silver chloride electrode immersed in saturated KCI solution (E = +0,225 V at 20°C)
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served as the reference electrode, while a platinum wire of large surface area was
used as the counter electrode. The working electrodes were titanium and lead wires
(4 mm in diameter) coated with Teflon insulation. The cathodic, anodic—cathodic,
and cathodic—anodic potentiodynamic polarization curves obtained on titanium and
lead electrodes exhibited distinct current maxima corresponding to the reduction and
reoxidation processes of manganese. However, on the lead electrode, in addition to
the reduction of Mn*" ions, the formation of lead sulfate (PbSO,) and its subsequent
reduction to metallic lead were observed. This behavior not only restricts the deposition
of pure manganese but also indicates the occurrence of side reactions. Based on the
obtained results, titanium is recommended as an effective cathode material for the
electroextraction of manganese.

Keywords: manganese, electrolysis, electrochemistry, electroreduction, titanium
electrode, lead electrode, the polarization curve
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Aunnorauus. byn zeprrey xymbicbiHaa Mapraner (II) moHIapbIHBIH THTaH >KoHE
KOPFachlH SIEKTpoAbIHAa aMMmonui cymbgarel ((NH,),SO,) epitingicinge sxoHe
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CYJIBI OpTajarbl KaTOATHI TOTHIKCHI3JAHY MPOIIECi BOJBTAMIICPOMETPHSUIBIK JJIiCIMEH
MOTEHITUOMHAMUKAJIBIK TIOJISIPU3AIUSITBIK KUCBIKTAP TYCIPY aPKBLIBI 3ePTTEIL. 3epTTey
JKYMBICTApbIH/a Ta3allbIFbl JKOFAphl aHalu3 yuIliH Taza MnSO, Ty3bl KOJIJIaHBULIBL.
Pentren ¢asanbik Tanmay HoTmkenepi 0i3 Konnawmran MnSO, YITICIHIH alKbH
KPUCTAIIBIK KYPBUTBIMFA M€ €KEHJIT aHBIKTAJIAb. BolbTamMiepoMeTpiik 3epTTeyiep
KaTOATHI-aHO/ITHI KCHICTIT1 OOIIHTeH YIII AJIEKTPOATHI, TEPMOCTATTAIIFaH JICKTPOIIU3EPIe
xyprizunai. TypakTel TeMnepaTypanbl cakray Mmakcarbinaa LT-105a mapkaiel TepmocTar
KonmaueAbl. CaapIcThIpMaitsl dekTpos perinae kansikkan KCl (E=0,225B 200°C),
epiTiHJiCiHe OaThIPBUIFAaH KYMIC-XJIOP AJIEKTPOABI JKOHE KOMEKIII AIEKTPOMI PETIHIe
ayJlaHbl YJIKEH TUTaTHHA CHIMBI KOJMAHBUIABI. JKYMBICIIBI KaToZ 3JCKTPOIBI PETIHMAC
Te(IOHMEH KanTallFaH JuaMeTpi — 4MM OOJaThIH TUTAH KOHE KOPFACBIH CHIMIAphI
naiaanaHeUIbl. TUTaH %KOHE KOPFACBHIH JIEKTPOATAPBIHAA TYCIPUIreH KaTOATHI JKOHE
LUKJI aHOJTHI-KaTOThI, KATOATHI-AHOTHI TIOTCHIIMOINHAMUKAIIBIK TTOJIIPU3AIUSITBIK
KHCBIKTap/la MapraHelTiH TOTHIKCHI3aHybl OHE KalTa TOTHIFY MPOLECTEPIHIH TOK
MaKCUMYMJIEpi alfKbIH TipKeneTiHairi 0alkamansl. JlereaMeH, KOPFachlH SICKTPOABIHIAA
MapraHell WOHIAPBIHBIH TOTHIKCHI3MAHYBIMEH KaTap DSJCKTPON OCTiHae KOPFaChIH
KOCBUIBICTAPBI (PbSO4) TY3UTII, OHBIH KOPFACHIH METallbIHA JIHiH TOTHIKCHI3IAHYbI
OpBIH AJaThIHIBIFBI AaHBIKTAJIBI. ByJT anekTpo OeTiHe Ta3a eHIM/Ii alTy/Ibl IEKTEYMEH
Karap KOCBHIMINA IWIBIFBIHHBIH JKYPYIH KepceTeli. AJBIHFaH HOTHXKEIepre CcyleHe
OTBIPBIN, THTAH JJIEKTPOJBIH MapraHeUTiH OJJIEKTPOIKCTPAKUUACH VINIH THIMJI
KaTOATBIK MaTepHas peTiHIe YChIHyFa 00aIbl.

Tyiiin ce3mep: Mapraser, SJICKTPOIH3, SJICKTPOXUMHUS, DJICKTPOTOTHIKCHI3IAHY,
TUTaH JIEKTPOJIbI, KOPFACHIH AIEKTPOIBI, MTOISIPU3AMSIIBIK KUCBHIK
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AHHoTanus. B mannoif pabote nccienoBaH mporiecc KaToJHOTO BOCCTAHOBIICHUS
noHoB Mapranta (II) Ha THTAaHOBBIX W CBHHIIOBBIX AJICKTPOJAX B PacTBOpPE CyibdaTa
ammonuns ((NH,),SO,) u B BOIHOH cpene METOJIOM BOJIBTAMIEPOMETPUM IyTEM
CHATUSl TOTCHUMOJMHAMHUYECKUX TMOJSIPU3ALMOHHBIX KpPUBBIX. B sKkcnepumeHTax
HUCIIOJIb30BAJICS BRICOKOUHMCTBIH peaktuB MnSO,. PentrenodasoBblii ananus mnoxasar,
4TO UCTIONB3yeMbIH oOpaserr MnSO, o6saaeT YETKO BBHIPAXKEHHOH KPUCTAIMIECKOH
CTpyKTypoi.  BomprammepomeTpuyeckne  WCCIEIOBAHUS  MPOBOAWINCH B
TEPMOCTATUPOBAHHON TPEXIIEKTPOTHON AIIEKTPOXUMHUUECKON sUehKe ¢ pa3feEHHbIM
KaTOHO-aHOJHBIM HpOCTpaHcTBOM. sl mopnep:kaHusi HMOCTOSHHOM TeMIlepaTypsl
ucrnonb3oBasica TepMmoctaT Mapku LT-105a. B kauecTBe 3IEKTPOIOB MPUMEHSIIHCH:
naceiueHsbit KCI (E = +0,225 B npu 20°C) xnopcepeOpsiHbIi 3J€KTPOJ CpaBHEHUS,
TUTATHHOBAS TPOBOJIOKA OOJIBIION IJIOMIA I — B KAY€CTBE BCIIOMOT aTeIILHOTO AJIEKTPOIA,
a Takke Te(IOHOM TIOKPHITHIE TUTAHOBBIE W CBHUHIIOBHIE TPOBOJOKH JHaMETPOM
4 MM — B KadecTBe pabOYMX KaTOAHBIX 3JIEKTPomoB. Ha KaTOAHBIX M IMKIMYECKUX
AQHOJIHO-KaTOAHBIX M KAaTOAHO-aHOAHBIX NMOTEHIMOIMHAMUYECKUX IOJISPU3ALMOHHBIX
KPHBBIX, TOJYYCHHBIX HA TUTAHOBBIX M CBUHIIOBBIX 3JIEKTPOAAX, YETKO (PUKCUPYIOTCS
TOKOBbIE MaKCUMYMBI, COOTBETCTBYIOIIIUE MPOLIECCAM BOCCTAHOBIIEHUS M MTOBTOPHOTO
okuciieHus: Mmapranna. OgHaKko Ha CBUHIIOBOM 3JIEKTPOJE, Hapsly ¢ BOCCTaHOBIEHUEM
MOHOB MapraHnua, Habmomaercs obpazoBanue coemuHennii cunnma (PbSO,) u wmx
MOCJIEIYOLee BOCCTAHOBJICHHE A0 METAUIMUECKOI0 CBHUHIA. ODTO OTPAHUYMBACT
[OJTy4YEeHHE YUCTOrO MPOAYKTa Ha MOBEPXHOCTH IEKTPOJA U yKa3bIBaeT Ha HAJIHUHE
MOOOYHBIX MpoueccoB. Ha 0cHOBE MOMyYeHHBIX Pe3yJAbTaTOB TUTaH PEKOMEHIYETCS B
KauecTBe (PPEKTUBHOIO KaTOAHOTO MaTepHaa Jis SJIEeKTPOIKCTPAKIHA MapraHia.

KuaroueBble cioBa: mapratell, 3J€KTPOJIH3, IEKTPOXUMHUS, IEKTPOBOCCTAHOB-
JIEHWE, TATAHOBBINA AJIEKTPO/I, CBUHIIOBBIN 3JIEKTPOJI, MOJISPU3AIIMOHHAS KPUBAs

Kipicnme. CoHFBI XbULIapbl MapraHel] METAJbIHA JIETCH CYPAHbBIC apThIl, OHBIH
Ta3aJIbIFbIHA KOWBLIATHIH TaJanTap aa sxorapeiiaisl. OchiraH 0aiIaHBICTH MAPTAHEITI
YKOFapbl Ta3aJIbIKTa OO ajly 9iCTEpPiH KaH-KaKThI 3epTTey 03€KTi Macenesepain Oipi
OOJIBITT OTBIP.

TazabIFel )KOFaphl MapTraHeIl METAJIBIH aTy 9ICTePIHIH IITHAE MIEKTPOIKCTPAKITUS
Oenrim Tocinmmep Oocekenec Ooyla alMaWTHIH €H THIMII OMIC PETIHAE epeKIIeIeHE .
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By omic mapranenTi TikeneW epiTiHAiineH Oeminm aimyfFa >KOHE METajul Ta3ajbIFbIH
JKOFapbl JICHIEiIe KaMTamachl3 €Tyre MYMKIHAIK Oepemi. AJaiia MapraHenriy
ANIEKTPOATHIK OTSHIIUAIIBIHBIH TEPIC MOHTE e OOJTybl OHBIH CYJBl OpTajia 3JIEKTPOIIN3
apKbUTBl aJIBIHYBIH KypaeneHxipeni. COHABIKTaH MapraHel] MOHJAPBIHBIH KaToaTa
TOTBHIKCHI3JJaHy TPOIIECiHE AIEKTPOIUTTIH KypaMbl MEH Kypamaac OemiKTepiHiH acepi
alitapnblKrail MaHbI3IBI hakTOp 00BN TabbLIAAR! (Yunyu et al, 2025).

OcbiFan opaid, MapraHeuTiH MEeKTPOXUMHSIIBIK TOTBIKCHI3aHybl Ke3iHAe )KYpeTiH
KaTOJTHIK >KOHE aHOJATHIK MPOIIECTEP BOIBTAMIIEPOMETPHUSUIBIK 9/TIC aPKBUIBI 38PTTEI/II.
byn wMakcarra NOTCHIMOIMHAMHKAIBIK aHOJTHI-KAaTOATHI JKOHE KaTOATHI-AHOATHI
OIS PU3AIHSIIBIK KUCBIKTAP TYPFBI3BUIBII, AJIEKTPOATHIK PEaKIUsIIapIbIH KHHETUKAIIBIK
EPEeKILEeTKTepi MEH MEXaHU3MJIepi TaJJaH Ibl.

BonpraMnepoMeTpusUIBIK - 9IICTEP apKbUIbl METaJAapAblH  AJICKTPOXUMUSIIBIK
KAaCHETiH KapacThIpy JKOHE JIEKTPOJIN3 JKYPri3y apKbUIbI €piTy HeMece KaTol OeTiHae
TOTBHIKCBI3IaHIBIPBII 3ePTTCY KeHiHT1 onebuerrepae kenten ke3uecei (Baeshov et al,
2024; Baeshov et al, 2020; Baeshov et al, 2020).

MapraHenriH oHJIpiCiHIIE aIFOMOTEPMHUSIIBIK, CETUKOTEPMIIIBIK 9/IiCTep KeHIHEH
KOJIIaHBUIFAaHBIMEH, OJlap Kas3ipri Tajanrapra cail Ta3aJbIFbl JKOFAphl METaJJIBIK
MapraHenTi ajyra MYMKIHAIK Oepmeiai. 3epTreylnep KOpCeTKeHIEeH, KypaMbIHIa
Kaxerciz Kocnanapsl Meniepi 0,1%-1aH acnaiThiH jKOFapbl Ta3aldbIKIIEH MapraHenTi
TEK AJIEKTPONM3 9SJiCi apKbUIbl ajdy MYMKiH. byn omic mapraHenm KeHAepiH KYKipT
KBIITKBUTBIMEH CLITICI3ICHAIPIIT, aJIbIHFAH MapraHell CyTb(GaThlH KAKETCI3 KocTatapaaH
THIPOJMTTIK XoHE CYIb(UITIK Ta3anaynaH eTKi3inreH oedtapan opragarsl (pH 7-8,4
apasbIFbIHIA) epITIHAIMEH 3JIeKTPONn3 Xyprizyre Herizmenren (Baeshov et al, 2024;
Baeshov et al, 2020).

Marepuayigap Men aaicrep. Mapranen (II) MOHAApBIHBIH Cyibl epiTiHAIACT]
ANEKTPOXUMHUSUIBIK KACHETI TOTCHIUOANHAMHKAJBIK MOISPU3ANMSIBIK  KUCHIKTAp
TYCipy omici apKBLIBI «Autolab PGSTAT» mnoTreHIIMOCTaTBIHAA 3EPTTEIIH/II.
BonsrammnepomMeTpitik 3epTTeyiep KaToAThI-aHOATHI KEHICTIT1 06JIiHTeH YIII 3JIeKTPO/ITHI,
TEPMOCTATTAJIFaH dJIEKTPOJIM3EpAe KYpriziami. TypakTel TemmepaTypaHbl CakTay
MakcarbiHga LT-105a mapkanbsl TepMocTar KOnJaHbuAbl. CalbICTBIpMalbl 3JIEKTPOA
perinzae kaubikkad KC1 (E=+0,225B 20°C) (Baeshov et al, 2024; Akhmetov et al, 2002),
epiTiHaiciHe OaThIPBUIFAH KYMIC-XJIOP DJIEKTPOJbI KOHE KOMEKII JIEKTPOJ] PEeTiHAe
aylaHbl YIKEH TUIATHHA ChIMBI KOJJAHBULIBI. JKYMBICHIBI KaTOX 3JIEKTPOJIbI PETiHe
Te(IIOHMEH KanTajaraH Juamerpi — 4MM OOJNaThIH THTAH JKOHE KOPFAChIH CHIMIIAphI
naiaamaHbUIIbL.

OpOip Taxkipube aNIbIHAA JKYMBICUIBI AIIEKTPOATAP/IbI YHTAKTHUIBIFBI 2000 GosaTbiH
TYpHi (HaXKJaK) MaTepualblHAa TEricTen, MalChI3AaHABIPBII, CYMEH IANbII COHbIHAH
(GWIBTp Kara3bIMEH MYKHST Ta3aJIaH/Ibl.

Tutan xoHE KOPFAaCBIH AJIEKTPOATAPHIHIA MApTaHEelTiH TOTHIKCHI3IaHy MpPOLECIH
3epTTey YIIiH KeJeci MEeKTPOINT KypaMbl MalaaaaHbUIIbL:

— ¢omn snexrponut perinze [(NH,),SO,] epitinmici;

—  JKYMBICIIBI 3IEKTPOJUT petinae [Mn*'] + [(NH,),SO,] epitinaici men [Mn*'] +
H,O cynbl epiTinici KONAaHbUIIbL.

HoTuakesep MeH TaJKbliayaap. Mapraseuri 3JISKTPOJIUTTIK 9JiCTep apKbUIbI aTy
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OHBIH OHJIPIC THIMAUTITIH aliTapabIKTall apTTHIPBII, OCBl oMOe0ar MeTaFa JeTeH ocill
KeJle KaTKaH CYPaHbICTHI KaHaFaTTaHIbIpyFa MyMKiHAIK Oepai. Kazipri yakpiTTa anemae
OHIPINETIH MeTanAblK MapraHenTiH 98%-maH acTamMbl OpPTYPIl AIEKTPONHUTTEPII
KOJIIaHy apKbLIbI SJICKTPONTU3 diciMen asbiaaanl (Yampolskiy, 1997; Sukhotina, 1981;
Makhanbetov et al, 2021; Fan et al, 2012; Xu et al, 2015; Lu et al, 2014).

Mapranenr MeTalblH  3JEKTPOJIU3  OJICIMEH aiy 3JCKTPOJIUT  KypamblHA
OalmaHBICTBl  XJIOPABI HeMece cynbdarThl kyienepre Oemineni. CynbgarTsl
JKYWEMEH CallbICThIpFaH/Ia, XJIOPJBI-TY3/bl JKYHCHIH OipKarap apThIKIIBUIBIKTAPbI
Oap: oI JKaKCHI AIEKTPOTKI3TIMTIKKE W€, VSMIBIKTaFbl KePHEYI TOMEH KOHE dHEPIHsI
IIBIFBIHBI a3. ANaiia, 3JeKTPONIN3 MPOIEeci Ke3iHe TY3 KhIIIKBUIBIHBIH OyJlaHybl MEH
anonra Cl, raspiHbIH GeiHyl KOpLIAFaH OPTaHbI JacTal, TEXHONOTHSIBIK TYPFbIIAH
KOJIAWCHI3/IBIKTAp TYFBI3aIbI.

Kazipri yakpITTa mieTenaik KocimopeIHAAPABIH 0ackiM OOIiri 3JeKTPOIN3 KYPrizy
ywin MnSO, epitinainepin nafinanananst (Wei et al, 2010).

Byn 3eprrey xymbiceiama mapraner (II) moHZapeIHBIH THTaH JXKoHE KOPFACHIH
ANIEKTPOABIHAA  TOTBHIKCHI3AAHYy  TPOLECI  BOJBTAMIIEPOMETPHUSUIBIK  OIiCiMEH
MTOTCHITUOAMHAMUKAIBIK TOJMSPU3ANMSIBIK KHCBIKTap TYCIPY apKbUIbI 3epPTTEJIIi.
3eprTey JKYMBICTapblHIa Ta3alublFbl korapbl MnSO, (aHanu3 ymrH Tasza) Ty3bl
KOJIJIaHbLI/IbI. PeHTreH (a3aiblk Tajiaay HoTKeepi 013 Koinanran MnSO A YIITICiHIH
afiKbIH KPUCTAJIJIBIK KYPBUIBIMFA Ue eKeHiH kepcetTi (1 cyper).

CoHBIMEH, TUTaH 3JIEKTPOABIHIA MapraHeNTiH Cyab(aTThl ePITIHAICIHAEC KaTOATHI
TOTBIKCHI3JaHY KUCBIFbIH KapacThIpFaHbIMbI3za - 1,38 B moTeHnanbiH1a TOK MAaKCUMYMBbI
Oaifkansl (2-cyper, 2 xoHe 3 KUCBIKTap). byin MakcumyM (oH epiTiHiCiHAe TipKeITreH
KOK (2-cypeT, KUCBIK, 1). SIFHM OHBIH TipKelyi MapraHel HOHIApbIHbIH JIEKTPo OeTiHAe
TOTBIKCBI3JIaHY PEAKIMSICHIMEH OalJIaHbICThI €KEHIH KOPCETEI.

Karoars! nmosnsipu3anusyibik KUChIKTap/a (2-cypert, 2 sxoHe 3 KHChIKTap) OalKajaraH
TOK MakcUMyMIapsl (l-peakiusra colikec) MapraHeNTiH TOTBHIKCHI3IAHy IPOIECiH
cunarraiinpl. Ockl MOTEHIMAAH KeliH, mamameH -1,58 B moHiHeH Oacram, cyTek
WOHJIAPBIHBIH TOTHIKCHI3IaHYbI XKYPE/Ii.
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Mn** +2¢ = Mn° E’=-1,180B (1)
2H" +2e=H,0 2)

Cyrexk O0ejiHYy NOTCHLUHMAIBIHBIH HEFYPJIBIM TEpiC MOHAEPre BIFBICYBl THUTaH
ANIEKTPOJBIHIAFBI CyTEKTiH 06JIiHY aCKbIH KEPHEYiH1H KOFapbl 00MybIMEH TYCIHIpiJe .
Byt Kacuer THTaH JIEKTPOABIHAA MapraHeUTi TOTHIKCHI3IAaHABIPYFa THIMIII DJIEKTPO
MaTepHuaJibl pETiHJIC Nai1ananyFa OONaThIHbIH JQJICIICH .

Mapranen (II) mOHZApPBIHBIH KOPFAChIH 3JICKTPOJIbIHA TOTHIKCHI3aHY MPOIECIH
3epTTey OapbIChIHIa aMMOHUH Cynb(aThl KOHE CYIBI €PITiHAIAEe €Ki TOK MaKCHMYyMBI
Oaiikanel (3-cyper, 2 xoHe 3 KUCBIKTap). BipiHii Tok MakcuMyMbI (OH IIEKTPOIUTIHAC
ne Tipkenai (3-cyper, 1 KHCBIK) KOHE OJI AJIEKTpPOjA OeTiHJAe TY3UIeTiH KOPFachlH
cynbgareibig (PbSO,) ToThIKCBI3NaHy peakuuschiHa cokikec keneni (Dunaev, 1978;
Baeshov et al, 1986). By npouecc kemneci peakuusi TeHACYyiMEH TYCIHAIpyre O0oaabl:

PbSO, + 2e = Pb’ + SO > E0=-5,0B 3)

0,0000 -
-0,0005 -
-0,0010 - !
-0,0015 ] 3

-0,0020

Current (A)
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Potential applied (V)

Cyper 2 - TuTaH 31eKTPOAbIHIA TYCIPUIreH KaTOATHI MOTeHIMOANHAMUKAIIBIK MOJISIPU3AIHSIIBIK
KuchIKTap: 1 — ®omn anexrpomuri, [(NH,),SO,] = 150r/1, V = 100mB/c, t = 25°C; 2 — cyne! epitingi
[Mn**] = 30 r/n, V=100mB/c, t = 25°C; 3 — [Mn**] = 30 r/n, [(NH,),SO,] = 150r/n, V=100mB/c, t = 25°C

ExiHmi Toxk MakcCMMyMbl aMMOHUH cyibdarsl epitinmicinae -1,38 B-ta, an cymbr
epitiagize -1,58 B noTennmanbsiHaa OaliKaiapl )KoHE OJ MapraHel HOHJAapbIHbIH -1l
peakiust OOMBIHIIA TOTHIKCHI3AHY TPOIIECiHE COMKEC Kele/i.

Teprinmri cypeTTen OalikaraHbIMbI3al CyITbl epiTiHAine (3-cypeT, 3 KUCHIK) MapraHel]
HMOHJIAPBIHBIH TOTHIKCHI3/IaHy IPOLeCi HEFypibIM Tepic morteHnuannapra (-1,58 B)
BIFBICKAH. AJl, aMMOHUH Cynb]arel epiTiHaiciae (3-cyper, 2 KHCHIK) MapraHenTiH
TOTBHIKCHI3JaHyHI MmamMaMmeH -1,0 B 6acrananst sxoHe -1,38 B TOK MakCHMYyMBI TipKeIIi.
By Mn?" noHzapbl aMMOHHI HOHIAPHIMEH KEIIEH TY3yi HOTHXKECIH/IE TYPaKTaHAThI-
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HBIH KepceTei. XKanmbpl KaToaThl MapraHel] any MpoleciHae Kol KaFaalia ocbl opTaja
XKyprizy yceiHbuansl (Xiaosan et al, 2021; Xue et al, 2017; Tajima et al, 1976).

Benrini onebuerrepae >IEKTPOIMUT EPITIHAICIHIH AIEKTPOTKI3TIMITITIH apTTHIPY,
YAIIBIK  KEPHEYIH TOMEHJETY JKOHE OJHEPrusl IIBIFBIHBIH a3alTy MakKcaThIHIA
(NH,),SO, peakrusin Konnanyra kenec Oepeni. Conbimen karap, (NH,),SO, xaromur
KypaMblH/Ia KBIILIKBUI-HET13iK Oydep peTiHae KbI3MeT aTKapbll, epiTinainin pH tene-
TEHJIIrH TYpaKThl YCTal TYpyFa MYMKIHAIK Oepetinmiri aidteurran (Wei et al, 2010).
AJl, Tek cynbl OpTa MapraHelTiH KeMICHII KOCBUIBICTAPBIHBIH TYy3UIMeyiHeH Mn*
HMOHJAaphl TOTHIKCHI3IaHy MaTCHIUANbBI TEpiC OaFbITKA BIFBICYBI )KOHE CYTEKTiH OeIiHy
PEaKIMACHIHBIH alKbIH 09CEKEIECTIKTE KYPYIMEH TYCIHIIpieni.

TuTtan 27€KTPOABIHAAFBl LMKJIIIK aHOATHI-KATONTHI, KaTOATHI-AHOATHI MOTEHIIHO-
JMHAMHUKAIBIK, TTOJIIPU3ALUSUIBIK KUCBIKTApAbl 3epPTTey HOTHXKECIH/IE aHOA aliMarbIHIa
AMEKTPOXUMUSLIIBIK OCIICEHILTIKTIH iC KY3iHJIe OaliKaIMalThIHbI aHBIKTAIIBI (4-CypeT).
Onekrpon OeriHge orrekTiH Oeminyi +1,20 B norennuansiga tipkenai. [lotenmnuan
Oepiiy OarbITBIH aHOJATAH KaToj OarbIThiHA Kapail biFbICThIpFaHia -1,30 B moreHiu-
anja Mapraselr] HOHAApbIHbIH | peakuusi OOWBIHIIA TOTHIKCHI3IaHy MPOLIECiHE ColKec
KEJICTIH TOK MakCUMyMbI Tipkemnai. An -1,51 B norennuansiaga 2 peaxiusi OOWbIHIIA
CyTeKTiH OeJiiHy Ipoleci Oacranaibl.

[j.
1+104 7

2%10%] |
-3%10% ||
-4%107™] U

|

-5%107™

Current (A)

T 1

1.6 412 0.8 04 0.0
Potential applied (V)

Cyper 3 - KoprachIH 2JIeKTPOJIBIHIA TYCIPLIreH KaTOAThI MOTEHIMOANHAMUKAIIBIK TTOJIAPU3ALMSIIBIK
KuchIKTap: 1 — Don anexrponuri, [(NH,),SO,]=150r/n, V =100mB/c, t = 25°C; 2 — [Mn*"] = 30 r/n,
[(NH,),SO,] = 150r/x1, V=100mB/c, t = 25°C; 3 — cynpi epitinai [Mn*"] = 30 r/n, V=100mB/c, t = 25°C

Kepi ckanepiiey ke3iH e SFHU, KaTOATaH aHOI OarbIThIHA Kapal bIFbICThIPFAHBIMbBI3/IA
-1,30 B noreHnmanga aHOATHIK TOK Tipkesi. OHBIH TaOUFaThl 3JISKTPOX OCTiHIC
JKaHaJlaH TOTBHIKCHI3JaHFaH METAJIBIK MapraHelTiH KaiTa TOThIFybIMEH OalIaHBICThHI
€KEeHI aHBIKTAJIIBL.
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Cyper 4 - TuTaH 27IeKTPOIBIHAA TYCIPIITeH HHUKIIIK aHOATHI-KATOIThI, KATOATHI-AaHOATHI
TIOTEHIIMOAMHAMHUKAIIBIK TIOAPH3AIMSIIBIK KMCBIKTap: [Mn**] = 30 r/m, [(NH,),SO,] = 1501/,
V=100mB/c, t =25°C

CoHbIMEH LUK aHOATHI-KATOATHI YKOHE KAaTOAThI-aHOITHI ITOTEHIINOAMHAMHUKAJIBIK
TTOJISIPU3ANISUTBIK, KHCHIKTa TUTAH JICKTPOIBIHIA MaPTAHEIITIH TOTHIKCHI3MAHYBI KOHE
KCWIHHCH KalTa TOTBIFY TIpollecTepi alKpiH Oalikamansl. OTTETi MEH CyTeKTiH OeliHyi
THICIHIIIE OH YKOHE Tepic MOTCHINANIAP/IA KYPETI.

Keneci 5-cyperre ammonmii cynb(darel epiTiHIICIHE OaTBIPBUIFAH KOPFACHIH
ANEKTPOABIHAA aJIBIHFaH LIMKJITIK AHOJTHI-KATOATHI, KaTOATHI-aHOITEI
TTOTCHITMOAMHAMHUKAJIBIK, TIOJISIPU3AIUSUTHIK KUCHIK KOPCETIIITCH.

AHOANTHIK aiiMakTa OTTeriHiH OemiHyi Tek +1,5 B morenmumanma Tipkememi, Oy
MPOTIECTIH KOPFACHIH JJICKTPOABIHIAA aWTapIBIKTall acKbIH KEPHEYMEH J>KYPETiHIH
kepceteni. [loTertman 6epy KeUTIaMIBIFBIH AHOATAH KaToT OaFbITRIHA BIFBICKAHA, -0,5
B moreHnmanga KOpracklH CYIb(aTHIHBIH TOTBIKCHI3NAHYBIHA (3-peakiusra coifkec)
Colfkec KeJETiH TOK MaKCUMyMBI JkoHE -1,3 B moTenmmanma Mapranen MOHIAPBIHBIH
TOTBHIKCHI3aHybIHA (1-peaknusra colikec) TOH TOK MaKCUMYMIaphl TipKee/i.

IToTenmmanabiy opi Kapail KaTOATHIK JKaKKa BIFBICYBI Ke3iHzae -1,52 B-tan Gacram
CYTEKTiH OeJTiHy mpoIreci Kype/i.

Kepi ckanepiey ke3inme (kaTtom — aHOJ) €Ki aHOATHIK MaKCUMYM TipKesei:
Oipinmrici -1,3 B morennmanaa 6aifkasbIi, IeKTpo OETiH e KaHaJaH TOTHIKCHI3IaHFaH
AJIEMEHTTI MapPTaHENTiH KaiiTa TOTBIFYBIMEH OaiiTaHbICTHI; eKinmIici -0,5 B moTennmanga
OaifKambII, IEKTPOA OCTiIH/E TOTHIKCHI3aHFaH METAIT KOPFACHIHHBIH KAalTa TOTHIFYhI
KYPETIHIITT aHBIKTAJIIBI.
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Cyper 5 - KoprachlH 2JIEKTPOIBIH/IA TYCIPUITEH HUKIIIK aHOATHI-KaTOThI, KATOATHI-aHOITHI
MOTEHIMOANHAMHKAIBIK, TOJSIPU3AMMSUIBIK KUCBIKTap: [Mn?] = 30 r/m, [(NH 4)ZSO 4] = 150r/x,
V=100mB/c, t = 25°C

Kopsitbinabl.  JKyprisiiren 3eprrey HOTHKEIEpPiH  KOPBITBIHABLIAH — Kele
BOJILTaMIIEPOMETPHSIBIK 3€PTTEY HOTHKEJIEP] OOMbIHIIA THTaH Katoabinaa, (NH,), SO,
epiTiHAiCiHAe MapraHel] HOHAAPBIHBIH TOTHIKCHI3AaHybl -1,38 B morenumanga
TOKTBIH alKbIH MakCHMYMBIMEH CHIATTanaibl. TUTaH KaTOAbIHAA CYTEKTiH OeniHyi
aHaFypibIM Tepic moTeHnuannapaa (-1,51 B) Gacranazpl, SFHH CYyTEKTIH TOTBIKCHI3IaHy
MOTEHIMANbl MapraHelTiH TOTBHIKCHI3AaHy MOTCHLIUAIBIHAH €19yip COJFa BIFBICKAH.
MyHall TOTCHIHANBIK aifbIpMaIbIIbIK Mn?" HOHIAPBIHBIH TOTHIKCHI3AHYBIMEH H,
OeiHyl apachIHIAFbl AJICKTPOKATOATHIK OJCEKEIECTIKTI TOMEHJETIN, MapraHelTiH
CEJIEKTHBTI 9p1 TYPaKThl TOTBHIKCBI3JaHybIHA MYMKIHAIK Oepeni. COHBIMEH Karap,
TUTaH JEKTPOAbIHA LUKIIIK aHOATHI-KaTOITHI, KaTOATHI-AHOATHI CKaHepJiey Ke3iHge
KaHaJaH TOTBIKCBI3JAHFaH METAJIBIK MapraHelTiH KaiTa TOTHIFYBIMEH OaiIaHbICTHI
alKBIH aHOATBHIK TOK MAaKCHMMYyMbI Tipkeiai. byn mpouecTiH KaWTBIMABUIBIFBIH JKOHE
ANEKTpo] OeTiHAe >KaHa TOTBHIKCHI3MAHFAH METAJIbIH DJCKTPOA OETIMEH >KaKChI
KaHACYbIH JoJenjeiini. AJ, KOpFAachblH OJIEKTPOABIHIA MapraHell HOHIAPbIHBIH
TOTBIKCHI3JIaHyBIMEH KaTap 3J1€KTPo/l OETiH/I€ KOPFachIH KochuibicTaphl (PbSO,) Tysinin,
OHBIH KOPFAaChIH METAJIbIHA JICH1H TOTBIKCHI3AaHy bl OPBIH aJIaThIH/IBIFbI aHBIKTAJIBL. byt
ANEKTPO] OCTiHAE Ta3a OHIMAI alydbl LIEKTEYMEH KaTap KOChIMIIIA IIBIFBIHHBIH KYPY1H
kepceteni. OcCbl HOTHXKeNepre CYHeHe OTBIPBIN, THTAH JJIEKTPOIAbIH MapraHeuTiH
ANEKTPOIKCTPAKLMSACHI YIIIH THIMAI KaTOATBIK MaTepuall peTiHje YChIHyFa O0naabl.
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Abstract. In recent years, the development of environmentally friendly, highly
biocompatible, and renewable materials based on raw materials has become one of
the most pressing scientific areas in biomedicine and materials science. In particular,
the production of value-added products through the processing of agricultural waste is
closely linked to the concept of sustainable development. In this context, flax stems, a
cellulose-rich, accessible, and renewable natural resource, are considered a promising
raw material for the production of environmentally friendly biomaterials. The aim of this
study was to synthesize biological coatings based on cellulose obtained from flax stems
and comprehensively evaluate their structural, functional, and biomedical properties.
The research methods included cellulose extraction and its composition with natural
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polymers such as chitosan, sodium alginate, and glycerol. The physicomechanical
properties, hydrophilicity, and functional characteristics of the resulting biocoatings
were studied. Curcumin was added to the composition to enhance biological activity.
The study resulted in the production of biological coatings with high mechanical
strength, good hydrophilicity, biocompatibility, and pronounced antimicrobial activity.
The synergistic effect of chitosan and curcumin was shown to enhance the antibacterial
properties of the resulting materials. The practical significance of the study lies in the
potential use of the synthesized biofilms in wound dressings, skin regeneration coatings,
and tissue engineering. These results provide a scientific basis for enhancing the medical
safety of the resulting materials, improving their functional stability, and adapting them
for future clinical use. Furthermore, the study provides practical recommendations
for the development of environmentally friendly biomaterials and the efficient use of
agricultural waste, which will be important for the future.
Keywords: flax stem, cellulose, chitosan, biodegradation, biocoating
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AnHoTanus. COHFbI XKbUIJIAPbI SKOJIOTHSUIIBIK Kay1ICi3, OMOCONKECTIr JKOFaphl JKOHE
YKaHAPTBUIATHIH IIHMKi3aTKa HETI3/IeNreH MaTepuanaapibl o3ipiey OHMOMEAMIUHA MEH
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LeJUTIONI03aFa 0aid, KOJDKETIMI KoHe )KaHAPTHUIATHIH TAOUFH pecypc OOJBIN TaObUIATHIH
3BIFBIP calaFbl SKOJOTHSUIBIK Ta3a Ouomarepuanjap aiy YIIiH HepCHeKTHBAJIBI
LIMKI3aT pPeTiHAe KapacThlpbUIafbl. By 3epTTeydiH MakcaTbl — 3bIFBIP cabarblHaH
aJBIHFaH LEJUTI0N03a HeTi3iHAe OMONOTHSIIBIK KaObIHAAPAbl CHHTE3ACY KOHE OJapIIbIH
KYPBUIBIMJIBIK, (D)YHKIIMOHAJIBIK opi OMOMEIMIIMHAIBIK KACHETTEPIiH KEIICHII TYpIe
Oaranmay. 3epTTey oicTepi peTiHAe LEJUIION03aHbl IKCTPAKLUsIay, OHBI XHUTO3aH,
HATPHid aJIbI’MHATHI KOHE IIHLEPHUH CHUSKTHI TAOUFU MOTUMEPICPMEH KOMIIO3UIHSIIAY
KOJIIAHBUIABL.  AJIBIHFAH OHMOXaOBIHAApABIH — (PHU3HMKa-MEXaHUKAIBIK KacHeTTepi,
THAPOQUIBALNITT jkoHe (PYHKIMOHANIBIK CHUMATTaManapbl 3epTTenii. BHomorHusuibK
OCJICeHAUTIKTI apTThIpYy MaKcaThblHJa KOMIIO3HLHUS KypamMblHa KYPKYMHH EHT131IA1.
3epTTey HOTHIXKECIHJE JKOFapbhl MEXaHHKAJIBIK OEpiKTIKKE, jKaKChl THIPOQUIbALTIKKE,
OMOCOMKECTIKKEe JKOHE AalKbhlH AHTUMHKPOOTHIK OCJICEHMAUTIKKE He OMOIOTHSUIBIK
XKaObIHAAp ajbIHABL. XWTO3aH MEH KypKyMHHHIH CHHEPreTHKANBIK 9CEpi aJbIHFaH
MarepuangapAbiH OaKTepHsra Kapchbl KACHETTEPIH KYIIEHTETIHIH KopceTTi. 3epTTeyain
MPAaKTUKAJIBIK MaHBI3bl CHHTE3IeNITeH O1oKaObIHAAPABIH Kapa TaHAThIH MaTepuaiiap,
Tepi pereHepauusiCbiHa apHajlfaH XaObIHAAp JKOHE TIH HHKCHEPHUSCHI cajachlHIa
KOJIJaHy MYMKIHAIMIMEeH aliKbIHIanagbl. byl HOTHXKenep ajblHFaH MaTepuangapAblH
MEIMIHUHANBIK  KayilCi3MiriH  apTTBIpyFa,  (QYHKIMOHAJABIK  TYPaKTHUIBIFBIH
KakcapTyra jkoHe OoJamakTa KIMHHKAJIBIK KoiaHOanapra OeiiMaeyre FhUIBIMH
HeTi3 KanblnTacTeipaasl. COHBIMEH KaTap 3epTTey SKOJOTHSUIBIK Ta3a OnoMarepuasiiap
OHJIPICIH aMBITyFa JKOHE aybUIIapyallbUIbIK KaJAbIKTAphIH THIMII HalijanaHyra
OarpITTalFaH MPAKTUKANBIK YCBHIHBIMAAp Oepyre MyMKiHIIK Oepeni Oomamrakra
MaHBI3/bI.
Tyiiin ce3mep: 3bIFbIp cadarbl, IEIUTIOI03a, XUTO3aH, OMOBIIBIPAY, OM0KAOBIH
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AHHoTamusa. B nocnenHue romael  pa3pabOTKa SKOJOTMUECKH OE30MaCHBIX,
BBICOKOOMOCOBMECTUMBIX M BO30OHOBIISIEMBIX MaT€pHajiOB HAa OCHOBE CBHIPbs CTaja
OJIHAM W3 HamOoJiee aKTyaJbHBIX HAyYHBIX HAMpaBlieHHHd B 00JacTd OMOMETUIIMHBI
W MaTepuajoBe/ieHHs. B 4acTHOCTH, MOJy4YeHHE MPOAYKTOB C J00aBICHHOM
CTOMMOCTBIO IIyTE€M IepepabOoTKU CEeIbCKOXO3SMCTBEHHBIX OTXO/IOB TECHO CBSI3aHO C
KOHILIETIIIMEH yCTOMUMBOrO pa3BUTHs. B 3TOM KOHTEKCTe CTEONM JIbHA, SBIISIONIUECS
0oraTbIM LEIUTFOJI030H, JOCTYIHBIM M BO300HOBIISIEMBIM TPHPOAHBIM PECYPCOM,
paccMaTpuBaoTCs Kak MEPCIEeKTUBHOE ChIPbe IS MOTYYeHHS SKOJIOTMYECKH YMCTHIX
OouomarepuasnoB. Llenb qaHHOTO HMCCIIENOBaHUS — CHUHTE3 OMOJIIOTHUECKUX TOKPBITHH
Ha OCHOBE LIEJUTIONO3bI, MOJYYEHHON M3 cTeOiel JbHa, 1 BCECTOPOHHSS OLIEHKa HMX
CTPYKTYPHBIX, (DYHKIIMOHAILHBIX 1 OMOMETUIIMHCKUX CBOMCTB. MeTO/IbI cCiIeI0BaH S
BKJIIOYAJIM HKCTPAKIIMIO IIEJUTIONO3bI, €€ KOMIO3HMIHUA C NMPUPOIHBIMU TOJMMEPAMH,
TakKUMHU KaK XHUTO3aH, ajJbTMHAT HATpUs M TIWIECPUH. bbun wn3yudeHbl (U3HKO-
MEXaHHYECKHE CBOMCTBA, TUAPOQWILHOCTE M (YHKIUOHAIBHBIE XapaKTEPUCTHKH
MOJTYYEeHHBIX OMONOKPBITHIA. J[JIs1 TOBBIIIEHUsS] OMOIOTHYECKOW aKTHBHOCTH B COCTaB
OBLI BBEJICH KypKYMUH. B pe3ynbrare ncciieioBaHusi ObUTH TOyYeHBI OMOJIOTHYECKHe
MOKPBITHSI C BBICOKOH MEXaHMYECKOH MPOYHOCTBIO, XOPOIIeH T'HIPO(UIBHOCTHIO,
OMOCOBMECTHMOCTBIO M BRIPAKEHHOW aHTUMUKPOOHOW aKTUBHOCTHIO. BbUTO MOKa3aHo,
YTO CHHEPreTHYecKuil 9PPEeKT XUTo3aHa U KypKYMUHA YCHIUBACT aHTHOAKTepHaIbHbIC
CBOICTBa TMOJYYEHHBIX MarepuaioB. [IpakTuueckas 3HAYUMOCTH MCCIIEIOBAHUS
orpenensieTcs BO3MOXKHOCTBIO HCIIOJIB30BAHMS CHHTE3MPOBAHHBIX OWOIJICHOK B
00JIacTH TEPEeBSI30YHBIX MaTepPHajioB ISl paH, MOKPBITUH Ul pereHepan KOXKH
W TKaHEBOW WHXEHEpUH. OTHU pe3yabrarbl (OPMUPYIOT HAy4HYIO OCHOBY JUIS
MOBBIILICHUS MEUIIMHCKOM O0€30MacHOCTH TMOJYYEeHHBIX MAaTepHasioB, YIyYIICHHS
X (YHKOHOHAIBHON CTAaOWIBHOCTH W ajanTaliid K KIMHHYECKOMY NPUMEHEHUIO B
Oynmymem. Kpome Toro, nccieoBanne mo3BOIISIET 1aTh MPAKTUYSCKHE PEKOMEHIAINH,
HalpaBlieHHbIE Ha Pa3BUTHE MPOM3BOJICTBA IKOJOTHUECKH YHCTBIX OHOMAaTepHalioB
1 9(h(GEKTHBHOTO HCIIOIB30BAHHS CEIILCKOXO3IHCTBEHHBIX OTXOJOB, YTO Ba)KHO B
OyayIieMm.

KioueBble ciaoBa: crebenb JibHA, LEJUIIONO3a, XHTO3aH, OwWojerpamanus,
OMOTIOKpBITHE
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Kipicnme. Kasipri tanma Kopmiaran opTara 3usH KEITIPMEUTIH, OHOIOTHSIBIK
BIIBIPDAWTBIH ~ MaTepualfapFa JereH CypaHbic apTein  Kenemi. [lmacTHkambik
KaJIBIKTapIbIH Y3aK YaKbIT BIABIPAMAUTBIHABIFEL KOHE DKOKYHere KeNTIpeTiH 3HUsHBI
FaJIBIMJIAp]IbI JKaHa, SKOJOTHUIBIK Oanama i3ueyre urepmeneyne (Geyer et al., 2017).
By TypFeiga Lemirono3a MEH XHMTO3aH HeTi3iHAeri OMOIUIACTHKTEp KeJeHIeri 30p
MaTepuaiapbH Karapeiaa xkaraapl (Abdul Khalil et al., 2012).

Hennronoza — eciMIiKTep KypaMbIHAAFbl €H KEH TapajfaH Mojucaxapumi, ai
XUTO3aH — MIASHTOPI3AUIEpAIH XUTHHIHEH anblHaThiH Taburu mnonumep (Rinaudo,
2006). byn exi OMOMOIMMEpiH YIITACybl apKbUIbI allblHFaH Marepuayjap >KOFapsbl
MeXaHHMKaJbIK OEpIKTIKKe, Cy yCTay KaOiJleTiHe jKOHE KOJIOTHSUIBIK KayillCi3MiKKe Hue.
CoHbIMeH KaTap, onapblH 0eTKi MoAH(UKAIMACH HeEMece KypaMbIHa ()yHKIIMOHAIIbI
Kocranap Kocy apKblUIbl OMOMETUIMHAIBIK KaCHETTepiH kakcapTyra 0onaasl (Ahmed
et al., 2015; Kumar & Han, 2019).

3eprTey JKYMBICHI asChIHAA LEJUII0I03a 3bIFBIp MEH apha eciMIiKTepiHeH
7a0opaTopHsAJIbIK JKarjaiia CinTiiey, KbIIKbUIABIK OHJIEY JKOHE arapTy oficTepi
apKbUIbl OOIHIN aimbIHABL. ByJl TocUIep JUTHUH MEH TeMUIEILTION03alaH THIMIIL
apbUTyFa MYMKIHIIK Oepill, Ta3a LeJUIroi03a anyra skaraai xacaiasl (Reshmy et al.,
2015). AnplHFaH LEJUTIONO03a XUTO3aHMEH OIpiKTipimim, opTypii miactudukaropiap
KOCY apKblIbl Onomact yiurinepi cuaresaenai (Ghanbarzadeh et al., 2015).

Byn GuorutacTuk mMartepuan xapanapAbl TaHy, TiH PereHepalusIChIH JKbUIAaMAATY,
OakTepusifa Kapchbl TaHFBIIITApP jKacay CHUSKTHl OMOMEAMIMHAJIBIK MakcarTapra
OarpitTanrad (Dutta et al, 2004; Li et al., 2018). OHbIH KypaMbiHa TaOWFH
aHTUOAKTepUaNgbl areHT peTiHAe KYPKYMHH KOCbhUIagbl. KypKymMHH — KypKyma
©CIMITiHEH aJbIHATBIH TAOUFU KOCBUIBIC, OJ1 KeH CHEKTPIli aHTUMUKPOOTHIK dcepiMeH
epekueneneni (Hewlings & Kalman, 2017).

Ocpinaiiia, XUTO3aH MEH 1IeJUTFOI03a HETI31HIeT OMOIUTACT OHIPY — SKOJIOTHSUTBIK
KOHE OMOMEIUIMHAIBIK TYPFBIAaH MaHbBI3AbI OarbIT OoNbIN TaObuIaabl. byn 3eprrey
HOTHXKeJepi OMoMaTepranaapIbl KITMHUKAIBIK MaKcaTTa KOJaHyFa jKOJ allybl MyMKiH
(Avérous & Pollet, 2012).

Marepuaagap MeH dmictep. 3vi2bip MeH apna cabablHaAH Yernono3a any 20ici.
3epTxaHanbIK *KaFaaiaa eciMIIK MNKi3aTbIHAH LEJUTI0N03a OHIIpY YAepici oaeTTe yuI
HET13Tri Ke3eHHEH TYpaJbl: CUITLIIK OH/EY, KbIIIKBUIIBIK Ta3apTy KOHE aFrapTy. AJFaIlIKbl
carblga JMTCHMH MEH TeMHUUEIUTIoN03aHbl Oemin amy yumiH 2% Harpuil THAPOKCHII
(NaOH) epitinnici konganbmansl. by enaey 120°C remneparypana, 20 6ap KpicbiMaa
aBTOKJIaB imiHae mamamen 40 munyT xxyprizineni (Reshmy et al., 2015). Onan keiinri
KBIIKBUIIBIK Ta3apTy ke3eHinae 20% a3o0T Keimkeuibl (HNO3s), 45% cipke KbIIIKBLIBI
(CHsCOOH) >xoHe AMCTWIAEHTEH CydaH TyparbiH 2:2:1 KaThIHACBHIHAAFBI KOCMa
naiinanansiiagel. MyHaaid Kocna IeJUTioNno3aJarbl JIUTHUH MEH TeMUIIEIUTION03aHbIH
KaJABIKTapblH TOJBIK Ta3apTyFa MYMKiHAIK Oepeni. COHFbI Ke3€HAE aJbIHFaH
nesutroao3a 1% arapTKbIlI epiTiHAIMEH OHENIIl, MarHUTTIK apajacThIPFBILITA 5 carar
0O0¥BI Y3/1KCi3 apajacThIPBUIBIN aFrapThUIa bl

Buonozusnvix  orcabvinoapowt  23ipney. BUONOTHSUIBIK KaOBIHAAD LEJUTIOI03aHbI
XHTO3aH JKoHe nonudTHiaeHMKoiabMeH ([1000) OipikTipy apKbulbl CHHTE3AETENI.
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XwuTo3aH Ka0bIHHBIH AaHTHMHUKPOOTHIK OCICEHIUIITIH KYIIEHTIN, OHBIH MEXaHUKAJIBIK
Oepikriria kakcapranel (Kumar et al.,, 2019). An [IDI" marepuanjaplH UKEMIUTICH
apTTHIPBIIN, JKapa OeTiHe J>KaKCchl >KaOBICHIN, OIpKEeNKI OpHAJACyblH KaMTaMachl3
ereni (Li et al.,, 2018). Ilemtrono3a, xuro3an xoHe [IDI OMOCoWKeCTiNIri >KOFapbl
TaOMFX KOMITOHEHTTEpP OOJNBIN CaHalaabl )KOHE afaM ar3achlHAa UMMYHABIK PEaKLus
tyneipMmaiiabel (Rinaudo, 2006). ConbiMeH Katap, XUTo3aH OakTepusiiap MeH 3eHACPIiH
OCYiH THIM/I1 TeXKEUTIH OMONOTHSIIBIK Oesicen i monumep perinae oenrini (Ghanbarzadeh
etal., 2015). Ocbiaii Taburu noauMepsepre HerizaenreH xxaobiaaap 30—-60 kyH iminge
TOJIBIK OMOzerpajanysiFa yIbIpan, KopllaraH opTara 3usH Kenripmeiini (Avérous &
Pollet, 2012).

HoTtm:ke MeH TajakbLiay. buoniacmuxkmepdiy vlieanovl ciyipy KabOinemi. 3bIFbIP
ca0arbIHaH aJIbIHFaH 1eJUTI0N03a HeT131H1eT] OMOIIaCTUKANBIK YITiHIH CBIPTKbI KOpiHici
l-cypeTTe KenTipijareH.

Cypert 1. 3bIFbIp cabarbIHaH aNblHFAH EJUTI0N03aJaH CHHTE3/Ie/ITeH OUOIIACT YITiCi.

3eIFBIp cabaFbIHAH aJBIHFAH IIEJUTIONI03a HETI31HAeTi OMOTUTacT YATICI CHIPT Ko3re
OipTeKTi, KypKymMara TOH CapbI-KbI3FBUIT PEHKTI MaTepuan TypiHae OalKamaibl.
KypkyMuHHIH KOCBUTYBIHA OAailTaHBICTBI YITIHIH TYCi KaHBIK Opi TYpakThl. berki
Ka0aThl JKBUITHIP, TETIC YKOHE THIFBI3, KYPBUIBIMBI OipKenki. MyHIai ChIpTKBI KOpPiHIiC
IIEJUTIONTIO3aHbIH  KOFapbl Ta3aJIBIK JICHredi MeH OWomoJuMep KOMITOHEHTTEPIHIH
OIpTeKTi TapaTyblH KOPCETe .

Iemmromo3a MEH XWTO3aH HETi3iHAETI OMOTUIACTHKTEPIIH iCiHY KaOiIeTi oiapIsiH
KYPBUTBIMBIHA, KOJIAHBUTFAH MTUKI3aT KO31HE KOHE KOCHUTFaH IIACTU(GUKATOP TYpiHE
OailTaHBICTBI ©3Tepeni. byl KacweT OWOIIACTHKTEPIiH JKapa TaHy MaTephaiaapbl
peTiHae KOMAaHBLIYBl YIIiH MaHBI3IbBI, ce0eOl jkapa alMarbIHIAFbl BUIFAIBI CAKTaY
MEH PETTEy MPOIeCTepiHe acep eTeri.

Ocsl 3epTTeyae 0i3 3uiFeIp TammbiFeiHAH (FC) anpiHFaH 1eUTIoNo3a1ad )KacaiFraH
OMOIIIaCTUKTEPIiH iciHy meHreuin 3, 6, 12, 24, 48 sxoHe 72 caraT apaibIFbIHIA
3epTTeNIl. OPTYPI MoaubUKaNUsIIaHFaH YATUIEPAiH — Tasa MeJITI0N03a-XUTo3aHHAH
typateiH (FC), consiMen katap Harpuii anmeruHatel (FCSA,) xoHe KypKyMa KOCBUTFaH
(FCSA-C3,) ynrinepain — cymsl ciHipy Kadinertepi canplcTIpbuIasl (Cyper 2).
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Cypert 2. BroskaObIHIBI YITUICPAIH BUIFAIIBI CIHIPY MalbI3IBIK KOPCETKIIII.

CyperTteH kepin oteipranbiMbizaail, FC (6acTamkbl 36IFBIP HEIUTION03aChl) YATUIEPIIH
IIIIHACT €H BUTFaJ CiHIpY KaO11eTi )KOFaphl, OUTKEHI KYPaMBbIH/IA TEK TAOUFH IIEIITIOI03a
6ap, on — ruapodubal MaTepuan. bipak, KypbUIBIMBI ©3TepMETeHAIKTEeH, CY/Ibl YCTal
TYpy KaOli1eTi MeKTeyi.

FCSA (1% xwuro3aH) YNTICIHIH BUIFAJIABl TANTKBITIBIFBl CBUICTBIPMAIBI TYpIIE
yariiepaiH imnsHzgeri eH TemeHi. ByHbIH ce0e0i, XMTO3aH  JKapThiaal KaTHOHbI
roJiucaxapu/i, oJ1 Cy CiHIpy KaOuIeTiH a3fian miekredai. byn yiarige surran cinipy FC-
MEH CaNbICTBIpFaH/ia TOMEHJEYyl MYMKiH, ce0e0l XWTO3aH MaTPHULAHBI THIFBI3BIPAK
eTesi. AJ, HaTpUil allbIHATHI — THAPOQHIIBI, DIUIEPUH — TUTACTH(GHUKATOP, BIITFAIIBI
YCTarn Typyra KOMEKTeCe/i.

FCSA-C3 (3% xurto3an) ynriciHiH pUTFamabl cansicTeipMaisl Typae FCSA ynricinen
Koem 0oybl, eki ce6ebi 0omybl MYMKiH. BipiHImici, XHTO3aH KOHIICHTPAIMSICHIHBIH
apTybl Cy[bl TapTy KaOUIeTiH KymeiTyi. XuTo3aH MOJIEKyJachlHAa aMUH TONTaphl (—
NH:) 6ap, onap cymeH cyTekTik OaiaHbicTap Ty3e anaabl. 3% xuro3an — Oy 1%-ra
KaparasJia Ke0ipex THApoQHIIb i QYHKIIMOHAIIBI TONTAP,IbIH OOIYBIMEH TYCIH IIpiJe .
Hotmxeciane cynsl tapty KaOineti kymeitin, FCSA-C3 kelipex bUIFal CiHIpTeHIH
rpadukTeH Oaiikayra Oomampl. Exinmmi ce6ebi, 071 TOp KYPBUIBIMBIHEIH e3repyi. Keit
JKarJainapaa, XUTO3aHHBIH apTybl MaTepHalibl THIFBI3AAYIbIH OPHBIHA KEYEKTIJIKTI
apTTHIPYBI MYMKiH. By xkarmaina cy yATIHIH iTiHe )KEHIT SHITl, CIHIPLTY JKBUTIAMIBIFBI
MCH KOJIEMi YIIFasiIbl.

Ochuraiiiiia, bBUTFA]  CiHIpY  KaOUTeTIHAECTI  aWbIpMAaIIBUIBIKTAp  MaTepual
KYpaMBIHIaFel TIOMUMEPIICPIiH KacueTTepiMeH TyciHmipiieni. Taza memmomo3a eH
JKOFapsl MoH KepceTTi. 1% XuTo3aH KOCBUIFAH YITIJET] THIFBI3 MaTpUlla CYIBIH OTYiH
MIEKTEI, KOPCETKIMTI TOMEHIETT. Al 3% XHUTO3aH YATiCIHAE THAPOMIIBII TONTAPIBIH
K00€I01 JKOHE KYPBUIBIMHBIH ©3Tepyl HOTIDKECIHAE BUIFANl TapTy apTKaHbI OailKajiibl.
Byt xuTo3aH MedIepin e3repTy apKblIbl OHOMaTepHAIIbIH CYFa KaThICThI KACHETTEPIH
THIMZ1 peTTeyre OOMaTbIHBIH KOpPCEeTe/Il.

buomeouyunanvix 3epmmey: yneiniy scapa sxcazyea acepiun in vivo 6azanay. 3bIFbIP
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TaJIIBIFBIHAH AJIBIHFAH IISJUTF0JIO3a MEH XWTO3aH HETi31HJIE CHHTE3JCJITeH OHOILIacT
YJITICiHIH jKapa a3y THiMALTIriH Oaranay maxcarsinaa Pushpagiri Research Institute
(Kepama, YwnpuicraH) 0Oa3achlHJa 3epTXaHAJIBIK JKaHyapliapFa TOKIpHOCHIK 3epTTey
KYprizunai. buomarepualiiplH OMONOTHUSIBIK KayilCi3diriH, KaObIHY peakIusICchiHA
dCepiH JKOHE TIHACP/IH KANbIHA KeNy JKBIIIAM/IBIFBIH aHBIKTAY YIIH MOJIETb PETIiHAC
Mus musculus 3epTXaHabIK ThIIKaHIApb! Koapaneuisl (Cyper 3).

ls

fitinii!

eMJIeyTe KYPTi3UIreH ToxXiproe HOTHKeIepi.

Kanyapnapra Toxipube Oactanranra AeHiH OapiiblK BETEpUHAPIBIK TalalTapra
coliKec Karail xacaspl. OpOip THIIIKAHHBIH apKa aliMarbl KbIPKBUIBII, aHTHCETITUKIICH
OHJICNTeHHEH KeiliH 1 X 1 cM KeneMiHJe cTaHAapTTaJFaH Tepi Kapachl xKacanasl. by
Tocil OnoMarepuanably kapa OeTiMEH Tikeslel 9peKeTTeCyiH, JKacyIIaibIK JKayarThlH
EpEeKUICITIKTEPiH JKoHE pereHepalys IMHaAMUKAChIH HAKThI Oaranayfa MyMKIiHZIIK Oepei.

Toxipube ToObHA enriziiren FCSA-C3 yirici 3bIFBIp LEIUIIONI03aChl, XUTO3aH,
HaATPHid aTbIHHATHI )KOHE KyPKYMUHHEH TYPaThIH OMOKOMITO3UIMSJIBIK IUICHKA PETiHAC
Kapara TIKeJIeH TaHbUIAbl. XHUTO3aHHBIH aHTUMHUKPOOTHIK OCJCeHAUIIr, HaTpui
QJIBIMHATBIHBIH THIPOTENb TY3YILi KacHEeTTepi ’KoHE KYPKYMHUHHIH TaOuFu KaObIHyFa
Kapchl ocepl MaTepHalblH jKapa a3y HpOLECiH >KeAEHJIeTyre BIKMNal eTedi el
OOJDKAHIbL.

Bakpinay ToObIHIa kapa O€Ti amiblK KaJJABIPBUIILI HEMECE JOCTYPIi CTEPHIbIL
JIOKE TaHFBIIIBIMEH OHJEN/i. bysl OMOIUIACTTBHIH THIMJAUIITIH CTaHAAPTTHI 9/IiCTEPMEH
CaJBICTBIpYFa MYMKiHIIK Oepi. EMaey ke3eHi 7 KyHre CO3bLIMbI, OChI YaKbIT 1IIiHJE
KYHJICJIKTI BU3yaJAbl OaKbuIay KYPri3ifiil, skapaHblH OeTKi ayMarbl, KaObIHY A9peKeci,
9KCCYAAT MOJIIEPi KOHE IPaHyISALUUIBIK TIHHIH KaJIbIITACybl TIPKEII.
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Anramkel  kyHaepi FCSA-C3 Ouomarepuanbl callblHFaH kapanapia KaObIHY
OenTiiepiHiH TOMEH OONybl, SKCCYIAllMsSHBIH a3ai0bl KOHE TIHIACPIIH epTe
rpaHyIsiuusiIanysl  Oaiikanael. Bynm ocep XWTo3aH MeEH KypKyYMHHHIH TaOWFH
OMONOTHSIIBIK OeJICeHALTIrIMEeH, COHal-aK ajJbIMHATTBIH BUIFANAbl YCTall TYPaThIH
KacueTiMeH TyciHaipineni. bakpmay TOObIHOAFrel jkaHyapiapaa >KapaHblH OeTi
CaJIBICTBIPMAIIBI TYpAe Oasty TapThUIBIN, KaObIHY KYOBUIBICTAphl AKBIH KOPIHII.

ToxiprOe GapbIChIH/IA 3bIFIP IIEIUTFONI03aChl HETI31H e JalbIH IaIFaH OUOTLIACTTHIH
Kapa aszy mpolecine acepi 3-, 5- xoHe 7-KyHaepl OakbuiayFa ajblHABL 3epTTey
HOTHXKeJIepi MaTepHalIblH KaObIHYIbl TOMEHAETYTe KoHE TIHAEPAiH KallblHa KelyiH
KeJeNAeTyre alTapiabIKTail bIKIal eTeTiHiH KOpPCETTi.

Toxipubeniy 3-KyHi OHOIUIACTIIEH TaHBUIFAH jKapanapia KaOblHy AeHIeHiHiH
aiitapnblkTail TeMeHzereHi Oaiikanabl. Tepi OeTiHAeri Kp3apy MeH iCiHy Oakpuiay
TOOBIMEH CaNBICTBIPFAH/Ia dIIACKAN A 9J1Ci3 00 IbI, OYJ1 MaTepUaIbIH aJFaIlIKbl KYHHEH
Oacramn KaObIHYyFa Kapchl ocep KepceTeTiHiH jaaneneni. MyHai acep, eH ajIbIMEH,
OuomnactT KypaMblHAAFbl KypKyMWUHHIH TaOMFH aHTHOAKTEpUANIbl KOHE KaOBIHYIbI
0acaTblH KacUeTTepiMeH OalJIaHbICTHI.

S-KyHi xkapa OeTiH/Ie XIUTETN3alMs IPOIIeCiHIH OacTalFaHbl aHBIK KOpiHi. XKaHa tepi
KacylalapbIHbIH TY311yl, TIHAEPAiH THIFbI3IaHYbI KOHE TPaHYIIIUSHBIH KaJIbIITACYbI
FCSA-C3 6uonnacteiMeH OHIENTEH YATiepae 0aKpiiay TOObIHAH KbUIIAM KYpAi. by
Ke3eH/e XUTO3aH MEH HaTpUH aJbrMHATBIHBIH peili epekiue OalKaipl, OMTKeH1 onap
)Kapaza bUIFaJIbIH TYPaKThl CaKTalybIHa JKaFJai jKacarl, )KacyIIaiapIblH MUTPALHsChI
MeH OOJiHYIH KeIeNACTTI.

7-KyHi OMOIIIACTIICH TaHBUIFaH JKapajap/a TiIHAEepIiH KaJlIblHa KeJTyiHiH allKbIHBIPAK
KYpeTiHi aHbIKTanabl. JKapaHblH KUEKTepl TapbUIbI, OETKI KabaTel OipKenKi xalblaa
OacTanpl, an OaKplIay TOOBIHA Ka3bLTy Iporeci Oasy Kypin, KaObIHY Oenrisiepi TOIbIK
OacelIMaraH Kyizae Kajnel. byn allblpMalnbUiblk OMoMaTephainablH OMOCOHKECTIriH,
KEPTUTIKTI MMMYHJBIK pEakius TYAbIPMANTHIHBIH JKOHE pereHepalysra KOJIanibl
MHUKPOXKYii€ KaJIbITACTBIPATBIHBIH KOPCETTI.

XKannbl anranga, 3epTTey HOTHIXKENEPl 3BIFBIP LEJUTION03aChl, XUTO3aH, HATPHUH
aIbIMHATHI KOHE KYPKYMHH HETi31HIe alblHFaH OMOIJIACTTBIH apa kKa3y MpoleciH
afTapibIKTal KbULIAMIaTaTBIHBIH, KAOBIHY/IBI THIM/TI OaCaThIHBIH KOHE Tepi TIHACPIHIH
KaJIlIbIHA KeJylH BIHTAJaHbIPAThIHBIH Joneiaeial. OHbIH OHOCOWKecTiri MeH
Kayinci3airi Oy matepuanabl )Kapa TaHyFa apHajfaH NEepCleKTUBalIbl OnoMarepuan
peTinze nainanaHyra MyMKIiHZIIK Oepei.

XKyprizinren in vivo 3epTTey 3bIFBIp caOarblHAH allbIHFaH LEJUTION03a, XUTO3aH,
HaTPHii aTbIHHATHI )KOHE KypKyMUH HET131H/Ie CHHTE3/IeNITeH ONOMIIaCcTThIH JKapa jKazy
MpoIIeCiHe Al TapIIBIKTal OH 9Cep €TETiHIH KOPCETTi. AJBIHFaH HOTHKeNEeP XaJIbIKapalbIK,
omebueTTepe CcHUMarTajlraH OMOMOJIMMEpIIK Kapa TaHFBIIITAPBIHBIH OWOJOTHSIIBIK
ocepimeH yineceni. Mbicambl, KypKyMUHHIH KaObIHYFa KapChl )KOHE aHTHOAKTEPUANI bl
Oencenniniri OypbiHHaH Oenrimi: on NF-kB OencenainiriH TeMeHAETIN, KaObIHY
MeINaTOpIIapbIHBIH AKCIIPECCUSICHIH Oacaibl, COHBIH HOTHXKECIHJE KapaJarbl KaObIHY
nporeci aHarypibsiM Te3 Oacbuiansl (Hewlings & Kalman, 2017). bizain 3eprreyne
3-KyHHEH OacTarl KbI3apy/blH O9CEHICY1 11 OChl MEXaHU3MMEH TYCIHIIpiIei.
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XUTO3aHHBIH Kapa *Ka3yFa acepi e KONTereH FhUIBIMU €HOCKTEpAe AQJICIICHTEH.
Rajalakshmi et.al. (2020) xuTo3aH Heri3iHaeri ruaporenbaepAin GudpodIacTTapAbIH
KOOCIOIH  JKeOeNAETeTiHIH, KoOJUlareH TY3UIyilH  BIHTaJaHIBIPATHIHBIH  JKOHE
OakTepusIapablH  ©CIMIH TexeWTiHiH anbikTaraH. bizgin FCSA-C3  ynriciageri
SMUTENN3AIUSHBIH S-KYHI 0acTalybl OChl TY)KBIPBIMMEH COHMKeC Kellelli. XUTO3aHHbIH
aMHMH TONTapbl >kapa O€TiHAe OH 3apaiaTalfaH opTa KaJbIITacTHIPBIN, Tepi
KacylanapbIHbIH are3usAChIH jkaKcapTarbiHbl Aa 6enrini (Dai et al., 2011). by 6izain
9KCIIEPUMEHTTE KaHa Tepi Ka0aThIHBIH KbUIJaM TY31IyiHe bIKIa eTKeH (pakTopiaapabIH
0ipi OOITYBI MYMKIH.

Harpuii anprunaTtel sxkapa OeTiHIE BUIFaNABl OpTa YcTalm Typy KaOineTiMeH
epeKuIeseHe/1l, Oy TpaHy/sIIys MEH SIHUTENU3alUsIHbI KeACIIEeTETiH MaHbI3Abl IapT
Oonbin cananaapl. Thomas (2000) anbruHaT Heri3iHAEr! TaHFBIIITAP/BIH SKCCYIATThI
OHTAMIBI JeHreiie CiHipin, COHBIMEH Karap »apa OeTiH bUIFal KYHAE YCTalThIHBIH
aran eteni. bi3AiH HOTHXKeNepAe BUTFAJIBIH KOFAIMaybl )KoHE TIHASPAIH Te3 KajllblHa
Kelyl 191 ochl KacueTneH OainaHblcThl. COHBIMEH Karap, LEJUTIOJI03aHBbIH JKOFaphl
OMOCOWKECTIr MaTepHajIblH KEPTUTIKTI TITIpKEHY TyAbIpMayblHa >KOHE MMMYHIBIK
peaKIMAHBIH MHHUMAIAbI OONybIHA MYMKIHZIK Oepai. Byn Kacuer memutiono3anbik
Ouomarepuannap Typajbl COHFbl 3epTTEyJepMeH Yieceni, OHAA OJapIbIH
OMOMHEPTTIIIr MEH Tepi JKacyIanapbIMeH KoFaphl yitnecimainiri aran etineai (Klemm
et al., 2018).

XKapa xa3purybiabig 7-kyHi FCSA-C3 yirici KoanaHbUIFaH skaHyapiapaa TiHIAEpAiH
KaJmblHa Kelyl Oakpliay TOOBIMEH CaJbICTBIPFaHIa alTapibIKTail Kakchl OOJIFaHBI
Oalikannel. byn TaOuru monuMepiepaiH CHHEPIUsUIbIK acepiH kepcereni. Kypkymun
KaOBIHYIIBI TEXKEHIi, XUTO3aH aHTUMUKPOOTBHIK KOPFAaHBIC Oepeai yoHE KacylIalbK
pereHepanusHbl bBIHTAJIaHIBIPAIbI, Al aJIbIMHAT jKapa OeTiH[e OHTAMIIBI BUIFAJIIBUIBIK
cakTaiigpl. MyHJail KemleHAi ocep oJeMIIK 3epTTeyinepieri OHomoIMMepiiK
TaHFBIIITAP/IBIH THIMIUTITIHE TONBIK colikec keneni (Boateng et al., 2015).

Kanmb! anFana, albIHFaH HOTHIKEEP 3bIFBIP LEJITI0I03aChl MEH OHOTIONUMepIepre
HeTi3enreH OMOIUIACTThl OMOMEAMLMHANA JKapa TaHyFa apHAIFaH NepCIEeKTHUBAJIBI
Marepuan peTiHiae KapacTbpyFa OONAThIHBIH alKbIH KepceTTi. OHbIH OMOCoHKeCTiri,
KaOBIHY/IbI 0acy KabiJieTi JKoHe pereHepalusUIbIK IPOLeCTep/i JKeAeNAeTyi 9qe0ueTTepae
KeNTIpUIreH JepeKTep i TOIBIK pacTaiIbl.

Kopsitbinabl. JKyprizinren 3epTrey JKYMBICHI OapbIChIHAA 3BIFBIP CHSKTHI
aybUILIAPYaIIbUIBIK KaJABIKTApbIHAH aJIbIHFAH LEJUTIONI03aHbIH XUTO3aHMEH Oipirim,
opTYpai mnactuduKaropaap MeH TaOUFUM OMOAKTUBTI KOcCHanap apKbLIbl OMOMIACTHK
Marepuanbl peTiHle KojjaHyFa OONaThIHABIFBI JIonenfeHni. Llemmono3ansl cinTiiik
OHJICY, KBIIIKbUIMEH Ta3apTy JKoHE arapTy Ke3eHAEpl apKbUIbl Ta3apTy HOTHKECIHAE
JKOFapbl carnalibl ONOMOIUMED aJIbIHIIBI.

AnblHFaH OWOMIACT YATLIEPiHIH (U3UKAIBIK-XUMUSUIBIK KacueTTepi OJapAbIH
Cy ciHipy KaOineTi MeH KYpBUIBIMIBIK TYPaKTBUIBIFBIH KOPCETTi. Ocipece KypKyma
(KypKyMHH) KOCBUIFaH YJTUIEpAiH iCiHy Jopekeci >KOFapbl OOJIbIM, OJapIblH bUIFaI
ycray KabiJeTiHiH )KaKChl eKeHiH KopceTTi. by skapa TanyFra apHaaran Onomarepuanaap
YLLIiH 6T€ MaHbI31bl (PaKTOp OOJBIN TaOBLIA b
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ConbIMeH Karap, in vivo Toxipube HOTHKenepi OOWBIHIIA, 3BIFBIP LEIIIIOI03aChI
HeTi31HJeri OMOIUIACT YATiIepi TepiHiH KaliTa KajllblHa KeTyiH KbUIIaMIaThII, KaObIHY
Oenrinepin temenaeTTi. KypkyMuHHIH TaOUFM aHTHOAKTEpHAJIIbl )KOHE KaOBIHYFa KapChl
KacueTTepi Oy1 mporecTe MaHbI3/Abl pei aTkap/sl. OcbuUaiiina, XUTo3aH MEH LEJUTI0N03a
HeTi31HJeri OMOTUIACTHKTEPl MEIUIIMHAAA, dcipece JKapa TaHy MaTepHaiaaphbl peTiHae
KOJIZlaHyFa 00JIaThIHbI aHBIKTAJbI.

JKanmer, Oy 3eprrey OHMOCOHKECTIK, 3KOJOTHSUIBIK KAYINCI3[IK JKOHE THIMJIL
TEpareBTiK dcep TYPFHICHIHAH OoNalarbl 30p OnoMarepuaiiapAbl AaMBITYFa KO
aIuapl.
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