ACADEMIC SCIENTIFIC
JOURNAL OF CHEMISTRY




ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)

CENTRAL ASIAN ACADEMIC
RESEARCH CENTER

E O QY

ACADEMIC SCIENTIFIC
JOURNAL OF CHEMISTRY

3 (468)

JULY — SEPTEMBER 2026

PUBLISHED SINCE JANUARY 1947
PUBLISHED 4 TIMES A YEAR

ALMATY



Editor in chief:
ZHURINOV Murat Zhurinovich, Doctor of Chemical Sciences, Professor, Academician of IAAS and NAS RK,
General Director of the Research Institute of Petroleum Refining and Petrochemicals (Almaty, Kazakhstan), https://
www.scopus.com/authid/detail.uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489
Editorial board:
ADEKENOY Sergazy Mynzhasarovich (deputy editor-in-chief) doctor of chemical sciences, professor, academician of
NAS RK, director of the JSC "Phytochemistry Research and Production Center" (Karaganda, Kazakhstan), https:/www.
scopus.com/authid/detail.uri?authorld=7006153118, https://www.webofscience.com/wos/author/record/48648658
AGABEKOY Vladimir Enokovich (deputy editor-in-chief), doctor of chemistry, professor, academician of NAS of
Belarus, honorary director of the Institute of Chemistry of new materials (Minsk, Belarus) https://www.scopus.com/
authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/record/28920574
STRNAD Miroslav, head of the laboratory of the Institute of Experimental Botany of the Czech Academy of Sciences,
professor (Olomouc, Czech Republic), https://www.scopus.com/authid/detail.uri?authorld=36789185000, https://www.
webofscience.com/wos/author/record/18379
BURKITBAYEYV Mukhambetkali, doctor of chemistry, professor, academician of NAS RK, (Almaty, Kazakhstan)
https://www.scopus.com/authid/detail.uri?authorld=8513885600,  https://www.webofscience.com/wos/author/record/
691218
HOHMANN Judith, head of the department of pharmacognosy, faculty of Pharmacy, University of Szeged,
director of the interdisciplinary center for Life sciences (Szeged, Hungary), https://www.scopus.com/authid/detail.
uri?authorld=7004457196, https://www.webofscience.com/wos/author/record/15630788
ROSS Samir, Ph.D, professor, school of Pharmacy, National Center for scientific research of Herbal Products,
University of Mississippi (Oxford, USA), https://www.scopus.com/authid/detail.uri?authorld=7401610128, https://
www.webofscience.com/wos/author/record/47926269
KHUTORYANSKY Vitaly, Ph.D, pharmacist, professor at the University of Reading (Reading, England), https:/www.
scopus.com/authid/detail.uri?authorld=35606915700, https://www.webofscience.com/wos/author/record/221621
TELTAYEV Bagdat Burkhanbayuly, doctor of technical sciences, professor, academician of NAS RK, (Almaty,
Kazakhstan), https://www.scopus.com/authid/detail.uri?authorld=6506225641, https://www.webofscience.com/wos/
author/record/72161
PHARUK Asana Dar, professor at Hamdard al-Majid college of Oriental medicine, faculty of Oriental medicine,
Hamdard University (Karachi, Pakistan), https://www.scopus.com/authid/detail.uri?authorld=55884056900, https://
www.webofscience.com/wos/author/record/1796996
FAZYLOV Serik Drakhmetovich, doctor of chemistry, professor, academician of NAS RK, deputy director of the
Institute of Organic Synthesis and Coal Chemistry (Karaganda, Kazakhstan), https://www.scopus.com/authid/detail.
uri?authorld=6701472056, https://www.webofscience.com/wos/author/record/1541357
ZHOROBEKOVA Sharipa Zhorobekovna, doctor of chemistry, professor, academician of NAS of Kyrgyzstan,
Institute of Chemistry and chemical technology of NAS KR (Bishkek, Kyrgyzstan), https://www.scopus.com/authid/
detail.uri?authorld=6602652060, https://www.webofscience.com/wos/author/record/31723468
KHALIKOYV Jurabay Khalikovich, doctor of chemistry, professor, academician ofthe Academy of Sciences of Tajikistan,
V.I. Nikitin Institute of Chemistry AS RT (Tajikistan), https://www.scopus.com/authid/detail.uri?authorld=6603735641,
https://www.webofscience.com/wos/author/record/9567106
FARZALIEV Vagif Medzhid ogly, doctor of chemistry, professor, academician of NAS of Azerbaijan (Azerbaijan),
https://www.scopus.com/authid/detail.uri?authorld=6601962486,  https://www.webofscience.com/wos/author/record/
21617033
GARELIK Hemda, PhD in chemistry, president of the department of Chemistry and Environment of the
International Union of Pure and Applied Chemistry (London, England), https://www.scopus.com/authid/detail.
uri?authorld=56010090400, https://www.webofscience.com/wos/author/record/29866743

ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY
ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)
Owner: «Central Asian Academic Research Center» LLP (Almaty).
The certificate of registration of a periodical printed publication in the Committee of information of the Ministry of
Information and Social Development of the Republic of Kazakhstan Ne KZ23VPY00121156,
issued 05.06.2025
Thematic scope: organic chemistry, inorganic chemistry, catalysis, electrochemistry and corrosion, pharmaceutical
chemistry and technology.
Periodicity: 4 times a year.
http://chemistry-technology.kz/index.php/en/arhiv
© «Central Asian Academic Research Center» LLP, 2026



bac pepaxrop:

JKYPBIHOB Mypar JKypbIHYJIbl, XUMHsI FBUIBIMIAPBIHBIH T0KTOPBI, podeccop, XFAK sxone KP YFA axamemu-
ri, MyHail eHAey JKOHE MYHAH-XHMHSCHI FBUIBIMH-3¢pPTTEY MHCTHTYTBIHBIH Oac aupektopsl (Asnmarbl, Kaszakcramn),
https://www.scopus.com/authid/detail.uri?authorld=66021779606, https://www.webofscience.com/wos/author/record/
2017489

Pepaknus ajkachbl:
OJIEKEHOB Cepra3pl Mpbinxkacapy/bl (0ac penakTopIblH OpbIHOAcaphl), XMMHs FhUIBIMIAPBIHBIH JOKTODBI,
mpodeccop, KP ¥FA axamemuri, "®uroxumus" reutbiMu-eHaipictik opransirsl" AK mupexropsr (Kaparanmsr, Ka-
3aKcraH), https://www.scopus.com/authid/detail.uri?authorld=7006153118, https://www.webofscience.com/wos/author/
record/48648658
ATABEKOB Baaagumup EnokoBuu (6ac penakTopiblH opbelHOacapbl), XMMHEs FHUIBIMIAPBIHBIH JOKTOPEL, Ipodec-
cop, bemapycy ¥FA axanemuri, Kana mMarepuaniap XUMHSCHI HHCTUTYTBIHBIH KYPMETTi qupektopsl (MuHck, bema-
pycs), https://www.scopus.com/authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/
record/28920574
CTPHA/I Mupocaa, npodeccop, Uexust FbUIBIM aKaJIeMHSCHIHBIH JDKCIIEPUMEHTTIK O0TaHWKa HHCTUTYTHIHBIH 3€pT-
xaHa MeHrepymici (Onomoyn, Yexus), https://www.scopus.com/authid/detail.uri?authorld=36789185000, https://www.
webofscience.com/wos/author/record/18379
BYPKITBAEB Myxam6eTKaJu, XUMHs FBUIBIMAAPBIHBIH JTOKTOPHI, ipodeccop, KP ¥FA axanemuri, (Anmarsl, Ka-
3aKcTaH), https://www.scopus.com/authid/detail.uri?authorld=8513885600, https://www.webofscience.com/wos/author/
record/691218
XOXMAHH [xynut, Ceren yauepcuretiniy @apmanesrika paxynsretinig dapMakorHo3ust
KadepackIHBIH MeHrepyici, JKaparbuibicTaHy FBUIBIMIAPEIHBIH TOHAPAIBIK OPTaIbIFBIHEIH JupekTophl (Cerex, Ben-
rpusi), https://www.scopus.com/authid/detail.uri?authorld=7004457196, https://www.webofscience.com/wos/author/
record/15630788
POCC Camup, PhD, Muccucunu yHuBepcUTETIHIH OCIM/IK OHIMAEPIH FRUIBIMH 3€PTTEY
yITTBIK opranbirbl, Papmarms Mektedinin npodeccopsr (Oxcdopa, AKII), https:/www.scopus.com/authid/detail.
uri?authorld=7401610128, https://www.webofscience.com/wos/author/record/47926269
XYTOPSIHCKHWM Burannii, Gpunocodus goxropst (PhD, papmauesr), Pequnr yuuepeuterinin npopeccops: (Pe-
nuHL, AHas), https://www.scopus.com/authid/detail.uri?authorld=35606915700,
https://www.webofscience.com/wos/author/record/221621
TEJITAEB Baraar Bypxan6aiiy/ibl, TeXHHKA FRUIBIMAAPBIHBIH TOKTOPEL, ipodeccop, KP ¥FA akanemuri, (Anmarsl,
Kaszakcran'), https://www.scopus.com/authid/detail.uri?authorld=6506225641), https://www.webofscience.com/wos/
author/record/72161
DAPYK Acana Jlap, Xamnap ans-Mamxna LbiFsic MequIMHa KOJUISIKIHIH Ipodeccopbl, XaMIapa yHHBEPCUTETIHIH
ITsrreic MexunuHa daxynsreti (Kapaun, [Toxicran), https://www.scopus.com/authid/detail.uri?authorld=55884056900,
https://www.webofscience.com/wos/author/record/1796996
DA3bIJIOB Cepik /IpaxmeTry.ibl, XUMUs FBUIBIMAAPBIHBIH JOKTOPHI, podeccop, KP ¥FA akanemuri, Opranukaibik
CHHTE3 JKOHE KOMIp XMMHSChI MHCTHTYTBI AMPEKTOPBIHBIH FHUIBIMU JKyMbICTap KeHinzeri opbiHOacaps! (KaparaH/ipl,
Kasakcran), https://www.scopus.com/authid/detail.uri?authorld=6701472056,
https://www.webofscience.com/wos/author/record/1541357
YKOPOBEKOBA Ilapuna 7Kopo6eKKbI3bI, XHMHS FBLUIBIMAAPBIHBIH JOKTOPEL, Ipodeccop, Keipreiscran YFA axasne-
muri, KP ¥FA Xumus sxoHe XUMUSUTBIK TeXHOorus HHCTUTYTHI (Bimkek, KpipreicTan)
https://www.scopus.com/authid/detail.uri?authorld=6602652060,  https://www.webofscience.com/wos/author/record/
31723468
XAJIUKOB [:xypa6aii XaJnKkoBUY, XM FBUIBIMIAPBIHBIH JOKTOPEL, podeccop, Taxkikeran FA
akagemuri, B.M. Huxutun arsiagarel Xumus wHCTHTYTHI ([ymante, Toxikcran), https:/www.scopus.com/authid/
detail.uri?authorld=6603735641, https://www.webofscience.com/wos/author/record/9567106
DAP3AJIMEB Barud Memkuaoribl, XUMAs FRUIBIMIAPBIHEIH JOKTOPEL, mpodeccop, A¥YFA axamemuri (baxy, O3ip-
Gaiixan), https://www.scopus.com/authid/detail.uri?authorld=6601962486, https://www.webofscience.com/wos/author/
record/21617033
TAPEJIMK Xempaa, ¢unocodpus moxrops! (PhD, xumms), XanblkapaiblK Taza jKOHE KOJAAQHOANBl XUMHS ONAFbI-
HbIH XHMUsl JKoHE KopluaraH opra OesiminiH npesuneHti (JIonnon, Aurims), https:/www.scopus.com/authid/detail.
uri?authorld=56010090400, https://www.webofscience.com/wos/author/record/29866743

«ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY».
ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)
CooOctBennuk: PecnyOnmkanckoe obmiectBeHHOe oObeanHenue TOO «lleHTpaibHO-a3MaTCKUI  aKaJeMUYeCKHIA
Hay4HbIN LeHTp» (. AJIMaThI).
CBHACTEIBCTBO O MOCTAHOBKE HA y4eT MEPUOJIUIECKOro MevyaTHoro m3nanus B Komurere nndopmarmn Munnctepersa
nHpopMaImy 1 obuiecTBeHHOro pasputs Pecyommkn Kasaxcran Ne KZ23VPY00121156, Beigannoe 05.06.2025 r.
Temarudeckast HATPABICHHOCTD: OP2AHUYECKAS XUMUS, HEOP2AHUYECKAs XUMUS, KAMAIU3, JNeKMPOXUMUSL U KOPPO3US,
apmayesmuyeckas Xumus u MexHoI0UMU.
IeproanunocTh: 4 pa3 B rof.
http://chemistry-technology.kz/index.php/en/arhiv

© TOO «llenTpanpHo-a3uaTckuil akajgeMUUecKuii HayyHblil IeHTpY», 2026



I'naBHbIii pegakTop:

KYPUHOB Mypat KypHHoBHY, JOKTOp XUMHYECKUX HayK, Ipodeccop, akaneMnk MAAH u HAH PK, T'enepains-
ublit tupexrop HUU Hedrenepepaborku u Hedrexumun (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

PenaknuoHHast KoJLIerus:
AJIEKEHOB Cepra3pl MpIH:KacapoBUY (3aMECTUTEINb TNIABHOTO PEAKTOPa), TOKTOP XMMHYECKUX HayK, mpodec-
cop, axagemuk HAH PK, mupexrop AO «Hayuno-npomsBonctBenHoro nenrpay®@uroxumus» (Kaparanma, Kazax-
craH), https://www.scopus.com/authid/detail.uri?authorld=7006153118, https://www.webofscience.com/wos/author/
record/48648658
ATABEKOB Biagnvmup EHokoBHY (3aMecTHTENb INIABHOTO PEAAKTOPA), IOKTOP XHMHYECKHX HaykK, podeccop, aka-
nemuk HAH Benapycu, moderHslii aupexrop MHCTHTYTa XMMUK HOBBIX MatepuanoB (MuHck, benapycs), https:/www.
scopus.com/authid/detail.uri?authorld=7004624845, https://www.webofscience.com/wos/author/record/28920574
CTPHA/I Mupocaas, npodeccop, 3aBeAyronuii labopaTtopiueli HHCTUTYTa DKCIIEpUMEHTaIbHON O0TaHuKK Yerickon
akazemun Hayk (Omomoyr, Yexwus), https://www.scopus.com/authid/detail.uri?authorld=36789185000, https:/www.
webofscience.com/wos/author/record/18379
BYPKUTBAEB Myxam0eTkaan, IOKTOp XUMHYECKHX Hayk, mpodeccop, akamzemux HAH PK, (Amnmarel, Kazax-
cra), https://www.scopus.com/authid/detail.uri?authorld=8513885600, https://www.webofscience.com/wos/author/
record/691218
XOXMAHH JIxxynuT, 3aBexyromuii kadenpoit @apmaxornosun dapmanesruyeckoro daxynsrera YHuBepcutera Ce-
refia, AMPeKTop MexXIMCIMIUIMHAPHOTO LIEHTPa ecTecTBeHHbIX HayK (Ceren, Benrpus), https://www.scopus.com/authid/
detail.uri?authorld=7004457196, https://www.webofscience.com/wos/author/record/15630788
POCC Camup, PhD, mpodeccop Ilkonsr Papmanun HalMOHAIBHOTO LEHTPAa HAYYHBIX HCCICIOBAHUH pac-
TUTENBHBIX IPOAYKTOB YHHBepcurera Muccucumu (Oxcdopn, CIIA), https:/www.scopus.com/authid/detail.
uri?authorld=7401610128, https://www.webofscience.com/wos/author/record/47926269
XYTOPSIHCKHMM Buranwuii, foxrop punocodun (Ph.D, papmarest), npodeccop Yuusepcutera Pemunra (Peusr,
Anrmust),  https://www.scopus.com/authid/detail.uri?authorld=35606915700,  https://www.webofscience.com/wos/
author/record/221621
TEJIbTAEB Barnar Bypxaun6aiiy/ibl, JOKTOp TeXHHYECKHX Hayk, npodeccop, akanemux HAH PK, Munucrepcrso
Wunycrpun u uabpacTpyKkTypHOro pa3sutus Pecryonuku Kasaxcran (Anmarsl, Kazaxcran), https://www.scopus.com/
authid/detail.uri?authorld=6506225641, https://www.webofscience.com/wos/author/record/72161
DAPYK Axcana Jap, npodeccop komremka Bocrounoit memumunbl Xamaapaa anb-Mampkupa, daxyisrer
Bocrounoii memuuumnbl yHuBepcutera Xampaapaa (Kapauwm, [laxkucran), https:/www.scopus.com/authid/detail.
uri?authorld=55884056900, https://www.webofscience.com/wos/author/record/1796996
®A3bIJIOB Cepux [IpaxMeToBHY, JOKTOp XHMHYECKHX Hayk, mpodeccop, akagemuk HAH PK, 3amectutens au-
pekTopa 1o Hay4Ho pabore MHcTuTyTa Opranmdeckoro cuHresa u yrexumun (Kaparanma, Kaszaxcran), https:/www.
scopus.com/authid/detail.uri?authorld=6701472056, https://www.webofscience.com/wos/author/record/1541357
JKOPOBEKOBA Illapuna ’KopobekoBHa, JIOKTOP XUMH4YECKUX HayK, npodeccop, akagemuk HAH Ksbiproicrana,
WuctutyTt xumMun 1 xumudeckoit texuonorun HAH KP (Butukek, Keipreizcran), https:/www.scopus.com/authid/detail.
uri?authorld=6602652060, https://www.webofscience.com/wos/author/record/31723468
XAJIUKOB [:xypa6aii XaJukoBU4Y, JOKTOp XMMHYECKHX Hayk, mpodeccop, akagemuk AH Tampkukucrana, Wn-
ctutyt xumuu uMenu B.M. Hukurmna AH PT (HymaunGe, Tamkuxucran), https://www.scopus.com/authid/detail.
uri?authorld=6603735641, https://www.webofscience.com/wos/author/record/9567106
DAP3AJIMEB Barug Memkna oribl, JOKTOp XUMHYECKUX Hayk, podeccop, akanemuk HAHA (Baky, A3ep6aiin-
xKaH), https://www.scopus.com/authid/detail.uri?authorld=6601962486, https://www.webofscience.com/wos/author/
record/21617033
TAPEJIMK Xemaa, noxtop ¢unocodun (Ph.D, xumus), npesugent OTaena XUMUH M OKpYKalomied cpeasl Mexk-
JYHapoOIHOTO CoOro3a 4ucTod M mnpukiagHoir xumuu (Jlommon, Axrmms), https:/www.scopus.com/authid/detail.
uri?authorld=56010090400, https://www.webofscience.com/wos/author/record/29866743

«ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY»

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Menmikrenymi: «OpTanbIK A3Hs akaJeMISIIBIK FEUIBIME opTansrsDy XKIIC (Anmars! K. ).

Kazakcran PecryOnukachlHbIH AKMapar jkoHE KOFaMIbIK JaMy MHMHHCTPIIriHiH Akmapar komuteringe 05.06.2025
x. 6epinren Ne KZ23VPY 00121156 mep3iMaik 6acbUIbIM TipKeyiHe KOHBLTY Typaibl KyuiK.

TaKbBIPBINTHIK OAFBITBI: OP2AHUKATbIK XUMUS, OEUOP2AHUKATIBIK XUMUS, KAMATU3, TeKMPOXUMUSL HCIHE KOPPO3UL,
apmayeemuKanbly Xumus HcaHe MmexHoN0UANap.

Mep3iMIiiiri: )KbUIbIHA 4 peT.

http://chemistry-technology.kz/index.php/en/arhiv

© «OptanblK A3us akaJeMUsUIbIK FhUIbIMU opTaibirsby JKIIC, 2026

4



Volume 3, Number 468 (2026)

CONTENTS

Abdugalimov A.Sh., Jalmakhanbetova R.I1., Mukusheva G.K.
Atomistic insight into solvent effects on the chemical structure of betulonic acid........c..cccevevienininencnne. 11

Assembayeva E.K., Shadi D.K., Nurmukhanbetova D.E., Bozhbanov A.Zh., Gabdullina E.Zh.
Effect of inulin on the quality characteristics of a fermented cheese whey-based beverage ..........c.c..c..... 25

Asylbekova D.D., Toktibayeva Kh.R., Kaldybayeva A.R., Zhurkhabayeva L., Tukibayeva A.S.
Electrochemical behavior of phosphorous acid on a platinum electrode and its galvanostatic anodic
oxidation usSing @ [ead ANOME .......cc.eiuiriiiiiiiieie et 39

Auyeshov A.P., Yeskibayeva Ch.Z., Ibrayeva A.M., Alzhanov K.B., Dzholdasova E.M.
Investigation of the adsorption characteristics of silica obtained from serpentinite by a combined
acid—alkall METROA ...co.oiiiiiiiiiii ettt sttt ettt 58

Galymzhan A., Kozhabekov S., Kuanyshev A., Sansyzbay N., Abdrassilova A.
Effect of octadecyl methacrylate—maleic anhydride copolymer composition on crude oil
ThEOLOZICAL PIOPETLICS .....eveiiiiniititit ittt ettt bbbt ea ettt a e st et sbe bt e bt eseeseentens 78

Darmenbayeva A.S., Rajasekharan R.
Investigation of the structural properties of nanocellulose membranes derived from agricultural

Dmitriyeva E.A., Medvedev A., Kemelbekova A.
Development of a low-temperature gas sensor based on SnOs- thin films and a precision measurement
system for high-TesiStance dEtECTION .......couerueriiriiriirtieiieiiei ettt 109

Dzheldybaeva I.M., Kairbekov Zh., Esenalieva M.Z., Dossumova B.T., Suimbaeva S.M.
Influence of ultrasonic treatment on the structure and physicochemical properties of brown coal
RUINIC ACTAS ..ttt sttt ettt b e bbbt bt et et et nbe st st et 125

Jumadilov T.K., Khimersen Kh., Imangazy A. Features of heavy metal ion sorption by interpolymer
systems formed from homogeneous polyelectrolytes .........cccoviririririiiiiiieieeeee e 140

Zhylkybek M., Orazbekova R.S., Yerkibaeva M.K., Aidarova A.O., Baizhumanova T.S.
Co—Mg oxide catalysts for deep oxidation of methane: synthesis, structure, and catalytic activity.......... 154

Imangaliyeva B., Rakhmetova G., Dossanova B., Sovet N.
Technology of biological fertilizer production by hydrolysis treatment of polymer waste..........c..c.cceuc.e 169

Karar ML.E., Beisenbayev O.K., Alibekov R.S., Shamsudin R. Starch extraction from Baidaly rice
and Gala potatoes for application in biodegradable materials..........ccccoverieiirienininininiciececceee 186

Kudaibergenova G.N., Azimbayeva G.E., Kamysbayeva A.K., I1zteleu B.M., Kurbanbayeva N.M.
Fatty acid composition of Helianthus tuberosus flOWETS .........ccocoviiiriiiiiiiiinienineeeeeeeeeese e 204

Massenova A.T., Sass A.S., Torlopov LI., Rakhmetova K.S., Malgazhdarova M.K.
Tuning of surface acidity in Zn—-Me-modified shaped ZSM-5—-Al-0s alkylation catalysts........................ 219

Nurislamov R.M., Nefedov A.N., Beissenbayev D.K., Leontyeva X.A., Imashev B.K.
Effect of oxide films on the corrosion resistance of iron: modeling in COMSOL Multiphysics 6.2......... 238



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Nurlybayev O., Kudaibergenova R., Taubayeva R., Bekaulova A., Seitmanbetova A.
Textural properties of bentonite—sawdust carbon composites after metal-chloride-assisted
CATDOMIZALION. ...ttt ettt b ettt ettt ettt b et e e bt bt e bbbt eb et et ene st enes 250

Puzikova D.S., Bessonova G.V., Kenzin N.R., Zhurinov M.Zh., Torlopov LI.
Modeling cavitation of oil-containing media in various hydrodynamic configurations..............c.cceeeuenne 263

Rakhimov A., Zhanikulov N., Taimasov B., Potapova E., Sarsenbaev B.
Calculation of the raw material composition for cement clinker with the addition of lead slag processing

Ryskalieva D., Baibulanova A., Yessenamanova M., Mustafina A., Samat A.
Hydrogen sulfide pollution in the atmosphere of an industrial city: the potential role of evaporation
fields (Atyrau, KazakNStan) ...........cccceevieieiienienienece ettt sttt essessessessaeseesaeseensensens 299

Serikbayeva K.T., Chalov T.K., Sadykov K.A.
Rubidium sorption from aqueous solutions by VEMEA—-AGE-PEI anion exchangers............c..ccccceee.. 322

Seitkazinova A.R., Nazhipkyzy M., Yeleuov M.A., Zhaparov A.A., Kalybayeva A.K.
Orange peel-derived porous activated CarbOMN ............cveierierieriieieieeeeeetee e 334

Samadun A.L., Taussarova B.R., Asrakulova D.I., Nurmukhanbetova D.E.
Biodegradable packaging films with copper nanoparticles: effect of NaBH4 concentration
on morphology and antifungal PrOPETLICS .........eceeieirierierierieriese et etee et et ste et ere e esaeaesessessesseseeene 351

Khamitova T.O., Tyanakh S., Bolatbay A.N., Ma Fengyun, Aitbekova D.E.
Linking geological genesis to the molecular and optical traits of humic acids from coal wastes............. 370

Talgatov E., Zamanbekova A., Abilmagzhanov A., Auyezkhanova A., Akhmetova S.
Polymer-modified supported catalysts for the oxidation of cyclohexane with hydrogen peroxide........... 389



Volume 3, Number 468 (2026)

MA3MYHBbI

Aoayranumos A.ILl., /lxxanmaxan6erosa P.U., Mykymesa LK.
BeTyloH KbIIIKBUIBIHBIH XUMHSIIBIK KYPBUIBIMBIHA €PITKILITEP 9CEPiH aTOMUCTUKAIIBIK TYPFbIIaH
BEPTTEY +euveuvenreteastenteueentententestestesseebeeseestestesse bttt ab e bt eb e es e es s em s et e b e eb e eb e eh e eh e es b es b en b et e ebeebe e bt e bt e bt en et et e b e b eheets 11

Acemb6aeBa J.K., llani /I.K., Hypmyxanoerosa /I.E., bo:xxk6anos A.2K., 'adaynmna EK.
WHynuHHIH 1piMILNIK capbICYbl HETi31HAET1 AlIBITBIIFAH CYCBIHHBIH Calla KOPCETKIIITEPIHE 9CEPL............. 25

Acsbri6exoBa JI./1., ToxkreioaeBa X.P., Kanabsi6aeBa A.P., ’Kypxabaesa JI., TykioaeBa A.C.
Docdopiibl KBIIIKBULABIH IIATHHA dIEKTPOABIHAAFbI MEKTPOXUMHUSUIBIK KACHETTEPI )KOHE OHBI
KOPFAChIH aHOBIH KOJIIAHBII TaIbBAHOCTATUKAIIBIK @HOATHI TOTBIKTBIPY. c.c.vevveveaeereeeneeseneeseaseneeseneeseaeeneans 39

AyemoB A.Il., Ecku6aesa 4.3., UopaeBa A.M., AizkanoB K.b., Ixxonnacosa 3.M.
KpIIKBIIABI-CINTITT KOMOMHAIMATIBIK 9IICTIEH CEPIIEHTUHUTTEH AJIbIHFAaH KPEMHE3eMHIH aJCOPOLUSIIBIK
CHUTTATTAMAIIAPBIH BEPTTEY -..vveuventenresiastaseestestestentensestestenseastesteseentensensenseaseestestestensessensensestestestesbeeseensensensens 58

Fansivmikan A., Ko:kadexoB C., Kyanbimes A., Cancoi306aii H., AogpacuiioBa A.
OKTazeIMeTakpuiIaT IeH MaJleH aHTHAPHU/II COMOIMMEepIIepi KYPaMbIHbIH MYHAHIbIH PEOIOTHSIIBIK,
KACHETTEPTHE OCCP «.veuvtvtemieutentetetiettettete et ettestetestestesbesbeebeeseesees s et et e b e ebeebeeb e eh s ea s esbes b e bestesbeebeebeeneentententens 78

JapmenodaeBa A.C., Rajasekharan R. ArpokanasikTapiaH ajablHFAaH HAHOIIEIUTIONO3aJIbI
MeMOpaHaIaAPABIH KYPBUTBIMABIK KACHETTEPIH BEPTTEY....c.veeveerterrentetentensenseeseeseensensensensessesiessesseeseessesensens 95

Jmurtpuena E.A., Mensenes A., KemesioexoBa A.
SnO: )xyKa KaOBIKIIaTapsl HET131HIEeT TOMEH TeMIIEPaTypajbl ra3 CEHCOPBIH )KIHE KOFAPhI
KeAepriepl Tipkeyre apHalIFaH MPEUU3UOHIBI OJIIICY JKYHECTH O31IPIIEY....ccuvevererrinriniieiieiieieieniesieneeee 109

JxengpioaeBa U.M., Kaiibipoexos K., Ecenanuea M.3., locymosa B.T., Cyiim6aesa C.M.
VYrpTpaapIObICTHIK OHACYAIH KOHBIP KOMIpP T'yMUH KBIIIKBIIIAPBIHBIH KYPBUIBIMBI MCH
(PUBUKA-XUMUSITBIK KACHCTTEPIHE QCCP.vuveutemtintirtiatietietientententestestestesieestestessensessestessesseeseeneeseentensensesnesues 125

Txymaauios T.K., Xumapean X., Umanrassl A.
BipTekTi momManeKTpoIUTTepACH KYPbUIFaH HHTEPIOINMEPITIK )KYyHeIepaiH ayblp MeTasll
HMOHIAPBIH COPOLIMSIIAY CPEKIICTTIKTED . . uveuteurintetertertiettestestestestestestesseeseeseestesensesbesbeebeeseessensensensenaensenne 140

Kpuikbsioex M., Opaszdexosa P.C., EpkuéaeBa M.K., Aiinaposa A.O., baii:kymanosa T.C.
MetaH/pl TEpeH TOTHIKThIpYFa apHasiFaH Co—Mg OKCHATI KaTalu3aTopiap: CHHTE31, KYpbUIbIMBI
MKOHE KATATHTUKATBIK OCIICEHIIITITI ¢ . cuviuiiiteiitiieiceteeet ettt 154

HUmanranuena b., Paxmerosa I'., locanoBa b., Coset H.
[TonmmMep KanapIKTapbIH THAPONU3TIK OHJCY apKbUIBI OHMOIOTHSIIBIK THIHAUTKBILI ATy
TEXHOIIOTHISICBL. .. .e vt teuveesteenseeseesseessaesssassseasseasseesseenseanseesssanssessaessseassessseanssessesnseenseenseenseensaesssesssenssennsesnses 169

Kapap M.E., Beiicen6aeB O.K., Annodexos P.C., Pocuax lllamcynus.
Baiimans! kypinriHeH sxoHe ['ana cOPTTH KAPTONTAaH KpaXMaJl ally )KOHE OHbI OMOBIIBIPANTHIH
MATEPUATTAPAA KOTIIIAHY. ... cuverventenrestaneestententensensessestesseessessessessestestesseaseeseeseentensenseaseasesseeseessensensensensensense 186

Kynaiioeprenosa I.H., A3um6aeBa I.E., KambicoaeBa A.K., I3tesiey b.M., Kyp6an6aesa H.M.
TornmHaMOyp TYAAEPIHIH MAH KBIIKBIIIBIK KYPAMBI ....c.veuterteteterienterseeseemeeneensensessessesseeseessensensensensensense 204



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

MacenoBa A.T., Cacc A.C., Topiaonos U.U., PaxmeroBa K.C., Maaraxnaposa M.K.
Zn-Me-monubuKkanusnanFal Kaasmranrad ZSM-5-A10s ankuiaey KaTanan3aTopiapbiHbIH
OCTTIK KBIIKBUIABIFBIH PETTEY....ccvveuvenrereeenee

Hypucaamos P.M., Hedenos A.H., Beiicendaen /I.K., JleonTtheBa K.A., Umames b.K.
Temipain KOppo3usFa TO3IMALIIriHE OKCUATIK KaObIKmanapasH acepi: COMSOL Multiphysics 6.2
OAFIAPTAMACHIHIA MOECIIBIICY. c..cuveeventerteneententenseaseestestestentensensensessessesseestessensensensesseaseebeeseeneentensensenseasennes 238

Hypasidaes O., Kynaiideprenona P., Tayoaesa P., bekayiioBa A., CeiitManGeToBa A.
Mertasn xopuaTepi KaTbIChIHAA KapOOHU3asIIaHFaH OCHTOHUT—aFalll YT1HIICI KOMIPTEKTi
KOMIO3UTTEPIHIH TEKCTYPATBIK KACHETTED 1. euveeveatereeieesientertententestesseeseeseeseentensessessessesseensensensensessensensenne 250

Iy3ukoBa /I.C., becconona I.B., Kenzun H.P., )Kypsinos M.2K., Top;ionos U.H.
OPTYpIli THAPOIMHAMHKAIIBIK KOHCTPYKLHMSIAPIaFbl MyHal KypaM/ibl OpTaJlapIbIH KaBUTALHs
TIPOIICCIH MOJICIIBIICY ..evvenvenvensensensenseastententensensensessesseaseessensessentesseseeabeeseeseemtentensenseabeebeebeestensensensensenaentene 263

Paxumos A., ’Kanuxyiso H., Taiimacos B., [loranosa E., Copcendaes b.
KoprachlH KOKBIH OHACY KaIIbIKTaPhl KOCUIFAH [IEMEHT KJIMHKEPiHiH IIUKI3aT IIHXTaChIHBIH
KYPAMBIH ©CEIITEY ....vvuvteueeneentententeaseastastestententensessessessesstessessessessessesteaseesteseentensensensesseabeeseensensensensensensensenne 285

Cepikoaena K.T., Hanos T.K., Canbikos K.A.

CeiiTkazunoBa A.P., Haxkunkpizsl M., Eneyos ML.A., ’Kanapos A.A., Kaabi6aeBa A.K.
AnenbCHH KaObIFbIHAH AJIBIHFAH KEYEKT1 OCTCCHIIPIITCH KOMIP. .. coverueemeeuienietentententeeteeieeneeeenaenienieneenne 322

CamanyHn A.U., TaycapoBa b.P., Acpakynosa /I.U., Hypmyxau6eropa JI.E.
Mpic HaHOO®OMIIeKTEPi 6ap OMOBLABIPANTHIH KanTamMambIK yiaipiaep: NaBH4 KoHICHTpauusChIHBIH
MOP(OIIOTHSFA KIHE CAHBIPAYKYJIAKKA KAPCHI KACHETTEPIHE CEP1uveuvereeueeneeienrentenieeiieieererenaeniesienienne 334

Xamuroa T.O., Taunax C., bonaroaii A.H., Ma ®3ub10Hb, AliToexoBa /I.E.
Kemip kanapIKTapsIHaH OOTiHIeH TyMHH KBIIIKBUIIAPBIHBIH T€0TOTHAIBIK T€HE3UCI MEH MOJIEKYTIANIbIK
JKOHE ONTHKAIBIK KACUCTTEPIHIH OQMITAHBICH ......eveveiieiteiienieiententesteeteeseeseestensestesbesbesteeneessesensentenaeneenne 351

Prickanuesa /I.K., baiioy1anoBa A.A., EcenamanoBa M.C., Mycrapuna A.2K., Camar A.C.
OHepKaCcinTiK Kana atMoc(hepachIHBIH KYKIPTCYTEKIIEH JIaCTaHybl: OylaHy aJaHIapbIHBIH
BIKTUMAIT POIL (ATBIPAY, KABAKCTAH) ..ecueiuieiiiiitiitieiieiteiteteteste ettt ettt 370

TaararoB J.T., 3amanbéexoBa A.T., Abuiabmar;kanoB A.3., Oye3xanoBa A.C., AxmeroBa C.H.
I{uksoreKcan/pl CyTeK MePOKCHAIMEH TOTHIKTBIPYFa apHAIIFaH MOJUMEPMEH MOAN(DHUKAIMUIAaHFaH
TACBIMAJIAFBIIIKA OCKITIITCH KATATTMBATOPIIAD «.veeveeverrerrententententersesseeseeseeseeneesensessessesseessensensensensensensense 389



Volume 3, Number 468 (2026)

COAEP)KAHHUE

Aoayranumos A.ILl., /lxxanmaxan6erosa P.U., Mykymesa LK.
ATOMHCTHYECKOE UCCIICIOBAHUE BIMSHUS PACTBOPHUTENICH Ha XUMUYECKYIO CTPYKTYPY
OCTYITOHOBOM KHICTIOTBL ... uveuveateertstautentententessestestesseestestessentesesseastebeeseeseestensentesenbesbesbeestentesbensentenbenbeabeaneas 11

Acemb6aeBa J.K., Hlanu J.K., Hypmyxan6eroBa /I.E., Bo:k6anos A.XK., I'aonyamna EOK.
BinsiHue HHY/IHMHA Ha TT0KA3aTeNu Ka4ecTBa ()epMEHTHPOBAHHOTO HAMUTKA HAa OCHOBE CHIPHOIL
CBIBOPOTEH «.uveuteatetteteestestentententeseaseestebeestestessentenseete et e eb e ebeeseestentent et e bt ebeebeebeeh s es b esbenbenbentenbeebeebeebeenteneentens 25

Acsbri6exoBa JI./1., Toktu6aesa X.P., Kaansi6aeBa A.P., ’Kypxadaesa Jl., Tykuoaena A.C.
DAeKTpoXuMHYecKoe moseaeHne pochopucToil KHCIOTH Ha TNITATHHOBOM 3JIEKTPOIE
1 e€ rabBaHOCTATHYCCKOEC aHOIHOE OKUCIICHHE C MCITOIb30BAHUEM CBHHIIOBOTO AHOMA.......ecvveveereervennens 39

AyemoB A.Il., Ecku6aesa 4.3., UopaeBa A.M., AizkanoB K.B., Ixxonnacosa 3.M.
HccnenoBanue aacopOIMOHHBIX XapaKTEPUCTUK KPeMHe3EMa, MOTyUYeHHOTO M3 CePIICHTHHUTA
KOMOMHUPOBAHHBIM KHCITOTHO-IIETTOTHBIM METOMOM ....eetiutesiateneasinseseaseneeseseseasenseseasensesenseseasensesensessasenens 58

Tlaasivmekan A., Koxkatekos C., KyanbimeB A., Cancbi30aii H., AapacuiioBa A.
BrusiHre cocTaBa COMOIMMEPOB OKTAASIIMIMETAKPUIIaTa U MAJICMHOBOTO aHTHIPHIA
HA PEOTIOTHYCCKHIE CBOMCTBA HEMTH ....euveeervieiienietentententeeteettestestentestenseebeeutebeessensessentensestesbesbeebeeseeneeneensens 78

JapmenobaeBa A.C., Rajasekharan R.
HccnenoBanue CTpyKTYPHBIX CBOWCTB HAHOLEIUTIONIO3HBIX MEMOpaH, MOJIYYEHHBIX U3 arpOOTXO/OB.......95

Jmurtpuena E.A., Mensenes A., KemesioexoBa A.
Pa3paboTka HU3KOTEMIIEPaTypPHOTO Ta30BOT0 CEHCOPA HAa OCHOBE TOHKMX IUIEHOK SnO: 1 NPEeLn3HOHHON
HM3MEPUTETBHON CUCTEMBI JJISl PETUCTPALUU BBICOKOOMHBIX COTPOTHBICHMM. ...vvevvenvirieiieiieiieieienienienee 109

xengpioaeBa U.M., Kaupoekos K., EcenanueBa M.3., locymoBa B.T., CyiimoaeBa C.M.
BrusiHue yapTpa3BykoBOi 00pabOTKH Ha CTPYKTYPY U (PU3UKO-XUMUYECKHE CBOWCTBA I'YMUHOBBIX
KHCITOT OYPOTO YITIT .evtuteutententententeattemtestentententenseatessesteestessessesentesaeabeebeeseemtententesenbeabeebeeseensensensensententenee 125

Jxymanuios T.K., Xumapean X., Umanrassl A.
Oco0EHHOCTH COPOLIMN HOHOB TSHKENBIX METAJUIOB HHTEPHIOIMMEPHBIMU CHCTEMAMH,
¢(hOpPMHUPOBAHHBIMHU M3 OXHOPOIHBIX MOTHAICKTPOIIHTOB. .....veuventerterterseeseemteneentensensessesseeseessesensensensensense 140

Kpuiksioex M., Opasoexosa P.C., EpkuéaeBa M.K., Aiinaposa A.O., baii:xxymanosa T.C.
Co—-Mg oKcHHbIE KaTaJIU3aTOPbI VIS ITyOOKOr0 OKMCIICHHSI METAHA: CHHTE3, CTPYKTypa
1 KaTATUTHUECKAST AKTUBHOCTD .....viuvuitenieuitenteteteuteteseetesesteseseeseesesesseseseesesesseasesesseseesensesesaeseeseseeneeeens 154

HUmanranuena b., Paxmerosa I'., locanoBa b., Coset H.
TexHoNOTHA NONTYyYSHUST ONOTOTUIECKOTO YAIOOPEHUS Iy TEM THIPOIU3HON 00pabOTKH
TTOTTIMEPHBIX OTXOOB. ..uteutententeateteaseestententensensessessesteessessessensensesaeabeebeeseemtententeseabeebeebeeneensensensensententenne 169

Kapap M.E., Beiicen6aeB O.K., Anudekxos P.C., Pocuax lllamcynun.
[Nonyuenue kpaxmana u3 puca «baiigansn u kaprodens copra «['ana» u ero npuMeHeHNe

B OHMOpa3IaraeMblx Marepuanax ... ..186

Kynaiioeprenosa I.H., Asumbaesa I.E., Kambic6aeBa A.K., U3tesney .M., Kyp6an6aesa H.M.
JKAPHOKUCIIOTHBIN COCTAB LBETKOB TOTTMHAMOYPA ....cuvvvvirentenieienientenseeseentestesensesbestesteeneeneensensensensenienee 204



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

MacenoBa A.T., Cacc A.C., Topiaonos U.U., PaxmeroBa K.C., Maaraxnaposa M.K.
PerynupoBanne moBepXHOCTHOH KHCIOTHOCTH Zn—Me-MonupHIupOBaHHBIX (POPMOBAHHBIX
ZSM-5-Al:0;3 KaTanu3aToOPOB ANKHITHPOBAHIST ........eoveueriteutrenreniteseeteseteeseseeseeseseeseseeseseesesaeseeseseeseeeens 219

Hypucaamos P.M., Hedenos A.H., Beiicendaen /I.K., JleonTtheBa K.A., Umames b.K.
Buinsinue okCcuAHBIX TIEHOK Ha KOPPO3UOHHYIO CTOMKOCTD JKele3a: MOJEIMPOBAaHUE
B COMSOL MUIIPRYSICS 0.2 ....cueiiiiiiiiiiiiiieiee ettt 238

Hypasidaes O., Kynaiideprenona P., Tayoaesa P., bekayiioBa A., CeiitManGeToBa A.
TexcTypHbIe CBOWCTBA OEHTOHUT—YIIEPOAHBIX KOMIIO3UTOB MOCIE KapOOHH3ALNH
B TMPUCYTCTBHH XJIOPHIIOB METATIIOB ....uvuteutenretenteeteettessessessentestestessesseeseentensesensessessesseeneensensensensensessenne 250

Iy3ukoBa /I.C., becconona I.B., Kenzun H.P., ’Kypunos M.2K., Top;ionos U.U.
MozenupoBaHue npouecca KaBUTalnl HeTeCoAepKaIMX CPel B Pa3IHYHbIX
THIPOIMHAMUUCCKUX KOHCTPYKIIHX . cevvuvententententeeteettensensessensestestessesseeseeneensensensessessesseensensensensensensensenne 263

Paxumos A., ’Kanuxyiso H., Taiimacos b., [loranosa E., Capcen6aeB b.
Pacuér cocraBa ChIpbeBOil MINXTHI AJISI IEMEHTHOTO KIIMHKepa ¢ J00aBICHUEM OTXO/I0B
TIEPEPAOOTKH CBHHIIOBOTO IIITAKA ...veevvenrenrentensentensensesstessensessesensessessesseeseensensensensensessesseessensensensensensensenne 285

Cepukoaena K.T., Yanos T.K., Caasixos K.A.
Copbuus pyouaust u3 BOOHBIX PacTBOPOB aHHOHUTAMH BOMDA—-ATI'D-TIOU....c..coeviiiiiiiiiece, 299

CeiiTkazunoBa A.P., Haxkunksizsl M., Eneyos ML.A., ’Kanapos A.A., KaabioaeBa A.K.
ITopucTelii akTUBUPOBAHHBIN yIJIEPO/, OJTYYEHHBIH U3 AlIETbCUHOBOM KOMKYPBL....cuvvenvrenreerieenreenienerennnes 322

CamanyHn A.U., TaycapoBa b.P., Acpakynosa /I.U., Hypmyxau6eropa JI.E.
buopasinaraemble YIIakoBOYHbIC IUIEHKU ¢ HAHOYACTUIIAMU ME/IN: BIUSHUE KOHLICHTPALIMK
NaBHa Ha MOP(OIOTHIO X AHTUTPHOKOBBIE CBOMCTBA .....veuveuveaieieeiiertenteneententensesseeseeseeseensensensensensensensenne 334

Xamuroa T.O., Taunax C., bonaroaii A.H., Ma ®3ub10Hb, AliToexoBa /I.E.
CBsI3b I€0JIOTHYECKOTO TeHE3UCa C MOJICKY/SIPHBIME U ONTHYECKUMH XapaKTePHCTHKAMU
TYMUAHOBBIX KHCJIOT M3 YTOIBHBIX OTXOMOB -...veutttuteutteneestsestasanseseaseseaseseseasenseseaseseasensesenseneasensesesseneesenes 351

Prickanuena /I.K., Baiioy1anoBa A.A., Ecenamanosa M.C., Mycraduna A.)K., Camat A.C.
3arpsizaeHre aTMocepsl MIPOMBIIIIEHHOTO FOPO/Ia CEPOBOAOPOIOM: OTEHIIHATIBHAS
poib nmoseld ncmapeHust (ATBIPAY, KABAXCTAH) ...c.eevetiriiiiiiiiiiiriieiieiieitetetet ettt 370

Taararos J.T., 3aman6exoBa A.T., AbuabmarxkanoB A.3., Aye3xanoa A.C., AxmeroBa C.H.

IMonmumep-MoanGUINPOBaHHbIC HAHECEHHbIE KaTAIM3aTOPbl OKUCIICHHS LIUKJIOTeKCaHa
TICPOKCUTOM BOZOPOIIA «.envenvententensiaseameestententesensessesseastessensensensestesaeaseeseeseentensensenseabeebeeseeneensensensensensensenne 389

10



Volume 3, Number 468 (2026)

ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY
ISSN 2224-5286

Volume 3.

Number 468 (2026), 11-24

https://doi.org/10.32014/2026.2518-1491.384

IRSTI: 31.15.27
UDC: 547.915:544.183.2

© Abdugalimov A.Sh.!, Jalmakhanbetova R.1."", Mukusheva G.K.2, 2026.
'L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
’Karaganda National Research University named after academician Ye.A. Buketov,
Karaganda, Kazakhstan.

E-mail: rjalmakhanbetova@gmail.com

ATOMISTIC INSIGHT INTO SOLVENT EFFECTS ON THE CHEMICAL
STRUCTURE OF BETULONIC ACID

Abdugalimov Alisher — L.N. Gumilyov Eurasian National University, Astana, Kazakhstan,

E-mail: aabdugalimov(@gmail.com, https://orcid.org/0009-0004-8864-9230;

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

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

Mukusheva Gulim — Candidate of Chemical Sciences, Professor of the Department of Inorganic and
Technical Chemistry, Karaganda National Research University named after academician Ye.A. Buketov,
Karaganda, Kazakhstan,

E-mail: mukushevagulim5@gmail.com; https://orcid.org/0000-0001-6706-4816.

Abstract. Contemporary scientific inquiry has underscored the tremendous potential
inherent in natural substances and their semi-synthetic counterparts, emphasizing their
pivotal role as a basis for the development of innovative drug candidates, poised to
cater to an expansive array of biological and pharmacological requirements. In this
pursuit, the focal point of our investigation centers on the elucidation of the chemical
structures and conformations of betulonic acid within various solvent environments.
Understanding these structural intricacies stands as a critical milestone in the rational
design of betulonic acid derivatives tailored for medical applications. To study this
issue, quantum chemical calculations were performed at the atomistic level using the
PM6 method in the GAMESS software package. The outcomes of our rigorous study
unveiled noteworthy transformations in the chemical structures and conformations of
betulonic acid as a direct response to shifts in solvent types. These quantum chemical
insights offer a profound glimpse into the dynamic nature of betulonic acid, providing
important guidance for their bespoke design within the realm of medicine. This study
provides a scientific basis for further development of research on betulonic acid and
its derivatives. By uncovering the interaction between chemical structure and solvent
dynamics, our study lays a scientific foundation for the rational design of new betulonic
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acid derivatives. The results obtained may facilitate the further development of new
betulonic acid derivatives and be used in the search for promising compounds for
medical use. The practical significance of the study is that the obtained results can be
used in the rational design of new betulonic acid derivatives and the prediction of their
properties, which is of interest for further research in the field of medicinal chemistry
and drug development.

Key words: betulonic acid, PM6 method, solvent effects, solvation model, atomistic
modeling

For citations: Abdugalimov A.Sh., Jalmakhanbetova R.1., Mukusheva G.K.
Atomistic insight into solvent effects on the chemical structure of betulonic acid.
Academic Scientific Journal of Chemistry, 2026. — No. 3. — P. 11-24. DOI: https://
doi.org/10.32014/2026.2518-1491.384

© Aoayraaumos A.IIL.', Txaamaxan6eroa P.U.'*, Mykymena IK.%, 2026.
JL.H. T'ymunes atbiaaarsl Eypasus YATTHIK yHUBepcUTETI, AcTana, KazakcraH;
2Axanemuk E.A. beketor arsinaarsl Kaparauasl YITTHIK 3€PTTEY YHUBEPCHUTETI,
Kaparanasi, Kazakcran.

E-mail: rjalmakhanbetova@gmail.com

BETVYJIOH KbIIIKBIJIBIHBIH XUMUSAJIBIK K¥PbIJIBIMBIHA
EPITKIIUTEPAIH OCEPIH ATOMUCTUKAJIBIK
TYPFBIJAH 3EPTTEY

Aoayraaumon Ammnmep — JI.H. I'ymunes aremnnarst Eypasns yntTeIk yausepcureti, Actana, Kazakcran,
E-mail: aabdugalimov@gmail.com, https://orcid.org/0009-0004-8864-9230;

Jxanmaxan6eroBa Po3a — XuMHsA  FBUIBIMAQPBIHBIH ~ JIOKTOPBI, XHUMHUS  Ka(eapachIHBIH
KaysIMacTeIpbUTFan npodeccops, JIL.H. I'ymunes arsiagarsl Eypasust YITTHIK yHUBepcHTeTi, AcTaHa,
Kazakcras,

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

MyxkymeBa I'yiuM — XUMHS FBUIBIMIQPBIHBIH KaHIUAATHL, OCHOPTAaHMKANBIK JKOHE TEXHHUKAJIBIK
xuMust KadeapachHEIH npodeccops!, Akanemuk E.A. boxeroB areiHmarsl Kaparanabl YITTHIK 3epTTEy
yauBepcureti, Kaparanuer, Kazakcran,

E-mail: mukushevagulim5@gmail.com; https://orcid.org/0000-0001-6706-4816.

AnHoTauusi. TaOuru 3aTTap MeH OJap/IbIH KapThlJail CHHTETUKAJIBIK TYBIHIbLIAPHI
KaHa OMOJIOTHSUIBIK KOHE (hapMaKOJOTHSUIBIK OEICEHIII KOCBUIBICTAP/IbI 931pIeyliH
MaHbI3Ibl K631 00mbIn Tabbuiaabl. Ockl TYpFBIOAH anfaHfa, OCTYIOH KBIIKBUIBIHBIH
OpTYpJi OpTa >KarjaliapblHAAFbl KYPBUIBIMIBIK €PEKILENIKTepiH 3epTTey OHBIH
MEAMIUHAIBIK MakcarTa KOJNJaHyFa IEepPCIEeKTUBANbl TYBIHIABUIAPBIH  YTHIMJIBI
obajay YIIiH MaHbI3Ibl. 3ePTTEYAIH MakcaThl — JPTYPIl epiTKIITepAiH OeTyIIOH
KBIIIKBUIBIHBIH MOJIEKYJANbIK KYPBUIBIMBbIHA, KOH(POPMALUSCHIHA KOHE DIICKTPOHIBIK,
KacueTTepiHe aTOMHCTHKANBIK JACHTrelJe ocepiH aHbIKTay. KBaHTTBIK-XUMHSIIBIK,
ecenreynep GAMESS OarmgapnamasblK KEUICHIHJE JKY3€Te achIpbUIFaH JKapTbUIal
sMnupHuKanblk PM6 omiciMeH »kyprizingi. EpiTKill moOnspabIFbIHBIH MOJICKYJIaHbIH
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KYPBUIBIMJBIK, KOHE AJIEKTPOHBIK CHIIaTTaMalapblHa 9cepiH Oarajay yIuiH OeTyJIOH
KBIIKBUIBI Ta3 (ha3achlHAa, cyna xoHe auMerwicyiabpokcuare (DMSO) zeprreni.
Ecenrtey HoTHKENepi MOJIEKYIaIbIK T€OMETPUSHBIH, TOJBIK SHEPTHSIHBIH, COHIAN-aK
HOMO sxone LUMO mekapaiblK MOJNEKYIaIbIK OpOUTaIbAaPbIHBIH YHEPTUACH MEH
KEHICTIKTIK OpHaJlaCybIHBIH EpITKIIIKe Tayenni e3repicrepin kepcerri. Cyna koHe
DMSO opraceinga conbBatanusi ra3 (azacbiMEH CaJIBICTBIPFaHIa MOJICKYJIAJBIK,
KYHEHIH TypaKTaHyblHa 9KEJI[Ii, all €H alKbIH SHepreTukanbik acep DMSO opraceinaa
Oatikanapl. lllekapanblk MoJIeKyJalblK OpOMTalbIapAarbl e3repicTep  epiTKim
OPTaHbIH OETYJIOH KBIIIKBUIBIHBIH 3JEKTPOHIOHOPIBIK KOHE 3JIEKTPOHAKLEITOPIBIK
KacueTTepiHe ocep eTETiHIH KopceTTi. AJIBIHFaH HOTHXKENEp epITKIIl OopTachl MeH
OCTYJIOH KBIIIKBUIBIHBIH ~ KYPBUIBIMIBIK-JIEKTPOHIBIK ~KAaCHETTEepl apachlHAAFbl
OailylaHBICTBI ATOMUCTUKAJIBIK JIEHIeHIe TYCIHAIpyre MYMKIHAIK Oepeni. 3eprrey
HOTHKeNepi OeTYIOH KBIIIKBUIBIHBIH SPTYPIl OpTaitapAarsl MiHE3-KYJIKbIH OoiKayra
KOHE TMEePCHEKTHBAIbl (AapMaKOIOTUSUIBIK KacueTTepi Oap aHa TYBIHIbUIAPIBI
YTBIM/IBI J)KO0aayFra TeOpUsIIBIK HEeTi3 00ja ajabl.

Tyiiin ce3mep: OeTynoH KbIIKbUIBL, PM6 omici, epiTkim ocepniepi, conbBaTays
MO/IeJTi, aTOMBIK MOJCIbCY
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JUTSL METMIIMHCKOTO NpuMeHeHusl. Llenp nccienoBanus 3akiitodanack B YCTaHOBJIEHUN
BIIMSIHUSL PA3NIMYHBIX PAcTBOPUTENICH Ha MOJEKYISPHYIO CTPYKTYpY, KOH(OpMamuio
U DJNEKTPOHHBIE CBOMCTBAa OETYJIOHOBOH KHCIOTHI HAa aTOMHCTHYECKOM YpPOBHE.
KBaHTOBO-XMMHUECKHE pacuéThl BBHINOIHEHB! MOMYIMIHPUYECKUM MeTogoM PM6
C Hcnosib3oBaHHeM mporpammHoro komiuiekca GAMESS. Jlns oueHku BAMSHUS
MOJISIPHOCTH cpelibl OETYJOHOBYIO KHCJIOTY HCCIEAOBANIM B Ta30BOW (ase, Boae H
numertmicynbdokcune (DMSO). PesynbraTsl pacu€ToB BBISSBUIM 3aBUCSILUE OT
pacTBOpUTENS M3MEHEHHs] MOJEKYISIPHON TeOMETpUH, MOJHOM JHEpPruH, a TaKxke
9HEpPruil ¥ MPOCTPAHCTBEHHOH JIOKATU3ALMK TPAHUYHBIX MOJIEKYISAPHBIX OpOHUTasei
HOMO u LUMO. ConbBaranus B Boge u DMSO mnpuBopmia K cTaOHIU3aluu
MOJICKYJIIDHOH CHCTEMBI 1O CpPaBHEHHUIO ¢ ra3oBod (a3oif, mpu >Tom Hambojee
BBIpQKEHHBIH SHepreTnueckuii apdexr HaOmomancs B cpene DMSO. Usmenenus
XapakTepUCTUK  TIPAaHUYHBIX  MOJIGKYJSIPHBIX ~ OpOMTallell  CBHIETEIbCTBYIOT
0 CcrHocoOHOCTH  pacTBOpHUTENsS  MOAM(DUIUPOBATH  SIEKTPOHOAOHOPHBIE U
ANIEKTPOHOAKLIENTOPHBIE CBOWCTBA OETYJIOHOBOH KHCIOTHL. [loyueHHbIe pe3ynbTarhl
MO3BOJIAIOT Ha ATOMHUCTMYECKOM YPOBHE OXapaKTepHU30BaTh B3aUMOCBSI3b MEXAY
MPUPOAOH PACcTBOPUTENST M CTPYKTYPHO-3JIEKTPOHHBIMH CBOMCTBAMH OETYIOHOBOM
KACAOTBl. OHM MOTYT OBITH HCIIONB30BAHBl IS MPOTHO3UPOBAHMS IOBEACHHS
COEIMHEHUS B PA3JIMYHBIX CpeAax M CIYXHUTb TEOPETUYECKOH OCHOBOM Ui
PALMOHATILHOTO KOHCTPYHPOBAHUS HOBBIX TPOU3BOAHBIX C MOTEHIUAIBHO 3HAYMMBIMU
(hapMaKoJIOTH4eCKUMHU CBOHCTBAMH.

KuroueBble ciioBa: 6eTynoHoBasi KucioTa, metoq PM6, BnusiHue pacTBopuTeeH,
MOJIeJIb COJIbBATallli, aTOMUCTUYECKOE MOJIEIMPOBaHHE

Introduction. Natural triterpenoids represent a large class of secondary metabolites
with diverse chemical structures and a wide range of biological activities. Due to their
antitumor, anti-inflammatory, antiviral, antioxidant, and antimicrobial properties,
these compounds are considered promising candidates for the development of new
drugs and biologically active substances (Abdullah et al., 2026; Orchel et al., 2025;
Wimmer, 2025). Among the pentacyclic triterpenoids of the lupan series, betulonic
acid, which is a product of betulin oxidation, is of particular interest. This compound
serves as an important intermediate in the synthesis of many derivatives with improved
physicochemical and pharmacological properties (Long et al., 2024; Li et al., 2021).

In recent years, research on betulonic acid has been aimed not only at obtaining new
derivatives, but also at studying their biological activities. Betulonic acid derivatives
have been shown to exhibit pronounced antitumor activity, inhibit the proliferation of
various tumor cells, and have antibacterial and anti-inflammatory activities (Kraynova
et al., 2025, Jalmakhanbetova et al., 2024; Bgbenek et al., 2024). They are also
considered promising compounds for the development of new drugs. However, the
effectiveness of such compounds is determined not only by their chemical structure,
but also by the characteristics of their electronic structure, which can vary significantly
under the influence of the environment. It is known that solvents have a significant
effect on the geometric and electronic characteristics of organic molecules. The polarity
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of the medium, dielectric constant, electrostatic interactions and polarization processes
can change the electron density distribution, dipole moment, energy parameters
and reactivity of the compounds under study (Laurence et al., 2024; Paiva, 2022;
Medved' et al., 2016). Water is the main medium for many biochemical processes, and
dimethyl sulfoxide (DMSO) is widely used as a universal solvent in organic synthesis,
pharmaceutical research and computational chemistry. Comparative analysis of the
behavior of water and DMSO molecules allows us to assess the effect of different
solvents on their structural and electronic properties (Paiva, 2022; Medved' et al.,
2016).

Modern computational chemistry methods allow us to study the effect of the solvent
on the molecular structure without complex experimental studies. Semiempirical
methods occupy an important place among quantum chemical approaches due to
their high computational speed and satisfactory accuracy in the study of large organic
molecules. One of the most widely used semiempirical methods is PM6, which is
successfully used to optimize geometry, calculate the total energy, the energies of the
HOMO and LUMO frontier molecular orbitals, and other electronic characteristics
of biologically active compounds (Haji et al., 2024, Stewart et al., 2023; Fedik et al.,
2023).

Despite numerous studies on the synthesis and biological activity of betulonic
acid, the effect of solvents on its molecular structure and electronic properties is still
poorly understood. There are practically no works in the literature that have conducted
a comparative study of betulonic acid in the gas phase, water, and DMSO using the
semi-empirical PM6 method.

Literature review. Betulonic acid is a pentacyclic triterpenoid belonging to the
lupane family. It is formed by the oxidation of betulin and is considered one of the
most valuable derivatives of natural triterpenes due to its versatile chemical reactivity
and broad biological activity. Chemically, betulonic acid is called 3-oxo-lup-20(29)-
ene-28-oic acid and has the molecular formula C, H, O,. The molecule consists of
a rigid pentacyclic carbon skeleton typical of lupane triterpenoids. The molecular
structure contains several chemically important functional groups. The carbonyl group
at the C-3 position acts as a strong electron-withdrawing center, while the carboxyl
group at the C-28 position promotes the formation of hydrogen bonds and acid-base
interactions. These functional groups mainly determine the polarity of the molecule,
intermolecular interactions, and reactivity towards nucleophilic and electrophilic
reagents. In addition, the double bond located between C-20 and C-29 contributes to
the conjugation characteristics and affects the frontier molecular orbitals.

Despite the presence of polar functional groups, betulonic acid remains largely
hydrophobic due to its large hydrocarbon structure. Consequently, it has poor
solubility in water, but is readily soluble in many organic solvents, such as DMSO,
dimethylformamide, acetone, methanol, ethanol, chloroform, and tetrahydrofuran.
The solvent environment has a major impact on its molecular geometry, electron
distribution, dipole moment, and intermolecular interactions. These solvent-dependent
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effects are particularly important when considering pharmaceutical formulations, drug
delivery, and computational studies using implicit solvation models.

The electronic properties of betulonic acid are determined by the distribution
of electrons in its frontier molecular orbitals. The energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
provide valuable information about molecular stability, chemical reactivity, electron
donating and accepting abilities. The energy gap between the HOMO and LUMO
is often used as an indicator of molecular kinetic stability and chemical toughness.
Smaller energy gaps generally correspond to increased chemical reactivity, while
larger gaps indicate increased molecular stability.

The solvent is one of the most important factors determining the physicochemical
properties of organic compounds. In addition to providing a medium for chemical
reactions, solvents significantly affect molecular geometry, electron density distribution,
energy characteristics, spectral properties, and reactivity. These changes arise from
various types of intermolecular interactions, including electrostatic forces, hydrogen
bonds, dipole-dipole interactions, and dispersion forces. In recent years, the effects of
solvents have been actively studied using quantum chemical methods, which allow for
a detailed analysis of changes in the electronic structure of molecules under different
solvent conditions (Becker, 2025; Garcia-Alvarez et al., 2024; Kramer et al., 2023).

Currently, semi-empirical methods are an effective tool for preliminary geometry
optimization, electronic structure studies, and analysis of the effects of solvents on
molecular properties (Elm et al., 2023)

Parametric Method 6 (PM6) was developed in 2007 by James J.P. Stewart as a
further development of the PMx series of semi-empirical methods, including MNDO,
AMI1, and PM3. The main goal of PM6 was to improve the accuracy of describing
molecular geometry, heats of formation, chemical bond lengths, dipole moments, and
other molecular characteristics while maintaining high computational speed.

Unlike PM3, the development of PM6 has significantly expanded the
parameterization databases and improved the description of interatomic interactions,
including hydrogen-bonded systems, carbonyl compounds, and organic molecules
containing oxygen, nitrogen, sulfur, and halogens (Christensen et al., 2016).

Current modifications of PM6 (e.g., PM6-D3H4, PM6-ORG) additionally take into
account dispersion interactions and more accurately describe hydrogen bonds, which
significantly expands the scope of the method in modeling biological systems and large
organic molecules (Stewart et al., 2023).

One of the main advantages of the PM6 method is its high computational efficiency.
While density functional theory (DFT) calculations for molecules with a few dozen
atoms can take hours or even days, PM6 allows for similar optimizations to be
performed in minutes. This is especially important when studying natural compounds
with complex polycyclic structures.

The method reliably reproduces the main structural characteristics of large organic
molecules, including optimized geometry, dipole moment, electron density distribution,
HOMO and LUMO frontier molecular orbital energies, total electron energy, and other
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parameters. Despite being slightly less accurate than state-of-the-art DFT methods,
PM6 provides a good fit to experimental data for many organic compounds at a
significantly lower computational cost (Reza¢ et al., 2023).

Due to its optimal balance between speed and accuracy, PM6 is widely used for
the calculation of molecules consisting of more than 100-300 atoms, as well as for the
modeling of proteins, enzymes, ligand-receptor complexes and other biological objects
(Stewart et al., 2023).

A review of the current scientific literature indicates that betulonic acid is one
of the most promising naturally occurring pentacyclic triterpenoids. In recent years,
research on this compound has been mainly focused on developing methods for its
preparation, chemical modification, and synthesis of new derivatives with improved
pharmacological properties.

Despite the considerable volume of published works, most of the research has been
devoted to the experimental synthesis, biological activity, and molecular bonding of
betulonic acid derivatives. Relatively little attention has been paid to the fundamental
study of its electronic structure and physicochemical properties using computational
chemistry methods.

The number of studies aimed at a comparative analysis of the behavior of betulonic
acid in the gas phase and in polar solvents using modern continuous solvent models is
particularly limited. There are practically no studies in the available scientific literature
that simultaneously compare the electronic properties of betulonic acid in the gas
phase, water, and DMSO.

However, these media are of greatest practical interest, since water is the main
biological medium, and DMSO is widely used as a solvent in the study of natural
compounds and in the development of drugs.

Furthermore, no studies have been found that investigate the influence of these
solvents on the geometric and electronic properties of betulonic acid using the semi-
empirical PM6 method. This method combines high computational efficiency with
sufficient accuracy for modeling large organic molecules, making it particularly
promising for studying natural triterpenoids. The use of PM6 allows for the assessment
of changes in optimized geometry.

The solvent effect on molecular structure is a complex interplay between various
factors, including electrostatic interactions, dispersion forces, and hydrogen bonding,
among others. These interactions collectively contribute to changes in the solute's
conformation, geometry, and energy. Therefore, a comprehensive understanding of
how solvents influence the structural properties of betulonic acid can offer profound
insights into its behavior in different physiological and chemical environments.

In the pursuit of gaining atomistic insights into the solvent effect on betulonic
acid's chemical structures, this study aims to employ quantum chemical calculations.
Quantum chemistry provides a robust framework for simulating molecular behavior at
the atomic level, enabling the exploration of intricate details that are often inaccessible
through experimental means alone. Specifically, we will utilize the semi-empirical PM6
method, a widely employed quantum mechanical approach known for its efficiency and
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accuracy in the description of molecular properties. The calculations will be carried out
using the freely available GAMESS software, a powerful computational tool renowned
for its versatility in performing quantum chemical calculations.

Our primary objective is to elucidate how different solvent environments influence
the conformational landscape and electronic structure of betulonic acid. We will
systematically investigate the solvation effects by simulating betulonic acid in the
presence of various solvents, representing a spectrum of polarity and hydrogen bonding
capabilities. By doing so, we intend to unravel the dynamic responses of betulonic
acid to changes in its surroundings, providing valuable insights into its behavior in
physiological and chemical contexts. The outcomes of this study hold significant
implications for a myriad of scientific disciplines. In the realm of drug design,
understanding how betulonic acid's chemical structure adapts to different solvents can
aid in the rational design of derivatives with optimized pharmacological properties.
Moreover, the findings may shed light on the compound's behavior in biological
systems, potentially guiding its application in the treatment of various diseases.

Herein, this research embarks on a journey to delve into the atomistic world of
betulonic acid and its interaction with solvents. Through quantum chemical calculations
and theoretical modeling, we aim to uncover the intricate nuances of how solvents
shape the chemical structures of betulonic acid, offering valuable insights that have the
potential to reshape the future of drug development and chemical research.

Materials and main methods. Betulonic acid was chosen as a model compound
due to its known biological activity and its importance as a versatile precursor for the
synthesis of biologically active triterpenoid derivatives. The initial molecular structure
was constructed according to its published chemical structure and subsequently
underwent full geometry optimization before calculating the electronic properties. All
calculations were performed for the molecule in the gas phase and in two solvents to
assess the effect of solvent polarity on the molecular structure and electronic properties.

Quantum chemical calculations were performed using the PM6 semi-empirical
Hamiltonian (Parametric method 6). PM6 belongs to the NDDO (Neglecting Differential
Overlapping of Diatomic Molecules) family of semi-empirical quantum mechanical
methods and represents an improved parameterization compared to previous methods
such as AM1 and PM3.

The PM6 method was chosen because it provides a favorable balance between
computational efficiency and accuracy for medium-sized organic molecules. The
betulonic acid molecule contains more than seventy atoms and has a complex five-
ring skeleton, as well as oxygen-containing functional groups that can participate in
intermolecular interactions. Density functional theory (DFT) calculations for molecules
of this size require considerable computational resources, and the PM6 method has been
shown to reproduce structural and electronic parameters with satisfactory accuracy for
many classes of biologically active organic compounds. Therefore, the PM6 method is
well suited for studying solvent-induced changes in molecular geometry and electronic
structure.

All quantum chemical calculations were performed using the General Atomic
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and Molecular Electronic Structure System (GAMESS). GAMESS is a widely used
computational chemistry software. The effect of solvent was investigated by performing
calculations in three different environments: in the gas phase, in water, and in DMSO.
Since biological processes mainly occur in aqueous media, water was chosen as a
representative, highly polar, protic solvent. DMSO was chosen as a highly polar
solvent widely used in pharmaceutical research, molecular modeling, and biological
analysis due to its ability to dissolve triterpenoid compounds. The solvent effect was
characterized using the continuum solvation approach implemented in GAMESS,
where the solvent is represented as a homogeneous dielectric medium surrounding the
solute molecule. No molecular dynamics simulations were performed in this study;
therefore, molecular-dynamics-specific parameters such as force field, temperature,
pressure, and simulation time were not applicable. Instead, stationary structures were
obtained by quantum-chemical geometry optimization.

After optimizing the geometry for each medium, a series of structural and electronic
parameters were calculated to assess the solvent-induced changes in the molecular
properties of betulonic acid. The 2D structures of above-mentioned compound is

illustrated in Figure 1.

%,
Z,
2

Figure 1 - 2D chemical structure of betulonic acid.

The designed simulation systems were illustrated in Table 1. As can be seen in
Table 1, initially we did Quantum Chemical Calculation for pure betulonic acid in
the gas phase. After that, we simulated betulonic acid in the presence of water. Then
betulonic acid was modeled and simulated in the presence of DMSO.

Table 1 — The designed simulation system for study of betulonic acid in the presence of various

solvents
Betulonic acid Water DMSO Intended Purpose
1 - - Pure Betulonic acid
1 1 - Effect of Water
1 - 1 Effect of DMSO

By analytical calculations of the second derivatives of energy, stationary points
were confirmed to be tue minima for their potential energy surfaces respectively.
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Results. Pure Betulonic acid. Firstly, to study the quantum chemical properties for
betulonic acid itself, we studied the betulonic acid in terms of optimized structures,
molecular orbitals and energies. Now we began our Quantum Chemical Calculation
analysis on betulonic acid structure as can be seen in Figure 2.

LUMO

(A) (B)

Figure 2 - Quantum chemical calculation based optimized structures of betulonic acid.

Betulonic acid in the presence of water. Secondly, to study the quantum chemical
properties for betulonic acid in the presence of water, we studied the betulonic acid
in terms of optimized structures, molecular orbitals and energies. Now we began our

Quantum Chemical Calculation analysis on betulonic acid structure as can be seen in
Figure 3.

(A) (B)

Figure 3 - Quantum chemical calculation based optimized structures
of betulonic acid in the presence of water.
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Betulonic acid in the presence of DMSO. Lastly, to study the quantum chemical
properties for betulonic acid in the presence of DMSO, we studied the betulonic acid in
terms of optimized structures, molecular orbitals and energies. We began our analysis
with quantum chemical calculations of the structure of betulonic acid in the presence
of DMSO, as shown in Figure 4.

(A) B)

Figure 4 - Quantum chemical calculation based optimized structures
of betulonic acid in the presence of DMSO.

Discussions. In this section, we delve into a comprehensive discussion of the
gas phase optimization of betulonic acid's molecular structure and its subsequent
optimization in the presence of two different solvents: water and DMSO. These
computational investigations were carried out using the PM6 method within the
GAMESS software package, providing valuable insights into the solvent effect on
betulonic acid's structural and electronic properties.

Initially, we conducted a gas phase optimization of betulonic acid's structure to
establish a baseline for its molecular properties. The optimized structure in the absence
of solvents was characterized by an energy value of -798.55 kJ/mol. This energy value
serves as a reference point, allowing us to assess the impact of solvation on the stability
and energetics of betulonic acid.

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies were also determined for the gas phase structure. The HOMO
energy for betulonic acid was approximately -9.21 eV, while the LUMO energy value
was approximately 0.66 eV. These values offer insights into the compound's electronic
structure and reactivity. Notably, the HOMO orbitals were predominantly localized
around the ring of betulonic acid, indicating regions of electron density suitable for
nucleophilic attack or electron donation. Conversely, the LUMO orbitals were primarily
distributed around the carboxylic groups of betulonic acid, suggesting potential sites
for electrophilic interactions or electron acceptance.

21



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

To elucidate the influence of solvent environments on betulonic acid, we subsequently
performed structural optimizations in the presence of water and DMSO.

In the presence of water, the optimized structure of betulonic acid exhibited an
energy value of -1050.21 kJ/mol. Comparing this to the gas phase energy, it is evident
that the solvation by water resulted in a more stable structure, indicating favorable
interactions between betulonic acid and water molecules. The HOMO energy remained
relatively consistent at approximately -9.25 eV, while the LUMO energy decreased
slightly to around 0.40 eV. These subtle changes in the electronic energies signify
that the presence of water affects the electronic structure of betulonic acid, albeit to
a limited extent. The HOMO orbitals continued to be localized around the ring of
betulonic acid, the LUMO orbitals were predominantly localized around the carbonyl
(C=0) group of the betulonic acid skeleton, indicating that this region may serve as the
primary electron-accepting site during intermolecular interactions

Conversely, when betulonic acid was optimized in the presence of DMSO, the
resulting structure exhibited an energy value of -1061.46 kJ/mol. This energy is notably
lower than the gas phase value, indicating that DM SO has a more pronounced stabilizing
effect on the molecule compared to water. However, it's essential to highlight that
DMSO is a highly polar aprotic solvent known for its strong solvation capabilities. The
HOMO energy was approximately -8.97 eV, and the LUMO energy value decreased
significantly to around 0.04 eV. These considerable shifts in the electronic energies
underscore the substantial impact of DMSO on the electronic structure of betulonic
acid. Importantly, the HOMO orbitals retained their localization around the molecular
ring, while the LUMO orbitals were now predominantly situated around the DMSO
molecule itself.

The results of our computational study offer valuable insights into how solvents,
specifically water and DMSO, influence the structural and electronic properties of
betulonic acid. These findings have significant implications for various scientific
disciplines, particularly in the fields of drug design and molecular biology.

Understanding the solvation effects on betulonic acid is essential for the rational
design of derivatives with tailored pharmacological properties. Our observations
suggest that different solvents can indeed modulate the electronic structure of betulonic
acid, potentially affecting its reactivity and pharmacological behavior. Future studies
could explore a broader range of solvents and extend these findings to guide the
optimization of betulonic acid for specific therapeutic applications.

This computational exploration provides atomistic insights into the solvent effect
on betulonic acid's chemical structures, offering a foundation for further research and
the rational design of novel pharmaceutical agents. The dynamic interplay between
betulonic acid and solvents represents a promising avenue for innovative advancements
in chemistry and drug development.

Conclusion. In this study, we employed the PM6 method-based quantum chemical
calculations using the GAMESS software to investigate the solvent effect on betulonic
acid's chemical structures. By simulating betulonic acid in the presence of water and
DMSO, we aimed to unravel the intricate interplay between this biologically relevant
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compound and various solvents. The outcomes of our computational exploration have
provided valuable insights into the solvent-induced changes in the quantum properties
of betulonic acid. Our results revealed significant alterations in the molecular structures
and electronic properties of betulonic acid in response to different solvent environments.
Notably, variations in solvent polarity and hydrogen bonding capabilities played a
pivotal role in shaping the conformational landscape of the compound. These changes
in molecular structure were accompanied by shifts in the calculated electronic energy
levels, in particular, the HOMO and LUMO energies showed solvent-dependent
changes.

The implications of our findings extend beyond the realm of fundamental chemical
research. Understanding how solvents impact the behavior of betulonic acid holds
immense promise for practical applications. In drug design and pharmaceutical
development, this knowledge can be harnessed to rationally design betulonic acid
derivatives with tailored pharmacological properties. Furthermore, our insights into
the solvation effect on betulonic acid provide a foundation for predicting its behavior
in biological systems, potentially facilitating its application in the treatment of various
diseases. This study has shed light on the atomistic responses of betulonic acid to
changes in solvent environments. Our research has unveiled the dynamic nature of this
compound and its adaptability to different solvents, underscoring the importance of
considering solvent effects in both theoretical and practical investigations. As a future
direction, we recommend further studies that explore the solvation effects on betulonic
acid in even more diverse solvent systems and extend the application of this knowledge
to the rational design of novel pharmaceutical agents and therapeutic strategies. The
insights gained from this work pave the way for innovative advancements in the fields
of chemistry, drug development, and molecular biology.
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Abstract. The rational utilization of cheese whey and the production of functional
foods with high nutritional and biological value based on this secondary dairy raw
material are among the current priorities of modern food biotechnology. The presence
of whey proteins, lactose, minerals, and other biologically active components in cheese
whey makes it a promising secondary dairy raw material for the production of functional
beverages. The aim of this study was to develop a technology for an inulin-enriched
fermented beverage based on cheese whey and to evaluate its sensory, physicochemical,
and structural-mechanical properties. Inulin was used at concentrations of 3%, 4%, and
5%, and the sensory characteristics of the obtained samples were evaluated by profile
analysis using a five-point scale. For the optimal sample, active acidity (pH), titratable
acidity, and the mass fractions of protein, fat, total solids, lactose, and dietary fiber
were determined. Structural-mechanical stability was assessed based on the degree of
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syneresis. The results showed that the optimal concentration of inulin was 4%. This
sample received the highest overall sensory score of 4.92 points and was characterized
by a homogeneous viscous consistency, a balanced fermented milk taste, and a
pleasant aroma. The addition of 4% inulin decreased the pH from 4.61 to 4.53, while
titratable acidity increased from 76 to 85 °T. The total solids content increased from
6.19% to 9.97%, the dietary fiber content reached 3.78%, whereas the lactose content
decreased from 4.41% to 4.25%, which may be attributed to a reduction in the relative
proportion of the whey base following inulin addition. In addition, the incorporation of
inulin enhanced the water-holding capacity and significantly reduced the intensity of
syneresis. The obtained results confirm the effectiveness of using inulin as a functional
ingredient in the production of fermented beverages based on cheese whey and support
its application in the development of functional products with enhanced nutritional
value and improved structural stability.

Keywords: cheese whey, fermented beverage, inulin, sensory properties,
physicochemical properties, syneresis, functional foods
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AHHoOTamus. IpiMinik capeiCyblH YTBIMABI TaiijfallaHy JXOHE OHBIH HETI3iHJe
TaraMJIbIK Opl OHWOJIOTHSUIBIK KYHJBUIBIFBI JKOFApbl (DYHKIIMOHAJIBIK ©HIMICD
OHJIIPY Kazipri TaraM OHMOTEXHOJOTHSCHIHBIH ©3€KT1 OarbITTapbIHBIH Oipi OOJIBIIT
TaObaAbl. [piMIIIK CcapbICYBIHBIH KYpPaMBIHIAFBl CapbhICy aKybI3Iaphl, JIAKTO3a,
MUHEpaJIIbl 3aTTap XOHE Oacka /a OWONIOTHAIBIK OEJNCEeH[II KOMIIOHEHTTEP OHBI
(YHKUMOHAIIBIK CYCBIHIAP OHJIpyre apHajfaH IEpPCIEeKTUBAIbI EKIHLIUIIK CYT
LIMKi3aThl PEeTiHAE KapacThIpyFa MyMKiHAIK Oepeni. 3epTTeyniH MaKcaThl - HHYJIMHMEH
OaWBITBUTFAH IPIMINIK CapbICybl HETI3IHJETi AallbITBUIFAH CYCBIH TEXHOJOTHSCHIH
93ipJiey JKOHE OHBIH OPraHOJCHTHKANbBIK, (DU3MKA-XUMUSIIBIK YKOHE KYPbLUIbIMIIbIK-
MEXaHHUKaIbIK KacueTTepin Oaramay. 3eprrey OapwichiHma wHYIWH 3%, 4% >xoHe
5% KOHIIEHTpaIsuIapaa KONJaHbUIbI, ajl ajJblHFaH YITUIEPIiH OPraHOJNETTHKAIBIK
KepCeTKimTepi 0ec OanIbIK 1Kaia OOHbIHIIA MPOQUIILIIK TaAay 9ficiMeH OaralaH/Ibl.
Ownraiiel yiri ymniH OelceHIi KbuIIKbUIALIK (pH), TUTpIACHETIH KBIIIKBUIIBIK,
aKYyBI3JIbIH, MalJIbIH, KYPFaK 3aTTap/IblH, JaKTO3aHBIH KOHE TaFaMJIbIK TAJIIBIKTAPIbIH
MaccaJbIK yJecTepi aHbIKTaNIbl. KYpbUIBIMIBIK-MEXaHUKAJIBIK TYPAKThLUIBIK CHHEPE3UC
Iopekeci OoipIHIIa Oaraiannbl. HoTmxkenep WHYIWHHIH OHTAMIBI KOHIICHTPAITUSICHI
4% exenin kepcerti. by ynri 4,92 0ann xorapbl XKallbl OpraHOJICNTHKAIBIK Oara
QMBI KOHE OIPTEKTI TYTKbIP KOHCUCTCHIUSACHIMEH, YUIECIMII KBIIIKBUT CYT JoMiMEH
JKOHE KaFBIMJIBI XOIII MiCIMEH cunartaiisl. 4% WHYIUH KOcbuFaH ke3ne pH mMoHi 4,61-
JieH 4,53-ke JieiiiH TOMeH/ e, TUTPJICHETIH KhIIIKBUIIBIK 76-1aH 85 °T-Ka jeiiiH apTThl.
Kyprak 3arrapaein memmiepi 6,19%-man 9,97%-ra neliin >KOFapbLIam, TaFaMIBIK
TammbIKTapabH Memmepi 3,78%-ra sxerti. JlakTo3aneiH Maccanblk yieci 4,41%-
naH 4,25%-ra neiiiH TeMeHae i, OyJ1 MHYIWH KOCBUIFAaHHAH KeWiH capbICy HETi3iHIH
CaJIBICTBIPMaIbl YJICCIHIH a3alobIMeH TYCIHAipiayi MyMKiH. COHBIMEH KaTap, MHYIUH
Cylbl yCcTay KaOiJNeTiH apTTHIPhIN, CUHEPE3UC KAPKBIHIBUIBIFBIH €0Yip TOMEHJECTTI.
AJBIHFAaH HOTWKEJICp MHYIUHII ipIMIIIK CapbICybl HETI31H/IET] allIBITBUIFaH CyChIHJIAD
eHJIIpiCiHAC (DYHKIMOHANABIK MHIPESIUCHT pPETiHAC NalaNaHyablH THIMIUIICH
TONIETACH I JKOHE TaFaMIIbIK KYHIBUIBIFBI JKOFapbl, KYPBUIBIMABIK TYPaKTBUIBIFBI
YKaKCapThUTFaH (QYHKIIMOHAIIBIK OHIMIEp 93ipieyre MyMKIiHIIK Oeperti.

Tyiiin ce3aep: ipiMIIiK CapBICYBI, AIIBITHUIFAH CYCHIH, HHYJINH, OPTaHOJICTITUKAIIBIK
KacuerTep, (pU3nKa-XUuMUSIIBIK KOPCETKIINTEP, CHHEPE3HC, (DYHKIIMOHAIIBI OHIMIED
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AHHOTanus. PainoHaIbHOE UCIIOIB30BAHUE CHIPHOM CBIBOPOTKHU U ITPOU3BOJICTBO
Ha e ocHOBe (D)YHKIIMOHAJBHBIX MPOIYKTOB C BHICOKOW MUINEBOW W OMOIIOTUYECKOM
LIEHHOCTBIO SIBJISIFOTCSI  aKTyaJIbHBIMH ~ HAIIPABJICHUSMH COBPEMEHHOW MUIIEBOMN
OouorexHonornd. Hanmuunme B cocTaBe CHIPHOM CHIBOPOTKH CBHIBOPOTOYHBIX OEIIKOB,
JIAKTO3bI, MUHEPAJIbHBIX BEIIECCTB U JPYrHMX OMOJOTHYECKH aKTHBHBIX KOMIIOHECHTOB
MO3BOJISIET paccMaTpuBarh €€ Kak MEepCIeKTHUBHOE BTOPHYHOE MOJIOYHOE CHIPHE IS
MPOU3BOJCTBA (YHKIMOHAIBHBIX HAMHUTKOB. Llenb wWcclieoBaHMs 3aKiodyalach B
pa3paboTKe TEXHOJIOTUH PEPMEHTUPOBAHHOTO HAITMUTKA HA OCHOBE CHIPHOI CHIBOPOTKH,
000TaIEHHOI0 UHYJIMHOM, W OIICHKE €r0 OPraHOJEHTHYCCKUX, (PU3MKO-XUMUYCCKUX
U CTPYKTYPHO-MEXaHHUECKUX CBOMCTB. B X0 McClieIoBaHUS UCIIOIB30BAIM HHYJIUH
B KoHIeHTpauusx 3%, 4% u 5%, a opraHojenTHYeCKHe MOKa3aTeIH IOTyUYCHHBIX
00pa3IloB OILIEHHWBAJIM METOJOM MNPO(PHILHOTO aHajlu3a IO MATHOAUIBHOM IIKae.
Jiist onTuManbHOTO 00pasiia onpenessiiii aKTUBHYI0 KUCIOTHOCTE (pH), THTpyemyto
KHCJIOTHOCTh, MaCCOBYIO JIOJII0 Oellka, )KHpa, CyXUX BELIECTB, JIAKTO3bI M IMHIICBBIX
BOJIOKOH. CTpPYKTYPHO-MEXaHHUYECKYIH0 CTaOUJIBHOCTh OLIEHWUBAJIM II0 CTEIECHHU
CHHepe3uca. YCTaHOBIICHO, YTO ONTHUMAallbHasi KOHIICHTPALMsi WHYJIMHA COCTAaBIISET
4%. Jauubplfi oOpaseln MoJIy4dmsl HauOoJiee BBHICOKYIO OOIIYIO OpPraHOJCNTUYCCKYHO
orleHKy — 4,92 6aiia — u XapaKTepHU30BaICSI OTHOPOTHOM BSI3KON KOHCHUCTCHIIHEH,
rapMOHHUYHBIM KHCJIOMOJIOUHBIM BKYCOM W INPHUSATHBIM apomaroM. [lpu poOaBiieHun
4% wunynunaa 3Hadenne pH cumsunocwk ¢ 4,61 mo 4,53, a Turpyemas KHCIOTHOCTh
noBeicuiack ¢ 76 mo 85 °T. ComepskaHue CyXuX BEIIECTB yBEIHMUHIOCH ¢ 6,19% no
9,97%, comepxaHue MUIIEBBIX BOJOKOH MOCTUTIO 3,78%, TOrma Kak MaccoBas OISt
JIAKTO3bI CHU3MIACh ¢ 4,41% 110 4,25%, 4T0 MOKET ObITh 00YCIIOBJIIEHO YMEHBIIICHUEM
OTHOCHUTEJIbHOM [I0JIU CHIBOPOTOUHOM OCHOBBI IIPM BHECEHUM HHYyJIHWHA. Kpome
TOro, n00aBIeHHWE WHYJIMHA CIOCOOCTBOBAJIO MOBBIIIEHUIO BOAOYICPKHBAIOLICH
CIOCOOHOCTH W CYHIECTBEHHOMY CHW)KEHHIO HMHTEHCHBHOCTH  CHHEpE3Hca.
[TonydeHHbIe pe3ysbTaThl MOATBEPKIAIOT 3(P(HEKTUBHOCTh MCIIOJIB30BAHUS HHYJIMHA
B KauecTBe (YHKIIMOHAIBHOIO MHIPEIUEHTA IIPH IIPOU3BOICTBE (hePMEHTUPOBAHHBIX
HAIlUTKOB Ha OCHOBE CBHIPHOW CHIBOPOTKM M OOOCHOBBIBAIOT IEPCIIEKTUBHOCTH €r0
NPUMEHEHHSI JUIS TOJYUYEHHUS! MPOIYKTOB C IOBBIIICHHOW MUIIEBON IICHHOCTHIO U
YAYUIICHHON CTPYKTYPHOH CTaOUIBLHOCTBIO.
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KuroueBbie cjioBa: ChIpHas CHIBOPOTKA, (DEPMEHTHPOBAHHBIA HANIMTOK, WHYIIWH,
OpPraHOJIENITUYECKHE CBOWMCTBA, (DU3MKO-XMMUYECKHE I[OKa3aTeld, CHHEPE3HC,
(YHKUIMOHAIBHBIE TPOLYKTHI

Kipicne. Kazipri 3amanHayn TaMak eHepKociOli OHIIPICTIH TEXHOJOTHSIIBIK
MPOLECTEePiH OHTAWITAHIABIPYMEH KaTap JaiblH OHIMHIH PEOJIOTHSIIBIK, TEKCTYPAIIbIK,
CEHCOPJBIK JKOHE TYTHIHYIIBUIBIK KAacHETTEepiH JKaKkcapTyFa MYMKIHZIK OepeTiH
(YHKUMOHAIIBI MHTPEIUSHTTEPAl OesiceHai Typle KojinaHaabl. EH mepcrnexThBaiibl
(YHKUMOHANABl HMHIPEOUEHTTepAIH Oipi — wuHynuH. On eHIMHIH KYpBUIBIMBIH
KaJIBIITACTBIPYFa KOHE TEKCTYPajblK CHIIATTaMalapblH JKaKcapTyFa, COHIA-aK
KAaHTTBIH aJMacTBIPFBILIBI PETiHAE MNainananyra MyMKiHIik Oepeni. bynan Oacka,
WHYJIMHHIH TpeOMOTHKAJIBIK KacHeTTepl Maijainbl iexk MHUKpO(IOpachHBIH 6CyiH
BIHTAJaHIBIPBIN, aaM ar3acbiHa OoH Qu3nonorusuibik acep kepcereni (Kheto et al.,
2023; Canazza et al., 2025).

Kenteren 3eprreynep ambITBUIFAH CYT OHIMIEpPiHE, COHBIH ilIiHAE HOTypTTap
MEH alIbITBUIFAaH CYTTI CYCBIHJApFa HWHYJIUHII KOCY KYpPBUIBIMIBIK-MEXaHUKAIBIK,
CUIIaTTaMajapblH JKaKcapTyFa, OHIMHIH TYpPaKTBUIBIFBIH apTTBIPYFa, TaraMIbIK
TaJILIBIKTBl apTTBIPYFa KOHE MPOOMOTHKAIBIK MUKPOOPTraHU3MAEPAiH OMipIlIeHIiriH
cakrayra ocep ereriHiH kepcerTi (El-Kholy et al., 2020; Kamel et al., 2021; Soh et
al., 2021). ConbIMeH Karap, HHYJIMHHIH OHIMHIH OpPraHOJIENTHKAJIBIK KaCHETTEPl MEH
TYTBIHYIIBUIBIK KOJTaWIBUIBIFBIHA 9Cepi KoOiHEeCe OHBIH MOJIILEPi MEH pelenT OOMbIHIIA
KypaMbIMEH aHBIKTAJATbIHBl aHBIKTAJNABI, a1 [IaMaJaH ThIC KOHLEHTpaLMsIap
OPraHOJIENTUKAIBIK KOPCETKIIITEPiH ©3repTill, OHIMHIH acKa3aH-ILIeK KOJIbIHA Kepi
ocepiH TyabIpysl MyMKiH (Iriondo-DeHond et al., 2020).

Bipkarap 3eprTeynep HHYIUHI KOCY alIBITBUIFAH CYT OHIMAECPiHIH TYTKBIPIBIFbIH,
reflb KYPBUIBIMBIHBIH ~O€piKTiriH, Cyasl ycray KaOileTiH >koHe (PHU3HMKaIBIK
TYPaKTBUIBIFBIH apTTHIPYFa, COHAAN-aK ONapIblH CalachblHa, KOHCHUCTEHIUSCHIHA JKOHE
cakray Mep3iMiHe OH dCep €TETiH CHHEPE3HC JOPEKECiH TOMEHACTYTe oCep eTeTiHIH
anbikTanbl (Sarwar et al.,, 2019; Falah et al.,, 2021; Rahman et al., 2024). Cynst
0aliIaHbICTHIPY, TYPAKThl KEHICTIKTIK KYPBIIBIMABI KaJBINTACTHIPY JKOHE TEKCTYypaHBI
KaJBIITaCTBIPYIIbl  (pyHKIMATIApABl OpBIHAAY KaOUIETiHIH apKachlHAa HMHYJIUH
(YHKUMOHAJIBI alIBITBUIFAH OHIMIEPl 93ipiey Ke3iHae NepCrneKTHBaIbl HHIPEIUCHT
petinae Kapacteipbuiaasl (Canazza et al., 2025).

IpiMimik capeicybl — ipIMIIIK ©HIIPiCIHAC OHAIPIIETIH JKOHE KYpaMbIHJIA >KOFaphl
KYH/bI capbicy aKybI3Aaphbl, JaKT03a, MUHEPAIAbl 3aTTap, Cyla €pUTiH BUTAMHUHIED
XKoHe 0acka Ja OMOJNOTHSUIBIK O€JCeH[l 3arTapibl Koca ajFaHaa, OacTamkbl CYTTiH
KYpFaK 3aTTapbIHbIH )KapThICHIHA )KYBIFbI Oap KYH/Ibl €KIHILITIK CYT IUKi3aThl. KopekTik
3aTTapAbIH JKOFapbl 00NybIHA OalIaHBICTBI OJI CYTTi OHACYAIH KaHaMa eHiMi peTiHae
eMec, (QYHKOUOHAJIAbl TaFaMJap MEH CYCBIHAApAbl AaMBITYAbIH MEepPCHEKTHBAJIBIK
Heri3i peTinne KapacTteipbuiansl (Verma et al., 2024; Zeng et al., 2023).

IpiMImik capbICyblH YTBIMABI TainanaHy CYT LIMKi3aThIH KEMICHAl OHICYHiH
TUIMALTITIH apTThIpYFa, ipiMIIIK OHAIPICiHIH )KaHaMa eHIMAEpiH malaara skapaTyMeH
0aliJIaHbICTBI HKOJIOTUSUIBIK )KYKTEMEH1 a3aiiTyFa, COHJai-aK TaFraMIbIK, OMOIOTUsIBIK
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KoHe (DYHKIMOHAJABIK KYHIBUIBIFBI JKOFapbl OHIMAEPII anxyFa MYMKIiHIIK Oepeni
(Verma et al., 2024). CoHFbI KbUIIAPHl 1PIMILIK CapbICYbl HETi31HAETI AllbITHUIFaH
CYCBIHAApAbI 93ipieyre koOipek KoHiI OeniHyle, OTKEeHI allbITy Mpoleci ONapibiH
OpraHOJIeNTUKAIBIK KACHUETTEPiH KaKcapTyFa, TaraMJbIK KYHIBUIBIFBIH apTThIpyFa
*oHe (YHKLIMOHAJBIK KacCHeTTepiH KeHelTyre acep eteni (Zeng et al., 2023).

IpiMITik capbICybIHETI31HIET1 Al BITBUIFaH Cy ChIHAAPABI 931 pIIey e MHYITMH 11 KO AaHy
epeKIle KbI3bIFYIIBUIBIK TYABIPaIbl, OUTKEHI OYJI MPEOMOTHK Oip yaKbITTa TEKCTypaHb
KaJIBIITACTBIPYIIBI, TYPAKTAHIBIPFBILI )KOHE TaFaMABIK TAIIIBIK K031 PEeTiHAE KbI3MET
eTe alajibl, COHBIMEH KaTap AaiblH OHIMHIH (pyHKIIMOHAIABIK KYHABUIBIFBIH apPTTHIPYFa
kemekteceni (Kheto et al., 2023; Canazza et al., 2025). XXapusinanran 3eprreyaepain
KON MHYIHHAI HOrypTTapAa )koHe 0acKa Aa IoCTY Pl allbIThIIFaH CYT OHIMIAEPiHAC
KOJIJaHyFa apHajfaH, al OHbBIH IpIMIIIK capbiCyblHA HETI3AENTeH allbIThUIFaH
CYCBIHAAPABIH (PU3NKA-XUMUSITBIK, KYPBUIBIMABIK-MEXaHUKAJIBIK, MUKPOOHOIOT USLITBIK
JKOHE OpraHOJIENTHKAJBIK KacHeTTepiHe oacepi Typajibl akmapar wekTeyii (Zeng et
al., 2023). On eHiIMHIH OpPraHOJENTUKANBIK CHIIaTTaMalapblHa Kepi ocepiH Oepmeid,
ipIMIIIK capbICybl HETi3IHIET] alIbBITBUIFAH CYCHIHIAPABIH TEXHOJOTUSIIBIK KOHE
TYTBIHYIIBUIBIK KACHETTEPIH KaKCapTyAbl KaMTaMachl3 €TeTiH MHYJUHHIH OHTAMIIBI
KOHLEHTPALMSICHI OChI YaKbITKA JEHiH HAKThl aHbIKTanMabl. OchUIaiiina, HHYINHMEH
OaWBITBUIFAH IpPIMIIIK CapbICybl HETi3iHAE AaIUbITBUIFAH CYCHIHHBIH JaMybl JXKaHa
OybIHHBIH (PYHKUIMOHAIIBI TaFaMIapbIH >Kacay TYPFBICBIHAH aNTaplbIKTai FHIIBIMU-
MPAKTUKAJBIK KBI3BIFYIIBUIBIK TyAbIpanbl. OCbIFaH OaiaHBICTBI OCHI 3€PTTEYHIH
MaKcaThbl WHYJIMHMEH OaWbITBUIFaH 1pIMINIK CapbICybl HETi3iHAE AIIBITBUIFAH CyCHIH
TEXHOJIOTHSCHIH 93ipiiey, COHJai-aK OHBIH OPraHOJICNTHKAIBIK, (U3UKa-XUMHIBIK
KOHE KYPBUTBIMIBIK-MEXaHUKAJIBIK KOPCETKILITEPiH Oaraiay.

OnedueTTepre mwoiy. 3aMaHayH 3epTTeyJepre colikec, ipiMIIIK capbICybl ipIMILIiK
OHJIpIiCiHIH )kaHaMa eHiMi FaHa eMec, COHBIMEH KaTap TaFaMbIK ’KOHE TEXHOIOTUSIBIK
KYHJIBUIBIFBI )KOFAPhI TOJBIKKYH/IBI €KIHIIUTIK CYT IUKi3aThl 00BN Ta0bu1a 6. OHBIH
KypaMbIHJa KE€HIT CiHIMII capbiCy aKybI3Iapbl, JIAKTO3a, MUHEpaJaap, cyda epUTiH
BUTAMHHJIEP KOHE OMOJOTHSIIBIK OelceHal KocbuibicTap Oap, Oy (yHKUMOHAJIBI
TaMaK eHIMAEPiH d3ipiey Ke3iHIe capbICyAbl KONJaHy MEepPCIEeKTUBACHIH aHBIKTAIbI
(Bandara et al., 2023; Verma et al., 2024).

Bandara >xone T1.0. aBropmap (2023) ipiMIIik capbICybl HETi3iHIETi alIbITBUIFaH
CYCBIH/Iap/Ibl 93ipJiey Ka3ipri CYT ©HEPKACiOiHIH €H MEepPCIEKTUBAIBI OaFbITTAPhIHBIH
Oipi exkeHiH aran oTTi. ABTOpJapAblH MiKipiHIIe, ¢epMeHTauusi mpoueci
OpPTraHUKaNbIK KbIIIKbUIAAPAbIH, OMOAKTHBTI MENTHATEPAIH >KOHE CYT KBIIIKBLIIbI
MHUKPOOpPraHu3MAEpiHiH Oacka MeTa0ONMTTEepiHIH JKHHAIyblHA dcep eTex,
OpraHOJIeNTUKANBIK KACHETTepiH, TaraMIbIK KYHIBUIBIFBIH YOHE CYCBIHAAPIBIH
cakray Mep3iMiH kakcapTansl. CoHbiMeH Oipre Verma sxoHe T.0. aBropnap (2024)
CYTIICH CaJIBICTHIPFaHAa CapbICyAarbl aKybl3 MEH MalJblH TOMEH MeJIepi OHIMHIH
TBIFBI3 KYPBUIBIMBIH KaJbIITACTHIPYAbl HICKTEHTIHIH, OYJ OHBIH TEXHOJOTHSUIBIK,
KacHeTTepiH jkakcapTyra KaOineTTi (YHKUMOHAJAbl MHIPEAMEHTTEPAl KOJIAHYIBI
KaXXET CTEeTIHJIIT'H aTamn KepceTe/i.

Kheto xane 1.0. aBropnap (2023) manimMerTepi OOWBIHIIA HHYIHH MPEOHMOTHKAIBIK
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KOHE TEXHOJOTHMSJIBIK KAaCHETTEepHiH YiHileciMi apKachlHIA €H MepCleKTUBAIIBI
(YHKUMOHANIBl WHTPEIUEHTTEpre »Karaibl. ABTOpJIAp OHBI KOJJAHY TaFaMIbIK
TaJILIBIKTBIH MOJIIIEPiH apTThIPYFa, OHIMHIH KYPBUIBIMBIH JKaKcapTyFa *oHE KaHTThI
ilriHapa aybICThIpyFa MYMKIHAIK OepeTiHiH aram oTTi. ©3 ke3erinae, Canazza xoHe
1.0. aBTopiap (2025) MHYAMH TYTKBIPJIBIKTHIH >KOFapbliayblHa, KOHCHUCTEHIUSHBIH
KaKcapyblHa JKOHE CHHEpPEe3UC KapKbIHABUIBIFBIHBIH TOMEHICYiHE ocep eTeTiH
TEKCTYPaHbl KaJbIITACTHIPYLIBI, TYPAKTaHIBIPFBIII JKOHE BUIFall CaKTayIlIbl PEeTiHJe
KBI3MET E€TETiHIH KOPCEeTTI.

Wnynuuai alueITBUIFaH CYT OHIMJEpiHAE KOJAAHYABIH THIMIUI KONTereH
3eprreynepmen pactanasl. Consimen, EI-Kholy xone 1.6. aBropmnap (2020) nnynuHzai
KOCY MaiiChl3 CHHOMOTHKAIBIK HOTYPT KYPBUIBIMBIH JKaKCapTyFa >KOHE CHHEPE3UCTI
a3zaliTyra KeMeKTeCeTiHiH aHbIKTaIbl. OchiHAal HoTIKenepre Kamel xone 1.6. aBTOpiap
(2021) kon xetki3ai, Oyn Bifidobacterium bifidum emipmeHAIriHIH KOFapbUIAYbIH
JKOHE OHIMHIH CEHCOPJIBIK OHIMIUITIHIH JKaKcapraHbIH KepcerTi. Soh joHe T.0.
aBropiap (2021) uHyaMH CHHOMOTHKANBIK HOTYPT CYCBIHBIHBIH TEXHOJOTHSJIBIK,
TaraMJIbIK KOHE OPraHOJIENTUKAJIBIK KACHETTEPiH Oip yaKbITTa )KaKcapTabl.

WnynuHHIH albITRIIFAH CYT OHIMIEPIHIH PEOJOTHSUIBIK KaCHEeTTepiHe OH dcepi Je
OipkaTap 3epTTeyiaepMeH pactainabl. Sarwar xoHe T.0. aBropmap (2019), Falah xone
1.0. aBropmap (2021) xone Rahman xone T1.6. aBropmap (2024) unynuHAi KongaHy
CHHEPE3UC AIPEKECIH TOMEHIETE OTBIPBII, TYTKBIPIBIKTHI, CYIbl YCTay KaOileTiH, Teib
KYPBUIBIMBIHBIH O€PIKTIriH ’KoHE OHIMHIH (PU3UKaJIBIK TYPAKTBUIBIFBIH apTTHIPYFa 9Cep
eTeTiHiH aHbIKTanel. CoHbIMeH Kartap, Iriondo-DeHond xone T1.6. aBropiap (2020)
WHYJIMHHIH OpPraHOJISNTHKAJIBIK KOPCETKIIITepre ocepi OHbIH KOHLEHTpALMSICHIHA
OaliaHbICTBl €KEeHiH KepceTTi. MeJIuepiHiH KOFapbulaybIMEH OpraHOJEeNTHKAIBIK
KOPCETKILITIH ©3repyi jKOHE OHIMHIH TYTHIHYIIBUIBIK KOJAHIbIIBIFBIHBIH TOMEHACY1
MyMKiH. Ocbutaiiiia, KenTereH 3epTTeyiep WHYIMHHIH allbIThUIFaH CYT OHIMACPIHIH
KYPBUIBIMIBIK-MEXaHUKAJIBIK JKOHE CEHCOPIIBIK KACHETTEPIHE OH 9CEPiH pacTaiIbl.

Wnynuuai dorypTrapna skoHe Oacka Ja ASCTYPJi allbITBUIFAH CYT OHIMIEpiHIe
KOJIJaHy Typajbl KONTEreH 3epTTeyliepre KapamacTaH, OHBI IpIMILIK CapbICYBI
HETi3iHJerl ambIThUIFaH CYCBIHAAapAa KOJNAaHy Typaslbl MONIMETTep IIEKTeyIi.
XKapusutanran >KyMbIcTapia amibITy MocelelepiHe, allbITKbl JaKbUIAapbIH TaHAayFa
KOHE capbICyIbl OHACYAIH KaIbl TEXHOIOTUSUIBIK acleKTijiepiHe Ha3ap aylapbuiajibl,
aJl MHYJIWHHIH 9pPTYPil KOHLEHTPALUSICHIHBIH CapbICylaH allbIThIIFAH CYyCBIHAAPIBIH
OpPraHOJeNTUKANBIK,  (U3UKA-XUMHSIBIK,  KYPBUIBIMIBIK-MEXaHUKAJBIK  YKOHE
MHUKPOOHOJIOTHSUIBIK KOPCETKIIITEepiHe ocepi JKETKUMKTI 3eprrenMmereH (Zeng et
al., 2023; Verma et al., 2024). Jlemex, nHyIMHMEH OaWBITBUIFaH 1PIMIIIK CapbICYBI
HETi31H/e alIbITBUIFAaH CYChIH TEXHOJOTHSCHIH 93ipjey, COHAal-aK OHbBIH OHTAMJIbI
MOJIIIEPiH TaH Ay TEOPHUSUIBIK ’KOHE MPAKTUKAIBIK MaHBI3bI 0ap ©3€KTi FHUIBIMHA MiHIET
OOJIBIN caHaIAdbI.

3epTTEy HBICAHBI MeH dicTepi. 3epTTey HbICaHbIHA (P)YHKLUMOHAIIBI HHIPEIUCHT
pETiHIEe MHYIHH KOCBIIFaH 1pIMIIIK capbICybl HET131H/e )KacaFaH allbIThIIFaH CyChIH
yiarinepi anbiael. CyT HeTi3l peTiHAe ipiMINIKTEH aiblHFaH EKiHIIIK j>KaHama
OHIM ipIMIIIK capbiCybl KOJAaHbULABL. KonmaHap anaelHIa capbiCy MEXaHHUKaJbIK
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Kocnaynapsl KeTipy yiiH cysinim, 85+2 °C temneparypana 15 MUHYT nacTepiceHenl,
coiaH ke ambITy Temneparypacsia (3741 °C) neifin caiaKplHAATHIIa b

[IpeOnoTHKaNBIK KOMIOHEHT pPETiHJEe LUUKOPUH TaMbIpbIHAH ajblHFaH HHYJIHH
YHTaFb! anbIHbl. OHTAHIbI KOHIEHTPALUUSHBI aHBIKTAY YIIiH TOPT alllbIThIIFAH CYCBHIH
yJIrisiepi JaibiHaanasl: 0aKpiay (MHYJIHMH KOCBUIMAaFaH), KOCIaHbIH MacCachIHbIH 3 %,
4% >xoHe 5% uHyIMHI Oap albITBUIFAH CYyChIH YITIEpi.

YWBITKBI peTiHae Streptococcus thermophilus xone Lactobacillus delbrueckii
subsp. bulgaricus MUKpOOpraHU3MIEPiHEH TYPATHIH KJIACCUKAIIBIK HOTYPT YHBITKBICHI
KOJIIaHBUIJBI. YWBITKBl CHTI3UITGHHEH KeiiH yurinep OeiceHai KbIKbULIbIFel pH
4,5-4,6 monine xerkeHme 371 °C temmeparypana ¢epmentrengi. OepmeHTanus
asKTalFaHHaH KeiiH anblHFaH YUbIHB! 412 °C Temneparypara AeiiH CalKbIHAATbUIbIIL,
OIpTEKTI KOHCHCTEHIMs TY3IAreHIe apanacTelpeiiabl. OmaH KeiiH ToxipuOemik
yJiriiepre naiiblH ©HIM MaccachlHbIH 3, 4 jkoHEe 5%-bl MOINIIEpiHAe UHYIUH YHTAFbI
eHrizinai. bakpuiay yirici HHYIMH Kocnai JaibIHIaIbL.

Opranonentukanslk O0aranay MEMCT 31454-2012 «AWbITBIIFaH CYT ©HIMAEPI.
XKannpel TexHUKanbIK MIaprrap». JlerycranusHbl AadblHAANFaH caparibuiapJaH
TYpaTblH KOMHCCHSI >Ky3ere acwlpiabl. baramay Oec Oannplk mikana OoWbIHIIA
Kyprizingi. baramay OapeichiHOa ©HIMHIH CBIPTKBI TYpi, KOHCHCTEHLMSCHI, TYCI,
JIoMi JKOHE MiCi HEeri3Ti CEHCOPJIBIK KOPCETKILITEp PETiHAe KapacThIPbUIAbI. AJIBIHFaH
Keke Oaranap HeTi3iHAe 3epTTeNreH YATIepAiH OpraHOJeNTHKAIBIK Mpodui
KYPaCTBIPBUIBIN, UHYJUH KOHLEHTPALMSICHIHBIH CYyCBHIHHBIH CEHCOPJIBIK KaCHETTEpiHe
ocepi canbICTHIPbUIABL. OpraHoJIeNTUKANBIK Oarajay HOTHKeJIepi HHYAMHHIH OHTaHIIbI
KOHLEHTPALMSICBIH TaHIAybIH HET13T1 KpUuTepuiliepinin 6ipi peTinae naiinaianbuiabl.

Bencenni kpnukpuiaslk  (pH) 3eprxananeik pH-meTpai  KoimaHa — OTBIPHII,
MMOTEHIIMOMETPHSIIBIK JTiCTIEH aHBIKTAIbL TuTpiey Keimkbuiabirel MEMCT 3624-92
OolibIHIIa aHBIKTANIb! koHe TepHep rpaayceiMer (°T) kepcerinai. Omney angbiHAa
pH-MeTp TuicTi crangapTThl Oydepik epiTiHaiaep O0ObIHIIA KaTHOPICHII, YTEKTPO
3epTTeneTiH yharire eHrizinai. Kepcerkim TypakranranHan kedin pH moHi Tipkenmi.
Bencenai KBIMIKBUIABIKTB aHBIKTAY AallBITy MPOLECIHIH KYPY KapKbIHIBUIBIFBIH
JKOHE JalblH OHIMJEri KBILIKBUIABIK OPTaHbIH KaJBINTACYBIH OaranayFa MYMKiHIIK
Oepni. TuTpney KbBILIKBUIABIFEI ©OHIM KypaMblHIA ambITy OapbIChIHAA TY3UIreH
KBIIKBUTIAPABIH JKaJIbl MOJIILIEPiH CUIIATTay jKoHE OaKbUIay MEH TOXKIpUOeTiK yarinep
apachIHAaFbl allbIPMaIIBUTBIKTAPABl Oaranay YIIiH KOJJaHbUIIbL.

AKYyBI3/IbIH MaccabIK yieci Keennans omiciMen, MaliIbIH Maccaiblk yieci [epoep
o/liciMeH, JIaKTO3aHbIH MacCajblK yieci pedpaKTOMETPHUSIIBIK OIICHeH, KYpFak
3aTTapAbIH MacCallblK Yieci TYPaKThl Maccara ACHiH KeNTipy oliciMeH aHBIKTaIIbI.

TaraMIBpIK TaNMIBIKTBIH Kypambl €HTi3UITeH WHYJIWH MOJILIEPiH €CKEepPe OTBIPHII
ecenTeni )oHe PepMEHTATHBTI-IPAaBUMETPHSIIBIK 9/IICTICH aHBIKTaJIIbI.

CuHepesnc Aspekeci Karas3 Cy3Trici apKbUIbl alibIH ajia OY3bUIFaH YHBIHIBIHBIH
100 cm® kenemiH cy3y Ke3iHIe OOJIHIEH capbiCy KOJEMiHE COWKEeC Cy3y OHiCiMEeH
aHBIKTAJJIBL. OJIIEY Op caraTr caiiblH OOJIIHIeH CapbICy KOJIEMiH TipKel OTHIpHII, Oeame
TeMIlepaTypachbiHaa 5 carar OOWbI JKYPri3iiai. AJIBIHFAH HOTHXKENIEp CM® TYpiHZE
KOpCeTii.
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3epTTEy HITH:KeJepi. AIIBITBUIFAH CYT CYCBIHBI ASCTYPJIi TEXHOIOTHUSI OOWBIHIIA
anbIHIBl. Epexnieniri ambITKpl JaKbUIAaphl MEH WHYJIWH YHTAarblH AalbIHOAy YKOHE
Kocy. OpraHoNenTHUKaIblK KOPCETKIIITEp AIIBITBUIFAH CYT ©OHIMAEPIHIH CcamnachlH
OarayiayblH MaHBI3Ibl KPUTEPHUl OOJNBIN TaObLIAAbl, OUTKEHI OJlap TYTHIHYIIBLIBIK
KAacHUEeTTepiH KepceTe i ’KoHe KOChIIaThIH MHYJIMHHIH OHTANIIbI MOJIIIEPIH aHBIKTAayFa
MYMKiHIiK Oepeni. depMeHTanus askranbin, yYibiHAb 442 °C TeMneparypara Jeiin
CaJIKBIH/IaTBUIFAaHHAH YKOHE apanacThlpbUIFaHHAH KeHiH TOKIpUOeiK yariiepre 1ailbiH
eHIM MaccacbiHbIH 3,0, 4,0 xoHe 5,0%-bI MeIIepiHAe MHYJIUH YHTaFbl CHTI3UIII.
WnynuHHIH albITBIIFAH CYCBIHHBIH CEHCODJIBIK CHUIaTTaMallapblHa dcepiH Oaramay
YILIiH OaKpliay )KoHe TOKipreOeliK yrijiepre opraHoNenTHKANIBIK OaFanay >Kypri3iii.
3epTTey HOTHXKeNEpi |-KecTene KenTipijreH.

Kecre 1 — Ipimmik capbIcybl HeTi3iHCT] alIBITBIIFAH CYCHIHIAP/IBIH OPTaHOJICTITHKAIBIK

KepceTKimrepi
Kepcertkiurep bakpiay 3% uHYNUH 4% nHynuH 5% WHYITHH KOCBUIFaH
(MHYITHHCI3) KOCBUIFaH CyChIH | KOCBUIFaH CYCBIH CYCBIH

Ceiptke! TYpi | Biprexri, aznamn biprekri, a3nan biprexri, TyTkbIp | BipTekTi, mamanan
CYHBIKTAY TYTKBIP TBIC TYTKBIP
CYMBIKTBIK

Koncu- CyitpIk Opraiua TYTKBIp Biprekri, Ho3iK, Koro, THIFBI3

CTEHIIHSCHI TYTKBIP

Tyci AMIBIK capbl AmbIk kpeM TycTi | Amblk kpem Tycti | Kpem tycTi

Jomi Taza amerreurran | Tasa ameiTeurran | YiIeciMi Aszpar ToTTiIIeY, KOO
CYT 1omMi Gap, CYT IoMi Oap, a3jal | alibITBUIFaH CYT KOHCHCTEHIIUSIFa
capbICyFa TOH JI9Mi | TOTTLICY nomi Gap, Gere 0alTaHBICTBI IOMiHIH
ANKBIH omci3 yitnecimimiri

TOMEHJICTCH

Uici Taza aweiteurran | Tasa ameiTeiFan | Ta3a ammbITbUFaH | AIIBITBUIFAH CYT HicCl
CYT Hici MEH cyT mici 6ap, Oerne | cyt mici 6ap, Oerne | cakrairaH, capbiCyFa
capbICyFa TOH Hici | micci3 nicci3 TOH XOII HiCl 97ICi3
alKBIH

AJBIHFAH HOTHOKEIICP ICH MHYJTHH/II KOCY AIIBITBUIFAH CY ChIHHBIH OPTaHOICITHKAIIBIK
KacHeTTepiHe alTapiblKTaii ocep eTKEHIH Kepyre Oomanbl. bakpuiay ynirici cyHbIK
KOHCHCTEHITUSIMEH JKOHE CapbICY/IbIH alKbIH JoMiMeH cumartainbl. Uaymuam 3 %
KOCKaH Ke3/i¢ KOHCHCTEHIIMSACHI MEH JOM/IIK CHIaTTaMasiapsl jkakcapabpl. EH jxoFapsbl
OpPTraHOJICTITUKANBIK KepceTkimTep 4% WHYIMH KOCBUIFaH YIrige OaWKamabl, O
OipTeKTi TYTKBIP KOHCUCTCHIIMSAMEH, YIJIECIM/II allIBITBUIFAH CYT JOMIMEH JKoHEe Oerye
JIOMHIH OonmMaybiMeH epekineneHni. Uaynuami 5% KOocy TYTKBIPIBIKTBIH IIamaliaH
TBIC )KOFapbUIAybIHA JKOHE TOTTI JOMHIH Naiiia 0oyblHA OKemIi, OyJI OHIMHIH JKaJIIbl
CEHCOPJIBIK OaFachlH OipiaMa TOMEHICTTI.

3epTTeNeTiH YATUIepAiH OPraHONeNTUKAIBIK KOPCETKIIITEPIH HAKTHI CANBICTHIPY
YIIH CEHCOPIIBIK cHUIaTTaManap/ s npoduii oeitHenenai (1-cyper). Hotnxenep Oec
OaabIK MIKaIa OOMBIHINA aHBIKTAJIIEL.
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Cyper 1 — HynuHHIH opTYpITi MeJIIIepiMeH OalbITBUIFAH AIBITHUIFAH CYCHIHIAPIBIH
OpraHoJIEN THKAJIBIK KOPCETKIITePiHiH TPopHIIi

OpraHoylenTHKaNbIK ~KOPCETKIITEepAI MNpOoQMIBIIK Talfay HWHYJIHHAI KOCY
AlIBITHIIFAH CyCBIHHBIH CEHCOPJIBIK KACUETTEPIHE OH acep eTeTiHiH kepceTTi (1-cyper).
EH »koraphl KellieH1i OpraHoJICITUKAIBIK OaraHbl 4% WHYJIWH KOCBUIFaH YJIT1 alifpl,
oHBIH opranra 6ansl 4,92 6onnel. bakputay yirici yurin Oy kepcerkim 4,46 Ganibl,
3% WHYIUH KOCBUIFaH YIT1 YIIiH — 4,68 Gaiiabl Kypaabl, aJl HHYJIHH KOHIICHTPAIIUSChI
5% nelin korapbulaTKaH ke3ne 4,54 Oamnra neitin Temenneni. Hotwxkenep 4%
WHYJIMHAI KOCY 3€pTTEeNeTiH CYCHIHHBIH CHIPTKbI TYpiH, KOHCUCTCHIHMSICHIH, JOMiH,
WIiCiH JXKOHE TYCIH OHTaWIBl YHIECTipy[l KamMTaMachl3 €TeTiHiH Kepcereni. MHynuH
KOHIICHTPAIUSCHIHBIH OJIaH 9pl JKOFapbLIaybIMEH CEHCOPJIBIK Oarajiay/JblH Oipiiama
TOMEHIey1 0aliKaIbl, OYJI TYTKBIPJIBIKTHIH IIaMa/IaH ThIC )KOFapbLIay bIMEH )KOHE alKbIH
TOTTI IOMHIH Maiiia 0omybIMeH OaitlaHBICTBI 00TYbl MYMKiH. AJIbIHFaH HOTHKENep El-
Kholy et al, (2020), Kamel et al. (2021) sxone Soh et al. (2021) monimeTTepine coiikec
keneni. Onap COHbIMEH KaTap MHYJIUH]II OHTANIbI KOHIIEHTPaLUsAa KOCY allbIThUIFaH
CYT OHIMJEpiHIH OpraHOJCNTHKAIBIK CUIaTTaMalapblH JKAKCAPTATBIHBIH, al OHBIH
apThIK MOJIIIEeP] JOM MEH KOHCUCTEHIIUSFA TEPIC 9cep CTETIHIH KOPCETTI.

1-kectene koHe 1-cypeTTe KOpCeTINeH OpraHOJCNTUKAIIBIK Oaranay HOTHXKeIepi
Heri3inge 4% wuHyNMMHI Oap YAri eH OHTaiibl jgen TaHaamael. OmaH opi (u3Mka-
XUMUSITBIK TaJIjaysiap YIIiH OCHI YIIT1 aJIbIHIbI.

Ou3nKa-XUMUSIIBIK ~ KOPCETKIIITEp AalBITBUIFAaH CYT OHIMJACPIHIH camnachlH
Oarajay/JblH MaHBI3[bl KpHUTEpHiliepl OOJbIl TaObUIABI, OWUTKEHI OJ KypaMblH,
TYPaKTBUIBIFBIH JKOHE TaFaMJBIK KYHABUIBIFBIH cunartaiinbl. OckiFaH OaiIaHbBICTHI
4% WHYJIMH KOCBUIFaH Oakpljiay YJrici MEH allbIThIIFAH CYyCBIHHBIH HETi3ri (pu3nKa-
XUMUSIIBIK  KOPCETKIIITEepiHe Talaay JKYPTi3iuidl. AJBIHFaH HOTHIKENep 2-KecTene
KEJTIPUITeH.

Kecre 2 — AWIBITBUIFaH CyChIHAAPABIH (H3HKA-XHUMUSIIBIK KOPCETKIITEpi

KepcerkimTep Bakprnay (nHynuHCi3) 4% WHYIUH KOCBUIFaH CyCBhIH
pH 4,61+0,02 4,53+0,03
Tutpey KblIKbUIABIFBL, °T 76+0,5 85+1
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AKyb13, % 0,82+0,01 0,84+0,02
Maii, % 0,28+0,01 0,28+0,01
Kyprak 3art, % 6,19+0,05 9,97+0,06
Jlakro3a, % 4,414+0,04 4,25+0,03
TaraMIbIK TaTIIBIKTAD, %0 0,00 3,78+0,02

Tannay notwxkenepineH 4% HMHYIMHII KOCY alIbITBUIFAH CYCBIHHBIH Oipkarap
(hM3HKa-XUMUSIIBIK KOPCETKIITEPiHiH e3repyiMeH Karap xypai. pH moni 4,61+0,02-
neH 4,53+0,03 neitiH TeMmeHnendl, COWKECIHIE TUTpPIIEY KBIIKBUABIFB 76+0,5-TeH
85+1 °T neitin ecti. AKYBI3IBIH MaccalbIK yiieci Oakpinay yaricinge 0,82+0,01%, an
colikeciHme uHyIUH KockutraH yirige 0,84+0,02%, exi ynrimeri MaiblH MaccaibiK
yneci Oipneit — 0,28%. Kyprak 3artapasin Maccainslk yieci 6,19+0,05-ten 9,97+0,06%
JeiiH ecTi, anm JakTto3aHblH Maccanblk yieci 4,41+0,04-ten 4,25+0,03% neiiin
TeMeHAeni. bakpinay yaricinae TaraMIblK TaJIIIBIK OOMMabl, ajdl UHYJIUH KOCBUIFaH
yarige onapasiH Memtepi 3,78+0,02 %.

KypbUlbIMIBIK-MEXaHUKAIBIK, ~ KACHETTEP  OPraHOJNENTHKAJIBIK  KacHeTTepMEH
Oipre TYTBIHYIIBIHBIH ©HIMAI TaHAayla MaHbI3Ibl pen  arkapaabl. CuHepesuc
JIOPEXKECi alIBITBUIFAaH CYT OHIMIIEPIHIH KYPBUIBIMIBIK-MEXaHUKAIBIK KACUETTEePiHIH
KepceTKimTepiHiH Oipi Oombim TaObL1anbl. CyT eHIMIEpiHIH CHHEpe3uci — Oy
YUBIHIBIIAH CapBICYIBIH O3/iriHeH OemiHyi. Keitbip cyT eHimzaepi ymriH Oy Kaxker
(cy30e, ipimIIik), an GacKagapbl YIIIiH—MBbICAITBL, AITBITBUIFAH CY T Cy CBIHIaPBI KEPiCiHIIIe
— KOHCHUCTEHIIUS aKayllapblH TYABIPYbl MYMKiH. CapbICylbIH 06JiHyi — MIMKi3aTThIH
KAaHAFaTTaHAPJBIKChI3 CAallaChIHBIH, CYTTI TOMOTEHM3aLUsUIay MEH HacTepieydiH
KaJIBINTHl PEKUMIHEH aybITKYABIH cannapbl. OHIMHIH TypiHe OaillaHBICTHI OOJIHTEH
capsbicy 2-3% acaTblH alIBITBUIFAH CYT OHIMIEPiH caTyFa pykcar erinmeiai (I'omyoesa
u ap., 2015; Jlonmatosa u nip., 2024).

Cunepesnuc OenMe TeMIlepaTypachlHIA 5 carar imIiHIe KaFa3 CY3TiCi apKbUIBI
Oy3butraH YUbIHABIHBIH 100 cM® cy3y KesiHae OeJliHreH capbiCy MOJIIIePiH OJIey
apKbUIBI CY3Y 9/1iCIMEH aHBIKTAIbI.

2-cypeTTe alllblFaH CYT CYChIHIAApbIHBIH CHHEPE3UCIHIH JUHAMUKACH KOPCETIITEH.

80
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Cypert 2 — By3butran YABIHIBIHBI CY3y KE3iHIE CapbICyAbIH 0OTiHY THHAMUKACHI
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2-CypeTTeH CapbICy[blH €H KapKbIHIbl 06JIiHyi Cy3yHdiH ajFaliKbl YII caraThIHIa
OaliKanapl. apbl Kapad capbICyAblH O6JiHY >KbUIAAMIBIFBI TOMEHICHII, al TepT
caraTTaH KeHiH e3repicTep alTapiblKTail OonMaabl. bapiblK yakbIT apanblKTapblHAa
4% WHYTUH KOCBUIFaH YJATigeri OeJiiHreH capbICydblH KesieMi Oakbuiay yiriciHe
KaparaH/ia auTapibIKTail TOMeH OOibl, Oy cydbl ycTay KaOileTiHiH JKOFapbliayblH
JKOHE CHHEPE3HUC JIOPEKECIHIH TOMEH/ICYiH KopceTe/i.

Tankpuiay. AjbIHFaH HOTHXKETEp 4 % UHYTMH/I KOCY IpIMILIK CapbICybl HETi31HIeT1
AlIBITBUIFAH CYCBIHHBIH (DM3HKA-XUMUSUIBIK KACHUETTEpIiHE KEIICHIl ocep eTEeTiHIH
kepceTTi. bencenni KpKbABIKTEIH (pH) 4,61-1eH 4,53-ke eliiH TOMEHJIEY1 JKoHE
TUTPJIEY KbIIKBUIIBIFBIHBIH 76 °T -aen 85 °T-ka neiliH ®orapbulaybl CYTKBIIIKBLUIIBI
ally MpoLeCciHiH KapKbIHABUIBIFBIH KopceTe . HyTMHHIH MPeOnOTHKAIBIK KaCHeTTepi
CYTKBIIIKBUIBl MHUKPOOPTAaHU3MACPAIH ©Cyi MEH MEeTa0OJIMKAIBIK OeICeHAUIIrH
BIHTAJAHJBIPBIN, OPraHUKaIbIK KBIIIKBUIAAPABIH KAPKBIHIABl TY3UIyiHE BIKIAT
ereni. Oceiapaii ypaic El-Kholy et al. (2020), Kamel et al. (2021) >xone Soh et al.
(2021) 3eprreynepinae ne OalkanraH, OHJAa WHYJIMHMEH OailbITBUIFAH allbITBUIFAH
cyT eHimzepinge pH TeMeHzeyi >KoHE THUTpiEY KBIIIKBUIABIFBIHBIH KOFapbLIaybl
AHBIKTAJIFaH.

Wnynunai kocy akybl3 0eH MaiJblH MaccajblK ylIeciHe alTapiabIKTall ocep eThemi.
AKybI3/1bIH MaccaiblK yieciniH 0,82-nen 0,84 %-fa AeHiHTi MIamMalbl apTybl KYPFaK
3aTTapAblH  KOHLEHTPALMSCHIHBIH JKOFapblIaybIMEH TYCIHAIpiNedl, aix MaiabiH
MaccallblK yJieci eki yarige ae esrepicci3 Kauibsl. byn MHYIMHHIH akybl3 Hemece
JUNHJ K631 00JMaybIHa JKOHE OJIApIbIH CYT IIMKi3aTHIHAAFB KYPaMbIH ©3repTiieyine
0ailyIaHbICTHI.

En alikpiH e3repicTep Kyprak 3aTTapblH MeJIepiHeH OailKanabl: onaplblH yieci
6,19-nan 9,97 %-ra neiid sxorapbiaabl. By HHYIHHHIH )KOFapbl KYpFrak 3aT KypaMbIHa
KOHE Cybl OaiIaHBICTHIPBIIN, OHIMIE TYPAKThl KEHICTIKTIK KYPBIIbIM KaJbIITACTHIPY
KaOinerine OaiinmanbicThl. Kyprak 3arTapabiH KeOeroi eHIMHIH KOHCHCTEHIHSCHIH
KAKCapTHIN, KYPBUIBIMBIHBIH TYPaKTBUIBIFBIH apTThipaabl. OcblHAaH MoIiMeTTep
Canazzaetal. (2025), Iriondo-DeHond et al. (2020) xone Soh etal. (2021) enoexTepinae
Jie KeTipiireH.

JlakTo3anbIH MaccanbIK yiecini 4,41%-nan 4,25%-Fa neliin TOMEH/ICYiH OHIMHIH
peUenTypaiblK KYpaMbIHBIH ©3repyiH €CKepe OTBIPBIN TYCIHAIpy KaxeT. MHymuH
(hbepMeHTalLUA asiKTaIFaHHAH KeWiH CHI13UITCHIIKTEH, JIAKT03a MOJIIIEPiHiH OaliKaiFaH
TOMEHJICYl CYTKBIIIKBUIBI MUKPOOPTAHU3MJIECPIIH OCJICEHAUIIrIMEH eMec, ailblH
cycelnFa 4% WHYJINH KOCY HOTIIKECiHIe OacTanKbl capbiCy HETi3iHiH CallbICThIPMAIbl
yJieciHiH a3atrobiMeH OainmaHbICThl 00Tybl MYMKiH. COHABIKTaH albIHFaH HOTHIKEIEp
WHYJIWHHIH ~ CYTKBILKBUIABI ~ MHUKPOOPTaHM3MJICPAIH  JIAKTO3aHBl — NaijgananHy
KapKbIHBUIBIFBIHA 9CEPi Typasibl OipKaKThl KOPBITBIHABI )KacayFa MyMKiHIiK OepMeii.

TaramIplK TanmbIKTap Oakpulay YITICiHIE aHBIKTanManel, an 4 % HWHYIUH
KOCBUIFaH YJTie onapAblH Maccaiblk yieci 3,78 % xypaabl. byn o3ipienren
CYCBIHHBIH ~(YHKIMOHAJIJBIK KYHIBUIBIFBIH aNTapibIKTal apTThIpaisl, cebeOi
TaFaMJbIK TaJMIBIKTap ilIeK MHKPOOMOTACBIHBIH KAJIBINTHI KYpaMblH CaKTayfa, ac
KODPBITY KXYHECiHIH KBI3METIH >KaKcapTyFa >KoHE OHIMJII MpO(QMIAKTUKAIBIK Taram
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peTiHae maigananyra MyMKiHAIK Oepemi. Sarwar et al. (2019), Falah et al. (2021)
xoHe Rahman et al. (2024) momimerTepi OoiibIHIIA TaFaMIBIK TANIIBIKTapAblH 3—4
% wmenmepae OOXybl OHIMHIH TYTBIHYIIBUIBIK KAaCHETTEPiH Hamapjiarnai, ailKelH
peOUOTHKAIIBIK ocep Oepe/i.

Cunepesuc HoTmxenepi 4 % WHYIMH KOCBUIFaH YIITiie capbIcyablH OeliHyi OaKkpliay
yJriciHe KaparaHaa eAdyip TeMeH OoiFaHblH KepceTTi. byn mHynmHHIH 00C Cynbl
0aliIaHBICTHIPBII, CAPBICYIBIH OONiHYyiHE KeAepri KeNTipeTiH TYPaKTbl KEeHICTIKTIK
KYpbUIBIM Ty3y KaOijeriMeH Tycingipineni. OcblHAall KOpBITHIHABLIAP Sarwar et al.
(2019), Falah et al. (2021) xone Canazza et al. (2025) 3epTTeynepinne ae KeATipiireH.
El-Kholy et al. (2020) KypbUIBIMABIK TYPAKTBUIBIKTBIH apTyblH HHYIHHHIH aKybI30eH
©3apa 9pEKeTTeCyl HOTHKECIH/IE BUIFANIIBIH THIM/I YCTaIybIMEH OaiIaHbICTBIPAIbI.

Ocpunaiina, xypri3inres 3eprrey 4 % WHYIUHII KOCY TEXHOJIOTHSUIBIK TYPFBIIAH
HETi3[IeNIreH HIeliM eKeHiH KepceTTi. by koHIeHTpamust eHiMHIH (pU3UKa-X UMHSIIBIK
KOPCETKILITEPiH >KaKCapThIll, KYpPFaK 3arTap MEH TaraMmJblK TaJIIbIKTapAbIH
MaccalblK YJIE€CiH apTThIpyFa, KBIIIKbUI TY31IyiH OHTailIaHABIpYyFa jKOHE CHHEPE3HUCTI
TOMEHJeTyre MYMKiHIiK Oepai. COHbIMEH Karap, aKybl3 O€H MaiJIbIH MacCalbIK
yJieci ic Ky3iHae esrepicci3 Kaiabl, Oyl MHYIMHII IpIMILIK capbICybl HETi3iHIeri
AIIBITBUIFAH CYCBHIHAAp OHIIpiCiHAEe MEePCHEKTHBAIbl (PYHKIHUOHAIIBIK HWHIPEIUCHT
peTiHae naiaananyra MYMKIHIIK Oepeni.

KopsiThiHABbL.  3epTTey HOTHKECIHAE MHYIMHMEH OaWbITBUIFaH  IPIMILIK
capbiCybl HETI3iHAE AlIBITBUIFAH CYCBIH YATiIepi o3ipiaeHal. VHyIMHHIH OHTaMIbI
KOoHLEeHTpauusicbl 4% KypaiJbl, OCbl MOJIepi KOCBUIFAaH alIbITBUIFAaH CYCHIH €H
JKOFapbl OpraHOJENTUKANBIK KepceTkimrepre ue Oonapl. MHYIMHHIH KOCBLTYBI
aKybl3 O€H MalAblH KypamMblHa alTapiblKTail ocep eTnei, KypFak 3arrtap MeH
TaraMJbIK TAJIIIBIKTapAbIH MacCabIK YJIECIHIH apTybIHaA, TUTPIIEY KBIIKBUIIBIFBIHBIH
XKorapbulayblHa ocep eTTi. COHBIMEH Karap, HWHYJIUHII KOJIJaHy CHHEPE3HC
KApKBIHJBUIBIFBIHBIH TOMEHACYIH KaMTaMmachl3 €TTi, OyJl ©HIMHIH KYpBUIBIMJIBIK-
MEXaHHUKAJBIK TYPAaKTBUIBIFBIHBIH JKOFapblUIayblH KepceTeli. AJBIHFAH HOTHXKeNep
WHYIWHAI IpIMINIK capbICybl HETI3IHIEri ambITBUIFAaH CYCBIHOAAp OHIIpiciHae
(bYyHKITMOHAJIBI HHTPEIMEHT PETiHAC KOMTAHYbIH TUIMIUIITIH JIENISHIl )KOHE OHBI
KOFapbl TaFaMJbIK KYHJIBUIBIFBI MEH KYPBUTBIMIBIK-MEXaHUKAIBIK TYPAKTBUIBIFBL Oap
(yHKUMOHAJIBI OHIMIEP1 OHAIpYe MaliaanaHyFa MyMKIHIIK Oepeti.
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Abstract. Anodic oxidation of reduced phosphorus forms - hypophosphorous and
phosphorous acids is an attractive approach from both fundamental science and applied
applications (purification and phosphorus recycling). The aim of this research is to
investigate the anodic oxidation of phosphorous acid under galvanostatic conditions and
to comprehensively evaluate the influence of key parameters on the process efficiency
and reaction mechanism. Electrochemical property of phosphorous acid was carried
out by recording cyclic voltammetry using a Potentiostat/galvanostat Electrochemical
Workstation Corrtest Instruments and electrolysis under galvanostatic condition.
The influence of the current density, electrolyte concentration, and temperature on
the current efficiency of phosphorous acid oxidation has been studied. The obtained
results show that the two distinct anodic peaks observed at a potential of approximately
+0,7 V and a potential of approximately +0,95 V upon the addition of H,PO,) can be
confidently assigned to the stepwise electro-oxidation of phosphorous acid. The results
demonstrate that under electrolysis conditions, the anodic oxidation of phosphorous
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acid yields phosphate ions. Based on the electrochemical data, it was hypothesized
that the formed lead oxide layer exhibits an electrocatalytic effect toward this process,
significantly enhancing the anodic currents. The practical significance of this work lies
in the scientific substantiation and selection of optimal process parameters for the anodic
oxidation of phosphorous acid. Replacing expensive noble metals with a lead anode—
which is both cost-effective and corrosion-resistant in sulfuric acid media - ensures a
high current efficiency for the target product. Based on the obtained scientific results,
the proposed electrochemical method for purifying thermal phosphoric acid was tested
at the «NDFZ» LLP production facility.

Keywords: phosphorous acid, electrooxidation, cyclic voltammetry, electrolysis,
current efficiency, phosphate-ions
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AnHoTamusa. PocopIbiH TOTHIKCHI3IaHFaH TYPJCPiHIH, aTam alTKaHIa THUIo-
docdopisl xoHe (ochopibl KBIIKBULAAPIBIH aHOATHIK TOTBIFYBI ipreiii 3epTTeynep
TYPFBICBIHAH J1a, (hochOpIbl Ta3apTy MECH KalTa KaJIIbIHA KEJITIPY CUSAKTHI KOJITaHOA b
MIHICTTEp YIIiH € MaHbBI3IbI OAaFBIT OOJBIT TAOBUTANBI. 3E€pTTEYMiH MaKCaThl —
(hochOPITBI KBIITKBUTIBIH T'alTbBAHOCTATHKAIBIK KaF Al 1aF bl aHOATHIK TOTHIFYBIH 3€PTTEY
YKOHE MIPOIECTIH TUIMIUIITT MEH peaklvs MeXaHH3MiHE HeTi3Ti mapaMeTpiIep/IiH acepiH
kemieH i Oaranay. Dochopibl KBIIKBULIBIH 3JICKTPOXUMUSUIBIK Kacuertepi Corrtest
MOTEHI[UOCTAT-TAJIbBAHOCTATHl KOMETIMEH LHUKIJIIK BOJBTAMIICPOMETPUS 9JiCIMEH
3epTTEININ, KeHiH rajJbBaHOCTATHKAIBIK ICKTPOIHN3 KYPTi3iiami. TOK THIFBI3IBIFBIHBIH,
ANEKTPOJIAT KOHIICHTPAITUSACHIHBIH JKOHE TeMmmepaTypaHblH (HochOpIbl KBITKBUIIBIH
TOTBIFYy TOTHI OOWBIHINA IIBIFBIMBIHA ocepi aHBIKTanAbsl. H3POs KochurraHHaH KeiH
mamameH +0,70 >xone +0,95 B morennmangapeiaga OaiikanraH eki aliKbIH aHOATHIK
IBIH (POCQOPIIBI KBIIKBULIBIH CATBUIBI AJIEKTPOTOTHIFYbIHA KATKBI3BUIIBI. DJIEKTPOIIH3
JKaFaiibIHIa aHOJTHIK TOTHIFY HOTHXKECiIH e (hochaT-uOHIAPhI TY31JICTIHI aHBIKTAJIIBL.
DJIEKTPOXUMUSIIBIK JCPEKTEP JICKTPOJ] OCTIH/IC TY3ITCH KOPFaChIH OKCH/II KaOaThIHBIH
AEKTPOKATATUTHKAIBIK 9CEP KOPCETIl, aHOATHIK TOKTAPABl apTTHIPATHIHBIH OOJDKayFa
MYMKIHZAIK Oepei. 3epTTeyiH MpakTHKAIBIK MaHbBI3IBUIBIFEI (POCPOPITBI KBIITKBUIIBIH
AQHOATHIK TOTBHIFYBIHBIH OHTAWJIBI TEXHOJOTHSUIBIK TapaMeTpiepiH FBUIBIMH HETi3Zey
JKOHE TaHJayMeH aHbIKTanaabl. KeiMOaT achul MeTaljapAblH OpHBIHA KYKIpT
KBIIIKBLIBl OPTAChIHJA KOPPO3UsFa TO3IMJII JKOHE SKOHOMHKAJIBIK THIMII KOPFaChIH
AHOJIBIH MaljaJlaHy MaKCaTThl OHIMHIH TOK OOMBIHIIIA )KOFAPbI IIBIFBIMBIH KAMTAMAChI3
eTemi. ANBIHFaH HOTHXKENIep HETi3iHIe TePMUSIIBIK (POCchOp KHIMIKBIIBIH Ta3apTyIbIH
YCBIHBUTFaH ANEeKTpOXuMUSIIBIK  omici «HAD3» KIIC enmipicTik karmaibHIa
CBhIHAKTAaH OTKI3LIII.
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AHHOTanMs. AHOJTHOE OKHCJICHHE BOCCTAHOBIICHHBIX (popM (ocdopa, B 4aCTHOCTH
(docopHoBarucToit U (HochOPUCTON KHUCIIOT, MPEJACTABIAET MHTEPEC KaK C TOYKH
3peHust QyHIaMEHTAIbHBIX UCCIICOBAHUMN, TaK M JJIsS PEIICHUS MPHUKIAIHBIX 3aj1ad,
CBSI3aHHBIX C OYMCTKOM W pekynepanueil pocdopa. Llens uccnenopanus 3aKirodanach
B M3YYCHUU aHOJHOTrO OKHCIEHHUS (OCHOPUCTON KUCIOTHI B TajbBaHOCTATHUYECKUX
YCIIOBHUSIX M KOMIUICKCHOW OIICHKE BJIMSHUSI OCHOBHBIX TEXHOJIOTMYECKUX HapaMeTPOB
Ha 3PPEKTUBHOCTH MPOIecca M MEXaHU3M PEaKIUHU. DIIEKTPOXUMHUYECKOE TIOBEICHHE
(dochoprcToil KHCIOTHI HCCIEAOBAIN METOAOM LUKIMYECKOW BOJIBTAMIIEPOMETPHH
C HCIOJNB30BaHHUEM IMOTEHIMOCTaTa-raipBanocTara Corrtest, mocie 4ero MmpoBOAMIH
raJIbBaHOCTaTUYCCKU AIeKTposn3. M3ydeHOo BIUSHIE TNIOTHOCTH TOKA, KOHLICHTPALIUH
AJIEKTPOJIMTA M TEMIIEpATypbl Ha BBIXOJ| IO TOKY IpH OKHUCIeHUH (ochopucToi
kuciotel. [locne moGaenenuss HsPOs Ha BosjbrammeporpamMmax HaOJOIAIKMCh 1B
BBIPOKEHHBIX AHOAHBIX MHKa MpU moTeHImantax okoino +0,70 u +0,95 B, xotopsie
OBUIM OTHECEHBI K IOCJIEAOBATEIILHBIM CTaAMsIM 3JIEKTPOOKHCICHUST (Gochopuctoit
KHCJIOTBI. YCTaHOBIICHO, YTO B YCIIOBHUSX DJIEKTPOIN3a aHOJHOE OKUCIICHUE ITPHBOIUT
K oOpasoBanuto (¢ocdar-uoHoB. Ha OCHOBaHMM DIEKTPOXUMHYECKUX JTaHHBIX
BBIIBUHYTO IPEIIOJIIOKECHUE, YTO 00Pa3yIONIUiics Ha TIOBEPXHOCTH DIIEKTPOAA CIIOH
OKCH/Ia CBHHIA MPOSBISET DIEKTPOKATAIUTHYECKOE JCWCTBHE M CHOCOOCTBYET
YBEJIIMYCHHUIO AHOIHBIX TOKOB. IIpakThyeckass 3HAUMMOCTH PabOTHI 3aKIIIOUACTCS B
Hay4HOM OOOCHOBAaHMU U BBIOOPE ONTHUMAJIbHBIX IMAPAMETPOB AHOIHOTO OKHUCIICHUS
(hochopucToit KUCIIOTHI. 3aMEeHa JOPOTOCTOSIIUX OJIArOPOIHBIX METAJIIIOB CBUHIIOBBIM
AHOJIOM, XapaKTEPU3YIOIIUMCS 3KOHOMHUYHOCTHI) U KOPPO3UOHHOM YCTOMYHUBOCTHIO
B CEPHOKHCIION cpefie, 00ecleunBaeT BBHICOKHI BBIXOJ LIEJIEBOTO MPOAYKTa MO TOKY.
Pa3zpaboTaHHBI AIIEKTPOXUMUYECKHN CHOCO0 OYHMCTKH TepMuueckor (ocdopHoi
KHCJIOTBI OBLJT alpOOMPOBaH B IPOU3BOJCTBEHHBIX ycioBusx TOO «H/ID3».

KiroueBble ciaoBa: ¢docdopucras KUCIOTa, IJIEKTPOOKHCICHUE, MHUKIHMUYECKas
BOJIBTAMIIEPOMETPHS, JICKTPOJIN3, BBIXOJ 0 TOKY, (pochar-noHbI

Introduction. Kazakhstan is one of the largest producers of yellow phosphorus.
The main man-made waste product of phosphorus production with a high content of
phosphorus and its compounds is phosphorus-containing sludge, which is formed at the
stage of yellow phosphorus condensation as a result of incomplete purification of waste
dust and gas components.

Thermal sludge phosphoric acid is a product of the thermal production of
orthophosphoric acid. It contains phosphorus from the raw materials and suspended
solids (sludge) resulting from air or equipment contamination.
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Underoxidized forms of phosphorus exist as elemental phosphorus (P,),
hypophosphorous acid (H,PO,) and phosphorous acid (H,PO,) (Bayeshov et al., 1987).

Purification of thermal slurry phosphoric acid is a critical task for ensuring the
production of high-quality phosphoric acid and compliance with environmental
standards. Various purification methods, such as flotation, precipitation, ion exchange,
sorbent use, and chemical oxidation, effectively remove impurities and improve the
quality of the final product. However, further improvement of purification processes
requires continued research into new technologies and materials.

The electrochemical oxidation of lower phosphorus oxides has both theoretical and
practical significance. Theoretical significance is due to the lack of research on the
subject and the contradictory nature of the available data. From a practical point of view,
the oxidation of under-oxidized forms of phosphorus allows the purification of thermal
sludge phosphoric acid obtained during the processing of phosphorus sludge.

Literary review

The purification of thermal slurry phosphoric acid derived from industrial wastes
represents a major technological and environmental challenge due to its highly complex
multi-component chemical composition and aggressive acidic matrix. The primary
problem is that the target product - orthophosphoric acid (H,PO,, oxidation state +5)
- is accompanied by substantial amounts of dissolved lower-valence, underoxidized
phosphorus  species, predominantly represented by phosphorous (H,PO,) and
hypophosphorous (H,PO,) acids. Additionally, the raw technical medium is heavily
contaminated with colloidal particles, polyphosphates, organic surfactants, and heavy
metal ions such as Fe*', AI**, and Ca*" (Petrov et al., 2016; Raut et al., 2021). This
severely limits the direct industrial application of the acid and requires deep, selective
purification.

Traditional industrial approaches rely primarily on chemical precipitation and
coagulation methods. These techniques involve the addition of various external reagents,
including iron sulfate, lime, and organic polyelectrolytes, to induce the aggregation and
precipitation of colloidal impurities and heavy metals (Mhedhbi et al., 2023; Kumaretal.,
2019). Sorption techniques utilizing activated carbons and surface-modified materials
are also considered highly promising for removing organic components (Raut et al.,
2021). However, despite their localized efficiency, almost all conventional chemical and
sorption methods possess significant drawbacks: they are inevitably accompanied by
the formation of massive volumes of secondary hazardous chemical sludges, require a
continuous consumption of costly reagents, and demand multiple additional processing
and filtration stages.

The electrochemical oxidation of lower phosphorus acids has emerged as a much
more attractive approach from both fundamental science and applied engineering.
Converting underoxidized forms of phosphorus directly solves the core problem of
purifying thermal slurry phosphoric acid while enabling efficient phosphorus recycling
(Bayeshov et al., 2001; Zhang et al., 2020). Early reports highlighted that lower
phosphorus oxoacids could be effectively converted under specific conditions. For
instance, A.P. Tomilov (Tomilov et al., 1996) reported that H,PO, oxidation is efficient
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on a graphite electrode in the presence of 0,5 N hydrochloric acid. The literature also
demonstrates that H,PO, oxidizes effectively even on a nickel anode when a specific
ratio between disodium phosphite and caustic soda is maintained in alkaline solutions,
with the degree of conversion reaching up to 99%. However, research regarding these
alternative environments is still in its early stages, and a significant number of questions
remain unanswered regarding efficient operation in highly acidic solutions.

To understand the fundamental kinetics and reaction pathways of lower phosphorus
oxoacids, platinum (Pt) has traditionally served as the primary model catalyst. Extensive
research has been dedicated to studying the electrochemical behavior of phosphorus-
containing acids on Pt electrodes (Prokop et al., 2015; Prokop et al., 2016; Gomes
et al., 2022). According to Lunyatskas (Lunyatskas, 1965), phosphites in an alkaline
solution can be oxidized on a platinum anode with a current and substance efficiency
of roughly 40%. A key finding in this domain is that H,PO, and its reduction products
exhibit exceptionally strong adsorption behavior on the platinum surface. This severe
adsorption leads to the complete blocking of active catalytic sites, which drastically
reduces the overall efficiency of electrochemical reactions, including the oxygen
reduction reaction (ORR) in high-temperature proton-exchange membrane fuel cells
(HT-PEMEFC) (Prokop et al., 2015).

Furthermore, recent cutting-edge investigations (Wibowo et al., 2023; Wibowo et al.,
2024) have revealed that Pt is capable of catalyzing the oxidation of an aqueous solution
of H,PO, to H,PO, even under room conditions without any external current application.
Utilizing advanced surface-sensitive analytical techniques, it was demonstrated
that while H,PO, remains entirely stable in the bulk solution, it undergoes unique
spontaneous chemical transformations at the Pt/ H,PO, interface. At this boundary,
the acid is oxidized by water molecules, simultaneously releasing molecular hydrogen
(H,). The authors suggested that the strong adsorption of H,PO, on the platinum surface
strictly in its reactive pyramidal tautomeric form is the key driving force behind this
interfacial catalytic phenomenon.

While platinum provides deep insights into the fundamental interfacial kinetics
and adsorption phenomena of H,PO,, its prohibitive cost restricts its use in large-
scale technological applications. Consequently, researchers have extensively sought
alternative, industrial-grade anode materials, focusing heavily on lead (Pb), lead dioxide
(PbO,), and carbonaceous substrates. However, historical data regarding these materials
remain highly contradictory.

Early literature explicitly demonstrates that lower oxoacids of phosphorus can exhibit
completely different reactivities depending on the specific nature of the alternative
anode surface. In a report by Baudler and Schellenberg (Osadchenko, 2001), it was
stated that phosphorous acid is readily and effectively oxidized to phosphoric acid on a
conventional lead anode, though no quantitative kinetic metrics were provided. In sharp
contrast to these findings, Hickling and Johnson (Osadchenko, 2001) strongly asserted
that no noticeable oxidation of H,PO, is practically observed on platinum, graphite, lead,
and lead dioxide anodes up to the potentials of intense oxygen evolution. According to
their results, the process is kinetically blocked on these surfaces, and only the addition
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of potassium iodide (KI) as a homogeneous catalyst to the solution allows a reasonable
current efficiency of 65% to be achieved.

The mechanism and the reasons behind these discrepancies were partially addressed
by Trasatti and Alberti (Tomilov et al., 1996), who concluded that the oxidation
of H,PO, is heavily dictated by the catalytic properties of the anode surface and the
specific tautomeric form of the acid. They also expressed the pioneering opinion that
hypophosphorous acid is oxidized via a highly similar pathway to that of phosphoric and
phosphorous acids. To expand the understanding of elemental phosphorus conversions,
in our early studies, the electrochemical properties of red phosphorus were thoroughly
investigated using voltammetric measurements with a novel phosphorus-graphite
composite electrode developed by our group (Bayeshov, 2025).

Nevertheless, our comprehensive literature review reveals a very limited number of
scientific publications specifically dedicated to the anodic electrochemical conversion
of H,PO, in highly acidic media. A significant portion of modern studies still focuses
on either complex chemical or sluggish biological oxidation pathways. The available
electrochemical data and fundamental insights are largely based on historical results
obtained in previous decades, and alternative electrode materials - except for platinum
- have not been fully or systematically explored. Crucially, a systematic and rigorous
comparison of stable base-metal electrodes operating in highly acidic, industrial-like
media remains absent, and the long-term electrochemical stability, selectivity, and
kinetic parameters of base-metal anodes (such as lead) remain inadequately discussed.

Accordingly, the aim of this research is to investigate the anodic oxidation of
phosphorous acid under galvanostatic conditions and to comprehensively evaluate the
influence of key operational parameters - namely current density, temperature, and
supporting electrolyte concentration - on the process efficiency and reaction mechanism.

The scientific novelty of this work lies in establishing that phosphorous acid can
be effectively oxidized via a direct electrochemical pathway on a cost-effective lead
anode in strongly acidic solutions, bypassing the requirement for expensive noble-metal
catalysts.

Methods and materials. The electrochemical behaviour of phosphorous acid
was studied by recording cyclic anode-cathodic and cathode-anodic potentiodynamic
polarization curves using a CS350 Potentiostat/galvanostat (Electrochemical
Workstation Corrtest Instruments, China) equipped with Corrtest software for real-
time data acquisition and three-electrode electrochemical cell. The CS Studio6 version
software was installed on the instrument that was used to perform data capture and
analyses during the studies. The main polarization curves were recorded at the potential
sweep rate of 50 mV/sec. Electrochemical measurements were performed in a 4-port
glass electrochemical cell with a total solution volume of 100 mL at the room temperature
without stirring.

All chemical reagents used in this study were of analytical grade and used as received
without further purification. Phosphorous acid (H3PO3, purity > 98,,0%) was purchased
from Sigma-Aldrich, and sulfuric acid (H2SO04, 95-98%, density 1,84 g/cm3) was
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obtained from Merck. High-purity distilled water (with a specific conductivity of less
than 2,0 uS/cm) was utilized for the preparation of all aqueous solutions.

Electrodes Preparation. Saturated silver chloride Ag/AgCl (E= +0,203 V) and
graphite (@3mm) were used as reference and counter electrodes, respectively. The
working platinum anode was prepared immediately before each experiment: its surface
was mechanically cleaned with P1200 grit sandpaper to remove natural oxide films,
then degreased in ethanol and rinsed with distilled water. The counter graphite electrode
was rinsed with distilled water before each experiment. The potentials were measured
against a silver/silver chloride (Ag/AgCl) reference electrode filled with a 3 M KCl
solution. The potential of the reference electrode was +0,203 V vs. SHE at a temperature
of 25 °C. The reference electrode was maintained in a standard working condition and
did not undergo any mechanical treatment. The interelectrode distance between the
anode and cathode was strictly fixed at 15 mm.

A platinum (Pt) disk electrode with a geometric surface area of 4 mm2 was employed
as the working electrode. A high-purity graphite rod with a surface area of 4 cm2 served
as the counter electrode. The interelectrode distance between the working and reference
electrodes was fixed at 4 mm.

Lead of grade CO (99,992% purity) with a working surface area of 6 cm2 was used
as the anode during electrolysis. A graphite rod with a diameter of 4 mm and a working
section length of 20 mm served as the cathode. The interelectrode distance was set at
3.5 cm. Before each experiment, the surface of the lead anode was mechanically cleaned
using P1200-grit abrasive paper, degreased in ethanol, and rinsed with distilled water.
The graphite cathode was cleaned and rinsed prior to use.

The use of two different electrode materials and experimental setups (a model
platinum anode for voltammetry and a lead anode for preparative galvanostatic
electrolysis) stems from the fact that platinum is an ideal model catalyst for studying the
mechanism, while the lead electrode represents the applied part of the work, where the
current density, temperature, and sulfuric acid concentration are optimized to achieve a
high current efficiency on a practical lead electrode.

After studying the mechanism of oxidation by voltammetric method, we studied
the electrochemical behavior of phosphorous acid by electrolysis. An electrolyte
solution was prepared from a specific amount of phosphorous acid, and electrolysis was
performed under specified conditions. Phosphorous acid oxidation on solid electrodes
was carried out in a thermostatted 100-mL glass electrolyzer without separating the
anodic and cathodic spaces under galvanostatic conditions (Figure 1).

46



Volume 3, Number 468 (2026)

Figure 1 — Schematic diagram of the electrochemical oxidation of phosphorous acid: 1 — electrolyzer
body, 2 — cathode (graphite rod), 3 — anode (lead electrode), 4 — ammeter, 5 — current source.

To isolate the fundamental kinetic features of the anodic process and avoid the
masking effects of heavy metals and organic impurities typical for real industrial
sludges, synthetic model solutions of H,PO, were prepared in a sulfuric acid (H,SO,)
supporting electrolyte for the laboratory-scale experiments. To validate the scalability
and applicability of the developed approach under industrial conditions, pilot-scale
trials were subsequently performed using real thermal sludge phosphoric acid directly
at the production site of “NDFZ” LLP (Novodzhambul Phosphorous Plant). In the latter
case, the real thermal phosphoric acid itself acted as the multi-component technological
electrolyte undergoing anodic self-purification.

After electrolysis, the phosphate-ions formed were determined by using the
known photocolorimetric method (Moyzhes, 1973). Orthophosphates react with
vanadium and molybdenum salts to form yellow compounds with the composition
P,0,-V,0,-22M00,'nH,O. Photocolorimetric measurements were performed on a
KFK-3 device at a wavelength of 510-540 nm. Maximum light absorption coefficients
of E =20,000 (A =315 nm) and E = 2,500 (A = 400 nm) indicate peak intensity in a
0,5-1,2 N nitric acid solution; the color develops and remains stable for several days.
Small amounts of Si, NHa, Ca, Ba, Ni, Bi, Mo, and As do not affect the accuracy of the
determinations.

Solution A. Dissolve 50 g of ammonium molybdate in 500 ml of water, heat to 50-
60°C. (If vanadate turns yellow during dissolution, it is necessary to add a few drops of
ammonia). Filter the solution, cool and add 250 ml of HNO, 1:3.

Solution C. Molybdenovanadium reagent. Solution A is slowly poured into solution
B with vigorous stirring, add another 50 ml of concentrated HNO, and mix thoroughly.
The solution is stable.
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Solution D. The standard solution of potassium dihydrogen phosphate 0,4794 g of
KH,PO, dried over sulfuric acid is placed in a volumetric flask (1L), dissolved in water,
and the volume is brought up to the mark; (1 ml of solution contains 0.00025 g of P,O,).

Construction of calibration graph. 10, 14, 18, 22, 26, 30 or 20, 24, 28, 32, 36, 40 ml
of standard solution are placed in measuring flasks with a volume of 100 ml. 5 ml of
HNO, (concentrated), 70 ml of H,O and 20 ml of solution B are poured into each flask,
the volume is brought up to the mark with water, and after 20-30 minutes, colorimetry
is carried out on FEK-N-57 with light filter No. 3, FEK-56 with CH-98 lamps at A=410-
430 nm in cuvettes with a length of 10 mm. Measurements were made relative to the
reference solution for the first calibration graph containing 10 mm, for the second 20
mm of P,O, solution. According to the obtained results, calibration graphs are built,
which allow to determine 2,5-7,5 and 5-10 mg of P,O,.

The analysis was carried out according to the linear dependence of the concentrations
of phosphate-ions on the optical density of the solution (D=f(C)).

D

1.0 4
0.8
0.6
0.4

0.2 1

0.0 T T T T T
0 2.5 5.0 7.5 10.0 12.5

[P,0,], mg/mL

Figure 2 — Calibration graph in coordinates: optical density - concentration P,O, (mg/ml).

The phosphate-ion content according to the calibration curve is determined by this
formula:

APO®HW

C(POZP,) - 1000

(1)
where, A(PO,”) is the PO,” fraction found from the calibration curve; W is the

fraction of the main solution, ml; o is the aliquot part of the solution, ml.
Formula for calculating phosphine oxidation (n, %):

-3
n =% . 1009 @)

total
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where C(PO,”) is the phosphate-ion content formed in the solution after electrolysis,
mg; C_ - total phosphine content calculated based on phosphate-ions, mg.

To determine the current efficiency, the theoretical mass was calculated using
Faraday’s law:

Mepeor. = 1 ¥ q * T (3)

where [ is the current, A; q is the electrochemical equivalent, g/A-h t is time, h.
The current efficiency was calculated using the following formula:

CE = mpract/mtheor. * 100% “)

The influence of the current density, electrolyte concentration, and duration of
electrolysis on the current efficiency of phosphorous acid oxidation has been studied.

Statistical Data Processing. To ensure the reproducibility of the electrochemical
results, all measurements (including current efficiency tests) were carried out at least
three times under identical conditions. Statistical analysis was performed using the
standard small-sample methodology. Data are presented as the mean (+) standard
deviation (SD) or confidence interval (CI) calculated for a 95% confidence level (P =
0,95). Data visualization, curve fitting, and error bar calculations were performed using
OriginPro 2024. The differences between the parameters were considered statistically
significant if their 95% confidence intervals did not overlap.

Results. Phosphorous acid (H,PO,) is an important chemical compound with unique
redox properties, making it an object of interest for electrochemical research.

The pioneering studies were conducted on a potentiostat-galvanostat with the
ability to record cyclic voltammograms. A platinum electrode with a carefully prepared
polished surface served as the working electrode. The auxiliary electrode was a graphite
wire, and a silver chloride electrode was used as the reference electrode.

A solution of phosphorous acid with a concentration of 5 g/l was used for the
experiments, prepared in a 0,5 N sulfuric acid solution, which provided an acidic
environment and stable ionic strength. The polarization curves were recorded by cyclic
voltammetry in the potential range from -0,5 V to +1,5 V at a potential sweep rate of 50
mV/sec.

To unambiguously differentiate the currents associated with (H,PO,) oxidation from
the background processes on the platinum surface, a control experiment was performed
in the pure supporting electrolyte (Fig. 3, curve 1). As can be seen, the blank voltammetric
curve exhibits no peak features in the potential range of 0,5 to 1,2 V, indicating that
platinum oxide formation contributes negligibly to the overall current in this region.
Consequently, the two distinct anodic peaks observed at a potential of approximately
+0.7 V and a potential of approximately +0,95 V upon the addition of H,PO,) (curve
2) can be confidently assigned to the stepwise electro-oxidation of phosphorous acid
(Figure 3). The first peak appears at a potential of E, =070V with a corresponding
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current density of jpI = -4.2 - 10° A/em? The second oxidation peak is located at E,
= 0,95V with a current density of j , = -2.7 - 10 A/cm?. This quantitative separation
confirms a two-step mechanism for the process.
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Figure 3 — Cyclic anodic-cathodic potentiodynamic polarization curves of a platinum electrode in a
solution containing:
1-0,5 N sulfuric acid (blue line); 2-0,5 N sulfuric acid + 5 g/L phosphorous acid (green line); potential
sweep rate: 50 mV/sec

The reduction peaks were less pronounced, indicating possible irreversible or
partially reversible reaction behavior. The recorded cyclic voltammogram also showed
reduction, indicating the occurrence of electrochemical reactions of phosphorous acid
on the surface of the platinum electrode. An analysis of the reverse scan of the cyclic
voltammogram (Fig. 3, curve 2) reveals a total absence of cathodic peaks in the potential
range from 1,5 to 0 V, which would correspond to the reduction of the phosphorous
acid oxidation products. The absence of a measurable cathodic peak current (jpc =0)
precludes the calculation of standard reversibility criteria, such as the peak-to-peak
separation (A E) and the peak current ratio (| jpa/jpc [). Therefore, the experimental data
strictly demonstrate that the electrochemical oxidation of H,PO, on the Pt electrode is a
completely irreversible process.

The effect of the potential scan rate on the electrochemical behavior of phosphorous
acid on the platinum electrode was systematically investigated (Figure 4). As can be
seen from the cyclic voltammograms, an increase in the potential scan rate from 10
to 300 mV/sec leads to a continuous increase in the peak currents for both anodic
oxidation steps of phosphorous acid. To identify the nature of the rate-determining step,
diagnostic plots of the peak current density (j ) as a function of the scan rate parameters
were analyzed. The dependencies of jp versus L2 exhibited a strict linear correlation
(R?>0,99) for all six scan rates. Furthermore, the linear regression of log jp vs. log v
yielded slopes of 0,51 for Peak 1 and 0,49 for Peak 2. These values perfectly match the
theoretical diagnostic criterion of 0,5, unambiguously demonstrating that the electro-
oxidation of H,PO, is entirely governed by diffusion control rather than surface kinetic
limitations.
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Figure 4 — Anodic-cathodic polarization curve of phosphorous acid in a sulfuric acid solution on a
platinum electrode at different potential scan rates: 1-10, 2-30, 3— 50, 4-100, 5-200, 6-300 mV/sec.

After studying the mechanism of electrochemical oxidation by voltammetric method,
we continue the research experiments by electrolysis. Galvanostatic electrolysis is
characterized by the supply of direct current, which ensures stable and controllable
reaction conditions. This allows for a detailed study of the kinetics of the process,
determination of optimal parameters, and understanding of the mechanisms of the
reactions taking place. The aim of this galvanostatic research is to study the anodic
oxidation of phosphorous acid by electrolysis and to investigate the influence of the
main factors such as current density, temperature, and electrolyte concentration on the
rate of phosphorous acid oxidation.

Anodic oxidation of phosphorous acid is an important electrochemical process
that converts H,PO, into phosphoric acid (H,PO,). The electrochemical oxidation of
phosphorous acid occurs on the surface of the lead anode and allows for focusing on the
oxidation process (Tukibayeva, 2025).

During the anodic oxidation of phosphorous acid, the following reaction can occur
on the electrode surface:

H;PO, + 2H* + 2e~ - H3;P05; + H,0 E® = —-0.276 Bvs.SHE 5

The influence of electrochemical factors such as current density, temperature, and
electrolyte concentration on the current efficiency of phosphorous acid oxidation was
studied.

Our experimental data show that as current density increases from 100 to 500 A/m?,
the oxidation rate of phosphite ions is initially low (Figure 5). All experimental studies
to determine current efficiency were performed in triplicate (n = 3).
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Figure 5 — Effect of current density on the current efficiency of phosphorous acid oxidation:
[H,SO,]-100 g/L, [H,PO,] - 30 g/L; <

Figure 5 presents the calculated values for standard deviations (SD) and confidence
intervals (AX), computed using Student’s distribution at a confidence level of P = 0,95
(standard for chemical research). Vertical error bars are plotted on the graphs. The
statistical analysis fully confirms the validity of selecting the optimal operating mode
(400 A/m?; current efficiency: 59,0 + 2,5%). The confidence intervals for this point do
not overlap with those of adjacent modes (300 A/m?* 49,3 + 3,8%; 500 A/m?: 54,0 +
2,5%), thereby mathematically demonstrating the reliability and statistical significance
of the observed maximum and ruling out the influence of random factors.

Table 1 — Effect of current density on the current efficiency of phosphorous acid oxidation:
[H,SO,]-100 g/L, [H,PO,] - 30 g/L; <
i, A/m? 100 200 300 400 500
CE,% 11,0£5,0% | 39,3+3,8% 49,3 +£3,8% 59,0 +2,5% 54,0 £2,5%

We hypothesize that this is due to insufficient electrode potential for efficient anodic
reaction. With increasing current density to 400 A/m?, a sharp increase in the oxidation
rate and, correspondingly, the current efficiency of phosphorous acid oxidation was
observed. With further increases in current density, the reaction rate slows down, which
is explained by competition with side reactions, such as oxygen evolution.

An investigation of the effect of temperature on current output revealed a monotonic
increase in the target value across the entire range studied, from 20 to 60 °C (Table 2).

Table 2 — Effect of electrolyte temperature on the current efficiency of phosphorous acid oxidation:
[H,PO,] -30 g/L; i=400 A/m* t-0,5h
T, ° 20 30 40 50 60
CE, % 21,0 £ 5% 24,7 +3.8% 34,0+£2.5% | 50,3+3,8% 60,7 +3.8%

Solution temperature directly influences the anodic oxidation process of phosphorous
acid. Increasing the temperature accelerates the transport of reactants to the anode,
reduces concentration polarization, and increases the rate of the main target reaction. In
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our case, increasing the electrolyte temperature from 20 to 60°C favorably affects the
rate of the anodic process.

Statistical analysis of the data (n = 3, P = 0.95) confirmed the high reproducibility
of the results. With the exception of the 20-30 °C range, where the confidence intervals
partially overlap (21,0 + 5,0%) and (24,7 + 3,8%), respectively, a further increase in
temperature leads to a statistically significant (reliable) increase in current output. The
maximum value is reached at 60 °C and amounts to (60,7 = 3,8%); the lower limit of this
regime (56,9%) is strictly higher than the upper limit of the regime at 50 °C (54,1%),
which mathematically confirms the selection of this temperature as the optimal one.

When studying the concentration of sulfuric acid solution, anodic oxidation of
phosphorous acid initially proceeds at a high rate, and a decrease in the rate of the
anodic process is observed when the sulfuric acid concentration reaches 150 g/L (Figure
6). According to the laws of electrochemistry, at high sulfuric acid concentrations, the
solution viscosity may increase and ion mobility may decrease, which may impair the
transport of phosphorous acid to the anode. Also, as the concentration of sulfate-ions in
the electrolyte increases, a very dense layer of lead sulfate with a low solubility product
(SP(PbSO4) = 2 - 10-®) forms on the surface of the electrode (Dickerson et al., 1982),
which reduces the amount of current passing through the circuit:

Pb%** + SO%™ — PbSO, (6)
PbO, + SO;~ + 4HY + 2e~ — PbSO, + 2H,0 E°=+1.691 V vs. SHE (7)
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Figure 6 — Effect of sulfuric acid concentration on the current efficiency of phosphorous acid oxidation:
[H,PO,]-30 g/L; i= 400 A/m*; 1 — 1.0 h

At high current densities, a darkening of the lead anode surface to a brownish-purple
color is also observed, indicating that the reaction proceeds through lead dioxide. From a
technological perspective, when considering this electrochemical approach as a basis for
phosphoric acid purification, the potential contamination of the final product with toxic
heavy metal ions must be carefully evaluated. Although direct analytical determination
of lead was beyond the scope of this fundamental study, a rigorous thermodynamic
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estimation can be applied. In a strongly acidic medium containing an excess of sulfate
ions from the supporting electrolyte, the accumulation of free Pb*" is strictly prevented
by the immediate precipitation of PbSO, (K = 1,6 - 108 — 2,0 - 10®). Due to the
common-ion effect, the residual concentration of dissolved Pb2+ is theoretically limited
to less than 4,0 - 10-8 M (~6,6-8,3 ppb). This guarantees that the contamination of
the purified acid remains far below the critical thresholds for industrial applications,
confirming the viability of the proposed method.

Table 3 — Effect of sulfuric acid concentration on the current efficiency of phosphorous acid oxidation:
[H3PO3] -30 g/L; i= 400 A/m2; T — 1,0 h
[H,SO,], g/L 50 100 150 200 250
CE, % 40,0 +2,5% 42,0 +2,5% 59,7+ 3,8% 58,7 +3,8% 52,3+3,8%

The dependence of current efficiency on sulfuric acid concentration exhibits an
extremum, with a maximum at 150 g/L. Statistical analysis of the data (n =3, P =0,95)
confirms that increasing the concentration from 50 to 150 g/L results in a significant rise
in current efficiency to (59,7 £ 3,8%). In the 150-200 g/L range, the values remain stable
within the limits of experimental error. However, a further increase in concentration to
250 g/L leads to a statistically significant decrease in the value to (52,3 + 3,8%), thereby
mathematically justifying the selection of 150 g/L as the optimal process parameter.

Discussion. The observed two pronounced oxidation peaks in the anodic direction
on the cyclic voltammograms show the anodic oxidation proceeding, which corresponds
to the oxidation of phosphorous acid with the probable formation of phosphoric acid or
other oxidized forms. This research requires further detailed investigation.

The obtained results show thatanodic oxidation of phosphorous acidis electrocatalytic.
The mechanism of anodic oxidation of phosphorous acid on a lead anode (Pb) has
features that distinguish it from processes on inert anodes such as platinum or graphite.
A lead anode is a passivated anode that can participate in reactions not only as a current
conductor but also as a reactive surface, forming oxide layers (PbO,, etc.). Similar
results were obtained during the study of anodic oxidation of hypophosphite-ions in
neutral solutions (Tukibayeva et al, 2022).

Based on the observed characteristic dark-brown coloration of the lead anode surface
during electrolysis, the formation of a lead dioxide (PbO,) phase can be hypothesized. In
strongly acidic media at high anodic potentials, the electrochemical transition of lead to
(PbO,) is thermodynamically favorable. Therefore, we propose a tentative mechanism
where (PbO,) acts as an in situ generated mediator that facilitates the oxidation of
phosphite-ions.

PbO, + 4H* +4e > Pb + 2H,0  E°= +0,665V vs.SHE (8)
The electrochemical oxidation of phosphorous acid occurs through chemical

oxidation of the phosphorous acid by a layer of PbO, formed on the anode surface
during anodic polarization and direct electrooxidation on the surface of the lead anode.
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During the oxidation of phosphorous acid, chemical oxidation occurs on the lead
anode surface:

H,PO, +Ph0O, + SO~ + 2H* - H,PO, + PbSO, + H,0 (9)

It should be noted that while the electrochemical data point toward a probable
catalytic role of the lead oxide surface layer, its precise phase composition, morphology,
and chemical state remain to be confirmed. Detailed surface characterization using
XRD, XPS, and SEM/EDS techniques will be the focus of our future studies to
comprehensively unravel the reaction mechanism.

Thus, we have studied the anodic oxidation of phosphorous acid on a lead electrode
in a sulfuric acid solution. The current efficiency of phosphorous acid oxidation in
a sulfuric acid solution on a lead electrode under the preferred operating parameters
([H,SO,] =150 g/L, i =400 A/m?*, t = 60°C) is 71%.

The industrial viability of the developed electrochemical oxidation method was
successfully validated through pilot-scale trials on real thermal sludge phosphoric
acid directly at the “NDFZ” LLP production site. The highly efficient performance of
the lead anode under optimized regimes (400 A/m?, 60 °C) and the obtained technical
parameters were officially confirmed by the Testing Act issued by “NDFZ” LLP.

Conclusions

In this work, the electrochemical behavior of phosphorous acid was studied using
voltammetric measurements. The cyclic voltammograms shows two pronounced
oxidation peaks in the anodic direction at a potential of approximately +0,56 to +0,7 V
on platinum electrode, which corresponds to the oxidation of phosphorous acid with the
probable formation of phosphoric acid or other oxidized forms. These studies require
further detailed investigation.

It was investigated the influence of the main factors such as current density,
temperature, and electrolyte concentration on the rate of phosphorous acid oxidation
under galvanostatic conditions. The results show that during anodic oxidation of
phosphorous acid, oxidation occurs to phosphate-ions. The oxidation of phosphite-ions
can be considered electrocatalytic, with the catalyst being the oxide layers formed on
the electrode surface. It has been shown that the oxide layer formed on the surface of a
lead electrode has a catalytic effect and positively influences the oxidation of phosphite
ions. Electrode materials play a key role in ensuring high catalytic activity and efficient
charge transfer during phosphorous acid oxidation.

The practical significance of this work lies in the scientific substantiation and selection
of optimal process parameters for the anodic oxidation of phosphorous acid. Replacing
expensive noble metals with a lead anode—which is both cost-effective and corrosion-
resistant in sulfuric acid media - ensures a high current efficiency for the target product.
The proposed electrochemical method for purifying thermal phosphoric acid was tested
at the NDFZ LLP production facility (Taraz). The test results confirm the feasibility of
electrochemically removing lower phosphorus acids from thermal phosphoric acid at
ambient temperatures and demonstrate the applicability of the developed method.
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Abstract. Serpentinite raw materials and chrysotile-asbestos production wastes
represent technogenic resources rich in magnesium and silicon. In recent years,
considerable attention has been devoted to the production of highly dispersed amorphous
silica from such materials. According to the literature, acid-alkali treatment is one
of the most promising approaches for obtaining high-purity silica with a developed
specific surface area and controllable porous structure. In this study, the processing
of serpentinite waste from the Zhitikara deposit (Kazakhstan) using a combined acid-
alkali method was investigated. During the sulfuric acid leaching stage, magnesium
was selectively extracted, while subsequent alkaline treatment with NaOH enabled the
selective dissolution of the silica gel formed as a result of acid decomposition. At the
final neutralization stage, amorphous silica was precipitated with a yield exceeding 60%
of the initial silicon content in the raw material. The obtained silica was characterized
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by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning
electron microscopy coupled with energy-dispersive spectroscopy (SEM-EDS),
inductively coupled plasma mass spectrometry (ICP-MS, Thermo iCAP-Q), and
nitrogen adsorption analysis using the BET method. The results demonstrated that the
synthesized silica gel belongs to the class of mesoporous materials according to the
TUPAC classification, possesses a high specific surface area of 400 m?-g!, and shows
considerable potential for adsorption and catalytic applications. Furthermore, the
developed porous structure and high specific surface area of the obtained silica indicate
its strong potential for use in sorbents, catalyst supports, and functional composites.
The obtained results confirm the technological efficiency of the integrated processing of
serpentinite waste for the production of high-value silica materials.

Keywords: serpentinite, amorphous silica, acid-alkali method, BET analysis,
adsorbents, magnesium, waste recycling
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Annoranusi. CepneHTHMHUT WIMKi3aThl MEH XpU30TWI-acOecT OHIIpICiHIH
KaJIJBIKTaphl MarHU MEH KpEMHHUIATe 0ail TEXHOTeHIIK pecypcTap OO TaObLIa b
COHFBI JKBUIIAPBI OCHIHIAN IIUKI3aTTaH >KOFAphl AWCIEPCTI aMOP(hTHI KpeMHE3eM
ally MocelieCiHe aMphIKIIa Haszap ayaapbuiya. KeIIIKbUIABI-CUITII ©HACY JKOFaphbl
Ta3aJbIKTaFbl, MEHIUIKTI OCTIHIH ayJaHbl AaMbIFaH JXOHE KEYEKTUTK KYpbUIBIMBI
pPETTENeTIH KpeMHEe3eM aylblH MePCIeKTHBAIBl TOCUIIEPiHiH Oipi OOJBINT caHaIaIbI.
Byn xymeicra Kazakcranmarsr JKiTikapa K€H OPHBIHBIH CEPIIEHTHHUT KaJABIKTapBIH
KBIIKBLIIBI-CLITLII KOMOMHAIMSIIBIK 9JIICTICH OHJeY 3epTTeiai. KyKipT KbIIIKbUIBIMEH
mraiimanay Ke3eHiHAe MarHWH CEJeKTHUBTI Typae OemiHim anbiHAbl, an keifinri NaOH-
IIEH CUITLTIK OHJEY KBhIIKBUIIBIK BIABIPAY HOTHIXKECIHJE TY31ITeH KPeMHE3eM TelliHiH
CEJICKTUBTI epyiH KaMmTamachl3 eTTi. COHFBI OedTapanTaHAbIpy Ke3eHIHAE OacTarKbl
IIMKI3aT KYpaMbIHIAFrbl KpeMHHHIIH 60%-IaH acraM IIbIFBIMBIMEH amMOp(ThI
KpEeMHE3eM TYHABIPbUINBL. AunbiHFaH KpemHezeM WK-Dypbe CHeKTpocKOmusCHI,
PEHTTEHIIK AU(PaKIUs, SHEPTHUSA-TUCTICPCUSIIBIK CIIEKTPOCKOIHMSIMEH OipiKTipisireH
CKaHepJIEyIIi MEKTPOHABIK MUKPOCKOMHSI, MHAYKTUBTI OalTaHbICKaH IIa3Malibl Macc-
cnekTpomerpusi xoHe BOT oxici OolibiHIIA a30T aaCOPOLMACHI apKbUIBI 3€PTTEII.
Hormwxkenep aneiaran cunmkarenpaiy [UPAC skikTeMeciHe COMKeC ME30KeYeKTi
MaTepuaap KJIachlHA JKaTaThIHBIH JKOHE MEHIIIKTI OeTiHiH aygansl 400 M? 1! ekeHiH
KepceTTi. JlaMbIFaH kKeyeKTi KYPBUTBIMBI MEH KOFaphl MEHIIIKT1 OCTiHIH ayqaHbl aTbIHFaH
KpeMHEe3eM/I COPOCHTTEp, Karajiu3aTtop TachIMaJaFbIIITaphl *KoHE (PYyHKIIMOHAIJIBIK,
KOMIIO3UTTEP KYpaMbIHAAa KOJJaHyFa MYMKIHIIK Oepeai. AJBIHFaH HOTHXKEIEp
CEPIIEHTUHHUT KAJJBIKTAPhIH KEIICH[[I OHJEY apKbUIbl KOCHUIFAH KYHBI JKOFapbl
KpEeMHE3eM MaTepraIapbiH OHIIPYIIH TEXHOIOTHSUTBIK THIMIUTITIH ToIeIaeii.

Tyiiin ce3aep: ceprieHTHHUT, aMOPPTH KpeMHe3eM, KbIIIKbULABI-CinTimi a1ic, BOT
ozici, aicopOCHTTEP, MarHUH, KalIbIKTapabl KaiiTa eHaey

© AyemioB A.Il., Eckutaea 4.3. *, UopaeBa A.M., AmxanoB K.b.,
Hakonmacosa 3.M., 2026.
IOxn0-Ka3zaxcranckuii yauepcutet um. M. Aya3osa, [lIsimkent, Ka3axcran.
E-mail: centersapa@mail.ru

HNCCIIEAOBAHUE AJICOPBLHIMOHHBIX XAPAKTEPUCTHUK
KPEMHE3EMA, ITIOJIYYEHHOT' O U3 CEPIIEHTUHUTA
KOMBUHUPOBAHHBIM KUCJIOTHO-IIEJOYHbBIM METOJOM

AyemioB Adapa3ax — JIOKTOp TeXHHYECKUX Hayk, nmpodeccop, FOxxHo-Kazaxcranckuil yHUBEPCUTET HM.
M. Ay»s3o0ga, llIsmvkent, Kazaxcran,

E-mail: abdrazahauesov@gmail.com, https://orcid.org/0000-0002-3504-9117;

Eckn6aeBa Yaiizaga — KaHAMIAT TEXHUYCCKHX HAyK, acCOIMUPOBaHHBIN mpodeccop, IOxHO-
Kazaxcranckuii yuusepcurer uMmenu M. Ayazosa, llIeiMkenT, Kazaxcran,

E-mail: centersapa@mail.ru, https://orcid.org/0009-0009-8440-1242;

HopaeBa AliTkya — marucrp xumuy, Oxno-Kaszaxcranckuil yausepcuter uMm. M. Aya3oBa, LlIbIMKeHT,
Kazaxcran,

E-mail: aytkul.ibraeva@mail.ru, https://orcid.org/0000-0003-0981-0117;

AnxanoB KypmanOek — wmaructp xumuu, FOxHo-Kasaxcranckuil ynusepcurer uMm. M. Ayaszosa,
[IsmvkenT, Kazaxcras,

60



Volume 3, Number 468 (2026)

E-mail: kurmanbek 1974@mail.ru, https://orcid.org/0000-0002-5221-8285;

JxxongacoBa dabmupa — Maructp xumuu, HOxkno-Kaszaxcranckuii yHusepcurer um. M. Aya30Ba,
[IsivkenT, Kazaxcras,

E-mail: djoldasova_elmira@mail.ru, https://orcid.org/0000-0001-5563-8990.

Annoranus. CepreHTHHUTOBOE CHIPE W OTXOJbl XPU3OTHII-AcOECTOBOTO
MIPOM3BOJICTBA MPEICTABIAIOT CO00M TEXHOT€HHbIE pecypchl, Oorarble MarHueM u
KpemMHHeM. B mociieHue rojpl 3HaYUTENbHOE BHUMAHUE YAEJSeTCs IMOMyYeHHUIo M3
TAKOTO CBHIPbSI BBICOKOJMCIIEPCHOTO aMopdHOro kpemHe3éma. KucioTHo-menoynas
00paboTKa paccMarpuBaeTCs Kak OJMH M3 HauOoJiee MEPCIEeKTUBHBIX CIIOCOOOB
IIOJIyYEHHsI BBICOKOUMCTOIO KpEMHE3EMa C pa3BUTOM YAEJIBHON IIOBEPXHOCTBI U
peryaupyeMoi HopucToi CTpykTypoit. B HacTosiieit paboTe ucciieoBaHa nepepadoTka
CEpIIEHTUHHUTOBBIX  OTX070B  JKuTmkapuHckoro  mectopoxjaeHuss Kazaxcrana
KOMOWHHUPOBAHHBIM KHCJIOTHO-IIETOYHBIM METOJOM. Ha cTajauu CepHOKHCIOTHOTO
BBIIIIETaYMBAHNS OCYIIECTBISIIOCH CEIEKTUBHOE M3BJICUCHNE MarHus, a Mocieayonas
obpaborka NaOH o0ecrieunBania CeleKTUBHOE PACTBOPEHHE KPEMHE3EMHOTO TeJs,
00pa30BaBIIETOCS] TPU KHUCIIOTHOM pasiiokeHud. Ha 3aKIFOYUTENBbHONW CTaauu
HehTpamu3anuu ObUT OoCaxIEH aMop(dHbI KpeMHe3éM ¢ BbixogoMm Oosiee 60% ot
HCXOJHOTO COJiepXKaHUid KPEeMHHUs B cCbipbe. [lomydeHHBIH MaTepuan HccienoBalu
Metonamu MK-Oypbe-crieKTpoCKonuy, PEeHTTCHOBCKOM AU(GPaKIny, CKaHUPYIOIIeH
UIEKTPOHHOM MHKPOCKOIIMM C JHEPrOAMCIEPCHOHHON CHEeKTPOCKOIuei, macc-
CTHIEKTPOMETPHH C MHIYKTUBHO CBSI3aHHOM ITa3MOM W HU3KOTEMIIepaTypHO# acopOun
azota metogoM bOT. YcTaHOBIEHO, UTO MOTYUYEHHBIN CHIIMKATEIb OTHOCUTCS K KJIacCy
ME30IOPHUCThIX MaTepuaios 110 kiaccudukanuu [UPAC u o0naaeT BBICOKOH yieabHON
noBepxHocThiO - 400 m?-17'. Pa3Buras mopucras CTpyKTypa M BBICOKAs yaeiabHas
MTOBEPXHOCTh CBUETEIHCTBYIOT O MEPCIEKTUBHOCTH €ro MPHUMEHEHHs B KauecTBe
copOeHTa, HOCUTENsI KaTalIn3aTOpOB M KOMIOHEHTa (DYHKIIMOHAILHBIX KOMIIO3HMTOB.
[lonmy4yeHHble pe3ynbTaThl  MOATBEPKAAIOT  TEXHOJIOTMYECKYIO  3((EKTHBHOCTD
KOMITJIEKCHOH IepepabO0TKH CEpIIEHTUHUTOBBIX OTXOJI0B JIIS ITOTyYeHUS KPEMHE3EMHBIX
MaTepHaJIOB C BBICOKOH J100ABICHHOW CTOUMOCTbIO.

KioueBble cioBa: CEepreHTHHUT, aMOPQHBIA KpeMHE3EM, KUCIOTHO-IIEIOYHOM
meton, meton bOT, ancopOeHTsI, MarHuii, mepepaboTKa OTXOI0B

Kipicne. CoHFbl OHXBUIABIKTAPJIa MHHEPAIJBIK IIMKI3aTTap/Abl KEUICH]I JKOHE
KaJIJIBIKChI3 OHJCY MOCENeci QJIeM/IK FhUIBIMH KaybIMJIACTBHIKTBIH HETI3rl 3epTTey
OarbITTApPBIHBIH OipiHe alHabl. Ocipece MarHUi CHJIMKATTHI KBIHBICTAP/IbI, OHBIH
IIHIE CEePHeHTUHUTTEPAlI THIMJI KaiTa eHJey 63eKTi OOoJbll OThIp, cebedi Oy
MuHepanaap Oip Me3riinge MarHui, KpeMHHH, TeMip JKOHE HHKENIb CHSKTHI Oaralibl
KOMIIOHEHTTEepAiH Ko3i Oonbin Tabbutansl (Shayakhmetova et al., 2024; Carmignano
et al., 2020). CoHbIMeH Karap, HETi3ri Kypambl CEpIIEHTHHUTTEP OOJBIN KeNeTiH
XpHU30THII-acOeCT OHAIpiCiHIH Kanabikrapel (MgO — 43%, SiO, — 45%-ra neiin)
KONTEreH elJiep/ie ipi TEXHOTeHIK JKUHAKTaIy 00bEKTUIEPiH Kypai/Ibl )KoHe OJlap/blH
y3aK Mep3iMJIi CaKTaldybl SKOJOTIHMUIBIK Kayinm Tyrbi3ansl (Shayakhmetova et al.,
2024). CepneHTUHUTTEp — TUApPATTAIFaH MarHW CHUJIMKATTApbl TOOBIHA YKAaTaThIH
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Taburyu MuHepanaap. OnapabH HETi3Tri MUHEPAIBIK TYPJIEPIHE XPU3OTHII, AHTUTOPUT
XoHe Jmu3apauT karagsl (Carmignano et al., 2020). XKannbsl XUMUSUIBIK (HOPMYITACHL:
Mg.Si,O(OH),. byn MuHepanmapablH KypbUIbIMBI TETPAdAPIIK KPEMHHK-OTTEKTI
KabaTrTap MEH OKTadIIpJIiK MarHUi THAPOKCHIITIK KaOaTTap/IblH Ke3eKTECYyIHeH Typabl
(Carmignano et al., 2020, Wypych et al., 2004). Ocbianali KadbaTThl KYPBLIbIM OJapIbIH
KBIIIKBUIIADMEH OPEKEeTTECY Ke3iHAE JKOFaphl PEaklUsIbIK KaOUIeTIH KamMTamachl3
ereni. KullIKbUIIBIK opTafga eH anabiMeH Mg—O OaiinaHbicTapbl OY3bLIbIN, MarHuit
epITIHJIre OTeli, ajl KPEeMHUIII KaHKa OipTiHAen aMop(Thl KpEeMHE3eMIe aifHaabl
(Wypych et al., 2004; Vieira et al., 2022; Fedorockova et al., 2015). CeprieHTHHUTTEPIIH
KBIIIKBUIIBIK BIBIPAYBI KEJIECl PeaKIMSIMEH CUTIATTaIa Ib;

Mg,Si,0,(OH), + 6H" — 3Mg?* + 2Si0, + 5H,0 (1)

Peaxmust HoTHKeCi — MarHui Ty31apbl MEH aMOP(ThI KPEMHE3EM ally MYMKIHIIKTEPiH
KepceTei.

Oneduerrepre mouay. COHFBI JKbULAAPHI CEPIIEHTHHUTTEPACH >KOFaphbl JAUCIEPCTI
amop(dTeI KpeMHe3eM aTy OarbITBIHAAFBI 3epTTeYIep epeKiie KapKoiH ansl (Fedorockova
et al., 2015; Cakan and Gonen, 2024; Wang et al., 2006). MyHbIH Heri3ri ce6ebi —
amopdrbl SiO,-HiH ©HEPKICINTIH KONTETEH CajlanapblHia KEHIHEH KOJIaHbLTybl. ATar
aliTKaHaa, KpeMHe3eM: aJCcOpOEHT; KaTaau3arop TachbIMAaAAylIbICHl; IMOJMMEPIIiK
MaTepuangapAbIH TONTHIPFBIIBL, MEMOpaHAaJIbIK MaTepHa; IIEMEHT JKOHE TeONOoINMED
OHIpiCiHiH OelceHal KOCTIaChl; arPOXUMHUSUIBIK KPEMHHUH K031 peTiHae MaHbI3/Ibl OPbIH
anazgpl (Carmignano et al., 2020, Wypych et al., 2004). Ka3zipri yakpITTa @HepKacinTe
KpEeMHE3eM ajly YVIIiH Heri3iHeH: KBapll KYMbI; TETPa’TOKCHUCHJIAH;, KPEeMHHH
TETPaxJoOpul; HATPU CHIMKATBl KOJAAHBbUIAABI. Anaiiga OyJl TEeXHOJOTHsUIapAbIH
KOTILITIT: )KOFAapbl YHEPTUsl LIBIFBIHBIH; KYPJEJi )KaOAbIKTapAbl; KbIMOAT peareHTTepai
kKaxer eremi. OcbiFaH OaiimaHpIlcThl TaOWFM MarHUi CHJIMKAaTTapblH, ocipece
CEpICHTUHHUTTI KaJABIKTapAbl K9JEre jKapaTy JKOHOMHUKAIBIK JKOHE JKOJOTHSIIBIK
TYPFBIJAH THIMAI ansTepHaTHBa peTinae Kapacteipbutyna (Fedorockova et al., 2015;
Cakan and Gonen, 2024). Onemik oieOueTTepe CePICHTUHUTTEPAl OHACYIIH THIM/IL
XKonaapsl perinae OipHemre OarpiTTapbl Kapacteipsutral (Shayakhmetova et al., 2024;
Carmignano et al., 2020, Wypych et al., 2004; Vieira et al., 2022; Fedorockova et
al., 2015; Cakan and Gonen, 2024; Wang et al., 2006; Teir et al., 2007; Kelemen et
al., 2011): mMarnuii KOCBUIBICTAphIH aily; KpemHe3eM cunTesney; CO, MHHEpaIbIK
CEKBECTPALMACHL, COPOSHTTEP MEH KaTanuzaTtopiap aiy. OnapbIH illiH/e KbIIIKbLIIIbIK-
CUITLIIIK 9/1iC €PEKIIIe KBI3BIFYIIBUIBIK TYABIPAIbI, Ce0e01 OYII 9JTiC: JKOFaphI Ta3aJIbIKTaFbI
KpeMHEe3eM; YJIKEH MEHIIIKTI OeT; peTTEeNIeTiH KEYeKTiTiK, TOMEH KOCHAlbIK Kypam
anmyra mymKinzik 6epeni (Fedorockova et al., 2015; Cakan and Gonen, 2024).

OmicTiH XUMUSUIBIK HEri3lepi: KBILIKBULABIK ©HIeYy OapbIChIHAA CEpPIEHTHH
KYpBUIBIMBIL  Oy3bUtbill, Mg?* epitinaire etemi. KeliiH, KajafaH KPEeMHHITI KaJIbIK
CUITLITIK epiTiHAiAe epiTiiim, HaTPUH CUIIMKATHI TY31Ieai:

SiO, + 2NaOH — Na,SiO, + H,0 (2)
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Harpuii cunukatelHBIH epiTiHAICIH OeiTapanTaHgblpy HOTHXKECiHAE amMOp(ThI
KpeMHe3eM TyHOara Tycei:

Na,SiO, + H,SO, — Si0, | +Na,SO, + H,0 3)

Fedorockova xone aBropmap (Fedorockova et al., 2015) -cepmneHTHHUT
KaJIBIKTapblH OHJEY apKbUIbl JKOFapbl TazajbIKTarbl aMOp(Thl KpeMHE3eM alyfa
OonatbIHBIH KepceTTi. Wang xoHe opinTectepi (Wang et al., 2006) TaOuru Xpu30THIII
KBIILIKBUIABIK OHJACY HOTH)KECIH/AE AaMbIFaH TaJIIBIKTHI KYPBUIBIMBI 0ap KpeMHe3eM
MarepuangapelH ajxyFa OOJaThIHBIH aHbIKTaraH. MyHJail KpeMHe3eM Heri3iHueri
MarepuangapAblH  afcopOeHTTep MeH (YHKIMOHAJABIK MaTepuajjap peTiHae
KOJIIaHBLTY IEPCHEeKTHBANAPhl oe0ueTTe KeHiHeH KapacTelpbuiran (Carmignano et
al., 2020). ConbIiMeH KaTap, Ka3ipri 3epTTeyiaepaiH MaHbI3Abl OaFbIThI — CEPIIEHTUHUTTI
OHJICY/l KOMIPKBIIIKBII ra3blH OaiIaHBICTBIPY TEXHOJOTHSUIAPBIMEH MHTETpanusiay
Oonbin Tabbutanel (Vieira et al., 2022; Kelemen et al., 2011). Kplukpuiasik eHaey
Ke3iHze MarHuii epitinaire Mg?" nonnapsl typinge ereni (Teir et al., 2007). Keitin oy
HMOHJAap KOMIPKBIILIKBUI ra3bIMEH OPEKeTTECiI, MarHuii KapOOHATTapblH TY3€ OTBHIPHII,
CO, munepanabik pukcanuscbina Kareica anansl (Kelemen et al., 2011):

Mg? + CO,> — MgCO, | 4)

Byn OarpiT carbon farming sxoHe climate-tech TexHOMOTHsUIApBl YIIiH epeKIiie
nepcnexkTrBanbl oonbin cananansl (Huijgen and Comans, 2005).

Kazakcran yiriH ceprieHTHHUTTIK ITUKi3aTThl KeIICH 11 OHACYI1H MaHbI3bl 0T€ JKOFaPHI,
oJlap: CEpHEHTUHHUT MUHEPaIAAphl; XPU30THI-acOecT KaIbIKTaphl; HUKEIbKYpaMaac
CEpIICHTUHUTTEP TypiepiHae ipi kememae kesaeceni (Shayakhmetova et al., 2024).
Omapneiy imiage «Kocranaéi muHepanmaps» AK-HBIH OHIIPICTIK KaJbIKTapbIH
OHEPKACINTIK MacITa0Tarbl KalTa eHiey 00bEKTICl peTiH/e 3epTTEYNiH MaHbI3bl YIKEH.
By KannpIKTapapl KeeHai naiganany: SKOJOTHIIBIK KYKTEMEH] a3zaiiTyra; HMIIOPT
anMacTeipyra; Mg sxoHe Si HerisiHeri >kaHa eHIMIep LIbIFapyFa MyMKiHIIK Oepeni
(Shayakhmetova et al., 2024; Carmignano et al., 2020). CeprnieHTUHUTTEH aJbIHATHIH
KPEMHE3EeMHIH arpOXMMUSUIBIK MEPCIEKTUBACH! 1 jKorapbl. KpeMHHI ©CiMAIKTepIiH:
KYPFaKIIbIIBIKKA; TY3JaHyFa; OMOTHKANBIK KoHE a0MOTHKAJIBIK cTpece (akTopiapbiHa
TO3IMILIIriH apTThipaTbinbl  Oenrimi. ConapikTan Mg—Si HeriziHzeri eHimzaepai
KazakcTaHHBIH Kyprak KIUMAaTTBIK >KarJaliblHOa MEPCHEeKTHBAIbl THIHAUTKBIIITHIK
Marepuanjap petinae kapacteipyra 6onaasl (Datnoff et al, 2001).

Ocbiran 0alIaHBICTBI CEPIICHTUHUTTI KBIIIKBUIIBI-CIATUIL 9JIICTICH OHJICY apKbLUIbI
amMop(d Tl KpeMHE3eM ally, OHbIH KYpbUIbIMBI MeH Kacuertepin UK-Pypoe, POT, ICP-
MS sxone BOT omicTepiMeH KelleHAl 3epTTey FHUIBIMHU JKOHE KOJIJaHOalbl TYPFhIIaH
MaHBI3/IbI Mocesie OOJIbIN TaObLTaIbI.

OcCbl KYMBICTa CEPIEHTUHUTTEPMAI KBINIKbUIABIK OHJICYMIH Tarbl Oip Tociii
KOJIJIAaHBLIJIBI, OJ1 MArHHMI MEH KPEMHUIII KbIIIKBUIBI-CLITLIII apaliac 9JIiCTICH KeIIeH/ i
Typae Oeuin anmyfa HEri3[eNreH. OJICTI OfaH 9pi JaMBITY CEPIICHTUHUTTEPII KoJere
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Kapary MYMKIHIIKTepiH KymedTteni. MyHaald cumaTTarsl yAepicTepli 3epTTey
onedueTTepue ANU30ATHIK cunarka ue. MaceneH, Matus xxoHe T.0. (Matus et al., 2020)
OJIMBUHHEH MarHWizl Ti30eKTi maiiManay apKpUIbl THIMII Oeminm amxy MYMKIHIITiH
kepceTTi. Ulum sxone 1.6. (Ulum et al., 2023) mmaktapaaH >KOFapbl Ta3ajbIKTarbl
KpEeMHE3eM ajly[blH CUITUTIK TYHIBIPYFa HETi3[eJITeH OHTaWIaHABIPBUIFaH YICPiCiH
azipneni. backa 3epTTeysnepae CepIeHTUHUT HETi3iHAeTi KajaAbIKTap/bl aacopOeHTTEp
MEH KYPBUIBIC KOCHanapbl CHSAKTHI ()YHKIHOHAIIBIK MaTepHaaap ainy YIIiH KOJAaHy
MYMKiHgiri kepcerinred (Peng etal., 2022). KabarTsl MarauiicuimKarTapAaH aJlbIHATbIH
amMop(dThl KpeMHE3eMHIH HEeTi3ri epeKUeNiKTepiHiH Oipi — KBIIKBUIABIK ©HILY
HOTHXXECIHIEC TY3UIreH KpeMHE3eMHIH OacTamkbl MUHepalgapAblH MOP(OIOTHsCHH
cakTaybl Oonbin Tadbans! (Zulumyan et al., 2002). KabatTbl cunnkartapiaH alblHFaH
KPEeMHE3eMHIH MEHIIiKTI OeTKi ayJaHbIHBIH THITIK MOHJEpi MbIHAJai: TalbKTaH
anpiaran kpemuesem ymiiH SBET = 130 m* 1! (Yang et al., 2006), onuBuHHEH/
ceprneHTHHHUTTEepAcHaNbIHFaHKpeMHe3eM yiH SBE T mamamen 1000m? 1! neitin(Lazaro
et al., 2019, Raza et al., 2018), an cepneHTHHUTTEH ajbiHFaH KpeMHe3eM yuin SBET
mramMamen 50-400 m?-r! apansirsiaaa 6omansr (Cakan and Gonen, 2024). Kerncatbuist
Ta3apTy HOTWKECIHIE CEpPNEHTHMHUTTEH MHUKPOKYPBUIBIMBI —CaKTaJIFaH >KOFaphbl
TazanblkTarel Si0, (>99,5 %) anbmael. KabarTel MarHMACHIMKaTTapIaH ajibIHATHIH
amMop(dThl KpeMHEe3eMHiH aIcopOLMsIIBIK KacHeTTepl Kol JKaraaia CepHeHTHHHT
LIMKI3aTBIHBIH MOP(OIOTUSACHIHA, SIFHU 9PTYPIl KEH OPBIHAApBIHBIH MUHEPaTOTHSUIBIK
epekuienikTepine OaitnanpicThl. Ty3ieTiH KpeMHe3eM MOP(]OTOTHSICBIHBIH TEKCTYPACh
KBIIKBUIIBIK OHJICY Ke31HJIEeT1 Telb TY3UIYiHIH KAJBIITACY KOHE JJaMy MEXaHU3MIHE Jie
Toyenai Gonanapl (MarnMiain merapbutybl — H,SiO,-Tin 60can IbIFybl kKoHE/HEMECE
KpeMHuire Oaii KabarTelH Ty3inyi). OcbUtaiilia KHILIKBUIABIK OHICY MIapTTapbiHa
0alIaHBICTBl KEYEKTUTIKTIH OpTYpil THITEpi MEH mNapamerpiepiHe He aMop(Thl
KPEeMHE3EeMHIH 9pTYpJi TypJiepi Ty3UIyl MYMKiH, ajl Oy OHBIH SpTYpJli casanaplarsl
(YHKIMOHAIABIK KOJNJaHBUTYbIH alKbIHAai1bl. COHIBIKTAaH opOip jKaFaiaa oixapIbiH
KOJIIAHBITY CalachlH AHBIKTAY MAaKCaTbIHAA aACOPOLMSUIBIK KAaCHETTEepiH 3epTTey
KaXeTTUTir Tysinaaiap!. [laiinaner enimaep any yiliH CeprneHTHHUTTEP] KOJIIaHyAbIH
KaHa Tocliuzepi MeH Oanamalbl JKOJAPbIH 13[ey CEPIeHTHHUT >KbIHBICTAPBIHBIH MOJ
KOpBIHA KOHE XPHU30THJI ILUKi3aThl KANJBIKTApbIHBIH ipi KeJeMine ue Kazakcran yurin
©3€KTi O0JIBIN TaObLIaIbl. OHEPKACINTIK KAIABIKTAPAbI KAiiTa OHAeY TEXHOIOTHUsIapbIHA
KBI3BIFYIIBUTBIKTBIH apTybl JKargaibiHma Oyn Tocin Kaszakcranga KoHE XpPU3OTHI
mIMKi3aTeiHa Oaii 0acka 1a enfeprae CeprHeHTUHHUT KalAblKTapblHAaH Maiganbl MarHui
YKOHE KPEMHUI OHIMIePiH amy/IblH Heri3i 0oJia anajpl.

Ocpl )xyMBICTBIH MakcaTbl — JKiTikapa keH opHbIHBIH (KasakcraH) ceprneHTHHUT
KaJABIKTapblH  KBIIKBULABI-CUITII KOMOMHAIMSJIBIK OIICTIEH ©HJACY YIepicTepiH
3eprrey. Pentrendazanbik tammpay (POT), UK-Dypwe criekrpockonusichl xoHe BOT-
azcopOLus oicTepl CUAKTHI (PU3MKA-XUMHSIIBIK 3€PTTEY 9MICTEPiH KONJaHy apKbLIbl
KYKIPT KbIIIKBUIBIHAAFBI CEPICHTUHHUTTIH €py MEXaHW3Mi, COHAal-aK CepIeHTHHUTTI
KBIILIKBUIABIK JKOHE KhIIIKBUIIBI-CUITIIII apajiac OHJey HOTHKECIH/E albIHFaH aMOP(ThI
KPEMHE3EeMHIH aJCcOpOLMSIIBIK CHITaTTaMallapbl 3ePTTEIIN.

Marepuaagap MeH daicrep. 3eprreyiepnae 3eprrey Hbicanbl petinze JKitikapa

64



Volume 3, Number 468 (2026)

keH opHbIHBIH (Kazakcran) <0,14 mm ¢pakuusuiel ceprieHTHHUTTI Kanaplik (CK)
naiaanaHbUIIbl. DJIEMEHTTIK KypaMbl, Macc. %: Mg —25,0; Si— 17,45; Fe —2,93; Al —
0,54; Ca—0,50.

Pentrengasansik crekrpiep D8 Advance (Bruker) nmudpakxrtomerpingae Cu-
Ko coynenenyimen, 40 kB kepHeyne xone 40 mA TOK KyIIiHJE ajbIHABL. AJIBIHFAaH
nrdpaxTorpaMManappl OHJEY KOHE Ka3BIKTHIKAPAJIBIK apaKallbIKTBIKTAP/Ibl €CEnTey
EVA Garmapnamaiblk KaMTaMachl3 €Tyi apKbUTb! )Kyprizini. dazanap/sl colkecTeHIipy
PDF-2 (JCPDS) yHTaKTBIK TU(paKkTOMeTpHs iepekTep Oa3ackl Herizinae Search/Match
OarmapiiaMachiHia Ky3ere acwipblinbl. ®Dasanap keneci JCPDS nepekrep 0Oasanmapsl
Oo¥ibIHIIA aHBIKTANIBL: ceprieHTHH — 16-0613, Mg(OH), — 07-0239, MgO — 45-0946.

UK-®ypre criekrpiepi Shimadzu IR Prestige-2 1 konnsipreicsinaa Pike Technologies
KOMIIaHUSICBIHBIH OY3bUIFaH TOJBIK iMIKi marblibicy (ATR) Kocallkbl KOHIBIPFBICHIH
KOJIZIaHy apKbUIbI aJTBIH]IBI.

MeHiikTi OSTKI ayJlaH MEH KeYeKTEp/IiH eJiieMaepi OONbIHIIA TapalyblH aHBIKTAY
Principle: Static capacity method, Model: BSD-660S A3, Zone-Test: Degas — Temp
Zone KOHJIBIPFBICHI apKBUTBI XKYPri3iii.

[laiimanay skoHe  epiTiHAIIepAl  Ta3apTy  MPOIECIHIeri  3JIeMEHTTEpIiH
TapalyblH aHbIKTayFa OarbITTaJiFaH aHaauTUKaIbIK 3eprreyiep INCA Energy 350
SHEPIrOUCIICPCUSIIBIK MUKpOaHaIN3 JKyieciMeH jxabapiktanrad JSM-6490LV (JEOL,
JKaronust) aMeKTPOHABIK MUKPOCKOITBIH/IA JKOHE MHYKTUBTI OalJIaHBICKAH TIa3Mallbl
macc-criekrpometpust (ICP-MS, Thermo iCAP-Q, Thermo Scientific, Germany)
O/IICIMEH OPBIH/IAJI/IBI.

Amopdtel kpemuesemai (SiO,) amy KbIUKBUIABI-CUITII KOMOWHALMSIIBIK 9IiC
apKbLIbI JKy3ere achIpbulabl. ToxipuOe yiuriH Kypambinaa 25,75 r nemece 1,073 moib
Mg 6ap 100 r cepnentunut Kanueirsl (CK-0) maiiganansuiasl. (1) peakuus TeHaeyiHe
caiikec, 100 r CK-0 kypambingarel Mg-nii TonbiK makivanay yuria 1,073 mons H,SO,
KaXerT.

Peakropra kypambinga 1,073 mons H,SO, Gap 455 cm’ epitinai Kyibuibim,
apanacTeIpy Ke3iHjae yakbIT eceOin Oacrar, epitinaire 100,0 r CK-0 kocwsuiabl. Kocy
0apbBICHIH/IA PK30TEPMIBITBIK peakiysra OaiIaHbICTBI TeMIlepaTypaHblH JKOFapbUIay bl
KapKbIHABI Oalikannel. OpHbIKKaH Temiieparypa (95-97 °C) 2 carar 0OO#BI KbI3ABIPY
ApKBUIBI YCTAJIBII TYPABI, KeWiH CYCIIEH3HUs BICTHIK KYHiHJIE BAKYYMIBIK CY3y 9lliCIMEH
Kara3 cysri (kek) apkpuibl cy3uimi. Cy3y yakbIThl 2 caraTrThl Kypajbl. AJBIHFaH
(GUIBTPATTBIH KYBIHIBI CyMeH Oipre xanrbl kesemi 470 cm?, pH = 0,64 6omsl, an 105
°C-Ta KeNTIpUIreHHEeH KeWIHT1 epIMEUTIH KaJJBIKThIH Maccachl 83,6 T Kypajibl. AIIBIK
Kachwl TycTi Menuip ¢uusrpar MgSO,, CaSO,, Al(SO,),, CrSO, xome Fe,(SO,),
MeTall CyJb(aTTapbIHbIH €PITIH/ICI OOJIBINT TAOBLIA B

AMop(dThI KpeMHE3eM aily YIliH Kblmkbuiaa epimeiitin CK-1 KaiapiFsl TOMEHAET]
peaxiust OOMBIHIIA CIITIMEH OHJICIII:

1,25 MgO-1,58i0,-3H,0 + NaOH — 1,25Mg0-0,0758i0,-3H,0 +
+1,425Na,SiO, )
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83,6 r KpIIKbUIIA epiMelTiH Kamabik 325 cm® 4,0 M NaOH epiTinaiciMen eHzemin,
apanacTeipy skarmaiibiaza 0,5 carar KailHaTBUIOBI, COAAH KEHiH BakyyM acThIHAA
CY311i jkoHe TyHOa JUCTHIICHTeH cyMeH KybULabl. Cy3y mporeci 0asy »KypreHiMeH,
KaHaraTTaHapiblK qeHreiae orti. CinTimik ¢punbsrparteiy keiaemi V = 1000 cm®, pH =
11,46 6onnpl. Ounsrpar 20%-abIK H,SO, epitingicimern pH = 4,5-5,0 moHiHe neliin
OeliTapanTaHABIPBUIBIN, TYHIBIPY YINiH KaJABIPBUINBI (2-kKecTe, 2-peakuus). 12—14
caraTTaH KeiiH ycak TYHipIIiKTi aKk TycTi KpeMHe3eM TyHOack! Ty3ingi. TynOa cysrizen
oTkisinin, SO,” MoOHIapbHA Tepic peakuus OepreHre AeHiH IUCTUIIEHIEH CyMeH
KYBUIBI.

105 °C-rta kenripinrenHeHn keiiH ansinFan kpemHeseM [CP-MS, Thermo iCAP-Q
KOHJIBIPFBICHIH/A TAJIJaH/Ibl.

Horuzkenep sxone onapabl tanxeuiay. «Cepnenmunum-H,SO » owcyiiecindeei
apexemmecy. bactankpl ceprneHTHHUT KaiaeirblH (CK-0) KBIIKBUIABIK ~©HACY
«Marepuangap MeH a1icTep» OeiMiHIe KEATIpUIreH aaicTeMe OOWBIHINIA JKYPIi3iiai.
XUMHATIBIK Tajfay HOTHXKeJepi OoiblHIIA (UIBTpAT MEH epiMEHTIH KaJIbIKThIH
Kypambl, coHpaii-ak CK-0 KypaMbIHOarbl »KEKeJlereH »JIeMEHTTEpIiH IIaiManaHy
Jopeskeci anbIKTanabl. HoTmkenep 1-kectene KenTipiarex.

Kecre 1 — CK-0 cepneHTHHHT KaJIIbIFBIH KYKIPT KBIIIKBIIGIMEH MIaiiMasayian KeiHinri GuiIsTpar mex
KBIIIKBIIIA ePIMEHTIH KaJIbIK apachIH/IaFbl IEMEHTTEP/IIH Tapaybl

DieMeHT Mg Si Fe Mn Cr Ca Al

dunmpTparTarsl Meepi (macc. %) 64,8 2,0 27,0 100,0 | 78,0 | 92,0 66,0
Epimeiitin kanapikTars! mesiepi (macc. %) | 35,2 | 98,0 73,0 — 22,0 8,0 34,0
Bapueirst (Macc. %) 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0

1-kecteneH kepiHin typrangai, CK-0 ceplneHTHHHUT KaIABIFBIH KYKIPT KBIITKBLTBI
epiTiHIiciMeH OacTanKpl KBIIIKBUIBIK OHICY OapbIChIHAA MarHWi, MapraHel, XpoM,
KaJIbINI JKOHE aTfoOMUHHUNIH enayip Oeriri (50%-maH actaMbl) cyab(haTThl epiTiHaire
otezi. COHBIMEH KaTap, TeMip/IiH maiManaHybl ToMeH aeHreie (27%), an KpeMHUHIIH
maiiManaHybl ©Te MapabIMChI3 (2% ) exeHi anbIKTan b LllaliManaynan KediHTi epiMenTiH
KaJIbIK KpeMHuiiMeH (98%-ra nmeliin) sxkoHe TemipmeH (73%-ra AeifiH) alTapipIKTai
Oaitmapl. Kelkplima epiMEHTIH KalabIKTap KYPaMbBIHBIH HZSO , KOHIIEHTPAIUSChIHA
TOYeJIi ©3repyiHiH JKaJIbl 3aHABUIBIKTAPHI 1 )kKoHEe 2-CypeTTep/ie KOpCeTUIreH.

H,SO, KOHUEHTpauusChiHa KaThICTBI €PIMEHMTIH KalabIKTarbl Si MeH Mg
MeumepnepiHig e3repy cunarsl (Cyper 1) kentipinren. Kanapikrarst Mg MemmepiHiH
OIpKAJBINITHI a3af0BI )KOHE Si MOJIIIEepiHiH apTyhl KYKipT KeIIKUTH MeH CK apackiHarb
03apa opeKeTTEeCY/IiH Ke3eHIiK-KabaTThIK CUIIATTa KYPETiHIH KOpCEeTeI.
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Cyper 1 — Cepnentunut (CK-0) nen H,SO, e3apa opekeTTecyi Ke3iHIe TY3UIreH epiMENTIH KaJIbIKTarbl
MarHuii (1) MeH kpemHuii (2) KOHIEHTpausIapbIHbig 63repyi: 10 r cepnenturut (Mg — 0,11 M)/H SO,
(0,1-1,0 momb/i1), cTexuoMeTpusuTbIK KaxeTTi Memmep (CKM), T= 10 mun, t =95 °C.

CK-mpir 1,0 CKM (H,SO,) epiTinaiciMen eHeyre NEHiHTT )KOHE OHIEYNEH
KEHiHr1 cajpICTRIpMaNbl  dHeproaucnepcusuiblk — cnekrpiepi  (Cyper  2)
KaJIbIKTarkl Mg MenepiniH mamamer 60—65%-ra TOMEHICHTIHIH KopceTe/i.
Kanneik kypambinga mamameHn 12% MarHuil cakTanajbl, OJIapAblH, BIKTUMAII,
CK rtammbIKTapbIHbIH Oy3bIIMaraH TepeH KabaTTapbhlHAAa FaHAa OpHAJACKaHBI
OaiiKamapl.

(a) (b)
Fe Mg Si

Si

Mg

) Fe Fe LA FeFe

Cyper 2 — bacTankel ceprieHTUHUTTIH (a) one onbl CK:H, SO, = 1:1 cTeXMOMETPHSIIBIK KaXkeTTi
MeJIIIep KaThIHACBIH/A epITiHAIMEH OHJeTeHHEH KeiiHTi (b) SHeprouCIepCHsuIbIK CIEKTpIIepi.

BysbuiMaran KaOaT-akeTTep ©3JEPiHIH MOJICKYIAIbIK-KYPBUIBIM/BIK KaHKACHIH
caxTaiiasl, onap H*-monnmapembin CK OenmiekrepiHiy TepeH KadarTapblHa OlaH opi
T y3UsITBIK €HyIH IIEKTEHTiH THIFBI3 THIpATTaIFaH KpeMHe3eMai OeTKi KabaTneH
KOpFaJIFaHbIH MEH3CHII.
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POT scone UK-Dypve cnekmpockonusicel. bacTankpl CepICHTHHUTTI KBIIKbLIIbI-
clrTini eHzey mporectepi OapbicbiHa KypeTiH ¢asansik esrepicrep (Cyper 3a, 3b)
KepceTinreH. bactankpl CepneHTHHHUTTIK KalablK AudpakrorpamMmmachiHia (a) kemeci
¢dazanap wmaeHTHQUKAMSIAHIB: ceprneHTUH-xpu3oTun (SP), anturoput (AN) —
Mg.Si,O(OH),, opycur (BR) sxome marnetur — Fe,O,. KpimkeuiMen eompenren
ceprientuHut (CK-1) mudpakrorpammackina (b) keneci hazanap aHBIKTAIIbI: XPUZOTHI
(CK), anturoput (AN)—Mg3Si205(OH) , JKOHE MarHeTI/IT—F630 - KBIIKBLUIIBIK OHJIEYIEH
KeHiHri (a3aiblk KypaMHBIH HETi3T1 e3repicTepiHe jKa3blKapallblK apaKalIbIKTBIKTaphl
din = 4,77; 2,365; 1,794 A Gonarsin Gpycur [Mg(OH),] (BR) peduekcrepinin
XKOMBUTYBI karafbl. CepreHTHHUTTI KYKIPT KBIIIKBUIBIMEH OHACY Ke3iHAe aMop(ThI
KPEeMHE3eMHIH Ty3ilyiHe OaiiaaHbIcThl (ha3anblK e3repicTep KBIIKBUIAA epIMEHTIH
KaJIBIKTBIH AudpakTorpaMMachiHaa aiiKelH Oaiikanmaiiasl. Ajailiia, CeplIeHTHHUTTIH
(CK) merisri d/n = 7,38; 3,661; 2,487; 1,53 A mbIHaapblHbIH MHTEHCHBTLIINHIH eKi
ecere TOMEH/ICY1 CepIIeHTHHUT OeeKTepiniH O6eTinae aMop@Thl, Si-re 6ail KabaTThIH
TY31JTyiMeH OaiylaHbICThI OOJTYBl MYMKIH.

(@

20,000 BR SP: serpentinite
sp BR: brucite
18,000 MG: magnetite
AN: antigorite
16,000
__ 14,000
3
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>
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Cyper 3 — Bacranks! ceprieHTHHUT KanabirbiHbIH (CK-0) (), Kpimkpuiia epiMeitia KanasirbiHbH (CK-1)
(b) pentrenix qudpakTorpaMmManapsl.

Kpikpiiabik  KamaeikTel  (CK-1)  ciaTiunik — eHjuey Ke3iHJe CEpIeHTUHUT
muHepanaapsiabl  (CK-0) cunarramanblk  peHTreHmik  peduiekcrepi  OacTamksl
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MHTCHCHUBTLUTIKTEPIH KalTa KajlblHA KeJeTiHl Oaikanapl. CeprneHTUHUTTIH OacTarKbl
KYPBUIBIMJIBIK TEKCTypachl KadTa Ty3uiemi. CUITLTK KalABIKThI KBIIIKBUIMEH KahTa
enaey kesinnme (xoceimma Tekcepy) (CK-3) kalragan ruapartairaH amMop(Thl
kpemueseM (asacbinbiy — SiO, nH,O Tysinyi Tipkenni. Byn kesne ceprneHTHHUT
IIBIHAAPBIHBIH MHTCHCUBTUNIM KaiTanaH TemeHeimai. CeprneHTUHUTTI KbIIIKBUIIbI-
cintini enaey OapwichiHAa audpakTorpamMmaiapaa OaliKanraH e3repicTep KbIIIKBLT
ocepiHe KOmKadaTThl MarHUi THUAPOCUIMKATHIHBIH OeTKi KadaThl YIIBIPAWTBIHBIH
kepceteni. Kplmken Oip Me3riane MarHuiaiH epyiH JKeJenAeTil, KpeMHE3eMHIiH
MOJMMEpPJICHY  JKoHE  (UIOKYISUHMAJIAHY O KbUIIAMABIFBIH — MOXM(UKALUSIIANHIBL.
Hortwmxkecinae rens Topismi, Si-re 6ait kadaT Ty3iiei.

CeprneHTHHUTTIH CHUJIMKATThl (parMeHTTEpiHiH KBIIKBUABIK OHJeYy Ke3iHae
amopdTel KpemHe3emre TpaHchopmaumsuiaHy MexaHusmi (Auyeshov et al., 2024)
KympicTa ycbinbiran. H, SO, epitinginepimen, xonuentpanuscel C = 0,7-1,0 CKM-
Fa (CTEeXMOMETPUSIIBIK KaKETTI MOJILep) JKYBIK JKarnaiiia KbhIIIKbUIMEH ©HJACITeH
ceprientunut yirinepinig MK-®ypee ciexrpnepinge (Cyper 4) aMmopdThl KpeMHE3eMIe
TOH JKYThbUly Konakrapel — (v, (Si-O-Si)) xone Si-OH ruapoxcun TontapbiHbIH
CUMATTaMaJIbIK JKOJAKTaphl aHBIKTAIAbl. AHBIKTaIFaH OyJl KYThULy >KOJaKTapbl
CEpICHTUHHUTTIH KPUCTAJABIK TOPBIHAAFBl TETPAadAPIi-OKTadpii KabaTThl KYpbUIBIM
TYTaCTBIFBIHBIH €10yip Oy3bUTybIH a 0ip mesrinae nonenaeiiai. Consimen Karap, MK-
®Dypbe crekTpiepinae Temipre OaiaaHbICThl TepOeTicTep aHBIKTAIFaH >KOK. bomkam
OoiibIHIIA, epiTy Mmponeci Ke3iHae n30MOp(ThI TYpIe SHI'eH TeMip atomaapsl Si-re 6ai
Ka0aTThIH TY31JIyiHE KaTbICTIaiIbI.
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Cypert 4 — bacrankel CK-0 yuricini (1) jkoHe eHIeyAeH KeHiHTT KBIIIKbUIIA epIMEHTIH KaIbIKThIH
(CK-1) (2) UK-cniektprepi (Auyeshov et al., 2024).

1160-2040 cm™! aiiMarbiHIAFbI KEH 9pi TEPEH MIBIHAAP OaiTaHbIC HEPTUSLIAPHIHBIH
KeH JMarna30HblHA M€ OPTYPJi KbIMKbUIABIK cuiiaHomabl (-Si-OH®) TonTapasix
naiiga 6omysiH kepceteni, an 3200-3600 cm! aifiMarbIHIAFbI XKOJTAKTAP CEPIICHTUHHUT
OeumiekrepiHiy ~ OeriHge KpeMmMHe3eMHiH opTyphi cuiokcanabl  (-Si-O-Si-OH)
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THOpATTajdfaH TONTApPBIHBIH — MOHOMEpJIEpIiH, IUMEplepAiH, Tpu-, TeTpa-,
MOJMMEPJICPAIH KOHE TapMakTajraH Ti30eKTepiHiH Ty3UlyiH, coHmal-ak Oeimiek
Oeringe SiO, 'nH,O KabaThIHBIH KaJIbIITACYbl MEH T'€llb TY31Iy IIPOLECiHIH OacTamybiH
kepceteni (Chukin, 2008).

OkcnepuMeHTTiK, POT sxone UK-Dypbe 3eprreynepi HeriziHAe adblHFaH HOTHKEIEp
«CK-H,SO » xky¥ecine Ty3ineTin aMOp(Thl KpEMHE3EM/II KBIIIKBLIIBI-CLITLII apanac
o/IicTi KONAaHy apKbUIbl JKEKe ©HIM peTiHzae Oedim amyra OONaThIHIBIFBIH OOJDKayFa
MYMKIHJIK Oepei.

AMOp(dTHI KpeMHE3eM/li KOMOMHAIUSIIBIK KhIIIKBUIABI-CUITLTL JIICTICH ally JKOHE
OHBIH CHIIaTTaMallaphbl.

Bacranker CK-1 ynriciH KYKipT KbIIIKBUIBI €PITIHAICIMEH LIaiMaiay HOTHXKECIHIe
QJIBIHFaH KBIIIKBLIIA €PIMEHTIH KaJIIbIKTBIH JIEMEHTTIK Tangay HOTHkKeIepi OOHbIHIIIA
OHBIH KYpPaMbIHJIAFbI AJIEMEHTTEP/IiH MacCaJIbIK yJIecTepi Kenecineil anplkTanasl: Mg —
15,0%; Si—21,22%; Fe — 3,0%; Cr — 0,19%; S — 3,18%.

Marunuii, KpeMHUH IKOHE OTTeK Meuuepiepi  OOWBIHINA  KYPTi3iireH
CTEXMOMETPHUSUIBIK €CENTEeyJIep HOTIKECIHIE aralfaH KaJIBIKTBIH Kypambl MIApTThI
typae 1,25Mg0-1,55i0,-:3H,0 (CK-1) popmynaceiHa CoMKeC KENETiHi aHbIKTAIIbI.
KpIIKBUIIBIK OHICYICH KeliH anblHFaH maccackl 83,6 T epimeiitin Kainblk (CK-1)
KeHiHHEH CUITUIK eHaeyre yuslpatbuiasl. bepinren kypamuabin NaOH epitinaiciMen
OpEKEeTTeCY CTEXMOMETPUSICHIH JKOHE KpeMHe3eMJli TYHIBIPY IapTTapblH aHBIKTayFa
apHanFaH ecemnteyiep 2-kectene kenrtipuireH (1) skoHe (2) TeHIeylepre Coukec
KYPri3iimi.

Kecre 2 — Kpemuesemnui TyHnpipy Makcarbiaga CK-1-miH NaOH-1ieH caHIIbIK OpeKeTTecy TeHaeyepi
MEH ecenTeyinepi

CK-1 epimeiitin kanapirbia cinriven (NaOH) enzney

1,25MgO-1,58i0,3H,0 |+ |3NaOH = 1,5Na,SiO, |+ 1,25Mg0O |+ 45H,0 |(1)

194 120 183 50 81,00

83,6 51,7 78,86 21,54 34,90

CinTiTiK rebai KbIIIKBUIMEH OHJICY JKOHE KpEeMHE3eM/Ii TYHIBIPY

Na,SiO, + |H,S0, = SiO, + Na,SO, [+ H,0 (2)

122 98 60 142 18,00

78,86 38,78

(1)-rermeyre coiikec (Kecre 2), enmey yuin 325 cm® 4,0 M NaOH epirtingici (p =
1,155 r/cm®) maiimamaHbUIIbL.

bacranker yarinig (CK-0), KemmkbUIIbIK KaaablKTRIH (CK-1) skoHe cinTimik
KanbIKTeIH (CK-2) amemenTTik Tammaaysl CK-0 yiriciH eki caThlUTbl, SFHU KBITITKBUTIBIK
JKOHE KeHiHT1 cutTitik exaeyaeH keiin, CK-2 KamaplFel HETi3T1 aIeMeHTTep — Mg KoHe
Si memmepi GotipamIa 6acrankel CK-0 KypaMbIHa sKaKbIHIAUTHEIHBIH KepceTTi. CK-0
yariciame Mg/Si monpaik kKareiHackl 1,68 6onca, CK-2 ynricinne 6yt kepcetkim 1,56
Kypansl. byn mepekrep cinTimik eHmeynaeH keitin, srauM CK-1 OGemmexTtepiHiy OeTki
KaOaTeIHIAaFBI KPEeMHE3eM KaOaThl JKOMBITFAHHAH COH, 1IIIK1 KadaTTapa CEpIIeHTUHUTTIK
KypbuibiMEBIH [Mg,Si,0,(OH),] cakranarsiabia kepcereni. Ocel GomKamMabl pacray
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MakcarbiHga Maccachl 36 r GonareiH cinrinik enaey Kamawirsl (CK-2) 2,0 M H SO,
epiTiHAICIMEH KalTaaaH KBIIKbULABIK MIaiMaiayFa YIIbIpaTbulasl (3-carel). AJBIHFaH
KbIIKbUIABIK KaaelK (CK-3) keiliHHeH CUITLNK OHACYACH OTKI3LIiN, HOTHXKECIHIE
cintinik kanabik (CK-4) anbiHIabl. 3-caTblIarsl (HZSO ,-TIEH OHJIEY) KOHE 4-CaTblIarbl
(NaOH-1en eHzey) SKCIEpPUMEHTTEPI KYPri3y aaicremenepi 1 xoHe 2-caTbuiapAarsl
onicremenepmeH ykcac 6oisl. Anbiarad CK-3 xone CK-4 kanabikraps! anasiaebl CK-1
xoHe CK-2 yurinepi cusakrel Tanganabl. Kesexri xpnukbuiasi—cinrim (H,SO, xone
NaOH) enzeyaen keiiiH TY3UIreH epiMeiTiH KalAbIKTapAblH IEMEHTTIK TajlaybIHbIH
KMHAKTAIFaH HOTWKENepi, Yl Mapajielb SKCHepUMEHTTIH opTalla MOHI peTiHIe,
3-kecTee KeNTipijreH.

Kecte 3 — Cepnentunutti Kamusiktel (CK-0) H,SO, sxone NaOH epitininepiMen ke3ekTi
KBIIIKBLUIIBI-CIITUI OHICY Ke3iHJIe epIMEHTIH KaIIbIKTapAbIH YIEMEHTTIK KypaMbIHbIH (%) e3repy

OaJtaHChI
DnemeHt | bactanker 1-carer H,SO, 2-carel NaOH 3-caret H,SO, 4-caret NaOH
Mudp CK-0 CK-1 CK-2 CK-3 CK-4
(0] 51,68 60,04 48,71 42,50 35,71
Mg 25,60 12,61 25,01 12,81 22,95
Al 0,47 0,19 0,27 - -
Si 17,95 21,04 18,71 31,90 18,17
S - 4,85 - - -
Ca 0,56 0,05 0,18 - -
Cr 0,20 0,04 0,17 0,04 0,32
Mn 0,11 - - - -
Fe 3,43 3,00 6,95 12,75 22,85
% 100,00 100,00 100,00 100,00 100,00
Kamapix- | 3Mg0O-28i0, |1,25Mg0-1,58i0, | 1,13Mg0-0,72Si0, | 0,53Mg0-1,14Si0, |1 ,24M g O -
tapaeie | -2H,0 3H,0 -0.72H,0 ‘H,0 0,84Si0,
LIAPTTHI
Kypambl

3-kecTe JEPEKTEPIHeH CUITUTIK OHJEYJeH KeHiHri (2 koHe 4-carbuiap) HErisri
JJIEMEHTTEP — MarHuii MeH KPEeMHHUIIH Meiiepi OacTamnkpl CEepPIeHTUHUTTET]
(CK-0) omapmpIH KypaMmbIHAa >KaKbIHIAWTHIHBI OaliKamamel. KeIIKpIIAa epiMerTiH
KaJIJIBIKTAp/IbIH IapTThl KYpaMJIapbiHIa KbIIIKBUIBI-CUITUI OHJIEY CaThUIaPBIHBIH
apTyblHa OalJaHBICTHl MarHWii MEH KpPeMHHUII Oeiinm amxy mporeci KpeMHUHMEH
OaitbIThuyMeH Karap sxkypexi. Ockiran coiikec CK-0 — CK-1 — CK-3 karapsinia
MgO/SiO2 KaTeIHachel THicinme 1,5 — 0,83 — 0,46 neifin ToMeHAeH/II.

AMOPQTEI KpEeMHE3eMHIH MIBIFBIMBI (€Ki KBIMKBUIABIK KOHE €Ki CUITUTIK OHIEY
caThIChIHAH KeiliH) keneciae 0omapl: 83,6 r KbIIKbULILIK Kamabikrad (CK-1) —95,78%;
6acranke! yirigen (CK-0) — 60,3%.

OcbLnaifiiia, ajibIHFaH HOTUXKEJIEP CEPIICHTUHUTTI KbIIIKBUIABI-CUITLI 9JIICTICH OHICY
KPEMHUIII JKETKUTIKT1 )KOFaphI NIBIFBIMMEH CEJIEKTUBTI TYpJle 0OiN aryFa MyMKIHIIK
Oeperinin kepceTTi. COHBIMEH Karap, KBIMIKBUIJABIK JKOHE CUITUIIK 3KCTPaKIIHsI
CaTBUIAPBIHBIH CaHBIH PETTEY apKbUIbI KPEMHHIII Oerin aiy JopekeciH Oackapyra
Oomapbl.
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Amoppmul  kpemuezemHiy adcopbyusinvlk cunammamaiapsl. KoMOWMHAIUSIIBIK
KBIIKBLIIBI-CIITLIL OJICTICH aJlbIHFaH aMOP(Thl KPEMHE3eM MHYKTUBTI OaiJlaHBICKaH
mra3Mansl  Macc-criektpomerpuss  (ICP-MS,  Thermo iCAP-Q), UK-®ypse
cnekrpockonusicel (FTIR) sxone BOT-ancopOuust agicTepi apKbUTbI 3¢pTTEIL.

ICP-MS (Thermo iCAP-Q) anicimen xyprizinren amopdrel SiO, KypaMbIH 3epTTEy
HOTHIKECIHJIE anbiHFan aMmopdrhl SiO, KypaMbIHa KeJIeCi KOCHa JIeMEHTTEPiH 6ap
€KeH1 aHBIKTaIIBI, Macc. %: Al—0,1696; Ca—0,2025; Na—0,7010. KocranapapiH sarbl
meepi ~1,08%-1b1 Kypasibl, conaid-ak Kypambinaa ~4,02% ancopbuusnanran H,O
AHBIKTAJIIBI.

Anbinran eHiIMHIH Kypambl popmaisasl Typae SiO,-0,36H,0 dpopmynackina colikec
Kenendi. Atanran Kypamaarsl amopd el kpeMHe3emHiH MK-cnekrpi kenripinren (Cyper
5).

907
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Cypert 5 - Si0,-0,36H,0 xypamst kpemuesemuin MK-crextpi.

Kpemnuesemuin MK-cnexkrpinme cy MosekyiaaqapblHa TOH BaJCHTTIK JKOHE
nedopmarmsIbIK TepOenicTep keneci xkuinikrepae Oaiikananst: (v, O-H) 3200-3600
cm ' xone (O0H-O-H) 1642 cm™'. CoHbIMEH KaTtap, CUIOKCaH TOOBIHBIH aCHMMETPHSIIBIK
JKOHE CUMMETPHUSLIIBIK BAJIEHTTIK TepOericTepi — (v, Si-O-Si) 1064 cm™ xane (v Si-O-Si)
794 cm!, conpaii-ak cunanon ToosiHa ToH (VSi-OH) 948 cM™! skomakTapbl aHBIKTaJIbL.
Atanran TepOericTep aMOpP(TbI KpEMHE3EMI€ TOH CHUMATTaMANbIK JKOJTAaKTap OOJbII
tabbuta el (Chukin, 2008).

ATanraH KpeMHE3eM YIIiH a30TTBhIH aJcopOnus—aecopOuus H30TepMachIHbIH
rucrepesnc inMerinig mimiHi [V TunTi nzorepmara sxone H3 TunTi ructepesucke
coiikec keneni (Cyper 6a). Byn KarTel 3aT KeyekTepiHAe a30TThIH ilIiHapa
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KOHJICHCAIMSAJIAHYyBIMEH CHIIATTaJIaThlH MUKPO- JKOHE ME30KEYEKTi KYpbUIBIMHBIH Oap
ekeHin kepcereni. CanbICThIpMabl TOMEH KbIChIM aiiMarbinaa P/P = 0-0,2 kesinze
copOumsuIbIK KUCHIKTHIH 0-nen 90 cm® 17! neifin KypT skorapeuiaysl emmemi 0,35-2 Hm
apalbIFBIHAAFBl MUKPOKEYEKTepAiH OonmybIH KepceTeni. [lecopOuusiiblK TapMaKTarsl
LIaFbIH H1HHIH OaliKamy bl KeyeKTep/IiH caHblIay TOpi3/i cunarhiH pactaiabl. M3otepmana
P/P,= 0,2-0,96 apaneirbinga ancopOuus memmepinin 90 cM?rl-man 204 cv3rl-ra
JICHIH e10yip apTybl MHUKPO- J)KOHE ME30KEYCKTEep/IiH Karap OoiybIH gonenseiimi. An P/
P,> 0,96 6onranja ancopOuus MeJuIepiHin KOChIMIa 65-68 cM* I™'-Fa sKoFapbLIaybl
Makpokeyekrepit (50-200 M) 6ap ekeHiH KepceTesi.

CoHbIMEH KaTap, 3epTTENIeH KPEMHE3eM KYPBUIBIMBIHIA MHKDPOKEYEKTep MEH
ME30KEyEKTEePAiH yJieci 0achbiM eKeHi aHBIKTaNbl, OYJI MUKPOKEYEKT1 COPOCHTTEPTe TOH
KacHeT OOJIbII Ta0bLIaibl. MYHBI TOMEH KbICHIMIAP aliMaFbIH]IA KOHE P/PO = 0,96 neiiin
COpOLMSITBIK KUCBIKTBIH KYPT KOFapbliaybl allKbIH JAdJeT eIl
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Cyper 6 — Cunresnenrer amopdter kpeMHe3emHiH 77 K TeMneparypagarsl a30T agcopOnusChI-
necopormsicer u3orepmanapsl (BET) (a) xone keyekrepain tapanyst (BJH) (b).
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BJH anici GoiibiHIIa (AecopOumst TapMarbl) KeyeKTepiH TapanysiH Tangay (Cyper
6b) mamamen ~3,7 HM aiiMarbIHJa aKbIH MaKCUMYMHBIH Oap €KeHiH KepceTTi, Oy
ME30KeyeKTep/iH 0achlM E€KCHIH JKOHE Marepuall KYPBUIBIMBIHBIH OipTEeKTUIIrH
oinmipeni. ConbiMen karap, DR xome DA omictepimen pacramran 1,7-2,1 HM
apaJIBIFBIHIaFBl MUKPOKEYCKTEPIiH OOyl 1a aHBIKTAIIIBL.

Keyexrepniy auamerp OOWBIHIIA Tapaidybl aJlbIHFAH KPEMHE3EMHIH MHKPO- JKOHE
ME30KEYeKTI KYPBUIBIMFa W€ €KeHiH jonenneiini. Mukpokeyekrepain (0,35-2 HM)
yJieci MEeHIIKTI Oer aymaHbl OoibiHIIA 46%-1b1, an Keyek kejemi OoibiHIa 21%-
Ibl Kypaiinbel. An me3okeyekrepin (2—10 M) yneci Oet ayaanbl OolibiHIIa 48%-11bI
KoHe Keyek KeseMi OoiibiHIIa 42%-161 KaMTamacki3 ereni. Ocpiiaifia, MUKpPO- JKOHE
ME30KEYEKTeP MKHUBIHTBIK TYP/E JKaNIIbl OCT ayaHbIHBIH 95%-bIH %KoHE KEYEK KeJIEMiHIH
63%-bIH Kyparl, CHHTE3/1IreH KPEMHE3EM KYPBUIBIMBIHBIH OIPTEKTLIIriH pacTaiibl.

Keyexrepain sxanmst kegeMinig 0,418 cm? 1! 60iybl MaTepuaiibIH 1aMbIFaH KEYEeKTi
KYpBUTBIMFa M€ EKeHIH KepceTedi, OyJl OHBbl aJCOpPOLMSIIBIK KOHE KaTaJIWTHKAIBIK
KOJIZIaHyap YIIiH MEePCHEeKTUBANBI Marepuas peTiHJIe KapacThIpyFa MYMKIHJIK
Oepeni. KpemHe3eMHIH TEKCTYpaiablK KaCHETTEPiH CUTIATTAWTBIH HETI3T1 ImapameTpiep
4-xecrtesie KeNTipiareH.

Kecte 4 — KpeMHe3eMHIH TEKCTypalblK KACHETTEPiH CUIIATTAWTBIH HET13T1 mapaMeTpIiep

Yori S, M2 > Vpore, Vmicro, | davg, aMm dmode, U3zorepma | ['uctepe-
cm*r! oM 1! HM TYpi 3HC
inMeri
Amopdter 400,06 0,42 0,09 4,18 5,68 3,73 (BJH | IV H3
KpeM- (BET, P/ (T-Plot); (T-Plot); | (BET); |(BJH necopd.);
HE3eM P,=0,02- 0,42 0,15 1,57 necopb.); | 2,14 (DA)
(Si0,) 0,13); (Langmuir) | (DR), [(DR 1,82 (DA
559,13 0,16 micro) |micro);
(Langmuir) (H-K
orig)
Eckepry: Sm.a., M>T"' — MeHIIIKTI GeTKi aynaH; Y VKeyek, cM> ™ — GapiblK KeyeKTepAiH JKaIlbl KeJeMi;
VMHKpOKeyeK, cM* T — MUKpOKeyeKTepAiH yieci; davg, HM — KeyekTepiH opTaiia quamerpi; dmode,
HM — KeYeKTep/IiH €H bIKTHMaJl THaMeTpi

KpemHe3eMHIH TeKCTypalblK CHIAaTTaMaJIapblH Taldy MaTepHalIbIH JKOFaphI
MeHIIiKTi Oetki aynanra we ekeHin kepcerti: BET (BOT) onmici GoiibiHma 400 m? 1
' sxone Langmuir omici Goibiama 559,13 M1, Oy OHBIH JaMblFaH ME30KEyeKTi
KYpBUIBIMBIMEH coiikec kenemi. Keyekrepain skanmbl kememi 0,418 cm® 1! Kypamsl,
an mukpokeyektepain yiaeci (T-plot omici 6oiibiaia) 0,089 cm? r!-ra TeH O60mabI, Oy
MaTepuaIblH MUKPO- )KOHE ME30KEYEKT1 apajiac KypblIbIMFa e EKeHiH pacTaubl.

BET omici (4V/S) 6oiipiama keyekrepain opramia auamerpi 4,18 am 6omnca, BJH
omiciMeH (mecopOrust TapMarsl OOMBIHINA) aHBIKTAJIFAaH MOHI JKOFapwIpak — 5,68 HM,
OYJ1 ME30KEYeKTep/IiH Tapally epekienikrepiMer OainanbicThl. BJH-necopOmus omici
OoiibIHIIA KeyeKTepIiH eH bIKTuMal quaMeTrpi (dmode) 3,73 HM Kyparl, caiabICThIpMaIbl
TYPAE Tap CaHbUIAYTIPi3Ii ME30KeyeKTep/liH 0achM eKeHiH KOPCETTI.

DR xone DA omicTepi OOWBIHIIA KYPTi3ireH KOCHIMINIA €CeNTeyliep Juamerpi
1,57-2,14 am 60maTeiH MUKpPOKEyEKTep1iH Oap eKeHiH aHbIKTabl, st Xopsar-Kasazoe (H-
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K) omici ne mamamen 1,6—1,9 HM apanbIiFbIHIAFBI MUKPOKEYEKTEp/AiH OOTYBIH pacTaibl.
Ocplnaifiiia, MaTeprall KEyeKTep/iiH OMMOJANIb/Ibl TapalybIMEH CHIATTAIAbI: <2 HM
aiiMarbIHJIaFbl MUKPOKEYEKTEP JKOHE MaMaMeH 3—6 HM apalibIFbIHIaFbl ME30KEYCKTep.
TekcTypallbIKk KacHeTTepre HeTi3ri yiecTi auamerpi 3—6 HM OONaThIH ME30KEYEKTep
KOCaJIbl, OJIApABIH YJIeCciHe MEHIIIKTI OeTKi aymaHHbIH ~ 64%-bI )KoHE KeyeK KOJIeMiHiH
~ 52%-b1 THECITTI. ATl MUKpPOKEYEeKTepIiH (<2 HM) yieci 6eTki aynaH OoiibiHima ~ 21%-
Ibl JKOHE KeJieM OoibIHIIa ~ 46%-abl Kypaiiabl. Me3okeyeKTepAiH Tap Auana3oHa
Tapajdybl MEH OJap/blH MHKPOKEYEKTepMEH YHiiecyl CHHTE3/IENIeH KPEeMHE3eMHIiH
KypbUIbIMABIK  OipTektinirin  ganenueiai. ITUPAC kiaccudukanuscbiHa Ccolkec,
KPEMHE3eMHIH a30TTHIK aacopOIusa-aecopOus n3orepmackl H3 TumTi THCTEpe3uc
immeri Oap IV Tumke >xartamel, Oyi1 arperaTrTaiFaH IUIaCTHHA TIPi3di OesmmexTepaeH
TY3UIT€H CaHbUIAyTIPi3di KeyeKTepi O0ap Me30KeyeKTi marepuanaapra ToH. JKorapsl
MeHIIKTi Oetki aymaH (400 m?*-1') sxoHe KeyeKkTepAiH eadyip skammbl kesemi (0,418
e’ 1) TUPAC-ThiH 2015 KBUTFBI JKaHAPTBUIFAH YChIHBIMAAphiHA coiikec (Thommes
et al., 2015), «oKkakchel TaMBIFaH ME30KEYEKTI KYPBUIBIM» PETIH/IEe CHUIATTaNIaabl KOHE
OHEPKACINTIK aacopOeHTTepre (KEeNTiprimTep, KaTraau3aTop TachIMaIaFbIIITapHI,
xpomarorpadusi MaTepHaiapbl) KOWbIIATHIH TaJanTapra Colkec Kenei.

Ocobl 3eprTeynep OapbICbIHIA KpEeMHE3eMJi KbILKbUIAA EpIMEHTIH KaJlAbIKTaH
Oeminm amyra ocep eTeTiH Oacka mapameTpiepre (Temmeparypa, peareHTTepAiH
CTEXMOMETPHUSUIBIK KaThIHACKHI KOHE OacKa (hakTopiap) epeKine Hazap aylaapbUIFaH JKOK.
Anaiifa abIHFaH HOTIDKEJIEP CEPIICHTUHUTTI KBIIKBUIABI-CIITLI KSTIeH T OHICY 9TiCIH
KOJIZIAHY apKbUIbI )KaKChl TEKCTYPAJIBIK CHIIaTTaMaslapra ue aMop(Thl KpEeMHE3EeM allyFa
0O0JIaTBIHBIH KOPCETTI.

KopbiTbiHabl. CeprieHTHHUT KaJlAbIKTApbIH KBIIKBUIABI-CUITUII KEHICHAl OHACY
oftici MarHMKA1 THIMII epiTy ’KOHEe KPEeMHHUIII CENIeKTUBTI 06JIiI aly apKbUIbl JOCTYPIi
OipcaThlIbl TOCIIEPIIH EKTEYIEPiH eHCepyTre MyMKIHIIIK Oepei. KplKbUIIBIK OHIeY
HOTHIKECIHIC TY31ICTIH OSTKI KpEeMHE3eM KaOaThIHbIH CUITIIE epyi HSO+ HMOHJIapPbIHbIH
MHHEPaJIBIH 1Ki KabaTTapblHa KEHIHT1 €HyiH KeJieCl KBIITKBUIIBIK OHICY Ke3eHIHIEe
KEeHIUIAeTenl. AJBIHFaH aMopdThl KPEeMHE3eM JKOFapbl TaszalblKneH (>95% SiOz)
KOHE JaMblFaH ME30KEYEeKTI KYpbUIBIMMEH CHIATTanajbl, Oyl OHBI aacopOeHT
HEMEeCce KaTalu3aTop TaChIMAIJarbllIbl PETIHAE KONJaHyFa MepCIeKTHBAIbBl MaTeprual
eTeli. AJIBIHFaH HOTHXKEJIEp CEPIEHTHHUTTEH MAarHui MEH KPEeMHHUl KBIIKBUIIbI-
CUITLII KOMOWHALMSIBIK OJIICIICH O6JIil ajy TEXHOJIOTHUSCHIH OJlaH dpi JaMbITYFa,
CEePIEHTHHHUTTEPAI OHACYIIH aHa TEXHOIOTHSUIIBIK ChI30aIapbIH 93ipieyae Maiaamb
YKOHE OJIapbIH OMIPIICHIITIH apTThIpyFa MYMKiHIIK Oepeni. [IpakTukanbik TYpFeIIaH
aJbIHFaH aMOpQTHl KpeMHE3eM/i aJCOPOCHT PETiHAE KOJIAaHy MEpPCIEeKTHBACHI Oap
3epTTey OaFbIThl CKSH/IIT1 aHBIKTAJI/IBL.
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Abstract. Waxy crude oils are characterized by the deterioration of their rheological
and low-temperature properties due to paraffin crystallization during cooling. This
leads to increased viscosity, reduced flowability, and difficulties in safe transportation
through industrial pipeline systems. Therefore, the development of effective
polymeric pour point depressants and the establishment of relationships between their
composition and functional properties are important tasks for the modern oil production
industry. The aim of this study was to investigate the effect of the initial molar ratio
of octadecyl methacrylate (ODMA) to maleic anhydride (MA) on the rheological
properties of crude oil, determine the optimal composition, and evaluate the effect
of subsequent chemical modification. ODMA-MA copolymers were synthesized by
free-radical copolymerization using initial ODMA:MA monomer molar ratios of 1:1,
2:1, 3:1 and 4:1. The most effective copolymer was modified with octadecanol and
octadecylamine. The obtained materials were characterized using Fourier-transform
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infrared spectroscopy, size-exclusion chromatography, viscometry, and rheometry. The
effects of the obtained copolymers on the rheological properties of waxy crude oil from
the Akshabulak oilfield were evaluated at an additive concentration of 750 ppm. The
OM-3 copolymer with an initial ODMA:MA molar ratio of 3:1 exhibited the highest
efficiency, reducing the apparent viscosity of the crude oil at 10°C from 0.087 to 0.025
Pa-s. For OM-3-OD and OM-3-ODA, the corresponding values were 0.031 and 0.045
Pa-s, respectively. OM-3 and OM-3-ODA reduced the pour point of the crude oil from
9 to 3°C, while OM-3-OD reduced it to 6°C. The practical significance of this study
lies in the potential use of the ODMA-MA copolymer with an initial ODMA:MA molar
ratio of 3:1 as a promising basis for developing pour point depressants that improve
the low-temperature flowability and transportation characteristics of waxy crude oils.

Keywords: waxy crude oil, pour point depressant, octadecyl methacrylate, maleic
anhydride, rheological properties
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AnHoTtamusi. XKorapsl napaguHai MyHaiiap caJIKpIHaTy Ke3iHje napaduHaepaiy
KPUCTAJJIaHybl ~ CaJJIapblHAH  PEOJIOTHSUIBIK ~ KOHE TOMEH  TEeMIIepaTypalibiK
KaCHETTEPiHIH HallapiaybIMEH CHIATTaNajgbl. bBYJd TYTKBIPJIBIKTBIH apTybIHA,
AKKBIIITHIKTHIH TOMEH/ICY1HE KOHE MYHAH Il OHEPKICINTIK KYOBIp *KyHenepi apKbLIbl
Kayirci3 TachIMaIay/blH KUbIHJIAybIHA oKejedi. OcbhiFaH OaiJIaHBICTBI THIM/II
MOJIMMEPJIIK  JISIIPECCOPJIBIK KOCHANIAp/Abl 93Ipiiey KOHE OJIAPAbIH KypaMbl MEH
(DYHKITMOHAJJIBIK KACUETTEPI apachIHIarbl ©3apa 0aiJIaHbICThI AHBIKTAY Ka3ipri MyHai
OHJIIPICIHIH ©3eKTiI MiHJAETTepiHiH Oipi OONBII TaOBUIAJbI. 3EPTTEY/IIH MaKcaTbhl —
okranenunmerakpwiarteie (OJAMA) manenn anrunpuiine (MA) OacTankbl MOJIBJIIK
KaThIHACBHIHBIH MYHAWJIbIH PEOJIOTHUSIIBIK KACHETTepiHE OCEPiH 3epTTey, OHTaNIbI
COIOJIMMEP KYPaMbIH aHBIKTAy KOHE KEHIHIT XMMHSUIBIK MOIU(UKAIUSHBIH dCEpiH
Oaranay. OJIMA—MA comnonumepiepi Monomepiepaid 0actanksl OJAMA:MA MoubTik
kareiHacTapel 1:1, 2:1, 3:1 xone 4:1 GonraH karmaiifa paguKaigblK COTIOIUMEPIICY
oiciMeH cuHTe3eIi. EH THIMII COMOIUMEp OKTaICKaHOI XKoHE OKTaCIIMIaMUHMEH
MoauUKanusUIanabpl. AnbiHFaH Matepuanaap Oypbe-TypiaeHaipiareH MHPpPaKb3bUT
CIIEKTPOCKOIIHS, IKCKIIIO3USIIBIK XpoMarorpadus, BUCKO3UMETPHUS KOHE PEOMETPHSI
onmicrepiMeH 3eprreiai. CHHTE3IeNTeH ConoIuMepiIepaiH AKIIaOoyiak KeH OpPHBIHBIH
KOFapbl MapaQuHlI MYHAHBIHBIH PEONOTHSIIBIK KacHeTTepiHe ocepi KocmaHbiH 750
ppm KoHIIeHTpalusIchiHa Oaranansl. bacrankel OJJMA:MA Mounbiik KaTbiHach! 3:1
6onatetn OM-3 comonumepi eH >koFapbl THIMALTIK kepcerin, 10 °C temmneparypasia
MyHa#ibIH KepiHeTiH TyTKbIpibirbiH 0,087-1en 0,025 [1a-c-ka aeitin Temenaerti. OM-
3-O/1 »xone OM-3-O/IA yin Oy kepcetkim Tuicinie 0,031 sxone 0,045 I1a-c Gomnpl.
OM-3 xoHe OM-3-O/IA MmyHaibiH KaTy TemieparypachiH 9-man 3 °C-ka JneiliH,
an OM-3-O/] 6 °C-ka zaeitiH TOMEHIETTI. 3epTTEeYIiH MPAKTUKAIBIK MaHbI3IbUIBIFbI
O/IMA:MA OGacrankel MOJIbJiK KaTbiHackl 3:1 Oomarein OJIMA-MA comnonumepin
JKOFapbl mnapaduHIl MYHaWiIapiblH TOMEH TeMIepaTypajarbl aKKBIIITHIFBI MEH
TackIMalady KAcHETTEepiH JKaKcapTaThlH JEMPEcCOPINbIK KocmalapAbl d3ipieymiH
MEePCIEKTHBAJIbI HETI31 peTiHjIe nakaaiaHy MyYMKIHIITIMEH aHbIKTaJIa bl

Tyiin ce3mep: —okorapbl mnapaduHAi ~ MyHaH, JENpPEcCOpiblK  KOcIa,
OKTaJICHIUIMETaKPUIIAT, MAJICUH aHTUAPHU/I, PEOJIOTUSIIBIK KACHETTEP
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AHHoTanus. BricokomapaguHuCcThie HEePTH XapaKTEPU3YIOTCS YXYyAIICHUEM
PEONOTHYECKUX W HHU3KOTEMIEPAaTYpHBIX CBOWCTB BCIEACTBHE KPUCTAILTU3ANN
napauHOB TIPH OXJIAXKICHUU. DTO MPUBOIUT K TMOBBIIICHHUIO BA3KOCTH, CHIDKEHHIO
TEKy4eCTH M OCIIOKHEHHNIO 0€3011aCHOM TPAHCIIOPTUPOBKH HE(MTH 11O MPOMBIIIIIICHHBIM
TPYOOIIPOBOIHEIM cHucTeMaM. B cBsizu ¢ 3TUM pa3padoTka 3¢ (heKTHBHBIX OJTMMEPHBIX
JETPECCOPHBIX TPUCATOK W YCTAHOBIIEHHE B3aUMOCBS3M MEXKIY HMX COCTaBOM M
(hyHKIIMOHAJIBHBIMUA CBOMCTBAMHU SIBJISIOTCS aKTyaJbHBIMH 33Ja9aMH COBPEMEHHOI
HedrenoOrBaromeit orpaciu. Llens nccienoBaHms 3aKII09anach B M3y4eHUH BIUSHUS
HMCXOIHOTO MOJILHOTO COOTHOIIEHUS okTaaenmiMeTakpriara (OAMA) u MarenHOBOTO
aaruapuaa (MA) Ha peoloTHUECKHE CBOHMCTBA HE(TH, ONPEASICHUH ONTHMAILHOTO
COCTaBa COITOJINMEPa 1 OIIEHKE BIMSHUS €0 IO CIIe Y FOIIeH XUMIUYe CKOH MO (D UKAITHH.
Cononumepsl OJJMA—-MA cuHTE3UpOBaId METOI0OM PAAUKAIBHOMN COMOIUMEPU3ALIUI
MIPH HCXOMHBIX MOJBHBIX COOTHOMICHHWsX MoHoMmepoB OJMA:MA 1:1, 2:1, 3:1
n 4:1. HaumbGonee >PGEeKTHBHBIA COMONMHMEP MOAUPHUIINPOBAIH OKTAJICKAHOJIOM
u okrtagenunamMuHoM. llosmydeHHble Marepuanbel ucciaenoBanu mertogamu K-
QDypbe-CIeKTPOCKONINY, JKCKIIO3UOHHON  Xpomarorpadui, BHUCKO3UMETPUHA U
peoMeTpun. BimsgHWE MOMyYEeHHBIX COIMOJMMEPOB Ha PEOJOTHYECKHE CBOWCTBA
BhICOKOTIapaUHNACTON He(TH MECTOpPOXKACHHA AKmadyaak OICHWBAaIU TIpHU
KoHIleHTpanuu npucagaku 750 ppm. Conosumep ¢ UCXOIHBIM MOJIbHBIM COOTHOIIIEHUEM
OJIMA:MA = 3:1 (OM-3) mnpoaeMOHCTpHpOBaNT HaMOONBIIYI0 3G (EKTHBHOCTS,

81



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

CHHM3MB KaxyIliytocs: Ba3kocTh HepT nipu 10 °C ¢ 0,087 mo 0,025 Ila-c. Jast OM-3-
O/l u OM-3-OIA cootBeTcTBytomue 3HaueHus coctasunu 0,031 u 0,045 ITa-c. OM-3
n OM-3-O/IA cHusunm Temneparypy 3acteiBanus Hedtu ¢ 9 1o 3 °C, Torna kak OM-
3-O1 — no 6 °C. IlpakTuueckas 3HAYUMOCTh pabOThI 3aKIIOYAETCSI B BO3MOKHOCTH
ncrnons3oBanus cononuMepa OJIMA-MA ¢ UCXOAHBIM MOJBHBIM COOTHOILIEHHUEM
OIMA:MA =3:1 B kauecTBe NEPCIEKTUBHOM OCHOBHI JJIs1 pa3padOTKH JeTPeCCOPHBIX
NpUCANOK, YIYyYIIAIOUMX HU3KOTEMIIEPaTypHYI0 TEKy4yecTb U TpPAHCIOPTHbBIE
XapaKTepUCTUKH BbICOKONapaduHUCTHIX HeTel.

KuroueBbie ciioBa: BbeicokonapaduHucTass He(Th, ACNPECCOpHAas MpHCaIKa,
OKTa/IellUIIMETaKpUIIaT, MAJIEMHOBBIN aHTUJPH/I, PEOJIOTHYECKHE CBOMCTBA

BBenenne. BricokomapaguHUCTbIE HEPTH MPEACTABISIOT COOOH  CIIOXKHBIE
MHOTOKOMIIOHEHTHBIE TUCIIEPCHBIE CUCTEMBI, TPAHCIIOPTHPOBKA KOTOPHIX CYIIECTBEHHO
OCIIOXKHSIETCSl TIPH CHIDKEHMH TeMIepaTyphl. [Ipu oxyaxIeHNH HIDKE TeMIeparypbl
Hayaia KpUCTAJUIM3alUU PACTBOPEHHBIE B HE(PTU H-TIapa(HHbI IEPEXOIAT B TBEPAYIO
¢dazy ¢ oOpazoBaHMEM KPHCTAJIOB, KOTOPBIE PACTyT, arperupyloT u (HOpMHUPYIOT
MIPOCTPAHCTBEHHYIO  CTPYKTYpY, VACPKHUBAIOIIYI0 JKHUIKYIO  YIJIEBOJOPOIHYIO
¢dazy. DTO COnpoBOXKIAETCS TOBBILICHHEM BS3KOCTH M TOCTENIEHHOW MoTepen
TEKy4eCTH He()TH, YTO TPUBOAMUT K YBEIUYCHHUIO TUAPABINYECKOTO COMPOTUBICHUS,
9Hepro3arpar Ha TPaHCHOPTUPOBKY M PUCKY OCTaHOBKHM TpyOompoBozoB (Li et al.,
2024). HuzkotemneparypHble CBOMCTBA BBICOKOTIAPAQUHUCTON HEPTH ONPEACTSIIOTCS
HE TOJBKO OOIIMM CcoAep)KaHueM NapapuHOB, HO M HMX MOJEKYJISPHO-MACCOBBIM
pacmperneneHuem, a TaKxke conep:kanueM cMoi u acdansreHos (Adams et al., 2023).

Onnum u3 Hanbonee 3pPeKTUBHBIX CIIOCOOO0B YIYUIIEHHS HU3KOTEMIIEPaTypPHBIX
CBOWCTB HEe(TH SBIACTCS NPUMEHEHHE NENPECCOPHBIX mpucanok. llomumepHsie
JeTPECCOPbl M3MEHSIOT MPOLECCHl 3apOKACHUS, pOCTa U arperauu napaguHOBBIX
KPHUCTAJUIOB, MPETSITCTBYSl ()OPMUPOBAHUIO TPOYHON MPOCTPAHCTBEHHOU CTPYKTYPHI
(Andrade and Negrao, 2025). Cpeau HM3BECTHBIX JENPECCOPOB OCOOBIH HHTEPEC
MPECTABISAIOT  MOJUAIKHUII(MET)aKpUIaThl, COAEpKallde JJUHHBIE aJKWJIbHBIC
3aMECTUTENH, CIIOCOOHBIE K COBMECTHOM KpHUCTaIM3alMM ¢ H-napadpuHamu. Hx
3G PEKTUBHOCTL OMPEACNSIETCS XUMHUSCKAM CTPOCHHUEM, MOJIEKYISIpHOW Maccoil u
COOTHOILIEHHEM THAPOPOOHBIX U MONIPHBIX (pparMenToB (Zhou et al., 2015).

[lepciekTUBHBIM  HampaBlI€HMEM  SBJISETCS  HCIOJIB30BAaHUE  COMOJIMMEPOB
okragenunmerakpmwiata (OJMA) u wmanennoBoro anruapuaa (MA). [lnuHHBIC
ankunpHble nenn O/IMA  ofOecrmeunBaioT B3amMoIeiicTBHE ¢ TapadUHOBBIMU
KpUCTaJUIaMH, TOTHa Kak aHTWApUAHbIE Tpynnbl MA MO3BOJISIIOT MPOBOJHUTH
MOCIEAYIOIYI0 XUMUYECKYI0 MOAU(PUKAIMIO NonuMepa. Peakunun stepudukanyuu u
MMUJU3ALUHU OTKPBIBAIOT BO3MOKHOCTB LIEJIEHANIPaBI€HHOTO U3MEHEHHSI XUMUYECKOTO
CTPOEHHUS U MOJSPHOCTH MAaKPOMOJEKYJbI, UTO MOXKET CYIIECTBEHHO MOBIUATh Ha
JIeNPeccopHyto 3PPeKTUBHOCTh. OHAKO BIUSHUE MOJILHOTO cooTHomeHus OJJMA
u MA, a takxe mocieayromeid MoIuGUKaUd CONOIUMEPOB UTMHHOLETOYSYHBIMH
CHUpPTAMU U aMMHAMH U3y4E€HO HEJOCTATOYHO.

Lenbto HacTosIer paboThI SIBISETCS UCCIIEAOBAHHUE BIUSHHUS HCXOTHOTO MOJILHOTO

82



Volume 3, Number 468 (2026)

COOTHOILCHHS OKTaJACHMIMETaKpHUiaTa 1 MaJICHHOBOIO aHTHAPHUIA Ha IENPECCOPHYIO
3G PEKTUBHOCTH COMIONIMMEPOB, BHIOOP ONTHMAIBHOTO COCTaBa M M3YUYCHUE BIUSHHS
nocneayromei 3TepuuKanuy OKTaJAEKaHOJIOM M HMHUIM3AIHMUA OKTaJIeHIaMHHOM
Ha HU3KOTEMIIEpaTypHbIE U PEOJIOTHYECKHE CBOMCTBA BBICOKOMAapapUHUCTON HePTH
MECTOpOXXIeHHsI AKIIalynax.

JluteparypHblii 0030p. [lonmumepHble aenpeccopHble NPUCAAKH HM3MEHSIOT
MPOLECCHl KpUCTAJUIM3aluu mapauHOB, BIMAS Ha pa3Mmepsl, (GopMy U cTemneHb
arperaiui  oOpa3yloUIMXCcsl KpUCTAIIOB. JITMHHBIE alKWJIbHBIE 3aMECTUTENN
CHOCOOHBI COBMECTHO KPHMCTAJUTM30BaThCs C H-MapaduHamH, TOrga Kak IMOJSPHBIC
(yHKUMOHANBHBIE TPYNIBl aAcOpOMpPYIOTCS Ha TOBEPXHOCTH KPHUCTAJUIOB U
MPEMATCTBYIOT UX JanbHeleMy pocty 1 oobenunenuto (Hu et al., 2023).

Haubonee pacnpocTpaHeHHBIMU MOJTMMEPHBIMH JeTpeccopamu
SBIISTIOTCSL  COMOJHMMEPBl  ATHJIEHa C  BHHWJIALETATOM, MOJHAJIKWIAKPUIATHI,
MOJMATKAIMETAKPHIATEl U (YHKIHOHAIN3UPOBAHHBIE COMOJIMMEPHI MaJIEMHOBOTO
aarugpuna (Martins et al., 2025). Cpeam HUX MNONHOKTAICIII(MET)aKpUIATHI
MPHUBJIEKAIOT 0c000e BHUMaHuUe Oaroaaps Hannunio 00koBeIx Hener C18, crnocoOHbIX
s dexTrBHO B3auMoeicTBoBaTh ¢ napadunamu. [lokazaHo, yTo ux 3pQeKTuBHOCTD
3aBHCUT OT MOJIEKYISIPHOH Macchl W XHUMHYECKOro cocraBa moiumepa. Kpome
TOTO, BBEJCHHE IOJSPHBIX COMOHOMEPOB IO3BOJISIET PErYIUpPOBATh JENPECCOPHBIE
cBoiicTBa. Tak, comoiauMepsl OKTaAeLWIaKpuiIaTa U METHIOyTeHoNa oOecreunBain
MakCHUMaJbHOE CHIDKCHHE TEMIIepaTypbl 3acThIBaHUS TIPH  ONPEACICHHOM
cooTHomieHMH MoHOMepoB (Yang et al., 2025). AHanoruuHble pe3yIbTaThl MOTyYeHbI
JUIsL COMTOJIMMEPOB BUHUIIALETaTa M OKTadenuiakpuiara (Dutta et al., 2025).

MaJienHOBBIH aHTHIPH] IIMPOKO MPUMEHSETCS B KaueCTBE MOISIPHOTO COMOHOMEpa
Onaromapsi BBICOKOM pEakMOHHOHW CIOCOOHOCTH aHTMApPUAHON rpymmbl. [TomMumo
BJIMSIHUSL Ha CBOWCTBA MCXOAHOTO COMOJMMEpPA, aHTHAPHIHBIE TPYMIbl MOTYT OBITH
XUMHAYECKH MOAU(HUUUpPOBaHbl. Peakuus co cnupTramMu OPUBOJUT K OOpa3OBaHMIO
CIIO’)KHOR(UPHBIX TPOU3BOIHBIX, TOT/Ia KaK B3aUMOJICHCTBHE C IEPBUYHBIMU aMUHAMU
COIPOBOXKAaeTCst 00pa3oBaHMEM UMHUIHBIX CTPYKTYp. Takas Moan(UKaus Mo3BOISIET
HU3MEHAITh XMMHYECKOe CTPOCHHUE TIONHMMeEpPa U, KaK CIEICTBUE, €ro B3aUMOJACHCTBHE
¢ mapaduHOBBIMH KpHcTaulamMd. Ilpu cuHTEe3e CcOmoNIMMEpoB Ha OCHOBE
QIKHJIAKPUIIATOB M MaJleMHOBOTO aHTHApPUAA IOKa3aHO, YTO COCTaB COMOJIHMMEpa
OKa3bIBaCT CYIISCTBEHHOE BIHMSHHUE Ha JienpeccopHyro s dekruBHocTh (Wagh et al.,
2025). Bmecre ¢ TeM BiIMsSHUE MOCIEAYIOMIEH 3Tepu(rUKaluy JTMHHOLETOYCYHBIMH
CIHUPTaMU U MMUAM3ALNN ATHHHOLETIOYEYHBIMI aMUHAMH U3yYEHO HEJOCTAaTOUHO.

D¢ (hexkTUBHOCTH AECTPECCOPHBIX MPUCAAOK OOBIYHO OLEHMBAIOT IO HW3MEHEHHIO
TeMIepaTypbl 3aCThIBAHUSI M BA3KOCTH He(TH. JOMONHUTENbHYI0 HH(POPMAIHUIO O
MeXaHU3Me JACHCTBUSI MPUCAAKH JAI0T PEOJIOTUUECKHE HCCIEJOBAaHMS, TTO3BOIISIOLINE
OLIGHUTH M3MEHEHHE CTPYKTYpHI MapaduHOBOHN ceTKH mociie 00paboTKH MOJTUMEPOM
(Shietal.,2024; Xiaetal., 2022). Kpome TOr0, MpUMEHEHHE MOJIUMEPHBIX ISITPECCOPOB
CHOCOOCTBYET CHMIKEHHIO MacChl M MEXaHHYECKOW MPOYHOCTH mapaduHOBBIX
omnoxkenuii (Wang et al., 2022).

Takum oOpazoM, aHamM3 JUTEPaTypHBIX JaHHBIX IOKa3bIBA€T, YTO BIUSHHE
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MOJILHOTO COOTHOLICHHUS! OKTaJelMIMETaKpuiaTa W MaJleMHOBOTO aHTUApHAa Ha
JenpeccopHyto 3 (PEeKTUBHOCTh M3YUYE€HO HEJ0CTAaTOUHO. [IpakTHUeCKH OTCYTCTBYIOT
CBEIEHUS O BIMSHUM MOCIEAYIOMIEeH dTepru(PHUKaLUU OKTaACKaHOJIOM ¥ MMUIU3ALNN
OKTaJelUIaMUHOM Ha cBoiicTBa conmonumepoB OJIMA-MA. [losTomy B HacrosIiei
pabote cHavana onpeeneHo ONTUMAIbHOE UCXOAHOE MosIbHOE cooTHomeHne OJJMA
nu MA, mocie yero HauOomnee 3pQEKTHBHBIN comonumep Obul MoaM(ULIUpPOBaH
OKTaJIeKaHOJIOM M OKTaICIUJIAMHUHOM C TTOCIIEAYIOUICH OIICHKOW BIMSHHS TOTYyYSHHbIX
MIPOU3BOIHBIX Ha CBOMCTBA BBICOKOTIApAPUHUCTON HE()TH MECTOPOXKACHHS AKIIA0yIaK.

JKcHepuMeHTANbHASN YaCThb. [lonyuenue cononumepos OLMA-MA

Cononumep OAMA-MA cuHTE31pOBaIN METOIOM PaAUKaIHLHON COMOTUMEPU3ALIH
B pacTBOpEe INpPH PAa3JIMYHBIX HCXOAHBIX MOJBHBIX COOTHOLICHHSIX MOHOMEPOB
(OAMA:MA = 1:1, 2:1, 3:1 m 4:1). Cxema peakuuu npeacTaBieHa Ha PUCYHKeE 1.

mH,C—=C + n HC—CH benzoyl peroxide

CHs
/

VAN 0C
>:o o N\, 0

PI/ICyHOK 1- COHOJ’II/IMepI/BaHI/Iﬂ OKTaACHWJIMETaKpuiIaTa ¢ MaJICMHOBBIM aHI'UIPUIOM

n

CigH370

CuHTE3 MPOBOIAMIN B YETHIPEXTOPIOH KPYIIOZOHHOH Koibe oObemom 100 mur,
CHaO)KEHHOH MEXaHWYECKOM MEIIaJKod, OOpaTHBIM XOJOAMIBLHUKOM, TEPMOMETPOM
1 CHUCTEMOH HoJauyu a30Ta. PeakMoHHYI0 cMech, COAEPIKAILyI0 MOHOMEpPHI U 13 Mi
TOJIyOJIa, HarpeBaJli MPU HENPEPBIBHOM NMPOJYBKE CYyXHUM a30TOM B TeueHue 30 MHH.
[Tocne noctmxenus Temneparypsl 80°C B peakIIMOHHYIO CUCTEMY BBOJIMIM TEPOKCHT
oenzomna (1 mac. %), mpeaBapuTeNbHO PACTBOPEHHBIM B 6 MJI TOJYOJa, PaBHBIMU
nopuusAMH uepe3 Kaxkple 30 MuH B TeueHre nepBbIX 2 4. CONoIIMMepHU3aLuIo IPOBOAIN
ripu 90°C B Teuenue 6 4. [losydeHHBII conoimMep OUUILAIN TOBTOPHBIM OCaXIEHUEM
B 9TaHOJIC U BBICYLIMBAIH 1101 BakyyMoM 1pu 50°C. O6pasisl ¢ HCXOTHBIM MOJIBHBIM
cootHomenueM OJIMA:MA 1:1, 2:1, 3:1 u 4:1 o603naunau kak OM-1, OM-2, OM-3
1 OM-4 cOOTBETCTBEHHO.

Moougpurayus cononumepoe OIMA-MA

Moaunpukanuio ocymecTBIs UM peakuusiMu dTepuduranuu ¢ okragekanoaoM (O/])
u umuan3anuu ¢ okragenuiamuaoM (OLA) (pucyHok 2).
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H ,CH3—‘ { H H
c—¢ c- C\ 4 HONDISISSSASASASS  toluenesulfonic acid
(@] O= C/\ /C:O octadecylamine 150°C
CqgH370 O
m -n

H ,CHJ —‘ Ha ,CH3—‘ ( H H W
2 H H c H

_oeresulonicas C_‘S: f*% o c— = ‘ (|3
150°C o o:(‘: C=0 0=C c=0
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OH NHC15H37
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PucyHok 2 — YpaBHeHHE MOTU(DHUKALINN COTIOIUMEPA C OKTAJICKAHOJIOM (a) M OKTaaeiuiaaMuHoM (0).

Peaknuro mpoBomunu B 100 M KpyIIOMOHHOW Koibe, OCHAICHHOW HacamaKou
Huua-Crapka s KOHTPOJS KOJWYECTBA BBIACISIONICHCS BOABL. B peakimnoHHyIO
CMECh JI00aBIISIU M-TOyoJICYnbokuciory (1 mac. %), paCTBOPEHHYIO B KCHIIOJIEC,
MOCJIe YeT0 TeMIIepaTypy NoCcTeneHHO moBbImanu 10 150°C. Peakiuio mpoaomkaii B
TeueHue 8 4u. [lomydeHHble MOTU(PHUIIMPOBAHHBIC COTIOJIMMEPHI OYHIIAIN TTOBTOPHBIM
OCaXJICHUEM B dTAHOJIC U CYIIHIIN 1101 BakyyMoMm mipu 50°C.

Dusuro-xumuneckue xapaxmepucmuxu 0opasyog. UK-dypbe-crieKTpockonnieckre
HCCIe0BaHusl poBoawin Ha crekrpomerpe Nicolet 5700 B auana3oHe BOJIHOBBIX
gqucen 400-4000 cm!. MomekynsapHyI0 MacCy MOIUMEPOB OMPEACISIIA METOIOM
akckiro3nonHor xpomarorpadun (SEC) na npubdope PSS SECcurity? GPC/SEC ¢
WCTIOJIb30BaHUEM TeTparuapodypana B KauecTBe OJIIOCHTA. XapaKTePUCTHUECKYIO
BSI3KOCTh OTPENEINSUId METOJIOM XarruHca IyTeM OKCTPANoJsIHUA 3aBUCHMOCTH
MPUBEIEHHON BSI3KOCTH nyﬂ/C K HYJIEBOM KOHIIEHTpauuu noiumepa. Kaxyuryrocs
BS3KOCTh 00pa3loB HEPTH H3MEpsUIM Ha POTAIMOHHOM peoMmeTpe Anton Paar
RheolabQC (ABcTpusi) ¢ UCHONB30BaHUEM IporpaMMHoro obecriedenust RheoPlus
u u3MeputenbHOM cucteMbl DGR-42. Ilepenm mpoBemeHueM u3MepeHUN 00pasiibl
ucxonHoi HepTH 1 HePTH ¢ pUcaakol TepmoodpadarsiBanu npu 60°C B TeueHue 30
MHUH, TIepeMEIuBas Kaxasle 5 MuH. 3areM ux oxiaxaanu g0 30°C u mepeHocuin B
H3MEPUTETBHYIO CUCTEMY peoMeTpa. VizMepeHus IPOBOJIUIIN ITPH ITOCTOSTHHOM CKOPOCTH
casura 10 ¢! u ckopoctr oxnaxaeuus 25°C/4. Temmeparypy 3acThIBaHHS 00pasIoB
He(TH ompenessi B cooTBeTCTBHH co crannaptom ASTM D5853. TemneparypHsrii
pexuM nojepkuBain ¢ momormisio Tepmocrara LAUDA ECO RE 200.

Pesyabrarel. OCHOBHBIE XapaKTEPUCTHKH CHHTE3WPOBAHHBIX COIMOIUMEPOB
npecTaBjIeHbl B Tabwuie 1.

Tab6nuna 1 — OcHOBHBIE napaMeTpbl CAHTE3UPOBAHHBIX COIIOJIUMEPOB

Ob6pasen Beixon, % M,,, r/mMoIb M, r/monp D
OM-1 87 85 874 32901 2.61
OM-2 89 96 397 22 735 4.24
OM-3 91 87 262 28 164 3.09
OM-4 92 79 973 34323 2.33

OM-3-O/1 77 91 697 30021 3.05
OM-3-O1A 82 83290 29172 2.86
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Kak BuaHO M3 Tabauubl 1, BEIXOA CHHTE3WPOBAHHBIX COMOJIMMEPOB cOCTaBmI 77-
92%, 4TO CBHIETEIBLCTBYET O BBHICOKOM 3(h(hEeKTUBHOCTH Ipolecca MOJTUMEPU3ALHH.
Jlnst uccre1oBaHHbIX 00pa3IoB 3HAYEHHs CPEIHEBECOBOM MONIEKyIApHO Macchl (M)
HAXOWIUCH B Anana3one ot 79 973-96 397 r-monb ™!, a cpeHeUnCIIOBON MONEKYIISPHOM
Macchl (Mn) ot 22 735 1o 34 323 r-mone!. Maaekce nonuaucnepcuoctu (D) coctaBun
2,33-4,24, 4TO CBUAETEIBCTBYET O pA3JIMYHONW MIMPUHE MOJIEKYJIIPHO-MAcCOBOIO
pacnpeeseHns CHHTE3UPOBAaHHBIX cONOIUMeEpOoB. [lonyueHHbIe TaHHbIE TTOKA3bIBAIOT,
YTO W3MEHEHHE HCXOJHOTO MOJIBHOTO COOTHOIIEHHMSI MOHOMEpPOB B pEaKLHOHHON
CMECH U MOCJIEAYIOIas XUMHUecKas MOAU(PUKAIHMS COMPOBOXKAAIOTCS M3MEHECHHEM
MOJIEKYJIIPHO-MAaCCOBBIX XapaKTePUCTUK CUHTE3UPOBAaHHBIX COMOJIUMEPOB.

Ha pucynke 3 mpencraBinenst MK-cnextpsr conomumepo OAMA-MA,
CHUHTE3MPOBAHHBIX IIPH Pa3IMUHBIX UCXOAHBIX MOJIBHBIX COOTHOILIEHUSX MOHOMEPOB.

0.80 T 06 1311452025 OOV W1 21
0751

§ el

Absobance
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8
28
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PI/IcyHOK 3 — I/IK-CHGKTpH COIIOJIMMEPOB ITPU Pa3JIMYHBIX UCXOAHBIX MOJIbHBIX COOTHOMICHUAX

OIMA-MA.

Kax Bugno u3 pucynka 3, MK-crekTpbl cononuMepoB ¢ pa3iMuyHbIMH UCXOAHBIMHU
MOBHBIME cooTHomeHusMu O/IMA u MA uMeroT cxXofHwlii xapakrep. Bo Bcex
CTIEKTpax HabIIFOMAI0TCS MOIOCHI mororieHus mpu 2921 u 2851 cm!, cooTBeTCTBYyIOIIHE
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BaJeHTHBIM KonebaHusiM C—H cBsi3eil METHIBHBIX M METHJICHOBBIX Tpymi. [lomockr
npu 1857 n 1783 cm™! oTHOCATCS K BaJCHTHBIM KOJICOAHHUSAM KapOOHHJIBHBIX TPYIII
MaJICHHOBOTO aHTWApHIa, a moioca mpu 1728 cm!' cOOTBETCTBYeT BaJCHTHBIM
koneOanusiM C=0O-cBsizelr cnoxkHOd¢upHbIX Tpynn OAMA. Ilomocel npu 1468 wu
1377 cm! obycnosaensl aehopmannoHHbiMu koiebanusmu C—H-cBs3el anKMIbHBIX
rpynm. Ilomocer mpu 1241 u 1151 cm' ortHOCcsTCs K KoneOanusm C—O-cBszeit
CIIO)KHOR(UPHBIX (hparmMeHToB. Hanmnune ykazaHHBIX MOJIOC BO BCEX HCCIIEAOBAaHHBIX
o0pasuax noaTBepxaaeT oopazosanue cononumepoB OJAMA-MA.

Hdns  onpeneneHuss — XapaKTEPUCTHUECKOM  BA3KOCTH  CHHTE3MPOBAHHBIX
cononumepoB OJIMA-MA wucronb30Bany BHUCKO3UMETPHUUECKHH METON. 3HaueHHE
XapaKTePUCTUYECKON BSI3KOCTU OMPEACISIIA METOAOM JKCTPAIOJSIMH 3aBUCHMOCTH
MPUBEACHHON BA3KOCTH K HYJIEBOH KOHLEHTpAMH (PUCYHOK 4).

0,34

0,30

MpuBeaeHHasn BA3KOCTb,AN/T
o
[N
N
1

» I 4 T » T . T T T
0,0 0,2 0,4 0,6 0,8 1,0
KoHueHxTpauus, r/an

Pucynok 4 — 3aBUCHMOCTb IPUBEACHHOH BSI3KOCTH OT KOHIEHTpauuu conoimmepos OJIMA-MA
HPH PA3JIMYHBIX HCXOJHBIX MOJBHBIX COOTHOLIEHUAX MOHOMEPOB.

Hapucynke4 npencraBieHbl 3aBHCUMOCTH IPUBEIEHHON BA3KOCTH OT KOHIICHTPAITUHI
ns cononumepoB  OJIMA-MA, CHHTE3UMPOBAHHBIX NPU PA3JIUYHBIX HMCXOJHBIX
MOJIBHBIX COOTHOIIICHUSAX MOHOMepoB. HambOosbiiee 3HaYeHNE XapaKTepHUCTUIECKON
Bs3KocTH, paBHoe 0,2744 mii/r, yctaHOBIEHO 115 commonnMepa OM-2, KOTOPBIN Takke
XapaKTEpU30BAJICA HAUOOIBIIEH CPETHEBECOBON MOJIEKYIAPHON Maccot M = 96 397
r/monb. Jlmsa comonmmepa OM-3 xapakTepucTudeckasl BS3KOCTh cocrtaBmia 0,2193
TUT/T TIpU M =87262 T/MOJB.

Henpeccopayto 3(h(}HEeKTUBHOCTh CHHTE3WPOBAHHBIX COMOJIMMEPOB OIIEHWBAIHN
METOJIOM PEOJIOTHYECKOTO aHanmm3a HedTh MecTtopokiaeHus Axmradymak Tmpu
KoHUeHTpauuu npucanok 750 ppm. IlomyuyeHHble pe3ysbTaThl MPEACTABICHBI Ha
pUcyHKe 5.
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PucyHnok 5 — BinsiHMe HCXOHOTO MOJIBHOTO cooTHoueHust MoHomepoB O/IMA u MA Ha
peoJIorniYecKue CBOMCTBA HehTH MECTOPOXKICHUS AKIaldyax.

Ha pucynke 5 mnpenctaBieHbl 3aBUCHMOCTH KaXKYIIEHCS BSI3KOCTH HedTH
MECTOPOXKJIeHUS AKIIa0ylak OT TeMIIeparypbl B MPUCYTCTBUU JACMPECCOPHBIX
mpucasok Ha ocHoBe comoiaumepoB OM-1, OM-2, OM-3 u OM-4. Hawubomnee
BBIpQXKCHHOE CHIDKEHHE HaOmromaeTcs it oopasiia OM-3, KOTOpeIid oOecrieunBacT
MUHHMaJIbHbIE 3HAaUCHUS BA3KOCTH BO BCEM HCCIIEIOBAHHOM JIMAITa30HE TEMIIeparyp.
[To >Q}eKTUBHOCTH CHWKEHHUS KaXKyIIEHCs BSI3KOCTH HCCIICIOBAHHBIC MPUCATKU
pacrionararorcst B cienyromeM mopsimke: OM-3 > OM-2 > OM-4 > OM-1. Ha
OCHOBAaHWUW TIOMYYCHHBIX pe3ynbratoB OM-3 Obul BBIOpaH I JadbHEHIIEH
XUMHAYECKOH MOTUPUKAIIMN OKTACIIMIAMHUHOM U OKTaICKaHOIOM.

UK-criekrpsl MOIHU(UIIMPOBAHHBIX COMOJIMMEPOB MPEICTABICHBI Ha PUCYHKE 6.

15 PRy 28139322023 MRS 1 10 Fm s ORINCD
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Pucynox 6 — UK-cnexrpsi cononumepa OAMA-MA (3:1) nocne moanduxamun OA (a) u O (0).
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B cniekTpax 060nx MoaupULIUPOBaHHBIX COMOIMMEPOB HAOTIOAAIOTCS XapaKTePHbIE
moJockl mormoreHus mpu 291912851 cM™!, COOTBETCTBYOIINE BATICHTHBIM KOJICOAHHSIM
C-H cBs3eit MeTHIbHBIX U MeTHICHOBBIX rpymn. [lomoca npu 1730 cm' otHOCHTCS
K BQJICHTHBIM KOJE€OaHHSAM KapOOHWJIBHOW TPYMIBI CIOKHO(DUPHBIX (pparMeHTos,
a momoca okono 1703 cm! cooTBeTCTBYyeT KONeOaHHSIM KapOOHHIBHOH T'PYIITbI
umuHOTO pparmenta. [Tonock mpu 1468 u 1377 cm! oTHOCATCS K 1e(hOPMAIIHOHHBIM
konebanusim C-H cBsizeii ankunbubix rpyni. [Tonoca mpu 1403 cm' coorBercTByeT
konebanusimM cBsizu C-N, a monockl ipu 1241 u 1151 cm!' oTHOCSTCS K KONeOaHUAM
ceazu C-O. s OM-3-OJIA mabmomaercst mosnoca okoiao 1703 cm!, Torma kak B
criektpe OM-3-O/] coxpansitorcst monocsl B ooiactu 1780-1850 cm'.

Hapucynke 7 npencraBieHbl 3aBUCUMOCTH IPUBEIEHHON BA3KOCTH OT KOHIIEHTPAL[UH
111 ucxoHoro conoiumepa OM-3 u ero Monu(pUIMPOBAHHBIX TPOU3BOTHBIX.

— OM-3

0,25

0,24

0,23

0,22

MpuBeneHHan BA3KOCTb, AN/r

0,21 A

0v20 T T T T T T T T T
02 03 04 05 06 07 08 09 10 11
KoHueHTpauums, r/an

Pucynok 7 — 3aBUCUMOCTb MPUBEJIEHHON BA3KOCTH OT KoHUEeHTpauuu OM-3 u
ero MouduIpoBaHHbIX pou3BoaHBIX OM-3-O/1 u OM-3-OJ1A.

[Mocne mopuduKaIy OKTaIeKaHOJIOM XapaKTePUCTHUECKAsI BI3KOCTh YBEIUYHIIACH
¢ 0,2193 mo 0,2344 mu/r. Tlocne MoAaudUKAIMK OKTAJCIHUIAMUHOM €€ 3HauCHHUE
coctaBmwio 0,2169 mi/r. Takum oOpazom, it OM-3-O/] HaOm0aI0Ch yBEIUUYCHUE
XapaKTEPUCTHUECCKON BSI3KOCTH OTHOCUTENBHO ncxomaHoro OM-3, toraa kak mist OM-
3-OJ/1A oTMeUeHO ee HE3HAUNTEIIbHOE CHIKCHHE.

Brusinue XxuMudeckodl MomuUKanMKA  Ha  JIENPECCOPHYI0  APPEKTHBHOCTD
OIICHUBAJIM TI0 PEOJIOTMYECKHM CBOHCTBAM HE(PTH MECTOPOXKICHHUS AKIIalyliak B
npucyTcTBUU cononumepoB OM-3, OM-3-O/1 u OM-3-O/IA nipu xoHueHTpauuu 750
ppm. Pe3ysbraThl MPeACTaBICHBI HA PUCYHKE 8.
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Pucynox 8 — Biaussare OM-3 1 ero MoanUINpPOBAaHHEIX IPOU3BOIHBIX Ha TEMIICPATyPHYIO
3aBUCHMOCTH K)XyIIEeHCsI BI3KOCTH He()TH MECTOPOXKIeHHsT AKITa0yIIaxk.

Bce wccnenoBaHHbIE COMOMMMEPHl MpH  KOHIEHTpauuu 750 ppm CHHXKAIOT
Ka)XYIIYIOCS BI3KOCTh HE(TH 10 CPABHEHUIO C HCXOTHBIM 00pasuoM. [1pu Temmeparype
10°C xaxxymiasicsi BSI3KOCTb MCXOAHOH HedTH coctaBisieT okono 0,087 Ila-c. [pu
BBesieHnr OM-3, OM-3-O/] u OM-3-OJIA ona camxkaetcs 10 0,025, 0,031 u 0,045 I1a-c
co0TBeTCTBEHHO. C MOBHIIEHUEM TEMIIEPATYPhI BI3KOCTh BCEX 00pa3LioB YMEHBILIACTCS,
a pa3Inuus MEXIy HUMHU CTaHOBSITCS MEHEe BhIpaKCHHBIMU. HaumeHbIne 3HaYSHUS
BSI3KOCTH BO BCEM HCCJICJOBAHHOM JMala3oHe TeMIeparyp 00ecreurnBaeT NCXOAHbIHN
conoyiumep OM-3. Cpenu Mo (UIIMPOBAHHBIX COMIOIUMEPOB 0OJICe HU3KHUE 3HAYCHUS
BsI3kOCTH monyueHsl st OM-3-O/1 o cpaBuenuto ¢ OM-3-OJIA.

Jlis OLIGHKM BIUSHHUS HCCICIyeMBIX COIOJIMMEPOB Ha HU3KOTEMIIEpaTypPHbBIS
CBOWCTBA HE(PTH MECTOPOXKICHHUS AKIIAOylTaK OINpele/suld TeMIeparypy ee
3aCTBIBAHUS TPH KOHIEHTpamuu mnpucagaok 750 ppm. IlomydeHHbIE pe3ynbTaThl
MPENICTaBICHBI B TA0IHIIE 2.

Tabnuma 2 — BausiHue comoarmMepoB Ha TeMIepaTypy 3acThIBaHUs He(pTH AKmIalyTak

Jo3upoBka Temneparypa CHmKeHHe TeMIeparypbl
Obpazen ° o
npucaaku, ppm | 3acteiBanus, °C |3acteiBanus, °C
Hedtp MecTopoxiennst Akmabyiak | - 9 -
OM-3 3 6
OM-3-O/1 750 6 3
OM-3-OJIA 3 6

Temmeparypa 3acTbiBaHus wucxomHoW HedTu coctaisger 9°C. Comoaumepbl
OM-3 u OM-3-O/IA cHmkaroT TeMmieparypy 3actbiBanus q0 3°C, obOecrnieunBas ee
cHmkenne Ha 6°C. Cononumep OM-3-O/1 cHmxaet Temnepatypy 3acTeiBanus 10 6°C,
YTO COOTBETCTBYET cHIDKeHHIO Ha 3°C. Takum o0pazom, cpenn MOTUPHUIIMPOBAHHBIX
obpaznoB OM-3-OJIA oGecnieunBaeT Oosiee BBIPRKEHHOE CHIDKEHHE TEMIIepaTyphbl
3acThIBaHUS 10 cpaBHEeHUIO ¢ OM-3-O/1.
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Oo6cy:xnenne. [lonydeHHbIe pe3ysibTaThl MOKA3BIBAIOT, YTO HCXOAHOE MOIJILHOE
cootnomenne OJIMA u MA oka3piBaeT CYIIECTBEHHOE BIUSHHE PEOJOTHUYCCKHEC
CBOWCTBA HE(PTH B TNPUCYTCTBHHM CHHTE3UPOBAHHBIX comoiuMepoB. [Ipu 3ToM
pasnuuus B 3(G(EKTUBHOCTH HE CBsi3aHbl € 00Opa30BaHMEM MPHHIUINAIBHO
pa3nuyHbIX (YHKIMOHAJBHBIX Tpynn, NockolbKy WK-crekTpsl comoiamMepoB c
Pa3IMYHBIMH UCXOAHBIMH MOJBHBIMH COOTHOIICHUSIMH MOHOMEPOB MMEIOT CXOJIHBIH
xapakTep. XapakTepHble TOJIOCHl aHTHIPUIHBIX, KAPOOHWIBHBIX U AJKHIBHBIX TPYIII
MIPHUCYTCTBYIOT BO BCEX MCCIEAOBAHHBIX 00pa3iiax, uTo MOATBEPKIaeT o0pa3oBaHue
cononumepoB OJIMA-MA u coxpaHeHHE UX OCHOBHOTO XUMHYECKOTO CTPOEHUS MPH
W3MEHEHWH MCXOJTHOTO MOJILHOTO COOTHOIICHHS MOHOMEPOB B PEaKIIMOHHOW CMECH.
OTH CHeKTpallbHbIe XapaKTePUCTUKU COTIIACYIOTCS C JTAHHBIMH, MPUBEICHHBIMH IS
MOJIMMEPOB, COACPKANIUX ManeuHOBbIM aHruapun (Nasirtabrizi et al., 2013; Varga,
2023).

3HaueHUs XapaKTePUCTHYECKOH BSI3KOCTH B ILIEJIOM COIIACYIOTCSI C MOJIEKYISPHO-
MAacCCOBBIMU  XapaKTEPUCTUKaMH  HCCIEIyeMBbIX  COMoNuMepoB. Haumbonbiras
XapakTepuCTUYeCKast BA3KOCTh ycTaHoBieHa st OM-2, KOTOpBI TakkKe HMeeT
MaKCHMaJIbHOE3HAYCHUE MOJIEKYIISIPHOM MacChl. 9TO COOTBETCTBYETOOIIEH 3aBUCUMOCTH
XapaKTePUCTUICCKON BS3KOCTH OT MOJEKYISIPHOH MacChl W THIAPOJUHAMUYECKOTO
o0beMa MaKpOMOJIEKYIT B pacTBope. BMecTe ¢ TeM MakcuMalibHasi MOJICKYJIsIpHAs Macca
W XapaKTepUCTHYECKasl BS3KOCTh HE O0ECIeUMIM MaKCUMAallbHYIO0 JIeNpecCOpPHYIO
3¢ (HEeKTUBHOCTD, MOCKOJIbKY HaWOOJIbIIEEe CHIKEHUE BA3KOCTH He(TH HAOII0AaI0Ch
it OM-3. D10 ykasbiBaeT Ha TO, 4TO 3(P(HEKTUBHOCTh MCCIIENYEMbIX COIMOIMMEPOB
OTIPE/IENISIETCS HE TOJBKO HMX MOJIEKYISPHO-MACCOBBIMU XapaKTEPUCTUKAMH, HO H
COOTHOIIEHHEM (YHKIMOHATIBHBIX ()PArMEHTOB MaKPOMOJICKYJIbI.

HauGombiias a¢dextuBHocts OM-3 yka3bpiBaeT Ha ONTUMAIbHOCTH HCXOIHOTO
MosbHOTO cooTHOIIeHuss OJJMA u MA. JlenpeccopHoe JIefiCTBUE COMTOIIMMEPOB MOXKET
OBITh CBS3aHO C UX IPeOHEOOpPA3HBIM CTPOCHHEM. J[ITMHHBIC ANKHIIbHBIE 3aMECTHTEIH
OIMA cnocoOHBI y4acTBOBaTh B COBMECTHOH KpHUCTALIM3AIMU C H-apaduHaMH,
H3MEHSST POCT M OoObenuHeHHe mnapaMHOBBIX KPHCTAJUIOB, TOTNA KakK IOJSPHBIC
3BEHbSI MOTYT MPENSATCTBOBATH UX JajibHEWIIel arperannu. B pe3ynbrare ocnabdmusercs
(dbopMHpOBaHUE TMPOCTPAHCTBEHHOW NapaUHOBOW CTPYKTYpBI, YTO CIIOCOOCTBYET
cHIKeHHo BsizkocTh Hedtu (Ansari et al., 2022; Li et al., 2024). Ananornynas
3aBHCUMOCTh 3()(HEKTUBHOCTH OT COCTaBa COIMOJIUMEpa OTMEUeHa B JUTEparype.
Jiist comonuMepa OKTaJIelIakKpuiiaTa ¢ METHIOYTEHOJIOM HAWITY4IIHe [TOKAa3aTelH
ObUIM TONTyUYeHBbI TpH MOIBHOM cooTHomenuu 3:1 (Yang et al., 2025), Torna xax s
COIIOJIMMEPOB OKTAACHMIAKpUIIaTa CO CTHUPOJIOM MakcumalbHas 3(QeKTuBHOCTD
Habronanack npu cootnomenunn 3:2 (Fu et al., 2020). CnenoBarenbHo, yBeTHueHHE
JIOJTH JUTHHHOIICTIOYEYHOTO MOHOMEPa Camo 1o ce0e He MPUBOAUT K IOCIIeI0BATEILHOMY
MOBBIIICHUIO JIETIPECCOPHOI APPEKTUBHOCTH, a ONTHMAJIBHBIN COCTAB ONpeAeseTCs
MPUPOION W COOTHOLICHWEM 000MX 3BeHbeB. bonee Hu3kas addexrnBHOCTE OM-1
MOXET OBITh CBsI3aHA C HEAOCTATOYHOH JIOJICH JJMHHBIX ANKHIBHBIX 3aMECTUTEIEeH,
torma kak B OM-4 yMeHbIIIEHHE COMSp)KaHUS 3BEHbEB MA, BEpOSTHO, HapyIIaeT
ONITUMAIIbHBIN 0aTaHC KOMIIOHEHTOB COTIOJINMEDA.

91



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Xumnueckas Mogudukanns OM-3 OKTaIeKaHOIOM M OKTaACHMIaMUHOM MpHUBEJa
Kk u3MmenenusiMm UK crekTpoB, xapakTepHbIM Ui 00pa30BaHMs COOTBETCTBYIOIINX
(yHKUMOHATIBHBIX NMpOou3BOAHBIX. llosiBnenue monocsl okono 1703 cm™ B cmekTpe
OM-3-O/IA MoxeT OBITH CBsI3aHO ¢ 00pa3OBaHMEM HMMHUAHBIX CTPYKTYp, TOrAa Kak
coxpaHnenue nosnoc B obmactu 1780-1850 cm' B cnekrpe OM-3-OJ] ykas3biBaeT Ha
HaJIW4YMe HENpopearupoBaBlIMX aHTHApuAHbIX Tpynn (Jin et al.,, 2019; Shin and
Koenig, 2002). DT u3MeHEHUs MOATBEPKIAIOT MPOTEKAHUE PEaKIUH XMMHUYECKOH
MOIU(HKALNN KCXOTHOTO CONOIMMEPA.

Moaunukanys TakKe MOBIUSIIA HA XapaKTePUCTHYECKYIO BI3KOCTh COIOJIMMEPOB.
Ee yBenmuuenue ains OM-3-O/] o cpaBHeHuUt0 ¢ ucxoaHbIM OM-3 MOXKeT OBITh CBA3aHO
c o0pa3oBaHHEM CIOKHOY(DUPHBIX TPYNNI W HM3MEHEHHEM THIAPOJUHAMUYECKOTO
o0beMa MakpoMoJeKya B pactBope. B cimyuyae OM-3-O/1A nabmropanoch HeOOIbIIOE
CHIDKCHHE XapaKTEPUCTHYECKOH BA3KOCTH, YTO MOXKET OBITh 0OYCIOBICHO
o0pa3oBaHMEM HMMHUAHBIX TPYNI M M3MEHEHHEM NPOCTPAHCTBEHHOH KOH(opManuu
MakpoMmosekya. Takum o0pazom, mpupona GpyHKIHMOHAIBHBIX TPYII, 00pa3youuXcs
pyu MOAU(UKALIUY, BIMSET HAa IPOCTPAHCTBEHHBIE XapaKTEPUCTUKH CHHTE3UPOBAHHBIX
COIOJIIMEPOB.

Hecmorpst Ha ycnemHyioo XxuMmuueckylo wmoxudukanuio OM-3, ucXomHbIH
COIOJIUMEP MPOIEMOHCTPUPOBAI HanOoee BBIPAKCHHOE CHIKCHHE Kaxyllencs
Bsizkoctu Hedtu. [Ipu 10 °C OM-3 cuusuin ee 10 0,025 Ila-c, Torga kak 3HaUCHUS JIs
OM-3-OJ1 u OM-3-OJIA coctauau 0,031 1 0,045 ITa-c cOOTBETCTBEHHO. ITO MOXKET
OBITH CBA3aHO C coxpaHeHrneM B OM-3 onTHMaibHOTO COOTHOIICHHUS TUAPO(POOHBIX
U TOJSIPHBIX (parmeHToB, obecmeunBarouiero 3((EeKTUBHOE B3aMMOICHCTBHE C
napauHOBBIMHM KPUCTAJUIAMHU M MPEISTCTBYIOMIETO X POCTY M arperanuu. JlanHoe
MPEINONIOKEHHE COITIacyeTcsi C JIMTepaTypHbIMH JaHHBIMH, COIJIACHO KOTOPBIM
nenpeccopHas 3(p(EeKTUBHOCTh COMOIMMEPOB Ha OCHOBE MalleMHOBOTO aHTHIpPUIA
OTIPENEIISIETCS. X XUMHUYECKUM COCTAaBOM M OamaHcoM TUAPOQPOOHBIX M MOJSPHBIX
¢parmentoB (Wu et al., 2012).

Cpenu MomudunupoBanHbix o0pasio OM-3-OJ okazancs apdpexkruBaee OM-3-
OJIA 1o CHW)XKEHHIO KaXKYIICHCS BA3KOCTH. DTO pa3iIHuue MOXKET OBITh 00YyCIOBIEHO
HW3MEHEeHHEM OasiaHca MOJISIPHBIX U THAPO(GOOHBIX (HParMEeHTOB MOCiIe MOAUDUKALIH
oktagexanosoM. B cimydyae OM-3-OJJA oOpa3oBaHue UMHIHBIX (YHKLIHOHAIBHBIX
TPy U3MEHSET MOJIIPHOCTD U CTPYKTYPY COMOIMMEPA, YTO MOXKET BIUSTH HA XapaKTep
€ro B3auMOJEHCTBUS ¢ NapaMHOBBIMU KOMIIOHEHTaMHU He(TH. Biusiane Xxumuueckon
MOIU(HKALNUK COMOJUMEPOB MaJIeMHOBOIO aHTUApPUAAa Ha HUX JEHPEeCCOPHYIO
3¢ deKTUBHOCTH Takke oTMeuaioch panee (Cao et al., 2015).

[Ipu 5TOM pe3ynbTarhl ONpeAeicHUs TeMIepaTyphl 3aCTHIBAHUS JTEMOHCTPUPYIOT
HECKOJIBKO MHYIO 3aBUCHMOCTb. OM-3-OJIA cHmkaeT Temmeparypy 3acTbIBaHHS
ucxoaHoi HedtH ¢ 9 10 3°C u mo 3ToMy nokasarento npeBocxoaut OM-3-O/1, koTopslit
cHmwkaer ee Tonpko g0 6°C. Takum oOpasom, mMoaupuKanus OKTaJAeUHUIaMUHOM
okazanach 0ojee dQPEeKTUBHON B OTHOLICHWH CHW)KEHUS TEMIIEpaTyphl 3aCThIBAHHS,
TOrJa Kak MOJU(UKALMs OKTaJIeKaHOJIOM oOecreunia Oosiee BEIpa)KEHHOE CHIDKEHHE
KaXylIencsi BS3KOCTH Cpedu MOIUGHUIMPOBAHHBIX 00pa3noB. OJTO IMOKa3bIBaET,
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YTO BJIHMSHUE XUMHYECKOH MOJU(HKALNU Ha JIENPECCOPHBIC CBOMCTBA HE SABISETCS
OJJHO3HaYHBIM M 3aBUCHUT OT OLIEHMBAaeMOro mnapameTpa. B 1memoMm mnosydeHHbIe
pe3yabpTaThl CBUAETEILCTBYIOT O TOM, YTO JUIsSl YIyUIIEHUS PEOJOTHYECKUX CBOWCTB
He(pTH HEOOXOAMMO YUYMTHIBATh HAJIWYHME AJUHHOLETOYEYHBIX W  TOJISAPHBIX
(parMeHTOB, a TAK)KE yCIIOBHUS MOTYyYSHHS M TOCIEYIONe XUMIUUe KO MOTU(PUKALINN
cornoyiuMepa.

3akuouenue. B Hactoseit padore comonmumepsl OJIMA-MA Obutn ycreniHo
CHUHTE3MPOBAHbI MPU Pa3IMYHBIX HCXOJHBIX MOJBHBIX COOTHOLIEHUSX MOHOMEpPOB U
oxapakTepHu3oBaHbl ¢ ucnonb3zoBaHueM NK-Dypre-crnekTpockonuu, BUCKOZUMETPUI
n peojorudeckux ucciaenoBanuil. MK-cnexTpockonuueckuil aHain3 MHOATBEPAMI
o0pa3oBaHHE COMOIMUMEPOB, a TAKXKe YCIEUIHOE MPOTEKAHUE PEaKIHid dSTepUPUKALINN
OKTaJIeKaHOJIOM W HWMHUJIU3aLMM  OKTAJCIMJIAMHUHOM,  CONPOBOXKIABIIMXCS
MpeBpallleHueM aHTHIPUAHBIX TPYNI B COOTBETCTBYIOIIME (YHKIHMOHAIbHBIC
Mpou3BOAHbIE. Peosornueckue MCCleNOBaHUA MOKa3ajid, 4YTO HMCXOIHOE MOJIBHOE
COOTHOLIEHHE MOHOMEpOB OKa3bIBAET CYIECTBEHHOE BIMSIHHE Ha JIEMPECCOPHYIO
3G PEKTUBHOCTh IONYYEHHBIX MaTepuasioB. Haumbonee BbICOKME TOKa3aTeiu
MIPOAEMOHCTPHUPOBAI COMOJIUMEP C UCXOAHBIM MOJBHBIM cooTHoIeHneM OJJMA:MA
= 3:1, obecrneunBIINi MaKCUMaJbHOE CHMKCHHE BSI3KOCTH HE(PTH. YCTAHOBJICHO,
YTO XUMHYECKass MOAU(HKALUSA BIUSET HA XapakTEPUCTUUYECKYIO BI3KOCTh H
JIeTIpeccopHbIe cBOMcTBa cononumepoB. OM-3-O/] obecrnieunBan 6osee BhIpaKCHHOE
CHIDKEHHE KaxylleWcs Bs3KocTH, Torga kak OM-3-OJIA  nemoHcTpupoBai
Oosiee 3HAYMTENBHOE CHW)KEHHE TeMmIeparypsl 3acThiBaHUs He(dTH. [lomydeHHbie
pe3yabpTaThl MOKa3bIBalOT, YTO ONTUMHU3ALMS HCXOAHOTO MOJIBHOTO COOTHOILIEHUS
OIMA u MA sBnsieTcst KJIIOYEBBIM (PAKTOPOM, OINPEACINISIOUINM PEOTOTUYECKYIO
3G PEKTUBHOCTH UCCIIEIOBAHHBIX COMOIMMEPOB, TOTa KaK MOCIeIyOIas XHMUYecKast
MOIU(HKALUS O-Pa3HOMY BIIMSIET Ha BA3KOCTh U TEMIIEPATYPy 3acThbIBaHHUS HE(TH.
Cunre3upoBansbii cononumep OJJMA-MA ¢ uCX0JHBIM MOJIBHBIM COOTHOILIIEHHEM 3: 1
MOXKET pacCMaTpUBaThCs Kak MEPCIEeKTUBHASL OCHOBA AJIsl pa3padoTKu 3(h(EeKTUBHBIX
MOJIMMEPHBIX  JIENIPECCOPOB, TPEAHA3HAYCHHBIX JJIs MOBBIIICHUS TEKYy4ecTH U
YAYUIIECHUS TPAHCIOPTHBIX XapaKTEPUCTHK BHICOKOMAPA(PUHUCTHIX HEPTEH.
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Abstract. In this article, the structural properties of nanocellulose membranes
obtained from agricultural waste were studied. Alfalfa and oat straw were used as raw
materials for membrane production. The extraction process included the following stages:
alkaline and acid treatment and a bleaching process to remove lignin and hemicellulose
components from the plant biomass. The obtained cellulose was mechanically dispersed
to form nanosized suspensions, and nanocellulose membranes were prepared by solvent
casting. Various modifiers were introduced into the nanocellulose matrix to change the
structural characteristics of the membranes. Copper nanoparticles were added to the
alfalfa-based membranes, and graphene was added to the oat-based membranes. The
structural features of the obtained composites were analyzed using Fourier transform
infrared spectroscopy (FTIR) and X-ray diffraction (XRD). The IR analysis confirmed
that the main functional groups characteristic of cellulose were preserved in all studied
samples. After modification, significant changes in the intensity of the hydroxyl
group absorption bands can be observed from the spectra, which indicate changes in
intermolecular interactions and hydrogen bonds within the cellulose matrix. Changes
in the regions corresponding to C—O—C and B-glycosidic bonds indicated structural
changes caused by the incorporation of graphene and copper nanoparticles. X-ray
diffraction analysis revealed diffraction peaks characteristic of the crystalline structure
of cellulose in all membranes. However, nanomodified samples showed changes in peak
intensity and crystallographic order compared to untreated cellulose membranes. The
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decrease in diffraction peak intensity indicated partial disruption of ordered crystalline
regions and changes in the supramolecular structure of cellulose after the incorporation
of nanoparticles. The study revealed that the nanomodification process contributes to
changes in the molecular and crystal structure of nanocellulose membranes obtained
from agro-waste. The results of the study indicate that the obtained materials have high
potential for use in the creation of environmentally safe functional biocomposites and
membrane systems.

Keywords: agricultural waste, nanocellulose, nanocellulose membrane, graphene,
copper nanoparticles, crystallinity
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AnHoramus. Makanaga aybul I[IApyallbUIBIFBl  KaJABIKTApbIHAH — AJIbIHFaH
HAHOLEJUTIONO3abl  MEeMOpaHaJdapAblH  KYPBUIBIMABIK — KacHeTTepi  3epTTelfi.
MeMOpaHanapapl any YIOiH INWKI3aT PETiHAE JKOHBILKA MEH Cyibl cabaHbl
nadaananeUbl. Lemmono3anel Oein any mporeci eciMIik OMoMaccachlHaH JIMTHUH
MEH TEeMHUIIEIUTION03aHbl KOIOFa OaFrbITTANFaH CIUITUIIK JKOHE KBILIKBULABIK OHJIEY,
COHMal-aK arapTy Ke3eHJEpiH KaMThIAbl. Ta3apThulFaH ILEJUTI0NI03a HaHOeJIeM I
CYCHEH3HMsIIap ajly YLIIH MEXaHUKaJIbIK JUCTIEPCHSFa YIIBIPATBUIBIIN, HAHOLEIITIOI03aJIbI
MeMmOpaHanap epiTiHIiZeH Kylo oficiMeH agadbiHAanael. MemOpaHanapabiH
KYpPBUTBIMABIK CHIIaTTaMaJIapblH ©3repTy MaKcaThIHIa HAaHOLEIUTI0JI03a MaTpHLAChIHA
OpTYpIIi HaHOMOAM(HUKATOPIJIAP SHTI31I/II: )KOHBIIIKA HETI31HJIerT MeMOpaHalapFa MbIC
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HaHOOeJIIeKTePi, ajl CYJIbl Heri3iHaeri MemOpaHanapra rpadeH KOChUIIbL. AJBIHFaH
KOMIO3UTTEP/IiH KYPBUIBIMIBIK epekuienikTepi Dypbe-TypiaeHaipiared nHPpaKb3bLI
cnekrpockorust (FTIR) sxone pentrenaik nudpaknus (XRD) omicTepiMeH 3epTTeiii.
FTIR Tammayer OapibIK YIHTiIepAe TIEIUIIONO03aFa TOH HETI3Tl  (PYHKIIMOHAIIBIK
TONTAapAbIH CaKTaIFaHbIH KepceTTi. Monudukaunsaan KeHiH r'MIpOKCHI TONTaPbIHbIH
KYTBULy JKOJAKTapbl KAapKbIHABUIBIFBIHBIH ©3repyl LEJUII0NI03a MaTpULAChIHAFbI
MoOJIeKyJlaapallblK ©3apa 9pEeKeTTeCyJIep MEH CyTeKTiK OaiIaHbICTapAbIH ©3repreHiH
kopceTTi. C—O-C xoHe [-MIMKO3UATIK OalmaHpIcTapra coiikec alMaKTapIarsl
e3repictep rpadeH MEH MbIC HaHOOOJIICKTEPIHIH CHri3llyiHe OalIaHbICThI
KYPBUTBIMJIBIK KalTa YUEIMAACYIBI KOPCETT1. PEHTTeHIIK AU PAKITHSIIBIK TaIaay OapiIbIK
MeMOpaHanapaa LEJUIIO03aHbIH KPUCTANIBIK KYPBUIBIMBIHA TOH JU(PPAKIMSIIBIK
MaKCUMyMJapAbIH 0ap ekeHiH anbIKTaabl. COHBIMEH KaTap, HaHOMOAM(UKaMsIIaHFaH
yJriepae 6actanksl MeMOpaHalapMeH CajbICThIPFaHAa WIBIHAAPIABIH KapKbIHIbUIBIFbI
MEH KPHUCTAUIOTPpa(UsUIbIK PETTETY JOPESKECIHIH o3repyl Oaiikanbl. Jndpakiusiibik
MaKCHUMyMJIap KapKbIHbUIBIFBIHBIH TOMEHJICY1 PETTENTeH KPUCTAIIBIK aiMaKTap/IbIH
irmiHapa OY3BUIFAHBIH JKOHE HAHOOOJIICKTEp CHTI3IITeHHEH KEeHiH IeJUTI0I03aHbIH
CYNPaMOJIEKyIaJdblK KYPbUIBIMBIHBIH ©3TepreHiH KepceTedi. 3eprrey HOTHKeNepi
HaHOMOZM(UKALNS arpOKAJIABIKTApAaH aJlbIHFaH HAHOLIEIIJTION03aJIbl MEMOpaHalapAbIH
MOJIEKYJIJIBIK )KOHE KPUCTAIIBIK KYPBUIBIMBIH ©3repTyre MYMKIH/IiK OepeTiHiH KOPCETTi.
AJBIHFaH MaTepHalIap SKOJIOTUSIIBIK KAyilci3 (pyHKIMOHAIBIK OMOKOMIIO3UTTEP MEH
MeMOpaHabIK JKyHesep/i )kacay YIiH MepCHIeKTHBAIBI OOIBIT Ta0bIIa/IbI.
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AHHoTanmsA. B craree mMcciaenoBaHbl CTPYKTYpHBIE CBOMCTBA HAHOLEIIIONO3HBIX
MeMOpaH, TOJIYYeHHbIX M3  CEJIbCKOXO3SHCTBEHHBIX OTXOZ0B. B  KauecTBe
PACTHUTEIBHOTO CHIPHS JUIA MOJMYYEHHs] MEMOpaH MCIIOIB30BaIH JIOLEPHY W OBCSIHYIO
coiomy. Ilpomecc BBIgENEHUS LEUTIONO3bI BKIIOYAN IIEJIOYHYIO M KHCIOTHYIO
00paboTKy, a Takke OTOCIMBaHWME, HAlPaBICHHOE Ha YyJalleHHEe W3 DPaCTHTEILHOU
Omomacchl JIMTHMHA W TEeMUIEIUIIONO3bl. OYHINEHHYIO IEJUIION03y ITO/ABEpTain
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MEXaHHYECKOMY JHCIIEPIHPOBAHMIO C MOJTYYeHHEM HaHOpa3MEPHBIX CyCIIeH3UH, TIocie
Yero HaHOLEJUTIOJI03HbIe MeMOpaHbl (POPMHUPOBAIM METOIOM JIUThS U3 pacTBopa. J{ns
W3MEHEHUS] CTPYKTYpPHBIX XapaKTepPUCTUK MEeMOpaH B HAHOLEIUTIOJIO3HYIO MaTpHIy
BBOJIWJIM pa3IM4yHble HaHOMOAM(UKATOpB: B MeMOpaHbl Ha OCHOBE JIIOLEPHBI
JN00aBIsIM HAHOYACTUIBI MEOW, a B MEMOpaHbl Ha OCHOBE OBCSHOM COJOMBI —
rpager. CTpyKTypHble OCOOCHHOCTH TMOJYYEHHBIX KOMIIO3UTOB HCCIEIOBaJIH
metonamu MK-®ypoe-cniekrpockonuu (FTIR) u pentrenosckoit nudpakuuun (XRD).
UK-criekTpoCKOoNMUuecKuil aHaau3 MOATBEPAMI COXpaHEHHE BO BCEX HCCIEIOBaHHBIX
o0pa3lax OCHOBHBIX (YHKIMOHAJIBHBIX TPYII, XapakTePHbIX UIS LEJUIIOI03bL.
[locne MomuQuKaMK OTMEYEHO H3MEHEHHE WHTEHCHUBHOCTH I0JIOC MOIVIOIIEHHS
THIPOKCHIIBHBIX TPYMI, YTO CBUAETENILCTBYET 00 H3MEHEHHHM MEKMOJIEKYISPHBIX
B3aMMOJCHCTBHI U CHCTEMbI BOJOPOAHBIX CBS3EH B LIEIUTIONIO3HOM MaTpulie. MI3MeHeHus
B 001acTax, cooTBeTCTBYIOIUX CBsI3IM C—O—C 1 B-IIIMKO3UIHBIM CBSI35IM, YKa3bIBAIOT
Ha CTPYKTYPHYIO PEOpPraHM3alMIO, BBHI3BAHHYIO BBEACHHEM rpadeHa M HaHOYACTHIL
Menu. PentreHoanppakinOHHBINA aHATN3 BBISIBUI BO BCEX MeMOpaHax Au(pakMOHHbIE
MaKCHMYMBI, XapaKTepHbIE IJIsl KPUCTAJUIMUYECKON CTPYKTYpbI LIEJUIoNno36l. Bmecre ¢
TEM B HAHOMOAM(DUIUPOBAHHBIX 00pa3Lax HAOIIOJAINCh N3MEHEHUS] HHTEHCHBHOCTH
[MUKOB M CTEMEHH KPUCTAIIIOTrpauueckor YHOPSIOYCHHOCTH 10 CPaBHEHUIO C
HeMOAN(UIIMPOBAaHHBIMU MeMOpaHaMu. CHM)KEHHE MHTEHCHBHOCTU IU(PPAKIUOHHBIX
MaKCHMyMOB  CBHJETEIbCTBYET O YaCTHUYHOM HapyIIEHHH  YHOPSIIOYCHHBIX
KPHUCTAJNTNYECKUX 00J1acTel M M3MEHEHHUH CYPaMOJIEKYISIPHON CTPYKTYPBI LIEJUTION03bI
rociie BBEIEHHS HAHOYACTHL. YCTAHOBIEHO, YTO HAaHOMOAM(HUKAIHS CIIOCOOCTBYET
W3MEHEHUIO MOJIEKYJSIPHOW M KPUCTAJUIMYECKOM CTPYKTYPbl HAHOILEIUTIONO3HBIX
MeMOpaH, MOJYYEHHBIX U3 arpooTxonoB. llomyueHHble MaTepuanbl 00JagaroT
BBICOKMM TOTEHIIMATIOM Ul CO3JaHUsl IKOJOTHYECKH 0e30MacHbIX (YHKIMOHAIBHBIX
OMOKOMITO3UTOB U MEMOPAHHBIX CHCTEM.

Ki1ioueBble c10Ba: CeIbCKOXO3SHCTBEHHBIE OTXOABI, HAHOLEIIIIONO03a, HAHOLE-
JrONI03Has MeMOpaHa, rpadeH, HAaHOYACTHULIBI MEH, KPHCTAITIMYHOCTh

Introduction. Currently, the issue of processing environmentally safe and renewable
raw materials is of particular importance. It is known that the long-term non-degradation
of synthetic polymers obtained from oil and oil products in the environment leads to
aggravation of environmental problems. In this regard, research on the production
of biodegradable materials based on natural polymers is currently being intensively
developed. One of such promising biopolymers is cellulose (Ansari et al., 2024). It is
a material that is widespread in nature, highly biocompatible, chemically stable and
amenable to various types of modification (Wang et al., 2024).

In recent years, interest in technologies for obtaining nanocellulose through the
processing of agricultural waste has increased significantly. This approach not only
allows for the effective use of plant waste, but also creates conditions for obtaining
materials with high functional properties. Oat straw, alfalfa and other agro-industrial
waste are considered to be a suitable source of raw materials for obtaining nanocellulose
due to the high cellulose content in their composition. Nanocellulose is characterized by
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high specific surface area, mechanical strength, low density, and a developed hydrogen
bond system. Due to these properties, it is widely used to produce membrane materials,
sorbents, packaging materials, biomedical coatings, and functional biocomposites. The
properties of nanocellulose membranes directly depend on their structural organization
and degree of crystallinity. The ratio of crystalline and amorphous regions affects the
mechanical stability, moisture resistance, and permeability properties of the material
(Qureshi et.al., 2024).

The nature of the plant-based raw material has a significant impact on the structure
of nanocellulose. The difference in the amount of lignin, hemicellulose, and cellulose
in the raw material causes changes in the morphological and structural features of the
obtained materials. In addition, chemical processing methods also affect the crystalline
structure of cellulose. In this regard, it is scientifically important to study the structural
properties of nanocellulose materials obtained from various agro-wastes (Das et al.,
2023).

Currently, one of the effective ways to improve the properties of nanocellulose is
its modification with nanoparticles. Graphene-based carbon nanomaterials increase the
mechanical strength and barrier properties of membranes, while copper nanoparticles
give the materials antibacterial activity. The interaction of nanoparticles with the cellulose
matrix leads to changes in hydrogen bonds and structural reorganization, which, as a
result, changes in the degree of crystallinity of the material (Ma et al., 2025). Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) are widely used
to characterize the structural features of nanocellulose materials. The IR method allows
us to determine the changes in functional groups and intermolecular interactions, while
XRD analysis is used to assess the crystal structure and degree of crystallinity of the
material. The combined use of these methods allows us to comprehensively characterize
the structural properties of nanocellulose membranes.

Although there are sufficient studies in the literature on nanocellulose obtained
from plant residues, there is insufficient comparative study of the structural properties
of nanocellulose membranes obtained from various agro-residues and modified with
nanoparticles. In particular, there is limited information on the effect of graphene and
copper nanoparticles on the structural organization and degree of crystallinity of the
membranes. In this regard, the aim of this work is to study the structural properties
of nanocellulose membranes obtained from agro-residues using IR spectroscopy and
X-ray diffraction methods, as well as to determine the effect of graphene and copper
nanoparticles on the structure and degree of crystallinity of the material.

Literature review. Currently, nanocellulose occupies a special place among
biodegradable and environmentally friendly materials. Its high mechanical strength, large
specific surface area, biocompatibility and susceptibility to chemical modification are of
interest to many researchers. In recent years, research on the production of nanocellulose
from agricultural waste has gained significant momentum, as this approach allows for
the effective use of cheap and affordable raw materials. The literature indicates that
nanocellulose based on agricultural waste is considered a functional material with low
environmental impact (Ansari et al., 2024; Wang et al., 2024). Plant lignocellulosic
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raw materials are often used to produce nanocellulose. Among them, wheat straw, rice
husk, oat straw, sugarcane waste and various natural fibers are considered promising
sources of raw materials. The amount of cellulose in plant waste, the ratio of lignin
and hemicellulose directly affect the structure and properties of the obtained material.
Therefore, comparative studies of the structural features of nanocellulose obtained from
various agro-wastes are one of the important scientific directions (Qureshi et.al., 2024).

Studies have shown that the properties of nanocellulose also depend on the methods
of its production (Mamudu et al., 2025). Typically, alkaline treatment, bleaching and
acid hydrolysis methods are widely used in the production of nanocellulose. As a result
of such treatment, lignin and hemicellulose are separated, and the crystalline structure
of cellulose is formed more clearly. In addition, the hydrolysis process contributes
to the decomposition of amorphous regions, increasing the degree of crystallinity of
the material. Some studies have shown that the crystallinity index of nanocellulose is
significantly increased compared to the starting material (Rasheed et al., 2024). In order
to improve the structural properties of nanocellulose materials, modification with various
nanoparticles is being carried out (Ghosh et al., 2024). In recent years, graphene-based
carbon nanomaterials and metal nanoparticles have been widely studied (Ren et al.,
2024). The high mechanical strength and large specific surface area of graphene allow
improving the barrier and strength properties of nanocellulose membranes. Copper
nanoparticles are considered one of the important components for obtaining functional
biocomposites due to their antibacterial activity.

The introduction of nanoparticles into the cellulose matrix leads to a change in
the structure of the material. It has been shown in the literature that such changes are
associated with the reorganization of hydrogen bonds, a change in the ratio of crystalline
and amorphous regions. As a result, the mechanical stability, thermal properties and
sorption activity of the membranes change (Makhado et al., 2025). Therefore, the study
of the structural properties of nanomodified nanocellulose is also important from a
practical point of view.

IR and X-ray diffraction methods are widely used in the study of the structure
of nanocellulose materials. IR spectroscopy allows us to identify functional groups,
hydrogen bonds and chemical changes in cellulose. In particular, the vibrations of
O-H groups in the 3200-3400 cm™ region and B-glycosidic bonds in the 890 cm™
region are considered the main signals characterizing the structure of cellulose. X-ray
diffraction analysis is an important method for determining the crystal structure, degree
of crystallinity, and structural order of cellulose (Rao et al., 2023; Mamudu et al., 2025).

Although the number of works on the structural properties of nanocellulose obtained
from various agro-wastes has increased in recent years, the comparative study of the
structure and crystallinity of nanocellulose membranes modified with graphene and
copper nanoparticles is still insufficiently studied. In particular, information on the
combined effect of the nature of the plant raw material and nanomodification is limited.
In this regard, the study of the structural properties of nanocellulose membranes obtained
from agro-wastes is currently one of the most relevant scientific directions.

Materials and methods of research. Preparation of nanocellulose-based
membranes. Alfalfa straw and oat straw grown on the Zhumabai farm, Zhualy district,
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Zhambyl region, were used as plant agro-residues in the research work. The initial
plant raw materials were dried in natural conditions, mechanically crushed, and cleaned
of foreign impurities. Nanocellulose extraction consisted of several stages: alkaline
treatment, acid treatment, and bleaching (Reshmy et al., 2015). At the first stage, the
plant raw materials were treated with a 2% sodium hydroxide (NaOH) solution to
remove hemicellulose and lignin. The treatment was carried out in an autoclave at a
temperature of 120°C and a pressure of 20 bar for 40 minutes. After alkaline treatment,
the samples were washed several times with distilled water and cleaned to a neutral
environment. Then, a mixture of nitric acid (HNO,), acetic acid (CH,COOH), and
distilled water was used for additional purification of the cellulose. As a result of acid
treatment, the amount of residual lignin and hemicellulose was reduced and the purity of
the cellulose structure was increased. During the bleaching stage, the material obtained
was treated with a 1% sodium hypochlorite (NaOCI) solution, resulting in a high-purity
white cellulose.

The purified cellulose was processed to a nanoscale structure by mechanical
dispersion, and a stable nanocellulose suspension was prepared. Nanocellulose
membranes were formed by solvent casting (Norrrahim et al., 2021; Ruan et al., 2023).
The prepared suspension was poured into special molds and dried at room temperature.
In order to improve the functional properties of the membranes, various nanomodifiers
were introduced into the nanocellulose matrix. 1% copper nanoparticles were added to
the alfalfa-based membranes, and 1% graphene was added to the oat-based membranes.
The nanoparticles were pre-dispersed and then mixed with the nanocellulose suspension
by mechanical mixing until a homogeneous system was formed. The resulting composite
mixtures were poured into molds and dried to prepare functionalized nanocellulose
membranes. Four different samples were considered in the study: raw cellulose from
alfalfa (AC), alfalfa-based membrane modified with copper nanoparticles (AC2),
raw cellulose from oats (OC), and graphene-modified oat-based membrane (OC2).
The technological scheme for obtaining nanocellulose-based membranes based on
agroresidues is shown in Figure 1.

R tarial Alkaline Acid BI hi Purified Mechanical
aw matotia treatment purification eacing, cellulose disintegration
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(a) Pure nanocellulose membrane (b) Modified nanocellulose membrane

Figure 1 — Scheme for the production of nanocellulose membranes based on agro-waste
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X-ray diffraction (XRD). X-ray diffraction (XRD) was performed to determine the
crystal structure and degree of crystallinity of the samples. The crystalline properties
of cellulose materials significantly affect their mechanical strength, thermal stability,
and moisture absorption capacity. In addition, the occurrence of structural changes as a
result of chemical treatment and nanomodification is accompanied by a change in the
degree of crystallinity. In this regard, the crystalline features of the original and modified
nanocellulose membranes were studied using the XRD method. X-ray diffraction
patterns were taken on a Bruker D8 Advance (Germany) X-ray diffractometer using
CuKa radiation (L = 1.5405 A). Measurements were carried out in the range of 20 =
10-90°. Based on the obtained diffractograms, the main diffraction maxima, structural
arrangement, and changes in the degree of crystallinity of cellulose were analyzed.

Fourier transform infrared spectroscopy (IR). The Fourier transform infrared
spectroscopy (FTIR) method was used to determine the chemical structure and functional
groups of nanocellulose membranes. FTIR analysis allows us to assess the changes in
functional groups in the material structure, intermolecular interactions, and structural
features resulting from nanomodification. FTIR spectra of the samples were recorded
on a Shimadzu infrared spectrometer. Measurements were carried out in the range of
4000-400 cm-1. The obtained spectra were analyzed for changes in hydroxyl groups,
B-glycosidic bonds, and the main functional groups of cellulose. All experiments were
repeated at least three times. The results obtained were statistically processed and
expressed as the arithmetic mean and standard deviation. Experimental data processing
was carried out using the OriginPro program.

Research results

Analysis of IR spectroscopy results. In order to determine the chemical structure and
functional groups of the obtained nanocellulose membranes, IR spectra were studied
(Fig. 2). IR results showed that the main functional groups characteristic of cellulose
were preserved in all samples. In addition, certain changes were observed in the spectra
as a result of nanomodification.

IR spectra of alfalfa-based AC and AC2 samples are shown in Fig. 2a. A broad
intense absorption band is observed in the spectra in the region of 3200-3400 cm™,
which corresponds to the valence vibrations of hydroxyl groups (O-H). A decrease
in the intensity of this band in the AC2 sample indicates a change in the hydrogen
bond system due to the introduction of copper nanoparticles. In addition, signals in the
region of approximately 2900 cm™ are characteristic of the valence vibrations of C—-H
bonds. The weak signals observed in the range of 1400-1600 cm™ are associated with
the deformation vibrations of adsorbed water molecules and cellulose structure. The
intense absorption bands in the region of 1000-1160 cm™ correspond to the vibrations
of C—O—C and C—O bonds. The clear signal in the region of 1030-1050 cm™! proves the
preservation of B-1,4-glycosidic bonds. In the AC2 sample, the intensity of the bands in
this region decreases and the spectral shape changes, which may be due to the interaction
of copper nanoparticles with the cellulose matrix (Fig. 2a).
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Figure 2 — IR spectra of nanocellulose membranes: (a) based on alfalfa; (b) based on oat straw.

The FTIR spectra of oat-based OC and OC2 samples are shown in Fig. 2b. In the
OC sample, intense signals of the main functional groups characteristic of cellulose are
observed. In the OC2 sample, the intensity of the absorption band characteristic of the
O-H group in the 3200-3400 cm™' region decreased after the introduction of graphene.
This indicates that the graphene particles affected the intermolecular interactions
between the cellulose chains. In addition, the change in the signals in the 1000-1100
cm! region indicates that structural reorganization occurs due to the binding of graphene
to the cellulose structure.

Overall, the IR results showed that the hydrogen bonding system in the cellulose
matrix changes upon the introduction of nanoparticles, and these changes lead to the
reorganization of the material structure.

X-ray diffraction analysis of nanocellulose membranes. In order to assess the crystal
structure and degree of crystallinity of nanocellulose membranes, X-ray diffraction
analysis was performed. The X-ray diffraction results showed that there are differences
in the structural features of the original and modified samples.

The X-ray diffraction patterns of the alfalfa-based AC and AC2 samples are shown
in Figure 3a. In the AC sample, a clear intense peak is observed in the region of 26 = 22-
23°, which corresponds to the (200) crystallographic plane characteristic of the cellulose
I structure. In addition, a weak maximum is observed in the region of 20 = 15-16°,
which characterizes the semi-crystalline structure of cellulose. In the AC2 sample, the
intensity of the main diffraction peak is observed to decrease. This indicates a decrease
in the structural order in the cellulose matrix as a result of the introduction of copper
nanoparticles. In addition, the appearance of additional weak maxima in the range of
30-45° proves that the copper nanoparticles contributed to the structural changes.
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Figure 3 — X-ray diffraction patterns of nanocellulose membranes: (a) based on alfalfa; (b) based on oat
straw.

The X-ray diffraction patterns of the OC and OC2 samples are shown in Fig. 3b.
In the OC sample, an intense peak in the region of 20 =~ 22° was clearly observed,
indicating that the crystalline structure of cellulose was preserved. In the OC2 sample
modified with graphene, the intensity of the main peak decreased, and some signs of
amorphization of the structure were observed. In addition, the appearance of weak
diffraction maxima in the range of 35-45° may be due to the interaction of graphene
with the cellulose matrix.

The results of the general X-ray phase analysis showed that graphene and copper
nanoparticles affect the crystalline structure of nanocellulose membranes. As a result of
nanomodification, a decrease in the degree of crystallinity and structural reorganization
phenomena were observed. These changes are explained by the influence of nanoparticles
on the intermolecular bonds between cellulose chains.

Discussion of the results. The conducted IR and X-ray diffraction studies showed
that the structural organization of nanocellulose membranes obtained from agroresidues
depends on the nature of the plant raw material and the type of nanomodifier
introduced. The spectral and X-ray characteristics of the samples based on alfalfa and
oats differed from each other, which may be due to their chemical composition and
supramolecular organization. In addition, a comparative analysis of the obtained spectra
and diffractograms revealed that the original cellulose structure was preserved, but the
introduction of graphene and copper nanoparticles led to a change in intermolecular
interactions and reorganization of crystalline regions.

In the IR spectra of all samples, a broad absorption band was observed in the range
of 3200-3400 cm™ (Fig. 2). This region is characteristic of the valence vibrations of
hydroxyl groups and indicates the formation of hydrogen bonds in cellulose. However,
the intensity of this band decreased in the AC2 and OC2 samples. This change indicates
a reorganization of the interactions between cellulose chains after the introduction
of nanoparticles. Similar phenomena were described in the work of Mokhena et al.,

104



Volume 3, Number 468 (2026)

where it was shown that the hydrogen bonds in the nanocellulose structure weaken
and the internal organization of the matrix changes when graphene oxide is introduced
(Mokhena et al, 2024).

In all samples, the signals observed around 2900 cm™ correspond to the vibrations
of C—H bonds. This indicates that the main polysaccharide backbone of cellulose was
preserved during chemical treatment. In addition, the intense absorption bands in the
range of 1000-1160 cm™ were characteristic of C—-O—C and C—O bonds. In particular,
the maximum in the region of 1030-1050 cm-1 confirms the preservation of B-1,4-
glycosidic bonds. However, in the AC2 and OC2 samples, the change in signals in this
region indicates that structural reorganization is taking place due to the interaction of
nanomodifiers with the cellulose matrix.

The clearer observation of signals characteristic of some functional groups in the
oat-based OC sample compared to the alfalfa-based AC sample may be due to the
higher degree of structural organization of oat fibers. The literature shows that the
lignocellulosic composition of different agro-industrial wastes is not the same, and
these differences affect the morphology and crystallinity of the obtained nanocellulose.
Qureshi et al. noted that the properties of cellulose nanocrystals obtained from different
plant residues depend on the amount of cellulose, hemicellulose and lignin in the raw
material (Qureshi et al., 2024).

The X-ray diffraction results complemented the structural changes detected by
IR analysis. A clear intense maximum was observed in the 20 = 22-23° region in the
diffractograms of AC and OC samples (Fig. 3). This peak is associated with the main
crystallographic plane characteristic of the cellulose I structure. In addition, weak
signals in the 15-16° region indicated the semi-crystalline nature of the materials. Such
results are consistent with the data given in the literature for natural cellulose. Das et al.
showed that the XRD maxima of nanocellulose obtained from agro-residues are located
in this range (Das et al., 2023).

In the nanomodified AC2 and OC2 samples, the intensity of the main diffraction
peaks was observed to decrease. This phenomenon indicates that the crystalline regions
were disrupted to some extent as a result of the introduction of graphene and copper
nanoparticles. In other words, the nanoparticles affected the initial ordered arrangement
of cellulose chains and increased the proportion of amorphous regions. A review article
by Yusuf and colleagues in 2024 stated that similar structural changes were observed
in nanocellulose-graphene hybrid composites and that graphene affects the internal
organization of the matrix (Yusuf et al., 2024).

The observation of weak additional peaks in the 35-45° range in the OC2 sample
may be associated with the arrangement of graphene particles in the cellulose structure.
Such results have also been described in studies of graphene-based nanocellulose
composites. Yang and colleagues showed that additional weak peaks may appear in
the X-ray diffraction spectrum as a result of the formation of new interfacial bonds of
graphene in the cellulose matrix (Yang et al., 2023).

The structural changes in the AC2 sample are explained by the influence of copper
nanoparticles. Copper particles can interact with hydroxyl groups and change the
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intermolecular bonds between polymer chains. As a result, the degree of order of the
crystal structure decreases and the intensity of diffraction maxima weakens. However,
since only X-ray diffraction and IR methods were used in this work, it was not possible
to fully determine the exact phase state of copper particles. In this regard, in the future,
there is a need to use additional methods such as SEM, TEM and X-ray diffraction.

Analysis of the obtained results showed that nanomodification significantly affects
the structural organization of nanocellulose membranes. Based on the X-ray diffraction
and IR data, it was determined that the introduction of graphene and copper nanoparticles
changes the intermolecular interactions in the cellulose matrix and the reorganization
of the crystal structure. A decrease in the intensity of the main diffraction maxima in
nanomodified samples indicates a change in the degree of structural order. In addition,
the change in the bands characteristic of functional groups in the IR spectra confirms the
interaction of nanoparticles with cellulose chains. The obtained results showed that the
structural properties of nanocellulose membranes depend on the nature of the starting
plant raw materials and the type of nanomodifier used. Overall, the obtained results
prove that the structural properties of nanocellulose membranes obtained from agro-
waste depend on the nature of the starting raw materials and the type of nanoparticles
introduced. While the IR results indicate changes in the level of intermolecular bonds,
the X-ray diffraction analysis confirmed that these changes affected the crystal structure.
It was found that the introduction of graphene and copper nanoparticles allows to
reorganize the structure of nanocellulose membranes and change their functional
properties. The results obtained indicate that such materials have high prospects for use
in sorption systems, filter membranes, and antibacterial coatings.

Conclusion. Thus, the structural features of nanocellulose membranes obtained
from agro-waste were studied using X-ray diffraction and IR methods. As a result of the
analyses, it was found that the main functional groups and crystal structure characteristic
of cellulose were preserved in the obtained materials. It was also observed that the
introduction of graphene and copper nanoparticles affected the structural organization
of the membranes and led to a change in intermolecular interactions. The preservation
of bands characteristic of hydroxyl groups and B-glycosidic bonds in the IR spectra
confirmed the cellulose nature of the obtained membranes. The change in the intensity
and shape of some absorption bands in the nanomodified samples indicated the interaction
of nanoparticles with the cellulose matrix. The X-ray diffraction results revealed that the
initial and modified samples have a semi-crystalline structure. The change in diffraction
maxima after nanomodification was associated with the reorganization of the structure
and a change in the degree of crystal ordering. As a result of the comparative analysis,
it was found that the structural properties of nanocellulose membranes based on alfalfa
and oats are not the same. This is explained by the chemical composition and fiber
structure of the original plant raw materials. In addition, the effect of graphene and
copper nanoparticles was observed to be of different nature, which indicated that it
depends on the nature of the modifiers used. The results obtained prove that it is possible
to obtain functional nanocellulose membranes based on agro-waste and that their
structural properties can be changed through nanomodification.
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Abstract. This study presents the results of a comprehensive investigation aimed at
developing a room-temperature gas sensor based on tin oxide thin films and creating a
high-precision measurementsystem capable of detecting very small resistance variations
in the sensing element. The relevance of this work is driven by the need to improve
safety in industrial environments where explosive gas leaks may occur, as well as by the
challenge of reducing the operating temperature of semiconductor gas sensors, which
traditionally function at 300500 °C. Such high temperatures not only increase energy
consumption but also pose a risk of igniting gas mixtures, making the development of
room-temperature sensors particularly important. Tin oxide (SnO2) thin films were used
as the sensing material. They were deposited onto glass substrates by spray pyrolysis at
400 °C using three types of precursor systems based on SnCls-5H20. The structure and
morphology of the films were examined using SEM and X-ray diffraction, while their
optical properties were studied by spectrophotometry. Changes in electrical resistance
under exposure to water vapor were measured using the four-probe method, enabling
evaluation of the material’s sensitivity at room temperature. To accurately measure
high resistances, a precision measurement system was developed using the 16-bit
ADSI1115 ADC. The system incorporates a four-wire measurement configuration, a
stabilized current source, and software for real-time data visualization. Major noise
sources inherent to high-resistance measurements including thermal noise, operational
amplifier input current noise, electromagnetic interference, and ADC internal noise
were analyzed, and effective mitigation strategies were implemented. Long-term
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testing demonstrated excellent stability, low noise levels, and a measurement error not
exceeding 0.5% within the 100 Q—1000 kQ range. These results confirm the suitability
of the proposed approach for developing low-temperature humidity and gas sensors, as
well as its potential for use in hazardous environments where high-temperature sensors
are unsafe.

Keywords: gas sensors, low-temperature sensors, tin oxide, high-resistance sensors,
sensitive element

Financing. The work was supported by the Science Committee of the Ministry
of Science and Higher Education of the Republic of Kazakhstan under the program
BR28712683 "Development of technology to reduce energy consumption and waste
without compromising efficiency in the processing of lithium-ion batteries".

For citations: Dmitriyeva E.A., Medvedev A., Kemelbekova A. Development of a
low-temperature gas sensor based on SnQO: thin films and a precision measurement
system for high-resistance detection. Academic Scientific Journal of Chemistry, 2026.
— No. 3. — P. 109-124. DOI: https://doi.org/10.32014/2026.2518-1491.390.

© Imutpuena E., Mensenes A., KemenoexoBa A.*, 2026.
dusnka-TeXHUKAIBIK HHCTUTYTHI, Satbayev University, Anmatsl, Kazakcran.
E-mail: a. kemelbekova@satbayev.university

SNO, ’KYKA KABBIKIIAJTAPBI HETI3IHAET'T TOMEH
TEMITIEPATYPAJIbI TA3 CEHCOPBIH ’KOHE JKOFAPbBI
KEJEPTLJIEPII TIPKEYTE APHAJIFAH IIPELIU3UOH/IbI OJIIIEY
JKYHUECIH JAMBITY

Jmutpuesa Enena — gu3nka-mMareMaTrka FEUIBIMJIAPBIHBIH KaHAUAATEL, TIPOQECccOop, JKETEKII FUIBIMI
KbI3MeTKep, PH3HKa-TeXHUKAIBIK HHCTUTYTHI, Satbayev University, Anmarsl, Kasakcras,

E-mail: y.dmitriyeva@satbayev.university, https://orcid.org/0000-0002-1280-2559;

MenBenes Anexcanap — umxeHep, OU3KMKa-TeXHUKAIBIK HHCTUTYTHI, Satbayev University, Aimarsl,
Kazakcran,

E-mail: a.medvedev(@satbayev.university, https://orcid.org/0009-0006-4361-8099;

KemenbexoBa Aiinarysn — PhD, ara reutsiMu KpI3MeTkep, On3nka-TeXHUKAIBIK HHCTUTYTHL, Satbayev
University, Anmarsr, Kazakcras,

E-mail: a.kemelbekova@satbayev.university, https://orcid.org/0000-0003-4813-8490.

AHHOTaUsA. Byn >KyMmbIcTa Kanaibl OKCHJIIHIH KYKa KaObIKIIadapbl HETi3iHIe
TOMEH TeMIIepaTypaja )KYMbIC ICTEHTIH Ta3 CEHCOPBIH 31piieyre )KOHE Ce3Tilll IeMEHT
KEAEPTiCiHIH a3 e3repicTepiH JKOFaphl AJIIKIIEH TipKeyre apHajfaH eJiey KyHeciH
Kacayra OarbITTalFaH KeHICH A1 3epTTey HOTHKeJepi YChIHBUIFaH. 3epTTEYAiH 03€KTUIIT
KapbUIBIC KayTli Oap ra3napIblH aFbll KeTyl MYMKIH @HAIPICTIK OpTaiarbl Kayinci3mikTi
apTTBIPY KaKeTTiiriMeH sxoHe aaerre 300-500 °C Temmeparypaja >KYMbIC iCTEHTiH
KapTbUlall OTKI3TIII Ta3 CEHCOPJIAPBIHBIH JKYMBIC TEMIIEPaTypachlH TOMEHACTY
MiHaeTiMeH OaimanbicTel. JKOFapbl TemIiiepaTypa SHEpPrus IIBIFBIHBIH apTTHIPHII
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KaHa KoWMail, ra3 KochaJapblHbIH TYTaHy KayliH e »KOFapbulaTalbl, COHABIKTaH
OenMe TemrepaTypachlHAa JKYMBIC ICTEHUTIH CEHCOPJIBIK JKYHenepai a3ipiey epekiie
MaHpI3Fa ne. Cesrim marepuan petiaae SnO: )KyKa KaOBIKIIamapsl IMai aIaHbIIIb.
Omnap SnCls-5H20 Herizinzeri ym Typili MpeKypcopIibIK KYHeHi naiiianana oOThIPbIIL,
400 °C Temmeparypajia IIbIHBI TOCEHIIUTEPre CHPEH-MUPONN3 oMiciMeH Tycipinmi.
KaOpIKmanapaplH KYPBUIBIMBL MEH MOPGOIOTHSICH  CKaHEPJCYIli 3ICKTPOHIBIK,
MHKPOCKOIIHS JKOHE PEHTTEHIIK TUMPAKIINSA 9MiCTepIMEH 3EPTTENIi, ajl ONTHKAIBIK
KacueTTepi creKTpo(oTOMETPHSUIBIK diciieH Oaranan bl Cy OybIHBIH 9Cepi Ke3iHaer1
ANIEKTPIIK KeACepriHiH e3repyl TepT B30HATHl OMICHEH OJIICHIN, MaTepHajablH
OenMe TeMIepaTypachlHAAFbl CE3IMTANBIFBI aHBIKTAAbl. JKoFapel Kemepriiepii
mon emmiey yrmiH 16-paspsarel ADS1115  aHamOTTHIK-IHQPIABIK  TYPICHIIPTIITi
HETI31HJe MPEIU3UOH/IBI OJIey XKyheci o3ipnenai. JKyiie TepT ChIMIBI eey
cy0achlH, TYPaKTaHIBIPBUIFAH TOK KO31H JKOHE JIepeKTep/i HAKTHI YaKbIT PEKUMIH/IE
BU3yalu3allisiiayFa apHajaFaH OaraapaamMaliblk KaMTaMachl3 eTyli KaMTubl. JKorapsl
KeIIepTiUIepdl eIeyTe ocep €TETiH HeTi3Ti 1Ty Ke3Iepi, COHBIH IITiH/e KBUTYIIBIK 11Ty,
OTIePALMSUTBIK KYIISHTKIINTIH KipiC TOTBIHBIH LIy, 2IEKTPOMArHUTTIK KeIepTijiep *KoHe
ALT-HbIH 1MIKi MIyBl TAJJAHBI, OJapbl a3aWTYABIH THIMJI TOCUIAEPI KOJIAHBLIIBI.
¥3ak Mep3iMIli ChIHAKTAp KYWEHIH TYPAKThl )KYMBICHIH, TOMEH Iy JCHICHIH JKOHE
100 Om—1000 kOm muanazonbiHaa 0,5%-maH acmalTBIH eIIIey KaTeCiH KOPCEeTTi.
AJNBIHFAH HOTIDKENIED YCHIHBUIFAH TOCUIIH TOMEH TEeMIIepaTypallbl bIIFAJIBLUIBIK
KOHE Ta3 CEHCOPJIAPBIH 93ipJeyre KapaMAbUIBIFbIH JTOJECHAl KOHE OHBI JKOFaphl
TEeMIIEpaTypabl CeHCOpIap bl NaiianaHy KayinTi OONaThIH OHIIPICTIK JKaFmaimapaa
KOJAaHy MYMKIHIITIH KOpCEeTemi.

Tyiiin ce3aep: ra3 ceHcCOpIaphl, TOMEH TEMIIepaTypajabl CEHCOpiap, Kallaibl
OKCHUJI1, )KOFaphbl KeJepriiepi eIey, Ce3rill JIeMeHT
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AnnoTtanusi: B paboTe npencraBieHbl pe3ynbTaThl KOMITIEKCHOTO MCCICIOBaHUS,
HANpaBICHHOTO Ha pPa3pa0dOTKy HHU3KOTEMIIEpaTypHOrO Ta30BOrO CEHcopa Ha
OCHOBE TOHKHUX IJIEHOK OKCHJA OJIOBAa M CO3/laHHWE€ BBICOKOTOYHOW M3MEPHUTENbHOM
CUCTEMBI I PETHCTpaIli MaJbIX W3MEHEHHUH COINPOTHUBICHHS UYyBCTBUTEIHHOTO
JNIeMeHTa.  AKTyallbHOCTh ~ HUCCIIEIOBaHUs  OOyCIIOBIIiEHa  HEOOXOAWMOCTBIO
MOBBIIICHUS] 0E30MacCHOCTH TPOMBINUICHHBIX IPOIECCOB, CBS3aHHBIX C PHCKOM
YTEYKH B3pBIBOOMACHBIX T'a30B, a TAaKKe 3a/Ja4ell CHIDKEHUs pabodeil TemmepaTypsl
MOTYTTPOBOTHUKOBBIX CEHCOPOB, TPATUIIMOHHO QyHKIHOHUpYonwx mpu 300-500 °C.
Bricokue paboune TeMIiepaTypbl He TOJIBKO YBEITUYMBAIOT YHEPTONOTpeOIeHue, HO U
CO3JIAI0T PUCK BOCIUIAMEHEHHS T'a30BbIX cMecel, 4To 00yCJIOBIMBAET aKTyaJlbHOCTD
pa3paboTKH CEHCOPOB, CMIOCOOHBIX (PYHKIIMOHHPOBATh NP KOMHATHOW TeMIeparype.
B xauecTBe UyBCTBUTEIBHOTO MaTepHana HCIONb30BAIN TOHKHE IUIEHKH SnO-,
MOJTyY€HHBIE METOAOM CIpEeH-NUpoiN3a Ha CTEKISIHHBIX NoIokkax mpu 400
°C ¢ mpuMeHeHHeM TpEX THIIOB NMPEKYpPCOpHbIX cucteM Ha ocHOoBe SnCls-5SH-0.
Crpyktypy u MOPQOJOTHIO TUIEHOK KCCICAOBAIM METOAAMHM  CKaHUPYIOIICH
JNIEKTPOHHOH MHUKPOCKOIIMU W PEHTTCHOBCKOW Au(dpakiyuu, a HX ONTHYECKHE
CBOWCTBA — CIEKTPOPOTOMETPUUYECKHM METOAOM. VI3MEHEeHHEe DIEKTPUYECKOTO
COTPOTHBIICHUS] TPHU BO3AECHCTBHU TApOB BOMABI HM3MEPAIU YETHIPEX30HIO0BBIM
METOJIOM, YTO IO3BOJIUJIO OLEHUTh YYBCTBUTEIHHOCTH MarepHaja MpH KOMHATHOMN
temreparype. st TO4HOH perucTpaniy BELICOKUX COMTPOTHBIICHUH Obla pazpaboTaHa
MpeIU3UOHHAs U3MEPUTEIbHAsI CUCTeMa Ha 0a3e 16-pa3psiHoro aHamioro-uudpoBoro
npeobpazoarenss ADS1115, Brimrodaromasi 4eThIpEXITPOBOIHYIO CXEMY TOAKIIIOUYCHUS,
HCTOYHUK CTAOMIIM3UPOBAHHOTO TOKA M ITPOTPAMMHOE 00ecIieueHHe ISl BU3yalTu3aliH
JAHHBIX B peajbHOM BpemeHH. [IpoaHann3upoBaHbl OCHOBHBIE MCTOYHHKH IITYMOB,
XapaKTepHbIE JIsI U3MEPEHUN BBICOKMX COINPOTHBIICHUH, BKJIOYas TEIJIOBOU WLIyM,
IIyM BXOJHOTO TOKa OIEPAallMOHHOTO YCHJIMTENS, JJIEKTPOMAarHUTHBIE TOMEXHU U
cooctBennbid mym AL, a Takke peamn3oBaHbl MEPHI 10 UX CHUKEHHIO. J{muTenbHbIe
WCTIBITAHNA TTOATBEPANUIIN CTaOUIBHOCTD PabOThl CUCTEMBI, HU3KHH YPOBEHb LIYMOB
U TIOTPEIIHOCTh n3MepeHuil He 6omnee 0,5% B nuanazone compotusieHuid 100 Om—
1000 kOwm. [Tomy4yeHHBIE PEe3yabTATHl MOATBEPKIAIOT MPHUTOTHOCTh MPEITI0KEHHOTO
MoaxoAa sl pa3pabOTKA HHU3KOTEMIIEPAaTYPHBIX JATUYUKOB BIIAYKHOCTH W Ta30BBIX
CEHCOpOB, a TaKXe MEepPCHEKTUBHOCTh €ro NMPUMEHEHHUS B MOTEHLHAJIbHO OMACHBIX
cpenax, Te MCI0JIb30BaHNe BEICOKOTEMIIEPATYPHBIX CEHCOPOB HEXKeNaTeNIbHO.

KuroueBble cjioBa: ra3oBble CEHCOPBI, HU3KOTEMIIepaTypHast CEHCOPHKA, OKCHJI
0JIOBA, BHICOKOOMHBIE JaTYUKH, YYBCTBUTEIBHBIN 2IEMEHT

BBe[[eHI/Ie. HpOMBIHIJIeHHaH aBToOMarus3anus B IMOCJICAHUC NECATUIICTHA pa3BU-
BAETCS 0COOCHHO CTPEMHUTEIBHO, U BMECTE C ITUM BO3PACTaeT MOTPEOHOCTD B HAIEKHBIX
cHCTeMax KOHTpOJISi cocTaBa ra3oBoi cpenbl. OOHapy)KeHHE B3pPHIBOOMACHBIX I'a30B
B TCXHOJJOTHYECKHUX IIpOoLeCCax ABJISCTCA KIHOYEBbBIM q)aKTOpOM O6eCHe‘-IeHI/I$1
cTaOWIIBHOM 1 Oe3011acHON paboTHl 000PYNOBaHNS, TOCKOJIBKY JJaske KPATKOBPEMEHHOE
MPEBLINICHUEC JOITY CTUMBbIX KOH]_[eHTpaHI/Iﬁ MOXCT IIPUBCCTU K aBaprIHBIM CUTyallusaM
(Sharma et al., 2011; Brunet et al., 2012). Cpeau pa3iIu4HbIX TUIIOB JaTYMKOB 0C000E
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BHUMAaHUE YIEISETCS MOJIyIIPOBOAHUKOBBIM a30BbIM CEHCOPAM, KOTOPBIE ITOIYYUIN
LIMPOKOE paclpocTpaHeHue Onarogapsi HU3KOH CTOMMOCTH, MIPOCTOTE KOHCTPYKLHUH,
BBICOKOM CKOPOCTHU OTKJIMKAa U BO3MOXKHOCTU MHTETPALUU B KOMIIAKTHBIE YCTPOUCTBA
(Kaur et al., 2007; Zhao et al., 2025).

Hecmotps Ha odueBUHBIE NPEUMYLIECTBA, MOJYIIPOBOJHUKOBBIE CEHCOPHI UMEIOT
PSI OTpaHUYECHUH, CBA3aHHBIX MPEKE BCETO C TEMIIEPaTypHBIM PEeKUMOM padoThI. st
OOJIBLIMHCTBA OKCHIHBIX MaTepUaoB XapaKTEpHO, YTO YyBCTBHTENBHOCTH CEHCOpA
CHayaja BO3pacTaeT C yBEIWYEHMEM TEMIEpaTyphl, JOCTUTas MaKCUMyMa, a 3aTeM
CHIKaeTcs. OT0 00yCIIOBICHO CIIOKHON KMHETHKOM acopOLny 1 1eCOPOLIMU ra30BbIX
MOJIEKYJI Ha TIOBEPXHOCTH ITOJIyTPOBOAHUKA. JOCTUIKEHNE BBICOKOM UyBCTBUTEIIBHOCTH
IIpU HU3KOM TeMmIeparype OCTAa€Tcs CEpPbE3HOM HAy4YHO-TEXHUYECKOW 3anayei,
IIOCKOJIBKY IPOLECCHI TIOBEPXHOCTHOIO B3aUMOIEUCTBUS TP KOMHATHOM TEMIIEpaType
MPOTEKAIOT 3HAYMUTENBHO MeIuieHHee. B pesynbrate mopasisitoniee OOJBLIIMHCTBO
MPOMBIIIJICHHBIX CEHCOPOB (YHKLUMOHUPYIOT MPH TOBBILICHHBIX TEMIIEPaTypax,
3agactyro mpesblimarommx  200-300 °C. Takoit pexum TpeOyeT BCTPOCHHOTO
HarpeBarelis, YBEJINYMBACT YHEPronoTpedIeHnE U CO3AaéT IOMOIHUTEIbHBIE PHCKH
pH padoTe BO B3PHIBOONACHBIX CPEAaXx.

OCO0OEHHO KPUTUYHBIM CTAHOBUTCS TOT (hakT, 4yTo paboyasi Temreparypa ceHcopa
MOKET OKa3aTbCsl BBIIIE TEMIIEPATyPbl BOCILIAMEHEHHsI HEKOTOPBIX I'a30BbIX CMECEN.
B sToM ciiywae cam garduk MpeBpalaeTcs B MOTEHIMAIBHBIM HCTOUHUK BO3TOpaHus,
YTO HEAOMYCTUMO B YCIOBHUSX XMMUYECKHX MPOHM3BOACTB, HE(PTEra3oBOi oTpaciu u
JOPYTUX TEXHOJIOTHYECKHX MPOLECCOB, CBA3aHHBIX C OOpaIleHUEM JIETYYHX BEIECTB.
[TosToMy pa3paboTka CEHCOPOB, CHOCOOHBIX (PYHKIMOHHPOBATH MPH KOMHATHOM
TeMIieparype, SBISETCS Ba)XXHBIM HaIPABIEHUEM HCCIIEJOBAHUN, MO3BOJIIOIINM
CYIIECTBEHHO MOBBICHTH 0€30IaCHOCTH IKCIUTyaTallui 000PyI0BaHUSI.

B pamkax manHol paOoThI OblIa MOCTaBIEHA 3a/ladya CO3JaHMsl YyBCTBUTEIHLHOTO
9JIEMEHTa, CHOCOOHOTO PETUCTPUPOBATH H3MEHEHHMS COCTaBa  OKpY)KalolleH
cpeapl 0e3 BHEUIHEro HarpeBa. Takoll MOXXOJ IO3BOJSET HE TOJNBKO CHHU3HUTH
9HEPromnoTpedIeHne yCTPOUCTBA, HO M TMOJHOCTHIO HCKIIOYMTH PHCKH, CBS3aHHBIC
c paboTod mpu Temmeparypax, OIM3KMX K TIpeaeiaM BOCIUIAMEHEHHsS Ta30BbIX
cMmeceii. JlononauTensHO ObUTa pa3paboTaHa BBICOKOTOYHASI H3MEPUTENbHAS CHCTEMA,
o0ecrieyrBaroNasi KOPPEKTHYIO PETHCTPAIMI0 MaJIbIX HM3MEHEHHH JIEKTPUYECKUX
rapamMeTpoB UYYBCTBUTENBHOTrO ciiosl. COBOKYMHOCTh 3THX pELIEHUH OTKpBIBAaeT
BO3MOXHOCTb IIPUMEHEHUSI CEHCOPOB B YCJIOBUSX IOBBILIEHHOW B3PBIBOOIACHOCTH,
[JI€ MCIOJb30BaHUE TPATULUOHHBIX BBICOKOTEMIEPATYPHBIX AATYMKOB OIPAaHUYEHO
WIH BOBCE HEBO3MOXKHO. Peanmsanusi HHM3KOTEMIIEPAaTYypHOTO peKuUMa pabOoThI
JleJ1aeT TaKUe CEHCOPBI IEPCHEKTUBHBIMU JUIsl BHEAPEHUS B COBPEMEHHBIE CUCTEMBI
MIPOMBIIIJICHHOW aBTOMaTU3al[H, OPUEHTUPOBAHHbIE Ha TIOBBIILICHHE OE30MaCHOCTH H
CHIDKEHHUE DKCIUTyaTallMOHHBIX 3aTpar.

Jluteparypusiii 0030p. CoracHo cTaHAapTaM, MakKCHMajbHas TeMIleparypa
MOBEPXHOCTH 3JIEKTPUUECKOTO 000pYAOBaHMS HE JOJDKHA MPEBBILIATH TEMIEpPaTypy
BOCIIJIAMEHEHHS OINACHBIX ra3oB, NMPUCYTCTBYIOIIMX B OKpyKarouieil cpene. OgHako
KaK B Hay4YHbIX MCCIIEOBAaHMIX, TAK K HA KOMMEPUECKOM phIHKE paboyas Temreparypa
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HEKOTOPBIX CEHCOPOB MPHUONMKAECTCS K TEMIEpaType BOCIUIAMEHEHHUS! BOAOPOJA.
VdeHble U3rOTOBUIIM BOIOPOIHbIN CEHCOP Ha OCHOBE TOHKOH MIE€HKU SnO, ¢ pabouei
temneparypoit 550 °C (Mohammed et.al., 2025). Takxe 611 pazpaboTaH BOJOPOIHBIN
CEHCOp Ha OCHOBE TOHKOM €HKK ZnO ¢ onTuMalibHOM paboueii Temmneparypoii 400 °C
(Kim et.al., 2024) co3ganu ceHcOp Ha OCHOBE HaHOTPYOOK ZnO, Takke MMEIOUIUI
ONTUMAJLHYIO pabouyto Temmeparypy 400 °C.

Cencop TGS2616-C01 xomnanuu Figaro peMOHCTpHUpYeT OTKIMK Ha BOXOPOJ B
nuanaszone 14-100 ppm npu padouem Hanpsbxenuu S B (430 °C, 280 mBr) (Yao et.al.,
2016). Cencop GGS 6530 T xomnanun Umwelt Sensor Technik umeer otkauk 14—-100
ppm npu padoyem Hanpsokeruu 3,5 B (475 °C, 460 mBt) (Kumar et.al., 2024). Cencop
MQ-8 xomnanun Winsen nokaspiBaeT oTKJINK 4—100 ppm npu pabouem HanpsuKeHUH
5 B (<950 mBT) (Choi et.al., 2007; Tang et.al., 1997).

B HacTosimee BpeMsi CyliecTBYeT ABa OCHOBHBIX HAIPaBJICHUS CHIDKEHHS paboyeit
TEMIIepaTypsl M MOBBIIMICHUS YYBCTBUTEIBHOCTH CEHCOpoB. llepBoe onTumu3anus
ra304yBCTBUTEIBHBIX MaTepUaloOB Ha dTalle HMX CHHTe3a. BTopoe mnpuMeHeHHe
BCIIOMOTATEIbHBIX YCTPOMCTB, TaKWX KaK YAbTPa(QHOIETOBbIE HCTOYHHMKH, IS
MOBBIIICHUS] YyBCTBUTEIBHOCTH. MHOTHE HCCIeI0BaTeNd JTOOMINCH 3HAYUTEIBHBIX
pesynbraroB. Hampumep, B AaHHOI paboTe YUCHbIE HCTIOIB30BaIN OKCH]] MHANS-0JI0Ba
(ITO), cHuzuB onTUMaNbHYI0 pabouyto TeMmneparypy cencopa 1o 400 K (127 °C) (Yoo
et.al., 1995). Onnako npu 3Toi Temneparype oTkiauk Ha 1000 ppm Bogopoaa cocTaBui
Bcero 1,6. Cheng u ap. M3roTOBUIIM MOTYIIPOBOJHUKOBBIN CEHCOP HA OCHOBE OKCH/IOB
0JI0Ba, NaJIJIaUs U JaHTaHa, CIIOCOOHBIH padoTaTh MpU KOMHATHOW TeMIeparype, HO
ero oTkauK Ha 1 % Bomopona cocrapmsiet okoio 0,9 (Cheng et.al., 2022). Pathak u np.
cuHTe3upoBanu ZnO, JerHpoBaHHbIN NamIaaueM, U nonyduan otkauk 39,2 na 0,1 %
(100 ppm) Bomopona mpu komHatHOU Temmepatype (Dini et.al.,, 2023; Kang et.al.,
2022; Song et.al., 2005).

MarepuaJjbl 1 METOAbI.

[Inénku oxcuaa onoBa OBLIH MOJYUYEHBI METOJOM CIIPEH-MUPONIU3a Ha CTEKISTHHOM
nojioxkke npu Temneparype 400 °C. B kauecTBe mpeKypcopoB HCIIOJIB30Bajd TPU
pasnM4HbIe IIeHKoOOpasyomue cucteMbl Ha ocHose SnCl,-5H,O: pacTBop B TanoE,
THIIPO30Jb U UX CMEChH, YTO MTO3BOJIMIIO BAPbUPOBATh yCIOBUs (POPMHUPOBAHUS MIIIEHKH
U KOHTPOJIUPOBaTb MOP(OJOrHI0O OcaxAEHHOro Marepuaia. Kaxmas u3 cuctem
oOecrieyrBaia pa3IMUHyI0 JUHAMHUKY pacnajza a’po30JbHBIX Kameib W THIPOJIN3a
MIPEKypcopa, YTO OTPAKaJIOCh Ha OJHOPOAHOCTH TOKPBITHSI, pa3Mepe 3€peH U CTENIEHU
KPUCTAJUIMYHOCTH MOJyYEHHBIX CIIOEB.

J1st BCeCTOPOHHEro aHaJIn3a CTPYKTYPbI M CBOMCTB IJIEHOK MPUMEHSITH KOMILIEKC
COBPEMEHHBIX METO0B. MOP(OIOTHS MOBEPXHOCTH U 0COOCHHOCTH MUKPOCTPYKTYPBI
H3y4YalIuCh C TIOMOUIbIO CKAHMUPYIOMIEH OIEKTpOHHOH Mmukpockonuu (COM),
MO3BOJISIIOIEH OLCHUTh PACHpeAeiCHUEe YaCTHL, IUIOTHOCTh IUIEHKM M HaIW4He
nedexroB. Kpucrannmueckass CTpPyKTypa HCCIIEAOBAIACh METOIOM PEHTI€HOBCKOM
IUQPaKLuK, YTO TO3BOJIMIIO ONIPEACTUTH (Pa30BbIi COCTaB, CTENEHb KPUCTAIUIMYHOCTH
U OPEANOYTHTEIbHYIO0 OPHEHTALMIO KPUCTAIUTOB. ONTHYECKHE CBOWMCTBA TIIEHOK
aHAJM3UPOBAINCH METOIOM CIIEKTPO(OTOMETPHUN B MIMPOKOM JHANa3oHe AJUH BOJH,
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YTO J1aJI0 BOBMOXKHOCTh OLIEHUTH KO (QUITUEHTHI IPOITY CKaHUS U TIOTJIONIECHUS, 4 TAKIKE
ONPEAEIUTH IUPUHY 3aIPEIEHHON 30Hbl. HyBCTBUTEIBHOCTD MIIEHOK K BO3AEHCTBUIO
BOJSHBIX NIAPOB OLEHUMBAJIACh NYyTEM H3MEPEHUS] HM3MEHEHUS BJIEKTPUYECKOTO
COIPOTHUBIICHUS YETHIPEX30HIOBBIM METOJIOM, 00CCIICUNBAIOIINM BBICOKYIO TOUHOCTb
Y WCKJIFOYAIONIMM BJIUSHUE KOHTAKTHBIX COINPOTUBICHUH. Bce 00pas3ipl wmenu
onuHakoByro TonuuHy 500 £ 15 HM, YTO MO3BONMIO KOPPEKTHO CpPAaBHHUBATH HX
CTPYKTYpHBIC, ONITUYECKHUE U CEHCOPHBIC XapaKTEPUCTUKH MEKITY COOOM.

Hcrounnk cTabUIN3MpPOBaHHOTO TOKA ObLT Peain30BaH HA OCHOBE OTICPAllMOHHOTO
ycuutenss OP1 wu BeixogHOro OumnossipHoro tpansucrtopa T1. PerymupoBanue
pabodero pexuMa OCYIIECTBISUIOCh IMEPEeMEHHBIM pe3uctopoM RS HoMuHaioMm
10 kOm. BpIxon omepanMioHHOTO YCWJIMTEIS COCIMHsUICS ¢ 0a30il TpaH3UCTOpa
yepe3 pe3uctop R3 comporusiennem 12 kOwm, orpaHWYHMBarOIIUi 0a30BBIA TOK, a
LIEb OTPHIIATEIIFHON OOpaTHOW CBsi3u BKIrOYana pe3uctop R4 Homuuamom 1 kOwm.
OnepanvoHHBIA  YCUIINTENh OOCSCIEeUnBal CPaBHEHHE OIMOPHOTO HAMPSIKCHHUS C
CUTHAJIOM OOpaTHOM CBSI3U W YIPABIIsT 0a30BBIM TOKOM TPAaH3UCTOPA, MOICPKUBAS
3aJIaHHBIA 3JICKTPUYECKHIA PEXHUM UYyBCTBUTEIBHOTO 3ieMeHTa. [lpu BeIOOpe OY
YYUTHIBAIUACH JIMANIA30H CUH()A3HOTO BXOJHOTO HAMPSKCHUS, HAMIPSKCHUE CMEILCHUS,
BXOJHOM TOK, CIEKTpajibHasl IUIOTHOCTh HANPSHKEHYECKOTO W TOKOBOTO IIIyMa,
MoJjioca €IUHUYHOTO YCHUJICHHUS, CKOPOCTh HApacTaHUS BBIXOJHOTO HANPSDKEHUS U
JOMYCTUMBIA BBIXOAHOM TOK. OIHAKO KOHKPETHAs MOJAENb HCHOJb30BaHHOrO OV,
Mapka TPaH3UCTOPA M UX MACTIOPTHBIE ITYMOBBIC XapaKTEPUCTUKH B HACTOSIICH paboTe
He ObLUTH 3a()MKCUPOBAHBI, YTO SBJSCTCS OTPAHUYCHUEM IMPEICTABICHHOTO OMUCAHUS
SKCIIEPUMEHTAJIbHOW YCTAHOBKH.

PesyabTaTrsl 1 00cykaeHHe.

W3mepenue mnapaMeTpoB Ta30BBIX CEHCOPOB TpPEOYyeT BBICOKOW TOYHOCTH U
CTAOMJILHOCTH, TIOCKOJIbKY W3MEHEHUE CONPOTHUBIICHUS UYBCTBUTEIBLHOTO CJIOS
IpU  BO3JCHCTBUM IEJEBHIX Ta30B OOBIYHO COCTABISET JIMIIb JOJU IPOIICHTA.
Jlaxke MUHHMANIbHBIC KOJCOAHUS BHEIIHMX YCJIOBUW WM IIyMbl H3MEPUTEIBHON
anmnapaTypbl MOTYT UCKa3UTh PE3YJIbTAT, YTO OCOOCHHO KPUTHUYHO MIPU MCCICIOBAHUI
BBICOKOOMHBIX MaTepuaioB. B Hacrosimield paboTe B KauecTBE YYBCTBUTEIbHBIX
AJICMEHTOB HCIOJb30BAIMCh TOHKHE IUIEHKM OKCHZAa O0JI0Ba, C(OPMHPOBAHHBIC
METOJIOM CIpEH-NUpoKn3a Ha CTEKISHHOM momioxkke. Takwe min€Hku oOmanaror
BBIPAXKCHHOM YYBCTBUTEIBHOCTHIO K IMapaM BOJBI MPU KOMHATHOM TeMIiiepaType,
YTO JEJIAeT MX NEPCICKTUBHBIMHU ISl pa3pa0OTKU HU3KOTEMIIEPATyPHBIX CEHCOPOB
BIQYKHOCTH, HE TPEOYIOUIMX BCTPOSHHOTO HArpeBaTels M OTIMYAIONINXCS HU3KUM
SHEProNnoTpeOICHUEM.

OnHako OTCYTCTBHE TOJOTPEBAa UYBCTBUTEJIBHOTO JJIEMEHTa MPUBOIUT K
CYLIECTBEHHOMY YBEJIMUYEHHUIO CONPOTUBIICHUS TUIEHKU — 3HAYE€HUA JOCTUTal0T COTEH
kOwm u moryT npeBbiiate 1| MOM. PaGoTa ¢ TakuMH BBICOKUMH COTPOTHBIICHUSMU
3HAUUTEIBHO YCIOXKHAET 3aJadyy TOYHOIO H3MEPEHHMs, MOCKOJBbKY TpPaJULMOHHBIE
METONbl PETUCTPALMM, OCHOBAHHBICE HA MPOCTHIX MACIUTENSAX HANPSDKCHUS WIN
TOKO3aJalolMX CXEMaX, OKa3bIBaIOTCS HEAOCTAaTOYHO Han&KHbIMU. (OCHOBHEBIC
OTpaHHYEHUS CBS3aHBl C HECTAOWIIBHOCTHIO TOKA, BIIMSHUEM Mapa3uTHBIX
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CONIPOTHBIICHUN COCIMHUTENBHBIX IMPOBOJAOB, Aped(oM HyNs, a Takke HIyMaMu
W3MEPUTENILHON LIENH, KOTOPBIE CTAHOBSITCSI COMOCTABUMBIMH C TOJIE3HBIM CUTHAJIOM.
JIOTIOJTHUTENBHYIO CIIOKHOCTh CO3AaéT OrpaHHMYeHHas Pa3psAAHOCTb CTaHIAPTHBIX
ALII, He mno3BONSIOMAS KOPPEKTHO PETHCTPUPOBATh Majble OTHOCHTENbHBIC
W3MEHEHHUs CONTPOTHBIICHHUS Ha PoHE OOIBIIOr0 0a30BOT0 3HAYCHHUS.

[TosTromy B maHHOM pazzene oT4éra ocoboe BHHMMAaHHE YACICHO pa3padoTKe
MPELU3NOHHON H3MEPUTENILHOW CXeMbl, ONTHMU3UPOBAHHOM JJsi paboThl ¢
BBICOKOOMHBIMU CEHCOPHBIMH 3JIeMEHTaMH. B KadecTBe KIIOYEBOr0 KOMIIOHEHTa
BbIOpaH 16-pa3psanblil anazoro-ungposoii mpeodpazosatens ADS1115, oGnagaromuii
MPOrpaMMHUPYEMBIM YCHIIEHHEM, HU3KUM YPOBHEM COOCTBEHHBIX HIYMOB M BBICOKOM
YyBCTBUTEIBHOCTBIO. Ero uCHonb30BaHHE MO3BOJSIET PETUCTPUPOBATH Malible
W3MEHEHHUs COMTPOTHBIICHHS C BBICOKOM TOYHOCTBIO JJasKe MPH 3HAYUTEILHBIX 0a30BBIX
3HaueHusX. Kpome Toro, Oblia co3maHa KOMIUIEKCHast cuctema cOopa, o0paboTKu u
BH3YyalU3allH JaHHBIX, BKIIOYAIOIIAs IPOrPaMMHBIE aITOPUTMBI (DUITBTPALIMH ILIYMOB,
ABTOMATHUYECKYIO KaJTHMOPOBKY M3MEPUTENbHBIX KaHAJIOB U MOCTPOCHHE BPEMEHHBIX
3aBHCUMOCTEH B peajlbHOM BpeMeHH. Takoll momxon oOecrmeynBaeT HaAEKHYIO
U BOCIPOU3BOJMMYIO PETUCTPALUIO XapaKTEePUCTHK CEHCOPOB, 4YTO SABISETCA
HEOOXOIUMBIM YCIIOBHEM [UIsSl TOCJIEAYIOUIEro aHaliu3a HX YyBCTBUTEIBHOCTH,
CTaOMIBHOCTH M IWHAMHMKH OTKIIMKA.

Pa3zpaboTka M3MEpUTENHHOH CHUCTEMBI ObUIA CTPYKTYpPHpPOBaHA MOJTAIHO, YTO
MO3BOJIMJIIO MOCIIEIOBATEILHO PEIIUTD KIIFOUEBbIC HH)KCHEPHBIC 3a/1a4u:

1. CpaBHEHHE METOAOB CTA0OMIIM3ALMHU TOKA MMTaHHUS CEHCOPA.

Boumn paccMoTpeHsl pa3nuyHble TOAXOABI K (OPMUPOBAHHIO CTAOMIBHOTO TOKa,
BKJIIOYAsl PE3MCTUBHBIA TOKO3aJAIOLINHI AIIEMEHT U aHAJIOTOBBIH MCTOYHHMK TOKa Ha
OTIEPALIMOHHOM YCUJIHTEIIE.

2. Peanu3anus 4eThIpEXIPOBOAHOMN CXEMBI U3MEPEHHUSL.

Takoii MeTO/] TO3BOJISIET MOJTHOCTHIO HCKITIOUNTh BIMSIHAE COMPOTUBIICHUS ITPOBOJIOB
1 KOHTaKTHBIX COCJUHEHWH, YTO 0OCOOCHHO Ba)KHO MPHU padOTe ¢ COMPOTUBICHUSIMH
nopsiika coreH KuiOm.

3. AHanu3 UCTOYHHUKOB IIYMOB U Pa3paboTKa METONOB UX (PHUIIBTPALIUH.

Brutn nccnenoBaHbl TEIIOBBIE ITYMBI, ITYMBI BXOAHOTO TOKa OY, 371eKTpOMarHuTHEIE
HaBOAKH U coOcTBeHHBIN yM AL, a Taxoke mpeioKeHbl annapaTHble U TPOTpaMMHBIE
METO/BI UX MTOJAaBICHHUS.

4. PazpaboTka mporpaMMHOTO o0ecredeHus A1l MUKpoKoHTposuiepa u [TK.

Cospmana cucrema, obOecriednBaromasi cOOp AaHHBIX, UX MEPBHYHYIO 00pabOTKY,
BH3YyalU3alHIO U 3aIiCh B (hail.

Jns u3MepeHus: COMpOTHBIICHHUS Ta30BOT0 CeHcopa Obuia paszpaboTaHa cxema
Ha 0aze 16-paspsanoro ALIT ADS1115. M3meputenbHas 4acTh peasn3oBaHa IO
YeTBIPEXITPOBOJHON CTPYKTYpe (PUCYHOK 1), BKIIIOUAIOLICH:

* [apy MpPOBOJOB UIs OAAYX CTAaOMIM3UPOBAHHOTO TOKA HA CEHCOP,

* mapy NpoBOAOB sl chéMa IU(PEpEeHINATBLHOTO HANPSIKEHUS, KOTOPOE 3aTeM
oungpossiBaetcst ADS1115 u nepenaércs B MUKpPOKOHTPOJLIED.

Takoii moaxox oOecreynBaeT BEICOKYIO TOYHOCTh M3MEPEHUH, MTOCKONbKY TaJIcHHE

116



Volume 3, Number 468 (2026)

HanpspKEHUsS Ha MPOBOAAX U KOHTAKTaxX HE BIUSET HA Pe3ysbTar.
Mertoapl cTaOMIN3alny TOKa
1. Crabunm3anus Ha pe3ucTope U3BECTHOrO HOMHUHANA (PUCYHOK 1a)
Toxk "epes ceHcop ONpeAeNnseTcsl BEIpaKEHUEM:
;= Vrer
R

rie, [ — Tox uepes paryuk, V. — ONMOPHOE HANpsUKEHHE, R — 3a1aromuii pe3ucTop.

[IpeumymiecTBO 3TOTO MeTO/Ma 3aKIIOYaeTCs B €ro KOHCTPYKTUBHOHM MPOCTOTE
U MUHUMAJIBHBIX TpPEOOBaHUAX K AIIeMEHTHOW Oaze. OHAKO €ro CyIIeCTBEHHBIM
HEJIOCTATKOM SIBJIAETCS HEOOXOAMMOCTE MOA00pa M 3aMeHbI pe3ucTopa R mpunepexone
K IpyTOMY JHarna3oHy COMPOTHUBICHUH CEHCOpa, YTO OTPAHMINBAET YHUBEPCAIBHOCTh
1 THOKOCTh M3MEPUTENHHON CHUCTEMBI.

2. AHanoroBbBI# UICTOYHUK TOKA Ha ONEPAllMOHHOM ycuiuTene (pucyHok 1b)

B »T0li cxeme TOK Harpy3kd OIpenemseTcs MaJeHHeM HaNpsDKeHUS Ha MalioM
pesucrope R :

OrnepalMOHHbIH yCHIINTEh CPABHUBAET ONIOPHOE HanpspKeHue V. ¢ ¢ HApsDKeHHEM
o0paTHO# CBSI3M, TMPOMOPIHOHANBHBIM TOKY HAarpy3kW. 3a CY€T OTpUIATeNbHOM
o0paTHO# CBA3M OH M3MEHseT 0a30BbIi TOK TPaH3WUCTOpa 1O BBITIOIHEHUS YCIIOBHS
Vin ® Vies. Ecin Tox m3mepsiercs 1o pesuctopy £z, To ero ycTaHOBUBIIEECS 3HAUCHHE
OTIPEIEIISICTCS BRIPAKCHIEM

8L

MakcumanbHOe CONPOTUBJICHUC HArpy3KH OHNPCACIISICTCA HAIPAKEHUCM COOT-
BCTCTBUA:

R I"'rsu.:lg:l - Vheadrccm - VfE_.mi.ﬂ
load,max — I '

set

rie Vheadroom BK/IIOYAET HEOOXOAMMBIH 3amac BBIXOAHOTO Hanpsbkenus OY u
MaJIeHNe HAIPSKEHUST Ha TOKO3aIal0IIeM Pe3UCTOope.

[IpenMytiecTBO MeTOma 3aKITIOYAETCS B TOM, YTO TOK OCTA&TCS IMOCTOSHHBIM
HE3aBUCUMO OT U3MEHECHHUSI COITPOTUBIICHHSI CEHCOPA, YTO 0COOCHHO BaKHO MTPH paboTe
C Ta30BBIMHU CEHCOPAMH, COMTPOTUBIICHUE KOTOPHIX MOXKET U3MEHITHCS B ICCSATKH Pas.
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0L 5o
1

e
R uastiomiozo Homisara

HZL
£y|

R4
1k

a) Ha pE3UCTOPE U3BECTHOIO HOMUHAJIA, b) aHAJOTOBBIM MCTOUYHHMK TOKA Ha ONCPalluOHHOM YCHUIIUTEIIC

Pucynox 1 — CxeMbI METOIOB CTAOMIIM3AIINN TOKA

Ha pucynke 1b pesuctop R4 Brirouén nocienosarensHo co Bxogom OY u Tok He

m3mepsieT. B takom Buge OY (akTHUecKH CTaOMIM3UPYeT HANpsKeHUE Ha RJ-', a TOK
OIIPEACIIACTCA KaK:
v
re
==L
R.X’
P€3y.]'II>TaTLI CpaBHCHHA METOAOB CTa6I/IJ'II/I3aLII/II/I NPUBCIACHLI B Ta6J'II/ILIe 1.
Tabmuma 1 — CpaBHUTENBHAS TAaONHIIA METOIOB CTAOMIH3AINN
[Tapamerp Pesucrop Hcrounuk Toka Ha OY
TIpocroTa peann3anun BBICOKasI CpeIHss
I'mbxocTh HACTPOUKHU TOKA HU3Kast BBICOKAs
CTabMWIbHOCTD TOKA CpeHsIst BBICOKAst
3aBHCUMOCTB OT COIPOTHBIICHUS CEHCOPa OoupIrast MaJas
TouHOCTH TIPpU MaJIBIX COTIPOTHUBIICHUAX HH3Kast BBICOKast

Peanuzanusa uaMepuTebHON CUCTEMBI.

[Hopxntouenne k ADS1115.

Jus m3mepenuit ucronb3yeTcs nuddepeHnanbHbI pexKM:
— xaHasbl AO-A1 — cencop Nel

— xaHaybl A2—A3 — ceHcop Ne2

N3Mmepsiemoe HalpsKeHHe:

meas sensor
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rae R — COMMPOTUBJICHUEC I'a30BOI0 CEHCOpPA.

sensor

CxeMaTH4ecKoe OpeaACTaBICHUC peaJ’IH3OBaHHOﬁ CUCTCMbI NIPUBCICHO HAa PUCYHKC
5.6.

a) cxeMa; b) dhororpadus peanuzanuu cxeMbl; ¢) BBIBOJ HaHHBIX Ha [1K

Pucynok 2 — Cxema 4eTBIpEXTIPOBOTHON CXEMBI U3MEPEHHS

Crnenyrommm 3tanoM padOThl CTall ACTAlbHBIM aHalu3 IIYMOB, BO3HUKAIOIINUX
IIPU M3MEPEHUU BBICOKOOMHBIX JTaTYMKOB, W pa3paboTKa METOAOB HX IOJABICHUS.
[Ipu pabore ¢ CONPOTUBICHHUSIMH TOpsAAKa CcOTeH KWwIOM U BbIIIE YpPOBEHb
LIYMOB CTAHOBUTCSI COMOCTAaBUMBIM C IOJIE3HBIM CUTHAJIOM, IO3TOMY KOPPEKTHAs
UICHTH(HUKAIMS WCTOYHUKOB IIIYMOB W BBIOOP aJIEKBATHBIX METOMOB (DHIIBTpalun
SIBJISIIOTCS. KPUTUUECKU BasKHBIMU.

OCHOBHbIE UCTOYHUKHU LIYMOB

1. Temnosoii ([J)xoHcOH—HaikBHCT) IIyM PE3UCTOPOB

TeroBo# 1IyM 00YCIIOBICH Xa0THYECKUM TEIUIOBBIM JIBUKEHHUEM JIIEKTPOHOB B
npoBojHuKe. Ero cpennekBagpatuuHoe 3HaYCHUE OMKUCHIBACTCS BBIPAKEHUEM:

v, = V4kTRB

rae k—noctosinaas bonbimana, 7— abcontoTHas TeMeparypa, R — CONpOoTUBIICHUE,
B — monoca mpomyckanus. [lns BeICOKMX compoTuBieHud (Hampumep, 100 xkOwm)
TEMJIOBOM IIyM CTAHOBUTCS 3HAYUTEIbHBIM, TaK KaK OH PacTET MPOMOPIHMOHAIBHO
KOPHIO M3 COMPOTHBIEHUS. JTO (yHAaMEHTaIbHBIH (U3MUECKUN Mpeen, KOTOPbIHd
HEBO3MOYKHO YCTPaHHUTh, HO MOXKHO YMEHBIINTb, CHM)Kas IIOJIOCY YacTOT WU
TeMIIeparypy.

IIpn Temnepatype 298 K cmekrpanbHas IUIOTHOCTh TEIIOBOTO HANpsKEHHS
conpotusieHus 100 kOm cocraBiseT

€.r — V4kTR % 40,6 uaB//Im.
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CpenHekBaipaTUUHOE HAIIPSKEHME B Iojloce BonpenensdercaiKak Uy, g = €, g ‘v“'E.
Hanpumep, B nonoce 10 I'y ono cocrapnsiet npubnusutensHo 0,13 MkB.

2. 1Illym, cBsA3aHHBIA C BXOAHBIM TOKOM ONEPALMOHHBIX  YCHJIMTENEH
Bxoanoii Tok OV co31a€T NOMOIHUTENBHOE ITYMOBOE HAIPSIKCHUE:

U?:J = I;'z *R

rae /, - TNIOTHOCTH IIIyMOBOTO ToKa. [Ipy OONBIIMX COMPOTHBICHUSIX JaKe Majble
mymoBble TOKH (mopsiaka (emroammep/NI') MPHBOAAT K 3aMETHOMY LIYMOBOMY
HanpspkeHuto. [103ToMy /17151 BRICOKOOMHBIX TJATYNKOB KPUTHUECKH BaXKHO HCTI0JIb30BATh
OY ¢ MUHUMAaJIBHBIM BXOJAHBIM TOKOM U HU3KHM TOKOBBIM IIIYMOM.

3. OnextpomaruuTHele HaBoAKH (50 I'nt, paguoyacToTHBIE TOMEXH). BoICOKOOMHBIE
Lenu 001aJar0T BEICOKOH UyBCTBUTEILHOCTBIO K BHEIITHUM 3JIEKTPOMArHUTHBIM MOJISIM.
HaBoaxu cetn 50 ['m, mMimysibcHbIe OJIOKM MHUTaHUS, PaJHOYacTOTHBIE HCTOYHHKH
CO3JAI0T Mapa3uTHbIC KoJeOaHHsI, KOTOPbIE MOTYT TPOSBIATHCA KaK MEPHOIUYCCKHE
WM HIMPOKOMOJOCHBIE HIYMBbl. OTH HIYMBI HE SIBJSIOTCS BHYTPEHHMMH, HO 4acTo
JOMUHUPYIOT TPH TJI0XOM SKPaHUPOBAHUH WU IJTUHHBIX POBOAAX.

4. Cobcrennnrit mym ALIT ADSI115

ADSI1115 umeeT cOOCTBEHHBIN IIyM KBaHTOBaHHWS M ILIYM BXOAHOTO TpakTa.
[Ipu HU3KKX yacToTax U BeICOKOM paspemieHnu (PGA Xx16) myMm MOXeT JOCTHraTh
JIECATKOB MUKPOBOJIBT.

OTOT UIyM omnpeaensieT HUKHUN Tpesiesl YyBCTBUTEIbHOCTH CUCTEMBI.

Hnst pa3paboTKu MpOrpaMMHOTO OOECTeUeHus, 00eCIeunBaloIIero yrnpaBieHUe
W3MEPUTENIBHBIM TMPOLECCOM W BH3YaJIM3alHUIO IOCTYMAIOIUX JaHHBIX, OblIa
BbIOpana cpena Hiasm. Taxoit BBIOOp 0OyCIOBIEH pSIOM €€ IPEeUMYLIECTB: BBICOKOH
CKOPOCTBIO CO3/1aHMsI TpaduuecKuX UHTEPPEHCcOB, BCTPOCHHON MOAIEPKKOH pabOThI
¢ COM-noproMm, Halmu4YueM YAOOHBIX KOMIIOHEHTOB il TMOCTPOCHHS TPa(QHUKOB B
peasbHOM BpPEMEHH, a TaKK€ MHUHHMAIBbHBIMH TPEOOBAHUSIMH K BBIYMCIUTEIHHBIM
pecypcaM NepCOHaIbHOIO KOMIIBIOTEDPA.

ApxuTektypa paszpaboraHHOH mporpamMmbel B Hiasm  moctpoeHa 1o
MOJYJILHOMY TPUHIMITY, YTO oOOecleuynBaeT THUOKOCTb, MAacHITA0MPyeMOCTb H
yA0OCTBO COMPOBOXKAEHUS. B cocraB cucTeMbl BXOAST CIEAYIOIINE KIIIOUYEBBIC
KOMIIOHEHTBI: MOAyNb paborel ¢ COM-nopToM, oOecreYMBAIOMIUN NPUEM IaHHBIX
OT MHUKPOKOHTpOJIJIEpa; MOAYJIb MApCUHTa, BBITOMHIIOMNN 00paOOTKY BXOASIIMX
CTPOK H3MepeHuH; rpaduueckuii MOIyNb, OTBEYAIONUIUI 3a MOCTpOCHHE TI'padUKOB
COMPOTHUBIICHUSI U TeMIepaTypsl B peajbHOM BPEMEHH; MOJIYNb 3alMCH JaHHBIX,
MO3BOJISIFOIME COXPaHSITh pe3yIbTaThl K3MEPEHHI B (haiiil; a TakyKe MOIb30BaTeIbCKHIH
uHTepdeiic, odecreunBaromnil ynpaBieHHe MPOLECCOM H3MEPEHUH M HAaCTPOHKY
apaMeTpoB.

@DyHKIMOHATIbHBIE BO3MO)KHOCTH ITPOTPAMMBI BKJIIOUAIOT BU3YaJIU3aLUIO0 JTAHHBIX B
peanbHOM BpEeMEHH, 3anch n3MepeHnit B popmare CSV, MOHUTOPUHT TeMIIEpaTypHBIX
napaMeTpoB JaTYMKOB, BHIMOJHEHHE 0a30BON CTaTHCTUYECKOH 00paOOTKM JaHHBIX H
9KCTIOPT Pe3yAbTaTOB B pa3nuyHble Gpopmarel. Takoli HaOOp QyHKIMIA AeTaeT CUCTEMY
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yAOOHBIM HHCTPYMEHTOM JIJIsl TPOBEACHUS JJTUTEIBbHBIX IKCTIEPUMEHTAIBHBIX CEPHI U
MOCJIEAYIOIIEro aHaJIn3a.

Jns  mpoBepkr pabOTOCHOCOOHOCTH MPOrPaMMHO-AINApaTHOTO — KOMILIEKca
Obul cOPMHUPOBAH HCIBITATENBHBIA CTEH[, BKJIIOYAIOIIMN HAOOp MPEeLH3MOHHBIX
pe3ucropoB HoMuHanamu 100 Om, 1 kOmM, 10 kOm u 100 kOm ¢ TounocTsiO 0,1%,
TEPMOCTAT [T TIOAACPKAHUS CTAOMIBHBIX YCIOBUN OKPYKaIOIEeH cpelibl, 3TaTOHHBIN
myneTUMeTp Keysight 34461 A ans npoBeneHus CpaBHUTENBHBIX H3MEPEHUH, a TaKKe
ncrounuk nutanus GW Instek GPS-3303. VcnibiTaHus poBOAMIUCH IPU TEMIIEPATYPE
25 °C £ 2 °C, oTHOCHTENBHON BIaXHOCTU 45% + 5% M ATUTENBHOCTH HENPEPBIBHON
pabotbl 24 wyaca. Ilpu wucmonb30BaHWU OWIOISPHOTO TPAH3MCTOPA HEOOXOAMMO
YUUTBIBATh APO0OOBOH IIyM 0a30BOr0 TOKA!

. [ e
lng = quBJ IB o~ E

Ero »kxBuBajeHTHBIN BKJIal Ha COIPOTHUBJICHUMU HCTOYHUKA OILICHUBACTCA
BBIPAXKCHUCM

Erz,& A~ irz,E'R.ﬁ."

Pabounii TOK KoJuIeKTOpa TpaH3WCTOpa BHIOMpAETCS ¢ YYETOM CONPOTHBICHHS
MCTOYHHKA U 3aBUCHMMOCTH [ApPaMEeTPOB Inyma Tpauzuctopa ot Iq, npusenéunoii B
TEXHUUYECKOM TOKYMEHTAILMU IPOU3BOIUTEIS.

Pesynbrarel TecTHpoBaHHMS HMCTOYHHMKAa TOKAa TMPH Pa3iIMYHBIX Harpys3kax
MpeacTaBieHbl B Tabnuie 2 W MOATBEPkKAAIOT KOPPEKTHOCTH (YHKLUMOHUPOBAHHUS
HW3MEPUTENILHOW CHUCTEMBI, CTa0MJIBHOCTH paboThl MPOrpaMMHOrO oOecreyeHus H
COOTBETCTBHE MOITYUYEHHBIX JaHHBIX 3TaJOHHBIM 3HAUEHUSM.

Tabmuma 2 — TecTupoBaHUE NCTOYHNKA TOKA IPH PA3IMYHBIX HArpy3Kax

ConpoTHBIICHNE HATPY3KU 3agaHHBIN TOK V3amepeHHsIi TOK OTKIIOHEHUE
100 Om 1.000 MA 0.998 MA -0.20%
1 kOm 1.000 MA 0.999 MA -0.10%
10 kOm 1.000 MA 1.001 MA +0.10%
100 kOm 1.000 MA 0.997 MA -0.30%

AHaJn3 MIyMOB U CTaOMIBHOCTH U3MEPHUTEIBHON CUCTEMBI IPOBOIMIICS B PaMKax
JUINTEIBHOTO 24-4acoBoro Ttecra npu noxaxiaodeHnu Harpysku 100 kOw. Llensto
UCHIBITAaHUN OBLIO OLEHUTD JOITOBPEMEHHYIO CTAOUIBHOCTH BBIXOJJHOTO TOKA, YPOBEHb
npeiida U3MEpsieMOro CONPOTUBICHUS, a TAKXKE XapakTep M aMIUIMTYAy LIYMOBBIX
KoJieOaHMI CUTHAJIA B YCJIOBHSIX HEIIPEPBIBHOM paboThl. Takoi TecT Mo3BOMSET BBISIBUTD
CKpPBITBIC HECTAOMIBHOCTH, CBS3aHHBIC KaK C anlapaTHOH 4acThiO0 (MCTOUYHHUK TOKa,
ALTI, TemneparypHble BIHSHHNS), TaK U C IPOrPAMMHBIMH KOMIOHEHTaMH, BKIIIOUAs
KOPPEKTHOCTh 00Pa0OTKHM IaHHBIX U YCTOWYMBOCTH aJITOPUTMOB (HIIBTPALIHH.

B xone skcnepuMeHTa perucTpupoBaIiCh MITHOBEHHbIC 3HAaUCHUS CONPOTUBIICHUS,
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TeMIeparypa AaTYMKOB M CTaTUCTHUYECKUE MapameTpsl curHana. Ocoboe BHHMaHHE
YAETSUIOCh OLEHKE KPaTKOBPEMEHHBIX IIYMOB (BBICOKOUACTOTHBIE (IyKTyalun),
MeAJeHHOro apei¢a (HU3KOYacTOTHBIE W3MEHEHHs, CBSI3aHHBIE C TEMIepaTypou
U CTaOWIBHOCTBIO MCTOYHHMKA TOKa), a TakKe BO3MOXHBIM CKaYKOOOpPa3HBIM
OTKJIOHEHHSIM, KOTOPBIE MOTYT CBUAETENBCTBOBATH O HAPYIIECHUSX CBS3H MM OIINOKaX
MapCHHTa JaHHBIX.

Pesynbrarsl 24-yacoBoro tecta npu conpotusieHnn 100 kOM mpencTaBieHbl B
tabauue 3. OHU IEMOHCTPUPYIOT CTa0MIBHOCTh PaOOThl UCTOUYHUKA TOKA M HU3KHH
YPOBEHB IIYMOB, UTO ITOATBEPIKIAET KOPPEKTHOCTH BEIOPAHHOM apXUTEKTYPBI CUCTEMBI
1 HaA&KHOCTh MPOTpaMMHOTro obecriedeHus. [lonyueHHble TaHHbIE TaKKe TO3BOJISIOT
ONpEeAEIUTh JAHaNa3oH JOMYCTUMBIX OTKJIOHEHMHM IpH JMadbHEHIINX H3MEPEHUsX
U CIy)XaT OCHOBOW Ui MOCIEAYIOUIeH ONTHMHU3AaLUU AITOPUTMOB (QUIBTPALMH H
KOMIIEHCaLuu Iperda.

Tabmuua 3 — AHanu3 MyMOB U CTa0HIBHOCTH

[Tapamerp 3HaueHue [Tpumeuanus
CpenHee 3HaYCHHE 10.05 xOm -
CraHgapTHOE OTKIOHCHUE 0.82 Om +0.008%
Hpeiid 3a 24 gaca +1.2 Om +0.012%
ITuk-nuk pasmax mryma 3.5 0m +0.035%

[IpoBenénuble HMccnenOBaHMs MOATBEPAWIN, YTO pa3paboTaHHass U3MEpUTENbHAs
cucteMa Ha Oaze ALl ADSIIIS5 oOecneunBaeT BBICOKYIO METPOJIOTUYECKYIO
HaJIEKHOCTh U BOCIPOU3BOJUMOCTD PE3YJIBTATOB. B X0O1€ UCHBITAHUI YyCTaHOBIIEHO,
YTO OTHOCHTEJIbHAs IMOTPEIIHOCTh M3MepeHuil He mnpesblmaer 0,5% B mupoxom
nuanasone conporusieHni oT 100 Om g0 1000 kOM, 9TO COOTBETCTBYET TPEOOBAHHUSM,
MpeIbABIIEMBbIM K ammaparype Ui HMCCIeIOBaHUS Ta30BBIX CEHCOPOB U JIPYTHX
BBICOKOUYBCTBUTEBHBIX U3MEPUTEIbHBIX YCTPOUCTB. J(nuTenbHblid 24-yacoBoil TeCT
MOKa3ajl yAOBJIETBOPUTENIbHYIO CTaOMJIBHOCTh BBIXOIHBIX MapaMeTPOB, OTCYTCTBHE
3HaYUMOTO Apeiida 1 HU3KUH YpOBEHb IIYMOB, YTO CBHIETEIBCTBYET O KOPPEKTHOM
paboTe Kak amnmapaTHONW YacTH, TaK U alTOPUTMOB 00paOOTKH TaHHBIX.

Hcnonb3oBaHue 4YeTBIPEXIIPOBOAHON CXEMBI MOJKIIOUEHUS B COYETAaHUH C
WCTOYHUKOM TOKa Ha OIEPAllMOHHOM YCHJIMTENe TI03BOJIMIO MHUHUMHU3HUPOBATh
BIMSIHUE TAPa3UTHBIX COMPOTHUBICHUH MPOBOJHUKOB W KOHTAKTHBIX COCAMHCHUH,
o0ecIieurB BRICOKYIO TOYHOCTh U3MEPEHHIA Jake TpH OOJIBITUX HOMUHAJIaX Harpy3KH.
[Iporpammuoe oOecriedeHnre, peann3oBaHHoe B cpeae Hiasm, mpoaemMoHCTpupoBaio
YCTOMUYMBYIO pabOTy B YCIOBHAX JUIMTEIBHOTO HENPEPBIBHOTO CcOOpa JaHHBIX.
WnTepakTuBHBIN HHTEpdEHC, GYHKIIMH MOHUTOPHHTA W BU3yalN3alldd B peaTbHOM
BPEMEHHU, a TaKkK€ BCTPOCHHBIE CPEJICTBA aHalM3a JAETAar0T CUCTEMY YHOOHOW Juis
orieparopa U MPUTOAHOHN /ISl IPOBEACHUS [UTUTEIBHBIX SKCIIEPUMEHTAIBHBIX CEPHA.

3akJrouenue. [IpoBenéHHoe HccienOBaHUE MO3BOJMIO PEIINTh KOMIUIEKCHYIO
HAy4HO-TEXHUYECKYIO 331a4y, BKIIIOYAIOLIYI0 pPa3padOTKy YyBCTBUTEIBHOIO 3JIEMEHTA,
crocoOHOro (hYHKIIMOHMPOBATh TP KOMHATHOH TeMmIepaType, a TakKe CO3JaHue
BBICOKOTOYHON HM3MEPUTEIHHOW CHUCTEMBI IS PErHCTpalliil MallbIX W3MEHEHUH
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COMpPOTHUBIIEHUS Ta30BBIX CEHCOpOB. [loydyeHHBblE SKCIepUMEHTAJIbHbIE JaHHBIE
MOATBEPXKAAIOT, YTO TOHKHE IUIEHKH OKCHIA OJIOBAa, CPOPMHUPOBAHHBIE METOAOM
CIpeN-NupoNn3a, JEMOHCTPUPYIOT BBIPAKEHHYIO YYBCTBUTEIBHOCTh K IapaM BOJBI
0e3 HeoOXOAMMOCTH BHEIIHETO HarpeBa. JTO JAeNaeT MX MNEePCHeKTHBHBIMH IS
MPUMEHEHHS B HU3KOTEMIEPaTypHBIX CEHCOpax BIaKHOCTH M Ta30B, OCOOCHHO B
YCIIOBUSX, IJI€¢ HCIOJIb30BaHHE TPAAMIMOHHBIX BBICOKOTEMIEPATYPHBIX JaTYUKOB
OTpaHUYEHO TPeOOBaHUSIMH OE30MACHOCTH.

Pazpaborannas u3MepuTenbHas CHUCTEMa, OCHOBaHHAs Ha aHaJIOrO-IH(POBOM
npeobpazoBarenie  ADS1115, mokasana BBICOKYHO TOYHOCTh, CTa0WJIBHOCTh U
BOCIIPOM3BOAMMOCTb  pe3ynbTaroB. [IpuMeHeHHMe  4YeThIpEXNPOBOJHONW  CXEMBI
MOJKIIIOYEHNU B COYETaHMM C MCTOYHHKOM TOKa Ha OINEpPAlMOHHOM YCHUIIUTENe
MO3BOJINJIO CYUIECTBEHHO CHHU3UTh BIHMAHHE TApa3UTHBIX CONPOTUBICHUH U
00eCcTeYnTh KOPPEKTHOE N3MEPEHUE BBICOKUX COMPOTHBICHHUH, JOCTUTAIONINX COTEH
knnOwm. [TpoBen€HHBIN aHATN3 IITyMOB BBISIBHII OCHOBHBIE (DaKTOPBI, OTPAHUYHBAIOLIHE
TOYHOCTh PETHUCTPALMHU, YTO JaJ0 BOZMOXHOCTH BHEAPHUTDH d(P(PEKTUBHBIE METOIBI HX
MOJABJICHHS: aNNapaTHylo (QUIBTPALUIO, ONTUMHU3ALMIO YacTOThl AMCKPETH3ALUN H
MIPOrpaMMHBIE AJITOPUTMBI CIVIAKUBAHUsI CUTHANA.

JlniurenbHble  MCHBITaHUSA — MPOJODKUTENBHOCTBIO 24  dYaca  TMOATBEPAWIIH
YCTOMYMBOCTH PabOTBI CHUCTEMBI, OTCYTCTBUE 3HAYMMOTO Apeiida n HU3KUI ypOBEHb
myMoB. [lorpemnocts u3mepenuil He mpesblmana 0,5% Bo BcEM HcciaenyemMoM
JMana3oHe COMPOTHBICHHUN, YTO COOTBETCTBYET TPEOOBAaHMSIM, MPEABSBISIEMBIM K
00OpYIOBaHHUIO JUIsl aHAJIM3a Ta30BBIX CEHCOPOB M JAPYIMX BBICOKOUYBCTBHTEIBHBIX
YCTPOUCTB. DTO CBUAECTEILCTBYET O KOPPEKTHOCTH BHIOPAHHBIX TEXHUUECKUX PEILICHUH
1 HaJI&KHOCTH Pa3pabOTaHHOW METOIUKH.

Co3manHoe mporpamMMHoe obecnedenne B cpeae Hiasm oOecrneuwnsio ymoOHBIH
uHTepdeiic s  omeparopa, BHU3yalIHM3alMI0 JaHHBIX B peaJbHOM BpEMEHH,
ABTOMAaTHUYECKYIO 3alMCh PE3yIbTAaTOB M 0a30BYI0 CTaTHCTUYECKYIO 00paboTKy. Takoi
(yHKUMOHAN AeNlaeT CHCTEMY NMPUTOAHON HE TOJBKO Ui MPOBEACHUS ATUTEIBHBIX
SKCMEPUMEHTAJIBHBIX HCCIEAOBaHMN, HO W U1 MPaKTHUYECKOTO INPUMEHEHHUS B
1a00paTOPHBIX ¥ IPOMBILIUICHHBIX YCIOBUSX, TA€ TpeOyeTcs CTaOMIIbHBI MOHUTOPHHT
[apamMeTpOB YyBCTBUTENIBHBIX JJIEMEHTOB.
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Abstract. The relevance of the topic is driven by the need to develop efficient and
environmentally safe technologies for processing brown coal to obtain modified humic
substances with tailored properties. This work investigates the effect of ultrasonic
treatment on the physicochemical properties and molecular structure of humic acids
derived from brown coal of the Oy-Karagay deposit (Republic of Kazakhstan). The
study aims to substantiate and optimize the time parameters of mechanoacoustic
treatment for the targeted production of physiologically active and bioavailable humic
substances. Ultrasonic treatment of brown coal was performed in a specialized sealed
container using a "UZV-1.3 Sapphire" ultrasonic bath (frequency: 35 kHz, power: 50
W) within a time interval of 15-90 minutes. Humic acids were isolated from the coal
via aqueous alkaline extraction with sodium hydroxide, followed by precipitation in
an acidic medium. The dynamics of technical composition changes were investigated
using a MOC63u (Shimadzu) automatic analyzer and according to GOST 11022-95.
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The transformation of functional groups and the molecular framework was evaluated
by Fourier-transform infrared spectroscopy (Bruker Tensor II), followed by the
calculation of fundamental spectral indices. It was found that cavitation effects on
the coal matrix proceed through a maximum and trigger coupled processes of ballast
aliphatic periphery destruction and deep oxidation of the coal organic matter. Acoustic
treatment for 45 minutes was shown to be optimal. This mode provides maximum
hydrophilization of the matrix (sorption moisture increase up to 11.52%) and peak
values of efficiency indices: aromaticity (Iar/al =3.15), hydrophilicity (Ihyd = 1.48), and
carboxylation (Icarb = 0.56). This indicates maximum structural saturation with active
groups (—COOH, —OH) that form chelating and biostimulating capacity. Extending the
treatment time beyond 60 minutes is impractical due to decarboxylation and secondary
particle reagglomeration. The results obtained can be applied in technological schemes
for the comprehensive processing of solid fossil fuels to produce highly effective
organomineral growth stimulants and environmentally safe fertilizers for agriculture.

Keywords: brown coal, humic acids, ultrasonic treatment, infrared spectroscopy,
spectral indices
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AHHOTAIUs. 3ePTTEY/IiH 63€KTUIIr OEpUIreH KacueTTepi 0ap MoAu(pUKaIUsIIaHFaH
TYMUHJIIK 3aTTap/Ibl a1y MaKCaThIH/a KOHBIP KOMIpPli OHICY/IIH THIM/I1 9P SKOJIOTUSITBIK
KayiIci3 TeXHOJIOTUsIapbIHA3IPIIY KAXKETTIIIrIMeH alKbpiHAaa b1, JKymbictaKazakcran
Pecnyomukaceinnarel Oii-Kaparaii keH OpHBIHBIH KOHBIP KOMIpiHEH allbIHFaH TYMHH
KBIIKBUIIAPBIHBIH (PU3UKA-XUMHSIIBIK KaCHETTEPi MEH MOJEKYJIANbIK KYPbUIBIMBIHA
YABTPAABIOBICTBIK OHACYIIH dcepi 3epTTeli/il. 3epTTey/liH MaKcaThl — (U3HOIOTUSIIBIK
OeJICeH NI MEH OMOXKETIMIUTIT JKOFaphl TYMUHJIIK 3aTTapAbl MakcaTThl TypJe aity
YIIiH MEXaHOAaKyCTHKAJIBIK OHJICY Y3aKThIFbIH FHUIBIMHU HET13/1eY )KOHE OHTaWIaH bIPY.
KoHpIp keMip/i ynbeTpaablObICTHIK OHJICY apHaibl TepMETUKAIBIK bifbicTa UZV-1.3
Sapphire yiabTpasbIOBICTHIK BaHHACKIH MMakaliaHa OTBIPhIN, 35 KI'Il XKHUUTIKTE kKoHE
50 Bt kyarta 15-90 MuHYT apaibiFbiHIA KYpri3iaai. [yMUH KbIIIKBUIAAPBl HATPHHA
THJIPOKCUIIMEH CYJBI-CUITLII AKCTpaKIUsUIay )KOHE KeHiH KBIIKBUI OpTaia TYHABIPY
apKbLIbI OOJIIHIN aNbIHABL YJTUIEPIiH TEXHUKAIBIK KypaMbIHbIH e3repyi MOC63u
(Shimadzu) aBromartel ananu3zaropsigaa xone [OCT 11022-95 Tanantapsina coiikec
aHbIKTaNIbl. DYyHKIMOHAIJBIK TONTAp MEH MOJICKYJalbIK KaHKAaHBIH e3repicTepi
Bruker Tensor II xypanbiaga ®@ypbe-TypieHaipiared HHOPaKbI3bUT CIEKTPOCKOHS
o/liciMeH OarajaHbIN, HETI3rl CHEeKTPIIK HMHAEKcTep ecenrtenni. HoTmxkenep kemip
MaTpPUIIAChIHA KABUTAIMSUIBIK 9CEpP AKCTPEMYM apKbLIbl OTETIHIH jKOHE 0ajlIacThIK
anuparThlK nepudepusiHbIH, OY3bUTYBl MEH KOMIpPAIH OpPTraHUKAIBIK MacCaChIHBIH
TEpEH TOTBHIFYbI KaTap >KYPETiHIH KopceTTi. 45 MUHYTTBIK YIBTPaJbIOBICTEIK OHACY
OHTAMJIBI PeXHUM peTiHAe aHbIKTanAbl. OChl Kardaiijja MaTpUIaHBIH €H >KOFaphbl
rUAPOPUIICHY1 OalKaibil, COPOUUSIBIK bUFAIAbUIBIK 11,52%-Fa neifin apTThl, ai
HET13T1 CIeKTPIIiK UHJIEKCTEP €H JKOFapbl MOHJIEPIe )KETTi: apoMarThulbIK lar/al = 3,15,
rugpopmipainik Thyd = 1,48 xone kapOokcuinneny Icarb = 0,56. by HoTmxkenep
KYPBUIBIMHBIH X€JIaTTayIllbl )KoHE OMOCTUMYISIIMSIIAYIIBI KACHETTEPAl KaMTaMachl3
ererin Oencennii —COOH »xone —OH tontapbiMer OapbIHIIA KAHBIKKAHBIH KOPCETEI].
Onziey y3akThirblH 60 MUHYTTaH achlpy JACKapOOKCHIIZICHY MXOHE OOJIICKTepIiH
KaiiTaiamMa pearjioMepanusiChl CajJlapblHaH THIMCI3 €KEHI aHBIKTAJJbl. AJIBIHFaH
HOTIDKENIEp aybll IapyamlblUIbIFbIHA apHAJFaH JKOFapbl THIMJI OpraHOMUHEPANIbIK
eCcy CTHUMYJSTOPIaphl MEH JKOJIOTHSUIBIK Kayilci3 THIHAUTKBIIITAP Ay YIIiH KaTThI
YKaHFBIII Ka30aapabl KeIeH i OHeY/IiH TEXHOJIOTHSIIBIK ChI30anapblH/Ia KOJIAaHbLTYbI
MYMKiH.

Tyiiin ce3mep: KOHBIp KOMip, TYMHH KBIIKBUIIAPHI, YIBTPAIBIOBICTHIK OHJEY,
HWHQPAKBI3BLI CIIEKTPOCKOIIUS, CIIEKTPIIK HHISKCTEP
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AHHOTAUUsI: AKTyallbHOCTh HCCIIEIOBaHUsI OOYCIIOBIEHAa HEOOXOAMMOCTHIO
pa3paboTku 3)HEKTUBHBIX U IKOJOTMUYECKH O€30MacHBIX TEXHOJOTHU IepepadoTKH
Oyporo yriist [Jisl IOJTydeHHs] MOJU(HUIIMPOBAHHBIX TYMHHOBBIX BEIIECTB C 33 JaHHBIMH
cBoiictBamu. B paboTe wucciaenoBaHO BIWSHUE YJIBTPa3ByKOBOH 00paOOTKH Ha
(UBNKO-XMMHUYECKHE CBOMCTBA W MOJIEKYISPHYIO CTPYKTYPY TYMHHOBBIX KHCIIOT,
BBIJICJICHHBIX 13 Oyporo ymisi Mecropoxienus Oii-Kaparait B PecmyOnmke
Kazaxcran. Llear wmccrmemoBaHusl 3akiiodajgach B OOOCHOBAHMHM W ONTHMHU3AIUU
MPOIOJDKUTEIILHOCTH  MEXaHOAKYCTHUECKOTO BO3ACUCTBHUS Ul  HAIPABICHHOTO
nony4YeHus: (U3NOJOTHUECKH AaKTHBHBIX M OWOJOCTYIMHBIX T'YMHHOBBIX BEIIECTB.
VYibTpa3BykoByl0 00pabOTKy Oyporo yris MPOBOAMIM B TepPMETHYHOH EMKOCTU C
HCTONB30BaHNEM YIbTpa3BykoBoil BanHbl UZV-1.3 Sapphire npu yacrore 35 k[ u
morrHocTH 50 BT B Teuenue 15-90 muH. ['yMUHOBBIE KHCIOTHI BBIICTSIIH METOIOM
BOJTHO-ILIEJIOYHON AKCTPAKIUU THIPOKCHIIOM HATPHUsS C MOCIEAYIONIMM OCaXJICHHEM
B KuCIO# cpene. V3MeHeHHsT TEXHHUYECKOTO COCTaBa HCCIEAOBAINA C ITOMOIIBIO
aBTomMarnueckoro ananuzaropa MOC63u (Shimadzu) u B coorBerctBUu ¢ ['OCT
11022-95. Tpancdopmanuio (YHKIMOHATIBHBIX TPYMII M MOJIEKYJSIPHOTO Kapkaca
ouenuBanu merorgoM MK-®ypwe-cnextpockonuu Ha npubope Bruker Tensor II ¢
MOCIIEAYIOMUM pacu€TOM OCHOBHBIX CIHEKTPaJIbHBIX HHJEKCOB. YCTAaHOBJICHO, YTO
KaBUTAIIMOHHOE BO3/ICHICTBUE HA YTONBHYIO MaTPHILY UMEET IKCTPEMaIbHBIN XapakTep
U MHHLIUUPYET CONMPSHKEHHBIE MPOIECChl pa3pylIeHus] 0ajlacTHON amudaruveckon
nepudepur U IyOOKOTO OKHCIICHHUS OPraHu4ecKoro Bemiecta yrisi. OnTHManbHOM
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OKa3ajach MPOJOJDKUTEIBLHOCTh YIBTPa3BykoBol o0paboTku 45 muH. [Ipu maHHOM
peXHUMe JOCTHrajach MaKCHMajibHas TUAPOGWIM3AIUS MaTPHUIIBL: COPOIIMOHHAS
BIQKHOCTh yBenuuuBaiach o 11,52%, a cnekTpalbHble WHIEKCHI JIOCTUTAIN
MaKCHUMaJbHBIX 3HaYeHHH — apomatuuyHocTu lar/al = 3,15, rugpodunsHoctu Thyd
= 1,48 u xapOokcwimpoBanus Icarb = 0,56. [lonydyeHHbIC TaHHBIC CBUACTEIBCTBYIOT
0 MaKCHMaJIbHOM HACBINIEHUU CTPYKTYpbl akTuBHbIME rpynmnamu —COOH u —OH,
OTPECISIONUMHI  XCJIATUPYIOIIHEe W OMOCTUMYIHPYIOIIAE CBOMCTBA TYMHUHOBBIX
BEIIECTB. YBEIWYCHHE IMPOAOKUTEIBHOCTH 00paboTKU CBhINIe 60 MHH OKa3alloCh
HEIEIeCO00pa3HbIM BCIEACTBHE IPOLECCOB JEKAPOOKCUIUPOBAHUS M BTOPUYHON
pearsioMepanuy 4acTull. Pe3ynbrarhl UCCIIEIOBaHHUS MOTYT OBITh HCIIOJIIB30BaHbI B
TEXHOJIOTMYECKUX CXeMaxX KOMIUICKCHOMN MepepaOdO0TKU TBEPIBIX TOPIOYUX UCKOMIAEMbIX
JUTSL TIOJYYCHHSI BEICOKO3(D(PEKTUBHBIX OPraHOMUHEPAIBHBIX CTUMYJISTOPOB POCTa U
9KOJIOTUYECKHU 0€30IACHBIX YIOOPEHUH ISl CEIbCKOTO XO3SIMCTBA.

KuaroueBbie cjoBa: Oypblii yroib, TYMHUHOBBIC KHCIOTBHI, YIIBTPa3BYKOBas
o0paboTka, nH(ppakpacHas CIIEKTPOCKOIHUS, CIICKTPAIbHbIC UHJICKCHI

Introduction. In the context of the modern transition to environmentally friendly
and resource-saving technologies, the deep and comprehensive processing of solid
fossil fuels is a highly relevant task (Saroha, et al., 2026). Solid fossil fuels encompass
organic-derived minerals ranging from peat and oil shale to anthracite (Skursky et al.,
2026). Among them, coal traditionally represents the greatest economic and scientific
interest, serving as a vital natural resource for the fuel and energy sector (Rybak, et
al., 2025). Due to their unique properties, coals must be considered an invaluable raw
material for the chemical industry (Wang et al., 2026).

Currently, a critical challenge in studying coal properties is the development of
new and the intensification of existing processing methods applicable to both fuel and
non-fuel utilization sectors (Jiayi et al., 2025). Brown coal is traditionally regarded as
a low-grade fuel. However, it possesses high potential as a raw material for obtaining
valuable non-fuel products (Shao, etal., 2021). Among these, humic acids (HAs) occupy
a special place (Zhang et al., 2020). HAs are complex, high-molecular-weight natural
compounds (Pal et al., 1985). They possess a unique complex of physicochemical
properties (Leo$ Doskocil, et al., 2018), which enables their effective application
as environmentally safe fertilizers, plant growth stimulants, and for other purposes
(Kunanbayeva, et al., 2020; Shah et al., 2018).

Literature review. The development of environmentally oriented agriculture
dictates the need for the widespread implementation of highly effective and safe plant
growth stimulants (Ismailov et al., 2023). Among these, humic fertilizers obtained
from natural organic raw materials, specifically brown coals, occupy a special place
(Akhmetova et al., 2020). Brown coals from the Oy-Karagai deposit (Republic of
Kazakhstan) represent a promising and economically accessible source of humic
substances due to their high content of physiologically active components (Kairbekov
et al., 2018). However, native humic acids (HAs) from mature coals often possess
a rigid, polycondensed structure and low solubility (Sarsenbek et al., 2021). This
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significantly limits their bioavailability for agricultural ecosystems (Dzheldybaeva et
al., 2022). One of the most promising, environmentally safe, and high-tech methods
for intensifying physicochemical processes is ultrasonic (cavitation) treatment (UST)
(Moskalenko et al., 2010; Kairbekov et al., 2020).

The impact of high-intensity ultrasound on liquid media is accompanied by the
effect of acoustic cavitation (Vijyendra Kumar et al., 2025). The local ultra-high
pressures and temperatures, as well as powerful shear stresses arising from the collapse
of cavitation bubbles, are capable of inducing macromolecular destruction, cleavage
of intermolecular bonds, and the generation of free radicals (Patrakov et al., 2007).
The application of ultrasound to humic acid solutions and suspensions allows for
the disintegration of large molecular aggregates, a reduction in molecular weight, an
increase in the content of active oxygen-containing functional groups (carboxyl and
phenolic hydroxyls), and an enhancement of the system's hydrophilicity without using
aggressive chemical reagents (Redhwan Al-Akbari et al., 2026).

Despite the existence of individual studies (R. Al-Akbari et al., 2024) in the
field of sonochemical modification of natural polymers, systematic data regarding
the mechanisms of the influence of ultrasonic exposure parameters (frequency,
power, duration, and temperature regime) on the fine structure and the complex of
physicochemical properties of brown coal humic acids remain fragmented.

The aim of this work is to study the effect of ultrasonic cavitation treatment duration
on the physicochemical properties and molecular structure of humic acids isolated
from brown coal of the Oy-Karagai deposit to evaluate the potential for their further
practical application.

Materials: Oy-Karagay deposit coal, sodium hydroxide (analytical grade) GOST
4328-77, universal indicator paper (pH 0-12) TU 2642-054-23050963-2008, distilled
water, hydrochloric acid (chemically pure) GOST 3118-77 Amdt. 1, "Blue Ribbon"
filter paper TU 2642-001-68085491-2011.

Methods: The analytical moisture content (W*) of the initial and sonicated coal
samples, as well as their humic acids, was determined using a MOC63u automatic
moisture analyzer (Shimadzu, Japan). Measurements were performed in automatic
drying completion mode at 105°C until a constant sample weight was achieved.

The analytical ash content (4%) was determined in accordance with GOST 11022-95
"Solid mineral fuels. Determination of ash content."

Fourier-transform infrared (FTIR) spectra were recorded on a Bruker Tensor II
spectrometer (USA) in transmission mode using potassium bromide (KBr) pellets.

Calculation of FTIR Spectral Indices:

To quantitatively evaluate the transformation of the molecular structure and
functional composition of humic acids, fundamental spectral indices were calculated
based on the optical density (D) at specific baselines of characteristic absorption bands:

Aromaticity Index (/). Evaluates the ratio of aromatic structures to aliphatic
fragments.

= 'D'_E-DD; (1)

ar/al
'D!.'? o
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Where D15 corresponds to C = C stretching vibrations of aromatic rings, and
D3g2p corresponds to asymmetric C — H stretching of aliphatic —CH - groups.

Hydrophilicity Index (Z, ): Reflects the degree of enrichment of the molecular
structure with polar hydrophilic groups relative to the hydrophobic framework.

_ D3400
hd  mi1gon’

2)

Where D, corresponds to O—H stretching vibrations of hydrogen-bonded phenolic
and alcoholic hydroxyl groups.
Carboxylation Index (/,,): Indicates the density of carboxylic acid functional

groups.

_ D1710
carb m1g0D’

)

Where D, corresponds to C=0O stretching vibrations of un-ionized carboxylic
groups (— COOH).

Methodology for Ultrasonic Coal Treatment: A 10 g sample of dry native coal was
placed in a thin, uniform layer inside a specialized plastic tray. The tray was hermetically
sealed to prevent any ingress of external moisture and then immersed into the working
zone of a "UZV-1.3 Sapphire" ultrasonic bath (Russia). Distilled water was used as the
contact transmitting medium in the bath. The dry coal samples were treated at a fixed
frequency of 35 kHz and a power of 50 W within a time interval of 15-90 minutes.

Isolation Methodology of Humic Acids from Coal: Humic acids were isolated
from the coal via aqueous alkaline extraction with sodium hydroxide, followed by
precipitation in an acidic medium. A coal sample of 5.0 g (<1mm), weighed to the
nearest 0.0002 g, was placed into a 1000 mL conical flask, and 500 mL of a 1 %
sodium hydroxide solution was added. The flask contents were heated to 80°C and
stirred using a shaker for 2 hours. The resulting mixture was centrifuged using an RS-
6MTs laboratory centrifuge at 1500 rpm for 15 minutes. The insoluble coal residue
was washed with a small amount of alkali. The filter containing the coal residue was
dried and weighed. Subsequently, the volume of the obtained extract was measured,
and the humic acid content was determined by precipitation with 5% HCI until a pH
of 2-3 was reached. The mixture with the precipitate was kept on a water bath for 30
minutes. The formed humic acid precipitate was filtered through a pre-weighed ashless
filter paper (Blue Ribbon). The precipitate was then washed with distilled water. The
filter with the precipitate was removed from the Biichner funnel, folded several times,
and placed into pre-dried and pre-weighed weighing bottles. The weighing bottle with
the filter and precipitate was then placed in a drying oven and dried at a temperature
not exceeding 75°C until a constant weight was achieved. Control drying operations
were performed until the mass difference between two consecutive weighings did not
exceed 0.001 g. The mass of the precipitate was determined by accounting for the mass
of the weighing bottle and the filter paper.
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Results and discussion

Effect of Ultrasonic Treatment on Sample Moisture and Ash Content.

Mechanoacoustic treatment of the coal matrix structure exerts a pronounced
effect on the moisture sorption process and the redistribution of the mineral phase.
The physicochemical nature of the observed changes in the coal samples is driven by
mechanoacoustic dispersion and destruction of the organic matrix under the influence of
an intense ultrasonic field transmitted through the walls of the sealed tray. The increase
in analytical moisture content from 10.06% to a maximum of 11.52% at the 45th minute
is not associated with the absorption of an external liquid phase. This effect is explained
by a sharp increase in the specific surface area and porosity of the material resulting
from acoustic micro-chipping and fragmentation of the coal particles (Figure 1).
Furthermore, local alternating stresses lead to the cleavage of the weakest chemical
bonds in the organic matter of coal (OMC), accompanied by the formation of active
radicals.

2.0 7.8
—— e
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115 L 7.6
C 74,
2 %
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10.01 L7.0
9.5 - T T T r T 6.8
0 15 30 45 60 90

UST, min

Figure 1 - Influence of ultrasonic treatment (UST) duration on the analytical moisture content (Wa)
and ash content (Aa) of coal.

The increase in the relative ash residue content from 7.0395% to 7.5749% in the
isolated system indicates the occurrence of destructive processes within the OMC.
Intense ultrasonic treatment initiates the mechanochemical destruction of the peripheral
fragments of coal macromolecules, which is accompanied by the evolution of volatile
gaseous products (CO, CO,, CH,, H,). The partial loss of the light organic fraction upon
opening the tray leads to a consistent concentration of the non-combustible mineral
residue, which is registered as an increase in the dry-basis ash content. The extreme
nature of these trends (reaching a maximum at the 45th minute followed by a decline
toward the 60th and 90th minutes) indicates that the system passes through a critical
activation point. Up to 45 minutes, the prevailing processes are the destruction of the
organic matrix and the development of a porous structure. With a further increase in
treatment time (60 and 90 min) within the ultrasonic field, processes of secondary
ultrasonic coagulation and reagglomeration of highly dispersed coal particles under
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the influence of acoustic pressure forces likely begin to dominate. This leads to partial
pore blockage, a decrease in the available specific surface area for moisture sorption,
and the stabilization of OMC destruction processes.

Comparative Analysis of FTIR Spectra of Native and Sonicated Coals and Their
Humic Acids.

To evaluate the changes in the molecular structure and the transformation of
functional groups within the organic matter of coal and humic acids (HAs) induced by
ultrasonic treatment (UST) of varying durations, a comparative analysis of the FTIR
spectra was performed (Figures 2-3).
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Figure 2 — FTIR spectra of the native and ultrasound-treated coal samples at different exposure times: a)
native; b) 15 min; ¢) 30 min; d) 45 min; ) 60 min; f) 90 min
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Figure 3 — FTIR spectra of HAs obtained from native and sonicated coals at different exposure times: a)
native; b) 15 min; ¢) 30 min; d) 45 min; ¢) 60 min; f) 90 min.

FTIR spectroscopy revealed the presence of key functional groups, including
hydroxyl, carboxyl, phenolic, and aromatic structures, which are crucial for their
sorption and reactive properties (Kadam et al., 2025).

For a comprehensive comparative analysis of the FTIR spectra of HAs, a combined

frequency assignment table has been prepared. It clearly illustrates the spectral
differences between the native coal matrix and the target component isolated from it -

humic acids (Table 1).
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Table 1 — Assignment of the main absorption bands in the FTIR spectra of native coal and humic
acids from the Oy-Karagay deposit

Spectral | Main coal Main HA Band assignment Functional groups and structural
range | wavenumber | wavenumber |and mode of fragments
(em™)  |[(v,em)) (v,em ) vibration
4000 — [3390 —3200 |3438, 3351, |Broad, strong; Hydroxyl (phenols, alcohols) and amino
3000 3215 stretching (v, v,,) | groups involved in hydrogen bonding. In
HA, the peaks are more differentiated.
3000 — |~2920 2946 Weak; asymmetric | Methylene and methyl groups within
2800 (shoulder) stretching (v,,,,, V;;) | aliphatic side chains (-CH2, ~CH3)
1750 - | 1700 - 1710 1707 Medium / shoulder; | Unconjugated carbonyl groups within
1650 stretching (v ) carboxylic groups (-COOH) and ketones.
1650 — | 1602 — 1595 | 1610 Strong; stretching Skeletal vibrations of the aromatic ring
1580 (Ve Vi c00) conjugated with carbonyls; asymmetric
vibrations of carboxylates.
1580 — | ~1540 1541 Medium; skeletal Aromatic core; amide fragments of
1500 (weak) ring and deformation | the periphery (Amide II band, more
() pronounced in HAs).
1450 — | 1454, 1377 |1454, 1418, |Medium / weak; In-plane vibrations of alkyl groups;
1350 1371, 1359 | deformation (J,,,, symmetric stretching vibrations of
8yp)> (Symmetric ionized —-COO™ groups.
stretching v_ ..,
1300 — | 1260 — 1220 [1261, 1240, |Medium; stretching | Ether bridges Ar—O-R; hydroxyls of
1150 1226 Ve o) deformation | phenolic and carboxylic fragments.
(B
1150— | 1092 -1035 [ 1131, 1107, | Strong, complex; Alcohol groups, carbohydrate residues;
1000 1082 stretching (v . ., silicate/clay mineral impurities of coal.
VSiAO/Al—O)
1000 - |916,800— |903 —722 Weak; out-of-plane | Methine groups of the aromatic ring with
700 720 (cepus nuxos) | deformation (y . ) | various substitution types (from 1 to 4
isolated H-atoms).
700 — 662 — 530 662, 649, 626 | Narrow, strong Mineral (ash) component of coal (quartz,
400 in coal; inorganic aluminosilicates) and sulfur-containing
deformation in HAs | compounds.

Upon transition from coal to HAs, the band at 1610 cm™ becomes narrower and
more intense, which proves the successful concentration of humic substances and
the isolation of the aromatic core from the bulk coal matrix. In the HAs spectrum,
the 3438-3215 cm™ region (hydroxyl groups) and the peaks around 1418-1359 cm™
(carboxylates) are much more pronounced than in coal. This confirms the high content
of active sites in humic substances, which are responsible for plant growth stimulation
and micronutrient binding (Zanin et al., 2019).

The transformation of functional groups within the organic matter of sonicated coals
and HAs extracted from them, along with the dynamics of changes in key absorption
bands, is presented in comparative Table 2.
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Table 2 — Comparative characteristics of HA structure transformation under UST

Sample (UST)

Key Changes in the FTIR Spectrum

Structural interpretation and significance
for fertilizers (Lamar et al., 2024)

Native HA

A classic profile. Intense bands of O-H
(~3400 cm™), conjugated C=C, and
carboxylates (1610 cm™). Distinct aliphatic
peaks (2946 cm™) and a carbohydrate tail
(1100-1000 cm™)

High molecular weight, a rigid skeleton,
and a moderate number of accessible
hydrophilic centers.

UST
15-30 min

An increase in intensity and broadening of
the 3438-3215 cm™ band. The formation
and elevation of a carbonyl shoulder at
1707 cm™. A slight decrease in the 2946
cm™' peak

Initial activation stage: hydrolytic cleavage
of macromolecules and oxidation of the
periphery occur. The concentration of
phenolic and carboxyl groups increases,
which improves the solubility and chelating
properties of the fertilizer.

UST
45 min

Maximum intensity of the O—H absorption
bands (3418 cm™) and carboxyl groups
(1710-1704 cm™). Minimum relative
intensity of aliphatic C—H bonds (2946—-
920 cm™). Clear resolution of the bands in
the 1610 and 1540 cm ™! region

Optimal activation regime: deep destruction
of ballast aliphatic chains is achieved
(consistent with the analytical moisture
maximum, W*= 11,52 %). The structure
becomes maximally saturated with active
centers (—COOH and —OH) responsible for
the transport of micronutrients into plants.

UST
60-90 min

A decrease in the intensity of the O—H band
(down to 3366 cm™). Partial smearing of
the carbonyl shoulder (1704 cm™). An
increase in the peaks within the inorganic
residue region (662—626 cm™).

Over-processing and destruction
stage: prolonged cavitation leads to
decarboxylation and secondary aggregation
(condensation) of the cores. The relative
proportion of mineral impurities in the

HAs increases, which is confirmed by ash
content data.

According to the data obtained in Table 2, it can be seen that the changes in the
molecular structure of brown coal HAs under the influence of ultrasonic cavitation
exhibit a stage-by-stage pattern, which is clearly recorded by the transformation of key
absorption bands in the FTIR spectra.

Native HA samples possess a classic spectral profile characteristic of poorly modified,
mature brown coal organic matter. Its structure is dominated by intense absorption
bands of O—H groups (~3400 cm™), which are incorporated into an extensive system
of inter- and intramolecular hydrogen bonds, as well as bands at 1610 cm™ caused by
the vibrations of conjugated C=C bonds of the aromatic skeleton and carboxylate ions.
The peripheral part of native HAs is represented by long hydrophobic alkyl chains, as
confirmed by distinct aliphatic peaks (2946 cm™), and a labile carbohydrate tail in the
1100-1000 cm™ region.

At the initial stage of sonochemical exposure (mild regime), destructive-oxidative
modification processes are initiated, affecting predominantly the terminal groups of
the periphery. In the FTIR spectrum, this is manifested by an increase in intensity
and broadening of the 3438-3215 cm™ band, indicating the accumulation of hydroxyl
(phenolic and alcoholic) fragments and the complication of the hydrogen bond network.
Concurrently, the formation and elevation of a shoulder of free carbonyl and carboxyl
groups at 1707 cm™ is recorded, serving as a direct marker of oxidation. At the same
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time, the rigid carbon skeleton and the bulk of the aliphatic chains still maintain their
integrity, as indicated by only a slight decrease in the intensity of the 2946 cm™ peak.

Upon reaching the optimal sonication parameters (maximum efficiency regime),
the restructuring of HA macromolecules reaches its peak. At this point, the maximum
intensity of the absorption bands of hydrophilic O—H groups (3418 cm™") and carboxyl
groups (1710-1704 cm™) is registered, which testifies to the ultimate degree of
sonochemical oxidation of the structure and a sharp increase in the cation exchange
capacity. Deep destruction of the hydrophobic periphery is confirmed by the decline
to a minimum of the relative intensity of aliphatic C—H bonds (2946-2920 cm™). An
important structural consequence of the "cleansing" of the aromatic core from side
chains is the clear resolution of the bands in the 1610 and 1540 cm™' region, reflecting
the differentiation of vibrations between the skeletal C=C bonds of the core and the
ionized carboxylate groups.

Thus, the dynamics of spectral changes demonstrate a sequential transition from
the high-molecular-weight hydrophobic structure of native HAs to an optimally
destructured, maximally oxidized, and hydrophilic form possessing the highest
agrochemical potential.

Based on the experimental data of the FTIR spectra of HAs during ultrasonic
treatment, three fundamental agrochemical indices were calculated (Table 3).

Table 3 — Dynamics of spectral efficiency indices of HAs from Oy-Karagai coal

UST time (min) | £, | £, | Lo Sample Characterization
0 (Native) 1.85]1.12| 0.31 |Rigid hydrophobic structure, low bioavailability.
15 2.10 | 1.18 | 0.35 | Onset of hydrolysis, partial loss of light aliphatic chains.
30 2.45(1.29| 0.42 | Destruction of ballast periphery, exposure of active centers.
45 3.15|1.48 | 0.56 | Peak efficiency: Maximum amount of OH- and COOH-rpym.
60 2.90 | 1.35| 0.48 | Onset of decarboxylation and oxidative destruction of groups.
90 2.62 | 1.21| 0.40 | Secondary condensation (densification), drop-in activity.

The calculation of spectral coefficients clearly confirms the extreme nature of HA
modification in an ultrasonic field (35 kHz, 50 W):

Activation period (0-45 min): The aromaticity index /, increases from 1.85 t0 3.15
(a 70% growth). This is due to the selective cavitation-induced destruction of thermally
unstable, loose aliphatic fragments (decrease in the 2946 cm™ peak). Concurrently, the
hydrophilicity index / o reaches its maximum (1.48), while the carboxylation index
I, reaches a value of 0.56. This indicates the deep oxidation of the coal organic matrix,
accompanied by the formation of additional functional groups. Thus, the HA sample
obtained from the coal sonicated for 45 minutes possesses the optimal combination of
solubility and chelating capacity.

During coal sonication exceeding 60 minutes (over-processing period, 60-90
min): A synchronous decline in all three indices is observed. The decrease in [,
to 0.40 testifies to thermal and radical decarboxylation (cleavage of CO: from HA
molecules), while the drop in /,  indicates partial destruction of the aromatic skeleton
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of the macromolecules themselves under the action of severe cavitation-induced shear
deformations.

Conclusion. FTIR spectroscopy and thermogravimetric analysis demonstrated
the high efficiency of ultrasonic cavitation treatment (35 kHz, 30 W) for the targeted
modification of the physicochemical properties and molecular structure of humic acids
derived from Oy-Karagai deposit coal. It was established that the cavitation exposure
initiates coupled processes of aliphatic periphery destruction and oxidation of the
organic matrix. This is confirmed by an increase in the analytical moisture of the raw
material from 10.06% to 11.52%, accompanied by a simultaneous redistribution of
the stretching vibration intensities of aliphatic C—H bonds (2946 cm™) and carboxyl
groups (1707 and 1610 cm™). The optimal coal sonication time for obtaining humic
acids intended for highly active biostimulants and fertilizers is 45 minutes. This regime
ensures maximum pore exposure, matrix hydrophilization, and the peak concentration
of physiologically active phenolic hydroxyls and carboxyl groups that form the cation-
exchange and chelating capacity of the final product. Extending the treatment to 60-
90 minutes is impractical, as it initiates processes of decarboxylation and secondary
condensation of macromolecules, which reduces the overall solubility and agrochemical
value of the resulting humic acids.
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Abstract. This scientific article describes the sorption properties of the KU-2-8:
Lewatit CNP LF interpolymer system for copper and lead ions. The aim of the work
is to study the sorption of heavy metal ions (Pb*", Cu*") from aqueous solutions by
interpolymer systems based on strong and weak cation exchange resins, and to evaluate
the effect of the molar ratio of the system components on sorption efficiency. The
spectral methods used in the study were inductively coupled plasma optical emission
spectrometry and Fourier transform infrared spectrometry. The results showed that
the degree of sorption of the system increased with increasing contact time for both
metals. The highest sorption values were recorded for the KU-2-8:Lewatit CNP LF
interpolymer system at a molar ratio of 3:3 Cu—46.26%; Pb — 53.6%. The experimental
data were fitted to the Langmuir and Freundlich isotherm models. It was found that the
sorption process is better described by the Freundlich model than by the Langmuir
model. This indicates the energetic heterogeneity of the active centers of the surface of
the interpolymer system and the multimolecular nature of the sorption of metal cations.
The Freundlich constant for lead ions (K = 4.38) is higher than that for copper ions
(K, = 3.66), which indicates a higher sorption capacity of the KU-2-8:Lewatit CNP LF
interpolymer system with respect to lead ions. The desorption efficiency of individual
cationites (6:0 and 0:6) reached 98-99.7%, and the cumulative metal desorption degree
in the 3:3 interpolymer system was 96%. The results of the study showed that the use
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of an interpolymer system based on KU-2-8:Lewatit CNP LF cation exchange resins
is a promising method for the complex separation of heavy metal ions from aqueous
solutions.

Keywords: KU-2-8, Lewatit CNP LF, interpolymer system, heavy metals, degree
of sorption, Langmuir and Freundlich model
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AnHoramus: Maxkanana KY-2-8:Lewatit CNP LF unTeprionumepiik xyieciHig
MBIC JKOHE KOPFAChlH HOHJApbIHA KATBICTHI COPOLMSUIIBIK KacHeTTepi 3epTTelifi.
JKyYMBICTBIH MaKcaThl — KYIUTI )K9HE 9JICi3 KATHOHAJIMACTBIPFBIII LIalbIpIIap Heri3iHae
KYpBUIFaH MHTEPIOIUMEPIIK KYHelep apKbUIbl CYNbl epiTIHAUIEPACH ayblp METalll
nongapsiH (Pb**, Cu?") copOuusiay mpoueciH 3epTTey jKoHe Kyiie KOMIOHEHTTEPiHIH
MOJIB/IIK KaThIHACBIHBIH COPOLIMS THIMINITIHE acepiH Oaranay. 3epTTeyae HHAYKTUBTI
OaliaHbICKaH IJIa3Malibl ONTHKAJIBIK-OMHCCHSUIBIK CIEKTpOMeTpusi xkoHe Dypbe-
TYpeHAIpiAreH MHQPaKbI3bUI CIEKTPOCKOIHSI 9AiCTepi Konaanbiabl. HaTmkenep exi
MeTaJlJ1 YIIiH € aHacy yaKbIThbl YIFaiiFaH cailblH COpOLHs A9PEKECiHIH apTKaHbIH
kepcerti. KVY-2-8:Lewatit CNP LF wunTepnonammeprnik sxyiecinin 3:3 MoabIiK
KaTbIHACBIH/Ia COPOLMSHBIH eH XoFrapsl Monaepi Cu?* ymin 46,26%, an Pb*" ymin
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53,6% Oonnpl. DKCIEpUMEHTTIK nepekrep Jlenrmrop xone OpelHATNX H30TepMabIK
MozenpaepiMen cumnartanabl. CopOuumst mponeci JleHrMiop MoperniHe KaparaHaa
OpelHIIMX MOJeNiMEH JKaKChl CUMATTATaThIHBl AaHBIKTAJIbl, OYJI HHTEPHIOIUMEPIIiK
Kyle OeTiHiH OesiceHAl OpTaNbIKTApbIHBIH SHEPreTUKAIBIK OIPTEKTI eMECTIriH JKoHe
MeTaJlJI KaTHOHAAphl COPOLMACHIHBIH KONMKa0aTThl CHMaThiH Kepceredi. KopracbiH
nongapsl ymwiH @peiinanux koncrantacel (K F = 4,38) Mbic nongapsiHa Kaparania
(K_F=3,66) xorapsl 0011161, 0YJ1I MHTEPIIOJIUMEPIIIK K yHeHiH Pb** mOHapbIHa KATHICTHI
COpOLMSIIBIK KaO1IEeTIHIH XKOFaphl eKeHIH KopceTei. JKeke KaTHOHaIMaCThIPFRIIITApAA
6:0 »xone 0:6 KarbiHacTapeiHIA AecopOrus Tuimautiri 98-99,7%-ra xerti, an 3:3
WHTEPHOIUMEPIIK KyHene MeTalaapAblH KUBIHTBHIK JeCOpOLUs A9pekeci MaMaMeH
96%-np1 Kypansl. Anbiarad HoTmkenep KY-2-8:Lewatit CNP LF unTepnonumepmik
YKYHECIH Cynbl epiTiHAIIepAeH ayblp METAJUT HOHAAPBIH OOJIiN aily YILiH MepCIeKTHBAIIBI
MaTepHal peTiHje KojaaHyFa O0JaThIHBIH KOPCETTI.

Tyiiin co3nep: KU-2-8, Lewatit CNP LF, unteprnonumepiik xyiie, ayslp MeTajiaap,
copbuus nopexeci, Jlenrmrop mozeni, OpeitHux Moneni
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AHHoTamus: B crarhe ncciaenoBaHbl COPOIIMOHHBIC CBOMCTBA MHTEPIIOIUMEPHOM
cucrteMbl KY-2-8:Lewatit CNP LF mo oTHOIIEHHIO K MOHAM MeAd U CBUHIA. Llenb
paboThI 3aKI0vanach B U3y4YeHUH COPOLMU HOHOB TSKENBIX MeTauioB (Pb?, Cu?") u3
BOJIHBIX PaCTBOPOB MHTEPIOIMMEPHBIMH CUCTEMaMU Ha OCHOBE CHJIBHOTO U CIIa00To
KaTHOHOOOMEHHUKOB U OILIEHKE BIUSHHS MOJBHOTO COOTHOIICHHS KOMIIOHEHTOB
cuctembl Ha 3pPeKTUBHOCTH copOIMK. B nccienoBanny UCTIOIB30BAIN ONITHYCCKYHO
SMUCCHOHHYIO CHEKTPOMETPHUIO C MHIAYKTUBHO cBsizaHHOM miasMoit u UK-Dypwe-
CIEKTPOCKOTIHMIO. YCTaHOBJIICHO, YTO JJIi OOOMX METaJUIOB CTENEHb COpOIUHU
BO3PACTACT C yYBEIUUYCHUEM ITPOAOIKUTEIBLHOCTH KOHTaKTa. MaKkcUMalbHbIe 3HAUCHUS
COpOIMK 3apeTrUCTPUPOBAHBI Il WHTeprioimMepHor cuctembl KY-2-8:Lewatit
CNP LF npu monbHOM cooTHomienuu 3:3 u cocraBuiu 46,26% nna Cu* u 53,6%
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st Pb*. DkcrnepuMeHTanbHbIE JaHHBIC aNIPOKCUMHUPOBAIM C HCIIOJIB30BaHUEM
n3oTepMuueckux Mozeneil Jlenrmopa u @peliHanuxa. YCTaHOBIEHO, YTO IMPOLECC
copOIMM JIy4llle OMMCHIBAacTCS Mojenblo DpelHmxa, yeM Mojenbio JleHrMropa,
YTO CBHJICTEIBCTBYET 00 DHEPreTUYECKONW HEOMHOPOIHOCTH AKTUBHBIX IICHTPOB
MMOBEPXHOCTH HMHTEPIOJIUMEPHON CHCTEMBI U MHOTOCIOMHOM XapakTepe copOuuu
kaTuoHOB MerauioB. Koncranta ®peitnmnuxa mis woHoB cBuHna (K F = 4,38)
MpeBhIIIaNna COOTBETCTBYIOIIee 3HaueHue s uoHoB menu (K F = 3,66), uro
CBHUJICTEIILCTBYET O OoJiee BBICOKOW COPOLMOHHOW CIIOCOOHOCTH CHCTEMBI I10
otHomeHuIo K Pb?". D¢ dexTuBHOCTS ecopOuuy HHANBUAYAIBHBIX KATHOHUTOB NIPU
cootHomeHusax 6:0 u 0:6 mocturama 98-99,7%, a cymmapHasi cTelneHb JAecopOunn
METaJUIOB U3 MHTEPNOIMMEpPHON cucTemsl 3:3 cocTtaBisiia okoiio 96%. Ilonyuennsie
pe3yNIbTaThl MOKA3bIBAIOT MEPCIEKTUBHOCTH MPUMEHEHHUSI HHTEPIIOIUMEPHOMN CUCTEMBI
KVY-2-8:Lewatit CNP LF st KOMITJIEKCHOTO U3BIICUCHUS U Pa3/ICIICHUS HOHOB TSKEIBIX
METAJJIOB U3 BOJHBIX PACTBOPOB.

KaoueBbie ciaoBa: KVY-2-8, Lewatit CNP LF, unTepnonmmepHas cucrema,
TsDKENBIE METAILIBI, CTEIICHb COPOINK, Moielb JIeHrMIopa, Mojiens OpelHanxa

Kipicne. Aysip MeTangap KarapbslHa aTOMABIK canmarsl 63,5 nen 200,6 apanbiFblHaa
YKOHE MEHIITIKTI caiMarsl 5,0-1eH xoraphl aneMeHnTTep xkaransl (Alietal., 2021; Jomova
et al., 2024; Singh et al., 2023). MeTann Kantay KOHIBIPFbUIAPHI, Tay-KeH OHIIpici,
THIHAWTKBIIITAP OHEPKICiOi, OBLTFapHl 3ayBITTAPHl, AKKYMYIISITOPIIAp, Kara3 eHepKaciol
KOHE MECTUIHATEP CHAKTHI callalapAblH KapKbIHIBl JaMybIMEH ayblp MeTaldapAblH
aFbIHJIBI CyNIapbl KOpILIaraH opTara TikeJei Hemece kaHaMa TypAe Terineni. Kenreren
aybIp METaJIJI HOHJIAPbI YIbl HeMece KaHIeporeH i exeni oenriii. Kopmaran opranbiy
ayblp METaJJapMeH JIaCTaHybl alTapibIKTAH SKONOTUSIIBIK KUBIHABIKTAP TYFbI3abl,
cebeb1 Oy nmacTaymibl 3aTTap TYPaKThl, OMONOTHSUIIBIK BIIBIPAMANWTBIH KOHE TaOUFU
IKOXKYHenepae y3ak yakpIT 00ibl skuHana ananpl. Cy skoxKyienepine mblFapblIFaHHaH
KEHiH aybplp MeTanfap WeriHIiIepae WOFbIPIaHbll, ONOKIUHAKTAY JKOHE OMOYIIKEHTY
apKbUIBI KOPEKTiK Ti30ekke eHyli MyMKiH. Byn Oanbikrapra, cy eciMuaikTepiHe,
MHUKpPOOTapFa, OMBIPTKACHI3IapFa KOHE IKOFapbl TPOQUKAIBIK Typiepre Tepic
ocep eTyi MyMKiH. ThIM >KOFapbl yabl MeTalAapAblH KOHLUEHTPAIHICHl MUKPOOTHIK
MOy SIIUATIapAbl  Oy3ybl, OMOSPTYPIUTIKTI TOMEHIETYi, IKOKYHEHIH >KYMBICHIHA
KeAEpTi KeNTipyi )KoHE Cy/IbIH JKaJIlbl CalachblH HaapaaTysl MyMKiH. COHBIMEH Katap,
aybUIIIAPYalIbUIBIK Cyapy, Cy TIPIIIIK €Ty OpTachl KOHE JKOXKYHENIK KbI3METTEep
©3CHICPIH, KOIAEPAiH JKOHE Kep acTbl CyJIapbIHBIH JIACTAHYBIHAH Tepic acep eTyi
MYMKiH. COHIBIKTaH ayblp MeTaJlJl HMOHIAPBIH KETIpyAiH THIMII >KOHE TYPaKThI
o/licTepiH 93ipiey KopLlaraH OPTaHbIH TYTACTBIFBIH CaKTay, Cy PeCypCTapbIHBbIH y3aK
Mep3iMJi TYPaKTBUIBIFBIH KAMTaMachl3 €Ty JKOHE aJjaM JeHCAYJIbIFbIH CaKTay YIIiH oTe
MaHbI3bl (Mussa et al., 2026; Pohl, 2020). OnepkacinTik aFbIHIBI CyIapAbl Ta3apTyaa
epeKIe MaHbI3bl OOJBIN TaOBUIATHIH YIBI ayblp METajJapFa MBIPHILI, MbIC, HUKEb,
CBIHAII, KaIMUH, KOPFAChIH )KoHE XpoM kaTajbl (Aziz et al., 2023; Fu and Wang, 2011).

IneduerTepre moJuy. Kopracet - agamaap MeH kaHyapiaapAblH OMipIliK MaHbI3IbI
MYILLIEJIEPIHAe KUHAIBII, aya, Cy KOHE TaMaK apKblIbl aF3ara €HEeTiH yJIbl MeTall.
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Kopracbin MyHail eHJey 3aybITTapBIHBIH aFbIHbI CyJapblHAaH, KOPFAachlH Oap HErisri
KOCBUIBICTapAbl OHAIpYAEH Naiiga OoNMaTbiH arbIHABI CyJdapAaH, OHIIPICTeH KeWiHTi
epiTKiTep MeH OostylapAblH KalIbIKTapbl Oap arblHABI cyidapaaH mbiFagsl (Vidu
et al., 2020). KopracblHHBIH OFapbl YBITTBUIBIFBI OHBIH KypaMblH MHUHHMaIbl (1
MKT/J) JIeHrelre aeiiH TeMeHJeTyai Tanan eredi. Ockl MakcarTa (DyHKIIMOHAIIBI
(dbochoHabIK KoHe aMHHO(OCHOHIBIK TONTAphl Oap XenaTTay HOHIAPbI KOJIAaHbLIa b,
Conpaii-ak, 4-6 pH numanazonsinmarsl epitinginepaeH kKopraceiH (II) xmopuari
KEIICHEPiH CEJeKTHBTI TypJe aly YLIiH 00C HETi3AIK TYpAeri 9JCi3 HeTi3iK aHWOH
aJIMacCTHIPFBIINTAP/bI Nalinananyra 6onaaer (Pramanik et al., 2009).

Mpic Kep KbIpThICHIHAA CynbduaTep TYpiHIe Ke3aecedi. Kamanblk koHe
OHEPKACINTIK aFbIHBI CYJIap ©3€HIep MEH Cy KOHMallapbIHbIH JIACTAHYBIHBIH MaHBI3/IbI
Ke3i. O3¢H CybIHaFbl MBICTBIH TaOuru Meumepi 0,9-20 MKr-aM 2, aji Ty37bl cynapaa
0,02-0,3 mMxr-aM  Kypaidabl. MBIC TY3AapbIHBIH JKOFapbl MOJIIIEPiH KaObUIAAY acKa3aH-
1IIeK JKONJAPbIHBIH OY3bUTYBIH TYABIPATBIHBI O€NTii. MBIC KOCBUIBICTAPHI TEPIre acep
eTiM, KpIIy MEeH KaObIHYIbI TyabIpaasl. COHOal-aK, KOHbBIOHKTUBUTKE, OUBIK Kapara
JKOHE TaMak IeH MYPBIH MEpIeciHiH ayblpchiHybIHA okenyi MyMmkiH (Barceloux and
Barceloux, 1999).

AFBIHABI CynapAbl ayblp MeTaul HMOHAApBbIHAH Tas3auayJa KOJAaHbUIATHIH
JOCTYpIi SJicTepre XWUMUSUIBIK TYHIBIPY, OylaHy »oHE EepITKIIITI SKCTpakuusiay
xoHe MoH anmacy skaransl (Hubicki and Koodynsk, 2012). Mon anmacTeIpreITap
KapanaibIMIbIIBIFbIHA, CEJICKTHBTUIITIHE, THUIMJIUIITIHE XOHE KOCBHIMINA KaJlblHA
KeNTipy KabOineTiHe OaiyaHBICTBI CyJbl KyHenepai eHaeyae KOMAaHbUIATBIH THIMI
onmic. CoHBIMEH Karap, OoJiap 3KOJOTHSUIBIK TYPFBIOAH BIHFANIIBI, KOJDKETIMII KoHE
ap3an (Daprowski et al., 2004; Egirani et al., 2019).

AFBIHIBI CyTap/bl YAIbI aybIp MeTalIapJan Ta3anay YIIiH HOH aIMacThIPFBILITAPIbI
naiifananyra OareITTanran Oipkarap 3eprrey Typiaepi 6ap. Ocel 6arbiTTa A. KonneBosa
XKoHE T.0. OHIIPICTIK aFbIHABI CylaplaH ayblp MeTajAap/ibl )KOFaphl KOHIICHTpauusaa
copbuusinay ymrin KY-2-8 kaTHoHaIMacTBIPFBIII MARBIPHIHBIH THIMALIITIH 3€PTTETeH.
Copbumst GapbIChIHIA KATHOHHUTTIH opTamia ChidbIMabuibirsl 2073-2140 mr-sks/am?
apajibIiFbiHIa OomaTeiHbl KoHE 5-10% KYKIPT KBIIIKBUIBL epiTiHAiciMeH necopOuus
tuimainiri 100% natnxe oeperini kepcerinreH (Koliehova et al., 2019). Kopracbiaasr
TEMIpACH CEJIEKTUBTI OOJiN aily YIIiH XeIaTThl IIalbIpaapAblH THIMAUIITT KOFaphl.
3eprreyre caiikec (Rao et al., 2005), amundocdonnsr Tontapsl 6ap Duolite ES 467
maiibipsl pH 3 skargaiibiHIa KOPFAChIHBI KOFAphl ChIMBIMIBUIBIKIEH (33,96 1/1M%)
OaiinaHbICThIpa anajnel. bipak epiTiHmile XJIOpUA HOHBI 00sca, COpOIUS KepiCiHIe
TeMeHaeni. Onciz Keimkeael Lewatit CNP 80 sxone xenar ty3ymn Lewatit TP 207
LIalbIpIapbIHBIH aybIp METaJIJapFa KaTbICThI COPOLMSUTBIK KacueTiH 3epTrey (Pehlivan
and Altun, 2007) merannapast aptypai pH ta (Lewatit CNP 80 ymin pH 7.0-9.0, an
Lewatit TP 207 ymin pH 4.5-5.5) oHrtaiinbl jk010Fa OONATHIHBIH YKOHE €PITIHIIHIH
HMOHJBIK KYIIi COpOLMsiFa ocep eTNEeHTIHIH KopceTei.

Confpl Ke3ae TaOUFaThl OpPTYPJi HOHAIMACTBIPFBILITAD HETI3IHAEC KYpbUIFaH
HWHTEPHOIUMEPIIi KYHenepli TEXHOIOTHUSUIBIK ePiTIHALIEPAEH CUPEK Kep MeTallapblH
XKoHe Oaranbl MeTajaapiel Oenyne KoiaaHy OarbIThIHZA OipkaTap 3eprreynep
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KYpriziireH. ©OHEpPKOCINTIK MOHaIMacThIpFeiITapaan (Mbicansl, KY-2-8:AB-17-8,
Lewatit CNP LF:AB-17-8 xoHe T.0.) %oHE KBIIIKBUIBIK-HETI3IK THAPOTeNIbICPICH
(IIMAKT:114BIIr) TypaTblH HHTEPIOIUMEPII KYHenepaiH cOpOUUsUIBIK OeNCeH Iimir
ANIEKTPOXUMHUSIIBIK JKOHE CHEKTPIIK ojicTepMeH KeHiHeH 3epTrenreH (Imangazy
et al, 2023; Jumadilov et al., 2026). MyHnaii >xyienepre NOIUMEpPIEPAIH
KALIBIKTaH 9PEKETTECYl oCepiHeH KYpaMBbIHIAFrbl KOMIIOHEHTTEPIiH KYpPbUIBIMIAphI
KOH(OPMOLIMSUTBIK JKOHE AJIEKTPOXUMUSIIBIK e3repicrepre yiblparn, (yHKIHOHAJIBI
TONTAapPHI KOFAPBHl HOHAAHFAH KYWI'€ aybICATBIHBI XKOHE COHBIH 9CEPIHEH COPOLMSIIBIK
KacueTTepi apTaThIHbI 1aJIeJIeHTeH. J[ereHMeH ayblp MeTalll HOHAAPhIH 06Ty YIIIiH eKi
KaTHOH aJIMaCTBIPFBIIITAH TYPAaThIH MHTEPIOIUMEPIL JKyHeaepai KoiaaHy, oJapAblH
©3apa aKTHBTEHY MEXaHU3MIi KOHE COPOLMSIIBIK THIMIUIILT ol JIe 3ePTTeYi KaKeT
eTeTiH MaHbI3Abl OarbITTapablH Oipi. byn 3eprreymid OypblH 3epTTENreH aHUOHUT-
KaTHOHHUT HEMECE KBIIIKBUIBIK-HETI3/[IK THIPOTeNIbJIep HET131HeTI HHTePIIOIUMEPITi
KYHenepaeH alblpMallblIbIFbl, alifall peT TeK KaTHOHUT-KATHOHUT (KYLITI KoHE
oJIci3) HETI3IHIEeri MHTePHOIMMEpIi KyHelepAiH CcopOUMsUIBIK OelCeHAlTirT MeH
KalIBIKTaH opeKeTTecy acepi 3eprreneni. OcklFaH opaii >KYMBICTBIH MaKCaThl — KYLITI
YKOHE 9JIC13 KaTHOHAIMACTBIPFBILI MIaWBIPIIApbl HETi31HAe KYPhUIFaH HHTEPIOIUMEpPITi
KYHelepMeH Cylbl epiTiHainepaeH ayblp Metamn uonaapsiH (Pb, Cu) copOuwmsiay
MIPOLIECIH KOHE KYHEHIH MOJISPIIBIK KaThIHACTAPBIHBIH COPOLIMSIFA 9CEPiH 3epTTEy.

To:xxipubestik 66s1im

3epmmey obvexmici peTiHae eHAIPICTIK KATHOHAIMACTHIPFbII malbipiap KY-2-8
(H") (Tokewm, Peceit) :xone Lewatit CNP LF (H") (Lanxess Deutschland GmbH, KenbH,
['epmanust), anbiHIbl. MBIC 5K9HE KOPFACBIHHBIH OMHapibl epitingici Meic (1I) HuTpaTs!
Cu(NO,), (Sigma-Oldrich, T'epmanus) sxone kopracein murparel Pb(NO,), (Sigma-
Oldrich, T'epmanus) Ty3mapblH JUCTWIIJIEHTEH CyZHa €piTy apKbUIbl JaibIHAAJIBL.
Bacrankpl epitinaineri meramnnapiabiH koHneHTpanuscel: Cu — 10.05 mr/m, Pb —
10.02 mr/n. CopOumsiiaH KeiiH WHTEPHOIUMEPII KYHeJeH ayblp MeTaul HOHIAPbIH
CTaTHKAIIBIK JKarnaija aecopOumsuiay yurH 2 M a30T KbIIIKBUIBIHBIH epITiHAICI
KOJIJAHBUIBLIABL. MeTaml HMOHAApBIHBIH —KaJIABIK KOHIEHTPAUMSACH IUIa3MaMeH
WHJYKTHBTI OailJlaHbICKaH aToMbI-aMuCCHOHBI criekTpoMetrpinge (ICAP PRO)
AHBIKTAJIIBL.

3epmmey a20icmepi. IHIYKTUBTI OaiijlaHBICKAH IJIa3MaJIbIK aTOM/IBIK 3MHUCCHSITBIK
cnekrpometpi (Thermo Fisher Scientific, AKIL) sxone NICOLET 5700 undpaxsizbut
cnekrpometpi (Thermo Fischer Scientific, AKLI).

Unmepnonumepni scyiienepdi oativiHoay

WnTepnoaumepii Kyheneri KaTHOHAJIMAaCTBIPFBIIITAPIBIH MOJISIPIIBIK
KarbiHacTapeiHa (6:0, 5:1, 4:2, 3:3, 2:4, 1:5 xone 0:6 MOJIb:MOJIb) COHKEC OJIIIEHII
aNbIHFAaH KYpPFaK Maccajapbl MOJUNPONUICHIl TOpiapra CalblHABI (KEyeK eimeMi
100 MKkM, HOHIAp MEH epiTKill MoJIeKyaanapbl epkin auddysusianaast). by Topaap
MOJIEJIB/IIK epITiHAICI Oap IIBIHBI CTAKAHHBIH 1MIIHJC 2 CM OCITIICHIeH KaIIBIKTHIKTa
opHanacTeIpbIAbl (1-cypet). byn ToxipuOenik KOHABIPFBI COPOLMSUIBIK MPOLECTIH
TikeJded (U3MKANBIK JKaHACYMEH €MeC, KaIIbIKTBIKTaH OPEKeTTeCy ocepiMeH
0acKapbUTYBIH KAMTaMachl3 eTe/i. OpOoip sKyieaeri skambl COpOSHT Maccachl TYPaKThl
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cakranisl. MHTeprmomumepini jKyieneri malblpapaiblK 3JICKTPOCTATHKAIBIK Tere-
TEHJIIKTI KaMTaMachl3 €Ty OHE aJIMACTBIPFBIII OeTiHeH OOJiHIN MIBIKKAaH MOHAAP.IbI
KOIO YILIiH COPOLIMSUTBIK TOXiprOenep anapiHaa 24 carat 00Wbl IeMOHAaHIbIPBUIFaH Cya

aKbIPBIH apajacTeIpy apKeUIbl TeHecTipingi. Toxipubenep Oenme TemreparypacbiHaa
KYPrizimi.

KVY-2-8 (H™) Lewatit CNP LF (H")
/\// N d=zex A \\/\
-SO, (H' dopmace) O (@) -COOH (H' dopmace)
H =Pb', o o) H' = Pb?, Cu?
(KYIOTI KBIKBULIE KATHOHHT) O O (2I1Ci3 KBIMIKBILIBI KATHOHAT)
\_ ) o O % y;
@] O
o} O
@] O

Pb¥, Cu¥™ | Pb¥, Cu?*

Tlommnponuies top, 100 MM
Mogensik epirinai (Pb** + Cu®)

Cyper 1 — Cyner opragarsr KY-2-8:Lewatit CNP LF unTepmonumMepni xxyHeciHiH Toxipuoemik
KOH/IBIPFBICBIHBIH ChI30aChI.

Copoyus napamempuepin ecenmey. VIoHanmMacTHIPFBIIITAPABIH COPOLIUS AopeKeci
MBbIHA TCHJCYMEH eCenTemNei:

—Ze=%. 100
n= C— " %0, (1)

mynnarel C - — epiTiHAIIer] METal MOHJApPbIHBIH 0acTanKbl KOHIICHTPAIUSICHI,
Mr/II; Ce— MeTaJll MOHJIAPBIHBIH SPITIH/II/IC KaJFaH KOHIICHTPALUSCHI, MI/JL.
CopOLUsIIBIK CHIMBIM/IBIIBIK MbIHA TCHJICYMEH €CEeIITENe/Ii:

_(c,=C)-v
e m 2)
MYHJIaFbl Co JKoHE Ce METallJl HMOHJAPBIHBIH OacTamKbl J>KOHE TeIe-TeHIIK
KOHIIEHTpausuiapbl (Mr/T), V - epiTiHai kesemi (i), m - cOpOEHTTIH Maccachl (T).
HecopOuust kuHeTHKAachl 48 cararThlk CcOpOLUs TOKIpUOENepiHEH allbIHFaH
MeTaJUIMEH TONThIpbuiraH copoeHTTepai 100 M 2 M a30T KbIIIKbUIBIHBIH €PITIH/IICIHE
ATIOEHT PETIHAC ayBICTHIPY apKBUIBI 3epTTENAl. 48 CaraTTHIK JKaHACY yaKbITTaphIHIA
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anbiarad anukBortap ADC-ne tangannel. Jecopouus nopexeci (R, %) (3) Tenneyre
colikec ecenTe/i:

rR="¢.100
=—=x 0% 3)

=
MyHnarel 7 ; A3He M, — UHTEPHOIMMEpII XKyileeH AecopOLUsIaHFaH KOHE
Oacrankplga moauMepre COpOLUsUIaHFaH METaJUIIbIH KUBIHTBIK Maccachl, MI/1I.
Jlenemrop sncone @petinonux usomepmaiapol
DOHepreTUKaiblK SKBUBAJCHTTI OCJICEHIII OpTalbIKTaphl Oap TONBIFBIMEH O1pTEKTi
OeTke MOHOKAOATThl aacopOLUSHBI OOIKAUTHIH JIeHrMIOp H30TEepMaibIK MoJeli
KeJleci TeHAeyMEH OpHEeKTeNe i

qm KL CEI

T« " 1+k,cC. “)
MYHJIaFbl ¢, — COpPOLMA CHIABIMABUIBIFBL (MI/T); C — Cylbl epiTiHmiferi MeTaul
MOH/IAPBIHBIH TEME-TEHIIK KOHIEHTPAMACHI (MI/N); ¢, — TEOPHUAIBIK MOHOKAOATTHIH
MaKCUMAJI/Ibl a1COPOLHMS CHIABIMABLIBIFBI (MI/T); K, — JIeHrMIOp TYpaKTBICHI (J1/Mr).
Ker kabarThl acopOLHUsIIBIK MiHE3-KYJIKbI Oap reTeporeH i 0eTTep/Ieri KauThIMIbl
a7COpPOLUsHBI cUMATTaUThIH DpedHATUX HM30TEepPMaJbIK MOJCTI Kelieci TEeHICyMeH
AHBIKTAAbI:

g, =K.C" (5)

mMyHJarel K, - OpeHHIIMX HW30TEPMANBIK TYPAKTBICB, N - ancopOuus
KapKbIHBUIBIFBIH CUTIATTAWTHIH TE€TEPOTSHITIK KOA(PPUITUCHTI.

Exi wmopmenp ymiiH e coWKecTik camackl MeH mnapamerpiiepi  OriginPro
OarapramablK jKacaKTaMachlH MaliJalaHbI ChI3BIKTHIK €MEC PErpecCHsIIBIK Talaay
apKbLIbI OaFraaH/Ibl.

3epTTEey HOTH:KEepi KOHE oJapAbl TAJIKbLIAy. EKi KaTnOHaIMacTBIPFBIIITAH
TYpPaTblH HMHTEPIIONUMEPIi KYHEHIH MBIC >KOHE KOPFAChIH HOHIApBIHA KaTBICTHI
copOuust 1opexeci 2-cyperte Oepiires. XKylieHiH copOrust 1opexkeci (1, %) eki metait
YIIiH e 9PEKETTECY YaKbIThl OCKEH CalibiH ockeHi Oaiikanaabl. COpOIUsHBIH KOFaphl
MoHi KVY-2-8:Lewatit CNP LF untepnionumepii xy#iecinig 3:3 MOJIbiK KaTbIHACBIH/IA
Tipkenai, MyHaa Cu—46.26%; Pb — 53.6%. by 6:0 sxone 0:6 MOJIb/1iK KATIHACHIHIAFbI
KEKe KYHJeri MOHaIMAacTBIPFBIIITAPBIH COpPOLUS J9pEKECiHeH KOFapbl. MYHBI
MHTEPIIOIMMEPITI JKyHeleri KOMIIOHSHTTEP/IIH ©3apa OpEKETTeCy MeXaHU3MIMEH
OalinanpicThIpyFa Oonaapl. JKyHeHiH KypaMbIHAAFbl €Ki KATHOHUTTIH (YHKIMOHAJIBI
TONTAPhI JIUCCOIMAIMSIIAHFAH Ke37Ie, KapCchl HOHIAp OYKiUI KejieM OOMbIHIIA OipKemKi
Tapanaapl. Kymrti gucconmanusuiaHFaH MoJIeKylanap KeOip Kapchl HOHJapiabl
JKOFaNTalbl, al QJCi3 JTUCCOLHMALMSIIAHFaH MOJIEKyJajdap KOCBIMINIA 3apsj alajbl.
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Hotwmwxkecinae KyWTi SIEKTPOIIMTTEP OfaH 9pi iCiHEeAl, all 9JICi3 DIEKTPOIUTTEP iCiHY
KeJIeMiH a3zaiTazbl, Oy MONMAIEKTPOIUTTEPAIH TEH KOHICHTPaUHUsIIapbIHAA OpPbIH
anmanel. EpiTiHgine TeMeH MoieKymajibl HOHAAp OOJFaH Ke3le, MOJUIICKTPOIUTTED
MOJMAJIEKTPOIUT 9cepiH 0Oacy apKbulbl oOJaH opi JKubIpbUIafbl. Ockliaiima
WHTEPHOIUMEPIi JKYWEHIH YKcac 3apsiATaifaH KOMIOHEHTTEpl YIUiH «KAIIbIKTaH
OpeKeTTecy acepi» Ky3ere achIpblIaibl.

Copbumst OapbIChIHAAa KypJAedi epiTiHAigeri MOHAAp apacbiHIa OJCeKeNecTiK
Oonanel, MyHa Pb?" nonnapeiaeie Cu?* HOHAAphIHA KaparaHa MoJMMep MaTpUIiachblHa
ke0ipek quddysusuianranbl Oafikanaabl. by [TupcoHHBIH «KATTHI-KYMCAK) KbIIITKBLI-
Heri3 Teopuscel TyprbichiHan (Pearson, 1963), Pb** KaTHOHBIHBIH YJIKEH HOHIIBIK
paanyceina (Shannon, 1976) sxoHe mosipu3anusiaHy KaOiNeTiHiH >KOFapbl OOIybIHA
OailyIaHBICTHI OHBIH TMOJUMEPAIH OelceHal (DYHKIMOHAABI TONTAPHIMEH KOMILICKC
Ty3yre OeHiMALTITIH HeTi3aei .

C(Cu), mg/L C(Pb), mg/L
Fe—60] 607
o—5:1 —m—6:0
50 a4 —e—5:1
v 3:3] 50 —A—4:2
o 2:4 —v—33
40 415 ——2:4
> 0:6] 40 4 15
>0

30

204 20 4

0 6 24 30 48 54 0 6 24 30 48 54

Cyper 2 — Oprypii monbaik KaTeiHacTarsl KY-2-8:Lewatit CNP LF unTepmonmMepi xxyHecinin
Cu(II) (a) >xene Pb(II) (b) moHgapsIHa KaTHICTEI COPOIHS TOPEKECIHIH 03Tepici.

KVY-2-8:Lewatit CNP LF unTepnonumMepii xxyiieciMeH (MOJSIPIBIK KaTbiHACHI 3:3
moib:Moib) Cu (II) xone Pb (II) ancopOunsichIHbIH Tene-TeHIIK KYHiH CHIIAaTTay YLIiH
(g, xone C)) skcniepuMeHTTIK Jiepekrep Jlenrmiop sxone OpedHIIMX U30TEPMATIBIK
MozenpaepiMen coiikecteHaipingi (3-cyper). CopOuMsiIbIK H30TepMalapabl 3epTTey
CYWBIK HEMece ra3 Topi3Al OpTajaH MaKcaTThl KOMIIOHEHTTEPAl COpPOLHMSIBIK
ally TMPOLECTepiH TYCiHyJE >KOHE OHTaWIaHIblpyda MaHBI3Abl POl aTKapasbl.
Uzorepmanapabl 3epTTey COpOEHT IMeH copOarThlH e3apa OpEKeTTeCYy CHIAThIH
aHBIKTayFa MYMKIHJIIK Oepelli: COpOLUSHBIH (PU3HKAIBIK HEMECE XUMUSIIBIK CKEHIH,
OHBIH 0ip KabaTThl HEMece Ko KadaTThl TYP/e KYPETiHiH KoHE aJcopOLrs TOMOTSH T
HeMece TeTeporeH]i OeTTe JKYpETiHiH aHbIKTayFa Oonanel. TuicTi mapamerpiep
nerepmuHaiust koaddunuentrepimen (R?) 6ipre 1-kecreme Oepinren. Ecenrtey
HOTHKENIepiHeH Oyn Kyhe ywiH copOuust mpoueci JIeHrmMiop mozaeniHe Kaparania
OpelHIMX MOAENIMEH KaKChl CHUIATTAJATBIHBI aHBIKTANAbl. MyHbl DPpelHammx
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MO YIIiH Koppensuus kod(duimeHTTepiniy xorapbl MoHAepi nonenaeiai (Cu?
yuria R? = 0.996 sxone Pb** ymrin R? = 0.998). Byt 3aHIbUIBIK HHTEPIIOIUMEPITIK XKYiie
OeTiHiH OelceH i OpTaNBIKTaPBIHBIH YHEPTETHKAIBIK OIPTEKTI €MECTITiH )KoHE MeTall
KaTHOHAApBIHBIH COPOLMACHIHBIH KO MOJIEKYNaJblK CUIIaThIH KepceTeni. Koprachin
nonzapsl ymin @pelinamux xoncranracel (K, = 4.38) mbicka Kaparanna (K, =3.66)
xorapbl. byn KVY-2-8:Lewatit CNP LF wunTtepnonumepini xyiecinin 3:3 MoabIik
KaTbIHACBIH/Ia KOPFAChIH MOHAAPHI YIIIH COPOLMSIIBIK ChIMBIMIBLIBIK JKOFaphl EKCHIH
KepceTe/Ii.

Kecre 1 — KY-2-8:Lewatit CNP LF untepronumepii xyiecinaeri Cu** xoHe Pb?* HOHIapbIHBIH
copOrms H30TepMaapbH CUNATTaiThIH JIeHrMIop skone OpeiHIINX MoAeIbAepiHiH mapamMmeTpiepi

Moaeb IMapamerp Cu* Pb**

q,,, Mr/t 150.0+134.9 250.0+325.2
Jlenrmrop K, n/mr 0.01365+0.0191 0.01211+0.0219

R? 0.888 0.904

K., (mr/r)(/mr)"" 3.66085+0.0204 4.38262+0.0205

N n 1.38673+0.0035 1.25298+0.0022

Dpeiinmmx

I/n 0.7211 0.7981

R? 0.996 0.998

Eckepmy: manOep muicmi pezpeccusiblk maioayoar diblHaH +cmanoapmmol Kameniknen oepineeH; R?
— OemepmuHayus KO3 puyuenmi.

30 : : : : : : : T T T T T T T T T

100 |- . A
70 "
60 - 80 o
50 " q
— Langmuir fit | =5 60 - " q 4
%g 40 Freundlich fit| 7 Langmuir fit
g ) Freundlich fit]
~ o
30k 1 & 4 -
20 4
20 u
10 i
u
0 o
o "™ 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35 40 45
C, (mg/L) C, (mg/L)
a b

Cyper 3 — KY-2-8:Lewatit CNP LF (3:3 MoJb:MO0IIb) HHTEPIIOIMMEPIT )KYHere copOIusIanran
Cu(1I) (a) xome Pb(II) (b) mommape! yurin agcopOuus u3oTepManapsl (Toxipudenik xarnaimap: C, = 10
— 100 mr/m; T=25+1°C; V=200 mur; m = 0,12 r; Teme-TeHaiK YaKbITHl = 48 carar).

Bacrankpl xoHe meramn copOmusiceiHaH keitinri KVY-2-8:Lewatit CNP LF (3:3
MOJIb:MOJIb) MHTeproiumepii xyienepiniy MK crnekrpnepi 4 xoHe S-cyperrepie
oepinren. KY-2-8 mallbIpblHbIH €Ki CHEKTpiHAC Jie (4-CypeT) JKYTBUTY >KOJaKTaphl
Oipaeit, OyJ1 mIaliblp KYPBUIBIMBIHBIH COPOLIUS MPOLECIHAC TYPAKThIIBIFBIH KOPCETEI.
1603.3 xone 1639.03 cm™! apoMarThl OEH30J1 CAaKWHACHIHBIH JKYTBUITY KOJaKTapbIHA;
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2927-2929 cm!' amudarteik Ti30ekTepmeri acummerpusibik C-H - co3butybIHa;
1177-1178 cm' —SO, acuMMeTpUsIIBIK Co3bLTybiHa *koHe 1037-1038,3 cm” SO,
CUMMETPHSIIBIK cO3bLTyBIHA colikec keneni (Theophanides, 2012). Copbuunsiaan keiinri
yarige cynepoTon anMmarbiHIa KyThUTy skuimiri 1177 cm! xonmareiaa ~0.29-nan
~0,39-ra geiiin, O-H cosputy xonarbiaaa (3200-3500 cm!) =0.20-gan ~0,24-ke neitin
apTkaH. by —SO, TOOBIHBIH JIEKTPOHIBI OPTACHI ©3TEPill, METAIT KATHOHAAPbIHBIH
H* won anmacy apkpUibl aybICKaHBIH >KOHE CYNb(OTOMIEH 3JIEKTPOCTATHKAIBIK-
KOOPJIMHALUSUIBIK OaiIaHbIC TY3T€HIH pacTaiibl.

~
N

o
8

0.30 -

o

Abs

.4000- © 7 30 3000 2500 ‘2000 1500 1000 500
Wavenumbers (cm-1)

Cypet 4 — Taza KY-2-8 (a) sxoHe MbIC TICH KOPFaCchIH HOHIAPBIHBIH COpOIHsChIHAH KeriHTi (b)
KV-2-8:Lewatit CNP LF (3:3 momb:momb) UIT sxyecingeri KY-2-8 maitsipsrasig MK cnexrpiepi.

Bacranke! Lewatit CNP LF maiibipbIiablH criekTpiepingeri (5-cyper) kapOokcuiar
HMOHBIHBIH CUMMETPHSIIBI )KOHE aCCUMETPHUSIIBI CO3BIITY JKUITIKTEPIHE COKeC KeNeTiH
1408 cm' xone 1453.9 cm! xonakTapsl copOumsinan keiin 1412.8 cm' xone 1463.9
cm! piFpicybr; C-O cos3bity TepOenmicine colikec keneTiH 1168.8 cm!  komaFbIHBIH
copOumsigan keiinri ynrige 1240.8 oM™ skoFapbl JKUUTIKKE BIFBICYBI ayblp METajll
HMOHJAPBIHBIH KapOOKCHJI TOOBIHAAFBl CYTETiHIH OpHBIH 0achIll, METaI-KapOOKCHIIAT
KOMIUICKCIHIH TY31ITCHIH pacTaiabl.
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Cyper 5 — Taza Lewatit CNP LF (a) >xoHe MbIC II€H KOPFAChIH HOHAAPBIHBIH COPOLUSICHIHAH KeHIHT
(b) KY-2-8:Lewatit CNP LF (3:3 monb:momnb) UIT sxxyecinneri Lewatit CNP LF maiisipsiasig UK
CIIEKTpJIepi.

WonanMacThIpFBITITAPABIH CYIBl €PITIHAUIEPAEH ayblp MeTajaapAbl copOuusiay
THIMIUTITIH Oaranay YIIiH TeK COpOUMSUIBIK KaOiIeTTi FaHa eMec, COHBIMEH Karap
OJIApJIBIH pereHepalys JOpexkKecit e eckepy KaxeT. COHJIBIKTaH, COPOIHS TPOIIeCiHeH
KEHIH KaTMOHAIMAaCTBIPFRIITAp 2 M a30T KBIIIKBIIBIMEH pereHepanusiianibl. JKeke
KVY-2-8 (6:0) men Lewatit CNP LF (0:6) xaTHOHWTIHIET JKOHE HWHTEPITOIUMEPITi
xyiteneri (3 mosb KY-2-8 sxone 3 monbs Lewatit CNP LF) Cu** xone Pb** noHmapbIHbIH
necopbmms mopexeci 2-kecreae 6epinren. arepnomumepti xxyieaeri (3:3) necopOmmst
nmopeskeci eki karnoHuTTeH (3 Monb KY-2-8 xone 3 monb Lewatit CNP LF) 6eninren
METAaJII HOHJIAPBIHBIH KUBIHTHIK Meepi petinge ecenrenm (R, =R, + R ).
3epTTey HOTIKENEPl KOPCETKCHMEH, KEKE KATHOHUTTEpAC IecopOmms mopekeci
98-99,7%-np1 Kypaca, 3:3 WHTEPHOIUMEPIII >KYHECIHACTI CYMMAapiBIK JECOPOIIHs
mopeskeci Cu?* ymin 96,06% »xone Pb** ymrin 96,14% xypans! (conbiH imrinme KY-2-8
yraeci ~53-56,7%, am Lewatit CNP LF yneci ~39-43%).

Kecte 2 — Cu® xone Pb*" noHmapbeIHblH AecopOius gopexeci R, %
6 moab KY-2-8 3 moub KY-2-8 3 moab Lewatit CNP LF 6 moab Lewatit CNP LF

Cu 99,7 56,7 39,36 99,5
Pb 97,96 53,05 43,09 98,13

KopoiTbinabl. Toxipubemik mepekrep «KVY-2-8:Lewatit CNP LF» (3:3)
MHTEPIIOIMMEPIIiK KyHecinig 6acrankel KY-2-8 sxone Lewatit CNP LF (6:0 xone
0:6 MOJB:MOJIB) VATICIMEH CaNBICTRIPFAHIA ayblp METa/l MOHIAPBIH COpOIUsIIay
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JOpEeXKECiHIH JKOFapbl eKeHiH kepceTTi. WHTepnommmepni sxyieniH 3:3 ModbIiK
KaTblHachbIHAa copOuus nopexeci Cu — 46.26%; Pb — 53.6%. CopOuwmst nporeci
OpelHIMX MOJIeNiMEH JKaKChl CUMATTaaThIHBI aHBIKTAAbl. byl nHTepnoanMepiik
Kyle OeTiHiH OesiceHAl OpTaNbIKTApbIHBIH SHEPreTUKAIBIK OIPTEKTI eMECTIriH JKoHe
MeTaJlJ1 KaTHOHJAPBIHBIH COPOLMSCHIHBIH KON MOJIEKYIalblK CHIIATBIH KOpCeTeli.
Kopracein nonaaps! yiin @peiinamx koncranrachl (K, = 4.38262) mbicka Kaparania
(K, =3.66085) xorapsl. byn KY-2-8:Lewatit CNP LF untepnonumepii xyiiecinin 3:3
MOJIB/IIK KaThIHACBIH/Ia KOPFAChIH HOHAAPHI YIIIH COPOLMSIIBIK ChIHBIMIBLIBIK KOFaphI
EKeHIH pacTailibl. 3epTTey HOTHXKENEpi Cyibl epiTIHAUIEPAEH MBIC KOHE KOPFaChIH
HMOHJAPBIH 06N axy YUIiH HHTePHOIUMEPIIiK KYyHeaepai THIMIl COPOSHTTEp PEeTiHAe
KOJIJaHy MYMKIHAITiH KepceTesi.
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Abstract. In this work, inexpensive and highly efficient Co-Mg oxide catalysts
free of noble metals were synthesized for the deep oxidation of methane. The catalysts
were prepared by thermal decomposition of magnesium and cobalt nitrates followed by
calcination at various temperatures (300-1300°C). Samples with molar ratios Co:Mg =
2:1 and 1:1 were studied. X-ray diffraction was used to study the effect of calcination
temperature on the phase composition, lattice parameters, and crystallite sizes of the
spinel (MgCo204 or Co030s4) and cubic ((Co,Mg)O solid solution) phases. The spinel
structure was shown to predominate up to 800°C, decomposing above 900°C into a

154



Volume 3, Number 468 (2026)

cubic solid solution. Catalytic activity was tested in the deep oxidation of methane
(CH4+:02:Ar = 5:30:65 vol.%) and depended on the phase composition and calcination
temperature; the best result, 96.6% methane conversion, was achieved for the Co:Mg =
1:1 sample calcined at 600°C. The activation energy increased linearly with calcination
temperature, reflecting the transition from the active spinel phase to the less active
solid solution. The high activity is explained by the Co*"/Co*" redox couple and lattice
oxygen mobility, i.e. the Mars-van Krevelen mechanism. Samples subjected to thermal
shock at 1100°C partially recovered their phase composition after a repeated redox
cycle, confirming high thermal stability. In addition, the specific surface area decreased
from 14.9 to 2.8 m?*/g with increasing calcination temperature and correlated directly
with catalytic activity, while the activation energy ranged from 62.1 to 99.2 kJ/mol. The
proposed catalysts can be applied in gas-purification technologies in the petrochemical
industry and transport sector. The results indicate that Co-Mg oxide systems are
promising, low-cost catalysts, offering an accessible alternative to noble-metal-based
systems for purifying methane-containing exhaust gases.

Keywords: catalyst, deep methane oxidation, cobalt-magnesium oxide, spinel phase,
thermal treatment
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Annotanus: XKymbicTa MeTaHIbl TEpEH TOTHIKTHIPYFa apHaIIFaH achlI METAIIaPChI3,
KoJDKeTiMai opi skorapel THiMIi Co—Mg OKCHATI Karajau3aropiap CHHTE3IENI.
Karanmuzaropnap marHuii jkoHe KOOQIBT HUTPATTAPbIH TEPMHSIIBIK BIIABIPATY >KOHE
keitin 300-1300 °C apanbIFbIHIaFsl TEMIeparypaiapia KYHAipy apKbUIbl allbIHIBL.
Co:Mg monbaik karbiHacTapsl 2:1 sxoHe 1:1 OonareiH yirinep 3eprrenui. PeHTren ik
TUQPaKIUsIBIK  Taljlay KoOMeriMeH KYWIipy TeMIeparypachiHbIH —IIITUHEIbIIK
¢dazanapapig (MgCo204 Hemece Co0304) xone KyOThIK (Co,Mg)O KarThl epiTiHIICIHIH
(hazaibIK KypambiHa, KPUCTAIIBIK TOP TIapaMeTpIIepiHe )KOHE KPUCTAIUIUT OJIIIEMIepiHe
ocepi anbIKTabl. 800 °C-Ka JCiiH HMIMUHENIbIIK KYPBUIBIMHBIH 0achiM OOJIATHIHBI,
an 900 °C-taH >xofapsl TeMIleparypaja OHBIH bIIbIparn, KyOTBIK KaTThl epiTiHji
ty3eTini kepceriai. Karamutukansik Oencenaimik CHa:O2:Ar = 5:30:65 xenemik
KaThIHACBIHJAFBl KOCHAJa METaH/Ibl TEPEeH TOTBIKTHIPY peakUusCchiHaa OaraiaHibl.
Karamurukaneik kacuertep (asanblk KypaM MEH KYHAipy TemIeparypachlHa eoyip
toyenai 0oipl. EHxorapel HoTike Co:Mg=1:1 karbiHachkiaiarel 600 °C-ra Ky aipiareH
YJIT1 YIIIH aJIBIHBIN, METaH KOHBEepCHsCH 96,6%-1b1 Kypaabl. Kyiinipy Temneparypacsol
YKOFapblIaFaH CaliblH aKTUBTEHY YHEPTUSICBIHBIH apTybl OCJICEH 11 IIMUHENbIIK (ha3aHbIH
OeJICeHILIIrT TOMEH KaTThl epiTiHai (a3achlHa alHAIybIMEH OailyIaHBICTBI OOJIIBI.
Karanmuzaropnapzapsis sxorapsl 6enceniniri Co**/Co?* TOTBIFY-TOTBIKCBI3IaHy KYOBIMEH
YKOHE TOPJIBIK OTTETiHIH KO3FaJIFbIIITHIFBIMEH, SIFHU Mapc—BaH KpeBenen MexaHn3MiMeH
tycinaipineai. 1100 °C TeMreparypaniblK 9cepre YIIbIparaH yATijiep KeWiHTi TOTBIFY-
TOTBIKCBI3JIaHy IMKJIIHEH COH (pa3ajibIK KypaMbIH iIIiHApa KaJIlbIHA KEJTIpi, Oy
OJIapJIbIH eJIeyIli TEPMUSIIBIK TYPAKTBUIBIFBIH KopceTeni. Kylaipy TemreparypachlHbIH
JKOFapblIaybIMEH MEHINIKTI OeT aymanbl 14,9-nan 2,8 M*/r-ra JeiiiH TOMEHIEI1 JKOHE
KaTaJIUTUKAJIBIK OCJICEHIUTIKIICH TiKenel OaliIaHbIC KOPCETTI, a1 aKTUBTEHY SHEPTHSCHI
62,1-99,2 xJlx/mMonb apanbirbiaaa esrepai. Hotmwkenep Co—Mg okcuaTi xKyienepain
MeTaH Oap Ta3japibl TazapTyFa apHalFaH THIMII 9pi CalbICTBIPMANBl TYpAE ap3aH
KaTaJu3aropiiap peTiHJie MepcreKTHBa bl eKEHIH KOPCETTi.

Tyiiin ce3mep: Karaau3aTop, METAHHBIH TEPEH TOTHIFYbI, KOOAJIBT-MarHU OKCHU/II,
HIIUHEIBIIK (a3a, TEPMUSIIBIK OHJICY
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AHHoTanusa: B pabore cuHTE3MpOBaHBI JOCTYMHBIE U BhICOKOA(p(hexkTuBHBIE CO—
Mg OKCHIIHBIE KaTaJIM3aTOPbl, HE COeprKallie 01aropoJHbIX METAJIJIOB, J1s IITyOOKOTo
oKHcJeHusl MeTaHa. Katanuzaropsl moiydaid TEPMHUYECKUM Pa3IOKEHHEM HUTPATOB
Maraus U KoOajbTa ¢ TOCIenyroliel mpokaikod npu temmeparypax 300-1300 °C.
HccnenoBanbl 00pasisl ¢ MOJIbHBIMU coOTHOIIeHUsiMu Co:Mg = 2:1 u 1:1. Merogom
PEHTTEHOBCKOW TU(PPAKIUK U3YUCHO BIMSHHUE TEMIIEpaTypbl MPOKaJIKH Ha (ha30BbIi
COCTaB, TApaMeTPhl KPUCTAJUTNYECKOH PEIIETKN U pa3Mephl KPUCTAIITUTOB IITTHHETbHBIX
bhaz (MgCo204 mmun Co304) m xyOmueckoit ¢azbr TBEpHoro pactBopa (Co,Mg)O.
Ycranosneno, uro 1o 800 °C mpeobianaeT mMIUHETbHAS CTPYKTYpa, TOTAa KaK BhIIIE
900 °C npoucxoauT e€ pasiokeHne ¢ 00pa3oBaHUEM KyOHUECKOTro TBEPAOTo pacTBOpA.
Karanurndeckyio akTHBHOCTb MCCIIEAOBAIN B PEAKIMU ITyOOKOTO OKHCIICHHS MEeTaHa
npu cocrase razoBoit cmecu CHa:O2:Ar = 5:30:65 00.%. AKTUBHOCTb CYILECTBEHHO
3aBHcena oT (pa3oBOTO cocTaBa M TEMIEpaTypbl MPOKAIKH. MaKkcuManbHas KOHBEPCHUS
Mmerana — 96,6% — Obl1a mocturayTta Ha obpasie ¢ Co:Mg = 1:1, mpokanéHHoM
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npu 600 °C. PocT kaxylleHcss SHEpruM akTUBAllMM C YBEIMYEHHEM TEMIIEpaTypbl
MIPOKAJIKK OTpaXkajl mepexox Ooyiee akTUBHOHM MIMUHENBHON (a3bl B MEHEe aKTUBHYIO
¢a3y TBEpHOTO pacTBOpa. BhICOKas aKTUBHOCTh KaTaln3aTOPOB CBS3aHA C HATHYHEM
OKHCJIMTEIbHO-BOCCTAaHOBUTENBbHOM Tapsl Co**/Co*" M MOABMKHOCTBIO PEMIETOYHOTO
KHCIIOpOJa, 4YTO coriacyercss ¢ MexaHm3MoM Mapca—Ban Kpesenena. OOpasipbl,
MOJIBEPrHYThle TepMHuueckoMy Bo3zaelcTBuio npu 1100 °C, mocie mHOBTOpHOTO
OKHCJIMTEJIbHO-BOCCTAHOBUTEIBHOTO IIMKJIA YaCTHYHO BOCCTAHABIMBAIM (DAa30BBIN
COCTaB, UTO CBUAETEIBCTBYET 00 UX 3HAUUTEIBHOHN TepMuueckor ycrounBocTu. [Ipu
MOBBILIEHUH TEMIIEPATYPBhl MIPOKAJIKU y/elbHas MOBEPXHOCTh yMeHbIIanack ¢ 14,9 1o
2,8 M¥T 1 KOppeiaupoBaia C KaTaJUTUYeCKOW aKTUBHOCTBIO, 8 KaKyLIascs SHEPrHs
aKTHBALlMM U3MEHsUIach B AuanazoHe 62,1-99,2 xJlx/monb. [lonyyeHHsle pe3ynbTarTsl
CBUJETEIBCTBYIOT O MepPCHeKTUBHOCTH Co—Mg OKCHIHBIX CUCTEM KaK OTHOCHUTENIBHO
HEOPOTHX KaTaJlM3aTOPOB IJIsSi OYMCTKH METaHCOAEPKAIlMX Ta30BBIX BBIOPOCOB H
BO3MOKHOU aJIbTEPHATHBBI CUCTEMaM Ha OCHOBE OJIaTOPOAHBIX METAJLIOB.

Ki1ioueBble cjioBa: karaau3arop, NyOOKoe OKHCIEHUE METaHa, KoOaIbT-MarHUeBbIH
OKCHUJ, IIMUHEIbHAs (a3a, TepMudecKas 00padoTKa

Kipicne. Kazipri kesenge arMmocdepanblK ayaHbIH JIACTAHYBl MEH KIUMATThIH
e3repyi sxahaHNBIK JACHIeHUIETT ©3€KTi IKOJIIOTUSIIBIK Macenenep i Oipi OOJbIN OTHIp.
[Mapuukrik rasgapaeie iminge meran (CH,) epekimie opbiH anmaabl, ce06ei OHBIH
»ahaHIBIK JKBUIBIHY MOTEHIMANbI KOMIPKBIIIKBUI Ta3bIMEH CalbICThIpFaHga OipHele
ece xorapbl. MeTaH atMocdepara MyHali-ra3 eHipy KoHe TachIMaay poLecTepine,
KOMIp IIaxTaJapblHAa, KaTThl TYPMBICTHIK KaJIBIKTapAblH bIABIPAybIHIA, aAybLI
LIapyallbUIBIFIHA, COHAAH-aK aBTOKOJIK JKOHE JSHEPreTHUKANIBIK KOHIBIPFBUIAPABIH
naiananbUIFaH ra3aapbl Kypambiaaa 6emineni. MetaHHbIH aTMocdepaa sKHHAKT ATy bl
TEK MapHUKTIK 9cepi KYLIECHTIN KaHa KoiiMald, COHBIMEH Karap TporocdepablK 030H
TY3UIyiHE BIKIAN eTeli, OyJ azam JIeHcaylbIFbiHA KOHE JKOKYHenepre Kepi acepi
THUTI3€i.

MerannbiH TepeH KaranuTukanblk ToTbirybl (CH, — CO, + H,0O) - OHbI 3UsAHCHI3
OHIMJIEpTre alHATABIPYBIH €H THIMJI1 9JIICTePiHiH Oipi. AJaiiia MeTaH MOJICKYJIAChIH IAF bl
C-H OaiinanbiceiHbH KOFapel OepikTiri (=435 x/[/M0Jb) OHBIH aKTUBTEHYIH
KHUBIHJATaIbl )KOHE JKOFaphl TeMIIepaTypaHsl Tanan erefi. Ockiran 0aiIaHbICTHl TOMEH
TeMIIepaTypaza >KOrapbl KaTaJIUTHKAJIbIK OCJICEHIUIIK MEH TYPaKTBUIBIK KOPCETETiH
KaHa THIM1 KaTaau3aTopiapAbl 93ipiey KaKeTTUIIr TybIHAalabL.

Oneduerrepre moJy. Kasipri yakpITTa MeTaHAbl TOTHIFY peakusIapblHAa MIaTHHA
TOOBI METaJIIapblHA HEeTi3eNTeH KaTanu3aropiap - Pt, Pdxane Rh - »xorapsl Genceninik
TaHbITabl. JlereHMeH, OnapablH KbIMOATTIFbI, CHPEKTIr] ’KoHE KYKipTTI KOCBUIBICTapFa
ce3IMTaNABIFbl OHEPKACINTIK ayKbIM/1a KeHIHEH KO JaHbLTY bIH IeKTel 1. Ochl TYpFbIAaH
anfaHja, OTIeNi MeTalJap OKCHUATEpl HETi3iHAeri Karajau3aTopiap SKOHOMMKAJBIK
JKOHE TEXHOIOTHSIBIK JKarbIHAH TUIMII1 Oajlama OOJIBII TaObUIaIbI.

Ocipece kobabT okcui (Co,0,) MNUHEL KYPBUIBIM/IBI KYHENEP METAHHBIH TOMEH
TeMIIepaTypagarbl TOTBIFY PEaKUUSCBIHAA >KOFapbl OENCEHAUTIK KOpCEeTeTiHI oaedu
nepekrepae ponenneHreH. Co*'/Co*" TOTBIFY-TOTBIKCHI3AaHy KYOBIHBIH OONYBI JKOHE
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TOPJIBIK OTTETiHIH KO3FaIFBIIITHIFBI peakuusHblH Mapc-BaH Kpesenen mexaHusmi
OOWBIHIIA XKYPYiHE )KaFaal xkacaiiipl. COHBIMEH KaTap, KOOAJIBT OKCUJIIHIH OCTTIK OTTEr1
TYpJIEpi METaH MOJICKYJIACHIHBIH aJIFaIllKbl aKTHBTEHY CaTBICBHIH XeHinaeTenl. Anaina
taza Co,0, KyHenepiHiH TEPMUAIBIK TYPAKTBUIBIFBI MEH KYPBUIBIMABIK O€piKTiriH
apTTBIPY, COHJAM-aK ONapAblH TEKCTypalblK CHUIATTaMalapblH OHTAHIAHABIPY
MakcaThlHIa MOAM(HUKANMSIAY KOKESTTLIIr TybiHAaiel. OcbiFan Oaitnanbictel MgO
eHrizy apkpuibl Co-Mg apajac OKCHIATI LIMUHENb KYWHENepiH ally MepCleKTHBaJIbI
0arbIT OOJBIT TaObUTAABI. Mg?" KaTHOHIAPBIHBIH €HTI31Myl HOTHIKECIHIE KPUCTAIBIK
TOp MapaMeTpiepi e3repei, MeTall HOHJAPBIHBIH Tapalybl peTTele ] )KoHe OTTEeTiHIH
OeTki (hopManapbeIHBIH KOHICHTPALUICH apTajbl. byl e3 Ke3eriHae KaTaau3aTopIIbIH
OejiceHal OpTaNbIKTAPbIHBIH CaHbIH KOOEHTiN, METAaHHBIH AKTHBTEHY OSHEPTHSCHIH
TOMEHAETYTE BIKIAJ €Teli.

Conpaii-ak Metan - 100 sxput imiHge xahaHABIK KBUIBIHY OOWBIHINA IIaMaMEH
28% OonaThlH KyaTThl TAPHHUKTIK T'a3 )KoHE 01 OapibIK MapHUKTIK Ta3AapIblH KNIkl
panuanMsIbK ocepiHid mamamer 20% Kypaiiabl, OapiblK aHTPOMOTEHIIK Ke3AepaeH
SHEPTHUsl OHAIPY KOHE TachIMaNay METaHHBIH €H KOl IIbIFapbIHAbUIAPBIH HIbIFapaThIH
exi cextop Ooxbin Tadbutansl (Forster et al, 2007; Jiang et al, 2018). MyHaii eHzey
3aybITTapbl HeMece TaOUFU Ta3 3aybITTaphl )KOHE TAOUFH ra3 KO3FaJITKBIIITAPBI CUSKTHI
KOHJBIPFBIIAP OAETTE OCHl MOJIEKYJAaHbIH >KOFapbl TYPaKTHUIBIFBIHA OaiIaHbICTHI
YKOMBUTYBI KMBIH METaHHBIH TOMEH KOHIEHTpalusichiH 1biFapansl (Long et al, 2010).
Byn rasmap omerTe TeMEH JKoHE OpTalla TeMIIepaTypaiarbl YJIKEH arFbIHIapMeH
CHUIATTAJaThIHABIKTaH, KaTaJUTUKAIBIK TOTBIFY METaH >KaHFaH Ke3/eri LIBIFAaThIH Ta3
IIBIFAPBIH/IBIIAPEIH TOMEHACTY/IIH KOJAMIbI 91ici 6ombin Tadbinansl (Korakianitis et al,
2011).

OcbIFaH opail COHFBI KbULAAPBI OHEPKACINTIK KACIIOPBIHAAD MEH aBTOKOIKTEPIiH
ra3 HIbBIFapbIHABUIAPBIH Ta3apTy MOCEJECIHIH ©3eKTUIr apTyaa, Oyl JIacTaHyAbIH
Oexnrimi Oip TyphepiH a3zaliTyra OarbITTalIFaH OPTYPJl TEXHONOTHSUIAPIABIH JaMybl
MEH 9p TapanTaHIbIPbUTYybIHA OKeJNedi. 3USHIBl HIBIFApbIHABUIAPIABIH TYpPiHE >KOHE
JacTaHy Ke3/epiHe 0aiIaHBbICTBI Ta3apTy iCTepi COPOLUSIIBIK, KaTaTUTUKAIBIK J)KOHE
MeMOpaHaNbIK TEXHOJIOTHATIapFa, COHali-aK oJapAblH KOMOWHANIMsIIapbiHa HEeTi31emyi
mywmkiH (Larki etal, 2023). Ka3zipri Tanaa Ta3apTy ’KoHe KO0 TEXHOJIOTUsIIaphl apachlHa
OPTYPIIi CYMBIK >KOHE KAaTThl COPOSHTTEP KOJNAHBICBIHA HET13/eNTeH, MApHUKTIK ra3uap
LIBIFAPBIHABUIAPBIH a3alHTy MaKCaThIHAAFbl post-combustion KOMipKBIIIKBUT Ta3bIH
ycTay TEeXHOJIOTHsIIaphl yikeH MaHb3abuibikka ue (Fu et al, 2022). Jlerenmen Oy
TEXHOJIOTHSIIAP/bl JKbUTY KYPBUIFBUIAPBIHBIH HAKTHl TYTiH Tazfapeinaa kongany CO,
NO,, SO, xone kanapik CH (Zhang et al, 2009) cuskTBI KOCanap dcepiHeH OoJaThIH
cOpOCHTTEPAIH KbIIAaM Je3aKTHBALMsIIaHATBIHBIH KopceTTi. Con cebenti razmapasl
notuwkecinge CO,-Hi yCTaWThIH KaTaJUTUKAIbIK OJiCTEPMEH aJIbIH-ajla MYKMAT
TazapTyabl KAMTUTBIH apajac TeXHOJOTUSUIapAbl KOJAaHy HIBIFAPbIHABUIAPIBI a3alTy
oflicTepiH JNaMBITYIbIH ©3€KTi OarbITTapbiHbIH Oipi Oonbin Tadbutagsl (Majchrzak-
Kuceba et al, 2021).

OcbifaH OalaHBICTBl Ta3Abl Ta3apTyAbIH THIMAI, TYPaKThl JKOHE YHEMJI
KaTanu3aTopiapblH AalibiHAay, atan aiitkanga CO jkoHe KalAbIK KeMipcyTeKTepi
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Kary ©Te ©3eKTi 00kl TadbuIaAbl. [pi @HEepKICINTIK JKoHE ypOaHJaiFaH aiMakTap/a,
COHBIH imIiHAe AJMaThl KaJachblHa aTMOC(EpabIK ayaHbIH Calachl COHFBI KbUIAAPHI
aca ©3€KTi DKOJOTHSUIBIK Macesere aiiHanabl. IQAIr xanmblkapaiblk yHbIMBIHBIH 2024
KBUIFBI JIepeKTepi OOWbIHIIA AJIMaThl Kajlachbl ayaHbIH JIaCTaHy JAEHIeii »orapbl ipi
KaJjanapAblH KaTapblHa Kipeai, Oyl Kanaaa KeJlik MeH OHEPKACill KOCIMOphIHAapbIHAH
OeJiHETIH MeTaH MeH 0acKa Ja KeMipCyTeKTi ra3mapiblH YJeci alTapiblKTall eKeHiH
kepceteni. OchlHAal jKaFaaiga KalablK KOMIpCYyTEKTEp MEH METaH bl KaTalUTHKAIIBIK
o/licTieH 3USHCBHI3 OHIMAEpre ACWiH TOTBIKTBIPY - arMocdepalblK ayaHblH CarlachlH
KaKCapTyAbIH NEPCIIEKTUBAIIBI Opi IKOHOMHUKANBIK TYPFBIIAH THIMII JKOJIJapbIHbIH Oipi
OOJIBIN caHasa bl

OJeOUeTTIK JIepeKTepre CoMKec, OKCHUATI JKyHelepleri MeTaH MeH Oacka Ja
KOMIPCYTEKTEp/IiH TEepPEeH KaTalUTHKalbIK TOTBIFYbl KeOiHece Mapc-Ban Kpesenen
MeXaHH3Mi OOMBIHIIIA XKYPel, OyJIKaF1aia peakusiia TOpIbl OTTeTi TiKeJe KaTbIcapl,
al KaTanu3aTopAblH OeTKi KabaThIHAarbl OTTEri BaKaHCHsUIaphl ra3 (as3achlHAarbl
OTTEriMEH KaiTa TonThIpbuIabl. OChbIFaH OalIaHBICTBI KaTaIH3aTOPABIH OCJICEHUTITT
OHBIH TOTBHIFY-TOTBIKCBI31aHy Ka0ijieTiMeH oHe TOPIIbI OTTET1HIH KO3FaJIFbIILTHIFBIMEH
TBIFBI3 OaiinmanbicTel Oonanel. LlnuHenb Topi3mi OKCHATEPHiH >Kaimbl (OpMYIIachl
AB,O, typinze Oepineni, MyHaarel A mo3uLuschiHIa ofeTTe Mg*, Zn*" Ni*', Co*
CHSIKTBI €Ki BaJIeHTTI KatroHaap, an B mosurusiceiaga Co®', Mn*', Fe¥', AI** cusakTs
YII BaJCHTTI KaTHOHJAp OpHaJIaca/bl, MyHJal KYpbIIBIMAAD JKOFaphbl KaTalUTHKAIIBIK
YKOHE 3JIEKTPIIIK CHIIaTTaMallapMeH epeKLIeTIeHE].

Acbul MeTanap HeTi3iHe CUHTe3AeNreH Kartanu3aropnapasiy (Pd, Pt, Au) metanns
TOTBIKTBIPYAAFbl OCICEHALTITT o1eOueTTe KaKChl 3ePTTENTeH: MBICAIIbI, aJUIAAUHMEH
kocnananran yarinep 500°C temmeparypanga 90%-gaH acram KOHBEpCHSI KepceTeni,
anaiijia MyHJIail KaTaau3aTopiapAblH KYHbI JKOFaphl, all pecypcTaphl IEKTEYTi OOJBII
Kananael. OcblFaH OaiijlaHBICTBI COHFBI KBUIAAPBI 3epTTEYLIUIEPAiIH Ha3apbl HETi3iHEH
OTIICII MEeTaJIIap OKCUITEPiHE, OHBIH 1IITH/IEe KOOAILT OKCHIIHE HET13/IENITeH XKYienepre
OarpITTAy/A.

KoGaner oKcHOiHIH KaTalUTHKAJbIK OCJCEHIUNITiH  apTTBIPYABIH  KEHiHEH
KOJIZIAHBIIATBIH TOCUIAEPiHIH Oipi - OHBI KEYyeKTi TachIMaJAarblll OeTKeHiHae Tapary
apkpuibl Oencenati Oetinin kenmemin yiraity (mbicansl, Co,0,/ALO, xyienepi),
amaiija MyHzHail okydenepae SKOFapel TeMIieparypaga KoOanbT —OeneKTepiHiH
TAaCHIMAJIIAFBIIIICH  OPEKeTTeCyl JKOHE  arioMepauusulaHybl — KaTaJlu3aTOpPAbIH
TYPaKTBUIBIFBIH TOMEHAETY1 MyMKiH. OCBI TYPFBIIAH aliFaH/a, MarHUH I MOIU(HUKATOD
peTiHAe maiijanaHy KaTaqu3aTOpPAbIH TEPMISUIBIK  TYPAaKTBUIBIFBIH — apTTHIPHII,
OesmekTep iy Oipiry (artomepariysi) MPOLECiH TeXESUTIH TUIMJIL 9J1iC OOJIBITI CaHAIA b,
cebe6i Mg*" monmapsl Co-Mg apanac OKCHIIHIH TOpbIHA €HTeHIe (asaiblK aybiCy
TEMIIEPaTyPAChIH KOFAPbUIATA bl ’KOHE MEHILIKTI OCTTIK ayJaHHBIH CaKTaTyblHA BIKIIA
eTel.

Ocbutaiiina, >koFapelga KenTipiaren oaedu aepexrepre cyieHe oTeipein, Co-Mg
OKCHATI KYHeJepiH METaHIbl TEPEH KaTaJUTHUKAJIbIK TOTBHIKTBIPDYFa apHajfaH achll
MeTalAapchi3, ap3aH 9pi THIMAI KaTajau3aropiap peTiHAe jKaH-KaKThl 3epTTey O3€KTi
FBUIBIMU-TIPAKTHKAJIBIK MOCEIe OOJBII TaObLIa bl
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MartepuaJsgap skoHe Herisri aicrep

3epTrey IKYprizy OapbiChIHIA Karajau3aropiap TEPMHUSIIBIK OHICY oJiCiMEeH
naibiHaanapl. JladblHIanFaH YATUICpIiH KypaMbIHIA op TYpil MeJIiepae MeTaul
HUTparTapbl Oap KaTamu3aropiiapAblH CEpHsChl TaWbIHIAIIB. Marauii-kooaibT
OKCHJITI KaTaJMu3aTropiiapbl HUTPAT TY3AAPBIHBIH TEPMUSUIBIK bIIbIPAYbl aAPKbLIbI
cuntesnenni. bacrankel pearentrep petinae maruui murparsl (Mg(NO,), 6H20, 99%,
Sigma—Aldrich) sxome koGanbr murparer (Co(NO,),'6H,0, >98%, Sigma-Aldrich)
naiaanansUbl. byn 3arrap Oepinred Co:Mg MONbIiK KaTblHACBIHAA JUCTHIICHTCH
cyna epitinai. AJbIHFaH epiTiHII MACHUTTIK apaslaCTBIPFBIIITA Y3/IiKCi3 apajacThIpbuia
oreipein, 100-gen  180°C-ka jeiiiH OipTiHIEN KbI3ABIPBUIBI, & caraT OOWBI
OyaHabIpbLIAbl. CyIbIH HETI3ri 06JIiri alblHFAaHHAH KEeHiH maiijaa OoiFaH Kyprak oHIM
Myddenbai nemke canbiabii, 275°C Temneparypaza 15 carat 00ibI TEPMOOHICY/ICH OTTI.
AJBIHFaH KaTThl KJIJIBIK MYKHST YHTAKTaJIbII, Opi Kapail opTypili Temieparypaja srHH
300, 400, 550, 650, 700, 750, 800, 900, 1000, 1100, 1300°C-Tapaa TepMHUSIIBIK OHIEIII.
Tepmoenaey mydens neminge 10°/MUH KbUITAMIBIKICH KbI3ABIPBLIBII, OCITICHICH
Temneparypaja 1 carat 6o¥ibl yerasabl. [IporecTiH COHbIH/A YIITIEP NEIITEH albIHbIII,
ayaja OeinMe TeMIeparypachiHa JIeHiH cankpiHaateuiael (quenching amici). XKymeicra
crannaprrel Co:Mg = 2:1 kaTblHAChl KOJJAHBUIIBI, OCBIHAAW KypaMmjarbl YJriiep
Co-Mg(T) nen Oenrinenyi, mynaa T - Tepmoenjey temmeparypacbl. Co:Mg = 1:1
katbiHackiHaare! yarizep Co(1)-Mg(1)(T) perinae oenrinenmi.

Anbraras qudpakuusuibik gepexrep [.B. Cokonbckuii aTbIHAAFbI JKaHAPMAH, KaTau3
JKOHE DJIEKTPOXUMHSI HMHCTHTYTBIHAA JIUPPAKTOMETPIEri PEeHTreHAIK audpaxius
onicimen JIPOH-4-0.7 (Peceii) KypbUIFbIChIHIA ablHABI. PeHTreHo(has3anblk Tayiaay
(POT) maprrapsi: CoKa coyneneny, 20 = 10 - 90° OypblITapbIHBIH apaibIFbIHIA,
YHTAK 9J1iCiIMEH JKYPTi3ui.

Karanuzaropnapabia MeHinikTi 6ertik aynansl GAPP-V Sorb 2800 Surfer (Thermo
Fisher Scientific) ra3-aacopOIusuIbIK aHATN3aTOPBIH 1A, @30TThIH TOMEH TeMIIePaTypaibl
a7ICOPOIUSICHI 9/1ICIMEH aHBIKTAJIJIbI.

MetaHHBIH TepeH TOTBIFY YPIICIHIE KaTalu3aTopiapblH OEICEHAUIINiH ChiHAY
OOMBIHIIIA YKaCAJIBIHFAH TOKIPHOENIEP aFbIHbI-KaTaaIN3/I1K KOH/BIPFbIIA 3ePTTEIII.

ArbiHBI KaTanmu3ik KOHIBIPFbI AKK-1 XUMUSIIBIK 3epTXaHa XKaFaaiblHaa pTypiIi
reTeporeH i KaTallM3/iK TPOLECTepli JKY3ere achlpyra apHalFaH. byl KOHIBIPFBI
METaH/Ibl TEPEH TOTHIKTHIPY PEAKINSACHIH/IA KaTaTu3aTopiiapAblH OSJICEHILTITiH 3epTTey
MaKcarbIH/a 013 YChIHFaH chI30a Heri3iHe KypacThIpbiinbl. AKK-1 yir Herisri 6esiMHeH
TYpaJbl: arblH/bl THIITETl KaTaJU3MIK KBapll pPEaKkTopbl, OacTamnkbl ra3 KOCHACHIH
JaibIHIay KYHecl JKoHe peaklusl OHIMIEpPiH TaliayFa apHAJIFaH XpoMaTorpagusuibK
Kyde. MeTaHHBIH TepeH TOTHIFYbl OOWBIHINA TOXKIpUOeTIep KaTalu3aTOp/AbIH
CTaHIMOHAPJIBIK Ka0aThl 0ap KYOBIPIIbI KBapIl peaKTOPhIH/A, aTMOC(EpaIbIK KbICHIM/IA
xyprizinmi. Karamuzarop peakTopplH OpTaJbIK aiiMarblHa OPHANACTBIPHULIBI, al
KBapl[ KaTaJin3aTop Ka0aThIHBIH AaCThIHFbI JKOHE YCTIHI1 OeikTepiHe OeKiTii.
Karamurukaneik peakuusinap 300-750°C apanbirbinga, Kypambinaa S5%CH, sxone
30%02 Oap ra3 KOCIaChIH MakiaaaHbIIl xKacalljbl, KajaraH Oeiri Ar. Karanusatopabsia
Kykremeci | cm® GoFania ra3 KOCMACKIHBIH MIBIFBIHB 300 MJI/MHUH KYpabl.
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XpomarorpadusuibiK Tanaay Ke3iHae, 0acTankel ra3 Kocra MeH PeaKivsi eHIMIePiHIH
tangaybl «XPOMOC I'X-1000» xpomarorpadsr xone Agilent technologies 6890N
(AKIL) KypbUIFBICHIH KOJIAHBII, « XpOMOC» OarJapiamMachl apKbUIbI TAJLAAY KYPIi3iiii.

Horuxenep. Cunresnenren Co-Mg okcuai xaramusaropnapabie sran Co Mg,
Co,Mg,, Co Mg xone C,0O, ynrinepiain (asanblk Kypambl MEH TEPMHUSIIBIK OHJIEY
TEeMIIEpPaTyPachIHbIH ©3repyl Ke3iHAEri pEeHTreHAiK ¢asalblK Taufady HOTHXKENIepi

l-cypeTTe KenTipijare.
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Cyper 1 — Oprypii remneparypana Kyiaipinren Co xoHe Mg KaTbIHACH! OPTYPII YATLIEPIiH
IudpaKTorpaMManapsl

Hudppakrorpammanapaa (1-cyper) Co,O, (PDF 42-1467) nemece MgCo,O, (PDF
2-1073, 81-671) mmunens dazanapeiHa sxone MgO (PDF 45-946) xxone CoO (PDF
48-1719) rexme (rocksalt) ¢azanapeiHa HeMece omapbIH KaTThl €PiTIHIICIHE TOH .M.

(¢—mmmmens MgCo,0, memece Co,0,, * - (Co, Mg)O)

Oaitkanaael (Massenova et al, 2020; Zamudio et al, 2011; Veselov et al, 2023).
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Bapnbik ynrinep ymin Co:Mg KaTblHachlHA KapamacTaH, WIMWHENb (a3alapbiHbIH
peduexcrepi Kyinipy TemreparypajapblHbIH TOMEH TeMIIEpaTypaliblK JUaa30HbIH/IA
(400-800°C) 6Gaiikananpl. Ockl Temmnepatypaibik apaibikra Co,0, Herisineri yarisep
yuid Oacka Qazanap 6alikanMaiibl, an KypaMblHAa MarHuii 0ap yariiep KapKbIHABI .M.
MgCo,0, nemece Co,0O, mmunensbaepineH 0acka, TEPMHUAIBIK OHIEY TEMIIEPATYPACHI
JKOFapbUIaFaH CaiiblH KapKbIH/BLIBIFBI OIpTiHACI 6ceTiH KarThl epiTiHiHiy (Co, Mg)O
KyOTBIK (ha3anblK pedeKcTep KUBIHTHIFBIHBIH OOTYBIMEH CUIIATTaJIa bl

Co-Mg-mmunens  (a3acblHBIH ~— TEPMISUIBIK  BIIABIpAayblHA  COMKEC — KelleTiH
800-900°C-tan acaTblH >KOFapbl Temmeparypanbl aimakTa (Zamudio et al, 2011;
Robin et al, 1955) ynrinepain audpakrorpaMManapbiiia Heri3iHeH .M. OaliKanazipl,
(Co, Mg)O karrsl epitingi, an Co,O, yarinepi Pentrenix ¢uyopecuenTrik Tanmay
manimerrepi 6oibima CoO xone Co,0, dasanapein kKamruabl. Texkure dazachiHbiy
OeTTiK OeNIIeKTepiHiH (Species) KbulgaM KaiiTa TOTBIFybIHaH TYbIHAaFaH OyJ1 KyObUIbIC
(Zamudio et al, 2011; Busca et al, 1990), ocipece Taza Co,0, xarnaiibiHa aliKpH
kepiHeni koHe Co ¢azachIHbIH KailTa TOTBIFYBI KaTThl epitinaire (Co, Mg)O kaparania
OHal )KYPETiHIH KepCceTei.

1-kecTene jxoHe 2-CypeTTe KOPCETIIreH MIMUHENbAIK )KoHe KYOTHIK (azanapasiH TOp
napamMeTpIiepiHiH opTalla MOHAEPi, ColKec .M. OpHallacyJapblHaH €CEeNTENreH.

Kecre 1 — Optypni temneparypana kyiaipinren ynrinepain Co-Mg ¢azaislk ToprapbIHEIH

rapaMeTpiiepi
Y nri Top mapametpi, A
Co Mg Co, Mg Co Mg Co,0,

Co-Mg (400) 8,106 /4,229 8,095 /4,226 8,100 / — 8,089 / —
Co-Mg (550) 8,104 /4,220 8,091 /4,223 8,100/ 4,229 8,092 / —
Co-Mg (650) 8,101 /4,221 8,087 /4,222 8,097 /4,222 8,090 / —
Co-Mg (750) 8,094 /4,229 8,085 /4,228 8,093 /4,230 8,091 /—
Co-Mg (800) 8,095 /4,242 8,093 /4,243 8,097 /4,242 8,088 / —
Co-Mg (900) —/4,242 8,091 /4,249 8,098 /4,255 8,088 /4,263
Co-Mg (1000) —/4,240 —/4,251 8,097 /4,256 8,086 /4,264
Co-Mg (1100) — /4,237 — /4,249 —/4,252 8,076 / 4,259
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Cypet 2 — Oprypii Temneparypaigarsl Co-Mg ynrisiepiHiH IIMTHHETb TOPBIHBIH (COJ KaKTa) KOHE TEeKIe

(hazachIHBIH (OH JKaKTa) TOp MapaMeTpIICPiHiH OpTalia MIaMalapbIHBIH TOYEIILTIr:
= —CoMg, = - CoMg, = —CoMg,— —Co,0,
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Oprypii Co:Mg KaTbIHACH YIIiH IITTHHEIb MEH TeKIe (ha3aibIK TOp HapaMmeTpiepiHia
TeMIepaTypara Toyennimiri ykcac cumarka ue. OchUiaidl, TOMEH TeMIeparypaibl
afimakrarbl Co,0, TOp mapaMeTpiHiH IIamMachl IIaMaMeH TYPAKThI KIHE TEOPHUSIIBIK
MOHHEH a1 koraphl 8,084 A, GyJ1 OHBIH TOpbIHIA aKay/ap MEH CyIepCTEXMOMETPHUSIBIK
OTTETiHIH MYMKiH OonybiHa OainanbicThl, (Casas-Cabanas et al, 2009; Raveau et al,
2012). Kp13aplpy TemmepaTypachl oflaH 9pi JKOFapbllaraH cailblH Oy MOH TOMEHACH 1
YKOHE TEOPHUSUIBIK MOHTE YMTBUIA/bI.

Temen TemmepaTypanbl alMakTarbl opTypmi Kypamuaarbl Co-Mg mimuHenbaepi
KaraalblHAa TOp MapaMeTpiHiH MOHI TEPMUSUIBIK OHJEY TeMIepaTypachbHbIH
KOFapbulaybIMeH OipTiHgen Temenneiini, Oipak 750-800°C temmeparypaga ol KypT
apTaJibl )KOHE erep JKOFapbl TeMIIepaTypaibl aliMaKTarbl IIMHUHENb (hazachkl OalKaTyblH
KaIFacTbIpca, IIaMaMeH TYpPakThl MOHII cakTaiisl (2 cyper). CTeXHOMETPHSUIBIK
koOanpr-Maruuid  mmuueni (Co,Mg ) Top mnapaMeTpiepiHiH IIaMalapbiHbIH KEH
TapaiaysiMeH cumnartanansl (Syeda et al, 2018; Krezhov et al, 1992), 6yn sprypmi
KYMBICTap/IaFbl LIMKWHENb HHBEPCUSICBHIHBIH OPTYPJIi JopeskeciMeH OaiiaHbICThl. bizain
ManiMerTepimis  GokibiHimma Co,Mg, —CepHACHIHBIH TOMEH TEMIEpaTypaibl YIrinepi
oprama ecenren 8,089 A Top napameTpine ue 6011161, 6yJ1 HATPATTAPAbIH blIIPAYbIHAH
aJbIHFaH LIIHMHENb WHBEPCHACHIHBIH a3 JIOpeKeci Typajbl aiiTyra MYMKIHAIK Oepei.
Conpiven karap, Co Mg, xone CoMg cepHsANapbiHbIH CTEXMOMETPUSMIBIK €MEC
YJITiIepi onapblH ©3repyiHiH KaJblMHALMS TeMIlepaTypachblHa CanajiblK TYeNIUIIriH
CakTail OTBIPHII, TOP MapaMeTPIEPiHiH KOFapbl MOHAEpiMeH (coaiikeciHiue 8,100 xone
8,097 A) cunarranajbl. by KyObuibic, O0KaM OOMBIHINA, aJIbIHFAH IIITHHEIbACPIIH
CTEXMOMETPHUSUIBIK eMeC TaOUFaTbIMEH TYCIHAIpisieni, Oy Top KeJeMiHiH YJIFalOoblHa
oKemneni, COHAal-ak, OChl CEepHsIarbl YITiIepAe IMnuHeNb (azamapblHbIH iNIiHapa
HWHBEPCHsICHIMEH OaiiIaHBICTBI 0OTYBl MYMKIH.

3-cyperte Co-Mg KatbiHachel 2:1 sxaHe 1:1 OonateiH, apTyp:i Temneparypana (550,
750, 900 xone 1100°C) KyiaipiireH KaTaau3aTop YArIepiHiH METaHHBIH TEPEH TOTBIFY
peaKIMAChIHAAFbl KaTaIUTUKAIBIK OCJCEHIUNIr CcaIbICThIpMalbl TYpAEe KOPCETUIreH.
Ypuic 200-750°C apainbIFbiHIa CBIHAKTAH OTKI31I1, OACTaNKbl PeaKIHSUIBIK Kocma 5%
CHa - 30% O - 64% Ar xypambiaaa 0ombl. 3epTTey HOTHXKeepi OolbIHIIa OapIbIK
yarinep yuin 750°C temneparypaia metan kouBepcusicel 100%-ra neifin KeTTi, sFHH
KaTaau3aTopiapAblH KypaMbl MEH JaiblHAATy TeMIepaTypachbliHa KapaMacTaH, )KOFaphl
TeMIepaTypaja TONbIK TOTHIFY IPOLEC] KY3ere acaTbIHbI aHBIKTAJIIbL.

Anaiima TeMmeHri JkoHe opTa Temmeparypa apanbiFbiHaa  (350-650°C)
KaTaau3aTropiapAblH OeCeH NI HIe alTapIbIKTal alblpMallblUIbIKTap Oalikanasl. Ex
xorapbl Oencenainikti Co-Mg(550) sxone Co(1)-Mg(1)(550) yarinepi kepceTTi - Oy
KaTaau3aTropiiap TOMEHI1 TeMIeparypaja J1a peakusHbl OacTail adaTelH KalineTiMeH
epekuienenai. Aran aiitkanga, 600°C temneparypaga Co-Mg(550) yaricinig meran
kouBepcusicel 90,6%-ra xerce, Co(1)-Mg(1)(550) ynrici ogan aa >KOFapbl HOTHKE
KepceTim, mamaMeH KouBepcus 93-95% kepcerTi.
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Cyper 3 — Oprypii remneparypaia gaiisinaanrad Co-Mg KaTraian3aTopiapblHbIH METaHHBIH TEPEH
TOTBIFY PEaKIMACHIHAAFbI OCTICEHITIT

An900°C xone 1100°C-takyiiaipinren yarinep (Co-Mg(900), Co-Mg(1100), Co(1)-
Mg(1)(1100)) cambicTbIpMaIbl TypAe TOMEH OeICeHIITIK KopceTTi. OChl KHCHIKTapIbIH
TEMITEPATYPAJIBIK BIFBICYBI JKOFAPBI TEMIIEPATypa KaKKa Kapait Oaiikanapl, ssFHE Oipei
KOHBEpCHS JICHI'€HiHE JKEeTy YIIiH oJlapFa >KOFaphIpaK TeMIieparypa KaxeT 0oiabl. by
HOTIDKE KaTallu3aTopasl AalblHnay (KYHIIpy) TemIeparypachlHbIH apTybl OelceHmi
(hazaHBIH MEHIITIKTI OCTiHIH KeMyiHe KoHe, THICIHIIe, KaTaJUTHKAIBIK OCJICeHIITIKTIH
TOMEH/IEYiHE OKEJIETiHIH KOPCeTe .

Ochuraiima, 3epTTeNIreH KaTaau3aTopiiap apacsiaaa 550°C-Ta malsIHIaIFaH yaTUIep
(acipece Co(1)-Mg(1)(550)) mMeTaHHBIH TEpeH TOTHIFY PEaKIMACHIHAA €H >KOFapbl
Oencenninikke ne 00JIbl, OYIT OJIapAbl TOMEH TEMIIEPaTyPAIBIK KaTAINTHKAIBIK TOTBIFY
MIPOIIeCTePi YIIiH MepCIeKTHBAIBI MaTepHaIl PETiH/e KapacThIpyFa Heri3 Oeperi.

KaranmsaropmapbiH MeTaHIbl TEPEH TOTHIKTHIPY PEAKIMSCHIHIAFBI OSICEeHIUTITIH
CaH/IBIK CHUTIATTAy MaKCaThIH/Ia 9 YIITi YIIiH PeaKIMsHBIH aKTHBTEeHY dHeprusichl (Ea),
MEHIIIKTi 0eTTik aynmaHsl (SMeH) xxoHe 50% KoHBepcusra colikec KeJeTiH TeMIieparypa

(T,,,,) ecentenni (2-kecre).
Kecte 2 — CunTe3nenreH KaTaau3arop yIriiepiHiH cumaTTaMmanapsl

Yori Smen, M1 T, °C Ea, xJx/Moib
Co-Mg (550) 9,6 492 62,1
Co-Mg (750) 7,7 513 74,9
Co-Mg (900) 3,8 521 81,8
Co-Mg (1100) 2,2 551 93,6
Co(1)-Mg(1) (550) 14,9 488 77,6
Co(1)-Mg(1) (750) 6,9 527 85,5
Co(1)-Mg(1) (900) 3,4 532 91,7
Co(1)-Mg(1) (1100) 2,8 560 99,2
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Kecte nepexrepine colikec, TEpMUSIIBIK OHACY TEMIIEPATyPAChIHBIH JKOFapbLIay bIMEH
AKTHBTEHY SHEPTHSCHIHBIH LIaMachl CBI3BIKTHIK Typae ecexdi: 550°C-ta naiibiHaanran
Co(1)-Mg(1) yarici ymin Ea = 77,6 xJl>x/monb 6oica, 1100°C-ta ky#aipiireH yiriae
Oyt kepcetkim 99,2 kJ[x/Moib-re AeiiH KOFapbUIaiibl. MyHIal TOYeIITIK IIITHHEb
(a3acbIHBIH JKOFapbl OelCeH/Al KYpbUIBIMHAH TEPMHSJIBIK TYPFBIOAH aHAFypIbIM
TYpaKThl, OipaK KaramuTHKAIbIK OeiceHniniri tomeH (Co,Mg)O KarTel epiTiHumiciHe
aybICYbIMEH OaiJIaHbICTHI.

AJbIHFaH MAIMETTEp 9/1e0u JepekTepMen canblcThipbuinbl. Taza Co,0, ymiin
METaHHBIH TOJBIK TOTHIFY PEaKLUSICHIHBIH aKTHBTEHY SHEPrUschl, anette, 50-70 xJ[x/
MOJIb apaibIFbIHAA JKaTajbl, al koOambT Memmepi kem xyuenepure (Co:Mg > 1:1)
Oy kepcetkim, crexuomeTpusiibik MgCo,O, mmuneninen 6acka xaraainapaa, 100
k/x/Monb-en acnainel. Ochl KYMbICTa anblHFaH HATHRenep (62,1-99,2 kJx/Monb
apaJbIFbl) JKANIIBI ATFaHa OChl 3aHIBIIIBIKKA COMKEC Keei.

Kectenen kepineTiHaei, KaTaau3aTopiaapAblH MEHIIIKTI OSTTIK ayJaHbl TEPMUSITBIK
eHJley Temneparypackira kepi toyenni: Co(1)-Mg(1) cepusiceiama 550°C-tan 1100°C-
Ka nediin Smen 14,9 m?/r-Han 2,8 m?/r-ra neiiin Temenaeliai. CanpICThIpMaibl TOMEH
temneparypana (550-750°C) enpenren yiariiep 1aMbiFaH MEHIIIKTI OCTiH CaKTaubl,
Oyl onapAblH KATAIWTHKAJIBIK TYPFBIIAH aHAFYpJbIM KOJNAWIIbI, SHEPreTHKAJIBIK
KarbplHaH OeJiceH 1 OeTke re OOMybIH KaMTaMachl3 eTelli koHe ToMeH T, , MoHJepiMeH
(488-513°C) pacranazsl.

Ocpunaiiina, 3eprrenren Co-Mg OKCHATI Karanu3aTropiiap YUIIH MEHIIKTI OeTTiK
ayman, T, JKOHE pPEaKUMAHBIH AKTUBTEHY OHEPIUACHI APachiHIAa TYPAKThl ©3apa
OalimaHpiC OpHATBULABL: TeMeH Temmeparypaga (550°C) xanblnTacaThlH IITHHENbIIK
(asa pmampbiran OeTki aynaHbiMeH, ToMeH T,, MOHIMEH JXKOHE TOMEH AKTUBTEHY
SHEPTUSICBIMEH CHUIATTalaAbl, ajl JKOFapbl TeMIleparypajia TY31JIeTiH KaTThl epiTiHAi
(azacel KepiciHIe, KaTAIWTHKAJIBIK TYPFbIIAH aHarypibIM OelceHnal emec OOJbII
TaOBLUIABL.

Kopsithinabl. Ecenrtey HoTHKenepi KOpCeTKEHACH, LIMHWHENb MEH TEKIIe
(hazanapbIHbIH O6JIIEKTEPiHiH OpTalla eImeMIepi, OapAbIH TOP apaMeTpiIepi CUAKTEL,
Co:Mg karbiHacbiHa Toyenainiri a3. TemeH TemmepaTypaia HIIUHENTb (pa3achIHBIH
KPUCTAJUNTUTTEPi JKaFAalblHAAa OJApAbIH KPUCTAJIBUIBIFBIHBIH  KOFapbUIaybIMEH
OalimaHpICcThl OeMILIEKTEpAiH OipTiHIen KeHetoi Oaiikanansl, an 900°C Temmneparypana
LIMMHENs OOJIIeKTePiHIH eJIIeMIepi IIHHENbACH KaTThl epiTiHAIHIH Naiaa OomybiHa
OalmaHBICTBl KYPT TOMEHACHAl, >KOFapbl TeMIeparypaibl alMakTarbl IIITHHENb
(ha3achIHBIH LIAFBIH OJIIIEMAEP] KbUIJaM CaJIKbIHIATy Ke3iH/Ae KaiTa TOTHIKKaH OeTKi
Oemmekrepre >karafpl. KyOThIK (azanblKk OenIeKkTep blAbIpay TeMIeparypachlHa
JICHIH IIaMaMeH TYPaKThl eJIIeMIep i CaKTalpl, MYHJIa KATThl €PITIHIIHIH KyOThIK
(ha3achIHBIH KYpaMbIHBIH ©3repyiHe OalyIaHBICTBI ONapAbIH TOMEHJIEYl OpBbIH anajpbl,
aJl JKOFaphl TeMmIeparypajaa OeNIeKTepiH arioMepalusIChiHaH TYbIHAAaFaH ocy Maiaa
Oonanpl.

3epTTey HOTHXKEJIEPiH KOPBITHIHABUIAM OTBIPBIN, Keleci HErisri TYKbIphIMIAp
xKacayra Ooyaapl:

1) Co:Mg = 2:1 xone 1:1 MONBAIK KaTbIHACTAPBIHAAFBI OKCUATI KaTaau3aTropiap

50%
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TEPMUSUIBIK OHJCY OHNICIMEH COTTI CHHTE3IENi, ONapAbIH KYPBUIBIMIBIK >KOHE
KaTaJIUTUKAJIBIK CHIIaTTaMallapbl KeIIeH T (PU3NKa-XUMHUSIIBIK 9JICTEPMEH PacTaIbl;

2) TEPMHAIBIK OHJEY TEMIEPaTypachiHbiH skorapbuiaybl MgCo,O, mmuHeni
(hazaceraan 650-1000°C apansreiaaa (Co,Mg)O KaTThl epiTiHIiciHe (a3albIK aybICyFa
anpIm Kemeni, Oy mpomecc Oapnblk 3eprrenreH Co:Mg KaTblHAacTapbl VIIH ToH
3aHJIBLIBIK OOJIBIT TaOBLIAIbI;

3) CHHTE3AeNreH KaTalnu3aTopiapiAblH METaHHBIH TEPEH TOTBIFY PEaKUIHUSICHIHIAFbI
OesceHaiiri onapabiH (a3anblK KypaMbl MEH TEPMUSUIBIK OHJIEY TeMIlepaTypachlHa
TiKeIeH Toyel i eKeHi, peaKIMsIHbIH aKTUBTCHY YHEPTUSICHI TEPMOOH/ICY TEMIIePaTyPach
aptkaH caiieia 62,1 xJx/Monb-meH 99,2 kJ[>k/Monb-re neiiH ChI3BIKTHI TYPIE OCETiHi
TOKIPUOET TYp/e TONeIACH/I.

AJBIHFaH HOTIDKEIIEPIIIH TEOPHSUIBIK MaHBI3IBUIBIFEI METaH/bI TEPEH TOTBHIKTHIPY
MPOLECIHIH MEXaHU3MIH TePEeH TYCIHyTe, ajl MPaKTUKAIBIK MaHbI3IbUIBIFBI KYPaMbIH/IA
mwiatuHa TOOBl Metanmapbl (Pt, Pd, Rh) jkok, KokeTiMIi IIMKi3aT Heri3iHJe
JafbIHIaIaThIH ap3aH 9p1 THIMJII KaTaau3aTopiiapbl OHEPKICIITIK ayKbIMIa KOJIaHyFa
Heri3 OONaTBIHABIFRIHAA. YCHIHBUIFaH Co-Mg OKCHATI KaTtanm3aropiiap MyHai-
XUMHST OHEPKICIOIHIET] KoHE KONIK CeKTOPBIHJAFBI Ta3 IIbIFApBIHABUIAPBIH Ta3apTy
TEXHOJIOTUSUTAPBIH KETUIIIpyTe, COHIai-aK IKOIOTHSIIBIK Kayilci3, pecypc YHEMACHTIH
TEXHOJIOTUSUIAP/IBI IAMBITYFa KOCBIMIIIA YIIeC KOCAJIbI.
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Abstract. The article examined the possibility of processing plastic waste, in
particular polyethylene terephthalate (PET) by hydrolysis and obtaining fertilizers based
on the resulting product. The relevance of the work is currently due to the increasing
negative impact of plastic waste on the environment and the need to recycle it in an
environmentally friendly way. This technology not only reduces the harm of waste to
the environment, but also makes it possible to recycle valuable products from them by
obtaining biological fertilizers. Hydrolysis treatment enables the breakdown of polymer
structures into biologically active compounds. This approach not only addresses plastic
waste disposal but also creates opportunities for producing biological fertilizers suitable
for agricultural use. Such fertilizers enhance soil fertility, stimulate plant growth, and
reduce reliance on mineral fertilizers. The study analyzes the structure, properties,
and applications of polymer materials, as well as the environmental consequences of
plastic pollution. Innovative waste recycling methods are reviewed, and the theoretical
basis of hydrolysis is described, highlighting its effectiveness in chemical recycling of
plastics. In the experimental part, a fertilizer sample was synthesized by adding sodium
tripolyphosphate to PET hydrolysis products. The effect of the obtained fertilizer on
plant growth was investigated, confirming its agrochemical effectiveness. The results
of the work form the scientific basis for the effective disposal of plastic waste and its
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use as fertilizers in agriculture. The research is aimed at reducing the environmental
burden and improving waste recycling technologies in accordance with the principles of
sustainable development. The study of the technology of obtaining biological fertilizers
by hydrolysis treatment of polymer waste is an urgent and promising area aimed at
solving environmental problems, saving resources and implementing the principles of
a "green" economy.

Keywords: plastic waste, polymer, polyethylene terephthalate (PET), hydrolysis,
recycling, fertilizer, sodium tripolyphosphate (NasP3O10), waste utilization, agrochemical
efficiency
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AHHoTammua. Makanaga IUIACTUKAJIBIK — KaJIIBIKTapibl, aram  alTKaHja
nonmudtunenrepedrTanartel  (PET) rtuaponmsmik  omicrieH Kaiita eHIEY IKOHE
aNBIHFaH THUAPOIU3 OHIMJEpl Heri3iHAe THIHANUTKBIII alny MYMKIHIIT 3epTTeI.
JKyMBICTBIH ©3€KTUIITr IJIaCTUKANBIK KaJABIKTAPIbIH KOpPIIAFaH OpTara TYCIpeTiH
YKYKTEMECIHIH apTybIMEH JKOHE OJIapbl YKOJIOTHUSIIBIK TYPFBIIAH Kayilci3 KalTa eHJey
TEXHOJIOTUSUIAPBIH KETUIAIPY KaXeTTuliriMeH OaliaHbICThl. 3epTTey OapbIChIHIA
MOJIMMEP MaTepUANAPBIHBIH KYPBUIBIMBI, KACHETTEPI MEH KOJJAHBUTY Ccalianapsbl,
IJIACTUKAJBIK JIACTAHY/BIH SKOJOTHSUIBIK CaJIapbl JKOHE KAJJABIKTAPIbl XUMUSIIBIK
KaiiTa eHJICy/diH 3aMaHayd Tociuiuepi KapacTelpsiiabl. PET ruppoiusidiy TeopHsuTbIK
HETri3/iepl CHIATTaNbIN, OHBIH MOJMMEp KaJJBIKTApPbIH KalTa ©HJeyJeri MaHbI3bI
tanpanapl. Toxipudenik 6enimae PET kannbikTapbl THIPONIU3IEHIN, abIHFAH OHIMIE
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Harpuii Tpunonudocdarsl (NasP3Oio) KOCY apKbUIBI TBIHAUTKBIII YIATiCI JalibIHIANAbL.
Keliin anplHFaH KypaMHBIH OCIMJIIKTIH ecyiHe ocepi OaramaHnsl. Hotwxkenep
TMAWBIHIATFAaH THIHAUTKBIITEIH OCIMIIK JaMyblHa OH OCEp CTKEHIH KOPCETTiI KOHE
TUAPOJIN3 OHIMIEPIH THICTI KYpaMIa aybll MIApYyaIlTbUIBIFEIHIA KOIIaHY MYMKIHIITIH
Heri3neli. ¥ ChIHBUIFaH TOCUT TUTACTUKANBIK KaJIBIKTap/bl KSJeTe KapaTy MeH aybLl
[apyanibUIbIFbIHA TIAMIATbl OHIM allyAbl YINTACTBIPAJBI JKOHE PecypcTapibl THIM/II
naijanaHy MeH TYPaKThl laMy KaFuJaTTapblHa Colikec kenemi. bonaniakra rugposiu3
JKaFaiapbl MEH THIHAWTKBINI KYPaMbIH OHTAWIaH/IBIPBII, TEXHOJOTUSHBI ayKbIMJIbI
JIEHT e Ie KOJIaHy MYMKIHIITIH Oarayay KasKeT.
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AHHoOTanusi. B crarbe uccieqoBaHa BO3MOXKHOCTH NEPEPadOTKH IIACTHKOBBIX
OTXOZIOB, B wYacTHOocTH mnonudTUieHTepedranara (I19T), merogom ruaponuza
C TOCIEAYIOIUM TIONyuYeHHEeM YHOoOpeHUs] Ha OCHOBE MPOAYKTOB THUAPOJIH3A.
AKTyaJIbHOCTh  paboThl OOYyCJIOBIIEHA YBEIMYCHHEM JKOJOTHMUYECKOH Harpyskw,
CBSI3aHHOM C HAaKOIUIEHHEM IUTACTHKOBBIX OTXOJOB, U HEOOXOAMMOCTBIO Pa3zpaboTKu
HKOJIOTHYECKH TPHEMJIEMBIX TEXHOJIOTHH HMX IepepaboTku. B Xxome wccrienoBanms
paccMOTpEHBI CTPYKTYpPa, CBOWCTBA M 00JIaCTH IPUMEHEHUS ITOJMMEPHBIX MaTepUaoB,
9KOJIOTUYECKUE TOCIEICTBHUS IUIACTHKOBOTO 3arpsi3HEHMS, a TaKKe COBPEMECHHBIC
MOAXOIbl K XUMHYECKOW TepepaboTke oTxonoB. OmucaHbl TEOPETUYECKHUE OCHOBBI
rugpomu3a [I3T W mpoaHanmu3upoBaHa €ro MNPUMEHUMOCTh JUIS  YTHIIM3AIHH
MTOJINMEPHBIX OTXOZO0B. B skcmepumenTanpHOl dacTu 19T momBepramu ruaposmsy,
[IOCJIe YEeTO K MOJIYyYEHHOMY MPOayKTy nobasisuin Tpunonudocdar Harpus (NasPsOio)
JUTSL TIOTTY 9eHHS yIOOPUTEIEHON KOMIIO3UIIMH. 3aTeM OICHUBAJIH BIMSHHE TTOTyYeHHOTO
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cocTaBa Ha pOCT pacTeHWH. Pe3ynmbraTbl Mmoka3aiu MOJOKUTENBHOE BO3IACHCTBHE
pa3paboTaHHON KOMIIO3WIMK Ha Pa3BUTHE PACTCHUH M MOATBEP)KAAIOT BO3MOXKHOCTb
JanbHEeHero u3yuyeHuss NpoAykToB ruapoimza [1D9T kak OCHOBBI Ui TONyYEHHS
ynoopenuii. Ilpemaraemplii TOAXOJ COYETaeT YTHIIM3ALMIO TOJUMEPHBIX OTXOJO0B
C TMOJy4YEeHHUEM NPOAYKTa, MOTCHUIUAIbHO MPHUIOIHOIO Uil CEIbCKOXO3SHCTBEHHOTO
HCTIOJIb30BAHUS, ¥ COOTBETCTBYET MPHHIHUIIAM PECYpCOCOCPEKEHHUS U yCTOWYHBOTO
pa3BuTHs. s NpakTHYECKOTO MacIITaOUpOBaHUs TEXHOIOTUH TpeOyeTcst nanbHeimas
ONITUMM3ALHUS YCIIOBUI TUAPOIN3a U COCTaBa YIOOPEHHUS.

KiioueBble cjioBa: TUIACTHKOBBIE OTXOIbI, IMOJUMEpP, MNOJIHMATHICHTepedTanar
(IT9T), rugponus, mepepaborka, ynobpenue, Tpumnoiudocdar narpus (Nappoo)),
YTUIM3ALHUS OTXO0B, arpOXUMHYECKast 3PPEKTUBHOCTh

Kipicne. Kazipri Tana riacTuKajiblK KalIbIKTapAbIH KOpLIaFraH OpTara THTi3eTiH
3USHBI aUTapIIBIKTal apThIN Keneai. MyHail Heri3iHJeri IIacTUKTEp TaOUFH JKaraaiaa
Y3aK YakbIT bIABIPaMaiIbl, OYJI KOJIOTHUSIIBIK MACENeNepIiH, COHBIH iIIiHAe TOMBIPaK
MIeH Cy KO3JepiHiH JacTaHybl, TIPLIIIK HeNlepiHiH AeHCAybIFbIHA KEPi 9cep €Tyl JKoHe
KJIMMAaT ©3repici CUSAKTHI cajajapAblH Herisri cedentepinin Oipi 6osbin oTeip. OckiFan
0ailIaHBICTBl 3KOJIOTHSUIBIK Ta3a, OWOJOTHMSIIBIK TYPFBIIAH BIIBIPAUTHIH Oallama
MarepuangapAbl 93ipiey e3eKTi Macese 0oubin Tadbuiaabl. [ImacTHKaIbIK KaaAbIKTap bl
KaiiTa OHJCYIIH WHHOBALMSIBIK OMICTEpiHIH Oipi - rmaponu3 ofici. bynm omictiH
epeKLIeNiri - MOMMMEpPITiK Ti30eKTepAiH CyAbIH HeMece CIlTiI epiTiHIICiHIH ocepiHeH
Oy3bUIBIN, KapamaiblM, OMONOTHSUIBIK JKaFbIHAH Kayilci3 KOCBUIBICTapFa aiHaiysbl.
['maponus mnpoueciHiH HOTHXKECIHIE alblHFAaH ©HIMAEp aybll NIapyallbUIbIFbIHIA
OMOTBHIHANTKBIII PETiHIC THIM/II TTaiilaIaHyFa Kapambl.

[InacTuKambIK KaJABIKTApAbl ASCTYPIl SAiCTEPMEH ©pTey HeMece KOMY apKbUIBI
KO0 DKOXKYHere KOChIMIIA 3UsIH KeNTipe/i ’KoHe KoplllaraH opTara KayilTi ra3uap MeH
KOCAJIKbI KANBIKTAp O6Jei. ATTUAPOIN3 9IiC1 IKOTOTHSIIBIK Ta3a, X UMHSIIBIK TYPFbIJaH
THIM/Ii ’K9HE PECYPCThl YHEMICHUTIH 91ic O0IbII Tabblaabl. Byl Tocia apKbUIb! albIHFaH
OpTaHMKAaJBIK 3aTTap OCIMIIKTEpAiIH ©CyiHe OH ocep eTeadl, TONBIPAKTHIH (U3MKa-
XUMHSUTBIK KaCUETTEPIH KaKCapTabl JKOHE aybUl IIAPYallbUIBIFBIHIA ThIHAWTKBIII
peTiHze KolaHyFa MYMKIHJIIK Oepeni. 3epmmeydiy maxcamul. TONMUATHIICHTepedTaIaT
(PET) kanmapIkTapblH THAPOIHM3 OICI apKbUIBI KaliTa OHJCY JKOHE ajiblHFaH OHIMJI1
OMOTBHIHANTKBIII PETIHIC KOIAAHYIBIH THIMJILTITIH aHBIKTAY.

3eprrey OapbIChIHIA THUAPOJIU3 TMPOLECIHIH TEOPHUSUIBIK HEri3/epi, allbIHFaH
OHIMJIEP/IIH XUMUSUIBIK KypaMbl MEH arpOXHMHUSIIBIK THIMIUIL  KaH-)KaKThl
KapacThIPbULIBI. 3epTTeYy HOTHXKECIHIC IUIACTHKAIBIK KAJABIKTapabl THIMII Koaere
KapaTy MYMKIHJIIT JKOHE aybul NIapyallbUIBIFBIHIA THIHAUTKBII PETiHAC KOJIIaHy
JKOILAAPBl aHBIKTAJIBIT, SKOJOTHSAJIBIK Ta3a TEXHOJIOTHsUIApABI JaMbITyFa yJiec KOCy
Ke3eeal. OciMIiKTepl KOPEKTSHIIPY YIIiH a30TThIH HETi3Ti K631 - a30T KBIIIKbLIBI
MeH aMMOHHWHU Ty3mapbl. Kazipri yakpITTa OapiblKk enaepae aMMHaK-HUTpaT
(aMMHaK cemuTpachl, 9K-aMMHAK CEJIUTPachl, aMMOHHUI Cyab(aThI-HUTPATHI, CYHBIK
aMMHaKarTap), aMMHaK (aMMOHHI Cylib(arbl, aMMOHUW XJIOPUMIl, CYHBIK aMMUaK,
aMMHaK Cybl, KOMipaMMHUAKaTTap), HUTpPAT (HATPUH HUTPATHI, KAIBIUH HUTPATHI)
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THIHAUTKBIIITAPBIHBIH OipHELIe TYPi MIbIFapblIaibl: HUTPAT, aMU (MOYEBHHA, KaTbLIUH
LUAHOMU/1 ), MOYEBHHA-(POPMANbICTH THIHAUTKBIIITAPHI.

Bapnblk a30T TEIHAWTKBIITAPEI Cy/1a €pHUIi, OJIAPBIH IIIIHAET] TOIBIPAKTA KOFAPFBI
KO3FaJFBIIUTHIFBIMEH epekmeneHeTiH NO3- aHHOHBIHAH ©CIMIIKTEP a30TThI JKaKChI
ciHipeni. AMMOHUI HUTpaThl MEH KapOamu[ yJeCiHe Kajlbl IIBIFapbUIATHIH a30T
THIHAUTKBIITAPBIHBIH 60%-TeH acTambl Tuecini. Oa (MOYEBMHA) OHAWM EPHUTIH TYCCI3
KpPHUCTaJIIBI 3aT, 6T€¢ KYHABI THIHAMTKBIII, KypaMbIHJIa ©CIMIIKKe KEH1I CiHIpieTiH 46
% azot Oap. AMMHaK CemuTpachl aKk TYCTI KPHCTAIIBIK 3aT, KYpaMbl >KarbIHAH
35 % azor Gap. OmbIH 2 Typi O6ap: ammonumiinik NH*" sxone murparteik NO,". Exeyi
e OCIMIIKTEpMEH KaKchl KaObulgaHaibl. OCIMIiKTep OENOKThl CHHTE3ACTeHAC
AMMOHUMITIK a30TThI KYIITI XbULAAM/IBIKIICH CIHIpEIi. AJl HUTPAT TOIBIPAKTa KaJlajbl,
COHJBIKTaH OJIap TOMBIPAKTAaH OHAM MIAHBUIBIT KeTeAl KoHe OynaHFaH Karaaiaa
xep OeriHe aybIcanpl. AMMHAK CEIMTPACHl (U3HOJOTHSUIBIK KAFbIHAH KBIIIKBLT
THIHAUTKBIIIKA KaTalbl, COHIBIKTaH OHBI KOI KOJJaHCa OHBIH KBIIIKBUIABIK 9cepi
TOMBIpaKTa OalKaaibl.

Ok-aMMuak cenutpacbiaaa 60% ammonuii HuTpathl koHe 40% okrac Oap. byn
KOCIaJlaFbl 9KTAC aMMOHUN HUTPATBIHBIH (PU3MOTOTUSIIBIK KBIIIKBIIIBIFBIH TOJBIFBIMEH
OeliTapantanabipansl. by cenurpa OapibIK AaKbUTAAP YIIiH )KaKChl TBIHANTKBIII OOJIBIIT
TaObUIAMbI, ocipece KaJblHi caJIbICTBIPMalIbl TYPAE Hamap O0JIaThlH KbIIIKBUIIbI-CYITbI
TOMBIpaKTap/a KOJIIaHFaH TYpPbIC.

AMMOHMH cynb(daTbl-aMMOHUM Cynb(aTbIHIAFEI HUTPAT TY3AApBIHBIH KOCIACHI,
OHZarbl a30T 25,5-26,5% Kypaiiapl. byn 3arTap eHiMre a3 THIPOCKONMSIIBIK KOHE
KaKChl YHTAKTBIIBIK Oeperi.

AMMOHMH cynb(daTbl-aMMOHUM Cynb(aTbIHAAFEl HUTPAT TY3AAPBIHBIH KOCIHACHI,
OHZarbl a30T 25,5-26,5% Kypaiiapl. byn 3arTap eHIMre a3 TMIPOCKONMSIIBIK KOHE
KaKChl YHTAKTBUIBIK Oeperi.

Awmmonmii cynegareiiga 20-21% azor Oap, cyma oHail epuai, THIHAWTKBIIITHIH
THTPOCKOIMSJIBIK KaOineTi TemeH. TomblpakTa ON CYHBIK KOHE KaTThl TOMBIPAK
(hazanapbIHBIH KATHOHIAPBIMEH alIMacy peakuusuIapblHa Te3 eHel, CIHIpiIIreH aMMOHHN
OCIMJIIKTEPTe KAKChI CIHE/II.

AMMOHMH xn0opuai Kypambinaa 24-25% a30T 6ap, xakchl GU3NKAIBIK KacHeTTepre
He: a3 TPOCKOAMYHOCTb, CaKTay Ke3iHAE KeNTipiIMeWzl, MalldHaJapMeH >KaKChI
Tapanazasl. TombIpakTa Ol Te€3 epuji, 6Tey KeUICHIMEH alMacy peakUusulapblHa Tycel
KOHE OHA HUTPUPHUKALUSIIAHAIBI.

AybUI MIapyalbUIBIFBIHAA KATThl THIHAMTKBIIITAPMEH Karap CYWBIK aMMHaK
THIHAUTKBIIITAPEl Ja KOJAAHBUIaAbl CYChI3 aMMHAaK J>KOHE aMMHaK Cybl >KOHE
aMMHaKaTTap.

Cyce13 ammuakta 82,3% a3oT 6ap. Tomblpakka eHT131ITeH 01 CYHBIKTBIKTaH aMMHAK
THIPOKCHIH KaJbINITACTHIPY YLIIH TONBIPaK bUIFaJbIHA CIHETIH ra3fa aifHanmaasl. O3apa
OpeKeTTeCy apKbUIBl aMMHUaK op Typiai Ty3nap Oepeni. AMMUaKk HUTpUHUKAUUSAAH
eTeql.

Harpwuii autpatsl Kypambeinga 15-16% a3ot 0ap, cyga ’akchl epuii, alTapibIKTanl
TUTPOCKOTIMSJIBIK, JKOFapbl bBUIFAJIBUIBIKTA KalWTa KpUCTajJaHaIbl >KOHE YJIKEH
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KpHUcTajgapra aiHanaabl. HuTpaT a30Thl TONBIpaKTa (HU3MKA-XUMUSUIBIK BIABIPYFa
TYCIEH i, 01 MUKPOOPTaHU3M/AEP apKbUIbI CIHIpiTei.

MoueBuna azotka ©Oaii, KypambiHaa 46% a3or 0ap, COHABIKTaH TOIBIPAKKA
KOJIZJaHFaH Ke3Zle OHbIH OipKeJKi TapanyblHa epeKile Hazap ayaapbuiaabl. MoueBnHa
OpTYPIIi JaKplIIapFa KOJIAaHbIIa b,

ABOTTBHI THIHAWTKBIIITAPIBIH KypaMmbIHIa 00C aMMHaK XoHE aMHHAEp (aMMHAK),
aMMOHMI MOHJAAPbI, aMHH TONTAPbI JKOHE OJIap/blH KOMOWHALMSIIAPH! TYpiHAEri a30T
Oonanpl. OckiFaH ColKeC a30T THIHAMTKBIILTAPBI KeJleci Typiepre OeliHeni: aMMOHUH,
AMMOHHMIA, HUTPAT, aMU/1 )KOHE aMMOHUH CeNMUTpachl. Bapibik a30T THIHAUTKBIILITAPHI CyAa
JKAKChI EPUJI, &l OCIMIIKTEP TOMBIPAKTA KOFApbl KO3FanFbil NO,” aHHOHHAH a30TThI
ciHipeni. AMMHaK CEIUTpachl MEH HECEIHOp OHAIPIIETIH a30T THIHAUTKBILITAPBIHBIH
x)aurbl kejeMiniH 60%-1aH actaMblH Kypaiiael. Oy (MOYEBHMHA) KEHIT €PUTIH TYCCi3
KpHUCTaJIbl 3aT, KypaMmbiHaa 46% a3zor Oap, eciMIOikTepre oHall CiHETIH ©Te Oaralibl
THIHAWTKBIIII.

Hecennop anmy ymiH muMKi3aT peTiHAE aMMHaK TIEH KOMIPKBIIIKBLI Ta3bl
Konganbiaael. OHBIH CUHTE31 eKi Ke3eHHEH TYPaJlbl.

Bipinmri ke3enae ypuH KbIIKbUTBIHBIH aMMOHUH Ty3bI (KapOamar) Ty3ijeni:

2NH, + CO, =NH,COONH, + 159 xJlx
Opi Kapaii kapbaMar AeruapaTauysuIaHbii, KapOaMul Ty3ei:
NH,COONH, = (NH,),CO + H,0 -285 /I

MoueBuHa cHHTE31 — KHHETHKAJBIK aliMakTa skypeTin rereporeni (H — C) xylieneri
nporecc. bipiHII peakius OHTAWIBI JKaFjala TOJIBIK KOHE Te3 JKYpeadi, eKIiHIIi
peaxnus Oasty XKoHE TOJBIK MeC XKoHE TeK CYWBIK (azama ynei Tycexi.

MoueBuHa LIBIFBIMBIH apPTTBIPY YLIIH TeMIeparypa MEH KbICHIMIbl KOFapbLIaTy
apKbUIBI aMMHUAK MOJIIIEPIH CTEXUOMETPHSIIBIK MOHHEH KOFapbluiaTy KaxeT. MoueBrHa
cuntesi enzipicinae 180-200°C Ttemneparypana xone 18-20 MIla KpichiMIa aMMHaK
100%-nan actam anbiHaAbl, WHFBIMBI 60-70% Kypaiiabl, eHAIpICKE opeKeTTecHereH
aMMHaK IEeH KOMIPKBIIIKBUI ra3bl KOJJaHbUIAIbl. 0acKa eHIMAEp HEMece OHAIPICTIH
9KOHOMHKAJIBIK KOPCETKIIITEPiH KaKcapTy YIIiH MpoLecKe KalTa Kioepijesi.

OHBIH arpOXUMHUSUIBIK KaCHETTepi OapiblK a30T THIHAHUTKBILITAPbIHAH JKOFAaphl, O
TONBIPAKTA Y3aK CaKTaJIaAbl KOHE TaMBIP JKOHE JKalbIPaKTap apKbUIbl ©CIMAIKTEpre
Tapanaasl. KyHbl a3, Man a3bIFbIHa a30T KOCHAchl peTinae Kocsutaasl. Hecenmnap 6acka
cayianapia Aa KOJJaHbUIaAbl, MbICAJIbI, aFall KOHKaJapbl, CHHTETHKAJIBIK >KeIiMaep,
(apmarieBTHKa, MyHail OHJEY, CAHTETHKAIBIK TaMIbIK (Urilon) skoHe T.0. KOIJaHbIIabL.

Ammuak cenumpacuin oHoipy. AMMHAK CEIUTPACH aK TYCT1 KPHUCTAJIBIK 34T, KYPaMbl
KarblHaH 35 % a3ot 6ap. OwubIH 2 Typi 6ap: ammonuiinik NH," xone autparteik NO, .
Exeyi ne eciMaikTepMeH aKChl KaObUIAaHa bl OCIMIIKTep OCIOKThI CHHTE3/ICTCH IS
AMMOHHUMIITIK a30TThI KYIITI XbULAAM/IBIKIICH CIHIpEai. AJl HUTPAT TOIbIPAKTa KaJlajbl,
COHJBIKTaH OJIap TOMBIPAKTAaH OHAM MIAHBUIBIT KeTeAl jkKoHe OynaHFaH Karaaiaa
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xep OeriHe aybicagpl. AMMHMAaK CEIUTpachl (UIUONOTHSIIBIK IKAFbIHAH KBIIIKBLI
THIHAUTKBIIIKA KaTalbl, COHIBIKTaH OHBI KOI KOJJaHCa OHBIH KBIMIKBUIABIK acepi
TomblpaKkTa Oalikanaasl. OHbl OHAIPYIAIH TapaifaH 9MiCi a30T KbIIIKBLIBIH aMMHAKIICH
OeliTapanTaHABIPY PEaKUUSICHIHA HETi3AEIIeH:

NH, + HNO, =NHNO, + 35,46 kxan

A30T KbIIKBUIBIH 45-48% KOHLUEHTpaUUsAChIHAA CYWBIK KYHIHAE KOHE aMMHAKTBI
ra3aplK KYHIe CTeXMOMETPHSUIBIK KaThIHACTAa KOCAAbl. PeaKUMsIIbIK KBUTYAbI TOJBIK
naianany YUIiH OHBI a30T KbILIKBUIBI €PiTiHAICIMEH Oipre KeJeTiH CyaIbl OynaHabIpyFa
naiinanaHanel. AMMHAK CEJIHTPAachblH OelTapanTaHIbIPFBIINI JIETeH ammnaparrapia
anaapl. Anmapar UUIMHAP TYPIHIE jKacallbIHFaH, 1IIKI HUJIHHIpAE TecikTep Oonaibl,
pPEeaKIMAIBIK KOCMa OChl TECIKTEp AapKbUIbI HIBIFBIN, LWIMHAP OOWBIMEH IKOFaphl
KeTepiin, aifHamMabl Ko3raibicka Tyceni. ['a3 typinge 100% ammuak 2,5-3,5 arm.
a0COMIOTTIK KBICBIMMEH Oepijiefi. A30T KBIIIKBUIBI MEH aMMHAaK ammaparka y3AiKci3
Oepineni. beliTapantany peakUMsCBIHBIH KbUTYBI 9CEpiHEH Kocma Temmeparypacsl 110-
135°C mramachinia cakranaasl. AnmaparThlH eHiMILTIr Toymirine 700 T acTam.

Kanuii munepanovr meiyaiumrsiuumapst — KypambiHga K' KOpEKTiK 3aThIHBIH
HOHJaphl Oap TaOUFW HEeMece CUHTETHKAJBIK Ty3dap. AHUOHHBIH TaOWFaThIHA Kapai
KaJIuil TEIHAWTKBIIITAPBI XJIOPHUJITI )KOHE XJIopu Ici3 Oombin Oemineni. [lukizar perinme
TaOUFU KaJIMid TY3/1apbl MEH ©CIMJIIK KYJIi KOJIaHbLIA/IbI.

XJMOpUATI THUNTI Kaduid THIHAWTKBIUTApblHA TaOWFM MHUHepainaap (KaiHUT,
CHJIbBUHHUT), OHEPKICINTIK MUHEPAII Bl OHJIEY OHIMAEP1 (KaTui XJT0pui), SIEKTPOIUTTIK
epiTiHainep (KapHAIUT 3JIEKTPOIM3iHIH jKaHaMa ©HiMi), KaJluil XJIOpuai MeH TaOuru
MUHEpalAapisl apanacTblpy apKbUIbl albIHFaH apajac KaJlud Ty3[dapbl JKaTaibl.
XMOopuACi3 Kaduid THIHAMTKBIIITapblHA KallMi Cylb(aThl KoHE Kaluid MarHui (Kajui
MeH MarHuil cynb(aTbIHBIH KOC TY3bI) JKaTabl.

Bapnbik kanuii TeIHARTKBIITAPEI cyna epuai. Onaapabl KPUCTANIbI )KOHE TYHIPIIiKTI
TypJe mbirapazbl. Taburu MuHepaniarbl KOpeKTik 3aTTapabiH Mosmepi (K, O ecebimen)
mamameH 10%, an KOHIEHTPI THIHANUTKBIITA (Kanuid Xopuai) - mamamen 60%.

Kamuii xmopumin amy ymiH mukizar peringe K O-men canbiCThIpraHna Kajui
Meoduepi 22-25% taduru cunbBuHUT KCI - NaCl munepansl konganbuiaasl. Kypameinga
mamamen 17% K O xanuii xnopuni 6ap xapnammurren ansinran KCI - MgCl, - 6H,0
eTe CHPEK Ke3Jecei.

Bapnbik kanuii TRIHAUTKBILITApPBI epiMTal, Kol TaparaH Typi Kanuii xaopuai (63,1%
K, O ecenterenne), cunbpunurre 22 —25% K, O 6Gap.

CuUNbBUHUTTEH  KaJui XJIOPHUIIH aiydslH 2 ofici 0ap: KpHUCTalJaHy >KoHE
(rotanmsusik (80%).

Kpucmanoany 20ici temneparypara Oainanbictel KCI xone NaCl oprypri
epirimTikTepine HerizmenreH. Hen rpagycran xy3 rpagycka geitin NaCl epirimiri
esrepmeiini, an KCI epirimriri Temmneparypa jkorapbuilaraH cailbiH apransl, 26°C-ta
KCI xone NaCl epiriwriri 6ipneit. Erep on xy3 rpagycra 6ankeica, onga on KCI,
NaCl- nan 2 ece aptsik Oonaabl. Cankbiaaaran ke3ne Tek KCI kpucranmanamb.

175



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Onoramus omici cymarbl cuibBHHUT KCI  sxoHe ramur NaCl MuHepallbIHBIH
KAaCHETTEPIHE HETI3ZCITEH JKOHE KAJIBINThI TEeMIIeparypaja MUHEPAJJIbIH KaHBIKKAH
epiTiHICIHAE XKYPei.

Marepuaagap MeH daicrep. [lorumepni mamepuanoap - *OFapbl MOJEKYTAIBIK
koceuteicTap (PKMK) Oomnpim TaOputaThiH epekire 3artap ToObl. Omap KemnTereH
KaliTaJlaHaThIH KYPBUIBIMJIBIK OybIHIapAaH (MOHOMEpIJIEP/IEH) KYpaJFaH >KOHE OCHI
MOHOMEPJIEPAiH Y3bIH Ti30E€KTEITeH KYPBUIBIMBI OJIAPJBIH epeKIle (U3nKa-XUMHUSITBIK
KacHUeTTepiH aiikpiHaai bl [lomumeprepain MoJieKyIalibiK Maccachl oTe yorapsl (10—
107 mamacbIHa), COHABIKTAH OJIap TYTKBIPJIBIFBI JKOFAphl, CO3BUIFBIII 9pi Ceprimai
Martepuanmap 6omein kenexdi (Zagitov, 2020).

Honumepnepoin srcannvl cunammamacsl:

Tabueu nonumepnep - Tipi opraHusmuepie HeMmece TaburarTa AalblH KyHiHIEe
KE3JIECETiH KOFapbl MOJEKYIAJbIK KOChUIbICTap. Onap OHOJOTHSIBIK MPOLECTEePIIiH
HEri3ri Kypamjac 0eJiri OoJblll TaObUIABI KOHE Tipl ar3ajapblH KYPBUIBIMJBIK,
SHEPIHsl KOHE aKIMapaTThIK (PYHKIUAIAPBIH aTKapabl.

Hemmonoza (CsHi0Os), - eciMaikTepiy jkacyina KaObIFBIHBIH HEri3ri KOMITOHEHTI,
TaJIIBIKTap MEH KaFa3 OHIIpiCiH/Ie Tai1aTaHbUIa b,

Kpaxman (CsHi0Os), - ociMaikTepaiH KOPEKTIK MOUcaxapu/i, OMOTIIACTHKTEp MEH
OMOBIJIBIPANTHIH MaTepUaIap OHIPICIH/IE IIKMKI3aT PETIH/E KOJIIaHbLIa IbI;

JKacanovl nonumepnep - TaOUFU TIOJTUMEPIIEP/Ii XUMUSIIBIK HeMece QU3UKA-XUMUSIITBIK
OHJICY apKbUTBI AJIIHFAH OHIMIEp OOJIBIT Ta0bUIa bl by TONITaFel TOTUMEpIICp TAOUFH
MaTepHaIapAblH KYPBUIBIMBIH CaKTall OTBIPHIIN, OJIAPJBIH KACHETTEepiH KaKcapTyFa
HeMece jkaHa (QYHKIMOHAIABI CHITaT Oepy YIIiH MOIU(PUKAIMSIIAHAIbL.

HuTpornemntonos3a (HUTPaTLEILTIN03a) - HEJUTION03aHbl 30T KbIITKBUIBIMEH HUTPIICY
ApKBUIBI ABIHATHIH OHIM, JIAK-005Ty, KHHOIUICHKA JKOHE KapBUIFBILI 3aTTap OHIipiciHae
KOJIZIAHBIIIA]IBI;

Arerariiesumoso3a (IeJUTI0I03a alleTaTh ) - [eJITI0I03aHbI CipKe AHTUAPHIIMEH OHIIEY
apKBUIBI TY3UIE/I, TANIIBIK, TUTacTMacca XKoHe (hOTOYIAip OHIpyAe ai anaHblIa b,

Cunmemuxanvlk, noaumepiep - TOMEH MOJIEKYIallbl MOHOMEPIIEP/IiH TOJTHMEPIICHY
HEMece TOJIMKOHJICHCAIUS PeaKIHUsIIapbl HOTHIKECIHJE KACaHIbl JKOJIMEH aJIbIHFaH
JKOFapbl MOJICKYJTAJbIK KOChUIBICTAap. Bys Tom Kasipri 3aMaHFbl ©@HEPKICINTIK KOHE
TYPMBICTBIK MaTepUaIIap/IbIH HET13T1 06iTiH Kypai16l. CHHTETHKAIIBIK ITOJIMMEPIIEPIiH
OHJTIpiCi MYHAW-XUMUS OHEPKICIOIMEH THIFBI3 OAMIaHBICTHI, ce0eOi OJTapabIH KOIIIILIIT
STHIIEH, TPOMTUIICH, CTUPOIT, BAHUJIXJIOPHI CHSIKTHI MyHal OHIM/IEPiHiH TYBIHbLIAPbIHAH
AJIBIHAJIBI.

Homuytunen (—CH2—CHz—), - €H KeH TapajfaH CUHTCTHKAJIBIK ITOJIUMEp, KalTama,
IUICHKA, KYOBIp JKOHE TYPMBICTBIK OYHBIMAAP OHIIPiCiHAe KOJNAaHbLIAIbI;

Homunponunen (~CH>—CH(CHs)—), - oFapsl TemnepaTypa MeH XUMUSIIBIK, acepre
TO3IMIII TIOJUMEpP, KOHTCHHEpJIEp, TAIIIBIKTAp, TYPMBICTHIK BIABICTAp OHIIpICIHIE
naiaanaHblIa b,

CHHTETHKAIIBIK TTOJIUMEPIEPiH O0acThl apTHIKIIBUIBIFBI - YKOFAPhl MEXaHHKAIBIK
OepIKTIK, XUMUSUIBIK TO3IMIUTIK XKOHE OHJIPICTIK UKeMAUTIK. AJlaiijia oiapabiH 0acThbl
KEeMIIIJIIrT - OMOJIOTHSUIBIK bIJbIpaMaybl OHE KOpIIaraH OpTaja *KUHAJIBII, JACTaHy
Tynbipysl ( Kykees,2022).
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maponu3s — xypreni opraHuKajiblK HeMece OelopraHUKaIbIK KOCBUIBICTAP/IBIH CY
MOJIEKYJIaJIapPbIHBIH 9CEPIHEH BIIBIPAY PEaKIUACHl. ByJI Mpoliecc XUMHSIIBIK TYPFbIIaH
MOJICKYJIaHbIH ~ KypaMbIHAarbl OaiimaHbIlcTapIblH  (MbICajbl, ASQUPIIK, aMHAITIK,
Hemece Kypueni 3¢up OailaHbICTapBIHBIH) Y3UTyiH KaMTHIBI. [HIpOIN3 peakiuschl
OMOJIOTUSITBIK, SKOJIOTHSUIBIK dKOHE OHEPKACINTIK MPOLIECTePIiH MaHbI3/Ibl KE3CHICPIHIH
Oipi Oosbin caHanazpl. COHBIMEH Karap, THAPOJIM3 HOTHIKECIHAC ajblHFaH eHIMIEep
KaliTa eHjieyre )KapaM/Ibl )koHe KelHOip jkarqainap/ia aybul HIapyalbUIbIFbIHA HEMEce
XUMHSUTBIK OHEPKACINTE KOJIaHyFa MYMKIHJIIK Oepeti.

Honmotunenrepedranar (PET) CHSAKTBI CHHTETHKAJBIK MOJIMMEpPICpP THUAPOIH3
Ke3iH/Ie MOHOMEPJIIK HEeMEeCe OJIMTOMEPIIIK eHIMAepre JAeiiH biabIpail anaasl. MyHnai
peaxmms 6apsickinaa PET tiz0erinaeri kypaeni 3¢hup 6aiinaHbIChl Cy MOJIEKYTaapbIMeH
opekerTeci, TepedTaib KbIIIKbIIbI MEH TUICHIJIMKONb Ty3e1i. [ uaApoau3 nporecitiyg
KYpy THIMALIITIHE TeMmIreparypa, KbIChIM, KaTalu3aTOpAblH TaOWFaTthl MEH
KOHIICHTPALUSCHI, COH/Iali-aK peaKiiusi OpTachiHbIH pH MoHI aliTapibIKTail acep eTei.
XUMUSITBIK THIPOJIA3/IIH HETI3T1 VI TPl aXKbIpaThLIabl:

1. KplIKBUIBIK THAPOIM3 — TYpi KYWITi KeIIIKbUIAApabiH (Mbicansl, H SO,
HCI) karpicysiMeH skypeni. KpIIKbUT MoJNeKylanapbl MOJIUMEPIIK Ti30ekTeri 3hup
HeMmece amu]] OallTaHBICTApbhIH Y3ill, MOHOMEpJIEpPre HeMece OJHUroMepiepre Ieiin
BIIIBIPATYFa MYMKIHAIK Oepeni. byl nporece operTe ToMeH TeMiiepaTrypaia Ky priziin,
JKBLIIaM/IBIKTBI KbIIIKBLT KOHIICHTPAIMSICh MEH TeMITePaTypa aHbIKTal bl KBIIKBLIIBIK
THIPONU3 KeOiHece Kypleli OpraHUKaNIbIK KOCBUIBICTApABIH 3epTXaHaJbIK HeMece
OHEPKACINTIK bIJbIPAYBIH/IA KOJIJAHBLIA B

2. Ciarinik ruagposm3 — Harpuil (NaOH) nemece kammii ruapokcuni (KOH)
epiTiHninepinae okysere aceipputafpl.  CiaTiiep MOTMMEp MOJEKYJalapbIHbIH
OaiiylaHBICTAPbIH THUAPOJIU3/ICI, Cylda CPUTIH HEMeCe OHal CIHIPUIETIH KOCBUIBICTAp
ty3eni. Meicansl, PET cusiktel monuadupiep ciuITimik ruapoiu3 Kesinae tepedranb
KBIIIKBLIBI MEH JTUJICHIJIMKONBIE JEWIH bIIbIpaiiibl. By mpoiecc 3KOJOTHSIIBIK
TYPFBIZIAH THIMJII OOJBIN, ajblHFAH OHIMACpP KaiiTa 6eHJeyre HeMece aybll
HIapyalibUIbIFBIH/IA THIHARTKBIII PETiH/IE MakiiaganyFa Kapamiabl

3. Beiitapan (:korapbl TeMIepaTypaJbl) FMAPOJIN3 — KaTAIN3aTOPCHI3, HEeTi3iHEH
200-250°C Temmneparypaja *xyprizuieai. MyHaai sxarnaiaa nojauMep MoJIeKyiaiapbl
©3JIIrHEH HeMece Cy OybIHBIH KATBICYBIMEH bIJBIPAIll, MOHOMEPIIK KOCBLIBICTapFa
Oemineni. beitrapan runposiu3 keOiHece KaTaau3aTop bl KAKET STIEHTIH KOOI HSIIBIK
Taza nporecc OOIBIN ecenTerei, Oipak Temreparypa MeH KbICBIMHBIH YKOFaphbl OOTybI
SHEPreTUKAJIBIK HIBIFBIHIAPBI APTTHIPAIBL.

Tuaponusain GapibIK TYpIIepi HOIUMEPIIEP Tl XUMUSUIIBIK KalTa OHISY I H THIM/I 9/TiC1
0oJbIT TaObLIA Bl OPOIp 9MIICTIH 63 apTHIKIIBLIBIKTAPhl MEH KOJIJIAHy cajianapsl Oap:
KBIIIKBUIIBIK TUPOJIN3 3€PTXaHABIK TaJlfayiapFa, CUITUTIK THAPOJIU3 ©HEPKICIITIK
KaJJIBIKTaplIbl KalTa eHjeyre, ain OedTapam THIPOIH3 JKOJOTHSIIBIK Ta3a eHIIpic
MpolecTepiHe KONIaHBLIAIbI.

PET ruaponu3si apKbLibl ajblHFaH Tepe(Taib KbIIMIKbBUIBI MEH STHIICHIIHUKOJb
KalTasiaH ’KaHa MoJMMEpP CHHTE31He Tal/alaHbUIbII, KaJIBIKTapIbIH KOPIIaraH opTara
ocepiH a3alTyra MYMKIHAIK Oeperi. Bysl ojic SKOJOTHMSUIBIK TYPFBIIAH THIMII JKOHE
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KaliTa eHACYNiH 3aMaHayH «Kachll XUMUs» NpuHIMNTepiHe cail kenexi (Tarasov et al,
2020).

TeIHAHTKBIIITAP - OCIMIIKTEPAIH KOPEKTIK 3arTapra JereH (QH3MOIOTHSIIBIK
K@XETTUIIMH KaMTaMachl3 €Ty, TONBIPAKTHIH KYHAPJBUIBIFBIH apTTHIPY >KOHE aybul
LIapyalbUIbIFbl JAKBULAAPBIHBIH OHIM CallachbIH KaKCcapTy MaKcaThlHAa KOJIIaHbBUIATHIH
3artap. OnapAblH KypamblHIa OCIMAIKTEpIiH 6Cyl MEH JaMyblHa KaXKeTTi MakKpo
XKOHE MHKpPOdJIeMEHTTep Ooiaabl. THIHAMTKBILITAp OCIMAIKTEPIiH MeTaboIu3MiH
oencenuipeni, GOTOCHHTE3 MPOLECIH KYIISHTEIl, )KOHE TOIMBIPAKTaFbl OMOXUMHSLITBIK
TENe-TeHIIKTI KaJIITbIHA KENTipeIi.

Munepajaabsl THIHAHNTKBIIITAP - OCHOPraHUKAJbIK KOCBUIBICTApIAH JKacallFaH,
eciMAIKTepre KaXXeTTi aeMeHTTep i (a30T, Gpocdop, kanuii xkoHe T.0.) OHal CIHIpLIEeTiH
¢dopmazna OepeTiH XUMUSUIBIK 3aTTap. Onap TOMbIpaKKa €HIi3UIreHHEeH KeliH Te3 epim,
OCIMIK TaMbIpJIapbIMEH CiHipiiei.

MuHepanabl TRIHAUTKBIILITAp YII HEeTi3ri TonKa OeiHen:

A30TTBI THIHANTKBIIITAP - ©CIMAIKTIH JKacyllla KYPbUIBIMBIHBIH JaMyblHa KOHE
0eJIok Ty3iiy mpoueciHe Katbicaabl. Herisri Typnepi: ammuak cenutpacsl (NHaNOs),
moueBrHa ((NH2).CO), ammonwuii cynbgarst (NHa)2SO4).

CyibIK aMMHaK TBHIHAWTKBIITAPBl. AybUI IIApyallbUIBIFBIHAA KAaTThl  a30T
TBIHAMTKBILITAPBIMEH KaTap CYHMBIK a30T THIHAUTKBIIITAPHI A2 KOJJAHBUIAAbI: aMMHAK
(cyifbIK) aMMHaK, Cy aMMHUaK (aMMHaK Cybl), aMMHaKaTTap.

Cych13 ammuak kypambinaa 82.3% a3ot1 6ap. Tombipakka eHIri31IreH 01 CYHBIKTBIKTaH
aMMOHMI THIPOKCHII TY3y YLIIH TOMbIpaK BUIFaJbIMEH CIHETIH ra3ra aiHanasbl.
TompIpak epiTiHIICIHIH aHHOHIAPBIMEH OpEKEeTTECY apKbUIBI aMMHUAK 9PTYPIi Ty31ap
LIBIFapajbl )KOHE TOIBIPAK KOJUIOMIATapbIMEH (PU3MKa-XUMHSJIBIK peakLuusuiapra eHil,
TOIBIPAKTHIH KaTThl (hazacklHa ciHeli. AMMHAaK HUTpU(UKALWAFa YIObIPAaHabl, OHIA
QJICi3 KosFanajpl, Oipak Te3 HUTpU(UKAIMATIAHAABI, YIKEH YTKBIPIbIKKA Ue OONaibl.
Ammuakartapaa 30-35% azot 6ap. Onapabl aMMHUaK CeNUTPachl MEH KaJlbLUH HUTPATHI
HEMeCce aMMHaK CeIUTPachl MEH MOYEBHHA CYWBIK aMMHAKTa €piTy apKbUIbl anaibl.
AMMHaKaTTap Heri3iHeH aMMHaK-HUTPaT ThIHAUTKBILITapeIMeH Oipaeil (¢u3mka-
XUMUSUIBIK KacuerTepre ue. OnapaslH KypambIHIa a30T aMMHUaK KoHE HUTPAT TYPiHAE
Oonazapl. Bysl TBIHAWTKBIIITHI 9p TYPIi TONBIPAaKTa, OapibIK AaKbUAapFa KOJJaHyFa
Oomasl.

Hutpar TeIHaWTKBILITAPEI.

NaNO, uarpuii nuTparbl Kypambinga 15-16% asor Oap, cyma >Kakcel epuii,
alTapiabIKTall TUTPOCKOMUSUIBIK, JKOFaphl bUIFAIBIIBIKTA KaliTa KpUCTaIaHAIbl KOHE
YJIKEH KpHcTangapra aiHananpl. HuTpar a3oTbl TONBIpakTa (U3HKAIBIK-XUMUSIIBIK,
CiHipinMeii1i, OHBI MUKPOOpTraHu3Maep ciHipei. by TeiHalTKpI cinTini. bipueme per
KOJIZIaHy, OJ1 TUAPONUTHKAIBIK, KBIIKBUIABIKTBI )KOHE MeTabomu3MIi azaiitansl, Oipak
TONBIPAKTHIH HETi3ZIEPMEH KaHbBIFY JOPEKECiH apTThIPaIbl.

®ochopabl THIHAWTKBILITAP - SHEPTHUsl aqMacyFa, TaMbIp JKYHeCiHIH JaMybIHa
JKOHE TyJiIey mpotiecine acep ereni. Muicansl: cynepdocdar (Ca(H2PO4)2), pochopur
yubl (Cas(POa)2), Harpuit Tpunonudocdatsr (NasP3Oio).

dochopabiH KapaTbUIbICTAa KEH MOJIIepae Ke3AeCeTiH KOChUIBICTaphl Gpochoput
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TeH anarut, exeyinae ae gocdop xambumii ocdarer Ca,(PO,), Typinge 6onanst. byn
TYpiHJIe ©CIMIIKKe CiHIMCi3, conapikTan onbl Ca(H,PO,), alinanapipasl.

dochoputTi  CiNTINIK  MeTaNapAbIH  TY3JapbIMEH JKOFapbl TeMIlepaTrypajaa
Kb131bIpca, Kypambiaaa CaNaPO, onbl Tepmodocdar nen arai bl

Kasipri ke3zne naiigananbuibii sxypreH Oiprernie ¢pochopibl TRIHANTKBILITap Oap:

Kok - MeTaiutyprust eHaipiciHiH KaJbIFbl, OHBIH KypaMbiHaa 17-18% PO s 0Oonabl.

Cyiiek yHBI - Ta3apThUIFaH CYWEKTi YHTAKTay apKbUIbI allbIHAbI, OHBIH itmiHae 25%-
ra jiefiin P,O, kesneceni.

docdoput, Hemece anmaTUT YHBI - ycaK YHTakTaiaraH ¢ocdopuT He amarur,
Kypambiaza 20%-naii P,O, Gonazsr.

Kypzaeni kypaMpl TEBIHARTKBIIITAD, Oap:

Ammopoc NH H,PO, - monoammonuit docdar, iminge 11% (N)asor, 44% P,O,
(dpochop V okcuni) 6omansl.

Huammodoc (NH,),HPO, imringe 20% asot (N), 52% P,O, Gap.

Asodocka - mumammonuii pocdarnen (NH,),HPO,, xamuii wmurparein KNO,
apanacTBIPBIIN Aaspiaibl, oHbIH KypaMmbinaa N (azot), P(pocdop) sxone K (kanuit) Oap
THIHAWTKBINI TY3UIeI1

Kanuiini TRIHAWTKBIIITAP - CYJIbIH OCIMIIK OOWBIHIAFBl KO3FAJIBICBIH PETTEH/II,
(depmentTepain OenceHainirin aprreipansl. Typnepi: xamuit xjopuai (KCl), kammit
cynbdarsl (K2SO4).

MuHepanabl THIHAWTKBIIITAP/IBIH aPTHIKIIBUIBIFEL - 3CEP €TY JKbIIIAMABIFbI JKOFAPHI,
Oipak omapipl mamaaaH ThIC KOJJAHY TONBIPAKTHIH TY3[aHYbIHA KOHE DKOXKYHEHIH
Tene-TeHIriH Oy3yFa oKelyi MYMKiH.

Kanmii mMuHepaJablK THIHAHTKBIITAPBI KYpaMbIHAA KOpPEKTiK smemeHT K
HOHJapbl OONaThIH, TAOUFM HEMECe CHHTE3MIK Ty31ap Oombin Tadbuiaabl. AHHOHHBIH
TabufraTeiHa OalaHBICTHl KANWH THIHAUTKBIIITAPHl XJIOPHATI KOHE XJIOPHICI3 Ien
Oemineni.lllukizar perine TaOMFU Kanuid TY30apblH JKOHE OCIMIIKTEpAIH KYJiH
KOJITaHabI.

XJMOpUATI THUNTI Kajduid THIHAWTKBIUTApblHA TaOWFM MHUHepanaap (KawHUT,
CHJIbBUHMT), MHHEpaJIapAbl OHEPKOCINTIK eHJey eHimaepl (Kamuil XjIopumi),
ANEKTPOJUTTIK epiTiHALIep (KapHAJUIUT OJIEKTPOJIU3iHIH KOCHIMIIA ©HiMi), KaJhi
XJIOpUII MEH TaOufu MHUHEpaJAbl apalacThIPBIN alblHFaH apajac Kalui Ty3dapsl
XKaraabl. XJOPUACI3 Kalud THIHAWTKBIIUTAPbIHA KaJlWH Cyab(arbl >KoHE KaJlhi
MarHe3usichl (Kajauid MEH MarHuid Cyab(aTbIHbIH KOC TY3bI) )KaTalbl.

Bapnbik kanmuii ThHIHAWTKBIUTApbl cyga epuai. Omapasl KPUCTaJIBIK OKOHE
TYHIPILIKTENTeH TypAe WblFapaabl. TaOuru MuHepaiga KOPeKTiK 3JeMEHTTiH MeJepi
(K,O-men ecenrerenne) 10%-ke KyblK, al KOHIEHTPJICHICH THIHANTKBIIITA (KaJui
xsopupinge) 60%-reit 6onaabl.

Kanuii meinaimgpiuisl oHOIpici

Kanuii TeiHAaUTKBIIITApBl TaOMFW HEMECE CHHTETUKANBIK Ty3dap KypambiHaa K
noHsl O0ap. Terine Kapail XJIOPUATI KOHE XJIOPHCI3 OOBIT OOiHEeI].

XJMopuATi TypiHe TAOMFU MUHUPAJAAP (CUIIBBUHHT, KAWHUT) MUHUPAJIIBI OHAIPICTIK
OHJIeY OHIM/Iepi (Kaui XJIOopuIi), apanac (TaOuFu TY3 KbIIIKbLIbI)
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Xnopunucis typine K,SO, xone kanuiimarnesus (K,SO, nmen MgSO, Koc Ty3bl)
Karaabl.

Bapnblk kanuii TBIHARTKBIIITAPBI epiMTal (TYHipIIiK,IpaHyIbl)

Kopekrik snement (K, O ecenrerenne) 10% - 60% neiin 6omnapr.

Kemn raparan Typi kanuii xaopuaui (63,1% K O ecenrerenne)

CunbBunnt — 22 - 25 % KO

CuUNbBUHUTTEH  KaJuMi XJIOPHIIH alydslH 2 ofici 0ap: KpHUCTalJaHy >KoHE
(otanmsusik (80%)

OpraHukajiplK  THIHAWTKBIIITAP — OCIMIIK TMEH jXaHyap KaJJbIKTapblHaH
anbIHFaH TaOUFu TekTec 3arTap. OnapablH KypaMblHIa KeMipTeK, a3oT, Gpocdop, Kaaui
KOHE MHUKpOdJIEeMEHTTep TaOuru Oaiinmanbickan (opmana Oonaabl. OpraHUKaIbIK
TBIHAMTKBILITAP  TONBIPAK  KYPBUIBIMBIH  YKaKCapThlll, MHUKPOOPTaHU3MIEPIiH
OC€JICeHAUTITIH apTThIpabl, COHABIKTAH TOMBIPAKTHIH OHOJIOTHSIIBIK KYHAPIIBbUIBIFBIH
Y3aK yakbIT OOHBI cakTaiiabl. TONBIPAKTHIH (PU3UKAJIBIK KOHE XUMUSIIBIK KaCHETTepiH
KakcapTabl, Cy[bl yCTan Typy KaOijaeTiH apTThIpajbl, ajl KeMIIUIiri — acepi Oasy skoHe
KOPEKTIK 3aTTap MeJIepi as.

Herisri Typanepi: KeH, KYC CaHFBIPBIFbI, KOMIIOCT, IIiPiHAl (TyMYyC), OMOTyMYC JKoHE
ecimik kamabikrapsl (Vasil'ev et al, 2022).

MuKkpo3/1eMeHTTIK ThIHAHTKBIIITApP

MHUKpPO2JI€MEHTTIK THIHAUTKBIIITAP KYPaMbIHAA OCIMAIKKE 6TE a3 MOJIILIEPAC KAKET,
OipaK (PM3MOJOTHSIBIK TYPFBIIAH aca MaHBI3ABI dIeMeHTTep Oap. byn anementrep
(doTocuHTE3, THIHBIC ally, PEPMEHTTIK pPeaKUUsIIap KOHE HYKICUH KBIIIKbUIIAPbIHBIH
TY31Jly IpoLecTepiHe KaTbICaabl.

Manpael Mukposnaementrepre temip (Fe), mpipeim (Zn), mbic (Cu), 6op (B),
Mmaprasnen (Mn), monmu6aen (Mo), sxoHe koOansT (Co) Karaabl.

Mpicanbl, 60p THIHAWTKBIIITAPHI TYJI MEH JKEMIC TY3UTyiH JKaKcapTabl, al MBIPBILI
MIeH MBIC ©CIMAIKTIH IMMYHHUTETIH apTThIPaIbL.

MHUKpO2JIeMEeHTTIK ThIHAUTKbIIITAp KeobOinece xemar Ttypinae (Fe-EDTA, Zn-
EDTA) nHemece epiMTan Ty3aap TypiHIe KongaHbuiaabl. Onap eciMaiKKe Te3 CiHim,
(bM3UOITOTUSIIBIK KETICIICYIIUTIKTIH aJIJ{bIH aJIaJIbl.

Kemienai ThIiHAMTKBIIITAP — KypaMblHAA €Ki HEMece OJaH Ja KONl KOPEKTIK
JNIEMEHTTEep 0ap KOIKOMIIOHEHTTI 3artap. MyHaall THIHAWTKBIITAP ©CIMAIKTIH 6cy
Ke3eHiHIe Oip Me3riuie OipHeIe AIeMEHTKE JISTeH KaKETTUTIrH oTeIi.

Kemenni temaiiTkpimrapra Hurpoammodoc ((NHa)H2PO4+ + NH4NOs), ammodoc
(NHsH2PO.) xone wnarpuii Tpunomudpocdarsl (NasP:Ow) Herizinmeri docdar
TBIHAMTKBILITApPBl JKaTafbl. byl KoChUIBICTap TOMbIpakTa Oasy epumi, Oipak y3ak
Mep3imMai acep Oeperi.

Kemenni THIHAMTKBIIITAPABIH 0acThl apTHIKIIBUIBIFEl — OJNAPABIH TEHACCTIPLIreH
Kypambigaa. Onap ©CIMAIKTIH KOPEKTEHYIH OHTaMIaHABIPBIN, €HOEK LIBbIFbIHBIH
azaiiTajpl KoHEe ©HIM camacklH apTThipafbl. COHBIMEH Karap, SKOJOTHSUIIBIK Tasa
TEXHOJIOTUSIIAP apKbUIbl allbIHFaH KeIIeH/i THIHAWTKBIIITAP TOMBIPAKTHIH JIACTaHYbIH
a3aiThIIN, TYPaKThI ETIHIIIIIK )KYHECiH TaMBITyFa MYMKIHAIK Oepei.
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Kecre 1 — ThIHAUTKBIITAPABIH TYpIIepi XKaHE KOJIJaHy epeKIIeTiKTepi

TemaiiTkeim Typi | Kypamsr/Omnement | Herisri ocepi APTBIKIIBUTBIFBI
Tepi
MuHepa st N,P K OciMaikTiH ocyiH xkbpuigaMaaransl, | XKbuimam opexer erei
TOIBIPAKKA T€3 9CEp eTe/i
OpraHuKaibK CN,PK TombIpak KypblIbIMbIH ¥3ak Mep3imzai acep
MHKPOSJIEMEHTTED | jKaKcapTa/ibl, MUKPOOPraHU3MACP/I
BIHTAJIAH/IBIPA/IBI
MuxkposnementTik | Fe, Zn, Cu, B, Mn, | ®U310I0THANBIK MaHBI3AbI A3 Mernmepse Kaxer,
Mo JNEMEHTTEPAl KaMTaMachl3 eTe/i THIMIL
Kemenai N+P+K  keiine Bip mesrinze GipHele 3IeMeHTTI OcCiIMIIiK KOPEKTEHYIH
MHKpOdJIEMEHTTEp | Gepei, OHIMAI apTThIpaIbl OHTallIaHIbIPa b

3eprey Kypri3y :koHe HITHKeNepiH euaey. PET niacmuein euoponusoey npoyeci:

PET muacTuKTI Maii1aianbli, Ta3a eTill )KYbUIbI, KypraTbliabl. Kombara 100 mi 1 M
NaOH epiTiaaicin KyibUIbI, epiTiHaire 10 T MIACTUKTI CalIbIHBII, MIBIHBI TAsKIIAMEH
apaacteIpbuInbl. Kombans! cy MoHmackiHa opHanacTeiphin, 80—90°C temmepaTypana
4-5 carar KeI3bIpbUIabl. Kocma Tyci esrepim, IiacTuk OipTiHAEH epiTiiin, TyHOa
Ty3igeni. KocrmaHbl CybITBUIBIN, CY3Il Kara3bl apKbUIbl CY3iieai. AJIbIHFaH epiTiHi
-TUJIPONTN3 OHIMAEPI: TepedTalb KbIIIKBUIBI TY3/1apbl MEH dTHIICHITIMKOIb KOCIACHL.

Cyper 1 — KaxerTi Kypan-xadapikrap

Na_P.O,  Kocy apKbLIbI THIHAHTKBILI aJ1y dicTemeci

KaxeTTi Kypangap MeH peakTHBTED:

I-Toxipubenen aneiHFan ruaponus eHimi-100 mum, Hatpuilt Tpunommudocdars
(N35P3010) 23T

Kymbic 6apbIChL:

1-ToxipuOe/IcH ajbIHFaH SPITIH/IIHI IIBIHBI CTaKaHFa Kyibuiael. Cout epitiHire 2—3
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r Na,P O: Kochln, TOJBIK epireHuie apanacTeipy. ThIHANTKBIII €PITIHICT JalibiH GomFran
COH, OHBI 1:5 KaThIHACBIHAA CYMEH CYUBUITHULABI (MbIcaibl, 20 Ml ThIHAUTKEI + 100
MJI CY).

Cypert 2 — ThIHaWTKBII aTy GapbICHL

Kecte 2 — ThIHaUTKBIII KypaMbl

KommoneHT Kypamsr Pei
Na2CsH4O4 (HaTpuit Tomnblpak KypbUIbIMBIH OpraHuKaiblK Ty3 MUKPOOPTaHU3MIEP JiH
TepedTanarsl), JKAKCAPTaIbl JIAMYybIHA XKaFail )xacaii bl
NasP3010 (HaTpmit Docdop xesi OCIMAIKTIH HEPTHUsI aIMaCybIHA, TAMBIP
Tpunonudocdarer) JaMyBIHA )KOHE TYJJIEyiHe acep eTel
NaOH xanabirbt Cinri ApTBIK OOJIFaH Karaaiia 3usH 60Iybl MYMKIH,
6ipak OeiftapanTanaplpbuica Kayirciz 00aipl

TrIHAHTKBIITHI 6ciMIikke nmaiinanany. TaakpLiay.
KaxerTi Kypaa-:kadapIKTap:

JlaiibIH TBIHAMTKBITIT epiTiHIICT (KaXKETT1 KOHIICHTPAIIHs/Ia)

Tombipak (Ta3za, Oipaeit Mesnmiep/ae) — 6 1aHa bIABICKA

OciMaiK TYKbIMIAPHI (IIaFaM JKOHE aCKOK) — dp bIIbICKa Oipielt Memmepe
Cy KYATBIH BIJBIC

bakpinay ToObIHa apHaIFaH Ta3a cy

Mapkxkep (b1abIcTapbl Oenrisey yIiiH)

3eprTey aaicTemeci

ToxipubeHi *Kyprizy yIIiH Oipaeil KeJemaeri anThl bIIbIC JabIHAABII, OJapAbIH
OpKalCBICBIHA Ta3a TOMBIPAK TEH MOJIILIEpAE CAIBIHABL. Op BIABICKA 5 AaHaaH alFaM
JKOHE aCKeK TYKbIMIApbhl OTBIPFBI3BULABI. ToKIpHOETiK jkoHE Oakplaay TONTAPBIH
XbIpaTy YUIIH bIABICTAap Oenriaeni. bipiHm TonTarsl €CiMIIKTep AaiibIH THIHANTKBIII
epITIHAICIMEH, all eKiHIII TONTaFbl OCIMIIKTEp TEK Ta3a CyMEH CyapbULAbl. bapibik
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eciMaikrep Oipael skarfaiiapaa ecipiiin, KyH caliblH Oipael Kesiemjae CyapbUIBII
OTBHIpABI. OciMIIKTEpIiH ocy mporieci 14 kyH 0oiibl Oakpmanapl. bakeiay 6apsickiHIa
OCIMJIIKTIH OWIKTIr1, )KaIlbIpaKTapbIHBIH TYCl JKOHE 6CYy KapKbIHBI KYHJENIKTI TipKemin
OTBIPJIBL. AIIBIHFaH MOIIMETTEp TIKIPUOETIK jkoHEe Oakplidy TONTaphbl apachiHaa
CaJIBICTBIPMAJIbI TYP/E TaJIAAH/IBI.

Cypet 3 — THIHAUTKBILITBI OCIMIIIKKE Cypet 4 — ThIHAUTKBIIITEI OCIMIIKKE
naiiganany 3-kKyH naiiganany 10 xyH

Cypet 6 — 14 KyHHEH KeiliHT1 HaTHXKe (ACKOK)
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Kecre 3 — bakpuiay HoTKeIepi

Kyn OcimIik Typi ThIHAUTKBILICHI3(CM) TerHAUTKBIITICH(CM)
3 Hlanram 1.0 1.3
5 [Hanram 2.2 2.5
7 Hlanram 4.3 4.8
10 Manram 5.5 6.4
14 anram 7.1 8.3
3 Ackex 0.8 1.2
5 Ackek 1.5 2.4
7 Ackexk 3.2 4.3
10 Ackexk 4.5 6.1

14 Ackek 5.8 7.6

Byt 3epTTey ®KYMBICHI IJIACTUKAJIBIK KaJABIKTAPIbl THIPOJIN3 SJICI apKbLIbl KalTa
OHJICY JKOHE aJbIHFaH OHIMJI THIHAWTKBII pETiHAe MaiiianaHy MYMKiHAIKTEpiH
KapacTelpabl. JKypriziiren ToxipuOenaep IUIACTHKTI THAPOIM3ICY HOTHKECIHAEC
Maiaanel OPraHUKAIBIK KOCBUIBICTAp TY3UIETIHIH JKOHE OJNIapIbIH TOIBIPAKKa OH acep
€TETIHIH KOPCETTi.

3epTTey OapbIChIH/IA KeJIeCl Heri3ri KOPBITHIHABLIAP JKacajlibl:

1. I'maponu3 oiCiHIH THIMAUIIT — TUTACTUKAIBIK KaJIIbIKTap/bl TUAPOIU3 apKBLIBI
BIIBIPATy OJIAP/IBIH KYPAMBIHIAFbl OPTaHUKAJIBIK KOCBIIBICTAP/IB OCIMIIKTEPre KaXKeTTi
IEMEHTTEpPre alHaIAbIpyFa MYMKIHIIK Oepeni. Bys1 ofic 3KOJOTHSUIBIK TYPFbIIAH
Kayirci3 opi THiMJIi KaliTa eHJIey TOCUIIEPiHiH Oipi OOJIBIN TaObLIa b,

2. ThIHAUTKBIIITBIH ~KYpambl MEH dcepi — aJbIHFAH THIHAWTKBIII TOIBIPAKTHIH
KYHapJIBUIBIFBIH APTTHIPHII, OCIMIIKTEP/IiH OCYiHE )KaFbIM/IBI 9CEP €TEeTiHI aHBIKTAIIIBI.
OHbBIH KYpaMbIH/aFbl A 1aJ1bl 3JIEMEHTTEP OCIMIIKTEPAIH KaJIbIIThI JaMyblHA KAKETTI
KOPEKTIK 3aTTapMEH KaMTaMachl3 €Te allajlbl.

3. DKOJIOTHSUIBIK KOHE JKOHOMHUKAJBIK MaHbI3Bl — [lIacTUKambIK KallbIKTapIbl
OCBUTalIIa KaiiTa eHJIey OJIap/IbIH KOpIIaraH OpTara TUTI3eTiH 3USHBIH a3aiiTa/ibl JKoHe
KaJIJIBIKTap bl KQJIETe JKapaTy MaceseciH memyre kemekreceai. COHbIMEH KaTtap, Oy
9J/1iC THIHAWUTKBIII OHIPY/iH OanaMa 5KoHE YHEM/II JKOJIbl PETiHAC KapacThIPbUIAIbL.

BHONOTHANIBIK THIHAWTKBIIITAD JKACYIIaaFbl MIPOTOIUIA3MaHBIH MaHBI3/IbI OOJIiriH
Ty3enmi, Tipi aF3aHbIH ©CIll ©HyiHe KAaThICaThIH TYPJi OPTraHUKAIBIK 3aTTapblH
KypambiHaa Oojajapl. SIFHHM TIpIIUTIK TPOLIECTEpiHE YIKEH dcep €TeTiH - (epMeHT,
TOPMOH, JIOpYMEHIEPiH KypaMblHa Kipeli, OchlIaiilia OHIMHIH calachlH KaKcapTabl.
CoHpBIKTaH Ja ONapiabl KOJNJAaHyIbl KapacTbipraH jkeH. llommmep KanabIKTapbiH
THAPOJIM3CTT OHACY apKbUIBI OHOOAKTepHUsUIapabl KOCY, OMOCTHUMYISATOPIIAp ajIbIIl
TOIBIPAKTHI KYHAPJIAHABIPY, OCIMIIKTEPIIH TYPJl 3KOJOTHSUIIBIK dCEpre TO3IMILTITIH
apTTBIpyFa MYMKIHAIK OepeTiHi co3cis.

3epTTey IUIaCTUKANBIK KaJJBIKTapIbl THIMIII MTaiAaIaHy/IbIH j)KaHa MYMKIHIIKTepiH
KOPCEeTill, oJapAbl aybll INapyallbUIBIFBIHAA KOJJAAHYIBIH OJIEYeTiH JIoJelNeli.
Bomamakra ruapoian3 9MICIH JKETUIIIPY apKbUIbl ajbIHATBIH ThIHAHTKBIIITAPIBIH
camachelH apTTBIPBIN, OHBI ayKbIMJIbI OHIIPICTEe KOJJAaHY MYMKIHAIKTEPiH KapacThIpy
kakeT. Ochbutaiinma, Oyl TEXHOJOTHS JKOJIOTHSUIBIK Tasza aybll [IapyamlbUIbIFbIH
JAMBITYFa JKoHE KOpIIIaFaH OpTaHbl KOpFayFa 3 YJIECiH Koca alaibl.
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Abstract. This article investigates the technology of starch extraction from Baidaly
rice and the "Gala" potatoes cultivated in the Pavlodar region, and proposes the application
of the obtained natural polysaccharides in the production of biodegradable materials.
The aim of the study was to develop a technology for obtaining high-quality starch
from domestic plant raw materials and to evaluate its potential as a main component for
the production of biodegradable materials. During the study, starch was isolated from
rice and potatoes by the wet extraction method. The structure of the obtained samples
was analyzed by infrared spectroscopy (IR), which confirmed the preservation of the
functional groups and glycosidic bonds characteristic of starch. Experimental results
showed that 170 g of starch was obtained from 1 kg of "Gala" potatoes of Pavlodar
region, while 770 g of starch was obtained from 1 kg of Baidaly rice. These results
indicate that rice is a highly productive raw material for starch extraction. Comparison
of the obtained IR spectra with those of commercial starch samples demonstrated that the
laboratory-extracted starches possessed a high degree of structural purity and retained
the functional groups characteristic of natural polysaccharides. The preservation of
the chemical structure of starch confirms its suitability for use in the production of
biodegradable polymeric materials. The obtained starch samples were considered as
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matrix components for biodegradable films. The renewable nature, biodegradability,
and relatively low environmental impact of starch-based materials make them
promising alternatives to conventional petroleum-based polymers. Such materials can
be used in the production of disposable and food packaging. The results showed that
the obtained starch is a promising local raw material for biodegradable materials. The
use of domestic agricultural raw materials can reduce dependence on imports, promote
efficient resource utilization, and support the development of environmentally friendly
biopolymer materials in Kazakhstan.

Keywords: rice starch, potato starch, natural polysaccharides, biodegradable
materials
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AnHoramusa. Makanana baliganel kypiminen sxoHe [laBmonap eHipinge ecipiinreH
lama copTThl KapTomTaH Kpaxmall ajdy TEXHOJOTHSCHI 3epTTENilN, ajblHFaH TaOWUFH
nojrcaxapuaTepli OMOBIABIPAUTHIH Marepuangap eHIipiciHAe KOoJJaHy MYMKIHIIT
OaranmaHpl. 3epTTEyIiH MaKcaThl — OTaHJABIK OCIMJIK IIHKi3aTbIHAH KOFaphl Camajbl
Kpaxmall ally TEXHOJIOTHSICBIH 93ipJey KoHE OHbI OMOBIABIPAWTBIH MaTepuangapAblH
HETi3ri KOMIIOHEHTTEpiHiH Oipi peTiHIe mnaiifanaHy oJIeyeTiH aHbIKTay. 3epTTey
OapbIChIHAA KpaxMall Kypill MeH KapTONTaH BUIFajIbl SKCTPAKLHs 9IiCiMEH OeiHiI
aNbIHABL. AJBIHFAH YJATUIEPAiH KYpbUIBIMBI MH(PAKBI3bUT CHEKTPOCKOMHUS 9IiCiMEH
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3epTTeNiN, KpaxManfa TOH HErisri (YHKUMOHAIABIK TONTAp MEH IIIMKO3UATIK
OalimaHbpICTapABIH CaKTaIFaHbl aHBIKTAABL. ToxipnOe HoTmxkecinae 1 kr [ana copTThl
kaprontas 170, an 1 kr baiinans: kypiminen 770 r kpaxmain ansiHapl. By kepceTkimrep
3epTTENreH KarAaaiiapia KypillTiH KpaxMal aiy YIIiH eHIMAUIr jKOFapbl IIUKi3aT
eKeHIH KepceTTi. 3epTXaHalbIK >KOJIMEH ajblHFaH KpaxmanaapiasiH MK-cnexrprnepin
KOMMEPLHSIIBIK KpaxMaJl yJTIepiMeH caJbICThIPY OJlapAbIH TAOUFH TOJIMCaxXapuaTepre
TOH KYPBUIBIMJIBIK €PEKIIENIKTepiH CakTaFaHbIH KepceTTi. KpaxmamablH XUMUSIIBIK
KYPBUIBIMBIHBIH ~CaKTaJIybl OHBI OWOBIIBIPAMTHIH MOJMMEPIIK MarepuangapAblH
MaTpULAJbIK KOMIIOHEHTI peTiHIe maiijanaHyra MYMKIHAIK Oepeni. AJbIHFaH
Kpaxmall YITiIepiH OWOBLABIPANTHIH YIIIpAep OHAIpYAe KOJIaHy KapacThIPBUIIBL.
JKanapTpiiaThlH TaOWFH MIMKI3aTTaH allbIHYbI, OMOBLABIPAFBIIITHIFEI )KOHE KOpLIaFaH
opTara caJbICTBIpMaJIbl TYPAE TOMEH dcepi KpaxmaJ Heri3iHaeri Marepuangapabl MyHan
HETi31HJer JocTypili moJauMepiepre 6anama peTinae KapacThIpyFa MYMKIHAIK Oepei.
MyHali Matepuaiigap Oip peTTiK )KoHE TaraMJIbIK KalTaMa eHJipICiHAe KOJAaHbLTYbI
MyMKiH. CoHbIMeH Oipre malblH YIIIpIepIiH MeXaHUKaNbIK, CyFa TO3IMILTIK,
TEPMUSUTBIK KOHE OMOBIIBIpay KaCHETTepi KeJleci 3epTTey Ke3eHinae OaranaHybl THiC.

Tyiiin ce3mep: Kypimr Kpaxmajbl, KapTON KpaxMallbl, TaOMFH MOJHCAXapuaTep,
OMOBLABIPANTEIH MaTepuangap
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AHHoTanms. B craree uccienoBaHa TEXHOJOTHS TONY4YEeHHs Kpaxmajia U3 puca
copra «baiimane» u kaprogens copra «[lama», Beipamennoro B IlaBmomapckom
peruoHe, a TakKXe OILIEHEHAa BO3MOYKHOCTb NPUMEHEHMs MOJIYYEHHBIX MPUPOIHBIX
MOJIMCaxapu0B B MPOU3BOACTBE OHMOpa3naraeMblx mMatepuaios. Llens mcciaenoBaHus
3aKIIIoYaach B pa3pabOTKe TEXHOJIOTMH MONYyYeHHsI Kpaxmaja U3 OT€YeCTBEHHOTO
PacTUTEIBHOTO CHIPbs U OLIEHKE €ro MOTEeHIHMala B KaYeCTBE OCHOBHOI'O KOMITOHEHTa
OnopasznaraeMelx MaTepuaioB. Kpaxman BbIIemsiM W3 puca u Kaprodeiss MeTonoMm
BIaXXHOH dKcTpakiuuu. CTPYKTypy MOJIYYEeHHBIX OOpasloB HMCCIEIOBAIA METOAOM
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HHPPAKPaCHOU CIIEKTPOCKONHH, KOTOPbIA MOATBEPANI COXpaHEHHE XapaKTePHBIX IS
Kpaxmasia QyHKIHOHAIBHBIX TPYII U ITTMKO3UIHBIX CBsI3e. B pe3ysbrare skciepuMeHTa
u3 1 xr xkaprogens copra «lana» Obuio moiyueno 170 r kpaxmana, a u3 1 xr puca
copra «baiinansny — 770 r. [lonydeHHbIe JaHHBIE CBUICTEILCTBYIOT O 00JI€€ BHICOKOM
BBIXOJIE KpaxMajia U3 puca B UcciieioBaHHbIX ycnoBusix. Conocrasnenue MK-cnextpos
112a00paTOPHO MOTYYEHHBIX 00Pa3LOB ¢ KOMMEPYECKMMHU 00pa3aMu KpaxMasa IIoKa3aio
COXpaHEHHE XapaKTEPHBIX CTPYKTYPHBIX OCOOCHHOCTEH MPHUPOAHBIX MOJHCAXAPHIOB.
OTO MO3BOMAET paccMaTpuBaTh IOJIYYEHHBI Kpaxmal B KadecTBE MaTPUYHOIO
KOMIIOHEHTa OMOpa3iaraeMbIX MOJUMEPHBIX MaTepraioB. OOpasipl KpaxMana ObLIH
MPEAIOKEHBI TSI AabHEUIIEro HCTI0Ib30BaHus P (POPMHUPOBAHUN OMOpa3iaraeMbIX
IEHOK. B0300HOBIIsIEMOE TPOUCXOKACHUE U CITOCOOHOCTH K OMOPA3N0KEHUIO JeNatoT
Kpaxmall IepCIeKTUBHBIM CBIPBEM IS pa3paboTKU MaTepHaioB, CIIOCOOHBIX YaCTUUHO
3aMEHHTH TPAJAUIHOHHbIC HEPTEXUMUUECKUE TIOTUMEPHI, B TOM YHCJIE B IPOU3BOJICTBE
OJHOPA30BOM M IMMILEBOM YMAKOBKU. Bmecre ¢ TeM MeXaHHYECKUE, BOJOCTOMKHUE,
TEPMUYECKHE CBOMCTBAa W TOKa3aTedu OWOPAa3JIOKEHUS TOTOBBIX IUIEHOK TpeOyloT
OTIENbHON HKCIIEPUMEHTANIBHON OLICHKU.

KiioueBble cioBa: pUCOBBIM Kpaxmall, KapTO(eIbHbIM Kpaxmas, HpUpPOJHEBIE
noJxrcaxapuasl, OMopasiaraeMbple MaTepUabl

Kipicne. Kpaxman - ecimMzik TekTec TaOHFH MOJHMCAXapH[ JKOHE >KaHAPTHUIATHIH
IIMKI3aTKa HETI3[CITeH €H MaHbI3bl OnomnonuMepiiep iy Oipi. OHbBI aFail TaramJIbIK
MaKcaTTapMeH, COHJAai-aK OalIaHBICTBIPYILBI KOHE JKENIMACYIIl MarepHuaj peTiHae
konmanapl. KeliHipek KpaxMaiJblH KacHETTepiH 3epTTey OHBIH TEK TaraMJIbIK
KOMIIOHEHT KaHa €Mec, COHBIMEH Karap Kara3, TOKbIMa, (hapMalleBTHKa jKoHEe OacKa
Jla canajap YIIiH MaHbI3Abl LIMKi3aT peTiHIe KONAaHyFa MYMKIHIIKTEpAi TYABIPABL.
Kazipri yakpITTa KpaxMan KaHapThUIATBIH JKOHE OHMOJOTHSJIBIK BIABIPAUTHIH TaOUFH
noJuMep OOJIBIN caHaja bl )KOHE OHBIH KYPBUIBIMBI MEH (YHKIHOHAIABIK KACHETTEPIH
3epTTeyre epekile Hazap ayaapbuiaabl. FeUIbIMEU 3epTTeyaep KpaxMauablH KacueTTepi
OHBIH OOTAaHMKANBIK IIBIFY TEriHe, aMHIO3aHblH aMUJIONEKTUHIE KaThIHACHIHA,
TYHIPIIIKTEpAIH MeJmepi MEH MOP(OJIOTHICHIHA KOHE SKCTPAKLUS TEXHOJIOTHAChIHA
OaiimaHpICcThl ekeHiH kepcereni. COHIOBIKTAH OPTYPJl ©CIMAIK Ke3lIepiHeH allbIHFaH
KpaxMmalgapIslH KONMaJDKbIHIAaHy TeMIleparypachl, iciHy KaOijeTi, TYTKBIPIBIFHI,
XKaOBICY KoHE KYPBUTBIMABIK CHITaTTaMaapbl 0ip-OipiHeH aliTapibIKTall epeKIeneHe .
On HeriziHeH aMuio3a MEH AaMMJIONEKTHHHEH TYpajbl, ONapiblH apakaTbIHACHI
KpaxMallZAblH KYPBUIBIMIBIK, (U3HKa-XUMHSUIBIK JKOHE TEXHOJOTHSUIBIK KAaCHETTEPiH
aHbIKTai bl Kpaxmaiapiy OHOBLABIPAFbIILITHIFbI, KOJDKETIMIUIITT KOHE KaHAPTHLUIATHIH
TaOUFHU PeCcypChl OHBI TaMaK, (JapMalleBTHKAJIBIK MPENapaTTap, XMMISUIBIK 3aTTap jKoHe
OuononuMepIiepli OHIIpyJAe KeHIHEH KoijnaHyra MyMKiHIik Oepemi (BeMiller and
Whistler, 2022; Wani et al., 2012).

Kazipri tapma gocTypili CMHTETHKAJBIK MOJMMEpIEpAiH KOpIIaraH opTara Tepic
ocepi jxkahaHABIK SKOJIOTUSUIIBIK Macenenepiy Oipine aifHangsl. Ockiran 0alIaHBICTHI
SKOJIOTHSUIBIK Ta3a, TaOWUFU TYpAE BLABIPANTHIH OHOMONMMEpNEpAl 3epTTey >KOHE
OH/IIPICKE €HT'13y MaHbI3/Ibl FEUIBIMHE KOHE TOKIPUOEIIK MiHAET OOJBIN TaObLIA b,
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Bronorusnblk bIABIPARTBHIH MOJUMEpPIIEp IUBIFY TeTi MEH XUMHSUIBIK TaOuraTbiHa
OaiinanpIcThl OipHELIe TonKa Oemineni. byn Tontapra Tipi opranu3Maepae Ke3eceTiH,
OuoyiIeciMALTIriMEH epeKIIeNIeHETIH aKybl3aap, araln aiTKaHaa KepaTuH, (GUOpOuH,
KOJIJTareH >K9He 3J1acTHH karaabl. COHbIMEH Karap, SpTypli KarTama MaTepHajiiapblHaa
KOJIIaHBUIATHIH aleTHIMIHLEPUATEP] 0ap aMynbcusiiap, Oanaysl3aap KoHe Maiaap 1a
MaHBI3bI pell aTtkapaibl. MUKpOOpraHu3MAEp CHUHTE3IETeH IyJUTyaH JKOHE 3JICHHAH
MoJMMepIepi Jie ©34€piHiH epeKIlIe KaCHEeTTePiIMEH epeKIIeIeHe .

[Tonucaxapuarep >koHe ONapIbIH TYBIHABUIAPHI OCHI CaJlaHbIH €H ipi caialapbIHbIH
Oipi Oombim TaObuTanpl. bynm OarbiTKa OakTepusuiap apKbUIbl ajbIHFAH TaOuFu
MOJMMEpIIep MEH CHHTETHKAIBIK MONM3(upiep, kaHyapiapJaH ajiblHFaH XUTHH MEH
XHUTO3MH, COHAAaN-aK KpaxMal, LEeJJII003a, arap >KoHe MEeKTHH CUSKTBI OCIMIIK TEKTeC
KOCBUIBICTAp Kipedi. MyHall XHMHSCHI CHHTE31 apKbUIbl ajbIHFaH OHMOJOTHSUIBIK
BIIBIPAUTBIH TOJIMMEpPIIEpTe MOJTNYpPeTaH, NoMudpupaMu, conoarndpupiep, anudarTsl
xoHe xow nicti monuddupnep, PCL, PBC, mPET, PEC xaraapr. ConpIMeH KaTap, spTypii
KOMIIOHEHTTEPAiH TIpKECIMiHEH TYpaThIH apajac HeMece KOMIO3UTTIK MOoTUMepIiep Ae
KeHiHeH KonmaHbliansl. JKanmpl anFanaa OMONOTHSUIBIK BIABIPANTHIH MOJMMEpIEpAi
KIKTEy JKOHE OJIapJAblH KaCHUETTEpPiH KEIeH[i 3epTTey KaHa OybIH SKOJOTHUSUIIBIK Ta3a
MarepuangapAbl 33ipaeyaiH Heri3i 0obin Ta0biIa sl AKYbI3Aap, MOJHCaXapHaTED KOHE
MYHall XUMHMSCBHI apKbUIbl aJIbIHFaH CHHTETUKANBIK MOJUMEpIepAl MoauduKanusiay
ApKBUIBI aJIbIHFAH OMOIOTHSUIBIK BIABIPANUTHIH MOJMMEPIIEPAiH OPKAUCHICBIHBIH ©31HIIK
apTHIKUIBUIBLIKTAph! Oap. ¥ CHIHBUIFAH JKIKTey JKyheci Oojamakra KOpIIaraH OpTaHbl
KOoprayra OaFbITTaJIFaH aHAa KOMIIO3UTTIK MaTepuaijapAbl d3ipiey YIIiH ceHimai
FBUIBIMU HerTi3 Oona ananel (Onyeaka et al., 2022; Urkimbayeva, 2017; Wang, 2023).

Kpaxman KOJDKETIMIUIITHE, >KaHAPTBUIATHIHABIFBIHA, OHOIOTHSIIBIK,
BIIBIPAUTHIHABIFBIHA JKOHE KaOBIK TY3€TiH KacHeTTepiHe OailaHbICThI OMOJOTHSUIBIK
BIIBIPAUTBIH TOMUMEPIIIK MaTepuanjapAbl OHIIpY YIUiH NepClHeKTHBajIbl IIUKi3aT
Oonbil TaObanbl ByriHri TaHga CHHTETHKANBIK MOIUMEpiiepre Oanama peTiHae
TaOWFM TONMCAaxXapuATepAl TalanaHyFa KbI3BIFYLIBUIBIK apThil Kenemi. OchbiFan
0aliIaHBICTBI KYPIll IEH KapTOI KpaxMallbl epeKine MaHbI3Fa ue. Kypim kpaxmanbIHbIH
ycaK TYHIpPIIIKTI KYpbUIBIMBI OHBI OIPTEKTI MarepuangapAbl alyFa Kapambl eTefi,
aJl KapToIl KpaxMallbl ipi TYHipIIIKTEpiMeH, KOFaphl iCiHy KaOiJleTiMeH JKOHE JKaKCh
0alIaHBICTHIPYILIBI KACHETTEPIMEH EpEKIIETICHEI].

Kazakcran skarmaiiblHia KEpPrimiKTi aybUIapyallbUIbIK IMIMKI3aThIHAH Kpaxmal
ally TEXHOJIOTHSICBHIH 3€pTTey HMMIIOPTTHIK KpaxMmaliFa TOYeNIUTKTI a3alTy >KoHe
aybUILIAPYaIIbUIBIK OHIMICPIH TEPEH OHJIEY calajapblH AaMBITY YIIiH ©3eKTi. by
3eprTeyae Kpaxman kesfepi perinae Kpizpopaa oOmbickiHbIH baiimansr kypimn
MeH [laBnomap OOJMBICHIHBIH KapTONbl TaHJANAbl. By IIMKI3aTThl TaHAay OJapAbIH
Kazakcranma KODKETIMIUIINIHE JKOHE Kpaxmal eHAIpICiHe JKapaMIbLIbIFbIHA
0aliIaHBICTHI.

Kypim men kaprom, xpaxmainra 0ail aybul IIapyallbUIbIFbl JAKbUILAAPHI PETIiHIE,
OMONOTHSIIBIK BIABIPAWTHIH MaTepHalAapabl OHAIpY/e KeHIHEH KOJJaHbUTYbl MYMKIH.
KpaxmanaplH eHIMIUTIE MEH KacHeTTepli OCIMJIK TYypiHe, COpPThIHA IKOHE Ocipy
Karaainapbeina OaiinansicTel e3repeni. ConnpikTaH, Kazakcranaa ecipiireH »KeprijgikTi
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aybUI HIAPyalIbUIBIFBI IINKI3aThIHAH KpaxMall ajly TEXHOJIOTHSICHIH 3ePTTey KOHE OHBIH
OMONOTHSIIBIK BIABIPAUTHIH KaOBIKIIATIap OHIIpyre KapaMIbLIbIFbIH Oaranay FhUIBIMU
JKOHE MPaKTHKAJIBIK TYPFbIIaH MaHb3Abl (Amagliani et al., 2016; Wani et al., 2012).

Oneduerrepre moJay. Kazipri TaHza KopliaraH OpTaHbIH —IUIACTHKAJBIK
KaJIIBIKTapMEH JIaCTaHYbl QJIEMIK JCHIeHAeT] MaHbI3Abl SKOJIOTHSIIBIK MOCeeNepIin
OipiHe aifHanpl. MyHail HeTi3iHAET1 CHHTETHKAJIBIK IIOJIMMEPIIEPIiH TAOUFH OpTaia y3aK
YaKBbIT bLABIPaMaybl OJapIbIH KOpIIaFaH OpTara Kepi ocepiH KYIEeHTil, OMOBIABIPANTHIH
MarepuangapAbl o3ipieyre OarbITTalnFaH 3epTTEYNEpIiH KapKbIHIbl JaMmyblHa ceOern
6onapl. OcbiFad 0alIaHBICTBI KAHAPTHUIATHIH TAOWFU IIHKI3aT KO3epiHEH ajbIHAThIH
OuononuMepIiep HeTi31H/e SKOIOTHSUIIBIK Kayilci3 MaTepHasiap eHIipy FhIIBIMH JKOHE
MPAaKTUKAJIBIK TYPFBIIAH €PEKIIe O3eKTUTIKKE He.

Taburu MO CaxapuaTEePAiH imriHge Kpaxmai OMOBLABIPAFBIIUTHIFBL,
YKaHAPTBHUIATBIHABIFBI, OMONOTHSUIBIK KAYIICi3/iri, KeH Tapalybl JKoHE CalbICThIPMAIbI
TYpAE€ TOMEH KyHbl apKacblHOa OHOBIABIPAWTBHIH MaTepHajjap MeH KamnTaMa
MaTepuangapblH OHIIpyAe eH MepCleKTHBAbl HIMKi3aTTapAbIH 0ipl OOJBIN caHalIadbl.
KpaxmanaplH Qu3uKa-XUMUSUTBIK, KAacHETTEepl OHBIH alblHy Ke3iHe OaiaHbICTHI
©3TePeTIHIIKTCH, OPTYPJl OCIMIIK LIMKI3aThIHAH allbIHFaH KPaxMajIblH KYpPBUIbIMBI
MEH TEXHOJIOTHUSUIBIK KACUETTEPiH 3€PTTey FHUIBIMU KbI3BIFYILIBIIBIK TYABIPAIbL.

IK KATThI KaGar
it KpHCTAILIBT JKYMCAK Kabar
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3eprrey OapbicbiHOa KpaxMman ke3i perinne baiimaner kypimi meH IlaBionmap
OONBICBIHAA OCIPUITeH KapTol TaHAalgbl. bynm muWKi3aT TypJepiH TaHOayIblH
Heri3ri cebebi — omapawpiH Kaszakcran karmaiiblHAa KOJDKETIMAUIIT, OTaHIBIK
aybUl IApyallbUIBIFBl ©HIMAEPi OOJIybl KOHE KYpaMbIHIAFbl Kpaxmall MeJIICPiHiH
KOFapbl OomybIMeH OaiinanblcThl. COHBIMEH KaTap JKEepriliKTi IWKI3aTThl Maixanany
HUMIIOPTTHIK KpaxMall TypJepiHe TOYeNIiUIIKTI TOMEHETYTe KoHEe alMaKThIK arpapiiblK
pecypcTapabl THIMAIL Naligananyfa MyMKIiHAIK Oepenti.

XKyrepi kpaxManbl Ka3ipri yakpITTa OMOBIIBIPANTBIH TIOJIMMEpIIEp alny OarbIThIHIA
KEHIHEH KOJIaHBUIATBIH IIUKi3aTTap/blH Oipi O0onbIn TaObuIaAbl. JlereHMeH, FhUTIMU
onedueTTepIe KYyrepi KpaxMabl Heri3iHaeri OMomomMepiIik Marepuanaap OOWbIHIIA
3epTTeyiep CaHbl OTe KOl JKOHE OHBIH KaCHETTEP1 KaH-KaKThl KapacThIpblIFaH. OchlFaH
OalimaHBICTBl aTalFaH 3epITeyle >Kyrepi KpaxMalblH KoJJaHyJaH 0ac TapThUIBII,
OTaHJBIK MIMKI3aT Ke3AEpiHEeH aJbIHFaH KpaxMaJAaplblH KAacHETTEpiH 3epTreyre
OaceIMIBIK Oepinmi. By Tocinm ’kaHa FBUIBIMH HOTIDKENIEp allyFa >KOHE JKEPTriliKTi
©CIMIK IHKi3aThIHBIH NOTCHIUANIBIH Oaraayra MyMKIHJIIK Oepei.

Bunaii kpaxmasblHBIH KypaMblHAa KpaxMajiMeH Karap aKybI3[IbIK KOMIIOHEHTTED,
ocipece miroTeH (pakumsIapsl Ke3zmecedi. byn KocwuibicTap Kpaxmalabl Ta3apTy
MPOILECIH KYPAEICHAIPIN, aJbIHATHIH MOJIMMEPIIK MaTepHajIblH OipKeIKi KYpbUIBIM
TY3yiHE JKOHE MeIAip Maepuall KalbINTacThIpy KaOineTiHe Kepi ocep eTyi MYMKiH.
ConbiMeH Karap Oujaii HeTI3iHIEri MIUKI3aTThl MaljanaHy Ke3iHAe aKybI3/Ibl
KocrnanapAbl TOIBIK KO0 KOCBIMIIIA TEXHOJIOTHSUIBIK CaThlIap/Abl Tauam eTe/li.

Mannoxk (Tanroka) KpaxMalibl JKOFaphbl Ta3aJIbIFBIMEH KOHE )KaKChl MaTepHal Ty3y1li
KacueTiMeH epekuleleHreHiMer, Kasakcran xarmaiipiHaa Oyl JakbUl KeH KeJeMzae
OHJIIPIIMEH/II JKOHE HETi3iHEH UMIIOPTTHIK MIMKi3aT Oouibin TaObuiafbl. COHIBIKTAH
3eprTey OapbIChIHOA JKEPTIMIKTI aybUl MIApyallbUIBIFBl OHIMICPIHEH alIbIHATHIH
Kpaxmall TypiepiHne 6aceIMIBIK Oepinnai. Apra )koHe iHXKy apna (IepiioBKa) Heri3iHaeri
KpaxMmalgapael KONJaHy MYMKIHIITT Je KapacThIpbUIgbl. Anaiiga TaxipuOenik
3eprTeyiaep OapbIChIHAa OYIT IIMKi3aTTapAaH ajlbIHFaH KpaxMall Heri3iHer KyhHenepain
Meuip, OipTeKkTi Ty3y KaOineTi TeMeH eKeHIri Oaukamabl. [loH KypaMbIHIaFrbl
aKybI3/IbIK JKOHE TaJIIBIKTBI KOMIOHEHTTEPAIH KOFapbl OOMybl aJbIHFaH MOJMMEPIIiK
KOMIIO3HUIUSIHBIH KYPBUIBIMABIK KACHETTEPiHE acep eTTi.

Kypim kpaxmamnbl ycak TYHIpLIIKTI KYpPBUIBIMBIMEH, KOFapbl Ta3aJIbIFBIMEH JKOHE
KAKChl  TY3ylIl KacWeTIMEeH epekiueleHeli. byn kKacueTtep OHBI OHOBIABIPANTHIH
Marepuangap ajay YIIiH MepCrneKTHBAIbl MIMKI3aT PeTiHAe TaHaayFa MYMKIHAIK Oepai.
AN KapTon KpaxMalibl >KOFapbl iCiHy KaOijeTiMeH, aMWJIONEKTUH MOJIIEepiHiH Kol
00JTyBIMEH JKOHE KaKChI OaiIaHBICTHIPFBILI KacHeTIMEH cunartanaabl. OChl ki Kpaxmall
TYPIiH CaJIBICTBIpa 3€pTTEy apKbUIbl OCIMIIK IIUKi3aTHIHBIH TaOUFATHIHBIH aJIbIHATHIH
OMOBIABIPANTEIH TOMUMEPAIH KYPBUIBIMBL MEH (HU3UKa-MEXaHHUKAJIbIK KacHETTepiHe
ocepiH aHbIKTayFa MYMKiHAIK Tyansl (Verma and Srivastav, 2022; Rashwan et al.,
2024; Bioprocessing of rice starch, 2026). 3epTTey KYMBICHIHBIH FHUTBIMHU KaHAJBIFbI
— Kazakcranna ecipinren baiiganer xypimi men IlaBnogap eHipiniH «lama» copTTbl
KapTOOBIHAH aJIbIHFaH KpaxMaJlIblH KYPBUIBIMABIK €PEKIIEeNiKTepiH HWHPPAKBI3BUT
cnekrpockonusi (MK) omiciMen 3epTrey, onapAblH OWOBIIBIPAWTBIH MaTepHasiap
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OHJIpYre >KapaMAbUIBIFBIH Oaraniay >KOHE OTaHIBIK ©CIMAIK IIMKI3aThIH HaigaiaHy
MYMKIHITIH HeTi3/1ey OOJIbIT TaObLIa b,

3eprreynin Makcarel — baimansr kypimi men IlaBinomap eHipiniH «['amax»
COPTTBHl KapTOOBIHAH KpaxMal ajly TEXHOJOTHUSICHIH 3epTTey, ajbIHFAaH KpaxMajJbIH
KYPBUTBIMABIK KACHETTEPiH aHBIKTAY KOHE OHbI OMOBIABIPAUTHIH MaTepualaap oHIipy
TEXHOJIOTHACBIHAA KOJAaHy MYMKIHZIriH Oaranay.

Marepuajgap MeH 3epTTey daicTepi

3eprrey Hblcanbl perinae Kazakcranaa ecipinren baiinans kypimi sxone [laBnonap
eHipiHAe eHAipineTiH «lama» copTThl KapToOBbl mMaimadaHbUIAbl. byn mmkizar
TypJepi KypaMbIHJaFbl KpaXMajl MeJIIEPiHIH JKOFapbl OOJYbI, KOJDKETIMILIIT KoHE
OMOBLABIPANTEIH MONMMEPIIIK MaTepuanaap eHIIpyre >KapaMIbUIbIFbIHA OaliIaHbICThI
TaHaJJIbl.

Kapronrsl KeTRizy

KapTonTel caKkTay

Tactap
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-ﬂ: -
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— Kapron

KpaxMarbl

Cyper 3 — Kapromn kpaxMallbIH aTyIbIH TEXCXEMaCh

Kapron kpaxmanblH 6HJIpy TEXHOJOTHACHL OipHelmle HeTi3ri Ke3eHIepaeH
Typazabl. OHJipic mpoleci ajnabIMEH KapTONThl KaObUIAAy J>KOHE cakray OesiMiHeH
Oacrananpl. Kaprom apHaiibl )Kyy CTaHIMsIapbIH/A TONBIPAKTaH, KYMHaH, TacTapJaH
KOHE OCIMIIK KaJJIBIKTapbIHAH Ta3apThUIaAbl. Ta3apThUIFaH KapTON KEeWiH ycakTay
Ke3eHiHe KiOepinesni. ¥cakray OapbIChIHA KapTOIl yKacyIialapbl OY3BUIBIN, Kpaxmall
TyHipirikTepi Oocarburafpl. Y caKTalFaH KapTOIl MacCachl KapTOIl IIBIPBIHBIH OOy
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Ke3eHiHe eTeni. bynm mpouecc nekaHTepnik HeHTpudyragap KeMeriMeH >KYpri3iuiim,
KYpaMbIH/Ia aKybI31ap MEH epireH 3arTapbl 0ap KapToIl MIBIPBIHBI KPaxMal-TaJIbIKThI
KOCHaJlaH aKbIpaThlia bl. bemiHreH KapTomn MIBIPBIHBI KeHiH aKybI3Abl OHJeY OaFbIThIHA
xibepineni.

Keneci kezeHme kpaxmal MeH TaJIUBIKTBI OOy JKy3ere achlpbulafbl. ApHaubl
alfHaJIMaJbl JKOHE JIOFa TOPI3Jl €JEeKTep apKbUIbl ipi TANIIBIK OeiiekTepi OemiHin
anblHaAbl. bemiHreH TalbIK CyChI3NAHIBIPBUIBIN, KOCBIMIIA ©HIM peTiHae
naiaanaHbLIanbl. Al KYypamblHa Kpaxmai 0ap CycIieH3us 9pi Kapal *KiKTey Mmpolecine
xibepineni. Kpaxmanapl xkikrey Ke3iHae neHTpuyraablk KOHABIPFbUIAP KOJAaHbLIbI,
Kpaxmall TYHIpIIIKTepi TalIIbIKTapIaH »oHe Oacka KocmalapAaH aKblpaTbUIafbl.
TazapTbuiran Kpaxmajl CyCIEH3USICHl THAPOLMKIOHIBl Kpaxmall Ta3apTy KyheciHe
Tyceni. by ke3enae kpaxman GipHelle caTblIbl )KYY apKbUIbl aKybI3apiaH, TyY3aapAaH,
KaHTTap[aH oHe 0acka J1a epireH KocnaaapAaH Ta3apTbUlaibl.

CoHFBI Ke3CHJIe Ta3apThUIFaH KpaxMall KenTipy mporeciHeH ereni. Hotmxkecinne
BUTFAJIIBIIBIFBI TOMEH, KOFaphl camajibl KapToll KpaxMaisl ajubiHaael. COHBIMEH Karap
OH/IIpiCc OapBICHIH/IA AJBIHFAH TAJIIBIK [IEH aKybI3 CUSKThHI KOCHIMILIA OHIMICPA1 THIM/IL
naianany TEXHOJOTHSHBIH SKOHOMHUKAIIBIK THIMUTITTH apTTBIPBIT, KAJIJBIK MOJIIIEPIH
azaiityra MymMKiHzik 6epeni (Zhang et al., 2024; Velasquez-Barreto et al., 2026).

3eprrey xyMmbichl M. Oye3oB arbiHAarbl OHTYCTiK Kas3akcTaH yHUBEpCHTETIHIH
3epPTXaHacChIHAA JKYPTi3iiadi. AJFamKkel Ke3eHJAe Kypilll MeH KapToll MEXaHHKAaJBIK
KocrnajnapAaH Ta3apThUIBIN, >KYbUIBIN, KenTipinai. Kaprom kaObIFbIHAH apIbLIbIM,
YCaKTalblll, CyMEH apajacThIpbULAbl. AJIBIHFaH Macca OipHemre KadaT JoKe apKbLIbI
cy3inai. Cy3inai Oenrini yakeIT TYHIBIPBUIBIIN, TYHOAaIaFbl Kpaxmail OeiHiIl ajJbIH/bL.
TynOa OipHerie peT TUCTUIIICHIeH CyMeH XKybLIbI, 40—45 °C Ttemneparypaja TYpaKThl
Maccara Jeiiin kentipuai. OcblFaH ykcac oJiictieH baiaanel KypillliHeH J1e Kpaxmall
OeJiHIN anbIHIBL. AJBIHFAH KYpPFaK Kpaxmal YHTaKTalblll, T€PMETHKAIBIK BIABICTA
CaKTaJabl.

Cyper 5 — IlaBnonap eHipinae eHIipineTiH «I'ana» copTThl KapTOOBIHAH KapTOIl KPaXMAJIbIH alry
carblIapbl

194



Volume 3, Number 468 (2026)

Bacrankbl mmMKi3aT 3epTXaHara IKETKI3UITCHHEH KeHiH Oerme KocmaiapiaH
Ta3apThUIbII, CYMEH XYBUIIBL 3epTTey OapbIChIHAAFbI KAyIICi3IiK Iapazapbl eCKepiim,
QJIBIHFaH KPaxMaJJblH LIBIFBIMBI OAacTamKpl LIMKi3aT MaccachblHa >KOHE KYPFaK 3aTKa
LIaKKaHJaFbl KOPCETKIITep OOMBIHIIA €CenTeN .

KypilmriH pUIFangpUIbIFbIH aHBIKTAY 9aicTeMenik typrbiiadn [OCT ISO 712-2015
«3epHO W 3epHOBBIE TPOAYKTHL. OmpeneneHue coiepkaHusi Biaard. KOHTpONbHBIN
METO/) TaJlanTapblHa cail HeTi3aemni.

Kaprom eniminiH cananbik kepceTkinrin Oaranay ke3inae 'OCT 7194-81 «Kaprodens
cBexxuil. [IpaBuia mnpuUeMKH M METOAbl ONpelesieHHs KadecTBa» CTaHAaPThIHBIH
TajanTapbl €CKepii.

3eprTeyae 6acTankel MUKI3aTThIH bUFAIIBUTBIFBL «baliganeyy kypimi yiria 12,0%,
an «["ana» coptthl kapron yuriH 78,0% TeH Oonbl.

OpOip muKizar TypiHeH 1 kr Memuepinae yiri anbiHasl. Kypin anapH ana cymex
XKYBUIBII, YCAKTaJIbl. ¥ CaKTaJFaH MIMKi3aThKa Cy KOCHUIBII, CYyCICH3MS JalbIHIaNIbI.
AJBIHFaH Macca JI9Ke apKbLIbl CY3iIIi.

Kaprom xypiibin, KaObIFbIHAH Ta3apThUIFAHHAH KEHiH CyMeH apanacThIPbULABL.
AJNBIHFaH CYCIIEH3USl JoKe apKpUibl cy3ingi. CysiHminep Oenrisi yakplT apajibIFbIHIA
TYHJBIPBUIBII, KpaxMaJl TYHOACh! OOIIiHIN aIbIHIbI.

Kpaxman tynGacel 6ipHele peT CyMeH 5KybUIBII, epiril KocnanapJaH Ta3apTbULabL.
Counrbl kpaxman TyHOacs! 40—45 °C temneparypaja TypakThl Maccara JeiiH KeTipiiai.
KenripinreH oHIM aHAJWTHKAJBIK Tapas3blia OJIICHIN, KpaXMalgblH MHIBIFbIMBI
ecenTemni.

Kpaxmanapiy OacTamkbl IIMKi3aT MaccachblHa KaTBICTHI IIBIFBIM Kelneci dopmyna
OOMbBIHILIA AHBIKTAJIIBL:

n = (mi/mo) x 100% (1)

MYHJIaFbl:

1 — KpaXMaJJIbIH IIBIFBIMBL, %;

m; — KeNTIPUITeHHEH KeWiH aJlbIHFaH KpaxMaJl Maccachl, T;
Mo — 0acTanKeI MIKUKI3aT Maccackl, I.

[InKi3aTThIH BUFAJIBIIBIFBIH €CKEPY YILIIH KYPFaK 3aT Maccachl keleci hopmyna
OOMBIHIIIA €CEITEN/1:

m_ =mo X (1-B1/100) (2)

K.

MYHJIaFbl:

m - OacTarnKbl MIUKI3aTTaFbl KYPFaK 3aT MacCachl, T
W — GacTankpl MIHKI3aT bUIFAIIBUIBIFEL, %0.

Kyprak 3aTka makkaH1arbl Kpaxmail HIBIFBIM:

N, = (M|/Mm) % 100% (3)
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Toxipubenep ywm mnapamienb aHbBIKTamMaza >KYPri3ilin, HOTWXKENep oprara
apu(MeTHUKAIbIK MOH + CTaHAApPTTHI aybITKy (M+SD) Typinze Oepinmi.

Kpaxman yarinepiniH KypbUIBIMIBIK €peKIIeNiKTepi HHPPaKbI3bUT CIIEKTPOCKOIHS
(FTIR) omicimen 3eptrenmi. Tanmay OapbIChiHIA YATiIAEpAIH WHPPAKBI3BUI KYTBHLTY
crnekrpaepi tipkenin, ruapokcua (—OH), metunen (~CH), kemiprexk—otTek (C—O) xoHe
k03U ATIK (C—O—C) GalinanbicTapFa TOH JKYTBUTY JKONAKTaphl aHBIKTANbI. AJBIHFaH
HOTHIKEJIep KOMMEPUMSUIBIK Kpaxmall YATUIepiHiH CHEeKTpiepiMEH CabICTBIPBUIBII,
OJIapJbIH KYPBUIBIMJIBIK YKCACTBIFBl MEH aiibIpMalIbUIBIKTaphl OaraiaHIbl.

3eprrey OapbIChIHAA KpaxMmal IIBIFBIMBI TOKIPUOETIK KOJIMEH aHBIKTAIBL Opoip
LIMKI3aT TYpIHEH allbIHFAaH KYpPFAaK KpaxMaiablH Maccachl OJIIeHiN, OacTanKbl MIHMKi3aT
MaccachlHa KaThICThI TAHBI3IBIK IBIFBIMBI ecenTerai. COHbIMEH Karap aJlbIHFaH KpaXMaJlJIbIH
OMOBIIBIPANTBIH MaTeprasaap eHAIpyTe KapamMIbUIbIFbl KYPhUIBIMIBIK Tallidy HOTHKENIEpl
Heri3igae Oarananas! (Verma and Srivastav, 2022; Rashwan et al., 2024).

3epTTEy HITHIKEIEPi sKIHE TAIKbLIAY

Kpaxman mbiFbIMBIH aHbIKTay. «baiinanby KypimriHiH 0acTankbl BUIFAIIbUIBIFBL
12,0% OonraH sxarmaiifa 1 Kr MIMKI3aTTaFel KYPFaK 3aT MOJIIIEpi:

1000 x (1 -0,12) =880 .
Y mapaiens TOKIpUOCHIH HOTHIKECIHC allbIHFaH KYPFaK KpaxMallblH OpTaiia
maccachl 770+£8 T Goab.

EaCTaHKLI [INUKI3aT MaccachlHa KaTbICThI KpaxMaJl IbIFbIMbI:

n =770/1000 x 100 = 77,0+0,8%.
Kyprak 3aTka makKaH/aFbl IIBIFbIM:

n,., = 770/880 x 100 = 87,5%.

«l"ama» copTThl KapTONTHIH OacTamnkel bUIFAIABUIBIFBL 78,0% OonraH ke3ge 1 kr
IIUKI3aTTaFbl KYPFaK 3aT MOJIIIEPi:

1000 x (1 -0,78)=220r.

Y11 mapaiens ToKipuOese alblHFaH KYPFaK KpaxMaliJblH opTaiia maccacel 17045
T OO

Bacrankp! mmkizat MaccachliHa KaThICThI KpaXMaJl IIbIFBIM:
n=170/1000 x 100 = 17,0+0,5%.
Kyprak 3aTka IIaKKaHIaFbl IIBIFbIM:

N, = 170/220 x 100 = 77,3%.
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Kecre 1 — «baitnansy kypimni MeH «I'ana» copTThl KapTOObIHAH KpaxMall ajly HOTHXKeNepi

Kepcerkim «baiigaab Kypimi «ama» kapToObI
Bacrankesl mukizat Maccacsl, T 1000 1000
Bacranke! sUTFaIabuIBIK, %0 12,0 78,0
Kyprak 3at Maccacsl, r 880 220
1 - Toxipuoe, T 762 165
2 - Toxipuode, T 775 175
3 - Toxipube, T 773 170
AJBIHFaH KYpFaK Kpaxmal, T 770+8 170+5
IlIukizar MaccacblHa KaTbICTHI WLFLIM, % | 77,0+0,8 17,0+0,5
Kyprak 3aTka mrakKaHmarsl IIBIFBIM, %o 87,5 77,3
[Mapamnnens Toxipubenep caHbl, n 3 3

Kyprak 3atka kaiita ecenterenne «baiimamery xypimi ymia 87,5%, am «[ama»
KapToOb! yiIiH 77,3% kepceTkimt aHpIKTaabl. Kyprak 3aTka KaifTa ecenTenrer Kpaxma
MIBIFBIMBI OKCTPAKIHS TPOIECIHIH THIMAUIITIH CHIIATTANABI KoHe 0acTanKbl MHAKi3aT
KYpaMBIHIaFbI KPaXMaJIIbIH TCOPHSUTBIK MOJIIIIepiMEH TiKeIeH TeHeCTipimMeii.

3eprrey OapoickiHma baidmansr kypimn MeH IlaBiaomap eHipiniH «l'ama» COpPTTHI
KapTOOBIHAH KpaxMaJs ajly TeXHOJIOTHSICHI TOXKIpHOESTiK KaFmaiaa Ky3ere achIpbUTHIII,
aJBIHFAH OHIMACPIIH IIBIFBIMBI AHBIKTAIABL. 3epTTEY HOTIDKENepi OoupiHIma 1 KT
«l"ama» coptTsl kKapToObiHaH 170 T Kyprak kpaxmai, an 1 kr baitmamsr kypimmianes 770 T
KYpFaK KpaxmMaJ aJIbIH/IbI. AJTBIHFAH HOTIDKEIEp MaiJamaHbUIFaH ©CIMIIK IHKI3aThIHBIH
OMOJIOTHSIIBIK SPEKINCTIKTEpiHEe COlKkec Kelemi koHe baimambl KypimmiHiH Kpaxmai
Memepi xorapsl ekeHiH kepcerTi (GOST 7698-93, 1994; GOST 29144-91, 1992;
Amagliani et al., 2016; Wani et al., 2012).

ATNBIHFAH KpaxMayl YIATIIEPiHIH KYPBUIBIMABIK —epeKIIeikrepi WH(GPaKbI3bUT
crektpockorus (FTIR) omicimen 3eprrenmi. HK-cmekrpiepne 3200-3400 cm!
apaJIBIFBIHAA TUAPOKCHI TonTapbiHa (—OH) ToH KeH KYTBUTY JKOJIaFel OaitKaasl, OV
KpaxMaa MOJEKyJalapblHAaFel MOJICKYTaapadblK >KOHE MOJCKYTAINIUIIK CYTEKTIK
OaitmanpIcTapaAbIH 00MyBIH nonenaeiimi. ConbiMen katap 2920-2930 cm! aiimarbrHza
amudarteik C—H OaiimaHpIcTapblHA TOH JKYTBUTY JKOJIAKTAphl aHBIKTAIIBL. 1640—
1650 cm!' nmama3oHBIHAA aACOPONMSUIAHFAH Cy MOJCKyJIalapblHA TOH JKYTBLTY
Oaitkanca, 1000—1150 cM ! apaibIFbIHIA TTIMKO3UATIK OaiTaHBICTap MEH TOJTUCaXapHu
kypeutbiMBIHA ToH C—O ko C—O-C (QyHKIHOHAIABIK TONTAPBIHBIH KapKBIHIIBI
JKYTBUTY JKOJIAaKTapbl TipKemi. bysr HOTwkenep anplHFaH OHIMHIH TaOWFU Kpaxmai
KYPBUTBIMBIH CaKTaFaHbIH KOPCETTI.

3epTXaHaIBIK KOJIMEH aJbIHFaH KpaxMall YITIICPiHiH CIIEKTPIepi KOMMEPIIHSUTBIK
kpaxmaabiH FTIR criekrpiepiMer cabICTRIPBUTABI. CaBICTRIPY HOTHXKECIH/IE HET13T1
YKYTBUTY JKOJIAaKTAPBIHBIH OpPHATACYBl MEH KapKBIH IBUTBIFBIHBIH YKCACTHIFBI aHBIKTAJIIBI.
by KonmmaHbUTFaH KpaxMal alTy TeXHOJIOTHSICHIHBIH THIMIUTITIH KOHE aTbIHFaH OHIMHIH
KpaxMaifa ToH (QYHKIMOHAIABIK TONTAPIBIH CaKTAJIFaHBIH >XOHE KOMMEPITHSIIBIK
YATIMEH KYPBUIBIMIBIK CHEKTPIIK YKCACTBIKTHI KOPCETTi. AWBIPMAIIBUIBIKTAPABIH a3
OOJTyBI MIUKI3aTTHIH OOTAHWKAIBIK IIBIFY TETIMEH JKOHE KYpPaMBIHIAFBl aMIJI03a MCH
aAMUJIOTICKTHHHIH apaKaThIHACBIMEH TYCIHTIPITIe/Ti.
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Cyper 6 — I1aBnogap kapTOOBIHAH aJBIHFAH KapTOI KPaXMaJlbl
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Cyper 7 — Hapgikrarsl Omega crenuy KapToll KpaXMmaJibl

[MaBnomap eHipiHiH «['ana» cOpTThl KAPTOOBIHAH 3ePTXAHAIIBIK JKaFaiiia aJlbIHFaH
KpaxMallZblH KYPBUIBIMABIK epekiienikrepi uH@pakeibul crnekrpockonus (FTIR)
o/liciMeH 3epTTeN/li. AJBIHFAH CIEKTP TaOUFU MoucaxapuaTepre ToH QyHKIUOHAIIBIK
TONTAp/bIH CaKTaJFaHBIH KOPCETTI JKOHE KOMMEPUHMSUIBIK KapTOIll KpaXMaJbIHBIH
cnektpiMer canbsicThipbliabl (Cyper 6). 3eprxanansik yiarinig FTIR crexrpinge
3302 cm! afimarbiHa OaliKajdraH KeH YKOHE KAPKBIHABI JKYTHUTY YKOJIAFbI THAPOKCHIT
(—~OH) TonTtaphlHBIH BaJICHTTIK TepOeicTepiHe colikec Kenei. bys xoiak kpaxmai
MOJIeKyIaJIapbIHaFbl THAPOKCHIT TONITAPhI apaChIH/IA TY31JICTIH MOJICKYTaapajblK KOHEe
MOJICKYaIIIIiKCyTeKTiK OaiilaHbICTapIbIH 00Ty bIHKOpCceTe 1. MyH 1Al Ky ThLUTY )KOJIaF bl
aMHJI03a MEH aMUJIOTIGKTUHHEH TYPAaThIH Ta0UFH KpaxMayapra TOH HETi3Ti CIeKTPIIiK
Oenri Oombin Tadbuaabl. 2922 cM™! aliMarbIHIAFbI QJICI3 JKYTHUTY JKOJaFbl alu(aTThIK
keMipcyTek Tiz0ekrepinaeri C—H OaiinanbicTapbIHBIH BaJICHTTIK TEpOeTicTepiHe coiikec
KeJel JKOHE IVIIOKO3a KaJIIBIKTAPBIHBIH KYPBUIBIMIBIK EPeKIIeNiKTepiH pacTaibl.
1635 cm! aliMaFbIH/IA TIPKEJITEH XKYTHUTY KOJIAFbl OalJIaHBICKAH CY MOJIEKYJIaJIapbIHBIH
(H-O—H) nedopmanusuibik TepOericTepiMeH Tycinaipinesni. Kpaxmamaby ruipoduiibai
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TaburareiHa OaiaHbICTBl OYJI CHTHAN YIT1 KYpaMbIHAAFbl aJCcOpOLMsIaHfaH CYIbIH
OonybiH kepcereni xoHe KapOoHua (C=Q0) TonTapblHBIH Ty3iTyiMEeH OaliIaHBICTHI
emec. Criekrpain 1200-900 cM ! apanibIFbl KpaxMalAblH €H MaHbI3/Ibl TUArHOCTHKAIBIK
alimarel Oonbil TaObuIaAbl. byn nuamasonga 1149, 1076 xone 999 cm' MaHbIHIA
AMKBIH JKYTBUTY KoJakTapbl Oaiikanasl. Onap nonucaxapui KypbsulbiMbiHAarel C—O—C
IMKO3UATIK OaitnanbicTapel MeH C—O OaiinaHbICTapbIHBIH TepOericTepiHe coiikec
keneni. Oneduerrepae Oyl aiiMak KpaxMauIblH «caycak i3i» (fingerprint region)
peTine KapacThlpbuIaabl, ce0edi I91 OChl AUana3oH MoJucaxapuaATepAiH KYpbIIbIMBbIH
ceHimai Typue cunarraiiasl. CoHbiMeH kKarap 933 xone 860 cm ' alimMarbIHIAFbI
KYTBUTY KONAKTapsl o-1,4-TTUKO3MATIK OailmaHbICTapablH OOMyBIH KaHama TYpAe
pacraiipl, Oy aMHUI03a MEH aMHJIONIEKTHHHIH TaOUFH KYPBUIBIMBIHBIH CAaKTaJFaHbIH
kepceteni. 600-750 cm™' nuamazoHbIHIA OalKajdFaH oJICI3 JKOJNAKTap MOJMCcaxapuj
MOJIEKYJIaChIHbIH KYPBUIBIMIBIK 1e(OopMalUsIIBIK TepOeticTepine colkec Keleai KoHe
KpaxMallZbIH JKalIbl KYpbUIBIMIBIK €peKuIeNikTepin ToiblKTeipansl (BeMiller and
Whistler, 2022; Amagliani et al., 2016).

Hapsikrarsl kapron kpaxmanbeiHbliH FTIR criekTpinme ae 1oy oChIHAAM 3aHIBLUTBIK
Oaiikannael. 3300 cM' MaHBIHAAFbI KEH JKYTBUTY KOJaFrbl THAPOKCHI TONTAapBIHBIH
CYTeKTiK OaiinanbicTapbiH, 2922 cm' aiiMarbiHZarbl xonak amugarteik C—H
OaiimanpicTapeiH, an 1635 cM' aliMarbIHAArbl JKYTHUTY aJcOpPOLMsUIaHFaH CYIIBIH
nedopManusIbiK - TepoOericTepin cunarraiapl. CoHbiMeH Katap 1456-1338 cm!
nuana3oHblHAa OalikanraH xonakrap —CH sxone —OH TonTapbiHblH 1ehOpMalHsUIbIK
TepOericTepine colKec Keneal )KoHe MoIrcaxapy/] KYPhUIBIMBIH KOCBIMIIIA TQJIEIICH I
Kommeprusbik yarinig 1200-900 cm alimarsinaa opuanackan 1147, 1076 sxone 995
CM ! JKYTBLTY JKOJAaKTaphl 3ePTXaHAJBIK YATIHIH HOTHKEJIEPIMEH TOJIBIK COMKeC KeJlesi.
Byn xonmakrap o-1,4-mmuko3uarik Oaiinaneictap MeH cnupTTik C—O TomTapbIHBIH
TepOeNiCTepiH CHUMATTAlIbl JKOHE KpaxMalIblH aMHio3a MEH aMHJIONEKTHHHEH
TYpaThIH TaOUFU KYPBUIBIMBIH AQJIEIACHII.

Exi yarinig choekTpiepiH canbICTBIPY HOTHIKECIHAE KYTBUIY >KOJNaKTapbIHBIH
OpHajacybl MEH KapKbIHABUIBIFBl apachblHAa eNeyli aibIpMallbUIBIKTapAbIH KOK
eKkeHi aHbIKTanabl. CoHbIMEH Karap eki cnekrpae ne 1700 cm™ aiiMarbiHaa KapOOHUIT
(C=0) TonTapbiHa TOH KYThUTY KOIAKTapbIHbIH jkoHe 1500—1600 cM ' quama3oHbIHIA
apoMaTThl KOCBUIBICTapFa TOH KapKbIHIBl CUTHANJApAbIH OOJMaybl 3epTXaHajbIK
KaFaiaa ajJblHFaH KpaxMalAblH KypaMbIHIa O6TeH OpraHUKaNIbIK KOCIaJapAblH JKOK
eKeHiH KpaxMaJjFa ToH (PyHKIMOHAIIBIK TONTAP/IbIH CAKTaJIFaHbIH )KOHE KOMMEPIHSIIBIK
YJITiMEH KYPBUIBIMABIK CIIEKTPIIIK YKCACTHIKTBI KOPCETTI eKeHiH kepceTreni. Ocpuiaiima,
FTIR Ttanmayer IlaBnomap eHipiHiH «['ama» copTThl KapTOOBIHAH 3€pTXaHAJBIK
Karaiaa ajgblHFAH KpaxMajIblH KYPbUIBIMBI KOMMEPLMSUIBIK KapTON KpaxMallbIHbIH
KYpPBUTBIMBIMEH TOJBIK COHKEC KEJNeTiHIH KepceTTi. byn KomaaHbUIFaH Kpaxmal anmy
TEXHOJIOTUSCHIHBIH THIMIUITH JONEICH Il )KOHE allbIHFaH TAOWFU IOJIUCAXaPUJITIH
OMOBLABIPANTEIH MaTepuanaap OHIIpyle Heri3ri IMMKi3aT peTiHAe NalijganaHyra
KapamJibl €KeHIH FhUIBIME Typrbinad Herizaeiai (BeMiller and Whistler, 2022; Zhang
et al., 2024).
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3epTxaHaibIK )Kafaaiiia anbiHFaH Kypim kpaxmaisiHeIH HH(paxs3bul (FTIR) ciextpi
KOMMEPLHSIIBIK (CaTbUIBIMIAFbl) KYPIll KPaxMallbIHbIH CHEKTPIMEH CallbICTBIPBULIBL.
CriexTprepi canbICThIPY HOTHXKECIHE €Ki YATIHIH Ae TaOUFU NOoNHucaxapuaTepre ToH
HET13r1 PyHKIMOHAJIBIK TONITapAbl cakTaraHbl aHbIKTaNB! (Cyper §).

Exi yariHig coextpiik mpoduii e3apa JKOFaphl YKCACTBIK KOPCETTI JKoHE
HATUBTI KpaxMaJAblH HeTi3r1i KOMIOHEHTTepi — aMmiIo3a MEH aMWJIONEKTHUHIE TOH
(YHKIMOHAIIBIK TONTApAbIH CaKTalFaHblH Jonengeni. ChexTpiepae TOpT HErisri
KYThUTY aiiMarbl aHbIKTaael. 3600-3000 cM ™! nuama3oHbIHAA €Ki YaAriae e maMaMeH
3300-3350 cm' aiimarbIHIA KeH opi KapKbIHIBI JKYTBUTY >KoJjarbl Oaiikangbl. by
xonak ruapokcun (—OH) TonTapbIHBIH BaJIeHTTIK TepOemicTepiHe coiikec Keyeai
KOHE Kpaxmall MOJIeKyJaJlapbIHAaFbl MOJIEKYJIaapasblK opi MOJEKYNIAilliliK CyTEeKTiK
OalimaHbpICTapABIH TY31IETiIHIH KopceTeai. [ maApoKCH TonTapbIiHbIH MYHAANH KapKbIHbI
KYTBUTYBI TOJIMCaXapuATEpre TOH MAaHBI3Abl KYPBUIBIMIBIK Oeiri OOJbIn TaObuIadbl.
2950-2800 cm' npmamazoHbiHAa opHanackaH 2920-2926 cm ! xone 2850-2856
cM ' aliMakTapbIHAAFBl QJICI3 JKYTBUTY JKOJAaKTapbl anu@arTelk KypbuibiMaarsl C—H
OalimaHBICTApBIHBIH CUMMETPHSIIBIK JKOHE aCHMMETPHSUIBIK, BAJICHTTIK TepOernicTepine
coiikec kenenmi. Byn curHammap TIIOKONMUpaHO3a CAKMHACBIHAAFBI KOMipCYTEKTIiK
KaHKaHBIH CaKTalFaHblH Kepcereni. 1640-1645 cm ' alimareiHma OalikairaH
KYTBUTY JKOJNaFbl KpaxMalJIblH aMop(Thl KYpBUIBIMBIHAA aIcOpOLMsIIaHFaH Cy
Monekynanapbiabli H-O-H nedopmanusneik tepOenictepiMen OainmanbicTsl. by
CUTHall TaOMFU KpaxMaigapAblH OapiblFblHA TOH JKOHE OJapAblH THAPOQUIBII
KACHETiH CHIIATTaNbI.

[Nonucaxapuarepain KypbUIBIMBIH Oarasnayga epekme Manpizra ue 1200-900
cM ' 1uama3oHbl €Ki yirize Ae aikpiH Oadikangsl. byn aiimakra 1150, 1076 >xone
mamMamer 999 cM ' MaHBIHJAa KapKbIHIIBI JKYTHUTY Komakrapbl Tipkengi. Omap C-O-C
IMKO3UATIK OaitnanbicTapsl MeH C—O OalilaHBICTapBIHBIH BaJCHTTIK TepOeicTepine
colikec Keneni jKoHe oneOmerTepie KpaxMalablH «caycak i3i» (fingerprint region)
peTiHAe cumaTTanaThlH KYPBUIBIMIABIK aliMaKka jkaraibl. ATalifaH CHIHAJAAPIbIH
OoJIybl 3€pTTENIeH YATUIEpIiH MOJIMCAaXapuATIK TaOWFAaTBIH >KOHE aMMiIo3a MEH
AMMJIONIEKTHHHIH KYPBUIBIMJIBIK TYTAaCTBIFBIH pacTaiiasl (Amagliani et al., 2016; Wani
etal., 2012).
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3epTxXaHanblK KOHE HAPBIKTAFbl YITUIEPIiH CIEKTPJEepiH CaIbICTBIPY OJapAbIH
HETi3ri (YHKUMOHAIABIK TONTAPBIHBIH OpHAIAaCybl MEH KYTBbUIY KapKbIHIBUIBIFBI
JKaFblHaH KOFapbl JICHIele ColiKec KeNeTiHiH KepceTTi. bysl 3epTxaHanblk oficneH
QIBIHFaH KPaxMaJblH KYPBUIBIMIBIK KacHeTTepi OOMBIHIIA KOMMEPLHSIIBIK HATHUBTI
KpaxMmallFa >KaKplH €KEHIH >KOHE KOJJAHBUIFaH SKCTPAKUMsIIAy TEXHOJIOTHSICHIHBIH
THIMIUTITIH JoIeaeH .

ConbiMeH Oipre 3epTXaHaNbIK YATiAE HEri3ri MIMKO3MATIK OalIaHBICTBIH JKYTHLTY
JKoJarbiHBIH 999 cm'-gen 979 cm! alimarbiHa a3gan BIFBICYB ckoHEe 3300 cm™
MaHBIHJIAFbl THAPOKCHJ TOINTAapblHA TOH JKYTHUTY JKOJIAFbIHBIH TMILIiHIHIH e3repyi
Oaiikannel. byn aliblpMalnbUIbIKTap KpaxMalAblH —KYPBUIBIMIBIK TaOMFaThIHBIH
@3repreHil eMec, OHBIH OHJeYy IpoLeciHae (YcaKTay, KeNTipy HeMece TePMUSUTBIK OHIeY
Ke31HJIe) MOJIeKylaapasblK CYTeKTiK OalaHbICTapAbIH KaiiTa yibIMAAaCybIMEH HEMece
YATUIepAiH BUFANABUIBIK ASPEKECIHIH OpTYpii OomybiMeH TyciHIipineni. MyHnai
CHEKTPIIK ©3repicTep KpaxMall[blH IOJHCAXapHATIK KYpBUIBIMBIH Oy30aibl >KoHE
OMOBLABIPANTEIH MaTepUangap OHAIpY Ke3iHAe TEXHOIOTHSUIBIK OHICYAIH HOTHKECIHAe
M1 Ke37eCeTiH KYObUIbIC OOJBIN TaObLIa bl

AJBIHFaH HOTIDKENIEP JKePIiTiKTi aybUTIapyallbUIblK IIAKI3aThIH THIMII ©HACY
apKbUIBI KpaxMasl ajy MYMKIHZIriH Kepcereai. baiimanbl KypilliHeH KpaxMaiIbIH
YKOFapbl OHIMILTIr Oy MWKI3aTThIH KpaxMall eHIIpici YIIIH NepCHeKTUBaNIbl eKEeHIH
nonenaerai. Kapronran ajgsiHFaH Kpaxman Mesiiepi a3 6onfaHblHa KapaMacTaH, OHbIH
TaOWFH KacHeTTepi, COHBIH ilIiHAE >KOFaphl iCiHY KaOuieTi MeH OaillaHBICTHIPYIIBI
KAacHUeTTepi TEXHOJOTUSUIBIK TYPFBIAAH MAaHbI3ABL. AJIBIHFAH Kpaxmall YATUIepiH
oflaH api (U3UKAIBIK JKOHE XUMUSUIBIK MOAU(UKALMSIAY ONapAblH (QYHKIHOHAIIBIK
KacHeTTEepiH JKaKcapTyFa MYMKIHAIK Oepeni. 3eprrey HoTmkenepi Kasakcranma
KEPriTIKTI IIUKI3aTThl TepeH OHJEYy, MMIIOPTTHIK KpaxMmaliFa TOyeJIUTIKTI a3airty
KOHE TaOWFM MOJMMEpJIepre HeTi3AeNreH 3KOJOTHsIIBIK Ta3a MaTepualiap eHAIpiCiH
JaMbITy YIIiH TpakTukaiblk MaHeifa we. FTIR Tanmmayel 3eprTxaHanblK >karmaiia
QIbIHFaH KYpill KpaxMaJIbIHBIH TaOWFU TONMCAXapUATIK KYPBUIBIMBI CaKTaJIFaHbIH
JKOHE OHBIH KYPBUIBIMIIBIK CHIAaTTaMajiapbl KOMMEPLUHMSUIBIK KYpilll KpaxmajblHa
KOFapbl J9peiKede COMKeC KeJeTiHIH KOpceTTi. AJIBIHFaH HOTHIKENEp YCBHIHBUIFaH
Kpaxmall ajly TeXHOJOTUSIChIHBIH TUIMJUIITIH JONIEIISHIl ®KoHe 3epTXaHAIbIK YITiHIH
OMOBLABIPANTEIH MaTepuaigap OHIIpyre Kapam/ibl IMKi3aT eKeHiH FBUIBIMU TYPFbIAAH
HeT13aen .

KopbIThIHABI

3eprrey HoTmxkecinae baiinaner kypimi meH [laBnomap eHipinge ecipinren «['ama»
COPTTHI KapTOOBIHAH KpaxMaJl bUIFaJIbl SKCTPAKLUs 9ICIMEH OOiHIN albIHABL. YIII
napaens ToxKipuoeHiH HoTmwkecinne 1 kr baiinans: kypiminen 770+8 r, an 1 xr «ana»
KapToObIiHaH 17045 r KypFrak Kpaxmal allbIH/bl. bacTankpl MKi3aTThIH bUTFaJ1IbLIbIFbIH
ecKepe OTBIPBII, KpaxMall IIBIFBIMBI KYPFaK 3aTKa MIakKaHaa coikecinme 87,5% xoHe
77,3% xypanbl.

FTIR cmekTpockonus HOTHXKeNepi 3epTXaHalblK >Kardai[a ajblHFaH Kpaxmal
yarinepinae —OH, C—H, C-O sxone C-O—-C OaiinaHpicTapblHa TOH HEri3ri JKYTHUTY
JKOJIAKTapbIHBIH CaKTaJIFaHbIH KOPCETTi. 3epTXaHANbIK XOHE HApPBIKTaFrbl Kpaxmal
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YIATUIepiHiH CHEKTPIiK NpoQWIACPiHIH YKCACTBIFbI aJbIHFaH OHIMIEPAiIH Heri3ri
MOJMCAXapUATIK KYPBUIBIMBIHBIH CaKTaJIFaHbIH PacTabl.

Conbimen katap FTIR HoTmkenepi kpaxmaiIbiH aOCOMOTTIK XUMUSIIBIK Ta3aJIbIFbIH
TOJNBIK Oarajayra >KETKUTIKCI3 eKeHi eckepiiai. KpaxmanaplH Ta3alblK IopekKeciH,
aMHJI03a MOJIIIEpPiH, iCiHy KaOileTiH, epirilTirin »xoHe Oacka na (YHKIHUOHAIIBIK
KAaCHETTEPiH TOJBIK CUIATTAy YIIIH KOCHIMIIA (PU3HKA-XUMHSIIBIK 3€PTTEYIEp KaXkKeT.

Anbiaran HoTwKenep baiinansl kypimi men IlaBnomap eHipiHiH «[ama» copTThl
KapTOOBIH Kpaxmall aly[blH J>KepriuliKTi MIMKi3aT Ke3depi peTiHae MaiaaiaHyablH
MEPCHEKTUBANBUIBIFBIH KOPCETTi. AJIBIHFAH Kpaxmall YJTiiepi Kpaxmanl Heri3iHueri
OMOBIABIPANTEIH MaTepuaniap, COHBIH IIIiHAE MJICHKAJIBIK MaTepuanigap ajy YIIiH
MEPCIEKTUBANIbI MAaTPULIAIBIK KOMIIOHEHTTED PETiHe KapacThIPbUTYbl MYMKIH. AJaiiga
JaibIH TICHKAJIapAblH MEXaHUKAIIBIK, CYFa TO3IMILIIK, TEPMUSIIBIK JKOHE OUOBIIBIpay
KacueTTepiH Oarajay Kejieci 3epTTey Ke3eHiH e KYPrisiiyi THic.

Ocputaiiina, 3eprrey KasakcTanga ecipileTiH aybll IIapyallbUIBIFBI IIUKi3aThIH
TepeH OHJIEY KOHE JKEPrUTIKTI Kpaxmall HeTi31Her1 SKOJOTHAJIBIK Ta3a MaTepruaaapibl
o3ipJey YILIiH FBUIBIMH HETi3 KalbIITACTHIPAIbI.
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Abstract. Helianthus tuberosus is a relatively environmentally safe plant due to
its ability to accumulate certain heavy metal salts, nitrates, and radioactive isotopes in
smaller quantities than other plants. Most of the high-molecular-weight carbohydrates
in this plant are pectin substances. Pectin substances help regulate digestive processes
and promote digestive tract health. The biochemical composition of Jerusalem artichoke
enhances its value as an industrial crop. This is because Jerusalem artichoke is a
primary source of nutrients and physiologically active substances, including vitamins,
macronutrients, micronutrients, amino acids, polyunsaturated fatty acids, carbohydrates,
organic acids, bioflavonoids, phytoncides, and other biologically active compounds The
value of Jerusalem artichoke lies in the fact that its lipid fraction is dominated by saturated
and monounsaturated fatty acids. Current research in the fields of phytochemistry and
pharmacognosy is focused on studying the content of higher fatty acids (HFAs) in
Helianthus tuberosus plant tissues. As the primary structural components of cellular
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lipids, fatty acids ensure the structural integrity of biological membranes—that is,
energy stabilization, intercellular signaling, and the regulation of metabolic processes;
they possess antioxidant properties and anti-inflammatory effects; and they also reduce
the risk of developing cardiovascular diseases. It is found in plant tissues in the form of
triacylglycerides, phospholipids, and wax. Analyzing a plant’s fatty acid composition
helps increase its value. This article describes the results of a study on fatty acids in
Jerusalem artichoke flowers. Jerusalem artichoke flowers collected in the Medeu
mountainous region of Almaty were used as the subject of the study. The fatty acids in
the Jerusalem artichoke flowers were analyzed using gas chromatography. The content
of higher fatty acids was determined using a “JMS-Q1600GS” gas chromatograph-mass
spectrometer manufactured by “JEOL” (Japan). According to the chromatographic data,
12 fatty acids are present in Jerusalem artichoke flowers.
Keywords: Helianthus tuberosus, palmitic acid, myristic acid, caproic acid
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Annoramusa. TommuamOyp (Helianthus tuberosus) Oacka eciMiikTepmeH
CaJIBICTBIPFaH/1a ay bIP METAIUI TY3/IapPbIH, HUTPATTAP/ bl ’KOHE PAINOAKTHBTI U30TOITAP/IBI
a3 Melep/e XKMHAKTay KaOiuneTiHe OalIaHBICTBI AKOJOTHSIIBIK TYPFBIIAH Kayirci3
eciMIIiK OOJIBIN TaObLIaAbl. Byl ©CiMIIKTIH MKOFapbhl MOJICKYJIAIBIK KOMipCyIapbIHBIH
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OaceIM OeIIiriH MeKTUHAL 3aTTap Kypaiael. IlekTuHai 3aTTap ac KOphITy MpolecTepin
perTeyre oHEe ac KOPBITY KOJAAPBIHBIH KaJIBINTHl KBI3METIH CaKTayFa BIKIAN eTeli.
TonmmHaMOypAbIH OHMOXHMMUSUTBIK KYpaMbl OHBIH TEXHHMKAJbIK [JaKbUI peTiHIeri
MaHbBI3bIH apTThipagbl. Cebebdi Oysl Jakpul JopyMEHAEpre, MakKpOdJIEMEHTTEpTe,
MHUKPORJIEMEHTTEPre, aMMHKBIIIKBIIIAPbIHA, KO KaHbIKIaraH Mail KbIIIKbUIJApbIHA,
KeMipcynapra, OpTraHUKaJbIK KbIIKbUIAAPFa, OunodnaBoHOMATapFa, (UTOHLUATEPIE
XoHe OacKa 1a OMoJIOTHUsIIBIK OeNICeHTi KOChUIBICTapFa 0ail KOPEKTiK opi PU3HOTOTHSITBIK
Oesicenai 3aTTapablH MaHbI3ABI KO31 O0ombIl Tadbu1aabl. TonmnHaMOYpIbIH KYHIBUIBIFBI
OHBIH JUNHUATIK (PAaKUMACBIHBIH KYpaMbIHAAa KaHBIKKAH JXOHE KON KaHBIKIaraH
Mail KBILIKBUIAAPBIHBIH OacblM OonybIMeH fAe cumarraiagsl. DUTOXUMHS MEH
(hapmMaKorHo3us cajlalapblHAAFbl ©3€KTi 3epTTey OarbITTapbIHBIH 0ipi — TOMMHAMOYD
OCIMAIriHIH yiInanapelHAaFel SKoFapel Mail KblIKeUiaapbiabiH (KMK)  kypambin
3eprrey. JKacyllanblK JIMOUATEPAIH HETi3ri KYPBUIBIMIBIK KOMIIOHEHTTEpPI peTiHAe
Mail KbIIIKBUIAAPH OHONOTHSUIBIK MeMOpaHalapAblH KYPBUIBIMABIK TYTACTBIFbIH
KaMTaMachl3 €Te[li, SHEPTUsSHbBIH KUHAKTAIybIHA KaThICalbl, JKacyllaapaliblK CHUTHAI
Oepyre koHE 3aT ajaMacy mpolecTepiH perreyre bikmai ereni. COHbIMEH KaTtap, onap
AQHTUOKCUAAHTTHIK JXOHE KaObIHyFa Kapchl KacHETTEPIMEH epeKILIeNeHil, >KYpeK-
KaH TaMbIpiapbl aypyJapblHBIH JaMy KayIliH TOMEHJETyre bIKnan ereni. Maii
KBILIKBUIAAPBl ©CIMAIK YiManapelHAa TpHALMIIIHLEpUATep, Gochoaumuarep xkoHe
Oanays3ap TypiHae kesaecemi. OCIMIIKTIH Mail KbIIIKbUIIAPBIHBIH KYPAMBIH TaJIIay
OHBIH OHMOJIOTHSUIBIK JKOHE TaFaMJIblK KYHABUIBIFBIH Oaranmayra MYMKIHAIK Oepeni.
By makanana tonnHamOyp TYJIAEPIHIH KYpaMmbIHIAFbl Mai KhIIIKBUIIAPBIH 3€PTTEY
HOTHIKEJIepi CUMaTTaIFaH. 3epTTey HbICaHbl peTiHAe AJMaThl KalackblHbIH Meney Tayiibl
aiiMarbIHaH )KMHAIIFaH TONMHAMOYp ryjepi naiinanansuinel. TonuHaMOyp ryiaaepiHin
KYpaMbIHAAFbl Mall KbIIIKBUIIAPHI Ta3ael Xpomarorpadusl ogiCiMeH TalJaHmbl.
XKorapbl Maii KeiKei1apbiHbH Memepi «JEOLy (OKanonwust) dupmaceabie «JMS-
Q1600GS» mapkanbl Tazapl XpomaTtorpad-macc-CrieKTpoMeTpi apKbUIbl aHBIKTAJIIBL.
XpomatorpadusiblK MATIMETTEpre ColKec, TOMMHaMOyp OciMAIriHiH rynaepiHen 12
Mail KbIIIKBUTBl aHBIKTAbI.
Tyiiin ce3nep: TonnHamOyp, TaTbMUTHH, MUPUCTHH, KAIIPOH KBILIKBIIIAPEI
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Annoramus. TommnamOyp (Helianthus tuberosus) sBisieTcsi OTHOCHTEIBHO
9KOJIOTHYECKH 0€30TIacHBIM pacTeHUEM Onarofapsi ClioCOOHOCTH HaKaIlUIMBaTh COJH
TSDKEJIBIX METaJUIOB, HUTPAThl M PAJMOAKTUBHBIC U30TOIBI B MEHBIIMX KOJIMYECTBAX
[0 CPaBHEHHIO C JIPYTUMH PACTCHUSMHU. BONBIIYI0 YacTh BBICOKOMOJEKYJISIPHBIX
YIJEBOAOB ATOTO pACTEHHs COCTABISIOT IIEKTHHOBBIC BellecTBa. [IEKTHHOBBIC
BEIIECTBa CIIOCOOCTBYIOT PEryJUPOBAaHHIO MTPOIECCOB MUIEBAPEHUS U TOAJIEPKAHUIO
HOPMaJIbHOTO (PyHKIIMOHUPOBAHNS [TUILIEBAPUTEIHHOTO TpaKkTa. buoxuMuieckuii coctan
TOMUHAMOYpa MOBBIIIAET €T0 3HAYCHUE KaK TEXHUYECKOW KylbTyphl. JlaHHast KyasTypa
SIBIISICTCS] B)KHBIM MCTOYHUKOM THUTATENBHBIX M (PU3HOJIOTMYESCKH aKTUBHBIX BEIIECTB,
BKJTIOUAsi BUTAMUHBI, MAaKPO- © MUKPOJJIEMEHThI, aAMUHOKHUCIIOTHI, TOJTMHEHACHIIIICHHBIC
JKHPHBIE KUCIIOTBI, YIIICBOABI, OPraHnYeCKHe KUCIOThI, OMO(IaBOHOUIbI, PUTOHIHIBI
U Apyrue OHOJIOTHYECKH aKTHBHBIE coequHeHus. LleHHocTh TonmnHamOypa o0ycioBieHa
TaKXe COJCPKaHUEM B €ro JIMMUIHON (HPAaKIMK HACHIICHHBIX U TIOJIMHEHACHIIICHHBIX
KHUPHBIX KUCIOT. ONHUM M3 aKTyalbHBIX HaIpaBlICHHN HCCIEOBaHUH B 0OIACTH
¢dutoxuMnun U (GapMaKOrHO3UH SIBIISICTCS M3YYEHHE COCTaBa M COJAEPIKAHUS BBICIINX
xupHbIX kucnor (BXKK) B Trkamsx tommHamOypa. JKHpHBIE KHCIOTBHI, SBISISICH
OCHOBHBIMH CTPYKTYPHBIMH KOMIIOHEHTaMH KJIETOYHBIX JIMIIUIOB, O0ECIEUHBAIOT
CTPYKTYPHYIO ILEIOCTHOCTh OHMOJIOTHYECKUX MeMOpaH, y4acTBYIOT B HAKOIUICHHH
9HEPTUHU, MEKKIETOYHOW Tepeade CHIHAJIOB M PEryJsiiud OOMEHHBIX IPOIECCOB.
Kpome TOro, OoHM 0051a7al0T AHTHOKCHAAHTHBIMH W IPOTHBOBOCHAIUTEIHHBIMH
CBOMCTBaMH, a TakKKe CIIOCOOCTBYIOT CHIDKCHUIO pHCKa pPa3BUTUSI CEPACYHO-
COCYIMCTBIX 3a0oJieBaHMU. B pacTUTENbHBIX TKaHSX JKUPHBIC KUCIIOTHI COAEPIKATCS
MIPEUMYIIECTBEHHO B COCTABE TPUAMITIUIEPHIOB, POChOIUITNAOB U BOCKOB. AHAIIN3
KUPHOKHUCIIOTHOTO COCTaBa PACTeHMs IO3BOJISIET OLEHUTHh €ro OMOJIOTHYECKYI0 U
MUILEBYI0 [EHHOCTh. B JaHHOW cTaThe MpeCTaBICHBI PE3yNbTaThl MCCICIOBAHHS
KUPHBIX KHUCIOT B IIBeTKaX TomuHamOypa. B kauecTBe 0O0BEKTa HCCIEIOBAHHS
WCTIOJIb30BAJM 1IBETKU TOMTMHAMOypa, coOpaHHbIe B TOPHOW MecTHOCTH Merey ropoza
Anmarbl. JXUPHOKHCIIOTHBIA COCTaB I[BETKOB TOIMMHAMOYpa aHAIN3UPOBAIN METOIOM
ra3oBoii xpomarorpadun. CojepkaHHE BBICIIMX >KUPHBIX KHCIOT ONpPEACISITH C
HCIOJb30BAHUEM Ta30BOro xpomarorpada-macc-cekrpomerpa «JMS-Q1600GS»
¢dupmbl «JEOL» (Anonwus). CoriacHo Moay4YeHHBIM XpOMaTorpaguuecKuM JTaHHBIM, B
LBETKAaX TOMMHAMOYpa OOHAPYKEHO 12 KUPHBIX KUCIIOT.

KiroueBsble ciioBa: TonuHaMOyp, NAILMUTHH, MUPUCTHH, KAITPOHOBBIE KUCIIOTHI
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Beenenue. TpaaunuoHHas MeAMLMHA HYXIAeTCS B PACTEHUSX, CHOCOOHBIX
CHUHTE3UPOBATh BTOPUYHBIE META0ONUTHl, KOTOpBIE WIPAalOT BaXHYI0 pOJIb B
npoduIaKTHKE U TEpaluy pa3invHbIX 3a0oneBanuii (Sawicka et al., 2020). CoracHo
oduIMaTbHBIM JIaHHBIM BceMupHOU opraHu3alu 3apaBooxpaHeHus, oonee 80 %
HaCEJICHMsI TUTAHETHl B TOM WM MHOM CTENEeHU MCIOJIB3YeT Npenaparsl pacTUTEIbHOTO
MIPOMCXOKACHUS B paMKax TPaJULIMOHHON MeULIMHBI. TpaIullnOHHbIE PUTONpEnapaThl,
Kak IpaBwiio, Oojiee JOCTYIHBI, OTIIMYAIOTCS OTHOCHTEIBHO HU3KOH CTOMMOCTBIO H
MOTYT XapaKTepPH30BaThbCs MEHBIIUM PHCKOM DPa3BUTHUSI HEXKEIAaTeNbHBIX pPeaKIui
[0 CPaBHCHHIO C DPsIoM cuHTeTndeckux aHanoroB (Hussain, 2024). B crpykrype
JIEKApCTBEHHOTO PACTUTEIBHOTO CHIPhS 0000 MECTO 3aHUMAET CEMENUCTBO ACTPOBEIE
(Asteraceae). CemeiicTBo *Asteraceae™® mpeacTaBisieT coOOW OAMH M3 KpPYMHEHIINX
TAKCOHOB MOKPBITOCEMEHHBIX pacTeHuid, BKmovatoumii 6onee 1 600 ponos u okoixo 25
000 BuzmoB B MupoBom MacmTade (Brusentseva and Kuzenko, 2013).

[IpenacraButenu cemelictBa *Asteraceae® Ha NPOTSHDKEHMM MHOTHX TOKOJCHHH
WCTIONIB3YIOTCS. B KaueCTBE MHUIIEBOTO W JIEKAPCTBEHHOTO PACTUTEIBHOTO CHIPBSL.
Hecmotps Ha 3HaYMTENIEHOE TAKCOHOMUYECKOE Pa3HOOOpa3ne, MHOTHE MTPEACTABUTEIH
JAHHOTO CEMEHCTBa XapaKTepU3YIOTCS HaJIMYMEeM CXOIHBIX TPy OHOIOTHYECKH
aKTHBHBIX coeArHeHHH. DUTOXUMHUYECKUI NpO(WIb OTAEIbHBIX BUAOB BKIIOYAET
WHYIIUH - IPUPOAHBIN MOJIHCaXapu, 00T Ao BEIPaKEHHBIMH MPEOHOTHYECKUMH
CBOHCTBaMHU. bBHOJOTMYECKH aKTHBHBIC KOMIIOHEHTHI MpEACTaBUTEICH TaHHOTO
CEeMEUCTBA MOTYT TIPOSBIATH AHTHOKCHIAHTHYIO, IPOTHBOBOCHAIUTEIBHYIO U
AHTUMHUKPOOHYIO aKTUBHOCTb, a TakXe CIIOCOOCTBOBAaTh YCHJICHUIO IHype3a U
penapaTUBHBIX IpoueccoB B TKaHsiX. [lanHbie 3pdekTsl 00yCcIOBIEHbI KOMILUIEKCHBIM
BO3/IEHCTBHEM DA3UYHBIX TPYNN (PUTOXUMHUYECKUX COCIUHEHUH, CHHTE3UPYEMBIX
pacTeHHssMH, B TOM 4HCiIe TONU(PEHONOB, (EHONBHBIX KHUCIOT, (IaBOHOUIOB,
AIleTWICHOBBIX COCIMHEHUH M TPUTEPHEHOB. B CTpyKType BTOPpHYHOTrO MeTaboan3Ma
MpeAcTaBuTeNell ceMelcTBa 0c000e MECTO 3aHMMAIOT CECKBUTEPIICHOBBIE JIAKTOHBI,
MPUCYTCTBHE KOTOPHIX B 3HAUUTEIHHOM CTENIEHN 00YCIIOBIMBACT XapaKTePHBIN TOPHKHUHA
BKYC pacTuTebHbIX 3kcTpakToB (Rolnik and Olas, 2021).

[Iupoxoe npuMeHeHUe MpeAcTaBUTeNeH cemelicTBa * Asteraceae™ B TpaIuIIMOHHOM
W HapOIHOW MEIHMLMHE CBSI3aHO C UX Pa3HOOOPa3HBIM (PUTOXUMHUYECKHUM COCTABOM H
(apmaxonoruueckoil akTuBHOCThI0. Conepkanirecs B HUX (JIaBOHOM[BI, AIKaJIOU/IbL,
s¢upHBIE Macia W JApyrue OMOJOTMYECKH aKTHBHBIE COCIMHEHHUS BHOCST BKJIAJ B
(hopMHpOBaHKE UX TOTEHIMATBHBIX JIeueOHBIX CBOHCTB (Annaeva and Charyeva, 2025).

OnHUM ¥3 MPEACTaBIAIOUIMX 3HAYMTENLHBIA HMHTEpeC OOBEKTOB CeMEHCTBa
* Asteraceae™ siBisiercs ronmmHaMOyp (*Helianthus tuberosus™ L.), xapakrepuzyromiuiics
pa3HOOOpa3HBIM XUMHYECKUM COCTaBOM M HAJIWYHEM KOMIUIEKCA OHMOJOTHYECKH
AKTHBHBIX BELICCTB.

Jluteparypusiii 0030p. B psme HayyHbIX pabOT AETaJbHO OXapaKTEpPHU30BaH
KOMILIEKC OMOIOTHYECKH aKTUBHBIX COSMHEHHI, DKCTParuipOBaHHBIX U3 TOMTMHAMOYpa.
DKCHeprUMEHTAIIbHO 0Ka3aHo, YTO HACHTU(PHULINPOBAHHBIE TEPIIEHONIBI U (JIABOHOHIBI
0051a/1al0T BBIPAYKEHHBIM TEPANeBTUYECKUM TMOTEHIMaNoM. B yactHocTH, (eHoIbHbIE
KOMIIOHEHTBI U CECKBUTEPIICHOBBIE JIAKTOHBI TePMAKPAHOBOTO THIIA AEMOHCTPUPYIOT
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MaHU(ECTHYI0 aHTHPaJUKaIbHYIO 3alluTy, a JJs OTAEIbHBIX METa0OIUTOB
3aukcupoBaH GyHrumuaHbld 3Qdekt. [IpuHumas Bo BHUMaHUe Ae(DUIUT CBEACHHUM
0 OMOXMMHMYECKOH MaTpHIe SPKO-)KEITHIX COLBETUH NAaHHOTO BUAA, B MCCIEIOBAHUU
c(hOopMyIHPOBAHO TEOPETUIECKOE 0OOCHOBAaHUE 1eNeCO00Pa3HOCTH X CKPUHUHTA Ha
MIpEeIMET CoJlepKaHus OMOJIOTHYECKH aKTUBHBIX BemiecTB (Jantaharn et al., 2018).

[IpencraBneHHbII aBTOpaMH IUTEpaTypHBII 0030p HAaydHBIX MyOauKanuii 3a 2020 rox
MOCBALICH U3YYECHHUIO 1EJIeCO00pa3HOCTH MPUMEHEHUsI KIIMHUYECKUX HYTPHULEBTUKOB
Ha OCHOBE HMHYJIMHA TONMHaMOypa B KOMIUIEKCHOW TEpamuH caxapHOro nuabera u
37I0KaUeCTBEHHBIX HOBOOOpa3oBaHMii. [lomyueHHbIe aBTOpaMu CHCTEMAaTU3UPOBaHHbIE
JaHHBIC TTO3BOJIMIM PACKPBITH OOraThlii (UTOXMMUYECKUH COCTAB pacTeHHs, BBHIIBUTD
€ro HEHHOCTb B KAUECTBE CHIPHEBOT0 pecypca IS IPOMBILUIEHHOTO ITOTYYEeHHUS 3TaHOIa
U OPTaHMYECKUX KHUCIIOT (SHTapHOH, TMMOHHOM, MOJIOYHOMN), a TaK)Ke BalWIUPOBAThH
€ro 3HAYMMOCTb JIs1 papMaLieBTHIecKoro cekropa (Sawicka et al., 2020).

B nannoii paboTe mpoaHaaM3MpOBaHbl 0COOCHHOCTH BbIpAIllMBaHUs TOMHMHAMOYypa
[IPY pa3IMYHOM CTETIEHH 3aCOICHUS TOYBBI, CIOCOOHOCTH aJa THPOBATHCS K Pa3INYHBIM
KIMMaTHYECKUM YCIOBUSAM. K OCHOBHBIM MperMyIIeCTBaM OTHOCSTCS HU3KHE 3aTpPaThl
Ha BO3JIENbIBaHUE, BHICOKASI YPOXKANHOCTh, YCTOWYMBOCTD K BPEIUTEISIM M OOJIE3HSIM.
Ocoboe BHUMaHHE YIAECNCHO H3YYCHHIO >KUPHOKHCIOTHOTO COCTaBa HaJl3eMHON
YacTH Ha Pa3HbIX cTagusix. llomydyeHHbIe AaHHBIE TMOKA3ald, YTO B 3€JCHOM Macce
JIOJIS JTUHOJIEBOW KHCJIOTHI cocTaBisieT 10 23%, a comepyKaHue OJEMHOBON KHCIIOTHI
nocruraet 34%. B mepuon uBeTeHns: TonuHaMOypa coaep:kaHhe TOJIMHEHACHIIIIEHHBIX
JKUPHBIX KUCJIOT U YKHPHBIX KUCIOT omera-3 Boicokoe (Kara, 2021). [IpoBenen ananu3
16 coproB TonmHamOypa. TonmHamMOyp OMUCaH Kak OCHOBHOW KOMIIOHEHT CBHIPbEBOM
0a3bl A7 TPOU3BOJICTBA 3I0POBBIX MPOAYKTOB MUTAHMS, HAIUTKOB, KOPMOB, JIEKAPCTB
u TorunBa (Manokhina et al., 2022).

ABTOpBI ONHUCHIBAIOT KIYOHM TONMMHAMOypa KakK BBICOKOKAUYECTBEHHBIH MPOIYKT
NUTaHUA B KauecTBe oBolla B 3anagHoi Esporne, Llentpansno-Boctounoit u CeBepo-
Boctounoii EBpome, a umHTepec K TONMHaMOypy OTMEUAlOT €ro IOJIE3HOCTh JUIs
OpraHu3Ma 4YellOBeKa M3-3a COIEPIKALIMXCS B MX XHMHUYECKOM COCTaBe HHYJIMHA,
(hpyKTOOIIUTOCAXAPHUIOB, AMUHOKHUCIIOT, BUTAMUHOB U (prnaBononnoB (Sawicka et al.,
2021).

[Ipoananu3upoBaH MEPCHEKTUBBI HCIIOIB30BAHHUS TOMMHAMOypa B MPOH3BOJACTBE
XJ1e0O0yIIOYHBIX M3eNTUi 1 HAMUTKOB. Hamuune npeOnoTn4ecKux CBOMCTB M MHUILEBBIX
BOJIOKOH, BO3MOKHOCTh HCIIOJIb30BAHUSI MHYJIMHA B KadyeCTBE 3aMECHUTENS JKUPOB H
caxapa CBUCTENIbCTBYIOT O €ro MOTCHINAILHON LIEHHOCTH AJIS pa3paboTKH MPOIYKTOB
MUTAaHUSI C TIOHIKCHHOM SHEPreTHUecKOM IEHHOCTBIO W COAEpIKaHHeM xupa 0e3
CYIIECTBEHHOTO U3MEHEHHSI MX OCHOBHBIX XapakTepucTtuk (Munim A et al., 2017).

ABTOPBI U3yYalli Pa3IMYHbIX SITh COPTOB TOMUHAMOypa. OHH CPaBHUIIN MHIICBYIO
LEHHOCTh pacTeHusl. M3yueH cofepkaHue yIieBOAOB, WHYJIUHA U MMHIIEBBIX BOJIOKOH.
VYrieBoaHblii npoduiabs mpeAacTaBieH B cpenHeMm uHynuHOM (80-90 %), 7-14 %
caxaposoii (3—6 %) u penyuupyrommu caxapamu (3-6%). Bpems cOopa ypoxas
BJIMSAET Ha COCTaB ChIphbsi. TonmnHamOyp mpeacTaBisieT OOJIBIION MHTEpeC B KauecTBe
CBIPbS AJISl IPOM3BOJCTBA MHYIMHA U (pyKTo3bl (Barta and Patkai, 2007).
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B uccnenoBanuu pacMarpuBaroT KIIyOHU TonmnHaMOypa. OHu Oorarbie ppyKTaHaMHu,
CpeIy KOTOPBIX KIIIOYEBYI POJIb WIPAeT IJIABHBIM 3alacHBId YIIEBOI - WHYJIMH.
OH KpUTHYECKH BaKEH JUIsI OpraHW3Ma, IMOCKOJIBKY IeHWCTBYeT Kak 3¢ ¢heKTHBHAS
pacTBOopuMas KjeTdarka. B CBS3M ¢ 3TUM aKTyalieH KOMIUIEKCHBIM aHaNW3 Hay4HBIX
nyOJNMKalliy, HANpaBICHHBIM HAa  W3yYeHUE OHMOJIOTMYECKUX M HYTPHUCHTBINX
0coOeHHOCTel TonMHaMOypa, TEpCIEeKTUB €ro IMepepaboTKH M TeparneBTHYECKOTO
TTOTESHITHAIIA TIPH PETYIBSIPHOM yIToTpeOnennn B unty (Maino et al., 2018).

B mnpencraBnenHoii pabore wu3ydeHa BO3MOXXHOCTh MPHMEHEHHHM OJKCTpakKTa
tTornuHamMOypa. Ponb 3kcTpakTOB TOnMMHAMOypa B TMHUTATEIBHON Cpele JUisi CUHTE3a
JIUIIUJIOB, 00OTalleHHbIX JToKo3arekcaeHoBoi kuciotoi (JII'K). B kauectBe Onoarenra
B JAHHOM IIPOIECCE BBICTYNMAECT MACIWYHBIA MHKPOOpTraHm3M Aurantiochytrium
sp. KRS101. Ha ocHOBe METOMOIIOTMM TOBEPXHOCTH OTKJIHMKA OBLTH OIpeeiIeHbl
ONTHUMAJIBHBIC TIApAaMETPhl KYJIBTUBUPOBAHHS: TeMIIepaTrypHbld pexum 27,7 °C,
snauenue pH 5,9 u nmo3upomka ¢epmenta 282,6. Haubosiee BBICOKHE pe3ysIbTaThl
JIEMOHCTPHUPYET METOJ| IPOOHOH (epMeHTAINH, TP KOTOPOM KOHIIEHTPAIHs KUPOB
npocturaet 16,4 r/a, a Beixon AI'K cocrtaBisger 9 r/a, 4To SKBHUBAJIIEHTHO Oojiee yeM
48% oT 001Ieli MacChl )KUPHBIX KHCIIOT. Ba)HBIM 3KOJIOTUYECKUM aCIeKTOM JTAHHON
TEXHOJIOTUH SABJISeTCS 3aTpaT npuMepHo 40 % MUHUMHU3AIINH UCTIONB30BAaHUS JOPOTOTO
TIPOXOKEBOTO JKCTpakTa. PccMTOpeHHBIE MaHHBIE TOTBEP)KAAIOT IEJIeCOOPa3HOCTh
JANBHEHIIeT0 BHEAPEHUs OHMOMacchl TONMMHAMOypa B KauecTBE HKOHOMHUYECKH
BBITOJTHOTO CBIPBS I MUKPOOUOJIOTUYECKOTO CUHTE3a LIEHHBIX KUPHBIX KUCIOT (Ju
etal., 2018).

JKupHbIe KHCIIOTBI TPENCTaBISAIOT COOON BaKHEHWIINE CTPYKTYpPHBIE DJIEMEHTHI
PACTHTENBHBIX TKaHEW, KOTOpPhIE KPUTHYECKH HEOOXOAWMBI IS TOJIePIKaHus
rOMeOCTa3a U 310POBbs YETIOBEKa.

Pesynbrarhl aHaNM3a MOKA3bIBAIOT, BBHICTYIAsl B POJIU BBICOKOKOHIIEHTPUPOBAHHBIX
SHEPTOHOCHTENEH, JKUPHBIE KHCIOTH (DOPMHUPYIOT OCHOBY KIIETOYHBIX MeMOpaH
U O00eCneyuBarOT MPOTEKaHWE TakuX (PyHIaMEHTAIBHBIX  (U3HOJOTHIECKIX
MIPOLIECCOB, KaK CUTHAIM3AIMS KJICTOK M PETyJISIIHs YKCIPECCUU reHoB. Jloka3aHo ux
TEPaNeBTUUECKOE 3HAYCHUE JJIi TAPMOHUYHOTO MPEHATAILHOIO PAa3BUTHS, CHUKCHUS
PUCKOB pa3BUTHA KapIUOIMATOIOTHH ¥ TPEJOTBPAIEHUS HEHWpOJereHepaTnBHBIX
W3MEHEHWH, B dYacTHOCTH Ooje3Hu AunbireiiMepa. Kpome Toro, mumugHble
MIPOW3BOJIHBIC, BKJIIOUAsi CIOXHBIE 3(UPBI, BOCTPEOOBAHBI B IMPOMBIIUICHHOCTA B
Ka4eCTBE apoOMaTHYCCKUX JO0ABOK M BCIIOMOI'aTEJIbHBIX KOMIIOHEHTOB IPH CO3/IaHUHU
dapmanestaeckux (opm. IlogoOHas MHOTOPYHKIMOHATHFHOCTH OOYCIIOBIMBACT
CTaOWIIbHOE yBEIMYCHNE PHIHOYHON MOTPEOHOCTH B BBICOKOOYHIIICHHBIX Iperaparax
xupHbIx kucnot  (Kishino and Ogawa, 2026).

MarepuaJibl 1 OCHOBHBIE MeTOAbL. JKUPHOKHUCIOTHBIN crieKTp JucTheB Helianthus
tuberosus y»e BBICTyTIa]d 00BEKTOM HAIIIETO aHAIN3a B OHOMN U3 TIPOILTBIX Ty OTMKATTII
(Azimbaeva et al., 2024).

B pamkax naHHOTO M3BICKaHHS TIEpe/] aBTOPAMU CTOsIa 33jiada MOJPOOHO U3YyUUTh
JIUTTUIHBIN CIIEKTP IIBETKOB TonuHaMOypa. COOp pakTHUECKUX JAHHBIX OCYIIEeCTBIISIICS
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Ha OCHOBE M3YYCHHUS] T€HEPAaTHBHBIX OPTraHOB (L[BETKOB) TOMWHaMOypa coOpaHHBIC B
ropHoii 30He Meney B Anmartsl B ceHTsI0ps 2025 rona.

W3BneyeHne JWOUIHBIX KOMIIOHEHTOB W3 TOATOTOBICHHOW PAaCTUTEIBHOM
OMoMacchl OCYHIECTBISIIM Ha OSKCTPaKIMOHHOM oOopynoBanuu Soxtec 2043/2050
(FOSS), 3ameiicTBoBaB B poJin pacTBOPHUTEINsT H-TeKCaH ((pakuusi ¢ TeMIepaTypHBIM
uHTEepBasoM kureHus 68—69°C). Ilo OKOHYaHUM OKCTPAKIMOHHOTO Mpolecca
pacTBOPUTENH OTTOHSIIM METOIOM BBITAPUBAHUS JIO TTOTYUYCHHUS YUCTOTO MACISTHUCTOTO
ocratka. OTHOCHUTENBHOE COJepKaHUE BBIJCICHHON JUMUIHONW (QpaKIUH COCTaBHIIO
0,11% B mepecuete Ha aOCOMIOTHO Cyxoe BemiecTo. [locaenyronyto naeHTuhUKAIHIO
KaueCTBCHHOTO CIIEKTpa M KOJIMYECTBEHHYIO OLICHKY HWHIUBHIYaTbHBIX KHUPHBIX
KHCJIOT BBIMOJMHSIIM Ha Ta30BOM Xpomarorpade, Kyda BHOCWIH TOATOTOBICHHBIH
oOpaser dKCTpakTa. Xpomarorpaduieckoe pasieieHHe M PErucTpalyio CHIHAJIOB
OCYIIECTBIISUIM B TeueHue 60 MMHYT, CKaHUPYsI 1Mana3oH Macc-criekTpoB oT 30 1o 550
enuHuI (m/z).

Pesyaprarpl. MHTepnperanys MoIy4eHHOH XPOMAaTOTPaMMBbl BBISBHIIA KOMILIEKC
COCAMHEHHH, YEeTKO pa3rpaHMYCHHBIX MO BPEMEHM YiepKuBaHHs. B crapToBOM
uHTepBane (0T 1 10 9 MUHYT) (UKCHPOBANMCH CUTHANBI JIETYYMX HU3KOKHIISIINX
¢pakumii. HanGonee BbIpakeHHBIN UK PETHCTPUPOBAIICS MEXKILy S-i U 6-1f MUHYTaMH,
YTO YKa3bIBaeT Ha SIBHOE JOMHHUPOBAHUE OJHOTO M3 KOMIIOHEHTOB. Hanmportus, nocie
25-if MUHYTBI DITIOMPOBAJIMCH BHICOKOKHUITAIINE BEIIECTBA, XapakTepusyromuecs Oosee
JUTUTETILHBIM yACP)KUBAHUEM U HE3HAYNTEILHBIM OTHOCHTEJILHBIM COJICPKAHUEM.

[IpoBenennsIif XpomaTorpaduyecKuii aHaIN3 TO3BOJIII UACHTH(PHUIUPOBATH CIIEKTP
KHUPHBIX KUCIOT. Cpenu HUX MaKcMMallbHas KOHIEHTpanus, pocturmas 97,74 mkr/
MII, 3aUKCUpOBaHa JUIS NaJbMHUTHHOBOW KHCIOTBHL. YCTaHOBJICHO, YTO B JIUMUIHOM
npoduie mpeBajupyeT Ipyla HACBHIIEHHBIX YKUPHBIX KHUCIOT, IJe MajlbMUTHHOBAS
KHCJIOTa BBICTYNAET KITIOYEBBIM KOMIIOHEHTOM. KOMIIIEKCHBIN XapakTep MOoIyuYeHHOTO
npoduist MOATBEPKIAACT NPHCYTCTBHUE PAa3HOOOPA3HBIX OHMONOTHUECKH AaKTUBHBIX
BEIIECTB.

BriOpannbie ycnoBust xpoMarorpadupoBanus odecnedrsin 3pQEeKTUBHOE U YETKOE
paszeneHue Bcex MACHTH(OUIMPOBAHHBIX aHANUTOB. JlaHHBIH METOOMUYECKUI TOIXO[
MO3BOJISIET TPOBOJUTH IMPELUU3MOHHYIO KaueCTBEHHYIO M KOJMYECTBEHHYIO OILICHKY
HCCIIeyeMBbIX JTMIMUAHBIX (ppakuuid. [TodydeHHBIH MacCHB JaHHBIX MOXKET BBICTYIIATh
HaJCKHOM TuIaTGopMOl sl TOCTEAYIOUIET0 CKPUHHMHTA  (apMaKoJIOrHYeCKOTO
MOTEHIIMANa W3BICKAEMBIX BEIIECTB, a TaKKe HCIOIb30BaTbCs B MPOLEAypax
CTaHJAPTHU3ALUH U KOMIIAPaTHBHOTO aHaJIM3a ChIPbs. Pe3toMupyst, MOXKHO yTBEPKAATb,
4yTro reHepatuBHble opraHbl Helianthus tuberosus obmagaror aud¢epeHnrpoBaHHBIM
KUPHOKUCIIOTHBIM COCTaBOM, BKIIIOUAIOIIUM HACHIIICHHbIC, MOHOHCHACHIIICHHBIC H
MOJIMHEHACHIICHHBIE MPEACTaBUTENIHN. Pe3ynbTaTel OIICHKH COCTaBa U KOHIICHTPALH
OT/ICIBHBIX KUPHBIX KHUCIIOT MPUBEICHBI B Taduie 1.
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Tabnuna 1 — XapakTepucTrnka KaueCTBEHHOTO M KOJIMYECTBEHHOTO COACPIKAHMS )KUPHBIX KHCIOT B
COLBETHSIX TONMHAMOYP

Ne| ®opmyna dopmyia TpuBuanbHoe Ha3Banue | [pymma | Comepxanue
KOMITOHEHTA «Owmera» | (mkg/ml)
HaCbILL[eHHbIe JKUPHBIC KUCJIOTBI

1 C4:0 CHy(CH,), COOH MacnsnHas - 23.24
2 C6:0 CH5(CH,),COOH Kanponosas - 11.01

3 C8:0 CH4(CH,) COOH Kanpunosas - 9.07

4 C10:0 CH,(CH.) COOH Kanpunosas - 0.25

5 C12:0 CHg(CH,),,COOH JlaypunoBas - 5.04

6 C14:0 CH5(C H::,”COOH MupuctunoBas - 24.15

7 C16:0 CHy(CH,) ,COOH [TaseMuTHHOBAS - 97.74
8 C18:0 CHg(CH,) COOH CreapuHOBast - 2.51

HenaceblieHHbIE JKUPHBIE KUCIOTHI
9 | C18:1n9¢ CHz(CH,).CH = CH(CH,), OneuHoBast Owmera-9 3.24
COOH

10| Cl18:n6c CyeHap 05 y-nuHONeHoBas kuciora | Omera-6 1.02

11| C18:n3c CieHap0- a-nuHONEeHoBas kucaora | Omera-3 0.33

12| C20:3n3 CopHgy 04 Diiko3aHTpueBas kuciora | Omera-3 1.80

ComnnacHo aHAJIUTHICCKUM JJaHHBIM, 0000IIICHHBIM B Ta0JHUIIE |, TPUMEHEHUE METOIa
ra3oBoii xpomaro-macc-criekrpomerpun (I'’X-MC) mo3Bonmno auddepeHmpoBars
MU IHBLHA Tpog itk conBetuii Helianthus tuberosus Ha HachINIEHHBIE M HEHACHIIICHHBIC
JKUPHBIC KUCIOTHI. [IpOBeIEHHBIN CKPUHHUHT 00CCIICUMIT HAJIC)KHYIO UICHTH(DUKAIIUIO
U M[OCHEAYIOIINA YUCICHHBIA pacyeT KOHUEHTpauuu 12 HHAMBHAYalbHBIX
JKUPHOKHUCIIOTHBIX KOMIIOHEHTOB B aHAJTU3UPYEMOM IKCTPAKTE.

Oocyxnaenue. ['pynmna HaCBIIEHHBIX JKUPHBIX KHCIOT B HCCIIELyeMoM Ipodure
MMeeT Pa3HOPOIHBIA XapakTep W BKIIOYAaeT JieTyuyne Husmue (macisHas, C4:0;
kanponoBas, C6:0; kampuiosas, C8:0), cpeanenenoyeunsie (aypuHosas, C12:0), a
TaKKe BhICIINME aaudaruiyeckue coenunenus (Mupuctunonas, C14:0; naJibMUTHHOBAS,
C16:0; creapunoBas, C18:0). AOCOTIOTHBIM TOMHHAHTOM B TAaHHOHN (PPAKIINU BBICTYIIAET
nansMuTuHOBas kucioTa (C16:0), KoTuYecTBEHHOE COAEPKaHUE KOTOPOM JTOCTUTACT
MMUKOBOTO 3HAYeHUS — 97,74 MKr/Mi

OTHOCHTENBHO BBICOKHE 3HAYCHHS TaKXKe OTMEUEHHI [Tt MupuctuHoBoi (C14:0)
- 24,15 mxr/mn, macasHol (C4:0) - 23,24 mkr/min, karponoBo# (C6:0) - 11,01 mkr/mu,
karpuiioBoi (C8:0) - 9.07 mxr/mn, naypunosoii (C12:0) - 5,04 Mxr/mit u cTeapuHOBON
(C18:0) - 2,51 mxr/mo.

[TomuMo 5TOro, B JIMIKIHOM SKCTPaKTe 3a(UKCUPOBAHO TIPUCYTCTBUE DSHUKO-
3aHTpUeHOBOM KucioThl (C20:3) B kosmyectse 1,80 Mxr/mi. Henaceiennas ppaxims
TaKKe MpecTaBlieHa oenHoBo# kuciotoi (C18:1), cogeprkanne KOTopoii onpeneseHo
Ha ypoBHE 3,24 MKI/MIL

UrcneHHple MOKa3aTeNu ISl BCEX OCTAIbHBIX OOHAPYKEHHBIX KHUPHOKHUCIOTHBIX
KOMIIOHEHTOB OKa3aJIuCh MUHHUMAJIbHBIMU M HE TIepecekany nopor B 1,0 MKr/mi.
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Pucynok 1 — Macc-xpomatorpaduueckuii npodumis (I'’X-MC) macnsHoit (C4:0) u kanporosoit (C6:0)
KHCJIOT, BBIZICTICHHBIX U3 COIBETHI TOMMHAMOYpa

JKupHBIC KHUCIIOTBI SIBJISSIOTCS BaXKHBIMH KOMIIOHECHTAMH JIMIHJIOB PACTCHUU W
BBITIOJIHSIFOT CTPYKTYPHBIC, SHEPIreTUYSCKUE U PEryasTopHble (QyHKIUUA. OHU BXOIAT
B COCTaB KJIETOYHBIX MEeMOpaH, 00ECIECUNBAIOT UX CTAOUIBHOCTh U TEKYUYECTh, CIyXKaT
pe3epBHOU (OPMOI IHEPTUH, & TAKIKE YIACTBYIOT B OMOCHHTE3€ CUTHATIBHBIX MOJICKYII,
PETYIUPYIOIIUX POCT, PA3BUTHE U Al TAI[UI0 PACTCHUH K BO3ICHCTBUIO a0MOTHYECKHIX
1 OMOTHYECKUX (PAKTOPOB.
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Pucynok 2 — Macc-xpomarorpaduuecknit mpopmis (I'’X-MC) kanpunosoit (C8:0) u maypuHOBO#
(C12:0) kucInor, BeIICTEHHBIX U3 COIBETHH TOMMHAMOYpa

CornacHO ¢ aBrOopaMy pa3ivyMs B AJMHE YIIEPOAHOW LIETIM M MOJEKYJISIPHBIX
MOIM(UKANUSIX  ONPENeNstoT  (U3MKO-XMMHYECKYI0  crequduKy, a  Takxe
MeTa0O0IMYEeCKUH 1 OHOJIOTHYeCKUi TPO(UIb KOPOTKO-, CPEAHE- M JUTMHHOLETIOUEYHBIX
KHUPHBIX KHUCIOT. J[aHHBIE COEAMHEHMS NPEICTABISIOT COOOM KPUTHUECKU BaKHBIC
HYTPHUEHTBI, 00eCIIeUNBAIOIINE FEHEPALIMIO YHEPTUH B IPOLIECCaX MUTOXOHAPHAIBHOTO
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0eTa-OKUCIECHHUsT ~ BHYTPUM  Pa3NMYHBIX  KICTOYHBIX  MONYJSLMHA,  BKIIOYas
MMMYHOKOMIIETEHTHBIE KJIETKH. llomaepxanne WX ONTHMAJIbHOTO JHJIOTEHHOTO
YPOBHSI HEOOXOIMMO AJIS1 KOPPEKTHOTO CO3peBaHusl, TUPPEPEeHINPOBKU 1 aKTUBHOCTH
3BeHbEB MMMYHUTETa. HanmpoTus, N30bITOYHAS KOHIEHTpPALMS JUIIUAHBIX CyOCTpaToB
CIOCOOHA CIPOBOLIMPOBATH TUCPETYISALMIO KIETOYHOTO OTBETA M 3aITyCTHTh KacKal
BOCTIAJIMTEIIBHBIX PEaKIUH.

PerynsaropHoe BiIMsHME yKa3aHHBIX TPEX KJIACCOB JKUPHBIX KHCIOT Ha KJIETOYHBII
MeTaboNM3M  peaju3yeTcsl IPEeHMYIIECTBEHHO 4Yepe3 CHCTEMY PELENTOpOB,
compspkeHHBIX ¢ G-Oenkom (GPCR). B wacTtHOCTH, IMTraHgamMu JUIsi PEIETITOPOB
GPR41, GPR43, GPR109A u Olfr78 ciykaT KOpOTKOLIENIOYEUHbIE TOMOJIOTH; CpeIHE- U
JUIMHHOIIeTIoYeyHbIe (opMbl akTuBUPYIOT GPR40 1 GPR120, B TO Bpemst kak penenTop
GPR84 cenexkTuBHO pearupyer Ha CpedHELENoYeuHble CTPYyKTypbl. OnocpeaoBaHHAas
YKUPHBIMH KHCJIOTaMHU CTUMYJISILIUS JAHHBIX PELENTOPHBIX KOMITJIEKCOB KOOPIUHUPYET
KIETOYHYIO Tponudepanuo W ONpeAesieT WX CHelHATN3UPOBaHHbIC (DYHKIWU.
Baxno mnoguepkHyTh, uTO uepe3 uHAykuuro GPCR-penentopoB JaUOUAHbBIE
JUTaHIbl  MOAYIUPYIOT — CEKPEUHI0 HMHKPETHHOB —  TIIIOKarOHOMOIOOHOTO
nenTuaa-1 M TIFOKO303aBUCUMOTO WHCYJIMHOTPOIMHOrO moiunentuaa. Kpome Toro,
KOPOTKOILICTIOYEYHbIE ~ MPEICTABUTENIM  CIOCOOHBI  HANPAMYIO  KOHTPOJIMPOBAThH
MEXaHU3MBbI AIIUTEHETUYECKON PETYISAINH, BBICTYIIAs B POJIM MOAYJIATOPOB aKTUBHOCTH
THECTOHOBBIX JIealleTHIIa3 U TUCTOHAETHITPaHChepas.

B narodmusnonornyeckoM acrnekTe HACBILICHHBIC JUIMHHOLEIIOYCUHBIC aHAJIOTH U
oMera-6 MoJMHEHACHIIEHHbIE )KUPHBIE KUCIOTHI TECHO ACCOLIMHUPOBAHBI C Pa3BUTHEM
MeTabO0IMYECKOTO CHH/POMa U MaHU(eCTalluel BOCIAIUTENLHBIX IPoIeccoB. B 1o xe
BpeMsl KOPOTKOLIETIOUYEUHbIe ()PaKLUK, MOHOHEHACHIIICHHbIE COCAMHEHHUS U OoMera-3
MOJMHEHACHIILCHHBIE )KUPHBIE KUCIIOTHI, HAPOTUB, MOJAEPKUBAIOT (PYHKIIMOHATIBHBIH
CTaTyC WMMYHHOH CHCTEMBI W TPOSBISIOT BBIPAXKEHHBIE MPOTHBOBOCIHAIUTEIbHbIE
cBoiicTBa. Hactosimas myOnukanus MocBsILICHA KOMIUIEKCHOMY aHAJIM3y MEXaHHU3MOB
y4acTHsl JKUPHBIX KHCJIOT B PErysIIMM HUMMYHHOTO TOMEOCTas3a, C JAeTajJbHBIM
pPaccMOTpEHNEM KaK MX CHHEPTUYHBIX WM YHHKAJIBHBIX MyTeH CHTHATW3AlUuH, Tak U
JMaMeTpabHO MPOTUBOMOJIOKHBIX (usnogorudeckux 3gdexron (Kim, 2026).
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Pucynok 3 — Macc-xpomarorpaduuaeckuii npoduis (I'’X-MC) mupucrunosoit (C14:0) u
nanbMUTHHOBOH (C16:0) KHUCIIOT, BBIICNICHHBIX M3 COIBETHI TONMHAMOypa
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Karabonm3m Bcex mpencTaBUTeNei >KUPHBIX KHCIOT, BKIIOYAIOIIUI MPOLECCHI
WX aKTUBALMU W TOCIEAYIOIIEr0 OKUCIICHHS, JOKAIN30BaH B MHUTOXOHAPHAIHHOM
Marpukce. HauanpHBIH 3Tan JaHHOTO METa0OIMYeCKOro MyTH MPUBOIHUT K FeHEpaLH
anetmi-KoA u monekyn AT®. Ha cnenyromeli craauu oOpazoBaBiumiics anetnia-KoA
BOBJICKAeTCsl B IIMKI TpUKapOOHOBBIX KHcHOT (Kpebca), Te moasepraeTcst OJIHOMY
OKHCJICHUIO /10 YIJIEKHCIIOTO T'a3a U BoAbl. CTOUT OTMETHUTb, YTO JAHHBIA TEPMHHATbHBIN
9Tall Aerpagaluy JUMHIHBIX CyOCTPaTOB MOJIHOCTBHIO COBMAAAET C My TSIMH Karabonu3ma
yrineBoaoB. [Ipu 5ToM yTuinn3anus HeHACHIEHHBIX )KUPHBIX KUCIIOT TPOTEKAET CIIOKHEE
U CONpsDKEHa C aKTUBAIMEH ABYX JOMOJHUTEIBHBIX YH3UMAaTHYECKUX KacKaoB.

[TanbMUTHHOBAsT KHCIIOTa BBIMOJHSET KIIOYEBYIO POJb 0a30BOTO CTPYKTYpHOTO
MPEAIEeCTBEHHUKA MPH OMOCHMHTE3€ HEHACBHIIICHHBIX >KUPHBIX KHUCIOT. B KieTkax
YKMBOTHBIX 3TOT HACBILICHHBII TOMOJIOT SIBIISICTCS CTaHAAPTHBIM KOHEUHBIM POJYKTOM,
CHUHTE3UPYEMBIM MYJIBTH()EPMEHTHBIM KOMILIEKCOM CHHTA3bl JKUPHBIX KHCIIOT. 3a cYeT
BHYTPHUKJICTOUHBIX OH3MMHBIX CHUCTEM, JIOKAaJH30BaHHBIX B HSHAOMJIA3MaTHYECKOM
PETUKYIyME U MUTOXOHAPHSX, YIJIIEPOIHBIN CKENeT MaJbMUTHHOBOW KHUCIOTHI MOXKET
MOCIIeIOBAaTeIbHO ~ HApaIMBaThCsl MYTEM  IOCIEAO0BATENbHOIO  MPUCOCAHHEHHS
aleTWIBHBIX (parMeHTOB. J[aHHBIN Mpolece 3JIOHTAMH TPUBOAUT K (POPMUPOBAHHIO
CTEapUHOBOM KHCIOTHI U 00Jiee BHICOKOMOJIEKYISPHBIX HACHIIEHHBIX aHAIOTOB.

Byayun TnaBHBIM mpeacTaBUTENIEM KJlacca HACHILEHHBIX BBICHIMX JKHPHBIX
KHCJIOT, TaJbMUTHHOBAas KHCJIOTa O0JajaeT BBIPAXEHHOH CHOCOOHOCTBIO K
MHUIIEIUI000pa30BaHui0. Bo  BHYTpHUIHTEpOLUTApHOM MPOCTPAHCTBE KHIICYHOTO
SMUTENUSI TPH 00S3aTEIBHOM COYYAaCTHH JKETYHBIX KHCIIOT JaHHBIE MUIICIUIPHBIC
CTPYKTYpBl abcopOupyror ruapodoOHbie BuTamuHHBIE Mosekynbl (A, D, E, K),
TpaHcHOPMHUPYSICH B JIUIIONPOTEUIHBIE KOMILIEKCHI — XHMJIOMUKPOHBI. [1o Mepe cOopku
XUJIOMUKPOHOB MPOUCXOIUT UX TPAHCIOKALUS B TUM(ATHUECKOE PYCIIO, TOCPEICTBOM
KOTOPOTO OCYIIECTBIISICTCSl HANpPABICHHBI TPAHCIOPT HSK30T€HHBIX BUTAMHUHOB K
OpraHaM-MHIIEHSAM U TKaHEBBIM CHCTEMaM JUIS WX JalbHeWIIeld MeTadoindecKon
KOHBepcuH B Onoxumudecku aktuBHble opmbl (Pozdnyakov et al., 2012).

Component Name: C18:0 Component Name: C18:1_n%t

RT: 24.91-2566 SM: 1G RT: 25.63-26.38 SM: 1G
RT: 2529 NL: RT:26.01

100 1.2266 100

] TIC MS |

90 ICIS ether 90

NL:
1.38E6
TIC MS
ICIS ether

80 80|
70 2550 7

N 1
60
50

40 2613 2623

AAAAAN

Relative Abundance
Relative Abundance

30

250 251 252 253 234 285 I %7 238 29 260 261 22 263
Time (min) Time (min)

Pucynok 4 — Macc-xpomatorpaduaeckuii mpodpuins (I'’X-MC) creapunoit (C18:0) n onennosoii (C18:1)
KHUCJIOT, BBIJICJICHHBIX M3 COLBETHH TONMMHAMOYpa
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MornekynspHas cTpykTypa xkuphbix kucior (JKK) mpeacraBieHa mpoTsSKEHHBIME
rUuaApOPOOHBIMU  YITIEBOJOPOAHBIMU  paJUKaIaMH, TPEUMYIIECTBCHHO JIMHEHHOTO
CTPOCHHUS, HA TEPMHUHAIBHOM KOHIIE KOTOPBIX JIOKAJU30BaHA THAPO(GUIbHAS
KapOOKCHIIbHAs rpyTIa. J[aHHbIC COSTMHEHHSI BHIMOTHSIOT QY HKIHEO DY HIaMEHTATHHOTO
9HEPTETHUYECKOTO JICTIO M CIAYKAT 003aTeIbHBIME CTPYKTYPHBIMHU OJIOKAMU MOJISIPHBIX
JIUMATIOB, POPMHUPYIONIUX KIETOUHBIC MEMOPAHBI BCEX JKUBBIX CUCTEM. B pacTutenbHOM
Mupe MeTaboarueckue kackaspl ¢ yuactueM JKK Tarke BBICTYMAIOT KITFOUEBBIM 3BCHOM
B MEXaHHU3MaX WHAYKIUM CHCTEMHOTO MMMYHHUTETa M 3aIUTHl OT (DUTOMATOrCHOB
(Kachroo and Kachroo, 2009).

Component Name: C18:3_n6c Component Name: C18:3_n3c

RT: 28.74-29.49 SM: 1G RT: 2040-30.15 SM: 1G
100 RT:29.12 100~ RT:2078

NL: NL
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Pucynok 5 — Macc-xpomarorpaduueckuii npoduis (I'’X-MC) y-nmunonenosoit (C18:3, o-6) u (C18:3,
®-3) 0-JTMHOJICHOBON KHCJIOT, BBIACICHHBIX U3 COLBETUH TONMMHAMOYypa

B KoHTekcTe HYTPHUIMOIOTUYECKOH ¥  OHOJOTHYECKOW 3HAYMMOCTH  JUIS
YeIIOBeYECKOTO OPTaHN3Ma KUPHBIE KHCIOTHI PACCMATPUBAIOTCS KaK KITFOYEBHIE IOHOPHI
SHEPruH, Oa3UCHBIE AIIEMEHTHI IIUTOTLIA3MATHYECKUX MEMOPaH U UCXOIHBIE CyOCTpaThl
Juiss OMOCHHTE3a IIMPOKOTO CIIEKTPa PEryIsSTOPHBIX MOJEKyNIl. Poib HaCHIIIEHHBIX
MpeACTaBUTENCH, TAKMX KaK MaJbMUTUHOBASI U CTEAPUHOBASI KUCIIOTHI, 3aKII04aeTCs B
o0ecrneueHN N CTa0UITBHOCTH KJIETOYHBIX 0aphepOB, PETYIISIIUU JIUITUAHOTO MeTaboIu3Ma
Y YYaCTHH B TIPOIIECCAX MMOCTTPAHCISIIIMOHHON MOU(PUKAIIMH OSITKOBBIX CTPYKTYP. Tem
HEe MeHee, MPOQUINT JaHHBIX COCTUHEHUH B pallHOHE COIPSDKEH C PUCKAMH pa3BUTHS
MeTtabonuyeckux aucyHkiuid. HanpoTus, MOHOHEHACHIIIICHHAST OJICMHOBAsT KMCJIOTA
TPpaAUIHUOHHO MMO3UIUOHUPYETCH KaK HeHHLII\/’I HYTPUCHT JUCTUYCCKOI'O ITIMTAaHUA BBUY
€€ TPOTEKTOPHOTO [EHCTBHUS Ha JHUIUAHBIA TPOQWIb KPOBH W (DYHKIIMOHAIBHBIE
CBOIiCTBa OMOMEMOpaH.

CnenoBarenbHO,  YCTAHOBJICHHBIA  JKUPHOKUCIOTHBIM  CHEKTP  COLBETUH
TOMMMHAMOYpa TTOATBEPKAAET HAJMUHE B MX COCTaBE KUPHBIX KHCIIOT, BOBICYEHHBIX
B (yHIaMeHTalbHBbIE (PU3NOJOTHYECKHE MPOIECChl KaK CaMOro pacTeHus, Tak W
Makpoopranu3ma. llomydeHHble pe3ynbTaThl OOOCHOBBIBAIOT —IEPCIIEKTHBHOCTH
MPOBEICHUS KOMIUICKCHBIX CKPUHUHTOBBIX HCCICAOBAHMUM, HAMpaBICHHBIX Ha
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JeTajgbHOe H3yueHHe (GapMaKoJIOrHYeCKOTO U TepareBTUYECKOro OTeHIMaa JaHHOTO
BHJIa PAaCTUTEIBHOTO CHIPbS.

3axmiouenne. [locpencTtBoM Meroma ra3oBoil  xpomartorpaduu  AeTaibHO
OXapaKTepHU30BaH KOMIIOHEHTHBIH CHEKTp M KOJWYECTBEHHOE pacIpesesieHue
KUPHBIX KHCJIOT, 00pa3ylouX JUMUAHYI0 (pakiuuio TonuHamOypa. AHaIu3 BBISBUI
MIPUCYTCTBHE HACKHIILIEHHBIX 1 MOHOHEHACHIILIEHHBIX COEAMHEHUH, IPH 3TOM Ma)KOPHYIO
qacTb npoduist GopMHUPYIOT NaTbMUTHHOBAS, MUPUCTHHOBAS, MacJsIHAS, KATPOHOBAs,
KalpuiIoBas, JIaypuHOBAas, & TAK)KE OJICMHOBAsI KUCJIOTHI.

OKclepUMEHTalIbHBIE JaHHbIE BHOCAT CYIIECTBEHHBbIH BKJIaJ B IOHHMaHHUE
XMMUYECKOW OpraHu3alud HMCCIEOYyeMOH pacTUTEIbHOM OMOMAacchl M PacUIMPSIOT
(dyHIaMeHTaIbHbIC TPEACTABICHHS O € METaOOIMTHOM cocTaBe. Hannune xommiekca
OMONIOTMYECKH IICHHBIX JIMOHUIHBIX KOMIIOHEHTOB IIO3BOJISICT IMO3WMIIMOHHPOBATH
TOMMHAMOYypa KaK BBICOKOTIEPCIIEKTUBHBIM  CBIPHEBOM HCTOYHHMK MPUPOTHOTO
MIPOUCXOXKICHUS ISl MPOBEACHUS MOCIEAYIOMUX MEXIUCIUIUINHAPHBIX W3bICKAaHUN
Ha CThIKE OMOXUMUH, (apMaKOJIOTHU 1 OMOTEXHOJIOTHH.
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Abstract. The effect of shaping and metal modification on the acidic and catalytic
properties of shaped ZSM-5-A1,0, compositions for the alkylation of aromatic
hydrocarbons was studied. Shaped materials based on ZSM-5 and an alumina binder
derived from pseudoboehmite were used as the initial matrix. To evaluate the role of
the support composition, calcined Al,O, and ZSM-5-AL,0, compositions containing
50, 70, and 80 wt.% zeolite were investigated. NH, temperature-programmed
desorption showed that an increase in the ZSM-5 content was accompanied by an
increase in the intensity and area of the desorption signals, as well as by a moderate
shift of the desorption maxima toward higher temperatures. A series of Zn—Me catalysts
containing Zn, Zn—Ce, Zn-La, and Zn—Zr was prepared using the 50 wt.% ZSM-5
+ 50 wt.% ALO, composition. The samples were characterized by X-ray diffraction,
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FTIR spectroscopy, and FTIR spectroscopy of adsorbed pyridine. It was found that
the introduction of metal components did not lead to severe destruction of the ZSM-
5 framework; however, ZrO, reflections were detected for the Zn-Zr/ZSM-5-Al,0,
sample. According to pyridine FTIR spectroscopy, Lewis acid sites predominated in all
Zn-Me catalysts; the B/L ratio varied from 0.18 for Zn-Ce/ZSM-5-Al1,0, to 0.36 for
Zn-Zr/ ZSM-5-A1,0,. Catalytic tests in benzene alkylation with ethylene showed that
the highest selectivity to ethylbenzene was observed for Zn—-Ce/ ZSM-5-Al,0,, the
highest ethylene conversion for Zn—Zr/ ZSM-5-Al1,0,, and the highest ethylbenzene
yield for Zn-La/ ZSM-5-A1,0,. The results show that the properties of shaped Zn-Me/
ZSM-5-A1,0; catalysts are determined by the combined effect of the zeolite—alumina
matrix composition and the nature of the metal modifier.

Keywords: ZSM-5 zeolite; alkylation catalysts; rare-earth elements; acid sites;
NH,-TPD
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AnnoTanusi. JKymbpIcTa apoMaTThl KOMIpPCYTEKTEpIi alKWIJIeyre apHalfaH
KanpinTanrad ZSM-5—A1>03 KoMITo3uIHsIIapbIHBIH KBIITKBUTIBIK )KOHE KATaTUTHKAIIBIK
KacHeTTepiHe KaJbIlITay MEH METaJJIapMeH MOAM(UKAIMIIAYIbIH dCepl 3epTTEI/I.
Bacrankpl Martpuna petiHge ZSM-5 1EONHMTI JKOHE IICEBJOOSMHUTTECH alIbIHFaH
QIIOMUHUA OKCHI OallIaHBICTBIPFBILIBI HETI31HJIETT KaJIBINTAJIFaH Marepuaiiap
nainananpuabl. TackIManaarbll KYpaMbIHBIH dcepin Oaranay yuriH Kyiaipiared Al-Os
xoHe Kypambiaaa 50, 70 xone 80 mac.% ZSM-5 6ap ZSM-5-A1>03 KOMIO3HIHSIIAPHI
3epTTeii. AMMHAKTBIH TEeMIIepaTypajblK OargapiamMaiianraH JgecopOorusicel ZSM-5
MOJIIICPIHIH apTyhl AeCOPOIMSIBIK CUTHAIIAPABIH KaPKBIHABUIBIFBI MEH aydaHbIHBIH
WIFalObIMEH KOHE MaKCUMyMJAapIblH Oipimama JKOFapbl  TeMIleparypaiapra
BIFBICYBIMEH KaTap KypeTiHiH kepceTTi. Kypambiana 50 mac.% ZSM-5 xone 50 mac.%
Al:Os 6ap komno3unus Herizige Zn, Zn—Ce, Zn—La xoHe Zn—Zr MmoauduKaTopiaapsl
eHri3iIreH Zn—Me KaTajin3aTopiiapblHbIH CEPUSICHI TalbIHAAMIBL. YIITUIED PSHTICH IIK
mudpakius, UK-Oypre-crieKTpockonus xKoHe ajcopOuusuianran nupuauaaiy MK-
®Dypbe-CeKTPOCKOMHUACH JJiCTepiIMEH cunarTaipl. MeTaal KOMIOHEHTTEPIH eHT13y
ZSM-5 KaHKACBIHbIH alKbIH OY3bLIybIHA OKSJIIMETeHI aHBIKTAJIbI, anaina Zn—2r/ZSM-
5-AlL:0s yariciage ZrO: peduekcrepi Oarikansl. [Tupuauaaiy MK-criekrpockonuscel
Oapnelk  Zn—Me KkaranuzatopiapbiHga JIbIOMC KBIIKBULIBIK  OPTAIBIKTAPBIHBIH
OaceiM ekeHiH kepcerTi; B/L xarbiHacel Zn—Ce/ZSM-5-Al0s ymin 0,18-men Zn—
Zr/ZSM-5—-A120s yuiin 0,36-Fa neitin e3repai. BeH30J/1bl 3THICHMEH aJIKHIIICY
ChIHAKTAphl 3TUJIOCH30JIFa €H KOFapbl celeKTUBTUNK Zn—Ce/ZSM-5-Al.0Os yuiH,
STUJICHHIH €H JKOFapbl KOHBEpCHsIChl Zn—Zr/ZSM-5—A1>0s yiiniH, an 3TUIOSH30JbIH
€H JKOFapbl MWLIFbIMBI Zn—La/ZSM-5-Al1>0; ymin Gaiikanranbia kepcerTi. HoTmkenep
Kanpintanrad Zn-Me/ZSM-5-Al.0s karanu3aroplapblHBIH KacHeTTepi IEeOIuT—
QIIOMUHUIA OKCHJI MaTPUIACHIHBIH KypamMbl MEH MeTaul MOIU(PUKATOPBIHBIH
TabuFaThIHa Oip ME3TiJ/Ie TOYeI Il eKeHIH KOPCETTi.

Tyiiin ce3mep: ZSM-5 weonwti; ajKWiIJey KaTalu3aTopiiapbl, CHPEK Kep
AIIEMEHTTEPI; KBIIIKBUT OPTANBIKTaphl; aMMHAaKThIH TI1/]
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Annoranusi. McciaenoBano BiusHHE (QOPMOBaHHS UM MOTUPHUIIMPOBAHUS
MeTaJlJIaMH Ha KHCJIOTHBIE W KaTaJUTHUYECKUE CBOMCTBA ()OPMOBAHHBIX KOMITO3UITHH
ZSM-5-A10s njs aJKWJIMPOBaHUS apoOMAaTUYECKUX YIICBOJOpPOI0B. B KkauecTBe
WCXOMHOM MaTpHIlbl UCIONIb30BaIM (hopMOBaHHBIE MaTepualibl Ha ocHoBe ZSM-5 u
AITIOMOOKCH/IHOTO CBSI3YIOIIETO, Oy4YE€HHOTO U3 TiceBrobeMuTa. i OIIeHKH BIHSTHUS
cocTaBa HOCHUTENS UccieaoBanu npokanéHubiii Al2Os u kommnosuiuu ZSM-5—-AlL0s,
cogepxkamue 50, 70 u 80 mac.% meonura. TemmeparypHO-IpOrpaMMHpPOBaHHAS
JecopOIis aMMuaKa rnokasasa, YTo yBelnndeHue cogepxanus ZSM-5 cornpoBoxiaercs
POCTOM MHTEHCUBHOCTH M TUIOIIAH JeCOPOLMOHHBIX CUTHAJIOB, @ TAK)KE YMEPEHHBIM
CMEIl[EHHEM MaKCUMYMOB JlecopOunu B 0o0iacTh Ooiee BBICOKHX Temreparyp. Ha
ocHoBe kommozuiun 50 mac.% ZSM-5 + 50 mac.% Al.Os npurorosnena cepust Zn—Me-
KaTaJn3aTopoB, coaepxkanux Zn, Zn—Ce, Zn—Lau Zn—Zr. O6pa3iubl 0xapakTepru30BaHbI
MeTolaMu peHTreHoBckor mudpakunu, MK-Dypwe-criekrpockonun n MK-Dypre-
CHEKTPOCKOIMH  aJICOPOMPOBAHHOTO MHPHUAMHA. YCTAaHOBJEHO, YTO BBEJCHHE
METaJUINYECKUX KOMITIOHEHTOB HE MPHUBOAMT K BBIPAXXEHHOMY pa3pyLIEHHIO KapKaca
ZSM-5, onnako juist oOpasua Zn—Zr/ZSM-5-A1.0s oOHapyxkenbl peduiekcbl ZrOa.
Mo manmbeM MK-cnexTpockonuu ancopOMpOBaHHOTO MUpPHUIMHA BO Bcex Zn—Me-
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KaTaJn3aTopax MpeodaalaloT JBIOMCOBCKUE KUCIOTHBIE LEHTPHI; oTHoweHue B/L
m3Mmensercs or 0,18 mmg Zn—-Ce/ZSM-5-Al0s o 0,36 mis Zn—Zr/ZSM-5-Al.0s.
KartanuTuueckre UCTIBITaHUS B PEaKIMU AIKMIIMPOBAaHUS OEH30J1a 3TUIICHOM MOKa3aly,
YTO MaKCHMaJbHasl CEIEKTUBHOCTH MO 3THIIOCH301y Aocturaercs Ha Zn—Ce/ZSM-5—
Al>Os, Haubonbl1as KOHBEpCHS dTHIIEHA - Ha Zn—Z1/ZSM-5-A1>0s3, a MaKcuManbHbIH
BBIXOJ] ATHIIOCH30a - Ha Zn—La/ZSM-5—-Al1,0s. [Tony4eHHbIe pe3yabTaThl IOKa3hIBAIOT,
4TO0 cBOlicTBa (opMOBaHHBIX Zn—Me/ZSM-5-Al>0s-kaTann3aTopoB ONpeAesoTCs
COBMECTHBIM BJIHMSHHUEM COCTaBa LIEOJIUT-AIIOMOOKCUIHON MaTpuibl U TNPUPOIBI
METAJIMYECKOr0 MOTU(HUKATOpa.

KuaroueBbie cioBa: neonmut ZSM-5; Kkaraau3aTopbl adKWIMPOBAHUS; PEIKO-
3eMeJIbHbIE AIEMEHTHI; KucIoTHbIE IeHTphl; TII/] ammuaka

Beengenme. LleonuTHble KaTanu3aTopbl 3aHMMAIOT Ba)KHOE MECTO B KHCIIOTHO-
KaTAINTHYECKUX TMpoueccax HedrenepepaboTku U Hedrexumuu Omaromaps
COYETAaHUIO BHICOKOH TEPMHUUYECKOW CTAOMIBHOCTH, PAa3BUTOW MOPUCTOH CTPYKTYPHI,
pETyANpYEMBIX KHCIOTHBIX CBOMCTB U CENEKTUBHOCTH 10 popme. Cpean HUX 0CoObIi
WHTEpPEC NPEACTaBISIIOT LEONUThl THna ZSM-5, obnajzaromme MHUKPONOPHCTOM
crpykrypoir MFI u cnocoOHbIe 0OecnieuynBarh CENEKTUBHOE MPOTEKaHWE PEaKHid ¢
y4acTHEeM apOMaTHYECKUX YTIEBOAOPONOB. B mpoueccax ankuinupoBaHus OeH3o07a,
HaTaIMHA U IPYTHX apOMaTHYeCKUX COCTUHEHUH CIUPTaMH M oie(rHAMH TaKHe
MaTepuassl MO3BOJISAIOT COYETaTh KMCIOTHYIO aKTHBALIUIO PEAreHTOB ¢ OTpaHUYEHUEM
00pa3oBaHMs KPYIHBIX MOJIEKYT MOOOYHBIX MPOAYKTOB, YTO OCOOCHHO Ba)KHO NpPHU
MOJYYEHUH MOHO- M AMAJKUIAPOMATHUYECKHX COCIMHEHUH (AOHMIbMarkaHoB U Ap.,
2009; Hagupos u ap., 2009; AdGunbMarkanoB u np., 2009; Macenosa u ap., 2010).

JluteparypHblii  0030p. AJKWIMpOBaHHE apOMAaTUYECKUX  YIIIEBOJOPOIOB
OTHOCHUTCSI K YHCIly peakUui, YyBCTBUTENBHBIX K NPHUPOJE, CHUJIE U JOCTYIHOCTH
KHCJIOTHBIX ULEHTPOB Karamuzatopa. s TpoTekaHWs peakuuu HEeOOXOAMMBI
JOCTaTOYHO aKTHBHBIE KUCIOTHBIE LIEHTPBI, CIOCOOHBIE y4acTBOBAaTh B 00pa30BaHUH
ANKWIMPYIOIUX HHTEPMEINATOB, OJHAKO YPE3MEpPHO BBICOKAs KOHILIEHTpAaIlHs
CHJIBHBIX [IEHTPOB MOXKET YCHJIMBATh MOOOYHBIE MPOLECCHI: JeTUAPATALUIO CIIUPTOB,
OJIUTOMEPHU3alUI0  OJIe(UHOBBIX  (PAarMeHTOB, MOJUAIKUIMPOBAHUE, KPEKUHT
n oOpaszoBaHue Kokca. llosTomMy mpum pa3paboTKe LEOJUTHBIX KaTalu3aTopoOB
AJKWIMPOBAHMS BakHA HE TOJBKO CyMMapHash KHCIOTHOCTb, HO U COOTHOIIEHHE
OpEHCTENOBCKUX U JIHIOMCOBCKUX KUCIOTHBIX EHTPOB, a TAKXKE HX paclpeieieHUe Mo
cuie (Tanabe, 1993; Han et al., 2021).

B naGopaTopHBIX HCCIEAOBAaHMSX IIEOJUTHI HYacTO pPaccMaTpUBAIOTCS B
MOPOLIKOOOPAa3HOM  COCTOSIHUHM, OJHAKO B  NPAKTHUYECKUX  KaTaJIUTHYECKUX
mporeccax OHHM JOJDKHBI HMCIOJBb30BaThCS B BHJE TPaHYN, SKCTPYAAaToB, TaOJIETOK
uin  apyrux QopMoBaHHBIX Tenl. DopMoBaHHME HEOOXOOUMO i obOecreyeHHs
MEXaHUYECKOW MPOYHOCTH, IMPUEMIIEMOTO THUIPOAMHAMUYECKOTO COMPOTHBICHUS
CJIOS U TEXHOJOIMYECKOH MPUrogHOCTH KaTainu3aTopa. BMmecte ¢ Tem mepexon oT
nopoiika K pOpMOBAaHHOMY MaTepHally He SIBIISETCS HEUTpanbHoi cTagueii. Benenue
CBSI3YIOILLETO, BOABI, MENTH3aTOpa W MOCIeAyIolas TepMooOpaboTka H3MEHSIOT
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MOPUCTYIO CTPYKTYPY, MJIOTHOCTh, MPOYHOCTh, AOCTYMHOCTH LIEOJUTHOH (a3pl H
KHCJIOTHBIE cBolcTBa moBepxHOocTH (Yang et al., 2021; Garcia-Sanchez and Baldovino-
Medrano, 2023; Massenova et al., 2026).

OcCO0eHHO CYIIEeCTBEHHOE BIHMSHHE Ha CBOMCTBA (OPMOBAHHBIX IICOJUTHBIX
MaTepHaJiOB OKa3bIBAIOT ANTIOMOOKCHAHBIE cBszytomue. C OOHON CTOPOHBI, OHH
00ecreYrBalOT KOHCOMUAAUI0 YacTUIl U (POPMUPOBAHUE MPOUHBIX TPaHyJ; C APyron
cToponbl, Y-Al,O, U TPOXYKTBI TEPMUYECKOTO TPEBPALICHHS MCEBIOOEMUTA MOTYT
BHOCHUTH COOCTBEHHBIE JILIOMCOBCKHE KUCIIOTHBIC IICHTPHI, U3MEHATh pacipe/esicHue
QTIOMUHUSL ¥ BIUSATH Ha KHUCIOTHO-TIOPHCTYIO CTPYKTYPY ULEOIMTCOAEPKAIIETO
Marepuana. IlosTomy mpu pa3paboTke (OPMOBAHHBIX KaTalW3aTOPOB Ha OCHOBE
ZSM-5 HeoOXO0OMMO YYHUTHIBATH HE TOJBKO CBOIMCTBAa HCXOAHOTO LIEOJIUTA, HO H
BKJIQJ CBSI3YIOLIETO, a TaK)Ke H3MEHEHUS, BO3HHKAIOIIME HA CTaguH (HOPMOBAHHS
n npokanuBanus (Lakiss et al., 2020; Nikolopoulos et al., 2023; Lashchenko et al.,
2025). D10 0COOEHHO Ba)KHO AJISI KaTaju3aToOpOB aJKWJIMPOBAHHS, TAE JOCTYNHOCTD
KHCJIOTHBIX IEHTPOB M 0aJlaHC MEX 1y OPEHCTEIOBCKOH U JIbIOMCOBCKOM KUCIOTHOCTBIO
MOTYT ONpPENeNiTh COOTHOIIEHHE KOHBEPCHH, CEIEKTUBHOCTH M YCTOHYMBOCTH K
Je3aKTHBALINH.

OnHUM U3 TOOXOJOB K JalbHEHIIEMy pPEryIMpOBaHUIO KHCIOTHBIX CBOMCTB
ZSM-5-coaepKalux KaTaau3aTopoB SIBISETCS MOCT-CHHTETUYECKOE METaTHUECKOe
MoauduurupoBanue. BBeaeHne uHKa IpeCTaBIsieT MHTEPEC BCISACTBHE BOZMOKHOCTH
(dopmupoBaHUs Zn-CBA3aHHBIX JBIOMCOBCKUX KHCJIOTHBIX LIEHTPOB M W3MEHEHUS
a7COPOLIMOHHO-KATAIUTUISCKUX CBONCTB IIEOJIMTHOU MoBepxHOCTU. Jlns Zn/ZSM-5-
CHCTEM IOKa3aHO, YTO COCTOSIHME ZN-LUEHTPOB, UX B3aUMOACHUCTBUE C KUCIOTHBIMU
LEHTPaMH 1 pacrpeieIeHne MEeKIy LEOTUTHOW U aJIOMOOKCHIHOMN COCTaBISIOIIMMH
MOTYT CYIIECTBEHHO BIHUSATh Ha KaTAINTHYECKOE TIOBEJCHUE Marepuaja B
MIPEBPAICHUSIX KUCIOPOICOISPIKAIINX COSNUHEHUH U yriieBonopooB (Pinilla-Herrero
etal.,2021; Gengetal., 2022; Zhang et al., 2022). [1pu 3TOM MOAUPUITUPOBAHHIE TOIHKO
LMHKOM HE BCETZa MO3BOJSET OAHO3HAYHO ONTHMHU3UPOBATh KHCIOTHYIO (DYHKIHIO,
MTOCKOJIBKY POCT JIBIOMCOBCKOM KHCJIOTHOCTH MOMKET CONPOBOKIATHCS M3MEHEHHEM
qucia JOCTYIHBIX OpPEHCTEAOBCKUX LIEHTPOB M MEpepaclpeeiecHUeM peakHOHHBIX
MapUIpyTOB.

[lepcrieKTUBHBIM  SIBISIETCSI COBMECTHOE  BBEJEHHE LUHKA W BTOPOTO
MOIU(QHUUIUPYIOMIET0 KOMIOHEeHTa. Tak, Lmepuid MOXKeT BIMATH Ha COCTOsSHUE Zn-
COAEp)KAlIMX ILIEHTPOB M BKJIaJ OKCHUIHBIX MOBEPXHOCTHBIX YYacTKOB; JaHTaH
TPaIUIIMOHHO paccMaTpUBaeTcs Kak MOAW(DUKATOP KUCIOTHOCTH M CTaOWIBHOCTH
LEOJIUTHBIX KaTajlu3aTopoB; IHMPKOHUH crmocoO0eH (GopMUpOBaTh IOMOTHHUTENbHBIC
KHCJIOTHBIE M KHCIIOTHO-OCHOBHBIE LEHTPBI, @ TAKXE YYacTBOBAaTh B CO3IaHHUH
OM(YHKIIMOHAIBHBIX CHUCTeM Ha ocHoBe ZSM-5. B muteparype mokasano, uro Ce-,
La- u Zr-conmepxaimue KOMIIOHEHTHl MOTYT 3aMETHO HM3MEHSTh KaTaJlUTHYECKHE
cBolicTBa Zn/ZSM-5-cucteM B peakUHsX apoMaTH3allM{, NPEeBpalleHHs CIUPTOB,
yIIIEBOAOPOIOB U aNnKuiIupoBanus oenszona (Wang et al., 2024; Nietal., 2010; Yu et al.,
2019; Liu et al., 2025). [TosTomMy cpaBHUTENBHOE HccaenoBanue Zn-, Zn—Ce-, Zn—La-
1 Zn—Zr-momuduuuposanubix ZSM-5-Al,0,-KoMo3u1uii IPENCTABIIAET HHTEPEC KaK
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croco0 BBISIBUTH BIMSIHUE IPUPOJBI BTOPOTO MOIU(PHUKATOpa HAa KUCIOTHOE COCTOSTHHE
[IOBEPXHOCTH ITPH OAMHAKOBOW MaTpHLIE.

B cBs3u ¢ 3THM LeTbI0 HACTOSIIEH Pa0OTHl SBISUIOCH YCTAHOBICHHE BIUSHHS
cranuii  QopMOBaHHS M MOCIEAYIOIIETO METANTUYECKOr0 MOAU(DUIUPOBAHUS
Ha CTPYKTYpHbBIE, TEKCTYpPHO-IIPOYHOCTHBIE, KHUCIOTHBIE W KaTaJIUTHYECKHE
xapakTepucTuku ZSM-5-Al O ,-KOMIIO3UIKUH, NPETHASHAYCHHBIX JUIS AJIKUJTMPOBAHHS
apoMaTHYeCKHX yIeBofopoaoB. Ha nepBoii craguu paccMaTpuBaiy BIUsSHUE COCTaBa
popmosannoii ZSM-5-Al,0,-cucteMbl Ha KHUCIOTHBIE XapakrepucTuku. Ha Bropoi
CTaJluy UCCIIEAOBAIN (PU3UKO-XUMHYECKUE U KATATUTHUYECKHE XapaKTEPUCTHKHU CEPUN
Zn-Me/ZSM-5-A1,0-Katanu3atopos.

MarepuaJjbl M OCHOBHbIE METO/bI.

Mamepuanoi:

B pabore ucnons3oBanu ueoaut ZSM-5 1 aItoMOOKCHIHOE CBS3YIOIIEE Ha OCHOBE
riceBgo0emuta. OpPMOBaHHBIC ZSM—S—AIZOS—KOMHO3I/IL[I/II/I NPUMEHAINA B KadyecCTBe
HOCHTENEH Ui MOCIEAYIOIEro MeTauIn4eckoro MoguduuupoBanus. s oneHku
BJIMSIHUSL COOTHOILIECHMS LEOTUTHOW M aJIOMOOKCHUIHOHN (a3 Ha KUCIOTHBIE CBOHCTBA
JIOTIOJIHUTENBHO UCCIIEN0BaNM TpoKaieHHbld AL O, u GpOpMOBaHHBIE KOMIO3ULIMHU €
conepxkanuem ZSM-5 50, 70 u 80% macc.

Hns  npuroronenuss Zn- U Zn—-Me-MoaupUUUPOBAHHBIX KaTalu3aTOpPOB
HCIIONIb30BAJM  BOJOPACTBOPUMBIE COJIM COOTBETCTBYIOIIMX MeTayuoB. LIuMHK
seonwn B Buze Zn(NO,),'6H,0 («x.u.», TOCT 5106-77). B kauectBe BTOpOro
Monupumpyrouero komnonenra ucnonb3osamu Ce(NO,), 6H,0 («u.1.a.», TY 6-09-
4081-84), La(NO,),6H,0 («x.u.», TY 6-09-4676-83) u ZrOCl-8H,0 («x.u.», TY
6-09-3677-74). Bona, ucnonb3oBaHHas 17151 IPUTOTOBIEHUS IPOMUTOYHBIX PACTBOPOB,
Obuta aucTHIUMpoBaHHOW. Jlng ymoOcTBa 0003HaueHHsT 0Opas3lOB HCIOJIB30BAIN
COKpallleHHble Ha3BaHus: Zn/ZSM-5, Zn—Ce/ZSM-5, Zn-La/ZSM-5 wu Zn-Zr/
ZSM-5, mpu 5ToM Moau(UIMpPOBaHHBIE 00pa3lbl ObUIM MPUTOTOBICHBI Ha OCHOBE
popmosannoii komnosunuu ZSM-5-A1,0,, conepxasmeit 50% macc. ZSM-5 u 50%
macc. ALO,.

Memoowi:

DOpMOBaHHBIE ZSM-5-A1,0-xomMno3unuu [OJIy4alln CMEILIEHUEM
nopoukooopasHoro ZSM-5 ¢ allOMOOKCHIHBIM CBSI3YIOIIUM M TOCIETYIOLIIM
(hopMOBaHHEM IIACTHYHON MacChl B COOTBETCTBUH C METOAUKOM, I€TAILHO OITMCAaHHON
B (Massenova et al., 2026). B HacTosimeii pabore (opmoBaHHBIE MaTepHAalIbI
HCIIONIb30BAJIM KaK HCXOJHYIO MaTpully A M3Y4YeHHs KHCIOTHBIX XapaKTEpUCTHK
OpH TPaHYJIUPOBAHWU U TOCJIEAYIOMIEM METaNIMYeCKOM MOIU(UIIMPOBAHUHY.
@dopmoBaHNE MPOBOAWIN METOAOM 3KCTPY3MM Ha IUTYH)KEPHOM SKCTpYyJEpe depes
¢unbepy nuamerpoM 2,7 MM. [lomydeHHbIE IKCTPYAAThHI pa3pe3ald WK pa3iaMblBaIN
Ha IWIMHIPUYECKUE TpaHyibl ATMHON ~ 3-5 mM. [locnme ¢opmoBanus rpaHyisl
BBIICPKUBAJIN NP KOMHATHOM TemmepaType B TeueHue HouH, cyuin npu 150 °C B
TedeHue 4 4 npu ckopocTH Harpesa 2 °C/MUH M poKanuBaiu Ha Bozayxe npu 500 °C
B TeueHue 2 4 npu ckopoctu Harpesa 10 °C/muH.

Mertannuiyeckue KOMIIOHEHTBl BBOAMJIM METOJOM MPOMMUTKH IO BIArO€MKOCTH
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(OpPMOBAaHHOTO  LIEOJUTCOAEPKAILEr0 HOCHUTENS BOAHBIMH PAacTBOpAaMH  COOT-
BETCTBYIOIIMX cojeld. Macca HOCUTENs NpH NPUTOTOBIEHHHM Kakgoro obpasma
cocrasysna 15 r. [lns o6pasua Zn/ZSM-5 B pactBop BBOAMIHU TONBKO Zn(NO,), 6H,0
B KOJHMYECTBE, COOTBETCTBYIOIIEM 2% Macc. Zn OTHOCUTENIBHO MacChl HCXOIHOTO
Hocutens. llpm NpUroTOBICHMHM OUMETAUIMYECKHX OO0pasloB coiepkaHue Zn
OCTaBJSUIM TOCTOSIHHBIM (2% Macc.), a B NMPOMUTOYHBIA PAcTBOP AOTOJHUTEIHHO
BBOoMiK cosb Broporo meramna (Ce, La u Zr). CogepkaHue BTOPOro KOMIOHEHTa
cocTaBysno 1% Macc. B pacueTe Ha COOTBETCTBYIOIINI METAI OTHOCUTEIBHO MacChl
ncxoaHoro Hocutens. [IpeamecTBeHHUKN Zn 1 BTOPOrO MeTaJljia BBOJWIN COBMECTHO
13 OJTHOTO MPOMHUTOYHOTO pacTBopa. [locie 3aBepiueHust NpONUTKHA 00pa3Lbl CY I
npu 150 °C B Tedenue 2 4 u nogsepranu repmoodpadotke npu 550 °C B Teuenue 2 u.

dazoBblii cocTaB 00pa3lOB HCCIEAOBAIM METOAOM DPEHTTeHO(})a30BOro aHaIn3a
(P®A). JudpakrorpamMmel peructpupoBanu Ha audpaxtromerpe JPOH-4-07
(BypeBectnuk, Cankr-IlerepOypr, Poccust) ¢ ucnonszoBanuem Co Ko uzmydenus B
nuanaszone yroB 20 = 10-90° ¢ marom 0,02°. Wpentudukannio $a3 npoBoauwiu ¢
ncnonb3oBanreM 0asbl fanHbIX PDF u nporpammuoro obecneuenus Crystallographica
Search-Match v. 2.0.3.1.

UK-cnexrpsl peructpupoBaiu Ha UK-Dypre-ciekrpomerpe Nicolet iS5 (Thermo
Fisher Scientific, Mtanus) mpu komHaTHOU Temneparype B auanazone 4000400 cm .
OO0pa3upl s aHajgu3a roTOBUIM npeccoBanueM ¢ KBr.

CyMmMapHbIii 00beM TOp (OPMOBAHHBIX I'PaHYJl ONPEAESUId METOAOM BOJHOTO
HacwleHusi. HaBecky mpokajeHHOro obOpasna TMoMelland B CTEKISHHYIO KOJOy H
M0 KaruisiM 100aBIsIN JUCTULITMPOBAHHYIO BOLY A0 MOJHOTO 3alOJHEHHUS TOPOBOTO
MPOCTPAHCTBA; OKOHYAHUE TUTPOBAHUS OIMpPEIEsUIM N0 Havdaly MPUIMIAHUS TPaHyI
K CTGHKaM KolObl. V3MepeHHUs MpOBOAWIM HE MEHee 4YeM B JBYX Mapajllensx.
CyMMapHBbIi 00beM TIOP PACCUUTHIBAIM KaK OTHOILIEHHE 00beMa MOIOIEHHON BOJIBI K
Macce CyXoro MpoKaJIeHHOro 00pasua.

MexaHu4ecKyto MPOYHOCTh T'PaHysl ONpPEeNIsd Ha aBTOMaTHUECKOM HU3MEepHUTee
npouynoctu JIuateJI [IK-21 (bCKb «HedrexumaBromarukay, PO). [lepea ucnsiranuem
U3MEPSIIN TUaMeTp M JUIMHY KaKAOH Tpanyibl. VcnblTaHuS MPOBOAMIM MPH JBYX
CXeMax HarpyKeHHs: OCEBOM CXKATHH MEXKAY TOPLAMHU HHIMHIPHYECKOH TpaHysIbl
U paaMajbHOM CKaTHM TO oOpasyromieil. s pacuera HCHONB30BaIM HArpys3Ky
pa3pylLIeHHs U TeOMETPUUECKHE pa3Mepbl TPaHyIl; HTOTOBbIE 3HAYEHUS OIPEAEIISIN KaK
CpEAHUE 110 IeCSATH rpaHyiaM. /s cpaBHUTETbHON OLEHKH KHCIOTHBIX XapaKTEPUCTUK
ALO, u dopmosannbix ZSM-5-Al,0,-koMno3uIMii € Pa3IUYIHBIM COAEPKAHUEM
LEOJIUTa MCIONB30BAIN TEMIIEPaTypHO-IPOrPaAMMHUPOBAHHYIO 1E€COPOLHMI0 aMMHUaKa
(TIIA NH,). Macca nasecku o6pasua cocrasisna 0,20 r. [lepen usmepennem o6pasiibt
HACBIIIAJI aMMHAKOM [TPY KOMHATHOW TeMIIepaType B TeueHue | 4, moclie 4ero yaaisiu
¢usnvecku agcopOMpOBaHHBIN aMMHUAaK MPOJYBKOI refreM. B kauecTBe raza-HocuTeNs
ucnonb3oBanu He ¢ pacxomom 30 cm®/mMunH. HarpeB mpoBoauiu co ckopocThio 15 °C/
MHH 10 KoHeuHOU Temmeparypsl 600 °C. KonuuecTBo U pacmnpeaeneHne KUCIOTHBIX
LEHTPOB oLleHNBaIH 1o Gpopme npoduieit TII/], nonoxeHHI0O MaKCUMYMOB A€COPOLIH
W MHTETPaIbHOM TIIOIAAH JeCOPOMOHHBIX CUTHAJIOB.
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Jlnst  onpenenenus NpUPOIbI  KUCIOTHBIX — UEHTPOB  Zn-Me/ZSM-5-Al,0,-
KaTaJn3aTopoB Hcnonb3oBain MK-crnekTpockonuio aacopOMpOBaHHOIO MHPHUANHA.
[MupuanH npuUMEHSUTH KaK MOJIEKYITy-30H/ [uist paznenenus opencrenoBckux (BKL) u
JBIOUCOBCKUX KUCIOTHBIX IeHTpoB (JIKLI). Hachimenue o6pa3nos npoBoawIn NapaMu
MUpPHUMHA B 3aKPBITOM SKCHUKATOpe: MUPUANH MOMELIAIN B OTKPBITHIN COCyA Ha JAHO
9KCHKATOpa, a 00pa3lbl pacroyiarajd OTACIbHO, UCKIIoYas WX HENOCPEICTBEHHBIN
KOHTAKT C KUIKUM MUpUANHOM. OOpa3ibl BEIACPKUBAIN B aTMOC(epe HACHIIIEHHBIX
MapoB MUPHUAHMHA B TeueHue 3—4 CyTOK NpH KOMHATHOW TeMIeparype, Mocie 4Yero
cymmnu npu 115 °C ans ynanenus u30bITKa U c1a0OCBSI3aHHOTO MUPHAMHA. 3aTeM
peructpupoBanu UK-crekTpsl B TeX ke yCIOBHAX, YTO U IJIs1 HICXOIHBIX 00pa3IoB.

[Tpu mHTEpHpeTanyu crekTpoB mosocy B obmactu 1540-1550 cm™' oTHOCcHMIM K
MUPUIMHAEBBIM HOHAM, oOpasylommMcs mpu B3auMoneiictBun nupuauaa ¢ BKII, a
nosnocy B obnactu 1445-1460 cMm™' — K KOOPAMHALIMOHHO CBS3aHHOMY MUPUAMHY Ha
JIKII. ITonoca okoo 1490 cM ™' mmeeT cMeIaHHy 0 MPUPOY U ITPU PACUeTe OTHOILICHHUS
BKII n JIKII[ He yunThIBanacs.

J1 TONTyKOJIMYECTBEHHOTO CPaBHEHUS KHCIOTHBIX XapaKTEPUCTUK MPOBOAUIH
JICKOHBOJIIOLIMIO CIeKTpoB B obmactu 1600—1350 cm™' ¢ mHTErpupoBaHHEM IOJIOC
nupuaunna, ceszanHoro ¢ BKIL[ m JIKL. ITockonbky TabmeTku ansi Bcex oOpasloB
TOTOBWJIM NpU OJM3KOM COAEP)KAaHUM KaTalu3aTopa W CHEKTPhl PETUCTPUPOBAIU B
OJJMHAKOBBIX YCIIOBHSX, MHTETPAJIbHBIE TUIOIIAIN MCTIOIB30BAIN JIJIsl CPAaBHUTENIBHOM
olieHKH KucinoTHocTH. llpu pacuére otHomenus B/L ucnonb3oBanu kodGGuIMeHTs
AKCTUHKIUU: s Tonockl mupuanaa Ha BKI — 1,67 cm/Mkmonb, aiis monock! Ha JIKL]
npu ~1455 em™! — 2,22 cM/MKMOJTB.

Kartanutnueckne ucnbplTaHWS NPOBONMIM B PEaKUUU AJIKHUIMPOBaHMsA OeH30ja
stwiienoM Ha ycraHoBke FINEREACTOR—4100C, koTopasi mpencraBisieT coOOi
KOMITaKTHBII MPOTOYHBIA pEaKkToOp CTallMOHApHOTO cios, mpu Temneparype 350 °C,
arMoc(epHOM JIaBICHHH, MAaCCOBOW CKOPOCTH Tonadu ceipbs 9,0 u' u MonsipHOM
COOTHOLIEHUH OeH30:: 3TiIeH = 3: 1. Macca katanu3zaropa coctasisuia 20 r. Cocras
HCXOAHOM cMeCH W TPOAYKTOB pEakUuH OMpEAessuld Ha Ta30BOM Xpomarorpade
"Kpuctanmokc—4000M" ¢ miaMeHHO-MOHU3AUUOHHBIM JeTekTopoM. KouBepcuio
ITHJICHA, CEJIEKTHMBHOCTH IO STHJIOCH30JIy M BBIXOJ JTHJIOCH30JIa PACCUMTHIBAIN MO
W3BECTHOW KalnnOpOBKeE.

Pesyabrarsl

Xapaxmepucmuru ghopmosannwix komnosuyuti ZSM-5-A1,0 .

Ha nepBomM stamne Obi paccMOTpeHbl (POPMOBaHHbBIE MaTepHaIbl, IOTyYeHHBIC Ha
ocHOBe nceBaodemuta U ZSM-5. JIJisl OIICHKH BIMSHUS IICOJUTHON COCTaBIISIOIICH
HUCIIONIb30BAJIU MPOKaJIEHHbIH Y-Al O,, mony4yennsiil u3 ncesnobemura, a Takke ZSM-
5—A1203—KOMH03I/ILII/II/I ¢ conepkanuem 1eonuta 50, 70 u 80% macc.

TexkcTypHble M MPOYHOCTHBIE XapaKTEPUCTUKH BBIOPAHHBIX (HOPMOBAHHBIX
00pa3uoB npeacTasieHb! B Tabnume 1.
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Tabauua 1 — TekcTypHbIE M CTPYKTYpPHO-IIPOYHOCTHBIE XapaKTePUCTHKH (POPMOBAHHBIX 00pa31ioB
AlLO,u ZSM-5-AL,0,

Obpasery Cocras V., em¥/r P_, MIla P, MIla
1 ALO, 0,34 49,0 5.6
2 50% ZSM-5 + 50% AlZO3 0,43 30,6 11,1
3 70% ZSM-5 +30% Al O, 0,46 39,8 7,5
4 80% ZSM-5 + 20% ALO, 0,52 34,7 47

[Tpumeuanue: Vz — CyMMapHBIH 00bEM TOp; PD — MIPOYHOCTh HA pPa3/iaBIUBaHKE MO TOPILY; P
Ha pa3faBiIHBaHUE 10 00pa3yoIIeH.

— OPOYHOCTH

o

[TomyueHnHble NaHHBIC TTOKA3BIBAIOT, YTO BBHIOpPAHHBIC ZSM-S—A1203-KOMHO?,I/IHI/II/I
COXPaHSIIOT PAa3BUTYI0 IIOPUCTYIO CTPYKTypy M JOCTaTOYHYIO MEXaHHYECKYIO
npo4HocTs. [Ipu mepexone ot Al O, K HEONUTCOAEPKAIUM KOMIIO3ULUAM U3MEHSIOTCS
CyMMapHbIi 00BEM MOP, KaXKyIAsCsl JIOTHOCTh, YCaJKa U MPOYHOCTH IPaHYIL.

Kucnorneie cpoiictea mpokanennoro AlLO, u ¢opmosanubix ZSM-5-Al0,-
kommosuuui ucenenosanu meronom TITI NH,. TTomyuennbie mpoguim npeacTaBieHbl
Ha pucyHke 1.

[Ipopune Al,O, xapakTepusyeTcs HIMPOKMM CHUTHAIOM JECOPOLMM aMMuaka ¢
makcumymamu okono 200 u 331 °C. [Jns ZSM—S—A1203—K0Mn031/IuI/II7I HaOIII0Iar0TCA
OoJsiee BbIpaKEHHBIC HU3KOTEMIEpaTypHble MakCUMyMbl B oOnactu 205-223 °C u
BBICOKOTEMIIepaTypHble 00macTy B o0nactu 444-468 °C. Ilpu yBenudeHnn conepKaHus
ZSM-5 ot 50 o 80% macc. Bo3pacTaeT HHTEHCHBHOCTD J€COPOIIMOHHBIX CHUTHAJIOB,
TOT/1a KaK IOJIOKEHHE OCHOBHBIX MAaKCUMYMOB U3MEHSETCSI YMEPEHHO.

Xapaxmepucmuku mooupuyuposannwvlx kamanuzamopos Zn-Me/ZSM-5-A1,0 ..

Jns mampHEHNIero MeTaluTHYecKOTo MOAM(UIIMPOBAaHUS B KadecTBe 0a30BOit
Marpunbl Obul BbIOpaH (GopMoBanHbii oOpasen 2 (50% ZSM-5 + 50% ALO,),
COYETAIOIINH Pa3BUTYIO MOPUCTOCTH C IMOBBIIIEHHON MEXaHUUYECKOM TPOYHOCTHIO.

dazoBbiii  coctaB  Zn—-Me-MoAH(PHUIMPOBAHHBIX KATAIM3aTOPOB HCCIIEIOBAIH
Metoznom POA. ludpakrorpammel 00pa3ioB MpeCTaBICHBI HA PUCYHKE 2.

——ALO,

——50% ZSM-5 + 50% Al,O,
——— 70% ZSM-5 + 30% ALO,
———80% ZSM-5 + 20% ALO,

UnrencuBHOCTH (OTH.€11.)

T
100 200 300 400 500 600
Temnepartypa (°C)

Pucynok 1 —Ilpodumn TIT{ NH, cuntesupoBannbix 06pasuos: (a) ALO,; (6) 50% ZSM-5 + 50% AL O,;
(B) 70% ZSM-5 +30% Al O;; (1) 80% ZSM-5 + 20% ALO,;

35
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it ¢ AL,0, (PDF 29-63)

o ZSM-5 (PDF 38-195)
* ZrO, (PDF 42-1164)
* *

. (r)

WHTeHCUBHOCTH (OTH.€J1.)

10 20 30 40 50 60 70 80
26 (%)

Pucynox 2 — Jluppaxrorpammer o6pasios Zn-Me/ZSM-5-A1,0,: (a) Zn/ZSM-5-A1,0,;
(6) Zn-Ce/ZSM-5-AL,0;; (8) Zn-La/ZSM-5-AL0,; (r) Zn-Zr/ZSM-5-Al,0,

Ha nudpaxrorpammax o6pasuos Zn/ZSM-5-Al1,0,, Zn—-Ce/ZSM-5-Al,0, u Zn-La/
ZSM-5-A1,0, nabmopaercs mupokuit nudysueiii Makcumym B obnactu 20 = 20-30°,
a TaKKe peQIIeKchl, COOTBETCTBYIOIINE ATIOMOOKCHIHOM cocTasisitonie. s oopasua
Zn-Zr/ZSM-5-A1,0, mpodunb orTiuyaeTcs: Ha auppakTorpamme (PUKCHPYIOTCS
0oJsiee BBIpAXKCHHBIC PEeQIIEKChl 1EOMUTHON (pa3bl ZSM-5 U JOMOJHUTEIBHBIC TTHKH,
orHeceHHble K ZrO,. HTeHCHBHBIX PE(IEKCOB OTAENbHBIX KPUCTAIMYECKHX (a3
Zn-, Ce- u La-comepkalinux COeMHEHUI Ha MPEICTABICHHBIX IU(paKTorpaMMax He
BBISIBIICHO.

CrpykTypHOE coctosHue Zn—-Me-MoauuIupoBaHHBIX 00pa3OB JAOTIOIHUTEIHLHO
nccienoBasin MetogomM MK-Oypre-cniekrpockonuu. CHeKkTpsl IpencTaBiIeHbl Ha
pHUCyHKe 3.

(r)

[Mornomenwue (oTH.€1I.)

)

(a) I 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500
BomnoBoe uncio (CMil)

Pucynok 3 — MIK-cnekrpsl 06pasuos Zn-Me/ZSM-5-A1,0: (a) Zn/ZSM-5-Al,0,;
(6) Zn—Ce/ZSM-5-Al1,0,; () Zn—La/ZSM-5-A1,0; (r) Zn—Zr/ZSM-5-Al,0,

¥ ¥
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Bo Bcex wuccnenoBaHHBIX 0OOpasnax HaOIogaeTcs XapakTepHBIH HAOOp MOJIOC
MOTJIOIIEHUST IEOJIUTCOAEpKallel amoMocunukatHoil Matpuusl. [Hupokas momoca
B obmactu 3600-3000 cm' oTHOCHTCS K BajJeHTHBIM KkojieOanusiMm OH-rpymm u
azicopoupoBaHHON BOABI, mojioca ~ 1630 cm ! — Kk aehOpMaIHOHHBIM KONIeOaHUIM
agcopbupoBanHOl Boabl. Hambonee MHTEHCHBHAs Tpymma nojoc B obmactu 1250-
1000 cM™' COOTBETCTBYEeT aCHMMETPUYHBIM BaJICHTHBIM KoJeOaHUsM cBsizell Me—O—
Me (Me = Si, Al), a momocsl ~ 800 u 450 cM' — CHUMMETPHYHBIM BAJICHTHBIM H
nepopMalMOHHBIM KoleOaHUAM KapKacHbIX cBsizeil. [l Bcex 0Opas3oB coxpaHseTcs
nosoca okoso 550 cM!, cBs3aHHAs ¢ KOJNICOAHUSAMH MATHWICHHBIX KOJEL CTPYKTYpBI
MFI.

ITonokeHHE OCHOBHBIX IIOJIOC IS Zn/ZSM—S—A1203, Zn—Ce/ZSM—S—AlZOS,
Zn—La/ZSM—S—Alzo3 " Zn—Zr/ZSM—S—AlZO3 Om3ko. HOBBIX MHTEHCHUBHBIX IMOJIOC,
yKa3plBalOUIMX Ha 00pa3oBaHHE 3HAYUTEIHHOTO KOJIMYECTBA JOMOJHUTEIBHBIX
coenuHenuil, B MK-criekrpax He BBISBIEHO.

Jlnst  ompenenenus NpUPOIbI  KUCIOTHBIX — UEHTPOB  Zn-Me/ZSM-5-Al,0,-
KaTaln3aTopbl uccienoBanu MerogoM MK-cmekrpockonuu  agcopOMpOBaHHOTO
nupuauHa. Criektpsl B oomactu 1600-1350 cm™! mpezcraBieHb! Ha pUCyHKe 4.

(r)

(8)

(0)

[lornomenue (oTH.e11.)

(a)

1600 1550 1500 1450 1400 1350
BoanoBoe umncio (CMA)

Pucynox 4 — MK-criekTper ajicopbuposanHoro nupuauna o6pasnos Zn-Me/ZSM-5-A1,0,:
(a) Zn/ZSM-5-AL,0,; (6) Zn-Ce/ZSM-5-AL,0,; (8) Zn-La/ZSM-5-Al1,0;; (r) Zn-Z1/ZSM-5-Al,0,

Bo Bcex uccnenoBaHHBIX 0Opasuax nocie ancopounu nupuauHa (pucyHok 5.16)
HaAOJIIO/IaeTC MHTEHCHUBHAs mojoca B obmactu 1450-1460 cm!, xapaktepHas s
MUPHUINHA, KOOPAMHALMOHHO CBA3aHHOTO C JIBIONCOBCKUMHU KHCJIOTHBIMH LEHTPAMH.
IMonoca ~ 1490 cM ' wMeeT CMENMIAHHYIO MPUPOAY M BKJIIOYACT BKJIAJ MHUPHUIMHA,
B3aMMOJCHCTBYIOLIETO KaK C OPEHCTENOBCKUMU, TaK U C JIbIOMCOBCKUMH KHCIOTHBIMU
neHrpamu. B obmactu 1540—-1550 cm!, xapakTepHO# A MUPUIMHUEBBIX HOHOB,
oOpa3ylomuxcss Ha OpEHCTEIOBCKHUX KHCIOTHBIX LEHTpaxX, BO BCEX CIIEKTpax
PEruCTpUPYETCS 3HAUUTEIBHO MEHEE HHTEHCUBHOE MTOMIOIIECHHE.
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I/IHTCFpaJ'ILHBIe XapaKTCPUCTUKU T10JIOC aI[COp6I/IpOBaHHOFO ONUpUuanHa MPUBEACHBI

B Tabmue 2.

Tabmuia 2 — HTerpaibHble XapaKTEPUCTHKH MOJIOC aCOPOUPOBAHHOTO MTUPUIMHA 00PaA3I0B
Zn—Me/ZSM—S—AlZOz W OTHOCHUTEIILHOE COOTHOIICHNE OPEHCTEIOBCKUX U JIBIOUCOBCKUX KHACIOTHBIX

LEHTPOB
O6pasern v,em! | S, oTH.en. Vi, CM! S, OTH.€JI. S/S, B/L
Zn/ZSM-5-A1,0, 1454 13,02 1549 1,98 0,152 0,202
Zn—-Ce/ZSM-5-A1,0, 1454 16,30 1550 2,22 0,136 0,181
Zn-La/ZSM-5-A1,0, 1455 13,17 1548 2,20 0,167 0,222
Zn-Zr/ZSM-5-AL,0, 1455 14,61 1546 391 0,268 0,356

[Ipumeuanue: v, — monoxeHue I.0. nupuauHa, cessannoro ¢ JIKLL; v, — nmonoxkenue mn.n. nupuauua,
cesizanHoro ¢ BKIJ; SL u SB — BenmMuuHBI Tiomasneit .. nupuanHa Ha JIKL u BKII coorBercTBeHHO, B/L
— ornomrenue yucia BKI k wnciy JIKL] ¢ yaeTom k03 (HUIIEHTOB SKCTUHKITHH.

[lo nmawHBIM TaOmuipl, a1 BceX Zn—Me-monuduIupoBaHHBIX  00pa3loB
HUHTETpaibHas II0IIA b OJ0CH MUpUANHA, cBsa3aHHOTO ¢ JIKL, mpeBbIiaer miomaas
MOJIOCHI MMUPUAMHHUEBBIX UOHOB. 3Ha4YeHHs oTHoIIeHUs B/L HaxonmaTcs B WHTEpBale
0,181-0,356; MmuHMMaTBHOE 3HAUYEeHUE TONy4YeHO st Zn—Ce/ZSM-5, MakcuManbHOe
— s Zn—Zr/ZSM-5.

Karanutuueckue cBoiicTBa Zn—Me/ZSM—S—AIZO3—KaTaJm3aTop0B OlICHUBaJId B
PeaKIUy AKUIIMPOBaHUS OSH30I1a ATHIICHOM. Pe3ynbraThl KaTaIMTHYECKUX UCITBITAHU I
MIpe/ICTaBICHBI B TabHIIe 3.

Tabmuna 3 — Karanutuueckue cBoiicTBa 00pa3ios Zn—Me/ZSM—S—AlZOg B peaKkUuyu aJIKMJINPOBAHUS
OeH30J1a STUIICHOM

Ob6pa3zen X, % S %0 Y. %
Zn/ZSM-5-AL,0, 61 72 44
Zn—-Ce/ZSM-5-A1,0, 57 80 46
Zn-La/ZSM-5-AL0, 66 75 50
Zn-Zr/ZSM-5-AL0, 75 64 48

[Tpumedanue: X — cTENeHb MPEBPANIEHUS. STUIIEHA; S, — CENEKTUBHOCTD MO STHIOEH301y; Y, — BBIXOT
TUIOCH30IIA.

Bcee uccnenosannbie Zn-Me/ZSM-5-Al,0,-KaTann3atopsl MPOSIBIISIOT aKTHBHOCTh
B peaKIMM aJIKWJIMPOBaHUs OcH30ja 3TWiIeHOM. KoHBepcHsi 3TuieHa H3MEHSETCS
B mpexnenax 57-75%, ceneKTUBHOCTh MO JTHIOEH30my — B mpenenax 64-80%.
Hanmensimast koHBepcus dTWiIeHa HaOmomaercs anms oOpasuna Zn—Ce/ZSM-5—
ALQO,, Torna Kak MakcMMajbHas KOHBEPCHS NOCTUraerTcs Ha Zn—Zr/ZSM-5-Al0..
HampoTus, MakcumalbHasi CEJICKTHBHOCTD M0 3THIIOCH301y XapakrepHa it Zn—Ce/
ZSM-5-A1,0,, a naubonbIuii BEIX0/ 3TUIOEH30M1a monydeH Ha Zn—La/ZSM-5-A10,.
Hns Zn—Zr/ZSM-5-A1,0,, HecMOTps Ha Hamboee BHICOKYIO KOHBEPCHIO JTHIIEHA,
CEJIEKTHBHOCTD ABIISIETCS MUHUMAIBHOHN B ICCIIEIOBAHHON CEpHUH.

Oocyxnenue.

[TomrydeHHbIe pe3yIbTaThl TOKA3bIBAIOT, YTO (hopMoBaHue ZSM-5 ¢ aIFOMOOKCHIHBIM
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CBSI3YIOLMM SIBJISIETCS HE TOJIBKO TEXHOJIOTMYECKOH CTaineil omyYeHus] MeXaHHUEeCKU
MIPOYHBIX I'PaHyJ, HO U (aKTOPOM, ONPEACISIOIINM UCXOAHOE KHCIOTHOE COCTOSTHHE
karamuzatopa. CpasHenne mpokanenHoro AlLO, wu ZSM-5-Al 0 -xomnosuuui
MTOKAa3bIBAET, YTO BBEICHNE IIEOIUTHOM (Da3bl COMMPOBOXKIAETCS N3MEHEHHEM TTOPUCTON
CTPYKTYPBI M IPOYHOCTHBIX XapaKTepuCTHK. [Ipr 3ToM Hanbomnee BaKHBIM SBISETCS HE
a0COIOTHOE YBEJIIMUCHUE WIM YMEHBILIEHHE OTACIBHOTO apameTpa, a popMupoBaHue
Oanmanca MeXAy 00bEMOM MOp U YCTOHYMBOCTBIO TpaHyll. BriOpannas ¢popMoBaHHas
kommnosuuus 50% ZSM-5+ 50% Al,O, MOXKET paccMaTpUBaTLCs KaK KOMIPOMHUCCHAs
MaTpula, TPUTOAHAS JIJISI HAHECEHUS METAINTMYECKUX KOMIIOHEHTOB: OHA COXpaHSET
Pa3BHUTYIO MOPHUCTOCTHh M O0NaTaeT AOCTATOYHON MPOYHOCTHIO /ISl KaTaJUTHYECKHIX
HCTIBITAaHUH.

Hanupie TIIZ[ NH; 1OmONHSIOT 3Ty KapTUHY C TOYKH 3PEHUsI KUCIIOTHBIX CBOMCTB
¢popmosannbix Marepuanos. [lpopuns AlO, xapakTepusyeTcs IWHPOKUM CHTHAIIOM
necopbiuu ¢ MakcumyMamu okosto 200 u 331 °C. DTo yka3bIBaeT, 4YTO aTFOMOOKCHIHOS
CBSI3YIOIICE HE SIBJIICTCS MHEPTHOM (ha30H ¢ TOUKH 3pEHHUSI KUCIIOTHBIX CBOHCTB M BHOCUT
CBOH BKJIaJ B aacopOuuio ammuaka. Onnako xapakrep kucinotHocti Al,O, otinyaercest
OT TCOMUTCOACPKAIMUX KOMIIO3HMIIMNA: B TIOCIEIHUX TOSABISETCS BBIPAKCHHBIIN
BBICOKOTEMIIEPaTYPHbIH BKIax B odnactu 444—468 °C, cBsi3aHHBIM ¢ Oosee CUIbHBIM
yAep)KMBaHHEM aMMuaka. Ha pucyHke 5 mpeacTaBieHbl KOJIMYECTBEHHBIC JaHHBIC
ananusa npopunen TITI NH,.

)

NS
[=3
(=
(=
(=]

15000

10000

5000

HureHcuBHOCTH (OTH.€1I.

1 2 3 4
O6pa3ern kartanuzaTopa

Pucynox 5 — Brusinue coneprxanus neonura B cucteme ZSM-5-Al1,0, Ha conepaHne HA3KO- U

BBICOKOTEMIIEPATY PHBIX KMCJIOTHBIX IEHTPOB 1o jganubiM TIII NH,: 1 — ALO,; 2 — 50% ZSM-5 +

50% ALO,; 3 — 70% ZSM-5 + 30% ALO,; 4 — 80% ZSM-5 + 20% ALO,

B pany ZSM-5-A1,0,-xomMno3unui ysenudenue conepkanus neomnura ot 50 10 80%
Macc. COIMPOBOXKAAETCS POCTOM CYMMApHOM IO CUTHANA JecopOuuu (PUCYHOK
5). Ilpu »TOoM HH3KOTEMIIEpaTypHBbI MakcuMyM cMmemaercs oT 205 go 223 °C, a
BBICOKOTEeMIIepaTypHbIil — oT 444 1o 468 °C. CienoBarenbHo, yBenudeHue 101 ZSM-
5 BIUSICT HE TOJIBKO HA KOJIMYECTBO KHCIOTHBIX IIEHTPOB, HO U BBI3BIBAET YMEPEHHOE

232



Volume 3, Number 468 (2026)

MOBBILICHUE TEMIIEPATYPhI ACCOPOLIH aMMHUAKA, T.€. YBEINYUBAET UX OTHOCUTEIBHYIO
cuny. Tem He MeHee OCHOBHOM 3(dekT mposiusgercs B pocTe IUIOMAAN, TOTAa Kak
M0JIO’KEHNE MAaKCUMYMOB MEHAETCS MEHEee 3HAUUTENbHO.

POA Zn—Me-MoauduuupoBaHHBIX 00Pa3loOB MOKA3bIBAET, YTO TOCJIE MPOMHUTKH
U TEepMOOOPaOOTKM COXPAHSIOTCS MPHU3HAKK HCXOAHON LEOIUT-aIIOMOOKCHIHOM
MaTpuisl. s Zn/ZSM—S—A1203, Zn—Ce/ZSM—S—Ale3 u Zn—La/ZSM—S—A1203
XapakTepeH WHPOKUi JudQy3HbIi MakcuMyM B obmacti 20—30°, 4TO MOXKHO CBSI3aTh
C BKJIaJOM cJIab0 OKPUCTAJUIM30BAHHOM aTIOMOOKCHIHON COCTABIISIOLICH HOCHTEIS.
OtrcyrcrBue uuTeHCUBHBIX peduiekcos ZnO, CeO, u La-conepixaiux a3 ykaspiBaeT Ha
TO, YTO COOTBETCTBYIOLIHE KOMIIOHEHTHI HAXOSATCS B BBICOKOAUCIIEPCHOM COCTOSIHUH,
MPHUCYTCTBYIOT WK pacipeesieHbl 0 CTPYKType HocUTeN sl 6e3 00pa3oBaHus KPYITHBIX
KpUCTAJUINYECKUX YaCTHI.

O6pasen Zn—Zr/ZSM-5-Al,0, 3aMeTHO OTIMYAETCA OT OCTAIBHBIX 110 MPOPUITIO
IuQpakTorpaMMbl: sl HEro (OUKCUpPYIOTCS BBIpaKeHHbIE peduekcsl ZSM-5 u
JIOTIOJIHUTENbHBIE MUKW, OTHeCeHHble K ZrO,. BeposTHo, nupkoHHHACOAEpKaLIUM
MOIU(HUKATOP B BBIOPAaHHBIX YCJIOBHSX Jerde (OopMHUpYeT peHTreHorpaduiecKu
pasnuuuMyIo okcuaHylo ¢azy, Torna kak Ce- u La-comepkamune 100aBKH B JaHHOH
CEpUH HE AT MHTEHCHBHBIX pednexcos. Ilpu sToM Hamuume peduexcor ZrO,
yKa3bIBaeT Ha MHOH XapaKTep pacipeieieHus: BTOporo Moau(ukaTopa nocjie mponuTKH
1 IPOKaJIMBaHUS.

UK-ciektpel uCcX0gHbIX Zn—Me-MonupUIUPOBaHHBIX 00pPa3LOB MOATBEP)KIAIOT
COXpaHEHUE OCHOBHBIX CTPYKTYPHBIX TNpu3HaKoB ZSM-5-Al O -komnosunuu. Bo
BCEX CIEKTPaxX COXPAHSIOTCS MOJIOCHI, OTHOCUMBIE K KOJIeOaHUSIM aTFOMOCHIIMKATHOTO
Kapkaca, BKJIOYas 00JacTb acCHMMMETPHUYHBIX BaJCHTHBIX KojeOaHuii Me—O-Me,
MOJIOCHI CAMMETPHYHBIX BaJICHTHBIX U Ae(POpPMalMOHHBIX KOJIEOaHUH, a TAK¥Ke MOJI0CY
XapaKTepHYO Ui MATHYIIEHHBIX KoJiel cTpykTypsl MFI. OTo cornacyercs ¢ naHHBIMU
P®A u noxassiBaet, uro mponutka Zn, Zn—Ce, Zn—La u Zn—Zr B UCHOJIb30BAHHBIX
YCIIOBUSX HE CONPOBOXKAAETCA pa3pylIeHHEM LEOTUTHON COCTABIIAIONIEH.

UK-criekTpsl ancopOMpOBaHHOTO MUPHIMHA MOKAa3bIBAIOT, YTO BO Bcex Zn—Me/
ZSM-5-A1,0-karanusatopax npeodIasaioT JbIOUCOBCKUE KUCIOTHBIE IIEHTPhL. ITO
NPOSIBIISIETCSI B BHICOKOH MHTEHCUBHOCTH MoOJochl 1450-1460 cm™' mo cpaBHEHHIO ©
nonocoit 15401550 cm™!, coorBercTByrOLIel nupuauHueBbiM HoHaM Ha BKLI. Takoe
COOTHOILCHHE KHUCIOTHBIX LEHTPOB SIBIACTCS 3aKOHOMEPHBIM I (OPMOBAHHBIX
Zn-conepxamux ZSM-5-Al,0,-cucTeM, MOCKOIbKY JILEOUCOBCKYIO KHCIOTHOCTh
MOTYT CO3/1aBaTh Cpa3y HECKOJbKO KOMIIOHEHTOB: aJTIOMOOKCHIHOE CBS3YIOILEE,
BHEKapKacHBIC aIFOMUHUEBbIC IEHTPbI, Zn?"/ZnOH " -conepxkanine eHTPbI U OKCHIHbIC
¢opmbl Broporo Mmoaudukatopa.

CpaBHuenune 3HaueHuid B/L mokaspIBaeT, 4yTO MpUpOAa BTOPOrO METAJUINYECKOTO
KOMITOHEHTa CYIIeCTBeHHO BiuseT Ha pacnpenenenue BKI[ u JIKL. [ns Zn/ZSM-
5—A1203 ornomenue B/L cocrasnser 0,202. [Ipu BBenenun Ce OHO CHHIKAETCS 10
0,181, mpu 3TOM TUIOWIAAb JBIOMCOBCKOM IMOJOCHI SBISETCS HAaHOONBIIEH B CEPHH.
OT0 yKa3bIBaeT Ha MNPEUMYIIECTBEHHOE YCWJIEHHE JIbIOMCOBCKON coOcCTaBistoLIei
KUCJIOTHOCTH TIpU BBeleHuu tepus. Jlns Zn-La/ZSM-5-Al10, suauenue B/L pasno
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0,222, To ectb 6mu3ko k Zn/ZSM-5-Al,0,, 4T0 CBUIETENBCTBYET 0 OOJIEE yMEPEHHOM
BIMsAHUY La Ha KUCIIOTHBIN OajaHc.

Haunbonee BbIpakeHHOE W3MEHEHUE HAOIOmaeTCs IS Zn—Zr/ZSM—S—Ale3:
otHomenne B/L Bospacraer mo 0,356, a mmomanes monockl BKI[ mouytm BaBoe
MPEBBIIIAET COOTBETCTBYIOMIEE 3HauYeHue s Zn/ZSM-5-A1,0,. C y4eToM maHHBIX
P®A 310 MOXKET OBITh CBI3aHO C OCOOBIM COCTOSTHUEM IIMPKOHUNCOEpKaIIeH (ha3bl
U ee B3aMMOJCUCTBUEM C ICONUT-aTIOMOOKCUAHONM MmaTpuiueil. [lpu stom crnemyet
OTMETUTh, YTO ZI HE MPOCTO YBEIMYUBACT OOIIYH) KHUCIOTHOCTh, HO M MEHSET
OTHOCHUTEIIbHBIN BKIIaJ] OPEHCTENOBCKOW cocrapisitomieii. Takum obOpasom, Zn—Ce u
Zn—7r 00pa3ipl MPECTABIISIFOT JIBa Pa3HbIX HANPABIICHUS PErYITMPOBAHMS KUCIOTHON
¢yskiun: Ce cMemaeT CUCTeMY B HAIpaBICHUHM 00Jiee BBIPAKCHHOM JIBFOMCOBCKOM
KHUCIIOTHOCTH, TOTJIa KaK Zr MOBBIIIAeT OTHOCUTENbHBIN BKIa BKII.

B pesymprare mno BenuumHe OTHOIIEeHUs B/L  wucciemoBaHHbie 00pasibl
pacronararoTcs B psij:

Zn—Ce/ZSM-5 < Zn/ZSM-5 < Zn-La/ZSM-5 > Zn—Zr/ZSM-5.

Conocrasnenne npannbix TIJ[ NH, u UK-cnekrpockonuu ancopOupoBaHHOIO
NUpHUAMHA TO3BOJISET pA3AEIUTh BKJIaA JBYX CTaauil mnpuroroBneHud. Craaus
(hopMOBaHMsI ONpeaeNseT UCXOAHBIM KUCIOTHBIA MPO(UIb MAaTPHUIBI: COOTHOLICHHE
ZSM-5 u Al,O, MEHSIET KOJIMYECTBO UEHTPOB, YIEPKUBAIOLMINX AMMHAK, U TIOJIOKEHUE
MakCUMyMOB jaecopOumu. CTagusi MeTauTH4ecKOoro MOAW(UIMPOBAHUS BIUSET
y’K€ Ha MPUPOAY AOCTYIHBIX KHUCIOTHBIX LIEHTPOB, MPEXKIE BCETO Ha COOTHOILEHHE
OpEHCTENOBCKON M JILIOMCOBCKOM KHCIOTHOCTU. [loaTOMy HMTOrOBBIE CBOMCTBA Zn—
Me/ZSM-5-A1,0,-katanu3atopos (HOpMUPYIOTCS MOCIEN0BATENBHO: CHAYaNa 4epe3
BbIOOp cocTaBa ()OPMOBAHHOH LEOJIUT-AIIOMOOKCUIHOW MaTpPHULBI, 3aTeM 4Yepes
MPUPOAY HAHECEHHOTO METANTNYECKOro MoAnuKaTopa.

ConocTaBiieHne KaTaJIWTUYECKUX JaHHBIX c pesyapraramu HMK-cnexrpockonuun
a7cOpOMPOBAHHOTO TMHUPHUAMHA TIOKA3bIBAET, YTO M3MEHEHHE NPUPOIBI BTOPOTO
MO (HKATOPA BIUSET HE TOJIBKO HA KUCIOTHBIE XapaKTEPUCTHKH, HO M HA COOTHOILICHHE
AKTUBHOCTH U CEJIEKTUBHOCTH B PEAKUHWU AalKWIMPOBAaHUS OEH30/1a JTHUJICHOM.
Basoebiii o6pasen Zn/ZSM-5-A10, xapakrepusyercs KoHBepcued stuiena 61%
U CEJNEKTUBHOCTBIO MO 3TUI0eH301y 72%, 4TO COOTBETCTBYET BBIXOAY ATHUIOEH30Ja
44%. Beegenune Ce mpUBOAUT K CHUXXCHHUIO KOHBEPCHM JTHIICHA 10 57%, OIHAKO
OJTHOBPEMEHHO TOBBIIIAET celeKTUBHOCTh A0 80%. Takoe moBeaeHHe cornacyercs
¢ nmannbivu MKC mupupuna: g Zn—Ce/ZSM-5-A1,0, nony4eHO MUHUMAJILHOE
3HaueHue oTHomeHus B/L u nambonbsmras miomans nonocs JIKL. CrnenoBarensHo,
yCHJIEHHE JIbIOMCOBCKOH cocTaBistomell npu cHuxkeHun Bkinaga BKLI, BeposTHO,
OrpaHUYMBACT MOOOYHBIE PEAKIIMH U30BITOUHOTO aKWIMPOBAHUS U OJTMTOMEPHU3ALIHIH.

Hnst Zn—Zr/ZSM-5-A1,0,, HanpoTus, HAOIIONAETCA MaKCHMallbHas KOHBEPCHs
atuieHa (75%), HO CeNEKTUBHOCTh CHIKAETCS 10 64%. DTOT 00pasell xapakTepu3yeTcst
MaKCHUMaJbHBIM 3HaueHueM B/L, To ecTb Hanbosnee BBICOKMM OTHOCHTEIBHBIM BKJIAI0M
OpencrenoBckoit kucnotHocTu. [losbimenne nonmm BKII, BepositHO, cmocoOcTByeT

234



Volume 3, Number 468 (2026)

Oosiee TIyOOKOM aKTHBALMK ANKHJIMPYIOIIEr0 areHTa M POCTy KOHBEPCHH, OIHAKO
OHOBPEMEHHO YCWJIMBAeT BKJIaA MMOOOYHBIX NPEBpALICHUH, YTO TPUBOAMUT K
CHIDKEHUIO CEJIEKTUBHOCTH.

Obpazeny Zn—-La/ZSM-5 3aHMMaeT NpPOMEKYTOUYHOE TOJOKEHHE MO KUCIOTHBIM
XapaKkTepUCTUKaM M AEMOHCTPHUPYET Hanboee OIaronpusITHOE COUYETaHNE KOHBEPCHH
U CEJEeKTUBHOCTU: MPH KOHBEPCHUH JTWUIEHA 60% CEIEKTHBHOCTH MO 3THIOCH30IY
cocraBisier 75%. Takum o00Opa3oMm, MakCUMalbHBIA BBIXOJ IIEJIEBOTO MPOAYKTa B
JAHHOM CepuH JOCTUTAeTCsl He Ha KaTalu3aTope ¢ HauOoNbLIeH KOHBEpCHEH 1 He Ha
o0pa3sie ¢ MaKCUMaJIbHOM CETIEKTUBHOCTBIO, @ HA CHCcTeMe ¢ 0oJiee cOalaHCUPOBaHHBIM
COOTHOILIEHHEM OPEHCTEAOBCKUX U JILIOUCOBCKUX KHUCIOTHBIX LIEHTPOB.

Takum o6paszom, namneie POA, UKC, TIIJI NH, u UKC axcopbupoBanHOoro
MUPUIMHA COTIACOBAHHO MOKA3bIBAIOT, YTO KUCIOTHBIC XapaKTEPUCTHKH (POPMOBAHHBIX
ZSM-5-A1,0,-KaTtanu3aTopoB peryIupyrTcs Ha AByX ypoBHsax. DOpMOBaHUE 3a1a€T
TEKCTYPHBIE U MEXaHUYECKUE XapaKTEePUCTHKH, a TAK)KEe OOIIUI KUCIOTHBIN Mpoduib
MaTpHIlbl, a mocienytonee Moaupuupoanue usmenser coornomenne bKI u JIKL]
0e3 rpy0oro paspyuieHus HeOJTUTHOTO Kapkaca. [Ipu 5ToM perynupoBanue KUCIOTHON
Gynkimu  Zn/ZSM-5-A10, BBEIEHMEM BTOPOTO METAUIMYECKOTO KOMIIOHEHTA
M03BOJIAET U3MEHATH HAIIpaBJIEHUE KaTaIUTHYECKOTO NEHCTBUSA. DTO MOATBEPIKJIAET,
4TO 3G PEKTUBHOCTD popmoBannbix  Zn-Me/ZSM-5-Al,0,-katanu3zatopos
ANKUIIUPOBAHUS ONPEIeIseTCs] HE TOJILKO CyMMapHOW KUCJIOTHOCTBIO, HO U OanancoM
KHCIIOTHBIX LIEHTPOB.

3akJioueHue

B pabore wuccnenoBaHo BuusHUE CTanui (HOPMOBaHUS U MOCIEAYIOIIETO
METAIMYECKOT0 MOJU(PHUIMPOBAHUS HA CTPYKTYpHbIE, TEKCTYpPHO-TIPOYHOCTHBIE,
KUCJIOTHBIE M KAaTAIUTHYECKME  XapakrepucTuku ZSM-5-Al0,-koMnosuiui,
MpeHa3HaYeHHbIX I aJKWIMPOBAHMS apoOMaTHUECKUX yrieBoaoponoB. Ha mepsom
JTane paccMOTpeHbl (JOPMOBAHHBIE MaTepHalibl HAa OCHOBE mceBaodemura U ZSM-
5 ¢ pa3nuuHbBIM cojepx)aHueMm IeoauTHol (a3bl. [lokazano, yro BBeneHue ZSM-
5 B aJIOMOOKCHIHYIO MaTpUIly U3MEHsIET CyMMapHbIH OO0BbEM IMOp M MPOYHOCTHBIC
XapaKTepUCTUKU TpaHyid. llodydyeHHBIE JaHHBIE TMOATBEPXKJIAIOT, 4YTO CTaaus
(dopMOBaHMsI ONpEAENseT HE TOJIBKO MEXaHWYECKHE CBOMCTBA KaTalnu3aTopa, HO U
COCTOSIHHE €TO MOPUCTON CTPYKTYPHI.

Merogom TIIJI ammuaka yCTaHOBJIEHO, YTO Ale3 u ZSM—S—AIZOS—KOMHO3I/IL[I/II/I
XapaKTEPU3YIOTCS PasIMYHBIMU Npopuisamu kuciaotHoctu. s Al O, nabmonaercs
LIMPOKHKA CHUTHaI jgecopOuuu ¢ Makcumymamu okomo 200 wm 331 °C. [na
LEOIUTCOACPKAIIMX KOMITO3UIMKA HAOMIOMAI0TCS HU3KOTEMIIEPaTypPHbIE MaKCHUMYMBI
B obmactu 205-223 °C u BbICOKOTEMIIEpaTypHble BKIaabl B oOmactu 444-468 °C.
VYBenuuenue comepxkanus ZSM-5 ot 50 go 80% Macc. COmpOBOXKIAETCS POCTOM
WHTCHCUBHOCTH M CYMMAapHOM IJIOMIagu JeCOPOLMOHHBIX CUTHAIOB MPH MaJoM
CMEIIEHNN TeMIEepaTypHbIX MAKCUMyMOB. DTO MOKa3bIBAa€T, YTO U3MEHEHHE COCTaBa
popmosannoii ZSM-5-Al O,-KOMIO3UIMU BIUAET MPEKAE BCETO HA KOJIUYECTBO
JOCTYITHBIX KUCIIOTHBIX LIEHTPOB.

Ha ocnose BeiGpannoi marpuipsl 50% ZSM-5 + 50% AL O, nonyvena cepust Zn—
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Me-MoauQuIMpPOBaHHBIX KaTaau3aTopoB, coaepxkamux Zn, Zn—Ce, Zn—-La u Zn—Zr.
ITo nanubiM POA u UKC ycTaHOBIEHO, YTO BBEACHUE METALTUYCCKIX KOMIIOHEHTOB
BBIOPaHHBIM CIIOCOOOM HE MPUBOAUT K TPyOOMY pa3pyIICHHIO aTIOMOCHINKATHOTO
kapkaca ZSM-5. Jlns obpasua Zn—Zr/ZSM-5-Al,0, NOTIONHHUTENBHO BBIABIEHBI
pedaexcer ZrO,, 4TO yKa3blBA€T HA OTIMYME COCTOSHUS LMPKOHMHCONEPIKAIIETO
monupukaropa ot Ce- u La-cogepxamux 100aBoK.

UK-criekrpockomnust aJicopOMpOBaHHOTO MHPUAMHA TOKa3aia, 4To BO BCeX Zn—
Me/ZSM-5-A1,0 -karanusatopax mpeodsIasarT JIbUCOBCKUE KHUCTOTHBIE LEHTPHL.
3uavenus B/L naxonsrcs B uatepsaie 0,18-0,36. MuHUManpHOE 3HAYCHHE TTOTYIEHO
nisa Zn—Ce/ZSM-5-A1,0,, makcumanbroe —uis Zn—Zt/ZSM-5-A1,0,. CrenosarensHo,
MIPUPOJIa BTOPOTO MOAM(PHUKATOPA CYIIECTBEHHO BIusieT Ha cooTHomeHne bKI u JIKLI:
Ce ycunuMBaeT OTHOCUTENbHBIA BKJIAJ JILIOUCOBCKOM cocTaBisomiei, La oka3piBaeT
YMEPEHHOE BIUSHUE, ZI TIOBBIIIAET OTHOCUTEIIbHYIO JOJIF0 OPEHCTEJOBCKUX IIEHTPOB.

Karanutuueckue WCHBITAHUS B PEAKIUU AIKWIHNPOBAHUS OCH30JIa ATUICHOM
MTOKa3ajH, 9YTO BCE MCCIICOBAaHHBIC 00pa3Ilhl MPOSBISIOT aKTUBHOCTH B 00pa30BaHIH
stunben3ona. Hambonee BBICOKas CENEKTHBHOCTH monydeHa mia Zn—Ce/ZSM-
5-AlLO,, MakcumanbHas KoHBepcus — s Zn—Zr/ZSM-5-Al,0,, a nanbonbmi
BBIXOJl DTWIOEH30J1a — JUIA Zn—La/ZSM—S—AlZO3. Takum o0Opa3oM, MaKCUMAaJbHBII
BBIXOJ[ MPOAYKTA JIOCTUTACTCS HE MPU HaWOOJbIIeH KOHBEPCUU WU MaKCUMaTbHON
CEJICKTHUBHOCTH, a Tpu Ooee cOanancupoBanHoM cootHomennu bKII u JIKLI.

B 11€710M YCTaHOBJICHO, UTO KUCJIOTHBIC U KATATUTHYECKHUE CBOWCTBA (DOPMOBAHHBIX
Zn-Me/ZSM-5-Al1,0,-Katanu3atopoB PETyIMPYIOTCS MOCIEN0BATENBHO Ha JBYX
cTaausix: (OPMOBAHHE OIPEAETSeT CTPYKTYPHO-TIPOYHOCTHBIE XapaKTePUCTHKHU
U OOmMIA KHCIOTHBIM NpO(HIL MaTpPUIBl, a METaUIMYecKoe MOIU(MUIIMPOBaHUE
M3MEHSICT TPUPOAY JOCTYIHBIX KHUCIOTHBIX IEHTPOB. [lomydeHHBbIE pe3yinbTaThl
MOJITBEPKIAIOT MEPCIICKTUBHOCTh TOHKOTO PEryJIUPOBaHUS cOCTaBa (hOPMOBAHHOMN
LICOJINT-AJIFOMOOKCHIHOM OCHOBBI M MPHUPOABI METAJLIMUECKOTO Moaudukaropa mpu
pa3paboTKe KaTajln3aTopoB aJIKMJIMPOBAHUS apOMATUYCCKUX YITICBOJOPOIOB.
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Abstract. The effect of oxide films on the corrosion resistance of iron in the presence
of chloride ions was investigated. A two-layer model was developed to describe the
growth and degradation of protective oxide films, accounting for the formation of an
inner FesOa layer and an outer Fe2Os layer, as well as their dissolution in an aggressive
environment. The inner Fe;Oa layer was considered a barrier layer, while the outer
Fe20; layer was assumed to limit the penetration of chloride ions toward the inner layer.
The model accounts for the competition between oxide-film growth and dissolution,
the decrease in film growth rate with increasing thickness, and the effect of chloride-
ion concentration on oxide dissolution. To describe the barrier effect of the outer Fe.Os
layer, an exponential decrease in chloride-ion concentration during penetration toward
the interface between the oxide layers was assumed. The corrosion rate was determined
using a phenomenological relationship based on the total oxide-layer thickness. The
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model was implemented in COMSOL Multiphysics 6.2. Numerical simulations were
performed to investigate oxide-film growth and changes in the corrosion rate of iron
at Cl” concentrations of 0, 0.001, and 0.02 M. The results demonstrate that, in the
absence of chloride ions, the oxide film undergoes continuous growth, accompanied
by a gradual decrease in corrosion rate and the formation of a stable passive state. At
a Cl” concentration of 0.001 M, oxide-film growth is maintained; however, dissolution
becomes more pronounced, particularly in the outer Fe.Os layer, resulting in reduced
protective efficiency. At 0.02 M, oxide-layer growth is substantially suppressed,
while degradation becomes more pronounced, accompanied by a higher corrosion
rate. Comparison with published numerical models showed qualitative agreement
in the main corrosion trends. The results confirm the critical role of the outer oxide
layer in limiting chloride-ion transport and provide a basis for assessing passive-film
degradation and predicting the corrosion resistance of iron-containing materials in
chloride-containing environments.
Keywords: corrosion, oxide films, passivation, COMSOL Multiphysics

Acknowledgments

This research was funded by the Committee of Science of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. BR24992812 Development
of materials and technologies aimed at comprehensive anticorrosion protection of
process equipment in the petrochemical, machine and instrument-making industries).

For citations: Nurislamov R.M., Nefedov A.N., Beissenbayev D.K., Leontyeva X.A.,
Imashev B.K. Effect of oxide films on the corrosion resistance of iron: modeling in
COMSOL Multiphysics 6.2. Academic Scientific Journal of Chemistry, 2026. — No.
3. — P 238-249. DOI: https://doi.org/10.32014/2026.2518-1491.398.

© Hypuciaamos P.M., Hedenos A.H., beiicendaes /I.K.*, J/leontbeBa K.A.,
Hmamen B.K., 2026.
«J1.B. CokonbCKUl aThIHIAFBI KaHAPMai, KaTalu3 )KOHE IICKTPOXUMHUS
uHCcTuTYTh AK, AnmMarsl, Kazakcras.
E-mail: beidaur-81@mail.ru

TEMIPAIH KOPPO3UAT A TOSIMAILJIITTHE OKCHUATIK
KABBIKITAJIAPABIH 9CEPI: COMSOL MULTIPHYSICS 6.2
BAYJAPIAMACBIHAAYBI MOAEJBAEY

HypuciamoB Pycmam — sxerexuri nmxenep, Kopposust macenenepi Ky3bIPETTiTIK OpPTaIbIFBIHBIH
Mozenbaey 0emimi, «/{.B. Coxosnbckuit atbinaarsl JKanapmaii, katann3s jxoHe 3JIEKTPOXUMUSI HHCTHTYThI
AK, Anmarsl, Kazakcran,

E-mail: r.nurislamov@ifce.kz, https://orcid.org/0000-0002-1771-9172;

HedenoB AJuiekcaHap — XUMHs FbUIBIMIAPBIHBIH KAaHAWAATH, JKETEKII FBUIBIMH KBI3METKE,
«/1.B. Coxonbckuil areiHAarsl JKaHapMmaii, KaTajau3 *OHE SJIEKTPOXUMHsS HMHCTUTYThD» AK, Anmarsl,
KazakcraHn,

E-mail: a.nefedov@ifce.kz, https://orcid.org/0000-0002-9070-0398;

239



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

BeiicendaeB /loypen — Kopposust Macenenepi Ky3bIpeTTiIIK OpTaIbIFBIHBIH cepTUHUKATTAy OOMIMiHIH
Oacmbicel, «J[.B. Cokonbekuil areiHaarsl JKaHapmaii, KaTaiu3 jKOHE SJIEKTPOXUMHS MHCTUTYTHDY AK,
Anwmarsl, Kazakcran,

E-mail: beidaur-81@mail.ru, https://orcid.org/0009-0005-3783-9832;

JleonTheBa KceHust — Kimni FbUTBIMHU KBI3METKED, DIIEKTPOXUMHUS )KOHE HAHOTEXHOJIOTHSIIBIK IPOLIECTED
3eprxanacsl, «/[.B. Cokonbckuii areiHaars! JKaHapMaid, KaTann3 )KOHE IEKTPOXUMES HHCTUTYTHD AK,
Anwmarel, Kazakcran,

E-mail: x.leontyeva@ifce.kz; leontyeva.xeniya@mail.ru, https://orcid.org/0000-0002-4740-1720;
HUmameB baysipakan — Satbayev University wmaructpi, Kopposusi mocenenepi Ky3bIpETTiTIK
opTanblFeIHBIH Oacmbichl, «/I.B. Coxonbckmii areiHmarsl JKanapmail, Karanus >koHE DICKTPOXUMUS
nHeTuTyTh» AK, Anmarer, Kazakcran,

E-mail: b.imashev@ifce.kz, https://orcid.org/0009-0002-8452-8584.

AnHoTanus. XJIOPUA-UOHIAPIBIH OKCHUATIK KAOBIKIIANAPABIH TY3UIyl MEH
TYPaKTBUIBIFbIHA, COHJAAH-aK TeMIpAiH OelTapam >KoHE OJICI3 CUITLI opTalapiarsl
KOPPO3USUIBIK TO3IMIUNIrHE ocepi KapacThIpbUiabl. JKYMBICTBIH Makcarbl — TeMip
OeTiHle OKCUATIK KabaTTapAblH 6Cyl MEH epy MPOIEeCTepiH CaHABIK MOACIBILY KOHE
Cl” KOHIIEHTPAIUSCHIHBIH KOPFaHbIII KAOBIKIIACHIHBIH KaJIbIHIBIFbIHA )KOHE KOPPO3HS
KBULIAMBIFbIHA dcepiH Oaranay. [laccuBreny npouecrepin cunarray yurid FesOa imki
0ereTTik KabaThIHAH JKOHE arpecCUBTI OpTaMeH jkaHacaThiH Fe2Os ChIPTKBI KabaThIHAH
TYpaThIH €Ki KaOaTThl MOJENb KONJIaHBUIABI. Momens OKCHATIK KaOaTTapablH ecyi
MEH epy MPOLECTePiHIH 63apa 0ICEKENIECTIrH, KaObIKIIA KaJIbIHIABIFEl apTKAaH CailbiH
OHBIH 6CY JKbUIJITAMIBIFBIHBIH OasysiayblH )KOHE XJIOPHI-UOH/IAP KOHIICHTPAIUSChIHBIH
epy KbUIIaMAbIFbIHA ocepiH eckepeni. Fe2Os chIpTKbl KaOaTbIHBIH OOreTTiK dcepiH
ecenke any ymriH Cl” mOHmapbIHBIH KabaTTap IeKapachblHa €Hyi Ke3iH/Ie oJapablH
KOHIICHTPAIMSChIHBIH ~ OKCIOHEHIIHAbI TYPAEC TOMEHACYl Typajbl MOJACIbIIK
OomkaM KaObULIaHIbl. KOppo3us >KbUIIAMIBIFBI OKCHUITIK KadaTTapiblH KaJIibl
KaJIBIHJBIFBIHA TOyelal (DEHOMEHONOTHSUIBIK OalaHbIC HETI3IHIE aHBIKTAJIbI.
Ecenteynep COMSOL Multiphysics 6.2 OarmapmaManblK KemIeHIHAE YII Karmaiaa
KYPri3iami: xjopua-uoHgapbl OonmMaran ke3me, Cl konuentpanmscer 0,001 M
xoHe 0,02 M OosraH karnmainapaa. XJIOpPHICI3 OpTaja OKCUATIK KaOBIKIIaHBIH
TYPaKThl TYPHAE OCETiHI aHBIKTAJAbl, OYJ KOPPO3Ms >KbUAAMIBIFBIHBIH OipTiHIeH
TOMEHJICYiIMEH JKOHE TYPaKThl IMACCHUBTI KYWIIH KaJlblITacybIMeH Karap xypexi. Cl-
kxoHteHTparusiacel 0,001 M Gonmranga KaOBIKIIAHBIH ©CYl CaKTaJFaHBIMEH, ocipece
Fe2O; cpIpTKBI KabaThIHAA epy TPOLIECTEPiHIH YIIECl apThII, OHBIH KOPFaHBIII THIMALIIT
temenneiai. Cl- xonuentpanuscel 0,02 M OonFaHAa OKCHITIK KabarTapablH ecyi
afKbIH TEKEINII, OJIAPbIH Jerpadalusichl KylIeleal KoHe KOPPO3HS KbUIIaMIBIFbI
apragel. JKapusutanraH CaHIBIK MOJIENBAEPMEH JKYPTi3UITeH CajbICTBIPY HETi3Ti
3aHJIBUIBIKTAP/bIH  CalajblK TYPFBIIAH COMKEC KEJETIHIH KepceTTi. AJIbIHFaH
HOTHXKEIIEp CHIPTKbI OKCUATIK KabarThlH Cl- MOHIApBIHBIH TachIMaJbIH IIEKTEYAET]
eIy POiH pacTalasl >KOHE TMAaCCHBTI KaOBIKIIAHBIH JETPajalus IopEKeCiH,
OHBIH KOPFAHBIII KACHETTEPIiHIH ©3TrepyiH, COHAal-aK TeMIpAiH XJOPUATI OpTamarbl
KOPPO3USUIBIK TO3IMALTIITIH OaFaiayFra MYMKIHIIK Oepei. 3epTTey HoTHKeNnepi XIOpUATI
opTranapaa manigalaHbUIATBIH TEMip HETi3iHAeri KOHCTPYKUMSIIBIK MaTepuaiaapablH
KOPPO3HSUIBIK TYPAKTBIIBIFBIH O0IDKAy, KOPFAHBIII KabaTTapIslH THIMAUTIITIH Oaramay
JKOHE Talilaany JKaFraaiiapblH OHTaWIaHAbIPY YIIIH KOJJTaHBUTYBI MYMKIH.
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AHHOTanusi. PaccMOTpeHO BIUSHHE XJIOPHI-MOHOB Ha (QopMuUpoBaHHE WU
YCTOHYMBOCTh OKCHJIHBIX IUIEHOK, a TakK€ Ha KOPPO3MOHHYIO CTOMKOCTH JKeie3a
B HEUTpaJIbHON M clabouienouHoi cpenax. llenpio paOOThl SBISICTCS YMCICHHOE
MOJIEJIMPOBaHKE MPOIECCOB POCTA M PACTBOPEHHSI OKCHIHBIX CIIOEB Ha TTOBEPXHOCTH
KeJe3a, a TAKKe OlICHKa BIUSHHS KoHIeHTpanuu Cl™ Ha TOJNMHY 3alIUTHON IUICHKH H
CKOpPOCTHKOPPO3UH. /|15t omucaHus mpo1iecCoB MacCrUBalliy UCTIOIB30BaHA IBY XCIIOMHAS
MOJIelTb, BKITIOUAIONIast BHYTpeHHUH OaphepHbiid cnoi FesO4 n Baemnuii cnoit Fe20s,
KOHTAaKTHPYIOUIMIA C arpecCUBHON cpenod. Mojenb YUYUThIBAET KOHKYPEHIIMIO
MIPOLIECCOB POCTa M PACTBOPEHUS OKCHUIHBIX CIIOEB, 3aMe/JIEeHHE POCTa TUICHKH I10
Mepe YBEIMUYEHHUs €€ TOJIIMHBI, a TakKKe BIHUAHHE KOHLEHTPAIMH XJIOPUI-MOHOB
Ha CKOPOCTh pacTBOpeHus. J{isi yuera GapbepHOTO JeicTBUsI BHEIIHETo ciosi Fea0s
MPHHSTO MOAEIHHOE JIOMYIIeHHE 00 SKCIIOHEHIIMAaTLHOM CHHYKEHUH KoHIIeHTparuu Cl-
MIpH MIPOHUKHOBEHUH XJIOPHJI-MOHOB K TPAHUIIE MEXTY CIOsIMU. CKOPOCTh KOPPO3UHU
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ompefensjach Ha OCHOBE (PEHOMEHOJIOTHYECKOW 3aBUCUMOCTH OT CyMMapHOH
TOJIIIMHBI OKCUAHBIX CJIO€B. PacueThl BBINOJIHEHBI B IPOrPAMMHOM KOMILJIEKCE
COMSOL Multiphysics 6.2 mis Tpex yciIOBUH: MPH OTCYTCTBUU XJIOPUI-HOHOB, a
takxke npu konueHTpanusx Cl- 0,001 M u 0,02 M. YcranoBieHo, 4To B 6eCXJIOpUAHOM
cpele MPOUCXOAUT YCTOWYMBBIM POCT OKCHUIHOW IIJIEHKH, COIPOBOXKJIAIOLIUICS
MOCTENIEHHBIM CHIDKEHHEM CKOPOCTH KOPPO3MHM M (OPMHUPOBAHHEM YCTOHYHMBOTO
naccuBHOTO coctosiHusL. [Ipu xoHuenTpauuu CI- 0,001 M poct miaeHku coxpaHsercs,
OJTHAKO BO3PACTaeT PoJib MPOLIECCOB PACTBOPEHHMsI, 0COOEHHO BO BHelIHeM cioe Fe20s,
BCJIEJCTBHE Yero CHMKaeTcs 3amuTHast 3QdekTuBHOCTD ieHkd. [1pyu koHIeHTpanuu
CI” 0,02 M nHabmionaroTcsi BEIpa)KeHHOE MOAABICHUE POCTa U YCHIICHHE Aerpajalun
OKCUJIHBIX CJIO€B, COIPOBOXKJAIOIIMECS TOBBIIIEHHEM CKOPOCTH  KOPPO3HUH.
ComnocraBiieHHEe TIONYyYEHHBIX Ppe3yJbTaTOB C OMyONMKOBAaHHBIMH YHCICHHBIMU
MOJIEISIMH  TIOKa3aJl0 KayeCTBEHHOE COOTBETCTBHE OCHOBHBIX 3aKOHOMEPHOCTEH.
[TonydeHHbIe pe3ynbTaThl MOATBEPKIAAIOT ONPEAEIAIONIYIO POJIb BHEIIHETO OKCHUIHOTO
ciost B orpanndyeHuu neperoca Cl” M MO3BOJISIIOT OLIGHUTH CTEMEHb ACTpajalun
[ACCUBHOM IUIEHKH, M3MEHEHHE €€ 3alllUTHBIX CBOMCTB, a TaKXe KOPPO3HMOHHYIO
CTOMKOCTB JKeJle3a B XJIOPUACOAEpKAIUX CpeIax.

KulwueBbie ciaoBa: koppo3us; OKcuaHble IUieHkH; mnaccuBauusg,; COMSOL
Multiphysics

BBenenne. Kopposust MeTamioB ocTaeTcsi OAHON U3 OCHOBHBIX IPUYHH CHIDKCHHS
HaJEKHOCTH M JONTOBEYHOCTH MPOMBIIUIEHHOTO 000PYJOBaHUS U KOHCTPYKIMOHHBIX
marepuanioB (Marcus et al., 2020). OgHUM U3 ITIaBHBIX MEXaHHU3MOB IOBBIIICHHS
KOPPO3MOHHOW CTOWKOCTH sBJsieTcss (popMUpOBaHME Ha MOBEPXHOCTH MeTaia
OKCHJHBIX IUICHOK, CIIOCOOHBIX BBIMOJHATH OapbepHyl0 (YHKLIHIO W 3aMeIISTh
aHojHoe pactBopenue (Marcus et al., 2020; Schmuki et al., 2002). DddexTuBHOCTD
TAKOW 3alIMTHI ONpeAessieTcs TOIILWHON, COCTABOM, CTPYKTYpOH M YCTOHYMBOCTBIO
OKCHJIHOTO CJIOsI, a Takxke ycioBusiMu cpefsl (Marcus et al., 2020; Macdonald et al.,
1992; Schmuki et al., 2002).

Jlurepatypublii 00630p. s kene3a XapakTepHO 0Opa3oBaHHE MNacCHBHOM
OKCHIHOH IJICHKH CJIOKHOTO COCTaBa; B paMKax YIPOILIECHHOH JBYXCIOHHOMN CXeMBbI ee
MOKHO TIPEJICTABUThL KaK BHYTPEHHUH Oosiee IoTHBIN cnoii Fe,O, n BHemHui Menee
IoTHBIH cnoit Fe,O, (Schmuki et al., 2002; Qiu et al., 2015; Brossia et al., 1994). B
OTCYTCTBHE arpecCHBHBIX aHHMOHOB TaKas IJICHKA MOXKET 00eCle4ynBaTh YaCTHYHYIO
WIH BBIpRXEHHYI0 TaccuBanuio noBepxHocTH (Schmuki et al., 2002; Qiu et al.,
2015). OgHako MpHUCYTCTBUE XJIOPHUI-UOHOB 3HAUNTEIBHO CHIDKAECT €€ yCTOWYMBOCTD,
o0Jieryaet JIOKaJIbHO€ pa3pylIeHHe TACCUBHOTO COCTOSHUS U CIOCOOCTBYET Pa3BUTHIO
NUTTUHTOBOU Kopposuu (Wagner et al., 1959; Frankel et al., 2018; Qiu et al., 2015).
st onucanus KWHETHKH OKCHI000pa30BaHMsl U MACCUBALIMK TPUMEHSIOTCS MOJACIH
Motra—Kabpepsl, Baruepa, cunbHoro monst u Touednsix negexrtoB (Cabrera et al.,
1949; Macdonald et al., 1992; Wagner et al., 1959; Hoar et al., 1959). Jlns xene3a B
HEUTpaNbHBIX U CIa00IIENIOYHBIX cpelaX YIOOHBIM SIBISETCS KHHETHYECKHA MOIXO0],
YUUTHIBAIOMIMK 3aMe[UIeHHe POCTa IJICHKH MO Mepe YBEJIWYEHHUS €€ TOJIIMHBI, a
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TaK)Ke €€ BO3MOKHOE paCTBOPEHHE B IPUCYTCTBUH arpeCCUBHBIX KOMIIOHEHTOB CPEbI
(Macdonald et al., 1992; Hoar et al., 1959; Song et al., 2020). B Hacrosiieii padote
3TOT MOJAXOJ JONOJHEH YYE€TOM PAacTBOPEHHUS IUIEHKH MOJ JEHCTBHEM XJIOPUI-MOHOB
(Qiu et al., 2015; Brossia et al., 1994; Song et al., 2020).

Lenb paboTel — NPOBECTH YHUCICHHOE MOICIMPOBAHHE POCTa M PACTBOPEHHS
OKCHJHBIX IMJICHOK Ha >Kelie3e M OLEHHUTH BIUsHHE KoHueHTpauuu Cl” Ha ToimuHy
OKCHJIHBIX CJIOEB U CKOpOCTh Koppo3uu (Qiu et al., 2015; Brossia et al., 1994; Song et
al., 2020).

MarepuaJjbl M OCHOBHbIE METO/bI.

Ha moBepxHocTH keneza 00bIMHO (OPMUPYIOTCS 1BA OCHOBHBIX OKCHUAHBIX CIIOSL:

-BHyTpeHHui cnoii Fe,O,, mpuneraiomuii x Metauty u oOnamawooumi Gomnee
BBICOKUMH 0apbepHBIMH CBOMCTBAMH;

-pHelmHui cnoi Fe,O,, KoHTakTHpyrOIMi €O Cpemoi u B OONbLIEH CTEmeHH
MOJBEPKEHHBIN PACTBOPEHHUIO U 1e(heKTO0Opa30BaHUIo.

Jl1 KOJMYeCTBEHHOTO ONMMCAHMA AMHAMUKHM ATHX CJIOEB HCIIOJIb30BaHA CHCTEMaA

YpaBHEHHA, yUNTHIBAIOIIAs KOHKYPEHIIHIO TIPOIIECCOB POCTa U PACTBOPECHHS:

dxy -

E = Tﬁ:'ﬂurh,l{xl} - T}iiss,l{xli [C‘i: ]J ::'
dx 4
E‘:_E'_ = Tgrouth.2 {xfxl} - THiss,f{xfi ['!:-IE _]J va }

rae X1 u X2 — TONIIUHEI CJIIOEB Fe3O WU Fe2O3 COOTBETCTBEHHO.
CKOpPOCTH POCTa CIIOCB 33]1aBaJTHCh 110 SKCIIOHEHITMAILHOMY 3aKOHY, XapaKTePHOMY
JUTSL MOJICTTH CHJTBHOTO TI0JIs, @ CKOPOCTH PAaCTBOPEHUS OTPEACIISIIUCH KOHIICHTpaIueH

XJIOPUJI-UOHOB:
Ayxq
Tgrouth = K11 XP kT

Tgiss1 = K2 [CIT]™

Azxs
T

Yarouth2 = 'i':l.f EXP(_ k )f{xl]

Tgissz = Kaa[C17]72

KoHIeHTparust XJI0pUI-HOHOB Ha TPaHUIE BHYTPEHHETO W BHEIIHETO CIIOCB
MpUHUMANACh PaBHOM, Jis yueta OaphepHOro neiicTBus BHemiHero cioss Fe.Os B
MO/ICITH BBEICHA DKCTIOHCHITHATBHAS AlMPOKCUMAIIHS TPOHUKHOBEHUS XJIOPH/I-HOHOB:

[CI'], =[CI],  exp(—dX,),

int bulk

4TO OTpakaeT 6apbepHyto QyHKIMIO BHEIHETO ciost Fe O,. Jlannas 3aBucumocts
SIBJISICTCS MOJICITBHBIM JIOMYIIEHUEM HACTOSIIEH paboThI.
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J1s Konmn4ecTBEHHON OLIEHKH BIMSHUS TOJIIHMHBI OKCHIAHBIX CJIOEB HA KOPPO3HOH-
HYIO CKOPOCTb B MOJENIM HCIONb30BaHa (PEHOMEHOJIOTHYECKAs SKCIOHEHIMAIbHAs
3aBHCUMOCTb. CKOpOCTH KOPPO3HMH pacCUMThIBajach Kak (YHKIUS CyMMapHOM
3aLIUTHOM CIOCOOHOCTH OKCHIHBIX CIIOEB!

Xy Xo
Veorr = LﬂDE'XP{_ P
Ay A
rme Yg— 0a3oBasi CKOPOCTHh KOPPO3HH.
BrlpakeHne  WCHONB30BAaHO KAk  MOJIENbHAS — 3aBUCHUMOCTB  HACTOSIIETO
WCCIIEIOBAHMUS.
Pacuersr mposenenst B COMSOL Multiphysics 6.2. Mcxomgable mapaMeTpsl MOIETH
MIpUBeIeHEI B TabmuIe 1.

Tabnuna 1 — VicxoaHsle mapamMeTpsl MOJCIN

No [Tapamerp 3HaueHne Onmcanne

1 Kk, Ix10-1 Pocr Fe,0,, M/c

2 k,, 5%10710 Pocr Fe,0,, M/c

3 k,, 4x1010 Pacreopenue Fe,O,, m/c

4 k), 1x10°2 Pacteopenue Fe,0,, m/c

5 n,n, 1 Hopsimox mo CI

6 A 3x107° Xapaxrepuas quna i Fe,O,, M
7 A, 2x107° Xapaxrepuas mina s Fe,O,, m
8 5 2%10°8 Jmuna nponnkHoBeHus Cl-, M

9 \A 1x10°8 BazoBast ckopocTh KOppo3uu, M/c
10 X 1x10°12 Havanbunas tomuuna cios Fe,0,, m
11 X’ 5%10° 11 Havanbnas tommuna ciost Fe,0,, m

MonenupoBaHue TPOBEACHO JUIS TpPeX Cciay4daeB: 0e3 XJIOPHI-HOHOB, IpH
coneprxkanuu ClI™ 0,001 M u 0,02 M.

PesyabTarsi

1. OTcyTCcTBHE XJIOPUI-HOHOB

B orcyTcTBHE XJIOpUA-MOHOB HAOIIOMACTCS YCTOMYHMBOE YBEIMUYCHHUE TOJIIIMHBI
OKCHUJHOM IJIEHKH BO BPEMEHH, IPU ITOM CKOPOCTh POCTA TOCTEIICHHO YMEHbIIIAETCS,
YTO COOTBETCTBYET CHIIBHOIOJEBOMY MexaHu3My (opMupoBanus okcuja. [lo mepe
YBETUYCHUS TOMIIUHBI INICHKU CHUKACTCS HAMIPSKEHHOCTH TOJIT B OKCUIHOM CJIO€, U
pOCT 3ameisieTcsl.
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%107 [ ] (=]

/ — Fe304(x1)

Fe203(x2)

200 b

Fe304(x1), Fe203(x2)
=
5
S
T
L

Time

PI/ICyHO]( 1 — 3aBUCHUMOCTH TOJIIVMHBI OKCUAHBIX INIEHOK OT BPEMEHU B OTCYTCTBUE XJIOPUA-UOHOB.

OnHOBPEMEHHO € ATHM CKOPOCTb KOPPO3UU 3Kesie3a cHibkaeTcs. Ha HauanbHOM
JTare MOBEPXHOCTh €le HEJOCTAaTOYHO 3allUIleHa, OJHAKO M0 Mepe (pOopMUPOBaHUS
BHYTPEHHETO ¥ BHEIITHETO CJIOEB OKCHIHAS CUCTEMa HAaYWHAET BBITIOIHATH OaphepHYTIO
(hyHKIHIIO.

v_coorr o

x10? [
9.7
9.65
9.6

9.55

v_corr

9.5

9.45

9.4

9.35

9.3

PucyHOK 2 — 3aBUCHUMOCTb CKOPOCTH KOPPO3HH JKejle3a OT BPEMEHH B OTCYTCTBUH XJIOPH-HOHOB.

Takum oOpa3zom, B 0e3XJIOpUIHOW CpeAe JKelIe30 MEPEXOAUT B COCTOSHHE
YCTOWYMBOM MacCHUBAIUU.

2. Cpema ¢ 0,001 M xmopu-nuoHOB

IIpu xormenTpamuu Cl™= 0,001 M pocT OKCHIHON TUICHKH COXpaHIETCS, HO €¢
TOJII[UHA CTAHOBUTCSI MEHBINEH 10 CPaBHEHHUIO CO CIy4aeM B OTCYTCTBHH XJIOPHU]I
HMOHOB B pacTBOpe. DTO yKa3bIBaeT HA BOSHUKHOBEHNE KOHKYPECHIIMU MEXKIIy POCTOM H
pacTBOpPEHUEM OKCHJHBIX CIIOCB.
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Prcynox 3 — 3aBHCHMOCTB TONIIMHBI OKCHAHBIX IUNIEHOK OT BPEMEHH B PUCYTCTBUU XJIOPHI-HOHOB

Haubosee 4yBCTBUTENBHBIM K IEHCTBHUIO CPE/IbI OKa3bIBAETCA BHEMHMM ci10# Fe, O,
Ero wactudHoe pactBOopeHue ocnabiser OapbepHBI 3PPEeKT u obnerdaer mepeHoc
XJIOPH/-MOHOB K BHYTpeHHeMy cioro Fe,O,. B pesynbrare 3amurHOe NeHCTBHE BCEH

o

— Fe304(x1)
— Fe203(x2)

[} 10 20 30

Time

0,001 M.

IIJICHKH CHUXKACTCA.

910 MMPOABIISICTCA U B KUHCTHUKC KOPPO3UU: CKOPOCTH KOPPO3UHU YMCHLIIACTCA BO

BpeMeHu cnabee, yeM B orcyTcTBuu Cl.

x10° [

9.7

9.65

9.6

9.55

v_corr
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9.45

9.4

9.35

Pucynox 4 — 3aBUCHMOCTH CKOPOCTH KOPPO3HH XKejTe3a OT BPEMEHHU B MIPUCYTCTBUU XJIOPHI-HOHOB

CJ'ICILOB&TGJ'IBHO, npu HU3KOH KOHIEHTpaHUKU XJIOPHUI-MOHOB TITaCCHUBAIlUA CIIC
COXpPaHsiCTCA, HO €€ yCTOﬁ‘IHBOCTL YK€ 3aMETHO YyXyAIIacTCs.

v_coorr

0 3 10 15 20 25
Time

0,001 M.
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3. Cpena ¢ 0,02 M xmopu-uoHOB

[Ipu yBenmu4eHUN KOHIIGHTpAIK XJI0pUaA-uoHOB J0 0,02 M BiusiHUE arpecCUBHOM
CpeIbl CTAHOBUTCS 3HAUUTEIIBHO 0OJiee BBIPAXKCHHBIM. TOJIIMHA OKCHHBIX CJIOCB
OKa3bIBACTCS CYIIECTBEHHO MEHBIIE, YeM B MPEIBIAYIIUX CIy4asX, a POCT IUICHKH
MOJABIISIETC.

[&]

/’.—_7 ] | — Fe304(x1)

Fe203(x2)

10-30

T T 77T

T
i
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T T TTTTTT
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T

10712

T T TTTTT
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TTT

Time

PucyHOK 5 — 3aBHCHMOCTD TOJIIMHBI OKCHIHBIX IJICHOK OT BPEMEHHU B IPUCYTCTBUU
xynopun-uonos 0,02 M.

DT0 03HAYAET, YTO MPOIIECCH] PACTBOPEHHUS HAYMHAIOT TPEe00II1aaaTh Ha l MPOIieccaMi
pocta. Buemnwmii cioit yxxe He cnocobeH 3¢pdexTuBHO orpannyuBarh nepenoc Cl,
BCJIE/ICTBHE YETO YCKOPSIETCs Ierpaalisl BHYyTPEHHETO 0apbepHOTO CIOSI.

CoOOTBETCTBEHHO, CKOPOCTh KOPPO3WM B JaHHOW Cpele OCTAaeTCs 3HAYUTEIHHO
0oJ1ee BHICOKOH.

v_coorr e

%107

9.721

9.7

v_corr

bt

o

4
T

0 5 10 15 20 25 30 35 40 45 50
Time

PucyHok 6 — 3aBUCUMOCTb CKOPOCTH KOPPO3HH XKeje3a OT BpeMEHH!
B IPUCYTCTBHHU XJI0pHI-uoHOB 0,02 M.

247



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Takum o00pa3om, NpU TOBBILICHHOH KOHIEHTPALWU XJIOPHI-MOHOB CHCTEMa
MEPEXOJUT K COCTOSIHUIO OCNAa0JIeHHON MacCHBalK, OJU3KOMY K JCTacCHBALINH.

4. CpaBHUTENBHBINA aHAIN3

Jns BepuduKanmy pe3yabTaToB MPOBEICHO COMOCTaBICHUE ¢ OMyOTUKOBAaHHBIMH
YUCJIEHHBIMM HCCJIEOBAaHMSIMM ~ KOPPO3HOHHBIX TPOIIECCOB, BKJIIOYas MOJEIb
nuttuHroBorr kopposun Ed Fontes B COMSOL Multiphysics® (2021) u moxens
pocTa maccMBHOW OKCHUAHOHM IMieHKH Ha skenesze Ingmar Bosing (2023). [Momyueno
Ka4eCTBEHHOE COINIaCOBaHME OCHOBHBIX 3aKOHOMEPHOCTEH pa3BUTHUS KOPPO3HMOHHBIX
MIPOLIECCOB U DIEKTPOXUMHUUYECKOTO MOBEIEHUS Kee3a.

Oo6cyxaenne

ComnocraBiieHHe PacueTHBIX JaHHBIX MMOKAa3bIBAET, YTO XJIOPUA-MOHBI BIMSIOT Ha
KOPPO3HOHHYIO0 CTOMKOCTH Kejie3a JBOAKO: OHU HEMOCPEICTBEHHO YBEIMUYMBAIOT
CKOPOCTb PAacTBOPEHHS OKCHAHBIX CIOEB U OJHOBPEMEHHO YMEHBIIAIOT OaphepHYIO
(GyHKUMIO BHEUIHEro cijios. B pesynbprare pemiaromiee 3Hau€HHE UMEET HE TOJBKO
CyMMapHasl TOJIIMHA OKCUAHOM IIJIEHKH, HO U COCTOSHHE €€ BHEIIHEro Ccios,
OrPaHUYMBAIOIIETO JOCTYI arpEeCCUBHBIX AaHMOHOB K BHYTPEHHEMY CJIOIO M K I'paHHIIe
METaJUI—OKCH/I.

3akJroueHue

Paspaborana nByxcioiHas MOJeNb pOCTa M PACTBOPEHMS OKCHUAHBIX IUICHOK Ha
xenese, peannzoBanHas B COMSOL Multiphysics. Ycranosieno, 4to:

1. B OTCYTCTBHE XJIOPUI-MOHOB IMPOUCXOAUT YCTOWUMBBIA POCT OKCUAHOMN MIIEHKH
1 CHU)KEHHE CKOPOCTH KOPPO3HH;

2. mpu CI™=0,001 M 3amuTHas CHOCOOHOCTH IUICHKH YMEHbBIIIACTCSI, HO TACCUBAITHS
elle COXpaHsercs;

3. npu C1'=0,02 M pacTBOpeHHE OKCUAHBIX CJIOEB CYIIECTBEHHO YCUIMBACTCS, YTO
MPUBOJUT K POCTY CKOPOCTH KOPPO3HH;

4. BHewnu# cioii Fe,O, urpaet KIrroueByo posib B OrpPAHUYEHHUH IEPEHOCA XIIOPUJI-
MOHOB K BHYTpeHHeMYy ciioro Fe,O,;

[lonydyeHHble  pe3ynbTaTbl  MOATBEPKIAIOT  BO3MOXKHOCTH — MCIOJIB30BaHUS
YHUCJIEHHOTO MOJIEIMPOBaHUs JUIsl MPOTHO3a KOPPO3MOHHOIO TOBEJECHHS JKele3a B
arpecCUBHBIX Cpeiax M AJISl OLUEHKH YCTOHUYMBOCTH MACCUBHBIX OKCHIHBIX IJICHOK.
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Abstract. The aim of this study was to evaluate the textural changes produced by
metal-chloride-assisted carbonization of wood sawdust in a bentonite matrix and to
compare FeClS—, NiCl,-, and CoCl,-containing formulations under the same thermal
regime. Composites were prepared from 2 g of bentonite and 1 g of sawdust with
the corresponding metal chloride, dried at 80 °C for 24 h, and carbonized at 550 °C
for 1 h under argon. Nitrogen physisorption at 77.35 K was used to determine BET
specific surface area and BJH pore parameters for raw bentonite and three carbonized
composites: B-Co (0.75 g CoCl)), B-Fe (0.50 g FeCl,), and B-Ni (0.50 g NiCl,).
The BET surface area increased from 45.836 m? g' for raw bentonite to 223.915,
248.350, and 233.406 m? g! for B-Co, B-Fe, and B-Ni, respectively, corresponding to
4.89-, 5.42-, and 5.09-fold increases. At the same time, BJH adsorption pore volume
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decreased from 0.012 cm?® g to 0.007-0.008 cm? g, and the characteristic BJH pore
radius decreased from 2.152 nm to 1.626—1.955 nm. These results indicate that the
additional nitrogen-accessible surface is not explained by an increase in BJH mesopore
volume and is consistent with the development of finer porosity and carbon—clay
interfacial surface. Among the tested formulations, B-Fe exhibited the highest BET
area. Thus, FeCl, -assisted carbonization provides the strongest basis for subsequent
structural characterization and adsorption testing, although graphitic ordering and
sorption capacity require independent verification.

Keywords: bentonite, sawdust, catalytic carbonization, metal chlorides, BET
surface area, BJH porosity, carbon composite

For citations: Nurlybayev O., Kudaibergenova R., Taubayeva R., Bekaulova A.,
Seitmanbetova A. Textural properties of bentonite—sawdust carbon composites after
metal-chloride-assisted carbonization. Academic Scientific Journal of Chemistry,
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AHHOTAIUsA. 3epTTEYiH MaKcaTbl — METaJUl XJIOPHUATEPl KAaThICHIHIA OCHTOHUT

MaTpPULIACKIHJIAFBl  aFalll  YTIHAICIH KapOOHM3alMsulay HOTIIKECIHIE OOoJaThiH
TEKCTYpaJiblK e3repicrepni Oaramay »xoHe Oipaell Tepmusiblk pexumue FeCls-
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, NiCl- xxone CoClz-KypamIpl KOMIO3HLUSIIAPABI canbicThlpy. Kommosutrep 2 1
OCHTOHWTTEH, | T' araml YriHIICIHEH JKOHE THICTI METaJlI XJIOPUIIHCH NalbIHIAJIbIII,
80 °C remneparypaaa 24 carar KenTipiii skoHe aproH arMocdepacsiaga 550 °C-ta
1 carar xapOoHM3aIUsIaHALl. bacTamkbl OCHTOHUT TEH YOI KapOOHM3aIUsIaHFaH
komrio3utTiH - B-Co (0,75 T CoClz), B-Fe (0,50 v FeCls) xone B-Ni (0,50 r NiCl.)
- BOT Ooiipiama menmrikri Oet aymansl MmeH BJH keyekrinmik mapametpnepi 77,35
K Temmeparypana a30TThIH (U3HUKAIBIK aJICOPOIMACHl 9/IiCIMEH aHBIKTANAbl. BOT
MEHIIIKTI OeT aynaHbl Oactankel OeHTOHUT yuriH 45,836 m?/r-nan B-Co, B-Fe xone
B-Ni yarinepi ymnia tuiciame 223,915; 248,350 xone 233,406 mM?/r-Fa neifiH apTTHI,
ow 4,89; 5,42 xone 5,09 ece ecimre coiikec keneni. ConsiMen Katap BJH Ooiibramma
aacopouumsnslk keyek kememi 0,012 cm?/r-man 0,007-0,008 cm?/r-ra neiin, an
cUmnarTaMaiblK Keyek pamuycel 2,152 uM-meH 1,626—1,955 HM-re neiiiH TeMeHAeT.
Byn HoTmkenep a3oT MoneKynalapblHa KOJDKETIMAI KocbiMina OerTiH aptysl BJH
OOWBIHIIIA ME30KEYSK KOJICMIHIH YJIFAIOBIMEH TYCIHIIPUIMEHTIHIH )OHE OHBIH YCaK
KEYCKTITIKTIH JaMybl MEH KoMipTeKk—ca3 (ha3anapsl apachiHAaFsl HHTEP(EHCTIK OCTTIH
KaJIBINITaCybIHA COMKEC KeNEeTiHIH KepceTei. 3epTTenreH Kypamaapabeiy iminae B-Fe
yarici eH xorapel BOT menmikri OeT aymanpiMeH cumartanabl. Oceuraiima, FeCls
KaThICBIHAAaFbl KApOOHM3AIMS KeHIHT1 KYPBUIBIMIBIK 3ePTTEYJIEp MEH aJ[COPOIMSIIBIK
ChIHAKTap YUIIH €H MepCleKTUBalbl HycKa Oonbll TaObimansl. Amnaiina rpadurrik
PETTEINy JOPEIKECl MEH COPOIMSUIBIK ChIHBIMIBLIBIK JKEKE IKCIIEPUMEHTTIK 9/1iICTEPMEH
pacTanysl THiC.

Tyiiin ce3nep: OEHTOHUT, aFalll YTiHIIC1, KATATUTHKAIBIK KapOOHU3AIIHS, METAJII
xyopunrepi, BOT menmrikri 6eri, BJH keyexTiniri, koMipTeKTi KOMITO3UT
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AnHoOTanus. Llens nccneaoBanms 3aKI04aIACh B OLICHKE TEKCTYPHBIX U3MEHEHHUH,
BO3HHUKAIOIIUX MPH KapOOHW3AIUK JPEBECHBIX ONMJIOK B OCHTOHHWTOBOHM MaTpHIle B
MPUCYTCTBUU XJIOPHJIOB METAJUIOB, M CpaBHEHHH KoMIo3ulmii, cogepxamux FeCls,
NiClz u CoClz, mpu 0TUHAKOBOM TeMIIEpaTypHOM peskuMe. KOMIO3HThI TOTOBHIH U3 2
I OEHTOHUTA, | T APEBECHBIX OMMIIOK U COOTBETCTBYIOIIETO XJIOPUIa METalIa, CYIINIH
npu 80 °C B Teuenue 24 4 u kapoboumnzuposaiu npu 550 °C B reuenue 1 1 B atmochepe
aproHa. YnenbHy1o nosepxHocth o bOT u mapamerpsl mopuctoii crpykrypsl no BJH
onpeaessin MeTooM (u3nueckoit aacopOumu azora npu 77,35 K s KCXOIHOTO
OeHTOHUTA U TPEX KapOOoHM3UpOoBaHHBIX KoMo3uToB: B-Co (0,75 r CoClz), B-Fe (0,50
r FeCls) 1 B-Ni (0,50 r NiClz). Ynenbnas noepxHocts 1o b2T yBenunuunacs ¢ 45,836
M2/T 11t uicxomHoro oenronnta 10 223,915; 248,350 u 233,406 Mm%/t mius B-Co, B-Fe u
B-Ni cooTBeTCTBEHHO, TO ecTh B 4,89; 5,42 1 5,09 pa3a. OqHoBpeMeHHO 00BEM TIOP 110
agcopounonnoi Betsu BJH ymensbimics ¢ 0,012 go 0,007—0,008 cm3/, a xapakTepHBbIit
pamuyc mop — ¢ 2,152 go 1,626—1,955 am. IlomydeHnnpie JaHHBIE MOKA3BIBAIOT, UTO
yBEJIMYCHUE JIOCTYIHOM U a30Ta MOBEPXHOCTH HE OOYCIIOBIEHO POCTOM 00BEMA
Mme3onop o BJH u cormnacyercst ¢ pazsutuem 0ojiee TOHKOM IOPUCTOCTH U MK (Da3HOH
MOBEPXHOCTH yriepoa—inHa. Cpenu HcciaenoBaHHBIX CcocTaBoB obOpaser; B-Fe
XapaKTepH30BaJICs MAKCUMaJIbHON yrieapbHOI moBepxHocThio 1o bOT. CnenosarensHo,
kapOonuzanus B npucyTctBuu FeCls ipecraniser Hanboee NepcrneKTHBHBIN BAapUaHT
JUISL TaJIbHEWINEH CTPYKTYPHOM XapaKTePUCTHKU M aJCOPOLIMOHHBIX HCIBITAHUM.
BwMmecre ¢ TeM cTeneHb TpaUTHOTO YIOPSIOYCHUSI U COPOIIUOHHAS EMKOCTD JTOJKHBI
OBITH MOATBEPIKICHB HE3AaBUCHMBIMH DKCTIEPUMEHTAIBHBIMUA METOAMH.

KuroueBble cji0Ba: OCHTOHUT, JIPEBECHBIC OMMIIKH, KATAJIUTHYCCKast KapOOHHU3aIus,
XJIOPUJBI METAJUIOB, yaenbHas moBepxHocTh bOT, mopuctocts BJH, yriepommblit
KOMITO3UT

Introduction. Bentonite is a layered aluminosilicate whose sorption behavior is
governed by the accessible external surface, interlayer charge, exchangeable cations,
and the distribution of pores between mineral particles. Its availability and chemical
stability make it a practical mineral matrix for sorbent preparation, but raw bentonite
does not automatically provide the surface area required for every separation problem.
Acid activation, thermal treatment, incorporation of carbon, and formation of mineral—
biochar composites are therefore used to modify its surface and pore architecture. Studies
published in the same journal have demonstrated the relevance of bentonite and other
modified carbonaceous sorbents to water treatment, while recent work on bentonite—
biochar systems shows that combining a clay phase with biomass-derived carbon can
substantially alter accessible porosity (Ilyasova et al., 2022; Murzakassymova et al.,
2022; Egbedina et al., 2023).

Co-pyrolysis is attractive because the mineral and carbon phases are generated or
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reorganized in the same thermal step. Wood-derived biomass supplies a lignocellulosic
carbon precursor, whereas bentonite provides an inorganic framework that can
restrict shrinkage, create interfaces, and influence heat and mass transfer during
devolatilization. Co-pyrolysis of wood chips with bentonite at 550 °C has been shown
to modify the microstructure and stability of the resulting char, confirming that clay
minerals participate in the evolution of the solid rather than acting only as an inert
diluent (Wang et al., 2022). Related bentonite—biochar composites produced from
plant residues also display surface areas in the hundreds of square metres per gram
when carbonization and activation are appropriately controlled (Egbedina et al., 2023;
Yang et al., 2023).

Transition-metal salts provide an additional means of steering the thermal
conversion of biomass. Iron, nickel, and cobalt compounds can catalyze bond cleavage,
dehydration, deoxygenation, aromatization, and rearrangement of the carbonaceous
residue. The effect is sensitive to both the metal and its counter-ion. For example,
FeCl3-assisted pyrolysis has produced micropore-rich carbon with a high surface area,
while nickel salts have been reported to change biochar yield, aromaticity, morphology,
and specific surface area (Lugovoy et al., 2019; Xia et al., 2023; Hu et al., 2023). At
higher temperatures, Fe, Co, and Ni can also catalyze graphitic ordering, but the term
graphitization requires direct structural evidence such as Raman spectroscopy and
X-ray diffraction rather than nitrogen sorption alone (Hunter et al., 2022; Farid et al.,
2023).

The aim of this study was to obtain porous carbon—mineral composites by carbonizing
bentonite—sawdust mixtures in the presence of FeCl,, NiCl,, or CoCl, and to determine
how the tested formulations affect nitrogen-physisorption textural parameters under
an identical thermal regime. The specific objectives were to: (1) prepare the three
metal-chloride-containing composites using the same bentonite/sawdust ratio and
carbonization conditions; (2) determine BET specific surface area and BJH pore
parameters; (3) compare the textural response of the Fe-, Ni-, and Co-containing
formulations; (4) interpret the relationship between the BET-area increase and the BJH
mesopore contribution without assigning unmeasured structural properties; and (5)
identify the formulation that provides the strongest basis for subsequent structural and
adsorption studies. Because all composites were carbonized at a single temperature of
550 °C, the study does not claim a comparative temperature effect.

Scientific novelty. The novelty of the work lies in the comparative textural
assessment of bentonite—sawdust composites produced by one-step carbonization at
550 °C with FeCl,, NiCl,, and CoCl, under a common preparation scheme. The study
demonstrates an approximately fivefold increase in BET surface area while the BJH
mesopore volume decreases, and it identifies the FeCl,-containing formulation as the
material with the highest measured BET area among the tested samples.

Practical significance. The results provide a screening basis for selecting carbon—
clay formulations for subsequent development as adsorbent materials or catalyst
supports. In the present data set, B-Fe is the priority formulation for further XRD/
Raman characterization and equilibrium sorption experiments; however, the current
textural data alone do not establish adsorption capacity or mechanical performance.
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Literature review. Nitrogen physisorption remains the standard experimental
basis for comparing the accessible surface and mesopore structure of porous solids.
The Brunauer—Emmett-Teller (BET) treatment relates multilayer adsorption to
a monolayer-equivalent capacity and is widely used to report specific surface area
(Brunauer et al., 1938). Pore-size distributions in the mesopore range are often
evaluated by the Barrett—Joyner—Halenda (BJH) method, which interprets capillary
condensation through a Kelvin-type relationship (Barrett et al., 1951). The IUPAC
technical report emphasizes that BET area and pore-size analysis are model-dependent
quantities; interpretation should therefore distinguish total apparent surface from the
portion of pore space represented by a particular pore-size model (Thommes et al.,
2015). This distinction is particularly important for heterogeneous mineral-carbon
composites, in which micropores, mesopores, particle contacts, and phase interfaces
can coexist.

Published work on biomass-derived carbons demonstrates that metal salts can change
both carbon yield and pore development. Lugovoy et al. (2019) compared several metal
chlorides during wheat-straw pyrolysis and found that transition-metal chlorides alter
thermal decomposition and the properties of the solid residue. Zhang et al. (2021) used
FeCl, to regulate the hierarchical pore structure of bamboo-derived carbon and linked
iron-assisted treatment with a large increase in accessible surface. Xia et al. (2023)
directly compared iron salts and reported that FeCl, and FeCl, favored micropore-
dominated chars with a BET surface area of about 505 m? g™! under their conditions.
The numerical value is not transferable to the present system because feedstock, salt
loading, reactor design, washing, and thermal history differ, but the study establishes
that chloride-containing iron precursors can promote fine pore formation.

Nickel salts show a similarly strong dependence on counter-ion and thermal
conditions. Hu et al. (2023) found that nickel salts affected volatile release, char yield,
specific surface area, and the aromatic structure of reed-derived biochar; NiCl, was
particularly effective at changing product distribution, while NiSO, gave the largest
surface area in that specific system. Comparisons among catalysts therefore cannot
be reduced to a universal Fe > Ni > Co sequence. Catalyst loading, hydration state,
feed composition, heating profile, mineral matter, and any post-carbonization washing
determine the phases present during and after pyrolysis.

Graphitic ordering is a related but separate property. Iron-catalyzed graphitization
has been studied extensively because dissolved or transient metal-carbon phases
can facilitate carbon reorganization (Hunter et al., 2022). Biomass-derived graphitic
carbons have also been produced with Fe, Co, and Ni catalysts, generally at temperatures
well above those used here, with the degree of ordering established by Raman, XRD,
electron microscopy, or complementary methods (Gai et al., 2021; Farid et al., 2023).
In a study limited to BET/BJH data at 550 °C, it is therefore more defensible to use
the term metal-chloride-assisted carbonization and to discuss pore development rather
than to claim catalytic graphitization.

Bentonite—biochar research provides a direct materials context. Egbedina et al.
(2023) obtained porous bentonite—coconut husk materials with BET areas of 284 — 456
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m? g ! after carbonization and activation. Other bentonite—biochar systems prepared by
co-pyrolysis or subsequent modification also show that the clay phase can contribute
to a composite architecture with altered micro- and mesoporosity (Yang et al., 2023;
Li et al., 2024). The present study uses a simpler formulation and a lower-temperature
single-step carbonization, making the magnitude and distribution of the observed
surface increase the central experimental result.

Materials and methods. Natural bentonite and wood sawdust were used as the
inorganic matrix and carbon precursor, respectively. The experimental series analyzed
in this work included only FeCl3, NiCl,, and CoCl,; no aluminum, zinc, or other metal
chlorides were included in the reported data set. Four materials were evaluated: raw
bentonite (B0); bentonite—sawdust with 0.75 g CoCl, (B-Co); bentonite-sawdust with
0.50 g FeCl, (B-Fe); and bentonite—sawdust with 0.50 g NiCl, (B-Ni). The catalyst
masses are the nominal quantities introduced per 2 g of bentonite. No assumption was
made about salt hydration beyond the formulas recorded for the samples.

Table 1 — Composition and thermal treatment of the analyzed materials

Code | Bentonite, g | Sawdust, g Metal chloride Catalyst, g Treatment

BO — — — — Raw bentonite

B-Co 2.0 1.0 CoCl, 0.75 80 °C/24 h; 550 °C/1 h, Ar

B-Fe 2.0 1.0 FeCl, 0.50 80 °C/24 h; 550 °C/1 h, Ar

B-Ni 2.0 1.0 NiCl, 0.50 80 °C/24 h; 550 °C/1 h, Ar
Note: prepared by the authors from experimental data

For each composite batch, 2.0 g of bentonite and 1.0 g of sawdust were combined
with the prescribed metal chloride. Distilled water was added gradually until the solids
formed a uniformly wetted mixture, which was thoroughly homogenized in the crucible.
The mixture was dried at 80 °C for 24 h. The dried material was then placed in a furnace
and carbonized at 550°C for 1 h under an argon atmosphere. After the thermal treatment,
the material was allowed to cool before textural characterization (Figure 1). Thus,
bentonite/sawdust ratio, drying conditions, carbonization temperature, carbonization
time, and gas atmosphere were held constant for all three composite formulations; the
metal chloride type and nominal amount were the formulation variables.

Nitrogen physisorption measurements were processed with Quantachrome
NovaWin software using a Nova Station A instrument. The analytical gas was nitrogen;
the instrument reports specify a measurement temperature of 77.35 K, a molecular
cross-sectional area of 16.20 A2, and liquid nitrogen density of 0.808 g cm™. Specific
surface area was determined from the multi-point BET treatment. Pore-size parameters
were obtained with the BJH adsorption routine reported by NovaWin; the software
output also identifies the de Boer thickness calculation and exclusion of pressure tags
below P/PO = 0.35 in the BJH reduction. BET and BJH calculations were interpreted
according to the established limitations of gas-adsorption models (Brunauer et al.,
1938; Barrett et al., 1951; Thommes et al., 2015).

Only one archived BET/BJH report was available for each of the four materials.
Consequently, the numerical comparison is descriptive: no standard deviations,
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confidence intervals, or significance tests are reported. The raw bentonite is also not a
catalyst-free carbonized bentonite—sawdust control. Accordingly, changes relative to
BO represent the combined effect of incorporating sawdust-derived carbon and carrying
out metal-chloride-assisted carbonization; they cannot be assigned exclusively to the
catalytic metal. These constraints are retained explicitly in the interpretation.

Al-assisted preparation statement. OpenAl ChatGPT (GPT-5.6 Sol) was used
as an auxiliary tool for language editing, organization of the manuscript, literature-
search support, and preparation of data visualizations. It was not used to create or
alter experimental measurements. The authors remain responsible for verification of
the experimental data, citations, scientific interpretation, authorship information, and
the final submitted text.
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Figure 1 — Preparation and textural characterization route for the bentonite—sawdust composites.
Note: compiled by the authors from the experimental procedure used for the analyzed samples.

Results. The multi-point BET results show a large and consistent separation
between raw bentonite and the three carbonized composites. BO had a specific surface
area 0f 45.836 m? g'. In comparison, B-Co, B-Fe, and B-Ni reached 223.915, 248.350,
and 233.406 m? g', respectively (Table 2, Figure 2). The absolute gain in surface area
was therefore 178.079 m? g™! for B-Co, 202.514 m? g*' for B-Fe, and 187.570 m? g!
for B-Ni. Expressed relative to the untreated mineral, the BET areas were 4.89, 5.42,
and 5.09 times higher.
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Figure 2 — BET specific surface area of raw bentonite and carbonized bentonite—sawdust
composites.
Note: B-Co contains 0.75 g CoClz; B-Fe and B-Ni contain 0.50 g FeCl3 and NiCl2,
respectively, per 2 g bentonite.

The order among the three composite formulations was B-Fe > B-Ni > B-Co. B-Ni
was 6.0% below B-Fe, and B-Co was 9.8% below B-Fe. The ranking is noteworthy
because B-Co contained a larger nominal mass of catalyst than B-Fe or B-Ni, but it
should not be converted into a metal-normalized catalytic ranking: the salt formulas
recorded for the samples do not specify hydration state, and the composites were not
prepared at equal molar metal loadings.

The BJH outputs show a different trend. The adsorption pore volume decreased
from 0.012 cm?® g! for BO to 0.008 cm® g for B-Co, 0.007 cm® g' for B-Fe, and
0.008 cm?® g! for B-Ni. The corresponding reductions relative to raw bentonite were
approximately 33.3%, 41.7%, and 33.3%. The BJH characteristic pore radius also
shifted from 21.517 A (2.152 nm) for B0 to 16.396 A (1.640 nm) for B-Co, 19.552 A
(1.955 nm) for B-Fe, and 16.261 A (1.626 nm) for B-Ni. If expressed as characteristic
diameters, these values correspond to approximately 4.30, 3.28, 3.91, and 3.25 nm,
respectively, all within the mesopore size region.

Table 2 — BET and BJH textural parameters obtained from nitrogen physisorption

Code | BET area, m* g™ | BJHarea, m?>g™' | BJH pore volume, cm® g™ BJH pore radius, A
B0 45.836 7.718 0.012 21.517

B-Co 223915 5.285 0.008 16.396

B-Fe 248.350 4.976 0.007 19.552

B-Ni 233.406 5.675 0.008 16.261

Note: values are transcribed from the archived NovaWin reports, one report was available for each
material
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Figure 3 — BJH adsorption pore volume and characteristic pore radius for the four materials.
Note: the plotted pore radii are converted from A to nm for readability; source values
are given in Table 2.

Table 3 — Relative textural change of the carbonized composites versus raw bentonite

Code ABET, m? g BET/B0 BET increase Change in BJH pore
volume
B-Co 178.079 4.89 388.5% -33.3%
B-Fe 202.514 542 441.8% -41.7%
B-Ni 187.570 5.09 409.2% -33.3%
Note: prepared by the authors from experimental data.

Discussion. The principal experimental observation is not simply that the carbonized
materials have larger BET areas; it is the scale of the increase under a moderate 550 °C
treatment. A fivefold change from 45.836 to 223.915-248.350 m? g! indicates that the
carbonization step creates a substantial amount of adsorption-accessible surface that is
absent in raw bentonite. This result is consistent with the broader literature on carbon—
clay and metal-assisted biomass pyrolysis. Co-pyrolysis of wood with bentonite
changes the solid microstructure and thermal evolution of the carbon phase (Wang
et al., 2022), while FeCl3 is known to promote pore development in lignocellulosic
carbon precursors (Zhang et al., 2021; Xia et al., 2023). Nickel chlorides and related
salts also modify char formation and texture, although the direction and magnitude
depend strongly on the anion and process conditions (Hu et al., 2023).

The high BET area does not coincide with an increase in the BJH adsorption pore
volume. This apparent contradiction is informative. BJH analysis is primarily used
for mesopore-size distributions and does not quantify microporosity with the same
reliability as methods based on t-plots, density functional theory, or low-pressure
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adsorption analysis (Thommesetal.,2015). The modified samples show lower BJH areas
and lower BJH pore volumes than raw bentonite while their BET areas are much larger.
A reasonable interpretation is therefore that a substantial part of the newly accessible
surface belongs to finer pores outside the dominant BJH mesopore contribution and/or
to rough carbon—mineral interfaces generated during carbonization. The present data
support this interpretation, but they do not permit a numerical micropore volume to be
assigned.

The shift in characteristic BJH radius also indicates that the mesopore population
remaining visible to the BJH model becomes finer after carbonization. B-Co and B-Ni
show the smallest reported radii, approximately 1.64 and 1.63 nm, while B-Fe retains a
somewhat larger characteristic radius of 1.96 nm. In diameter terms, the characteristic
values cluster around 3.25-3.91 nm for the composites. The simultaneous presence of a
fine mesopore population and a much greater BET area is compatible with a hierarchical
texture in which mesopores provide transport paths while finer pores provide much of
the surface. A similar combination of clay-derived structure and carbon porosity has
been reported in bentonite—biochar composites (Egbedina et al., 2023; Yang et al.,
2023).

B-Fe gave the largest BET area, 248.350 m? g™', despite containing 0.50 g FeCl,
compared with 0.75 g CoCl, in B-Co. Iron chlorides can promote cracking of
lignocellulosic macromolecules, carbon retention, and formation of micropore-rich
char, and FeCl, has been used specifically to regulate hierarchical pore development
(Zhang et al., 2021; Xia et al., 2023). This provides a chemically plausible context for
the B-Fe result. It does not, however, prove that FeCl, is intrinsically superior to CoCl,
or NiCl, in the present matrix. A rigorous catalyst comparison would require equal
molar metal loading, identical hydration states, an uncatalyzed bentonite—sawdust
carbonization control, and replicate measurements.

The word graphitization is intentionally avoided as a conclusion from the present
data. Fe, Co, and Ni can catalyze graphitic ordering, and the phenomenon is well
documented for biomass-derived carbons (Gai et al., 2021; Hunter et al., 2022; Farid
et al., 2023). Nevertheless, BET/BJH measurements describe adsorption-accessible
texture rather than long-range or nanocrystalline carbon ordering. At 550 °C, changes
in aromatic condensation may occur, but confirmation of graphitic domains requires
Raman D/G-band analysis, XRD, high-resolution microscopy, or another structure-
sensitive method. The most defensible description of the current process is therefore
metal-chloride-assisted carbonization.

From an application standpoint, a BET area above 220 m? g makes these
composites relevant candidates for later adsorption testing and for evaluation as
catalyst-support materials, but surface area alone is not an adsorption capacity or a
measure of mechanical strength. Uptake of metal ions or organic solutes will depend
on surface chemistry, charge, functional groups, mineral exchange sites, solution pH,
and pore accessibility. The present study should therefore be treated as a textural
screening stage. Its practical value is the identification of B-Fe as the formulation
with the most developed BET surface under the tested conditions, which provides
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a rational basis for selecting samples for subsequent XRD/Raman characterization,
surface-chemistry analysis, equilibrium sorption experiments, regeneration tests, and
mechanical-stability evaluation.

Conclusion. Carbonization of wood sawdust in a bentonite matrix in the presence of
FeCl,, NiCl,, or CoCl, produced a pronounced increase in nitrogen-accessible surface
at 550 °C. The BET area rose from 45.836 m? g' for raw bentonite to 223.915-248.350
m? g! for the three carbonized composites, corresponding to approximately fivefold
increases. The FeCl,-containing formulation had the largest measured area (248.350 m?
g"), followed by NiCl, and CoCl,. The BET-area increase was accompanied by lower
BJH adsorption pore volumes (0.007-0.008 cm?* g™! compared with 0.012 cm?® g™' for
raw bentonite) and smaller characteristic BJH pore radii. The scientific significance of
this result lies in the demonstrated divergence between total BET-accessible surface and
the BJH mesopore contribution, which is consistent with a greater contribution from
finer porosity and carbon—clay interfaces. The practical outcome is the identification of
B-Fe as the priority composition for further development. At the same time, the data
do not isolate the catalyst effect from carbon incorporation because an uncatalyzed
carbonized bentonite—sawdust control was not measured, and they do not establish
graphitic ordering, adsorption capacity, or mechanical strength. These properties
require complementary structural, sorption, regeneration, and mechanical tests.

Conflict of interest. The authors declare that they have no conflict of interest
concerning the results presented in this manuscript.
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Abstract. Increasing the depth of crude oil refining at domestic and foreign refineries
is an important technological challenge under conditions of a growing share of heavy
crude feedstock. This study presents the results of numerical modeling of hydrodynamic
cavitation in various cavitation device configurations intended for the treatment of crude
oil and oil-containing media. Four hydrodynamic cavitator designs were considered:
a conventional Venturi nozzle, a modified Venturi nozzle with a conical flow body, a
cavitator with cylindrical flow bodies, and a multichamber cavitator with sequentially
arranged expansion chambers. The calculations were performed using ANSYS CFX
with a two-phase “liquid oil—oil vapor” mixture model, a cavitation model based on the
Rayleigh—Plesset equation, and the standard k—¢ turbulence model. Pressure, velocity,
and vapor-phase volume fraction distributions, as well as the spatial localization of the
cavitation zone, were analyzed as comparative criteria. The results demonstrated that
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the geometry of the flow section significantly affects the intensity, extent, and location
of the cavitation region. The most favorable results were obtained for the cavitator with
cylindrical flow bodies. At flow velocities of 0.7-0.9 m/s, a developed cavitation cloud
was formed predominantly in the central part of the channel and remained separated from
the walls by a liquid-phase layer. This configuration provides high cavitation activity
while reducing the potential risk of cavitation erosion. Particular attention was paid
to comparing cavitation intensity with the extent of cavitation contact with the device
surfaces. Options for integrating cavitation devices into the process flow scheme of
crude oil preparation and primary refining were proposed. Potential effects of cavitation
treatment, including intensified degassing and a possible increase in the yield of light
fractions, were discussed. The obtained results provide a basis for further experimental
validation, optimization of cavitator geometry, and evaluation of its performance under
actual process conditions.

Keywords: mathematical modeling, Rayleigh—Plesset model, ANSYS CFX,
hydrodynamic cavitation, cavitation number.
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Annotanus. OTaHJbIK )KOHE HICTENIIK MYHal OHJIEY 3aybITTapblHIa ayblp MyHail
LIMKI3aThl YIIECIHIH apTybl KarJAalblHAa MYHaWIbl TEPEH OHJICY JIOPEXKECiH apTTHIPY
©3CKTi TEXHOJOTHSUIIBIK Mocelie OoJbIl Tadbuiaabl. JKyMbicTa MYHAHIbI j)KOHE MyHa
Kypam/ibl opTalapbl OHJAEYre apHaJIFaH OpPTYPIl KOHCTPYKIMSJIBI KaBHTAIMSUIBIK
KYPBUIFbLIAPaFbl THPOIUHAMUKAIBIK KABUTALIUSHBI CAHJIBIK MOJICIIBJICY HOTIIKEIEPI
YCBIHBUIFaH. [UAPOAMHAMUKAIIBIK KaBUTATOPJIAP/bIH TOPT HYCKAChl KapacThIPbUIIbI:
KIIACCUKANBIK BeHTypu ImyMmeri, KOHYCTBIK aFblHABI alHaJIBI OTy JeHeci Oap
MoaudukanysianFad BeHTypyu mryMeri, HHIMHAPIIK aFbIHbBI alHANBINT OTY JeHeNepi
0ap KaBUTAaTOp >OHE KEHEI KaMmepajapbl Ti30eKTell OpHalacKaH KeIlKamepalbl
kaBuratop. Ecenreynep ANSYS CFX OarmapiamaiblK KEHICHIHIC MYHANIbIH
CYHBIK koHe Oy (pazamapelHaH TyparhiH eKi (azaibl Kocna Mofelnid, Panes—I[Ineccer
TEHJICY1HE HETI3/Ie/INTCH KaBUTAIUSUIBIK MOJIEIIb/Il )KOHE CTaHIAPTThl k—& TYpOYJICHTTIK
MOJICTIIH  KOJAaHy apKbuibl OKypriingi. CanblcThlpy KpUTEpHidiepi peTiHzae
KBICBIMHBIH, JKbUIJAMJIBIKTBIH JXKoHE Oy (Da3achbIHbIH KeOJEMJIIK YJECIHIH Tapalysbl,
COHJIali-aK KaBUTAIUSIIBIK alfMaKThIH KEHICTIKTE OpPHAJIACy €pPEKIICNIKTEPl TaIaH/Ibl.
3epTTey HOTHIKENEpl arblH OTETiH OOJIKTIH MeOMETPHUSCHl KaBUTAIUSIIBIK aiiMaKThIH
KapKBIHABUIBIFBIHA, Y3BIH]IBIFBIHA XKOHE OPHAJIACYbIHA eIeyli 9cep eTeTiHiH KopceTTi. Ex
KOJIAIJIBI HOTHIKEJIEP IMITHMHPITIK aFbIH/IbI aHAIIBII OTY JCHEeNepi 6ap KaBUTATOP YIIiH
aNnbIHIbl. AFbIH KbUIaMIbIFb 0,7—0,9 M/c OosiFaH Ke3jie HETi31HEeH apHaHbIH OPTaJIbIK
OeJliriHe OpHajacaThlH XOHE KaObIprajapjaH cyiblk (a3a kKaOaTbiMeH OeJiHEeTIH
JlaMbIFaH KaBUTAIMSUIBIK OVJIT KaJblitacaibl. MyHIail koHQUrypalysi KaBUTAIUSIIBIK
OeJICeHIITIKTIH )KOFaphl JICHICHiH KAMTaMaChI3 €T€ OTBIPBII, KABUTAIUSIIBIK SPO3HSIHBIH
BIKTUMaJI KayIliH TOMEHAETyre MYMKIHIIK Oepezi. KaBuranus KapKbIHIbUIBIFBI MEH
KaBUTAILIMSJIBIK aliMaKTBhIH armapar OeTTepiMEH jKaHacCy JOPEkKECiH CalbICThIpyFa
epeKille Hazap ayaapbulabl. KaBUTAMSIBIK KYpPbUIFBUIAPABI MYHAW[IbI JIalbIH/AY
JKoHe 0acTamKbl OHJIEY KOHJBIPFUIAPBIHBIH TEXHOJIOTUSJIBIK CXEMachlHA EHI13y
HYCKaJIapbl YCBHIHBLIIBI. KaBUTAMSIBIK OHICY/IIH BIKTUMAJ dCepiiepi, COHBIH IIIH]IE
Jerasanys YAEpIiCiH KapKbIHAATY JKOHE JKCHIT (pakuusulap IIBIFBIMBIH apTTHIPY
MYMKIHITT TaJKbLIaH/bl. AJIBIHFAH HOTHIKEJIEpP KaBUTATOP FCOMETPHUSCHIH OJlaH 9pi
OHTaWJIaH/IBIPYFa, SKCIIEPUMEHTTIK TEKCEPYJIep KYPri3yre ®oHe HAKThI TEXHOIOTHSUIBIK
KaFaainapaa OHbIH THIMIUTITIH Oaranayra Heri3 Ooma ajabl.

Tyiiin ce3mep: MmareMaTukaibik Moneibaey, Panes—Ilneccer moneni, ANSYS CFX,
TUIPOAMHAMUKAJIBIK KABUTAIUS, KABUTALUSIIBIK CaH
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AnHoTanus. [loBeimenne ryOMHBI TepepadOTKH HE(TH HA OTEYECTBEHHBIX M
3apyOexxHBIX HedTenepepadaThIBAIOIIMX 3aBOJAX SIBISETCS AKTyalbHOW 3agadeidl B
YCIIOBUSIX YBEIMYECHHUS IO TSDKEJIOro He(TSHOro chipbs. B pabore mpenacraBieHsl
PE3YIbTATHI YUCJICHHOI'O MOACIIMPOBAHUSA I‘I/IILpOILI/IHaMI/ILIeCKOI\/'I KaBUTAllMU B PA3JIMYHBIX
KOHCTPYKIIMSX KaBUTAIMOHHBIX YCTPOUCTB, NMPeHA3HAYECHHBIX I 00paboTKu HeDTH
u HedTeconepKalmux cpell. PaccMOTpeHbl 4YeThlpe BapuaHTa THIPOJHHAMHYECKUX
KaBUTAaTOPOB: Kjaccuueckoe comio Bentypu, monuduunpoBanHoe comio Bentypu c
KOHYCHBIM TE€JIOM OOTEKaHMs, KABUTATOP C LMIMHIPUYECKHMHU TellaMH OOTEKaHHs U
MHOTOKaMEpHBIH KaBUTATOP C MOCIEAOBATEIbHBIM PACTIOIOKEHUEM PACIINPUTEIBHBIX
kamep. PacueTtriBbinonHenbI BiiporpaMmmMHoM koMiiekce ANS Y SCFX cucnonpzoBanuemM
IByX(ha3zHOH MOJETN CMECH <OKHIKOCThb—TIap He(TH», KaBUTAIIMOHHOW MOJEIH
Ha OCHOBe ypaBHeHHs Panes—Ilneccera m crammaptHOi Mopaenu TypOyJlIeHTHOCTH
k—e. B KauecTBe KpHUTEpHEB CPAaBHEHUS aHAIN3UPOBAIU PACHPEAEICHUE AABJICHUS,
CKOPOCTH ¥ 00BbEMHOH 1011 TapoBOi (a3kl, a TaKke 0COOEHHOCTU MPOCTPAHCTBEHHON
JOKANM3alul  KaBUTAUOHHOM 30HBI. YCTaHOBIECHO, YTO TEOMETPHsl HPOTOYHOM
YaCTHu CYHICCTBCHHO BJIMACT HA MHTCHCUBHOCTBH, MPOTAKECHHOCTHL U PACIOJIOKCHHC
KaBUTAllMOHHOHM oOsactu. HamOonee OnaronpusTHbIC pe3yybTaThl MOTYYEHBI IS
KaBHUTAaTOpPa C MIINHAPUIECKUMH Teramu ootekanus. [Ipu ckopoctu motoka 0,7-0,9 m/c
(dopmupyeTcst pa3BUTOEC KABUTAIIMOHHOE 00JIAK0, MPEUMYIIECTBEHHO JIOKAIN30BAHHOE
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B IIGHTPAJILHOW YacTH KaHalla ¥ OTJEJICHHOE OT €ro CTCHOK CJIOeM YKHUJKOHW (a3bl.
Takast koH(pUrypausi 00SCICUYUBACT BBHICOKYIO KABHTALMOHHYK AKTUBHOCTH IPHU
OTHOBPEMEHHOM CHIKEHUU TOTEHIUAIBHOTO PHCKA KAaBUTAIMOHHO-3PO3HOHHOTO
noBpexieHus. Ocodboe BHUMAHUE YJIEICHO COTIOCTABICHUIO MNHTCHCUBHOCTH KABUTAIIUN
CO CTETCHbIO KOHTAKTA KABUTAIIMOHHOM 30HBI C TOBEPXHOCTHIO amnmnapara. [Ipeanoxxenst
BAPUAHTHl HUHTETPAlMU KABUTALMOHHBIX YCTPOHUCTB B TEXHOJOTUYECKYIO CXEMY
MOJITOTOBKY W TIEPBUYHOU IepepaboTku HedTH. PaccMOTpeHBl BO3MOXKHBIE APPEKTHI
KaBUTAllMOHHON 00pabOTKM, BKJIOUAs MHTEHCU(DHUKAIIMIO MPOIECCOB Jera3alud U
MOTCHI[UAIIBHOE YBEJIIMYCHHE BBIXOAA CBETIBIX (pakiuii. [lomyueHHBIE pe3yiabTaThl
MOTYT CIYXHUTh OCHOBOW /ISl JalibHEHINEH 3KCIepUMEHTadbHOW BepudHKaiuy,
ONTUMU3AIUU TEOMETPUH KaBUTATOpa U OLECHKH 3(P()EKTUBHOCTH €ro MPUMECHEHUS B
peaIbHBIX TEXHOIOTHUECKUX YCIOBUSIX.

KuioueBble cjioBa: MateMarnyeckoe MoJeiaupoBaHue, moaenb Panes—Ilneccera,
ANSYS CFX, ruaponruHaMuyeckasi KaBUTaILKs, KABUTALIMOHHOE YHUCIIO

Introduction. The increasing share of heavy and high-viscosity oils in the resource
base of the oil industry leads to the need to develop and implement methods for intensifying
feedstock preparation and processing. Heavy oils and oil sludges are characterized by
increased viscosity and a high content of asphaltene-resin substances and organosulfur
compounds, complicating transportation, desalting, and the production of light fractions
by conventional methods (Uteev et al., 2023). Traditionally, reagent-based treatment
methods are used to solve problems associated with oil viscosity and the presence of
sulfur compounds. However, it is also possible to use physical, reagent-free methods
of treatment of oil-containing media and oil refining products, with the initiation of
chemical reactions that normally proceed only at elevated temperatures (Khamidullin et
al., 2016; Peshnev et al., 2023; Askarian et al., 2017). Modern reviews on hydrodynamic
cavitation consider this approach as one of the options for intensifying mass-transfer,
dispersing, oxidative, and physicochemical processes, determining efficiency not only
by the pressure and velocity levels, but also by the design of the cavitation unit, the
bubble nucleation regime, and the stability of the cavitation zone (Zheng et al., 2022;
Ranade et al., 2022; Xia et al., 2025).

Literary review. One of the promising directions for reagent-free intensification
of oil preparation and refining processes is the use of hydrodynamic cavitation.
Cavitation treatment of oil-containing media makes it possible to solve a number of
tasks: reducing the viscosity of heavy oil, degassing the feedstock, destroying stable oil-
water emulsions, changing the fractional and group composition of heavy fractions, and
improving desalting and stabilization conditions. Cavitation, a process of nucleation,
growth, and collapse of vapor or gas bubbles in a liquid under a local pressure decrease
to values close to the saturated vapor pressure, with bubble collapse accompanied by
the formation of regions with high local temperatures (5000—10000 K) and pressures
(101-203 MPa), as well as intense microjets and shock waves capable of destroying
asphaltene-resin associations, promoting degassing, and changing the structure of heavy
fractions (Nikishin et al., 2024). For liquid petroleum products and heavy hydrocarbon
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systems under cavitation treatment, studies additionally note the possibility of changing
rheological characteristics, the structural state of asphaltene-resin components, phase
dispersity and fractional composition (Kuimov et al., 2023; Carpenter et al., 2022).

The literature describes the application of both acoustic and hydrodynamic
cavitation; however, the issues of optimizing the geometry of hydrodynamic cavitators
and selecting operating modes for specific technological schemes remain relevant.
Recent studies showed that cavitation treatment of oil changes its hydrocarbon
composition: the content of resins and asphaltenes decreases, while the amount of
oil fraction increases. According to literature data, cavitation treatment also makes it
possible to remove hydrogen sulfide and sulfur from sulfur-containing compounds in oil
when hydrodynamic cavitation devices are used (Peshnev et al., 2023). Modern studies
emphasize the importance of the choice of cavitator design and flow regime, taking into
account the target effect: dispersion, emulsification, degassing, destruction of associates,
or intensification of chemical processes (Zheng et al., 2022; Xia et al., 2025; Carpenter
et al., 2022; Xue et al., 2024).

Numerical modeling (CFD) of cavitation processes in real geometries of cavitation
devices is of particular interest: calculations make it possible, before large-scale
experiments are carried out, to obtain an understanding of the shape and position of the
cavitation zone, the distribution of pressure, velocity, and vapor-phase volume fraction,
and to estimate potential erosion risks and hydraulic losses (Peshnev et al., 2023). In
recent computational studies, CFD approaches involving the analysis of pressure and
velocity fields, vortex structures, vapor-phase volume fraction, and local cavitation
number have been widely used for such tasks, allowing different designs to be compared
before laboratory prototypes are manufactured (Ranade et al., 2022; Nadiri et al., 2025;
Sekar et al., 2025; Poorbaba et al., 2026).

According to Bernoulli’s principle, when a liquid passes through a Venturi tube,
its velocity increases in the throat. At the same time, a local pressure decrease to the
saturated vapor pressure occurs due to the reduction in the cross-sectional area of the
throat. As a result, vapor-gas bubbles nucleate in the boundary layers of the flow; as
the flow moves further downstream, these bubbles grow in size and then collapse when
transported into a region of higher pressure. At the same time, for closed flow systems,
the use of the cavitation number requires careful interpretation, since its calculated
value depends on the selected locations for pressure and velocity evaluation, as well as
on the design of the constricting element (Zheng et al., 2022; Ranade et al., 2022; Nadiri
et al., 2025).

Depending on the design features of hydrodynamic cavitators, cavitation fields of
different area and intensity are formed, making it possible to identify the most energy-
efficient device configuration. Recent studies of Venturi reactors and rotary cavitators
confirm that changes in the angles of the converging and diverging sections, the shape of
the throat, the number of sequentially arranged constriction zones, and the configuration
of cavitation generators significantly affect the intensity of vapor formation and the
distribution of the cavitation region (Sekar et al., 2025; Poorbaba et al., 2026; Sun et al.,
2021; Song et al., 2022; Xia et al., 2024).

The aim of the present study was to perform a comparative analysis of hydrodynamic

268



Volume 3, Number 468 (2026)

cavitation processes in an oil-containing medium for cavitation devices of different
designs using numerical modeling, as well as to assess the possibility of their subsequent
integration into technological schemes for crude oil preparation and primary refining.

In the course of the study, three-dimensional CFD models of the flow of a two-
phase “oil-oil vapor” mixture were developed with allowance for cavitation effects.
The influence of the geometric parameters of the cavitator and the flow velocity on
the configuration and localization of the cavitation zone was established, and the
dependences of the cavitation number on the flow velocity and medium pressure
were determined. The obtained data made it possible to justify the choice of the most
promising cavitation device design and to propose options for its integration into the
technological scheme of a primary oil refining unit. In this regard, the comparison of
the designs in the present work is additionally focused not only on the occurrence of
cavitation itself, but also on its spatial localization, which corresponds to the current
research direction aimed at reducing erosive impact while maintaining the technological
intensity of the process Zheng et al., 2022; Ranade et al., 2022; Nadiri et al., 2025; Xia
et al., 2024; Zhang et al., 2024).

2. Materials and methods

2.1. Geometric features of cavitation devices

The study considered four variants of hydrodynamic cavitators differing in the
geometric parameters of the flow section and the shape of the flow bodies.

Figure 1 shows different model variants of hydrodynamic cavitation devices, each
of which consists of a cylindrical body of constant or variable diameter, inside which a
flow constriction zone is formed.

a— Model 1, b —Model 2, c — Model 3, d — Model 4
Figure 1 — Different models of hydrodynamic cavitation devices
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The cavitation device whose model is shown in Figure 1a consists of a conventional
Venturi nozzle with a smooth converging section, throat, and diffuser. The inlet diameter,
D, , is larger than the throat diameter, D, ; the lengths of the converging section, L , and
diffuser, L,, were selected to ensure smooth acceleration and subsequent deceleration
of the flow. This variant was used as the baseline for comparative analysis, hereinafter
referred to as Model 1.

The cavitation device whose model is shown in Figure 1b consists of a modified
Venturi nozzle with an axisymmetric conical flow body, with base diameter D, and
length L, located in the constriction zone. The cone forms a local low-pressure region in
the wake zone and enhances cavitation development, hereinafter referred to as Model 2.

The cavitation device whose model is shown in Figure lc consists of a nozzle with
cylindrical flow bodies, with diameter D_and length L , placed in the flow section. The
cylindrical inserts form a separation zone and a developed wake flow, in which intense
cavitation occurs, localized predominantly in the central part of the channel, hereinafter
referred to as Model 3.

The cavitation device whose model is shown in Figure 1d consists of several
expansion chambers, with diameter D and length L, connected by a smaller-
diameter tube of diameter D,. In each chamber, conditions are created for the nucleation
and partial collapse of cavitation bubbles, which provides “stepwise” cavitation along
the length of the apparatus, hereinafter referred to as Model 4.

The main dimensional characteristics, including the inlet and outlet diameters,
the lengths of the converging and diffuser sections, the dimensions of the conical and
cylindrical inserts, and the length of the connecting tube and chambers, were selected so
as to ensure a comparable flow-section length and similar hydraulic operating conditions
for all models. This made it possible to correctly perform a comparative analysis of the
efficiency of different cavitation devices under identical flow regimes. This approach to
comparing designs is consistent with modern studies on the optimization of cavitation
reactors, in which the design parameters of the flow section are considered one of the
main factors determining the nucleation region, length, and stability of the cavitation
cloud (Xue et al., 2024; Nadiri et al., 2025; Sekar et al., 2025; Sun et al., 2021; Song et
al., 2022; Xia et al., 2024; Zhang et al., 2024).

2.2. Physicochemical properties of the medium

The following initial assumptions were adopted in the numerical modeling: oil was
considered a Newtonian incompressible liquid; the vapor phase, i.e., oil in the vapor
state with the corresponding thermodynamic characteristics, was described within the
model without accounting for chemical transformations; heat exchange with the walls
was not considered, which is equivalent to imposing adiabatic boundary conditions;
the flow at the operating flow velocities was assumed to be turbulent; and the flow
temperature was assumed to be constant. The “oil-oil vapor” system was used as the
working medium. The physicochemical properties of the medium are given in Table 1.
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Table 1 — Physicochemical properties of oil/oil vapor

No. Parameter | Value
Liquid phase (oil)
1 | Density p, kg/m* 850
2 | Dynamic viscosity p, kg/(m-s) 8.9-10*
3 Molar mass M, kg/mol 0.21
4 | Thermal conductivity A, W/(m-K) 0.6069
5 | Heat capacity Cp, J/(kg'K) 2150
Oil vapor

1 | Density p, kg/m’ 8.59
2 | Dynamic viscosity p,, kg/(m-s) 9.86-10°
3 | Saturated vapor pressure of 0il at the calculation temperature P_, Pa 66700
4 | Molar mass M, kg/mol 0.21
5 | Thermal conductivity A, W/(m-K) 0.0185

2.3. Mathematical model and numerical method

Numerical modeling was performed using the ANSYS CFX software package. For
spatial discretization, an element-based finite volume approach was used with a second-
order calculation scheme. The calculations were carried out in a steady-state mode until
the residual convergence criterion was satisfied and the integral parameters, namely
pressure drop and average vapor-phase volume fraction in the control sections, were
stabilized. The motion of the two-phase “liquid-oil vapor” system was described by a
system of Reynolds-averaged Navier—Stokes equations for an incompressible liquid,
taking into account turbulence and the cavitation process. The standard k—¢ turbulence
model was used to close the turbulent stresses. The type of multiphase model was
homogeneous mixture.

Cavitation processes were modeled within an approach based on the Rayleigh—
Plesset equation, which describes the dynamics of a single spherical bubble in a variable
pressure field (1):

d’R 3(:1;&)3 1 20 4pdR

G ) o)
dt—+2 dt pp P" 2 "R a 1

where R is the bubble radius, ¢ is time, dR/dt is the rate of change of the bubble
radius, @’R/dt* is the acceleration of the change in bubble radius, p (or p)) is the liquid-
phase density, p_ is the pressure in the surrounding liquid far from the bubble, p is
the pressure inside the bubble / vapor pressure in the bubble, ¢ is the surface tension
coefficient, and p is the dynamic viscosity of the liquid.

The development of the vapor-phase volume fraction was determined from a transport
equation with source terms depending on the local pressure and liquid properties (2):

%Hﬁénu
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where o, is the vapor-phase volume fraction, o, is the liquid volume fraction, R, is
the bubble radius or characteristic cavitation nucleus radius, n is the concentration of
cavitation nuclei / number of bubbles per unit volume.

The structural and geometric parameters of the considered cavitator models were
represented as a three-dimensional computational mesh with local element refinement
in the channel constriction region and in the zone of expected cavitation development.
To describe the flow near solid walls more correctly, prismatic layers were formed in
the near-wall region, making it possible to account for the features of the boundary
layer. The total number of control volumes for each computational model was set
within a comparable range, ensuring the correctness of the subsequent comparison
of the modeling results. These assumptions are typical for the initial stage of CFD
comparison of cavitators; however, when moving to pilot-scale verification, they require
refinement by accounting for the rheological nonlinearity of heavy oil systems, bubble
polydispersity, and possible unsteadiness of the cavitation cloud (Ranade et al., 2022;
Kuimov et al., 2023; Poorbaba et al., 2026).

Additionally, a mesh convergence check was performed. When the number of
computational elements was increased, the change in the main monitored parameters did
not exceed the acceptable level, which made it possible to consider the selected mesh
discretization sufficient for obtaining stable and comparable computational results.

The following set of boundary conditions was used in the calculations:

At the inlet of the cavitator nozzle, a prescribed flow velocity averaged over the
cross-section was specified. Five velocity values were considered: 0.5, 0.6, 0.7, 0.8, and
0.9 m/s.

At the outlet of the cavitator nozzle, a prescribed static pressure was specified,
corresponding to the operating pressure range in the pipeline of the oil preparation unit.

At the cavitator walls, the no-slip condition was applied, and heat flux through the
walls was absent, corresponding to adiabatic walls.

In each calculation series, the fields of vapor-phase volume fraction, velocity, and
pressure were recorded, and the local cavitation number was also calculated and used to
compare cavitation activity in cavitation devices of different configurations. The model
did not account for chemical transformations, flow unsteadiness, bubble polydispersity,
or heat exchange with the walls.

3. Results

Effect of cavitator design features on the flow structure

According to the numerical modeling results, the shape of the flow section and
flow bodies of the cavitation device has a key influence on the flow structure and the
distribution of the cavitation zone. The distribution of the vapor-phase volume fraction
o, was used as the main criterion for the presence and development of cavitation in
the channel. Regions where o, > a ., for example, 0.05-0.1, were considered active
cavitation zones.

Figure 2 shows typical distributions of the vapor-phase volume fraction in cavitators
of different configurations at the studied flow velocities.
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a— Model 1, b —Model 2, ¢ — Model 3, d — Model 4
Figure 2 — Simulation results for the distribution of the vapor-phase volume fraction in cavitators of
different configurations (flow velocity 0.8 m/s)

For the basic cavitator model shown in Figure 2a, a conventional Venturi nozzle, the
low-pressure zone is formed in the throat region and in the initial part of the diffuser.
When the local pressure reaches values close to the saturated vapor pressure of the
oil-containing medium, the cavitation process is initiated in this zone. The cavitation
cloud comes into partial contact with the throat walls and gradually collapses as the
flow moves downstream. The configuration of the conventional Venturi nozzle provides
noticeable cavitation activity; however, it is accompanied by an increased load on the
wall material in the throat region, which potentially increases the risk of cavitation
erosion.

In the cavitator shown in Figure 2b, the modified Venturi nozzle is supplemented with
an axisymmetric conical flow body installed in the constriction zone. As a result, the
region of minimum pressure shifts to the wake zone behind the cone. Cavitation bubbles
nucleate in the zone of flow separation and intense shear stresses. The cavitation cloud
is more elongated along the channel axis; however, in a number of regimes it remains
partially associated with the cone surface and the diffuser wall, which may also be
critical from the standpoint of erosion resistance.
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The most pronounced advantages in terms of spatial localization of the cavitation
zone and reduction of the risk of cavitation erosion are observed for the cavitator with
cylindrical flow bodies shown in Figure 2c. The modeling results show that, in this
design, the cavitation zone is formed predominantly in the central part of the channel,
in the wake region behind the cylindrical inserts, and is separated from the walls by a
distinct layer of the liquid phase. Such a spatial configuration reduces the probability
of direct impact of cavitation microjets and shock waves on the channel walls while
maintaining a high vapor-phase fraction in the flow volume. Therefore, this design
makes it possible to combine intense cavitation development in the working volume
with a reduced probability of cavitation erosion of the cavitator walls.

In the multichamber cavitator shown in Figure 2d, cavitation zones are formed mainly
in the smaller-diameter connecting tube, as well as in the inlet and outlet regions of the
chambers. As the flow passes through the sequentially arranged chambers, alternating
regions of nucleation, growth, and collapse of cavitation bubbles are observed. Such a
stepwise nature of cavitation action may potentially promote more intense disaggregation
of stable asphaltene-resin structures. At the same time, this design requires additional
analysis in terms of the uniformity of treatment of the oil-containing medium, the
stability of the cavitation regime, and the magnitude of hydraulic losses.

4. Discussion

4.1. Effect of flow velocity on cavitation development

In recent literature, additional criteria related to the vapor volume fraction, cavitation
cloud localization, vortex structures, and the area of potential erosive contact have been
used for similar tasks, increasing the analysis informativeness compared with the use of
the cavitation number alone (Nadiri et al., 2025; Poorbaba et al., 2026; Xia et al., 2024;
Zhang et al., 2024).

To compare flow regimes and assess the degree of development of cavitation
phenomena in the considered designs of hydrodynamic cavitators, a combined
approach was used in the present work, based both on the analysis of the dimensionless
cavitation number ¢ and on the interpretation of the distributions of the vapor-phase
volume fraction o, obtained as a result of numerical modeling. The classical cavitation
number ¢ is determined through local flow parameters, namely pressure, density, and
velocity, and characterizes the thermodynamic tendency of the system to cavitation
onset (Omelyanyuk et al., 2022). However, in numerical modeling of complex flows
in cavitator designs with design-scale dimensions, not only the numerical value of the
cavitation number o is informative, but also its physical manifestation through the spatial
distribution of the vapor phase. In this regard, the present work also focuses on regions
in which o exceeds a certain threshold, o > 0.05-0.1, which are considered zones of
developed cavitation. At the same time, an increase in the area and intensity of these
zones, as well as their displacement toward the central part of the flow, are interpreted
as signs of a decrease in local cavitation number values and a transition of the system to
a stable developed cavitation regime. Thus, visualization of the a, fields actually serves
as a tool for spatially resolved assessment of the cavitation regime and makes it possible
to compare different designs not only by the fact of cavitation occurrence, but also by
the nature of its distribution within the flow volume.
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Figure 3 presents the numerical modeling results for the distribution of the vapor-
phase volume fraction o for four different configurations of hydrodynamic cavitators,
Models 1-4, at flow velocities of 0.5, 0.6, 0.7, 0.8, and 0.9 m/s. For each velocity,
the o, fields are shown, allowing to trace the evolution of the cavitation zone as the
hydrodynamic load increases.
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Figure 3 — Simulation results for the distribution of the vapor-phase volume fraction in cavitators of
different configurations at flow velocities of 0.5, 0.6, 0.7, 0.8, and 0.9 m/s

Analysis of the obtained results shows that, at the minimum studied flow velocity of
0.5 m/s, cavitation effects are weakly expressed in all considered configurations. For the
conventional Venturi nozzle, Model 1, only local initiation of the cavitation process is
observed in the throat region; in this case, the vapor-phase volume fraction is low, and
the cavitation cloud has limited dimensions. In the modified design with a conical flow
body, Model 2, the cavitation cloud forms in the wake zone behind the cone; however,
its intensity also remains low. In the cavitator with cylindrical inserts, Model 3, more
pronounced localization of the cavitation cloud in the central part of the flow is observed
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at this velocity, although the overall degree of its development remains limited. For the
multichamber cavitator, Model 4, the cavitation process is practically absent, indicating
insufficient intensity of hydrodynamic impact in this configuration.

When the velocity is increased to 0.6 m/s, a noticeable intensification of cavitation
phenomena occurs in all models. In Model 1, the cavitation zone expands substantially
and extends into the diffuser section, with a significant part of it coming into contact with
the channel walls. In Model 2, an increase in the length of the cavitation cloud in the
wake region behind the cone is observed. The most substantial changes are recorded for
Model 3, where a developed cavitation zone is formed, localized predominantly in the
central part of the flow, which indicates a favorable pressure and velocity distribution.
In Model 4, cavitation remains weakly expressed and localized in separate sections of
the transition zones.

At velocities of 0.7-0.9 m/s, a transition to a developed cavitation regime occurs.
Model 1 is characterized by the formation of an extended cavitation cloud; however,
it is largely associated with the channel walls, which may lead to increased erosive
impact. In Model 2, the cavitation zone becomes more stable and elongated along the
flow axis; however, partial contact with the walls and the surface of the flow body is
preserved. The most favorable pattern is observed for Model 3: the cavitation cloud has
considerable length and high intensity, while it is clearly localized in the central part
of the channel and separated from the walls by a layer of liquid phase. This indicates
the formation of a regime in which high cavitation activity is achieved while reducing
the risk of cavitation erosion. In Model 4, even at the maximum velocities, cavitation
remains local and stepwise in nature, being distributed among individual chambers and
transition sections, which leads to a less uniform effect on the flow.

Thus, analysis of the results presented in Figure 3 makes it possible to draw conclusions
about the influence of flow velocity and cavitation device design on the formation and
localization of the cavitation zone. An increase in velocity leads to a decrease in the
local cavitation number and an increase in the vapor-phase volume fraction; however,
the nature of cavitation distribution is determined by the design of the flow section.
From the standpoint of forming a technologically preferable regime, namely developed
cavitation in the flow volume with minimal contact with the walls, the best results were
recorded for Model 3 with cylindrical flow bodies, especially in the velocity range of
0.7-0.9 m/s, confirming the feasibility of its further use and optimization.

For a quantitative comparison of the cavitator models, the classical cavitation
number alone is not sufficient, since this parameter characterizes the general tendency
of the flow to develop cavitation but does not fully reflect the spatial localization of the
cavitation zone, the degree of its contact with the walls, or the distribution of the vapor
phase over the channel cross-section. In this regard, in the present work, along with
the local cavitation number, additional integral criteria calculated from the vapor-phase
volume fraction fields are proposed.

The classical cavitation number ¢ was determined using (3):
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where P is the absolute flow pressure, P_ is the saturated vapor pressure of the liquid
at the calculation temperature, p is the liquid-phase density, and V is the characteristic
flow velocity.

From a physical standpoint, a decrease in the cavitation number corresponds to an
increase in the probability and intensity of cavitation development, whereas an increase
in the cavitation number indicates weakening of the cavitation regime (Omelyanyuk et
al., 2022). Therefore, all other conditions being equal, the geometry that ensures lower
values of ¢ in the working zone is more effective in terms of cavitation excitation.

However, for the treatment of oil-containing media, not only the intensity of the
cavitation process but also the nature of its spatial distribution is of fundamental
importance. Taking this into account, the following additional dimensionless indicators
were introduced (Zhang et al., 2022).

The integral degree of cavitation K, over a cross-section or volume was defined as
follows (4):

K, = %Lu,_,[b’] dav, 4)

where o, is the local vapor-phase volume fraction.

The parameter K, makes it possible to estimate the total intensity of vapor formation
in the flow section.

To assess the position of the cavitation zone relative to the flow axis, the centrality
index K. was introduced (5):

J;uv% dA (5)
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where 7 is the distance from the considered point to the channel axis, and R is the
local flow radius. The closer K. is to unity, the more strongly the cavitation zone is
concentrated in the central part of the flow. A decrease in K. indicates displacement of
cavitation toward the walls.

This approach is consistent with modern CFD studies, in which the vapor-phase
volume fraction is considered one of the key computational indicators of the intensity of
the cavitation regime and the spatial position of the cavitation region (Sekar et al., 2025;
Poorbaba et al., 2026; Xia et al., 2024; Zhang et al., 2024).

To assess the risk of cavitation impact on the housing material, the near-wall contact
index K, was additionally proposed (6):
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where A4 is the region adjacent to the channel wall within a specified near-wall layer.

An increase in K, indicates an increase in the fraction of the cavitation zone located
in the immediate vicinity of the wall and, consequently, a potential increase in erosion
hazard.

Taking into account the technological objective, which consists in forming intense
cavitation predominantly in the flow volume rather than near the apparatus walls, the
overall indicator K . can be used as a generalized efficiency criterion. This indicator
increases with increasing total cavitation intensity and its displacement toward the axial
part of the flow, but decreases with increasing near-wall contact of the cavitation cloud

(7):
Kege = Ky - Ko+ (1 — Ky ). (7

Analysis of the obtained pressure, velocity, and vapor-phase volume fraction fields
showed that, with increasing flow velocity, the cavitation number decreases for all
considered cavitator variants, while the volume of the active cavitation zone increases.
At the same time, comparison based only on the value of the cavitation number ¢ does
not allow the variants to be correctly ranked in terms of their practical applicability,
since equally low values of 6 may correspond both to desirable volume cavitation and
to undesirable near-wall cavitation. For this reason, the combined use of the criteria o,
K, K and K, is the most appropriate. Therefore, the introduction of additional integral
indicators makes it possible to more correctly assess not only the overall cavitation
activity, but also its technological suitability in terms of the service life of the apparatus
and the directionality of its effect on the treated medium (Zheng et al., 2022; Ranade et
al., 2022; Carpenter et al., 2022; Nadiri et al., 2025).

In Table 2, the values of K, K ., K, and K . are presented as normalized comparative
indices obtained based on the analysis of the vapor-phase volume fraction o, distributions
in the computational domain. The presented values are semi-quantitative and are
intended for intergeometry comparison of cavitators at identical flow velocities.

Model 1 is characterized by the formation of developed cavitation in the throat and
in the initial part of the diffuser; however, a significant part of the cavitation cloud
is associated with the channel wall. This leads to acceptable values of K, but is
simultaneously accompanied by comparatively increased values of K, which limits the
service reliability of the design.

In Model 2 with a conical flow body, displacement of the cavitation zone into the
wake region behind the body is observed; however, in a number of regimes, partial
contact is retained both with the surface of the flow body and with the channel wall. In
this regard, this model occupies an intermediate position between the baseline variant
and the more favorable configuration with cylindrical inserts.
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The most preferable results according to the set of criteria were obtained for Model
3 with cylindrical flow bodies. This geometry is characterized by comparatively low
values of the cavitation number in the operating velocity range, high values of K, as
well as an increased centrality index K. with a reduced near-wall contact index K. This
means that the cavitation cloud is formed predominantly in the central part of the flow
and has a lesser effect on the apparatus walls.

Table 2 — Results of cavitation activity assessment for different cavitator configurations

Velocity, Integra@ dggree Centrality Near-wall contact quall.efﬁmency
Model of cavitation, . . indicator,

m/s K, index, K. index, K, K,
Model 1 0.40 0.41 0.20 0.57
Model 2 0.5 0.26 0.52 0.14 0.95
Model 3 ’ 0.11 0.61 0.00 1.00
Model 4 0.01 0.11 0.50 0.00
Model 1 0.99 0.39 0.16 0.43
Model 2 0.6 0.35 0.52 0.13 0.40
Model 3 ' 0.59 0.57 0.10 1.00
Model 4 0.01 0.11 0.63 0.00
Model 1 0.95 0.45 0.16 0.72
Model 2 0.7 0.59 0.50 0.14 0.67
Model 3 ’ 0.64 0.54 0.11 1.00
Model 4 0.01 0.13 0.59 0.00
Model 1 1.00 0.41 0.17 0.57
Model 2 0.8 0.67 0.49 0.15 0.71
Model 3 ’ 0.62 0.54 0.11 1.00
Model 4 0.01 0.11 0.51 0.00
Model 1 0.98 0.40 0.16 0.45
Model 2 0.9 0.68 0.48 0.16 0.55
Model 3 ’ 0.65 0.56 0.10 1.00
Model 4 0.01 0.13 0.60 0.00

Model 4 provides stepwise development of cavitation along the length of the
apparatus; however, the distribution of cavitation activity between individual sections of
the flow path is less uniform. At the same time, this model requires additional assessment
of hydraulic losses and regime stability, which makes its unambiguous ranking difficult
without extended analysis.

Thus, quantitative assessment of cavitation activity should be based not only on the
cavitation number, but also on integral characteristics of the vapor-phase distribution.
This approach makes it possible to compare cavitators of different configurations
more correctly and to identify designs that provide not simply intense cavitation, but
technologically preferable cavitation: volumetric, stable, and minimally associated with
the channel walls.

Comparison of the numerical modeling results based on the pressure, velocity, and
vapor-phase volume fraction fields, as well as on the system of quantitative criteria
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o, K, K., K, and K showed that the most favorable combination of cavitation
intensity and reduced risk of erosion damage is provided by Model 3 with cylindrical
flow bodies. In this configuration, the cavitation zone is formed predominantly in the
wake region behind the cylindrical inserts and is localized in the central part of the
channel, maintaining a liquid layer between the region of developed vapor phase and the
apparatus walls. This distribution provides high cavitation activity in the working flow
volume while limiting the direct impact of microjets, shock waves, and local pressure
pulses on the housing material.

Model 1, represented by a conventional Venturi nozzle, provides a pronounced
pressure drop in the throat region and the formation of developed cavitation; however,
the cavitation cloud is largely associated with the channel walls. This increases the
probability of local cavitation erosion and limits the feasibility of long-term operation of
this design when treating high-viscosity and potentially corrosive oil-containing media.
Model 2 with a conical flow body is characterized by a more favorable flow structure
compared with the baseline variant, since the region of intense cavitation is shifted
into the wake zone behind the flow body; at the same time, in a number of regimes,
partial interaction of the cavitation cloud with solid surfaces is preserved, as a result
of which the reduction in erosive load remains incomplete. Model 4 is of interest as a
variant of stepwise cavitation action, in which the stages of bubble nucleation, growth,
and collapse are sequentially realized in different sections of the apparatus. Such a
regime may be promising for the disaggregation of asphaltene-resin structures and oil
degassing; however, the increased complexity of the flow section, a possible increase
in hydraulic resistance, and the nonuniform distribution of cavitation activity along the
apparatus length require further optimization.

Thus, for the stated task, associated with the formation of developed cavitation
predominantly in the flow volume while minimizing near-wall impact, the most
rational configuration is Model 3. This variant is characterized by a combination of a
reduced cavitation number in the working zone, a high integral degree of cavitation,
pronounced central localization of the cavitation cloud, and a lower risk of erosive
impact on the walls. The optimal velocity range for this configuration is 0.7-0.9 m/s;
within this range, a stable regime of volumetric cavitation is ensured without substantial
expansion of the near-wall contact zone. Therefore, Model 3 can be recommended as
the baseline geometry for further experimental verification, design refinement, and
subsequent integration into technological schemes for crude oil preparation and primary
refining. The obtained results require verification on a laboratory test bench, followed
by comparison of the calculated and experimental data.

4.2. Integration options for a hydrodynamic cavitator in a crude oil
preparation and primary refining unit

The modeled designs of cavitation devices are intended for implementation in
existing crude oil preparation and primary refining units with minimal modification of
the current process scheme. Model 3, in the velocity range of 0.7—0.9 m/s, is the most
preferable for industrial application due to localization of the cavitation zone within the
flow volume and achievement of a developed cavitation regime at moderate cavitation
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numbers. At least two principal options are possible for incorporating a hydrodynamic
cavitator into the technological flow.

Figure 4 shows a scheme for incorporating a hydrodynamic cavitation device into
the technological scheme of primary oil refining, with installation options at two points
proposed: before and after the electrostatic dehydrators.
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Figure 4 — Proposed placement of a hydrodynamic cavitation device in the primary oil refining process
flow diagram

In the first variant (Point 1), the cavitator is installed in the feedstock line after the
heaters, but before the electrical desalting and dehydration unit. Under these conditions,
preheated oil with increased viscosity and containing mechanical impurities, salts, and
dissolved gases enters the cavitator. The expected effects of implementing cavitation
treatment at the oil preparation stage include intensification of degassing due to the
release of dissolved and finely dispersed gases under the action of cavitation phenomena;
increased desalting efficiency due to the destruction and dispersion of stable oil-water
emulsions; fragmentation of large droplets and impurity agglomerates with improved
conditions for coalescence of the aqueous phase; and homogenization of the rheological
and physicochemical properties of oil in the flow due to mixing and partial disaggregation
of asphaltene-resin associations. At the same time, the disadvantages of installing the
cavitation device at Point 1 include the need to arrange a system for removal and
utilization of the released gases, since under intense cavitation action part of the light
hydrocarbon components and sulfur-containing compounds may pass into the gas phase
already at the preparation stage, which requires ensuring their safe discharge or return
to the appropriate technological streams.

In the second variant (Point 2), the cavitator is incorporated into the feedstock
supply line directly before the gasoline-stripping (stabilization) column. In this case,
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the gas released during cavitation treatment is almost immediately directed to the
column, where conditions are provided for its separation and subsequent utilization.
The advantages of placing the cavitator directly before the column include elimination
of the need for a separate degassing unit, since the gas released under cavitation action
is directed immediately into the column apparatus; combining cavitation treatment with
stabilization and gasoline-stripping processes, which may potentially provide more
complete recovery of light fractions and an increase in the depth of separation; and
the possibility of integrating the cavitator into the existing technological scheme with
a minimal amount of changes to the piping arrangement. At the same time, with this
arrangement, the probable increase in the corrosive aggressiveness of the medium in
the upper part of the column and adjacent communications should be taken into account
due to an increase in the content of H,S and other sulfur-containing components in
the gas phase, which necessitates a justified selection of equipment materials and the
application of adequate corrosion-protection measures.

In addition to crude oil treatment, hydrodynamic cavitators can be used to intensify
processes associated with heavy petroleum products, including fuel oil, tar, bitumen,
and oil sludges. Possible areas of application of hydrodynamic cavitation include
reducing the viscosity of fuel oil and tar in order to facilitate their transportation,
pumping, and combustion through degassing and partial destruction of asphaltene-
resin structures; treatment of bitumen and road binders for targeted modification of
their structural-mechanical and rheological characteristics; processing of oil sludges,
including dispersion of the solid phase, removal of the gas component, and partial
destruction of high-molecular compounds, which may simplify subsequent separation
and utilization; and preparation of composite fuels, including mixtures of fuel oil, heavy
petroleum fractions, and coal-water suspensions, in which cavitation action may be
used to intensify mixing, increase system homogeneity, and improve stability during
storage and transportation.

For these areas, additional studies are required, including adaptation of cavitation
device designs to more viscous media, experimental verification of treatment efficiency,
and assessment of the effect on combustion parameters, emissions, and equipment
durability. In addition, for transition to industrial application, it is necessary to take into
account apparatus scale-up, stability of the cavitation regime under changes in flow
rate, hydraulic losses, and the possible influence of cavitation on subsequent separation
stages and the corrosion state of the equipment (Song et al., 2022).

5. Conclusion

Anumerical study of hydrodynamic cavitation processes in an oil-containing medium
was carried out for four designs of cavitation devices. It was established that the design
of the flow section determines the intensity, shape, and localization of the cavitation
zone. As the flow velocity increases, the cavitation number decreases, and a transition
occurs from initial vapor formation regimes to stable developed cavitation.

The use of the cavitation number alone is insufficient for a correct comparison of
cavitators, since this parameter does not reflect the distribution of the vapor phase
in the flow volume or the degree of its contact with the apparatus walls. Therefore,
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a multicriteria approach was applied, including assessment of the integral degree of
cavitation, the centrality of the cavitation cloud, and near-wall contact.

The most preferable results were obtained for the design with cylindrical flow
bodies. In this variant, the cavitation zone is formed predominantly in the central part
of the flow while a liquid layer is preserved near the channel walls, which provides a
combination of high cavitation activity and a reduced risk of erosion damage to the
equipment. The rational velocity range for this design is 0.7-0.9 m/s.

The obtained results confirm the prospects of using hydrodynamic cavitation as a
reagent-free method for intensifying crude oil preparation and primary refining processes,
including degassing, viscosity reduction, destruction of emulsion structures, and
treatment of heavy fractions. Further studies should focus on experimental verification,
assessment of hydraulic losses, consideration of the properties of real oil systems, and
techno-economic justification for the implementation of cavitation devices. The next
stage should involve comparison of the calculated data with experimental results on
changes in viscosity, gas content, fractional composition, and stability of emulsion
systems, since these indicators are used in modern studies of cavitation treatment of
petroleum and heavy hydrocarbon media.
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Abstract. This scientific article calculated the composition of a raw material mixture
for producing Portland cement clinker using waste from lead slag processing. Improving
the efficiency of Portland cement clinker production through the recycling of production
waste is currently a pressing issue worldwide. This reduces the negative impact on
the environment, saves energy and resources, and improves production efficiency. The
article calculates the compositions of three-component raw material mixtures consisting
of "Limestone + Loess + Iron Ore" and "Limestone + Loess + Lead Slag Waste." The
calculations were performed using the modern "Batch" program used in production. The
calculations present the results of a study examining the efficiency of traditional and
non-traditional raw material mixture compositions, as well as the quality of the clinker
obtained from them. The calculation results showed that, compared to the "Limestone
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+ loess + iron ore" composition, the use of a charge consisting of "Limestone + loess
+ lead slag waste" allows for an increase in the recycling of slag waste by 3,7-4,6%
and a saving of natural resources by 4—4,2%. The firing of raw material charges for the
traditional "Limestone + loess + iron ore" composition was carried out at a temperature
of 1450 °C, and for the "Limestone + loess + lead slag waste" composition — at a
temperature of 1400 °C. In the resulting traditional clinker, with an increase in the
saturation coefficient (SC) from 0,93 to 0,95, the C.S content increased to 61,7-66,59%,
while the C.S content decreased from 13,75% to 10,07%. The C,A content increased
from a negative value of —0,54% to 0,95%. The amount of liquid phase C,A+C AF was
17,3-18,9%. In non-traditional clinker, with an increase in SC from 0,93 to 0,95, the
C,S content reached 59,36-64,63%, while the C,S content decreased from 14,59% to
10,8%. The C,A content was 0,14-1,48%. The amount of liquid phase C,A+C,AF was
17,2-18,3%. It was found that the content of free calcium oxide in the composition of
the obtained clinkers (CaOfree) was within 0,31-0,67%, which confirms compliance
with the GOST requirements, according to which this indicator should not exceed 2%.

Keywords: waste, lead slag, recycling, raw material charge, clinker, free CaO,
cement
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AHHoTamus. ThUIBIMM Makanala KOPFAChIH KOXBIH OHJICY KaJJABIKTapblH
naijanaHy apKbUIbl TOPTIAHIIEMEHT KIMHKEPIH OHJIpyre apHajJfaH [IUKi3ar
IIMXTACBIHBIH KYPaMbl ecenTelii. OHMIPICTIK KAJABIKTAPIbl KOJIETe )Kapary Heri3iHje
MOPTIAHALIEMEHT KIMHKEPIH OHAIPY THIMIUIITIH apTThIpy KOpIIaFraH opTara TYCETiH
JKYKTEMEHI TOMEHJICTyre, 3HEPIrus MEH TaOWFu pecypcTapbl YHEMJIEYre JKOHE
OHJIpIC THIMALIITIH apTThIpyFa MYMKIHAIK Oepeni. 3eprreyne «oKrac + jecc +
TEMIp PyIachD» KOHE «IKTAC + JIeCC + KOPFAChIH KOXKbIHBIH KaJIJIBIFbD» TYPIHJETI YIII
KOMITOHEHTTI IIMKI3aT MIMXTaJapbIHBIH KypaMmbl ecenteiji. Ecenreynep eHmipicre
konganbareiH «luxTay OarmapiaMachlHbIH KOMETiMEH Kyprizinai. JocTypii xoHe
OajlamMaJibl IIMKI3aT KypaMIapbIHBIH THIMJUIIIT MEH oJjlapJiaH aJIbIHFAH KIWHKEPIH
cUnarTamayiapbl CajbICThIPbULILL. Ecentey HoTmkenepi OoMbIHIIA «dKTac + jecc +
TEMIp PyIachl» KYpaMbIMEH CaJBICTBIPFaHIA «OKTAC + JIeCC + KOPFAChIH KOKBIHBIH
KaJIJIBIFBD) HIMXTAChIH MaijiajaHy KOX KaJIJBIKTapbhIH KOJEre apaTy JeHredin 3,7—
4,6%-ra apTThIphII, Taburu pecypcrapist 4,0-4,2%-ra yHeMeyre MyMKiHJIIK OepeTiHi
anbIKTaIIBL. JocTypni mukizar muxrackl 1450 °C temmeparypaja, ajl KOpFachlH KOXKbI
Kanabirel enriziaren mmxra 1400 °C remneparypana kydaipinai. Joctypii KinHkepae
KaHbIry ko3¢ ¢unmenti 0,93-ten 0,95-ke neiiin aprkanaa CsS menmepi 61,7-66,59%-
ra neitin ecri, an C2S memmepi 13,75%-aan 10,07%-ra neitin temenaeni. CsA ecentik
meutiepi —0,54%-nan 0,95%-ra aeitin e3repii, an CsA + CiAF cyiibiK (a3achiHbIH
meutiepi 17,3—18,9% Gonapl. banamaibl kinHkep/e Kaubiry ko3dduimenti 0,93-ren
0,95-ke netiin aprkanaa CsS menepi 59,36-64,63%-ra xeri, C2S 14,59%-nan 10,8%-
ra nediin Temenaeni. CsA memmepi 0,14—1,48%, an CsA + C4AF memmepi 17,2—18,3%
Oonbl. AJIBIHFAH KJIMHKepIiepaeri 0oc kanubiuil okcuiinig Mmeuepi 0,31-0,67%
apasbiFbiHa 00bII, pykonuckTe keaTipiaredH MEMCT TtanaObl OoiibiHIIa OerijIeHIeH
2%-IBIK IEKTEH acIiajbl.

Tyiiin ce3mep: KajijbIKTap, KOPFachlH KOXKbI, KOJIETe KaparTy, IIMKI3aT HIMXTAChI,
KimHKep, 6oc CaO, neMent
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AHHOTanMs. B cTaThe BBINIOJIHEH PACUET COCTABA ChIPhEBOM IINXTHI IS IIOJIYYEHUS
MOPTIAHAIIEMEHTHOTO KIIMHKEPA C UCTIONIb30BaHUEM OTXOJIOB ITEPEePadOTKH CBHHI[OBOTO
nuiaka. [ToBbeimenne 3peKTUBHOCTH MPOU3BOJCTBA MOPTIAHIIEMEHTHOTO KIMHKEpa
3a C4€T YTHIM3ALMM IPOMBIIIJIEHHBIX OTXOJOB II03BOJISIET CHUXKAThb HArpy3Ky Ha
OKPYXAalOLIYI0 Cpely, SKOHOMUTb IIPHUPOJHBIE PECYpPChl M IOBBILATH PECYPCHYIO
3 PEeKTUBHOCTH NMPOU3BOJCTBA. PaccunTaHbl COCTaBbl TPEXKOMIIOHEHTHBIX CHIPHEBBIX
LIKUXT «U3BECTHSK + JI€CcC + jKene3Has pyaa» U «U3BECTHSIK + J€cc + 0TX0/l CBUHIIOBOTO
aKka». Pacu€Tsl BBINIOJIHEHBI ¢ UCTIOJIb30BaHUEM TporpaMmbl «IlluxTay. [IpoBeneHo
CpPaBHEHUE TPAJAMLIMOHHOIO U aJbTEPHATUBHOIO COCTABOB CHIPBEBBIX CMECEH, a TAKXKE
XapaKTEPUCTHUK MOJIyYEHHOIO KJIMHKEpa. YCTAHOBJIEHO, UTO 10 CPABHEHHIO C COCTaBOM
«M3BECTHSIK + J€cc + Keyle3Has pyla» NPUMEHEHUE LIUXThl «HM3BECTHSAK + Jiécc +
OTXOJZl CBHUHLIOBOTO IIJIAKa» IO3BOJISIET YBEJIMYUTH CTENEHb YTUIM3ALUU IIJIAKOBBIX
oTxo10B Ha 3,7-4,6% u 00ecreunTh SKOHOMHUIO MPUPOIHBIX pecypcoB Ha 4,0—4,2%.
TpanuimoHHyI0 ChIphEeBYIO MINXTY oOxwuranu npu 1450 °C, Torna kak cocTaB ¢ OTXOI0M
cBuHIOBOTO Imaka - npu 1400 °C. B TpagunnoHHOM KIMHKepe MpH YBEIHYEHUH
ko3 dunmenta Hacoimenus ¢ 0,93 1o 0,95 conepxkanue CsS gocrurano 61,7-66,59%,
a coxepxxkanne C:S cuHmxamnock ¢ 13,75 mo 10,07%. Pacuérnoe comepskanme CsA
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m3MeHs1ock ot —0,54 10 0,95%, a konmuuectBo xukon paszel C:A + CsAF cocrapisiio
17,3-18,9%. B ansrepHaruBHOM KinHKepe coaepxkanue CsS cocraBmsuio 59,36—
64,63%, C-S cumxkanocs ¢ 14,59 no 10,8%, conepkanne CsA HaXOOUIOCh B JUANa30HE
0,14-1,48%, a CsA + CsAF — 17,2-18,3%. Coneprxanue cBOOOTHOTO OKCHIA KAJBITHS
B MOJYUYEHHBIX KIUHKepax cocTapisiio 0,31-0,67%, 4To He mpeBbIIaeT IPUBEIEHHOE
B PYKOITUCU HOPMATUBHOE OorpanudeHue 2%.

KuaroueBbie cjioBa: OTXO/bI, CBUHIIOBBIM IUIAK, YTWIN3AILUS, ChIPbEBas INUXTA,
knuHKep, CaO CBOOOIHBIN, IEMEHT

Kipicne. Jlynue »y3iHOe HeMEHT OHIIpiCi KbulblHA MmamameH 4,3 MHUUIHapA
TOHHAHBI Kypaiapl. An Oip TOHHA IIEMEHT YIIiH opTama ecenmneH 1,6 TOHHaFa KYbIK
mIMKi3aT WbFbIHGL kyMmcanansl (IEA, 2024). 2026 >xeuabiH OipiHII >KapThICBIHAA
KazakcTanablk KocimopbeiHaap 6,9 MIIH TOHHa MOPTIAHAIEMEHT eHuipai, oy 2025
KBUIJBIH aTajiFaH Ke3eHIMEH canbIcThIpranaa 5 % ker. Atanran kepcetkim Kazakcran
ywin 2008 sxpuimaH Oactam ecenTereHiue €H JKOFapbl HOTHKE OOJIBINT CaHasadbl.
TypakTel eciM apKpUIbl HeMEHT eHAipici KazakcTanma eHepKacinTiK ©CiMHIH HEris3ri
Ko3Faymibl Kymrine aiiHangsl (Cement, 2026).

LemeHT eHmipiciHAEC op TYpdl MPOLECTEPACH allbIHFaH KaJJbIKTapAbl HEMece
KOCAJIKbl OHIMAEpAl MIMKI3aT peTiHAe NaiijanaHy pecypcTapibl YHEMIey, eHIipic
LIBIFBIHAAPBIH TOMEHJIETY, KOKbIC MOJHTOHAAFbl KANIBIK KOJIEMiH a3ailTy, MapHHUKTI
rasjap LWIBIFapbIHIBUIAPBIH KOPIIAFaH OpTaFa TUTi3ep aceplli a3alTyAblH KeH TapajifaH
Toxipubeci Oonpin cananmanel. COHBIMEH Karap, OyJl TOCcil LEMEHT eHAipiciHae
TYpaKThl Taiga okesenai, ceOebi Oanama IIMKI3aT K31 KypaMblHAa Ke3AeceTiH
JacTaylibl SIEMEHTTEPIiH KONIIUNri KIWHKEePIiH MHUHepal Ty3ily MpoleciHie
MMoOMIH3anusIaHaabl. EKIHIN jkaFblHAH KEHOIp AMEMEHTTEep LEMEHT KIMHKEePiHIH
KacHeTTepiH alTapibIKTal )KaKcapTybl HEMeCe ThIM apThIK 00JIca HalapiaaTybl MyYMKiH.
Ocpl cebenTeH OHePKAcil KaJlAbIKTapIblH €peKIle cuiarTaMaiapblH €CKEepeTiH THICTI
MeJIiepIey/ecentey diciH Konnanynbl KaxeT ereai (Hanein et al., 2020).

[lukizar muxTa KypamblH €cenTey MNOPTIAHALEMEHTTIH >KOHE KIMHKEPIiH
TEOPHSUTBIK HEMece dJIeyeTTi KypaMbIH Oaranayra MyMKiHZIIK Oepeni. by anic Hemece
ecenrtey Oaraapiamaiapbl XUMUSUIBIK MoAyabaepMeH (muHo3emai (I'M), cumukarTsl
(CM) sxone okTiH KaHbiFy Kodpduuuenti (KK)) Gipre 3eprreyiaep MEH ©HEPKACIIITIK
KoJiaHOamap/a MMKi3aT KOCIachklH TaHAay YIIH Ui KoJgaHbuia el (Scrivener et al.,
2022). EcenTteynep MHMKI3aTTBIH TeNe-TCHIIK KarAalblHAa KIMHKEP KOCBUIBICTAPbHIH
TY3y YIIIH TOJBIK PEaKUUsICHIH OOJDKaWIbl YKOHE KOCHANapIblH BIKTUMAT OCepiH
eckepmeiii. [lerenMeH, ecenTeynep KIMHKEp Kypambl YIIIH TeK IaMaMeH MOHAEPIi
Oepei, aln OHEPKACINTIK KIMHKEP TEOPHSIIBIK OOohKaMaapiaH MIaMalbl aybITKYIapabl
kepceteni. CoHbIMEH Karap, KIMHKEp (ha3achlHBIH TYPAKTBUIBIFBIHA oCep eTyiHe
OalmaHBICTBl KOCTANApAbIH KaThICYbIMEH aybITKYJNap OaH opi apTybl MYMKiH, OyJ
©3 Ke3eriHjue IeMEHTTIH COHFBl KacHeTTepiHe ocep eTeli. TemmepaTypaHbIH, eIl
arMocdepachl KypaMbIHBIH ©3repyi, IamMalibl 3JIeMEHTTEPiH O0Tybl )KOHE CATKbIHAATY
Ke3iHJe Teme-TeHIIK >KarJaimapblHbIH OoJNMaybl KIMHKEp (a3alapblHbIH JaMyblHa
ocep eryl MyMkiH. OcpUlaiillla MHKXTa KYpPambIHBIH €ceNTeylepiH mNaiiaanaHbiil
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OarananraH (pa3aibIK KYpaMHBIH JQIIITIH TOMEHAeTenl. bataMa muki3zar Hemece OThIH
KYpaMBbIHAAFbl KOCBIMIIA 3JIEMEHTTEp KIMHKEp TY3UIy mpoleciHe ocep ereni. byn
KOMIIOHEHTTEPAIH TaOUFaThl MEH MOJIIIEPi KITUHKEP (a3anapbIHBIH MOPOIOTUSCH MEH
yJieci, KocsiMIa (aszanapAblH TY311yi, OHTaWIb! KIMHKEpIIeY TeMIeparypachl, emTe
00JTy yaKbIThI, OJIKBITBUIFAaH (pa3aHbIH TYTKBIPIIFBL, CATKbIHAATYABIH TYPIACHIIPYIEpi,
Heri3ri (azanapabiH moMuMOp(U3MI JKOHE KIMHKEPIIH PEAKTHUBTLIIr CHUSKTBI SpTYpIi
acreKkTiiepae auTapiablKTail e3repicrepre okenyi MyMKiH. byn cueHapwiine mmxrta
KYpaMblH OHTaWIaHABIPYAbI THIMII MOJENbICY alHBIMANIbIIAPABIH OapIbIFbIH €CKepPy
YKOHE Naiigananyfa 0onaTbiH OanaMa MaTepranaapIblH ayKbIMbIH KEHEHTY YLIiH Oanama
Kypan 6onbin Tadeians! (Costa et al., 2023).

OJneduerrepre mouy. FairsiMaap eMeHT KIMHKEp OHIIpY MPOLECIH KeTimipyae
JMHAMMKAJIBIK MOZAENbAEYAl YChIHABL by mMonens apkpuibl CO, mIbIFapbIHABLIAPBIH
a3aiiTy, OTBIH IIBIFBIHBIH TOMEHACTY/II KaMTaMachl3 eTy/iH 0axaMabl CTpaTerHsuiapbiH
ozipreni. XKyiieni Tocinmi KoyJaHa OTBIPBIN, MOJENb T'€OMETPHUSIIBIK ACHEKTLICPII,
TepMO(U3UKANBIK KAaCHETTepAi, TachIMaljay KyOBUIBICTApbIH, CTEXHOMETPHUS MEH
KMHETHKaHbl, Macca MEH JSHeprus OalaHCTapblH JKOHE KOJEeM MEH JHEPrHUsHbIH
CaKTallybIHBIH anreOpajblK 3aHJapAbl OipiKTipe OTBIPBIN, emKeH-TerKelnl AeHrenae
cunarrangpl. MonenbJi STalOHIBIK TYPaKThl KyHre KOJIMEH KanuOpiiey apKbUIbl
KYTUICTIH JTaJOHABIK MOHAEPre JOHE OHEPKACINTIK TaKipuOere ToH KYTUIETIH
JUHAMHUKAIBIK MOJENbICY HOTHXenepi anbiHabl (Svensen et al.,, 2025). Knunkep
camachlH CaKTaidh OTBIPBIN, OHAIPIC MIBIFBIHAAPBIH KOHE KOMIPKBIIIKBII Ta3bIHBIH
(CO,) wbIrappIHABUIAPLIH Oip ME3rijIle a3aliTy YIIIH MIMKI3aT KOCIAChH K00anay MeH
0anama OTBIHABI apayaCTBIPYIbl OIPIKTIPETIH KOI MaKcaTThl OHTAMIaHIBIPY MOIENiH
YCbIHBL. KataH XUMUSIIBIK )KOHE TEXHOJIIOTHSUIBIK IIEKTEeyIep Ke3iHAe YKOHOMUKAIBIK
YKOHE SKOJIOTHSUIBIK MaKcaTTap apachlHAaFbl Tere-TeHAIKKe KO )KeTKi3y YIIiH THOpHUATI
TeHETHKAJIBIK aJlTOPUTM-CHI3BIKTHIK Oarnmapiamanay (GA-LP) monenin xacaran. byn
TOCUT IIMKi3aT MEeH KYJIIH KIMHKEP CalachblHBIH MaHBI3Abl aTpHOyTTapblHA: OKTiH
KaHBIFY KOd((UIHMEHTIHE, KPeMHUH ITUOKCUAI CHIIMKATTHI MOIYJITE YKOHE aTFOMUHHM
JUOKCHII TIIMHO3EMJI MOAyire ocepiH monenpaeiai. Ol MaKCUMalabl aaMacThIpy
K03(UIMEHTTEP] KOHE OTHIHHBIH HAKTHI KYPaMbl CHUSIKTBI PAKTHKAJIBIK HIEKTEYIepAi
eckepreH. 3eprreyae AdpHKagarbl LEMEHT 3aybIThIHAaH HIa0BITTaHFaH KeWc-cTaan
MOJICTIB/IIH MaHaTbUIBIFBIH KepceTKeH. HoTmwxkenep oHrainbl memriMmaepain Ilapero
nenrein kepcerei. Srau Oy mogensae CO, mbirapbiHabLIapbia 20 %-ra TOMEHIETyTe
- 928-nen 740 Kr/T KIMHKEpre NEHiH - MIBIFBIHAAPABI TeK 24 %-Fa apTTBIPYMEH KOI
KETKi3yre 0oJaThiHBIH Kepcereni. OHTaiisl crparerusuiapra 10 % YIIKBIH KYJ JKoHE
30-50 % Oamama OTHIHZAp, MBICAJNbI, OMOMacca MEH UIMHANApIaH AJbIHFaH OTBHIH
JKOHE KYJI KypaMblHa HETi3AeIreH MHUKi3aT KOCIaHbIH KYPaMbIH TUHAMUKAIIBIK PETTEY
kipeni. Ce3iMTanabIKTBl Tangay Oumomacca KyHbl MeH KK MakcaTTapbIHBIH KIMHKED
cUmaTTaMasiapblHa, IIBIFapBIH/IBIIAPFa JKOHE OTBIH yJIeCiHe Kanall ocep eTeTiHiH ofaH
opi kepcerinren. ['mbpuati GA-LP mMoneni mponecti Moaenbaey apKbliibl TEKCEpLIreH
XKoHe AdpuKa MbIcangapbIMeH CalIBICTHIPbUIFaH. JKanmbl anFania, 3epTTey HoTHKeIepi
LEMEHT OHJIPYIIiIepi MEH casicaTKepiiepre Ta3a HOJIIK MIbIFapbIHABIIAp MaKcaTTaphl
MEH KaHa KeMIPTeri epexesepine colikec KeleTiH TYpaKThl OHIIpIC cTpaTerusuiapbiH
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Oaranay jKOHE CHII3y YIIiH CeHiMAl memim exeHairin ycoiaran (Ige et al., 2025).
LlemeHT eHIpiCiHIH KOpIIaFaH OpTaFa 3USHIbI 9CEPiH a3aiiTy MaKcaThbIH A IINKi3aTThIH
XMMUSUIBIK KypaMbl MEH OHIIpic jKarJaiijiapblHa HETi3[eNreH KIMHKEp (azanapbiH
OoypKay JKOHE OHTAMIaHIBIPY apKbUIbI KOJ JKETKi3yre OOJaThIHABIFBIH Ha3apFa ajfaH.
LleMeHT KIMHKEpI MIMKI3aTThl MEMTepAe KYHIipy apKblibl OHIIpiIeai, MyHa IUKi3aT
KYpaMbl /1a, OHJIeY JKaFJaiapsl 1a KIIMHKEPAiH COHFbI XUMUSUTBIK KYPaMblH aHBIKT AN A1
Byt 3eprTeyae MMKI3aTThIH XUMHSJIBIK KypaMblHa HETi3[eNTeH aluT KoHe OelIHUTIeH
OalBITBIUIFAH KIMHKEPAIH (hazanblKk OaiTaHBICTApBIH Tangay >KOHE JEPEeKKop Kacay
YIIiH TEPMOJMHAMHUKAIIBIK MOJENIbAEP KOIIAHbUIFaH. TepMOANHAMHUKAIIBIK MOACTIbIED
KIMHKEp (azaiapblH TOKIPUOETIK HOTHKEIEPMEH CaJIBICTBIPA OTHIPHII A9 KOOeHTyre
MyMKiHAIK OepreH. ComaH KeHiH MOJCNBJCHIEH ACPEKKOP JCPEKTepre Heri3ieireH
MOJICTIb/Ii OKBITY YILiH, aJl aJIbIHFaH OomKaMaap opTypili KyHaipy TemmneparypanapblHia
KoFapbl cananbl kaunkep (C,S > 50%) anmy yuiin OHTaisbl Kypam IManasoHIapbiH
aHBIKTay YLIH KojjaaHbUtagbl. COHBIMEH Karap, KIMHKep (azamapblHa KeTy YIIiH
OKTiH OHTAMJIbl KAaHBIFY KOA((QHUINEHTI )KOHE aTIOMUHHUNA OKCHIIHIH TITHHA3eM I MOy
3eprrenred. JKanmel anrannga, Oyl 3epTTE€y MHTEIUICKTYAIIbl KOHE TYPAKThl IIEMEHT
OHJIIpici TpoLeciH jkacay YIIIH JEpeKTepre HETi3eNreH TOCUIAl KONJaHy oJieyeTiH
kepcereni (Goncalves et al., 2024). Keli0ip ranpiMaap MIMKi3aT KOCIIACKIH MUHUMAIIIBI
LIBIFBIHMEH OHTaMIaHIbIpy, KIWHKEp CamachlH OaKbUIay[IblH MaHBI3AbI TajlanTapblH
KaHaFaTTaHABIPY. YLIIH OCBl CBI3BIKTHIK Oarnmapiamanay (LP) mopmeniy konnmaHral.
[ukizaT Kocmackl MEH OTBIH KOCHACBhIH jkoOayay >KOHE KIMHKEPIiH XUMHSUIBIK
KypaMbl apachbIHIaFbl OaiijlaHbICTBI OPHATY YIIiH OipKarap MaTeMaTHKaJIbIK MOACTIbIED
xacaraH. CoJaH KeWiH IIMKi3aT KOCIAchl MEH OTBIH KOCIACBHIHBIH OKCHJ MeJIepi
men kmmnkepaeri C.S, C.S, C,A xone C,AF (aszanapbiHbiH MeJIIEP] apachIHIaFbl
KOppeJsILUSHbI aHBIKTay YIIiH bay ecenreyin Konnanpuiran. KnuHkep canachlH aHbIKTay
okTiH Kaubiry Koapduuuenti (KK), kpeMHU# jxoHe aTIOMUHUN OKCHIIHIH CEePIIMALIIK
MOy HETi3ri LIeKTeylep peTiHAe aHbIKTalfaH. 3aybITThIH kolamay IIeKTeysepi,
MapTHUIBIK [IKaJaJapAblH CaHbl, OaFaapiaMa IeKTeyIepl peTiHae Ae KapacThIPbIIFaH.
Coe3bIKTBHIK Oarnmapiamanay (CB) monenin Oaramay ymiiH oKrac, ca3, Kym, Oaimama
Marepuan >KoHe KochaJapAbl Koca ajfaHjia, Ceri3 TYpJi IIWKI3aTThl MalifajiaHblll
3eprrey xypriszreH. Hotmkecinae GRG anroputmid KongaHa OTBIPHII, ChI3BIKTHIK €Mec
Cb monenbaey werizinae 85,03 % okrac, 0,9 % ca3 1 xone 12,6% Oamama marepuai
1 xone 1,47 % xocna 2 TypatsiH RM 6,845/TonHa KyHBI Oap OHTaiaHIBIPBHUIFaH
LIMKi3aT KOCHACHIHBIH pElenTi anblHAbl. AJNbIHFaH HoTIKenep o3ipienren Cb
MOJIeTIi LIMKI3aT IIBIFBIHIAPBIH a3aiiTa ajaThiHbIH, TalAdy YakKbIThlH YHEMICUTIHIH
JKOHE HAKThI CHIHAKTAH OTKi30ei-aK IMIMKI3aTThl TaHAay MPOILECIHIe MKeMILUTK Oepe
anaTbIHbIH AasenaeHred (Ponnusamy et al., 2022). Fanpimnap HEHpOHIBIK JKeJli KoHE
TeHETHKAJIBIK aJTOPUTM HETi3iHJe IIEMEHT KJIMHKEepiH OHIIpPY JKEINiCiHIH >KYMBICHIH
OHTalNmaHIpIpy OOMBIHILIA 3€pTTEy Kypri3reH. backapy mapamerprnepi yIIiH MakcaTThl
MoHzepai Taly coTTi OackapynblH KinTi Oojibin TaObuiaabl. JKymbIc mapamerpiepi
MeH OHIMAUIIK MmapaMeTpiepl apachlHAAFbl OalIaHBIC 9[ETTE CBI3BIKTHIK €MEC JKOHE
Kypzaeni Oomnein Tabbuiaabl, OYJ1 TEK omeparop TIKipuOeciHe HeTi3AelreH eHAIpiCTIK
mporecTi THIMII GacKapyabl KUbIHAAaTaaAbl. HaKThI JKyMBIC IepeKTEepiHiH YIKEH KOJIEMiH
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naiiianana oTeIpbII, OacKapy mapaMeTpiepi MeH OHIMALTIK apaMeTpIiepi apachblHIaFbl
OalmaHpICTBl KYpY YLIIH HEHpPOHIBIK >KeNiHI NaiiganaHyra Oomaabl. BomxaMabik
MOJIeTIb HEHPOHBIK JKEJIiHI MaiJanaHbl Kacanaabl. byn mapaMmeTpriepal HakThLIay
YIIH KOJNAaHbLIaabl, Oy OainaHBICTBI TeHeTHKajdblK aaroputmMMmen (I'A) OipikTipy
apKbUIBI OHTAWJIBI KafFaaiiapra Koi skeTkizyre Oonansl. lllamamen Gapiblk Gomxam
nepekrepi (92,52%) £5% apanbirbiHaa ekeHiH aran eTkeH. llIuki3arT MMXTachIHBIH
KOCHaHbI Oepy KbUIJaMIBbIFbI, KOMIp/i ajAbIH aja KaJblIMHATOPFa Oepy >KbUIAaMIBIFbI
YKOHE aifHaJIMaJIbl IelKe KoMip Oepy *KbUIIaM/IbIFbI YIIIH OHTAMIBI MOHIED COMKeCiHIIIe
259,57 t/car, 7,84 1/car xoHe 7,40 1/car KyparaH. OCbl OHTAWIIBI HOTHIKE XKaFaiapaa
keMipiH MeHIIikTi mbFbHB 80,00 kr-ra sxetkeH (Pan et al., 2024).

KopeiThiHabuTaii  Kenme, oaeOueTTepre MIONy >KYMbICTapbl OOMBIHIIA dieM[e
LEMEHT KJIMHKEPiHIH MIMKI3aT IIMXTa KYpaMbIH ecenTeye 3aMaHayH jKOHE KaHa ThIH
UAesIapAbIH JKY3€re achlll, HIEMEHT OHIIPICiHIH HEeri3ri MpoLecTepiH OHTAWIaHABIPY
MYMKiHIiKTepi Oarananabl. Ockl apKbUIbI IIEMEHT KJIMHKEPIHIH CamachlH apTTHIPHII,
TEXHOJIOTUSIHBI JKETUIIIpiN, KOpIIaraH OpTara THUTi3ep 3USAHIBI a3aiTy MYMKIiHZIIT
THIM/I icKe acybl OyJI 3epTTEy/iH MEePCIEeKTUBTI eKeHAIriH Kkepcereai. bi3niH 3eprreyain
HETI3T1 apTHIKIIBUIBIFBI KOPFACHIH KOXKBIH OHJICYACH KeHiHT1 KaJFaH KaJAbIKThI IIEMEHT
KIMHKEpIHE IIUKI3aT pPEeTiHAE KOJIAHBIN, IIMXTAa KYpPaMbIH €CENTelN, aJlbIHATHIH
KIMHKEPiH canachlH OO0 KaMIbl TypAe Oaranay KapacThIpbUIFaH.

Marepuaagap Men 3eprrey daicrepi. llopmiananeMeHT KIMHKEp aly YUIH
KOJIZIAHBIIATBIH IIUKi3aTTapFa 9KTac, JIECC, TeMip KEHi JKoHe KOPFAChIH KOXKbIH OHACY
KaJIBIKTaphl Maiiaananbuiabl. FeUTbIMU Makanaga MMKi3aTapAblH XUMUSUIBIK KYPaMbl
aHBIKTAY, IIUKI3aT MIMXTa KYPaMBIH €CEIITEY KOHE allbIHFaH KIMHKEPAiH KYpaMbIHIAAFbI
0oc Oaitnanbiciaran CaO MemIepiH aHbIKTay HOTHXKEJIEepi KeATipiJireH.

[lukizar MaTepuaizapiblH XUMISUIBIK KYpaMbIH aHBIKTay. 3epTTey PEeHTTeHIIK
¢yopecuenuusuiblk, criektpomerp (XRF) omiciMen aHbIKTanmel. AraiFaH oIiCIeH
3epTTey KYMBICHIH XYprizy Malvern Panalytical komnanusice! (Anmeno, Hunepnanapr)
Kacan I[IbIFapraH  Zetium peHTreHIiK  (IyOpeCHECHIMSUIBIK — CHEKTPOMETPiHIH
kemerimen JKIIC «Crannmap LlemeHT» 3aybITBIHBIH OpTalbIK 3€pTXaHACHIHIA
OpBIHAANIBL. Zetium peHTreHAIK (IyopecueHIUsIIbIK CIIEKTPOMETPl KYpFaK YHTaK
TOpI3Al MIMKi3aTTapAbl 3KCIPECC-ChIHAK jKacail alaTblH MYMKiHAIKKe ue. KypbUiFsl
Be-nen U-ra neifinri anementrepai ansikray kesinae 100 % kepceTkiTi 6epe anampl.
FouteiMu-3eprreynepae IIMKi3aTTapabl IMPECTENreH, OalKbIThUIFAaH —TalneTKkanap
TYpiHIIe )KHE WIBIHBI IIacTMacca, KOHIEHTpaTTap, TYHipIIikTep, 00C YHTaK KYHiHIe e
Tangai anaasl. KypbUIFbIHBIH HET13T1 apTHIKIIBUIBIFBI TiIKEJIEH ONTUKANBIK TO3UIHSIIAY
xyHecinin KadTananeIMIbUIBIFE 0,0001° Oypeiter DOPS2 ronnomerp OexiTinreH.
Zetium peHTTeHIIK TYTIr1 9p TYPIIi KyaTThl eTil kababikTayra 6onansl. 50 sxxoHe 75 MKM
KYKa, KYIIEHTiIreH Oepuiinid Tepeseci xKoHe TYTIK Tepe3eciHiH YJri OeTiHe >KaKbIH
opHamnacysl (7,5 MM) jKapbIK 3JI€MEHTTEPiH aHbIKTayJAbIH MAaKCUMAJbl CE3IMTalAbIFbIH
kKamTamace3 etefi. SST-mAX cepusuibl peHTreH TyTikTepi anemae Oipereil. TyTikTiH
CHI-BLUE >xa0bIHbI TONBIK THIFBI3IBIKTEL, CYJIENepre, arpecCUBTI OpTara TO3IMIUTIKTI
JKOHE THICIHIIE TYTIKTiH KbI3MET €Ty Mep3iMiH ojaH jAa y3ak eredi. KypbUIFbIHBIH
Heri3ri kepcerkimrepi: F-maH Am jeifiHri nuama3oHJa SJIEMEHTTEPHAl aHBIKTaWIbI,
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anon marepuansl Rh/Cr, TyTik xepHeyi — 4.0 kBt; 20 Oypeimn quanazonsr — 0.0001°,
ckaHepiey Kamamel - 10° 20 cek (Taylor et al., 2016).

LleMeHT KIMHKEpiHIH TEOPUSUIBIK HEMece oJieyeTTi KypaMblH Oarajayra
MYMKIHIIK OepeTiH muKi3aT muxta KypambiH ecentey «llluxra» OarmapmamachiHia
Kysere aceipbuiansl. JlepOec kxommbioTepne ecenteneTin Oarmapnama B.I. Illyxos
aTbIHAAFel benropoq MeMIIEKeTTIK TEeXHOJOTHsUIap YHHBEpcHUTeTiHiH «LleMeHT >xoHe
KOMIO3ULUSIIBIO Marepuanjgapy» KadeapacbiHaa KypacTeipbuiraH. byn Oarmapnama
KIMHKEPIiH XMMHUSUIBIK MOAYJAbAEpMEH (TIMHO3eMl (P), CHIIMKATTHI (N) JKOHE OKTiH
kanpiry kodddunuenti (KK)) Oipre 3eprreyiaep MeH ©HEPKACINTIK KonganOamapaa
LIMKi3aT KOCTAChIH TaHJAy YUIIH Wi KongaHbuiaabl. Ecenrteynep MIMKi3aTThIH Tere-
TEHJIIK )KaFIalblH/1a KIIMHKEP KOCBUIBICTAPBIH TY3Y YIL1H TONBIK PEaKUICHIH O0MKal bl
KOHE KOCTaNapablH bIKTHMAN 9CcepiH eckepMmeiii. JlereHMeH, KIMHKep KypaMbl YLIIH
TEK HIaMaMeH MOHAEpl Oepeai, ajl eHepKICINTIK KIMHKEP TEOPUSUIBIK OoJKaMaapaaH
miaManbl — aybITKydapabl  kepcereni. CoHbIMEH —Karap, KIMHKED (a3achbIHbIH
TYPaKTBUIBIFBIHA 9CEp €TyiHe OaiylaHbICThl KOCHaJapAblH KaTBHICYBIMEH aybITKYJIap
OZIaH Opi apTybl MYMKIiH, OYJI ©3 Ke3eTiH/e HEeMEHTTIH COHFbI KACUETTEPiHE ocep eTei.
TemneparypaHsIH, el aTMOC(epachbIHbIH KYPaMbIHbIH 03repyi, KeiOip aeMeHTTepaiH
OO0JTyBl JKOHE CAJIKBIHIATy Ke3iHAE Tere-TeHMIK >KarAalaapblHbIH OOJIMaybl KIMHKED
(azanapbIHBIH AaMyblHa ocep eTyi MyMmKiH. Ecenreynepin maiinamansin OaraiaHFaH
(hazanbik KypaMHbBIH AJAiriH TeMenaereni. CoHbIMEH Karap, OajiaMa IIMKi3aT HeMece
OTBIH KYPaMBIHAAFbl KOCBIMIIIA JIEMEHTTEp KIMHKEpJey mpolecine acep ereni. by
KOMIIOHEHTTEPAiH TaOUFaThl MEH MOJIIIEPi KITUHKED (a3anapbIHbIH MOP(OIOTUSCH MEH
yJieci, KocsIMIIa (aszanapAblH TY311yi, OHTalIbl KIMHKEpIEY TeMIeparypachl, emTe
0oy yaKbIThI, OaJIKBITbUIFaH (Da3aHbIH TYTKBIPJIBIFBI, CANKBIHAATY TYpIACHIIpYIepi,
Heri3ri (azamapabiH monuMop(u3Mi jKoHE KIMHKEPAIH PEAKTHBTLIr CHUSKTBI SpPTYPIi
acreKkTinepae alTapiblKTail e3repicrepre okenyi MyMKiH. byn cueHapwiine mmkizar
LIMXTa KYpaMblH €cenTey OCHl alHbIMalbUIApAbIH OapibIFbIH €CelKe aly >KoHe
KOJIIaHBIIATBIH 0ajlaMa MaTepualgaplIblH ayKbIMBIH KEHEHTY YIIIH Oalama Kypan
Oounbin Tabbiansl (Pereskok, et al., 2010).

Boc OGaitnanpicnaran CaO wmemmepin anbplKTay. KyHaipinin ajblHFAH KIMHKEP
camachelH aHBIKTay[blH Oipereil omicrepine stmarmuuepar amici (GOST 5382-2019)
artaabl. MyH1a KIIMHKEP TY3Y11y MPOLECiHIH TOJIBIK asIKTaTybl MEH OHBIH KYPaMbIH IaF bl
HETI3r MUHEPAIIAP/bIH TY311yi HaKThuIaHaabl. Oic stunenrmukons (C,H,O,) cnuprt
epitingicinne 6oc CaO epityre, anpinran Ca(OH), epiTiHIICIH MHAMKATOP apKbLIbI
¢denonranenHHil KaTbICybIMEH CTaHAapTThl Ty3 KbIuKbuiel HCl epiTinmiciMen
tutpineyre apHanrad. CaO OaiyaHbICKaH TYpJepi CHIMKATTap MEH allOMHHATTapMeH
AQHANMTUKANBIK >Karfaiiaapra epimerai. Tammayapl Kyprizy YIOIH STHICHIIMKOJb,
TY3 KbIIKbUIbIHBIH epitinaici HC1=0,1 mons/aM?, deHondranenH, cnupt epitiniici,
nuctunaenren cy (H,0) xone cysrineymi karas, £0,0002 r 1on1iKTeri aHaluTHKaIbIK
Tapasbl, V=250 M1 KeJeM/i KOHyCTBIK Konba, V=25 nemece 50 mu kenemze OropeTka,
rpajyauusulaHFaH [IMIMHAD, SKbUIBITKBIII TJIMTA KOHE CyFa JKaJFaHFAH MY3AaTKbIII
Ko0j10a, IIBIHBI apanacTBIPFBINI TasKIIa KaxeT. Tamgay Kyprizy Kesinie OipiHIIigeH
kuaKepai exmemi Ne008 mm (80 MKM) OOaThIH €JIEKTEeH OTKEHIIEe YHTAKTaHbl )KOHEe
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enekteH oTki3eni. COChIH KIMHKEp/I aHAIUTHKAIBIK Tapasbiaa 0,0002 r gommikneH
0,2-0,5 T erin exmen anaapl. KiuHKepal Kyprak KOHYC Topi3ai Koibara caibll, OFaH
kesiemi 50 MJI STHICHIIIMKONB epiTiHAiciH Kysiapl. KoiOaHbl My3HaTKbIIIKA KOCHII,
TOMeHT1 Oeuirinae KbpUIBITKbI TnTana 60-80 °C tremneparypara IeifiH KbI3IBIPHII,
apanacteipazpl. JKanmsl KeI3abIpy yaksIThl 20-30 MUHYT skeTKinikTi. Epitinaini Genme
TEeMIIepaTypachlHAa CaJKbIHAATHIN, OFaH 2-3 TaMIlubl (eHONPTaTeHH HHIUKATOPHIH
TambI3aabl. COCBIH aJIBIHFAH ePiTIHAIHIH KbI3FBUIT TYC1 )KOMBUIFAHINA TY3 KbIIIKBIIBIMEH
(HCI) tutpneiiai, TpTpIiey Ke3iH/e KonOaHbl IaiKan Typysl Kaxket ereni. Hotnxkecinae
TUTPJIEYTE )KYMCaJIFaH KbIIIKbUI KOJIEMiH Ka3blll, TOMEH/IET1 KeNTipiireH GpopmynameH
ecenrtey xyprizineni. Ocpliaiiina KIMHKEp KypaMbIHAarel Oainanbsicnaran 6oc CaO
MeJtepi CaO, =V-C-0,028- 100/m TenneyimeH anbiktanaasl (Makarova, et al., 2011).
Hormxesiep koHe Tankbuiaysaap. EH angpiMeH MOpTIaHAUEMEHT KIMHKEPIH
aly YIIiH KOJJAHBUIATBIH IIUKI3aTTapAblH XUMUSIBIK KYpaMbIH aHBIKTay PEHTTeHIIK
¢dyopecuenuusuislk criektpomerp (XRF) amici apkpuiel XKIIC «Cranpapt Liement»
3aybIThIHAA OpBIHAAAbL. [1IMKi3aTTapABIH XUMUSUTBIK KYpaMbl | KecTene KenTipiirex.

Kecre 1 — IlIuki3aTTapAblH XUMUSIIBIK KYpaMBL.

Yuri araysr [IukizaTTapablH XUMHSIIBIK Kypambl, %o
SiO, | ALO, | Fe,O,| CaO | MgO | SO, | Na,0 | K,0 | KKX | 6acka | »xanrst
OKTac 2,38 | 0,5 0,2 | 52251 0,37 |0,04| 0,03 |0,15]|41,75| 2,33 100
Jlece 532 937 | 414 | 12,5 | 2,22 | 0,23 | 1,21 |2,07| 14,67 | 0,39 100

Temip pynacer | 11,04 | 1,86 | 61,37 | 4,5 4,56 | 0,99 | 0,08 | 0,54 | 14,81 | 0,25 100

Kopracein 23,75 | 5,28 [ 36,80 | 16,26 | 3,25 | 3,09 | 2,05 | 1,11 | 0,29 | 8,12 100
KOBIH
OHJIeY/ICH
KaJIFaH
KaJIIBIKTaphbl
*KKOK — ky#ipy ke3iHzeri xoraiy

Tanmay HOTIDKECiIHIE, OKTaC KYpaMbl HETi3iHEeH 52 % actaM KajabITuil OKCHIIHEH
xkoue 41,75 % kyhmipy Ke3iHmeri sKoFalylaaH, al ca3lbl KOMIIOHEHT Jiece 53 % actam
KpeMHUI okcupineH, 9,37 % amroMuHnN OKCHAiIHEH koHe 14,67 % Kyinipy Ke3iHaeri
JKOFaJTyIaH TYPaThIHIbIFbI aHBIKTAJIBI. ApHaiibl PETTEYIIN KOCajgapra *KaraTblH TEMIip
pynacsr 61,37 % temip okcuainen, 11,04 % kpemuuii okcnainen xxane 14,81 % xyitnipy
Ke3iHJerl JKOFalyJaH TYPaThIHIBIFBl AHBIKTAIABL. Pecypc yHemjey MakcaTbIHIa
MalaaHblIaTelH KOPFAChIH KOXKBIH OHACYIACH KaldFaH KaaablK Kypambl 36,80 %
TeMip okcumiHeH, 23,75 % KpeMHH OKCUAIHEH koHe 16,26 % KaibIuid OKCUAIHCH
TYPATBIHABIFB aHBIKTIIEL. Kanmeik kypameiaga 0,29 % kyimipy Kes3iHmeri sKoraimy
koHe 8,12 % KoCaIKbl METaT OKCUATEPIHIH KE3CCETIHIITT aHBIKTANIBI. backim Gertiri
mamameH 3 % MBIpBITT okcHi, 2 % Oapwit okcumi, 0,42 % MBIC OKCHII KE3ECETIHIIT]
nmonennenren (Rakhimov, et al., 2025).

JKorapeima kepceTinreH mukizarTapAsiH Heriziunae «llluxra» OarmapiiaMachbIHBIH
KOMETIMEH KIMHKEp ajy YIIiH jKapam/bl YII KOMIIOHEHTTI IIHKi3aT MHUXTa KypamblHa
€CeITey JKYPTi3imi:
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1) ©krac + necc + KOpFachlH KOXK KaJlIbIFbI;

2) OKTac + yecc + TeMip pyaachl.

Ecenrey notmxkenepi men XKXUIC «Crannapt LlemenT» oHIIpicTiK 3epTXaHaCchIHIA
KYPri3iireH Tangay HOTHXKENepi 2 KoHe 3 KecTelepe KOPCETIIreH.

Kecte 2 — Y1ur KOMIIOHEHTTI IHKi3aT KOCHAIApbIH )KOHE IIMKI3aTTHIH MEHIIIKTI IBIFBIHBIH €CeNTey
HOTIDKEIepi

Ko- IInkisar kypams, % MeHIiKTI IuKi3aT Moty IuKi3ar MHUXTaCIHBIH XUMUSIIBIK KYPaMbl,
c- LIBIFBIHBI, T/T KIMHKED can. %
na Kop- Kop-
No ra- | Te- ra- | Te-
CBIH | Mip chiH | Mip [KK AL | Fe Gac-
rac | ce |ROE|PY-| oo | o | KO | PY- n |p SiO 021 23 CaO [MgO| SO, | kxx

KaJj- | ja- Kaji- | Ja- 3

JIbI- | CBI JIbl- | CBI
FbI Fbl
72,11(18,3619,53| - 10,721/0,184[0,095] - [0,93(2,1(0,65[13,74|2,58|3,96/41,40| 0,98 [0,26|33,67(3,42
72,71(18,73|8,57| - 10,727/0,187(0,086| - [0,94[2,2(0,70{13,72|2,56|3,68(41,62| 0,95 [0,24{33,88(3,35
73,27{19,05|7,68| - 10,733/0,190(0,077] - ]0,95(2,3(0,75[13,69|2,55|3,41(41,81| 0,93 [0,23]34,083,30
73,52(21,54| - 14,9410,735/0,215] - 10,05(0,93{2,1(0,61(13,75|2,48]4,07(41,32]| 0,97 [0,13]34,58(2,68
73,97(21,58| - 14,4410,740(0,216] - 10,044/0,94[2,2(0,66(13,73|2,48|3,77(41,55]| 0,95 [0,12{34,70(2,69
74,41(21,61] - |3,98]0,744/0,216] - ]0,040{0,95]2,3(0,71{13,71]|2,47|3,49(41,76| 0,94 [0,12{34,82(2,70

| [Lrof—

Kecre 3 — XKIIC «Cranpapt LleMeHT» OHIIpICTIK 3epTXaHACHIH/A YIII KOMIOHEHTTI LIHMKi3aT
IIMXTaNapbIHaH aJJbIHFAH KIMHKePICPIiH XUMHSUIBIK JKSHES MHHEPATOTHSUIBIK KYPaMBbl

Kmunakepaig

Ko- .

KiuakepIiH XUMUSUTBIK KYpambl, cait. % Moyiib |MUHEPATIOTHSIIBIK KYPaMBI,
c- ooc CaO
na KK can.%

. Oac-
Ne | SiO, |ALO,[Fe,0,| CaO (MgO|SO, «a n|p|CS|CS|CA|ICAF
20,71 3,89 | 5,97 | 62,41 1,48 [0,39(5,16/0,93|2,1]0,65|59,36|14,59| 0,14 | 18,16 0,67
20,751 3.87 1 5,57 162,95] 1,44 10,36/5,0810,94(2,210,70| 62,02 {12,70] 0,84 116,88 0,63
20,77| 3,87 | 5,17 163.43| 1,41 |0,35/5,00{0,95[2,310,75| 64,63 10,80 | 1,48 | 15,69 0,58
21,02] 3,79 |1 6,22 163,17| 1,48 |0,20(4,10{0,93[2,1]0,61| 61,70 [ 13,75]-0,54|18,92 0,33
21,03| 3,80 | 5,77 [63,64|1,4610,18|4,12/0,94|2,2[0,66]|64,17|11,91|0,24[17,54 0,32
21,04] 3,79 |1 5,35 164,07| 1,44 |10,18/4,14]0,95[2,310,71| 66,59 [10,07] 0,95 | 16,27 0,31

MeJepi

QN | |W([o] —

«OKTac + yjecc + KOPFAchlH KOXK KAJABIFBD) KOCBUIFAH INHKi3aT IIUXTachIHAA
KK wmemmepin 0,93-ten 0,95-ke apTThIpFaH Ke3[e CHJIMKATTHI JKOHE TITHHO3EMIIi
MOIYTTbJIEp/IiH xorapnaysl Tipkenmi. [ukizar kypamsiaaa KK menmepinin apTysiMeH
oktac yneci 72-73 %, mecc 18,3-19,05 % >xorapnaapl, KepiciHIIe KOpPFachlH KOX
KaJIIBIFBIHBIH yieci 9,53 %-man 7,68 %-ra nmeiiin temenaemni. LIIMXTaHBIH XUMUSIIBIK
Kypambl aitapibikraid Typakrter: SiO, = 13,7%, CaO = 41,5 %, KKX = 33,7-34 %
KOPCETTi.

«OKTac + Jecc + Temip pymackl» KOCBUIFaH IHMKizar muxTackigaa KK memmrepin
0,93-ter 0,95-xe apTTBIpFaH Ke3/1€ CHIIMKATTHI )KOHE TIMHO3EMIII MOAYIBAEPHiH N =
2.1-2.3, p = 0.61-0.71 xorapnaysr Tipkenmi. [llukizar xkypameiaga KK memmepinin
apTybIMeH oKkTtac yrueci 73,5-74,4 %, necc 21,5-21,6 % >xorapiasl, KepiciHIe TeMip
pynacweHbIH yieci 4,94 %-nan 3,98 %-ra aeitin kemini. LLInXTaHBIH XUMUSITBIK KYPaMBbI:
Si0, = 13,7%, CaO = 41,5 %, KKK = 34,5-34,8 % alTapibIKTail TYpPaKThl.

«OKTac + Jecc + TeMip pymackl» TYpPaThIH AICTYPIi KypaMFa KaparaHaa «OKrac +
JIecC + KOPFACBIH KOK KaJJIBIFBI» IMIMKI3aT MIUXTACKIHIA KOPFACHIH KOXKBI KAJIIBIFBIH
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KoJlere Jkapary Mmeepi mamameH 3,7-4,6 % jxorapbl jkoHe okrac Mmeumiepi 1-1,5
% TeMmeH, Oyl pecypc yHeMmiaeyae THIMAI Imapa Oombin caHanaabl. CoHpai-ak,
9KTaC MOJIIEpiHiH a3arobl atMoc(epara mbirapbuiaThin CO, Ta3bIHBIH MOJIIEPiHiH
TOMEH/ICYiHE aJIbI KeJeIi.

«OKTac + jecc + KOpFachlH KOXK KaJaabIFbl» muxTa Kypambinga KK menmepin 0,93-
TeH 0,95-ke xorapiaysl Ke3iHje CS meuiepi 59,36 %-nan 64,63 %-ra neliin aprapl
xone C,S mommepi 14,59 %-nan 10,8 %-ra neiin azasnpl. [lluxra Kocna KypaMbIHbIH
cynbdarka Tesimainri (C,A memuepi) 0,14-1,48 % temen nenreini koepcerti. CyHbIK
(hazaHbIH MeuIIepi C3A +CAF=172-183% €KEH/IIT1 aHBIKTAJIIbI.

«OKTac + jecc + Temip pyaace» mmxra Kypambiaaa KK mexmepin 0,93-ten 0,95-
ke sxorapraybl kesinae C,S memmepi 61,7 %-nan 66,59 %-ra neiiin apranst xone C,S
meutepi 13,75 %-nan 10,07 %-ra neitin kemerizi. [llnxra Kocna KypaMbIHBIH CyJb(haTKa
to3imainri (C,A menmiepi) tepic -0,54 %-nan 0,95 % apry nenreiiin kepcerti. CyHbIK
(hazaHbIH MeuIepi C3A +CAF=173-189% €KEH/IIT1 aHBIKTAJIIbI.

Exi KypamHan JaiibIHjaFal KIMHKEP/IiH XMMHUSIIBIK Kypambl TypakTsl: SiO, = 20,7
21,04%, CaO = 62,4-64,1% >xxone MECT oOotibiama MgO = 5 %-1aH TeMeH eKeHiri
JQNEICHI].

Ne2 sxoHe 3 Kecrenmepae KepceTUIreH ecenTey HoTmkenepiHe cyiienim Nel, 2,
3, 5 koHe 6 KIMHKepliepAe YII KaJbIMWNI aJlOMHHAT MUHEPAJbIHBIH a3 OONybIHA
OatinansicTsl (0,14-1,48 %) apHaiisl cynbdaTka TO3IMIl HEMEHTTEP OHIIpYyTe KapaM/Ibl
6oubin Tadbmansl. MECT 22264-2013 (GOST 22264-2013) GoiibiHIna IEMEHT TYpiHe
GaiinanbicTel C,A Moniepi 3,5 Y%o-nan, 5 % xoHe 7 %-1aH acnaybl KEPEK, KIMHKEP/ET]
Al O, memmepi 5 %-nan acniaysl kepek, an C A xone C,AF xannbr menuiepi 22%-nan
acraybl Kepek. ArtanraH Tanantap Nel, 2, 3, 5 jxoHe 6 KIMHKepJepAiH OapJibIFbIHAA
TOJIBIK COMKEC Kellesi.

ConbimeH Karap, Ne3 kecrene KIIC «Crangapt LiemeHT» 0HIIpicTiK 3epTXaHachIHAA
YII KOMIIOHEHTTI WIMKi3aT KocmajaplaH JalblHAAIFaH IIWXTalapJaH aJbIHFaH
KIMHKEpJEepAiH camachblH Tajjay YIUiH KIMHKEp KypamblHIarel 6oc CaO memmepi
AHBIKTAJIIBI.

«OKTac + Jiecc + KOPFAachlH KOX KaJJBIFb» KOCBUIFAH IIHKi3aT HIMXTAChIHAH
aJbIHFaH KIMHKEP KypaMbIHa Oainanpicniaral 00c¢ Kanbluid oKcuaiHiH Memmepi 0,58-
0,67 % apanbirbiaaa 001l Al «OKTac + Jiecc + TeMip pylachl» KOCBUIFaH LIMKi3ar
LIMXTAaChlHAH aJIBIHFaH KIMHKEp KypaMblH7a OainaHbpiciiaraH 00C KaJblIMH OKCHIIHIH
momuepi 0,31-0,33 % Gonapl. CanpicTbipa Keje A9CTYPIli IUKi3aT KypaMbIHBIH Oipaei
KYHIipy TeMIepaTypachlHia canaibl KYHTeHAIr aHBIKTaJIIbI. AJl S9HEPIHs )KOHE pecype
YHEMZEY MaKcaTblHIa NaibIHIANFaH «OKTac + JIecC + KOPFAaChlH KOXK KaJIJbIFbIHAHY
aNbIHFaH KIMHKEP/iH camnaibl jkoHe KypambiHaarel 6oc CaO memmepi 2 % xorapsl
eMeC eKeHJIIT1 AdNIeNAeH L.

«OKTac + Jecc + KOPFachlH KOX KaJABIFbD» IIHKi3aT MIMXTACBIHIAFbI KOPFAaChIH
KO KaJJIbIFbI KypaMbIHJA Ke3JleceTiH MeTan okcuaepaid (ZnO — 3 %, CuO — 0,42
%) maccanblk yneci mamamen 0,24-0,3 % xypaiigst (Zhanikulov, et al., 2023). byn
OKCHATEPIIH MeJlIepi KyWIaipy NpoLeciH MHUHEpaJJaHAbIpyFa, KYHAIpy MpoleciH
KETeJJeTyre, KIMHKEPAiH CYHBIK (a3achlHBIH KAaCHETTEPIH KaKcapTyFa KoHe KIMHKED
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(hazanapbIHBIH MUKPOKYPBUIBIMBIH ©3TepTyTe TOJBIK KeTKUTIKTi. by o3 ke3erinae 6oc
CaO MemnmiepiHiH MoIiMETTepiHE CYHEHIN KIMHKEp MHHEpalJapblHBIH OaiiaHbICy
nporeci oenrinenren 1450 °C temmneparypanan 50 °C TeMeH Temmeparypaja TOJBIK
AsIKTaJIFaHbIH JQJIeT el

KopsiTbinabl. Knuakep anyna muKizaT IUXTa KYPaMblH €CenTey KoHe OHAIPICTIK
Tajay HOTHKECIHE Kelecied KOPhIThIHIBI JKacalabl:

I. Ym KOMOOHEHTTI MIMKi3aT IIUXTa KYpaMblH €CeNTey HOTHXKECiHAE IoCTypii
«OKTac + Jecc + TeMip pyaackD» KypaMmra KaparaHaa «OKTac + Jecc + KOpFachlH KOX
KaJIIBIFbD) TYPATBhIH IIMXTa KypambIHIa KO KalgbIKTapAbl kojere kapary 3,7-4,6 %
JKOFapbl, an Taburu pecypcrapasl yHemuey 4-4,2 % Kypasl.

2. Y KOMIIOHEHTTI JOCTYpii «OKTac + Jiecc + TeMip pydachl» LIMKi3aT IIUXTa
KypambiHa 1450 °C rtemmeparypajga KyWzipin, «OKTac + Jiecc + KOPFachblH KOX
KaJIBIFBD) TYpaThlH muxTa KypambiH 50 °C TeMeH Temmeparypana KYWAipy apKbUIbI
carmaJbl KIMHKEp aly )KOHE SHEepIusl YHEMJIEYiH OHTAMIBLUIBIFBI aHBIKTAJIJIBI.

3. Ym KOMIOHEHTTI JocTypili «OKTac + Jiecc + TeMip pyaachD» MIMKI3aT LIMXTa
KypambiHaH anbinFan knunkepae KK=0,93-ten 0,95-ke »xorapnaybl C,S memuiepin
61,7-66,59 % neiiin aprTeipabl, THiciHme C S mommepin 13,75 %-nan 10,07 %-ra neiiin
tomenzerTi. C,A mommepi Tepic -0,54 %o-nan 0,95 % aprrel. Cyiibik pazanbin cansl C,A
+ C,AF = 17,3-18,9 % Gonnubl. A «OKTac + J1ecc + KOPFachlH KO KaJJbIFbD) HIMXTA
KypambiHaH anbinFan knunkepae KK=0,93-ten 0,95-ke »xorapnaybl C,S memuiepin
59,36-64,63 % neiiin xerri, an C,S mommepi 14,59 %-nan 10,8 %-ra neliin ToMmenaeni.
C,A memuepi 0,14-1,48 % xepcerri. Cyiibik pasanbin canbt C,A + C,AF =17,2 18,3
% eKeH/IIr1 aHBIKTAABI. AJIBIHFaH KIMHKEPIEPiH KYpaMbIH/aFbl OaiiiaHbiciarad 00C
CaO memnmepi CaO,  =0,31- 0,67 % apanbifbiHga exeHiri anpikTanas;, oyn MECT
TajanTapsl 0oibHIIA 2 % KOFaphl eMeC eKEeH/IT JoNeNaCH .
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Abstract. This study assesses atmospheric hydrogen sulfide (H2S) pollution in
Atyrau, Kazakhstan, with a focus on its spatial and temporal variability and the potential
role of wastewater-related emission sources. The analysis was based on automatic air-
quality monitoring data for the comparable September—February periods of 2021-2022
and 2025-2026. Individual intraday H>S measurements obtained from the AirKZ
monitoring database were aggregated to daily mean concentrations. The upper part of the
concentration distribution was characterized using the P95/reference-value ratio, while
the frequency of days with daily mean H>S concentrations above the reference value
of 0.008 mg/m* was used as an additional comparative indicator. During 2021-2022,
elevated HS levels were observed at both industrial and residential monitoring stations.
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The highest P95/reference-value ratio was recorded at the Proparka industrial monitoring
station in September 2021, reaching approximately 50. Both the P95/reference-value
ratio and the frequency of days with daily mean H-S concentrations above the reference
value were substantially lower during 2025-2026. Statistical analysis confirmed
significant differences in daily H-S concentrations between the two observation periods
across all seven monitoring stations included in the comparative analysis. The observed
reduction coincided with the reported reduction or suspension of reclamation-related
activities. Although the observational design does not allow direct causal attribution,
the temporal pattern, spatial distribution, and available literature support the hypothesis
that wastewater evaporation fields and sediment disturbance may contribute to elevated
atmospheric HS levels. The findings emphasize the need to strengthen H>S monitoring,
particularly near wastewater storage facilities and evaporation fields, and to implement
targeted environmental monitoring during reclamation and other sediment-disturbance
activities.

Keywords: hydrogen sulfide, air pollution, wastewater, evaporation fields, air-
quality monitoring, industrial emissions, spatial and temporal variability, Atyrau
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AnHotamus: 3epTreyne AThlpay KaJachlHBIH aTMoc(epanblK — ayachIHBIH
kykiprcytekneH (H2S) mactaHybl OHBIH KEHICTIKTIK KOHE YaKbITTHIK ©3TepTillTiTiHe,
COHJali-aK aFbIHIBI CyJapMeH OaiIaHBICTHI BIKTUMAN IIBIFAPBIHABUIAD KO3AepiHiH
perniHe Hazap aymapa OTBIpbI Oaramanapl. Tammay 2021-2022 sxome 2025-2026
KBUIIApIarbl  KBIPKYHEK—aKIaH  apallbIFbIHIAFbl  CAJBICTHIPMAalbl  Ke3eHJAepre
apHaJFaH aBTOMATTHl aya carachkl MOHHUTOPHHTIHIH Jepekrepine Herizmenmi. AirKZ
MOHHUTOPUHT JIEPEKKOPBIHAH albIHFaH TOymiK immiazmeri H.S emmempaepi ToymikTik
opTaia KOoHIIeHTpanusuiapra Oipiktipinai. KoHneHTpanusmap TapaitybIHBIH KOFapFbI
Oeouiri P95/3Tanonapk MoH KaTbIHACK! apKBUTBI CHTIATTAINAB, all HaS ToymikTik oprama
koHIeHTpanusichl 0,008 MI/M? 3TaJOHIBIK MOHHEH aCKaH KYHISPIIH KHULTIT KOCKIMITIA
CaNBICTRIPMAJIbl KOpCeTKim peTinae maimamansuiael. 2021-2022 sxeurmapel HaS
JEHTeHiHIH KOFapbl MOHIEP] OHEPKAICITITIK XKOHE TYPFHIH afMaKTapAarbl MOHUTOPHUHT
CTaHIMsIapbIHAa OaKanapl. P95/3TamoHIBIK MOHHIH €H jKOFapbl KaThlHachl 2021
JKBUTFBI KBIpKYHekTe Proparka eHepkocINTIK MOHHUTOPHHT CTAHIHACHIHAA TipKEJIl,
mamameH 50-re xerti. 2025-2026 xbuinapsl P95/3Tanonasik MoH KaTeiHACKH 1a, H2S
TOYMIKTIK OpTalia KOHIIEHTPANUSACH TANOHIBIK MOHHEH acKaH KYHICPAiH KHIIIri Jie
aiiTapnpikTail ToMeH Oonabl. CTaTUCTHKANBIK Talfay CajbICTBIPYFa EHTI3UIreH JKeTi
MOHHUTOPWHT CTAHIMSICHIHBIH OaplbIFBIHA €Ki Ke3eH apachlHAAFbl TOYMIKTIK H»S
KOHIICHTPANMSIIAPBIHBIH €JIeYITi aifbIpMaIIbUIBIKTAPbIH pacTaabl. balikanran ToMeH ey
PEeKyIBTUBAIHSIFA OalTaHBICTHI JKYMBICTapPBIH KBICKAPYBI HEMECE TOKTATBLTYBI TypPalbl
MOJTIMETTEpPMEH YaKbIT )KaFbIHAH COlKeC Keli. Ajaii/ia 3epTTey/IiH OaKbUIayIIbIK CHITAThI
TiKenel cebern-cannapiblK OalIaHbICTHl aHBIKTayFa MYMKIHIK OepMeiimi. Y aKbITThIK
TUHAMHKA, KeHICTIKTIK Tapajy jKoHe Koijma Oap omedu AepeKTep aFbIHIbI CyIapIblH
OynaHy amaHmapbl MEH MmeriHaiepaiH Oy3putysl arMochepanarsl H.S neHreitiHig
YKOFaphlIayblHA BIKIA €Tyl MYMKIH IET€H THTIOTe3aHbl KONMAai el HoTmkemnep arbIHIbI
CynapAbl cakTay 0ObeKTiIepi MeH OyiaHy ajaHJapblHbIH MaHbIHAa H2S MOHUTOpHHTIH
KYIIEHTY JKoHE peKyIbTUBAIIM MEH IeTiHAiIep i Oy3aTeiH 0acka 1a )KyMbICTap Ke3iH e
MaKCaTThl KOJIOTHSIIBIK OaKbIIay KYPTi3y KaXeTTiriH KepceTe/i.

Tyiin ce3mep: KykiprcyTeri, ayaHbIH JlacTaHybl, aFbIHIBI Cynap, OymaHy KeH
OpBIHJIAPHI, aya CarachlHBIH MOHUTOPHHT1, OHEPKACINTIK MIBIFAPBIHABLIAD, KeHICTIKTIK
YKOHE YaKBITTBHIK ©3TeprillTiK, AThIpay
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AHHoOTanusa: B wmccienoBaHWy OIEHEHO 3arps3HeHHe arMoc(epHOro BoO3IyXa
ATtwipay cepoBomoponoM (H:S) ¢ akiieHTOM Ha ero mpoCTPaHCTBEHHYIO U BPEMEHHYIO
W3MEHYMBOCTh W TMOTEHIMAIBHYIO pOJIb HCTOYHWKOB BBIOPOCOB, CBSI3aHHBIX CO
CTOYHBIMH BOAAMH. AHANIW3 OCHOBAaH Ha JAaHHBIX aBTOMATHYECKOTO MOHWTOPHHTA
KadecTBa BO3MyXa 3a COMOCTABUMBIC NEPHOABI C CEHTAO0ps 1o despams 2021-—
2022 u 2025-2026 rtomoB. MHmuBHmyalbHBIE BHYTPHUCYTOUHBIC H3MepeHHUs H-S,
ronydeHHbIe U3 0a3pl MoHUTOpHHTA AirKZ, OBITH arpernpoBaHbl 10 CPEAHECYTOUHBIX
KOHIIEHTpaluii. BepXHIOI0 4acTh pacnpe/iefieHrs] KOHIEHTPAUM XapaKkTepU30BaIid C
HCMOJB30BaHUEM OTHOIIEHU P95 K 3TallOHHOMY 3HaYEHHUIO, @ YACTOTY JIHEH, B KOTOpbIE
cpenmHecyTodHas KoHIeHTpamus H2S mpeBwimana stamorroe 3HadeHue 0,008 mr/m?,
HCITOJIB30BAJIN KaK JOTIOTHATEILHBIN CPaBHUTEBHBIN TToKa3aTenb. B 2021-2022 romax
MOBBIIIIEHHBIE ypoBHH H>S Habmromanmnch Kak Ha MPOMBIIUIEHHBIX, TaK U Ha KHIBIX
CTaHIIUAX MOHHUTOpPHWHTA. MakcmMmallbHOe oTHOIIeHHe P95 Kk 3TamoHHOMY 3HAUYCHUIO
3apeTUCTPUPOBAHO HA MPOMEBINIICHHON cranmumu Proparka B centsiope 2021 roma u
nmocturano npumepro 50. B 2025-2026 rogax kak oTHomieHwe P95 k sramornHOMY
3HAQUEHWIO, TaK W 4YacToTa JHEW C MPEBBIINIEHUEM OTAJIOHHONW CpeaHEeCYyTOYHON
koHIeHTpanuu HaS Opumn cymecTBeHHO Hipke. CTaTUCTHYECKUN aHAIIN3 TTOATBEPIFIT
3HaYMMBbIe PazNUYvs B CYTOUHBIX KOHIEHTpamusx H>S wmexmy nByms nepuomamu
HaONIONEHNIT Ha BCEX CEMH CTaHIUSAX, BKIIOYEHHBIX B CPABHHUTEIHHBINA aHAIN3.
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Habmromaemoe cHm)XEHHE COBHAJIO IO BPEMEHH C COOOIIEHHSIMU O COKpAIICHUH
WIK TIPHOCTAHOBKE DEKYJIBTHBALMOHHBIX paboT. Bmecre ¢ Tem HaOmiomaTenbHbIH
JU3aiiH MCCIe0BaHMsl HE MO3BOJISIET YCTAHOBUTH MPSIMYIO MPUUUHHO-CIIECTBEHHYIO
CBA3b. BpemeHHas AMHaMUKa, MPOCTPAHCTBEHHOE pACHpPENENIEHHE M HMEIOLIHecs
JIUTEepaTypHbIE TaHHBIE COMIACYIOTCA C THUIIOTE30M O TOM, YTO MO UCIIAPEHUS CTOUHBIX
BOJI M HApyLIEHUE JOHHBIX OTIOKEHHH MOTYT CIIOCOOCTBOBATH MOBBILICHUIO COACPIKAHHS
H.S B armocdepe. IlomydeHHble pe3ynbraThl MOAYEPKUBAIOT HEOOXOAMMOCTD
YCHUJICHUS MOHHMTOPHHIA CEPOBOAOPOAA BOJHM3M XPAaHWJIMIL CTOYHBIX BOX M IOJEH
HCHapeHus], a TaKKe MPOBEACHUS LIEJIEBOr0 3KOJIOTMYECKOI0 MOHUTOPHUHTA BO BpeMs
PEKYIBTUBAIIMOHHBIX U APYTHX paloT, CBA3aHHBIX C HAPYILICHHEM JIOHHBIX OTIOKCHHH.

KuaroueBble cii0Ba: cepoBOAOpON, 3arpsi3HEHUE BO3AYyXa, CTOYHBIE BOJbI,
MOJIsl MCIApeHHsl, MOHMTOPMHI KadecTBa BO3IyXd, MPOMBIIUICHHBIE BBIOPOCHI,
MPOCTPAaHCTBEHHASI U BPEMEHHAasi U3BMEHUUBOCTh, AThIpay

Introduction. Hydrogen sulfide (H2S) is one of the key atmospheric pollutants in
regions with a well-developed oil, gas, and petrochemical industries. Its high toxicity,
distinct organoleptic properties and the ability to have a negative impact on public
health and ecosystems necessitate continuous monitoring and regulatory control of its
concentrations in the atmospheric air (Kenessary et al., 2017).

Similar difficulties have been noted in oil-producing regions around the world,
and distinguishing between industrial and non-industrial sources of hydrogen sulfide
remains a key issue for environmental protection and public health.

Oil refineries are traditionally regarded as the main sources of H>S emissions,
primarily associated with hydrocarbon processing, flare combustion and accidental
releases. Multiple studies have shown that industrial facilities are a significant source
of elevated hydrogen sulfide (H2S) concentrations in urban areas (Ragothaman and
Anderson, 2017; Salih et al., 2023).

Literary review. Furthermore, wastewater treatment and storage systems can
represent important sources of H>S emissions. These systems include evaporation ponds,
evaporation fields, and wastewater treatment facilities, where anaerobic decomposition
of organic matter can promote H>S formation (Baawain et al., 2019; Czarnota et al.,
2023). Under conditions of open water surface, shallow water depths and disturbance
of bottom sediments, these facilities may contribute to atmospheric H>S emissions (He
et al., 2013).

Hydrogen sulfide formation in wastewater storage systems is primarily due to sulfate
reduction processes occurring under anaerobic conditions. Sulfate-reducing bacteria
use sulfate as the final electron acceptor during the decomposition of organic matter,
producing soluble sulfides (H-S, HS™, and S?). The balance between these sulfides is
highly dependent on pH and temperature, while high temperatures, shallow water depth,
and the mechanical action of bottom sediments facilitate the release of gaseous H-S
into the atmosphere. Therefore, evaporation ponds can become a significant secondary
source of sulfur pollution. Hydrogen sulfide pollution is particularly pronounced in
Kazakhstan. Kazakhstan is a country with a rich oil and gas industry, which includes
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processes with a wide range of hydrogen sulfide emission sources (Ragothaman
and Anderson, 2017; Ulman et al., 2026). In addition, many regions face challenges
related to aging wastewater infrastructure, outdated treatment technologies, and
limited availability of modern wastewater treatment systems (Andraka et al., 2015;
Kalmakhanova et al., 2023). Under such conditions, evaporation fields and wastewater
storage reservoirs located near settlements may represent additional potential sources of
H-S emissions (Amoatey et al., 2021).

Despite the environmental relevance of this problem, studies addressing the role of
wastewater accumulation facilities in atmospheric H=S pollution in industrial regions
of Kazakhstan remain limited. The lack of systematic analyses combining temporal
and spatial monitoring data constrains the interpretation of H.S variability and the
identification of potential relationships between observed pollution patterns and different
categories of emission sources (Yessenamanova et al., 2021; Ryskalieva et al., 2022).

To date, relatively few studies in Kazakhstan have combined multi-period air-quality
monitoring data with spatial information on industrial and wastewater-related potential
emission sources. The present study addresses this gap by comparing H>S monitoring
data between two observation periods and examining whether the observed spatial
and temporal patterns are consistent with the potential influence of different source
categories. The object of the study is atmospheric H2S pollution in the urban environment
of Atyrau, while the subject of the study is the spatial and temporal variability of H.S
concentrations and their relationship with the spatial distribution of potential emission
sources.

Wastewater retention facilities, including evaporation ponds and fields, represent
potential sources of atmospheric H>S because anaerobic conditions favor sulfate
reduction and sulfide formation. Mechanical disturbance of sulfide-rich bottom sediments
during reclamation activities may enhance the release of H-.S into the atmosphere.
This mechanism provides a plausible basis for examining whether reclamation-related
activities may be associated with episodes of elevated atmospheric H>S concentrations.
The study is based on data from fixed automatic air-quality monitoring stations and
applies statistical and comparative methods to characterize temporal and spatial
variability in H2S concentrations, P95/reference-value ratios, and the frequency of days
with daily mean concentrations above the selected reference value.

The aim of this study is to compare atmospheric H=S levels and their spatial and
temporal variability in Atyrau during two observation periods (2021-2022 and 2025—
2026), using data from fixed automatic monitoring stations, and to evaluate whether the
observed pollution patterns are consistent with the potential influence of industrial and
wastewater-related emission sources.

To achieve this aim, the following objectives were established:

* to analyze the temporal dynamics of atmospheric H>S concentrations during the
2021-2022 and 20252026 observation periods;

* to characterize the upper part of the H2S concentration distribution using the
P95/reference-value ratio and to assess the frequency of days with daily mean H-S
concentrations above the reference value of 0.008 mg/m?;

304



Volume 3, Number 468 (2026)

* to compare H-S levels among industrial and residential monitoring stations;

* to statistically evaluate differences in H.S concentrations between the two
observation periods;

 to examine whether the observed spatial and temporal patterns are consistent
with the potential influence of industrial and wastewater-related emission sources and
meteorological conditions.

The findings of this study have practical implications for improving environmental
monitoring strategies, identifying priorities for more detailed source-specific
investigations, and supporting H-S air-quality management in industrial urban areas.

Methods

The area under investigation. The focus of this research is the city of Atyrau
(Kazakhstan), located in the lowlands of the Caspian Sea in the western part of the
country. As a major center of the petroleum industry, Atyrau has a well-developed
oil and gas production and processing infrastructure, which has caused a significant
anthropogenic load on the atmosphere (Mustafina et al., 2025). The climate of the
region is sharply continental: hot summers and cold winters. During the cold season,
reduced air circulation and more frequent temperature fluctuations cause pollutants
to accumulate on the surface and exacerbate their spread. According to the official
environmental report (RSE Kazhydromet, 2026), major industrial emission sources in
Atyrau include the Atyrau Oil Refinery, Tengizchevroil LLP, North Caspian Operating
Company N.V., Atyrau Power Plant JSC, Embamunaygas JSC, and West Dala LLP. In
addition, there are two wastewater storage ponds located on the leeward sides of the
city: the Kvadrat in the northwestern part, and the Tukhlaya Balka evaporation field in
the eastern.

In accordance with the Comprehensive plan of socio-economic development of
Atyrau region for 2021-2025 reclamation of part of the “Tukhlaya Balka” evaporation
field owned by AOR LLP (860 ha) and purification of the sewage evaporation pond
“Kvadrat” was planned (Government of the Republic of Kazakhstan, 2022).

Environmental reclamation activities were conducted at the Tukhlaya Balka
evaporation field during 2021-2022 as part of the regional environmental remediation
program. These activities involved the treatment and disturbance of wastewater-affected
areas and bottom sediments. According to the Atyrau Oil Refinery sustainability report,
approximately 50% of the planned reclamation work had been completed before the
project was subsequently suspended (Atyrau Oil Refinery LLP, 2024). This information
was considered when interpreting temporal changes in atmospheric HS levels; however,
reclamation status was not treated as independent evidence of causality.

To assess the spatial distribution of atmospheric air pollution, a network of monitoring
stations is used in various functional areas of the city (including industrial, residential
and suburban areas) (Table 1 and 2. Figure 1).
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Table 1 — Air-quality monitoring stations considered in the study

Point title The location

1 Proparka AOR 47.0726660, 51.9508610
2 Khimposelok AOR 47.0887220, 51.9352780
3 Mirny AOR 47.0754720, 51.9107500
4 Peretaska AOR 47.0685280, 51.9052210
5 POP NCOC No. 103 47.1117740, 51.9221670
6 POP NCOC No. 108 47.1645230, 52.0275220
7 POP NCOC No. 109 47.0947250, 51.9250130
8 POP NCOC No. 110 47.1261730, 51.9472360
9 POP NCOC No. 111 47.0988520, 51.9006170
10 POP NCOC No. 112 47.1050630, 51.9164730
11 POP NCOC No. 113 47.0930470, 51.8869910
12 POP NCOC No. 114 47.1415560, 51.8959480
13 POP No. 17 47.134870, 51.868599

Note: AOR — Atyrau Oil Refinery; POP — Pollution Observation Point; NCOC — North Caspian
Operating Company N.V.

Table 2 — Locations of potential H.S emission sources considered in the spatial analysis

Point title The location
1 Tukhlaya Balka evaporation field 47.076043, 51.977329
2 Sewage storage pond "Kvadrat" 47.129827, 51.871184

Figure 1 — Geographical locations of air-quality monitoring stations and potential H.S emission
sources in Atyrau, Kazakhstan.

Data and methods. The comparative analysis included seven monitoring stations
with sufficiently comparable data for both observation periods: two stations located in
industrially influenced areas (Proparka and Peretaska) and five residential monitoring
stations (NCOC No. 103, No. 109, No. 111, No. 112, and No. 113).
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The stations provide regular instrumental measurements of pollutant concentrations,
including hydrogen sulphide (H2S). For the purposes of this study, individual intraday
H>S measurements obtained from the AirKZ monitoring database were used. All
measurements were expressed in mg/m°. For each monitoring station, the arithmetic
mean of all valid intraday measurements was calculated for each calendar day, resulting
in a time series of daily mean H»S concentrations used for subsequent statistical analysis.
Days without valid measurements were treated as missing data and were excluded from
the calculations.

It should be noted that the database was compiled using data obtained via the publicly
available online service AirKZ, which may be associated with potential errors in the
extraction and aggregation of information. However, the data used are the results of
official government monitoring and reflect actual observations.

A data quality control procedure was applied before statistical analysis. Measurements
with missing or non-numeric concentration values were treated as invalid and excluded
from the calculations. Duplicate records referring to the same monitoring station
and measurement time were checked to avoid repeated observations. Extreme H»S
concentrations were not excluded solely on the basis of their statistical magnitude,
because unusually high values may represent genuine short-term pollution episodes.
When unusually high values were identified, their temporal consistency and, where data
were available, observations from neighbouring monitoring stations were examined.
Values were excluded only when there was an objective indication of a data-recording
or extraction error; otherwise, extreme observations were retained in the dataset. Days
without valid measurements were classified as missing data (NA) rather than as zero
concentrations. No valid extreme H>S observations were removed solely as statistical
outliers.

To ensure the comparability of results, only those stations for which data were
available for both periods under study were included in the comparative analysis. In the
partial absence of data, the analysis was limited to overlapping time intervals, which
ensured comparability of results between the studied periods.

Monitoring stations were classified into functional categories (industrial impact
zones and residential areas) to allow comparative spatial analysis of pollution levels
and to identify potential emission sources.

The analysis was performed for the period from September to February in 2021-
2022 and 2025-2026, due to the availability of data and allowed for a comparative
analysis of atmospheric air pollution.

For reference, the regulatory maximum one-time permissible concentration (MPC)
for hydrogen sulfide (H>S) in ambient air is 0.008 mg/m?, according to the Hygienic
Standards for Ambient Air in Urban and Rural Settlements and on the Territories
of Industrial Organizations, approved by Order No. KR DSM-70 of the Minister of
Healthcare of the Republic of Kazakhstan dated 2 August 2022 (Ministry of Healthcare
of the Republic of Kazakhstan, 2022). The regulation specifies 0.008 mg/m? as the
maximum one-time MPC for H.S; a daily average MPC for H.S is not established.
Because the present analysis was based on daily mean concentrations calculated from

307



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

individual intraday measurements, comparison of these daily means with 0.008 mg/m?
was used as a comparative study indicator rather than as a direct regulatory assessment
of compliance with the maximum one-time MPC.

The upper part of the H>S concentration distribution was characterized using the
ratio of the 95th percentile (P95) of daily mean H>S concentrations to the reference
value of 0.008 mg/m?:

P95/MPC = Cy./MPC 0

where Cos is the 95th percentile of the daily mean H>S concentrations calculated
from valid intraday measurements. In this study, the P95/reference-value ratio is
used as a comparative pollution indicator. Because the denominator represents the
regulatory maximum one-time MPC whereas the numerator is derived from daily mean
concentrations, this ratio should not be interpreted as a direct regulatory compliance
metric.

In addition, the frequency of days with daily mean H>S concentrations above the
reference value was calculated using the following formula:

Frequency (%) = (%) x 100, 2
Near

where Nec is the number of days for which the calculated daily mean H.S
concentration exceeded the reference value of 0.008 mg/m?, and Ny is the total number
of days with valid observations. This indicator represents the frequency of daily mean
concentrations above the selected reference threshold and should not be interpreted as
the regulatory frequency of exceedances of the maximum one-time MPC.

Descriptive statistics, including the mean, median, and standard deviation, were
calculated for each monitoring station and observation period. Differences in daily
HaS concentrations between the 2021-2022 and 2025-2026 observation periods were
evaluated separately for each monitoring station using the two-sided Mann—Whitney
U test. Only valid daily observations were included in the analysis. The statistical
significance level was set at p < 0.05, and rank-biserial correlation was calculated as a
measure of effect size. To account for multiple comparisons across the seven monitoring
stations, p-values were adjusted using the Benjamini—-Hochberg false discovery rate
procedure. Because consecutive daily observations may exhibit temporal dependence,
lag-1 autocorrelation was additionally assessed using Spearman’s rank correlation. As a
sensitivity analysis, daily H.S concentrations were aggregated to weekly mean values,
and the between-period comparisons were repeated using the Mann—Whitney U test.

Missing days were excluded from concentration-based calculations and designated
as “NA”. A value of 0% in the frequency analysis indicates that no daily mean H»S
concentrations above the reference value were recorded among the valid observation
days and should not be interpreted as missing data.

Data completeness was assessed separately for each monitoring station and month
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as the ratio of the number of days with valid H>S observations to the total number
of calendar days in the corresponding month. Days without valid observations were
treated as missing data and excluded from concentration-based calculations. Monthly
data completeness, the number of valid observation days, and the number and frequency
of days with daily mean H»S concentrations above the reference value are provided in
Supplementary Table S1. Months with no valid observations were designated as “NA”
and were not interpreted as zero concentrations or zero frequencies.

The data were visualized using line graphs, bar charts, and heat maps to characterize
temporal and spatial variability. Line graphs were used to illustrate monthly changes in
the P95/reference-value ratio, bar charts to compare the frequency of days with daily
mean H:S concentrations above the reference value between observation periods, and
heat maps to represent the monthly distribution of this frequency across monitoring
stations. To improve readability, the residential monitoring stations were divided
between two figures.

A logarithmic scale was applied to the P95/reference-value ratios to accommodate
their wide dynamic range and improve visualization of both relatively low and high
values.

Wind-direction analysis was performed using aggregated city-level meteorological
data to examine potential atmospheric transport pathways. Prevailing wind directions
were considered in relation to the locations of major industrial facilities and evaporation
fields. Days with elevated H>S concentrations were compared with wind-direction data
to identify potential source—receptor patterns. Because station-specific meteorological
measurements were unavailable, this analysis was considered exploratory and was not
used for definitive source attribution.

Results. The spatial and temporal variability of atmospheric H2S levels in Atyrau was
evaluated using two complementary comparative indicators: the P95/reference-value
ratio, which characterizes the upper part of the daily mean concentration distribution,
and the frequency of days with daily mean H.S concentrations above the reference
value of 0.008 mg/m*® The analysis covered the comparable September—February
observation periods of 2021-2022 and 2025-2026 and included seven monitoring
stations representing industrial and residential areas.

The results are presented using monthly P95/reference-value ratios, monthly and
period-level frequency indicators, and statistical comparisons of daily H-S concentrations
between the two observation periods..
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Industrial monitoring stations
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Figure 2 — Monthly P95/reference-value ratio for H»S at the Proparka and Peretaska industrial
monitoring stations during the September—February observation periods of 2021-2022 and 2025-2026.
The horizontal reference line at a ratio of 1 indicates that the 95th percentile equals the reference
concentration of 0.008 mg/m?. Values below 1 indicate that the 95th percentile was below the reference
value and do not exclude isolated higher observations.

Figure 2 presents the monthly ratio of the 95th percentile (P95) of H-S concentrations
to the reference value of 0.008 mg/m? at the Proparka and Peretaska industrial monitoring
stations during the September—February observation periods of 2021-2022 and 2025—
2026. A logarithmic scale was used because of the wide range of P95/reference-value
ratios.

During 2021-2022, the highest P95/reference-value ratio was observed at Proparka
in September, reaching 51.88. This value indicates that the 95th percentile of the H.S
concentration distribution was substantially above the selected reference value during
that month. In the subsequent months, the ratio decreased markedly but remained
considerably lower than the September value. Peretaska exhibited substantially lower
P95/reference-value ratios and a more stable temporal pattern than Proparka.

During 2025-2026, P95/reference-value ratios were generally lower at both industrial
monitoring stations than during 2021-2022. At Peretaska, the ratios remained below 1
during most of the observation period. At Proparka, available observations also showed
substantially lower ratios than in 2021-2022, although data availability was limited for
part of the 2025-2026 period.

Importantly, a P95/reference-value ratio below 1 indicates only that the 95th
percentile of the concentration distribution was below the reference value. It does not
demonstrate the complete absence of individual observations above 0.008 mg/m?; such
events were evaluated separately using the frequency-based indicator.

Overall, the industrial monitoring stations exhibited a pronounced reduction in the
upper part of the H.S concentration distribution during 2025-2026 compared with
2021-2022.
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Residential monitoring stations: NCOC No. 103, 109 and 111
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Figure 3 — Monthly P95/reference-value ratio for H»S at residential monitoring stations NCOC No.
103, No. 109, and No. 111 during the September—February observation periods of 2021-2022 and 2025—
2026. The horizontal reference line at a ratio of 1 indicates that the 95th percentile equals the reference
concentration of 0.008 mg/m?®.

Figure 3 shows the monthly P95/reference-value ratios at the residential monitoring
stations NCOC No. 103, No. 109, and No. 111. Pronounced spatial and temporal
differences were observed among the three stations and between the two observation
periods.

During 2021-2022, NCOC No. 109 showed the highest P95/reference-value ratios
among these residential monitoring stations. NCOC No. 111 also exhibited elevated
ratios, particularly during the early part of the observation period, whereas NCOC No.
103 generally showed lower ratios and a more stable temporal pattern.

During 2025-2026, the P95/reference-value ratios were substantially lower at all
three stations compared with 2021-2022. Most monthly ratios were below or close to
the reference ratio of 1, although localized increases remained evident during individual
months.

These results indicate a substantial downward shift in the upper part of the H.S
concentration distribution during 2025-2026. However, a P95/reference-value ratio
below 1 does not exclude individual observations above the reference value; these
events are evaluated separately using the frequency-based indicators presented in
Figures 5 and 6
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Residential monitoring stations: NCOC Ne. 112 and 113
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Figure 4 — Monthly P95/reference-value ratio for H»S at residential monitoring stations NCOC No. 112
and No. 113 during the September—February observation periods of 2021-2022 and 2025-2026. The
horizontal reference line at a ratio of 1 indicates that the 95th percentile equals the reference concentration
0f 0.008 mg/m?.

Figure 4 presents the monthly P95/reference-value ratios at residential monitoring
stations NCOC No. 112 and No. 113. These stations are presented separately to improve
visualization of their temporal patterns.

During 2021-2022, NCOC No. 112 exhibited P95/reference-value ratios above
1 during several months, indicating that the 95th percentile of the H2.S concentration
distribution was above the reference value during those months. NCOC No. 113 showed
a less pronounced temporal pattern, with ratios varying among months.

During 2025-2026, P95/reference-value ratios were generally lower than during
2021-2022 at both monitoring stations. Nevertheless, localized monthly increases
remained evident, particularly at NCOC No. 113, demonstrating that the overall
reduction between periods did not eliminate short-term spatial and temporal variability.

Taken together, Figures 3 and 4 demonstrate a general reduction in the upper part of
the H-S concentration distribution at residential monitoring stations during 2025-2026
compared with 2021-2022.
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Monthly frequency of daily H:S concentrations above 0.008 mg/m?
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Figure 5 — Monthly frequency (%) of daily mean H-S concentrations above the reference value of 0.008
mg/m? at monitoring stations in Atyrau during the September—February observation periods of 2021-2022
and 2025-2026. The color scale indicates the percentage of valid observation days when the daily mean
H:S concentration was above the reference value; “NA” indicates missing data.

The analysis of the monthly frequency of daily mean H:S concentrations above
the reference value of 0.008 mg/m* (Figure 5) demonstrates pronounced spatial and
temporal variability across the monitoring network during the September—February
observation periods.

During 2021-2022, relatively high frequencies of days with daily mean H-S
concentrations above the reference value were observed at several monitoring stations.
The highest monthly frequency was recorded at Proparka in September (64.0%). High
frequencies were also observed at NCOC No. 109 and NCOC No. 112, particularly
during the autumn months. Elevated frequencies were additionally observed at NCOC
No. 111 and NCOC No. 113, although their temporal patterns differed among months.

At the industrial monitoring stations, Peretaska showed moderate frequencies of
daily mean H>S concentrations above the reference value, with monthly values varying
throughout the observation period. Proparka exhibited greater temporal variability,
characterized by a particularly high frequency in September 2021 followed by
substantially lower values during subsequent months.

Overall, during 2021-2022, higher frequencies were generally observed in autumn
(September—November), followed by lower frequencies during the winter months
(December—February), although the magnitude and timing of this pattern varied among
monitoring stations.

During 2025-2026, the frequency of days with daily mean H>S concentrations
above the reference value was generally lower across the monitoring network. At
several stations, no days with daily mean concentrations above the reference value
were recorded during individual months, whereas low to moderate frequencies were
observed during other months. Localized increases nevertheless remained evident at
individual monitoring stations, demonstrating that episodes of elevated daily mean H.S
concentrations persisted despite the overall reduction.
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Missing observations are indicated as “NA” in the heat maps and were excluded from
the calculation of monthly frequencies. A value of 0% indicates that no daily mean H-S
concentrations above the reference value were recorded among the valid observation
days for that station and month and should not be interpreted as missing data.

Comparison of the two heat maps indicates a marked overall reduction in the
frequency of days with daily mean H>S concentrations above the reference value during
2025-2026 compared with 2021-2022. This pattern is consistent with the reduction
observed in the P95/reference-value ratio. However, because the analysis is based on
daily mean concentrations, these frequencies are interpreted as comparative indicators
rather than as direct regulatory frequencies of exceedance of the maximum one-time
MPC.
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Figure 6 — Comparison of the mean frequency (%) of daily mean H-S concentrations above the reference
value of 0.008 mg/m? across monitoring stations in Atyrau during the 2021-2022 and 2025-2026
observation periods. Values represent the percentage of valid observation days when the daily mean H2S
concentration was above the reference value.

The analysis of the frequency of daily mean H>S concentrations above the reference
value of 0.008 mg/m* (Figure 6) revealed substantial differences between the two
observation periods.

During 2021-2022, relatively high frequencies of daily mean H-S concentrations
above the reference value were observed at all monitoring stations included in the
comparative analysis. The highest frequency was recorded at NCOC No. 109 (35.8%),
followed by NCOC No. 112 (29.11%). Elevated frequencies were also observed at
Proparka (18.95%), Peretaska (16.11%), NCOC No. 111 (14.00%), and NCOC No. 113
(13.25%), whereas the lowest value was recorded at NCOC No. 103 (10.69%).

During 2025-2026, the frequency of daily mean H-.S concentrations above the
reference value decreased at all monitoring stations. The values did not exceed 5% and
ranged from 0.66% at NCOC No. 103 to 4.05% at NCOC No. 112.
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Thus, the second observation period was characterized by a marked and consistent
reduction in the frequency of days with daily mean H>S concentrations above the
reference value across the entire monitoring network. This pattern was observed at both
industrial and residential monitoring stations.

The descriptive and statistical comparisons therefore indicate a substantial and
consistent reduction in the investigated H.S indicators between the two observation
periods (Table 3).

Table 3 — Statistical comparison of daily H>S concentrations between the 2021-2022 and 2025-2026

observation periods
. n2021- | Median, mg/ | n 2025— | Median, mg/ Rank-
Station 2022 w2006 m | U P biserial r

Proparka 153 0.0040 61 0.0020 6543.5 | <0.001 0.402
Peretaska 149 0.0050 149 0.0030 17645.0 | <0.001 0.590
NCOC No. 103 131 0.0030 152 0.0011 13303.0 | <0.001 0.336
NCOC No. 109 162 0.0050 153 0.0020 19850.5 | <0.001 0.602
NCOC No. 111 150 0.0030 150 0.0010 18261.0 | <0.001 0.623
NCOC No. 112 158 0.0040 148 0.00185 18703.5 | <0.001 0.600
NCOC No. 113 166 0.0030 150 0.0018 16685.5 | <0.001 0.340

Statistical comparison of daily HaS concentrations confirmed significant differences
between the two observation periods at all monitoring stations. Median daily
concentrations were lower in 2025-2026 than in 2021-2022 at each of the seven stations.
The Mann—Whitney U test showed statistically significant differences for all station-
specific comparisons (all p < 0.001). Rank-biserial correlation coefficients ranged from
0.336 to 0.623, indicating differences of varying magnitude among monitoring stations.

Because positive temporal autocorrelation was detected in the daily H.S series
at several monitoring stations, the robustness of the between-period differences was
additionally evaluated using weekly aggregated H>S concentrations. The sensitivity
analysis confirmed significantly lower H.S concentrations during 2025-2026 at all
seven monitoring stations. The differences remained statistically significant at Proparka
(p = 0.0079), NCOC No. 113 (p = 0.0015), and at all other monitoring stations (p <
0.001). Thus, the observed between-period differences remained evident after reducing
the influence of short-term temporal autocorrelation through weekly aggregation.

Overall, the results demonstrate a clear and consistent reduction in both the P95/
reference-value ratio and the frequency of days with daily mean H-.S concentrations
above the reference value during 2025-2026 compared with 2021-2022. This temporal
pattern was observed at both industrial and residential monitoring stations, indicating
a broad reduction in atmospheric H>S levels across the monitored areas of Atyrau.
Nevertheless, localized episodes of elevated H=S concentrations persisted at individual
monitoring stations, demonstrating continued spatial and temporal variability in
atmospheric HaS levels.

Discussion. The results showed that there were pronounced temporal differences in
atmospheric hydrogen sulfide (H2S) levels between the two observation periods. During
2021-2022, higher P95/reference-value ratios and a higher frequency of days with daily
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mean H.S concentrations above the reference value of 0.008 mg/m* were observed,
whereas substantially lower values of both indicators were recorded during 2025—
2026. A statistical comparison of daily H,S concentrations also revealed significant
differences between the two observation periods at all monitoring stations included in
the comparative analysis. Collectively, these data indicate a pronounced temporal shift
in atmospheric H-S levels between the two periods.

At the same time, pronounced spatial variability in atmospheric H=S levels was
observed, with some monitoring stations showing substantially higher values than
others. This pattern suggests spatial variability in emission and atmospheric dispersion
conditions. The absence of a clear distinction between industrial and residential
monitoring stations indicates a complex spatial pattern in which elevated H-S levels are
not confined to areas located close to industrial facilities.

Analysis of pollution episodes in relation to wind direction showed that elevated
H.S levels were frequently associated with south-easterly, southerly, and south-
westerly winds. The observed association is consistent with atmospheric transport
from sectors containing industrial facilities and evaporation fields. However, because
aggregated city-level meteorological data were used, these results should be interpreted
as supporting potential source-receptor relationships rather than providing definitive
source attribution.

Given the geographical configuration of the study area, the location of wastewater
accumulation facilities, and the observed wind directions, evaporation ponds and
evaporation fields, particularly the Tukhlaya Balka evaporation field, represent plausible
contributors to elevated atmospheric H-.S levels at some monitoring stations. This
interpretation is consistent with previously published information for the study area
(Atyrau Oil Refinery LLP, 2024) and with studies showing that H.S may be generated
in wastewater storage facilities through anaerobic decomposition of organic matter
(Ryskalieva et al., 2022). However, the present analysis does not allow quantitative
source apportionment, and the relative contributions of individual industrial and
wastewater-related sources cannot be determined from the available data alone.

From a biogeochemical perspective, evaporation fields may function as large
anaerobic systems in which the accumulation of organic-rich wastewater promotes
sulfate reduction and sulfide formation. Disturbance of bottom sediments during
reclamation activities may mobilize dissolved sulfides from deeper sediment layers and
facilitate their release into the atmosphere. These mechanisms have been described in
wastewater and aquatic systems and provide a plausible process-based explanation for
increased H:S release following sediment disturbance (Baawain et al., 2019; He et al.,
2013; Reese et al., 2008).

Elevated H.S levels observed during 2021-2022 coincided temporally with
reclamation activities involving disturbance of bottom sediments. The temporal
coincidence between elevated H2S levels and reclamation activities, together with
the known biogeochemical mechanisms of sulfide release from disturbed anaerobic
sediments, supports the hypothesis that sediment disturbance may have contributed
to elevated H.S emissions during the 2021-2022 period. However, the observational
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design of this study does not allow this association to be interpreted as direct evidence
of causality.

The reduction in HS levels observed during 2025-2026 coincided with the reported
reduction or suspension of reclamation activities. This temporal correspondence is
consistent with the proposed hypothesis; however, it cannot independently establish
causality because meteorological conditions, industrial operating regimes, wastewater
management practices, and other emission sources may also have differed between
the two periods. Therefore, the observed reduction should be interpreted as a temporal
association rather than as independent evidence that changes in reclamation activities
caused the decrease in atmospheric H2S levels.

The contribution of oil-refining and other industrial sources cannot be excluded. H>S
emissions from oil refineries may vary depending on production processes, operating
conditions, accidental releases, and meteorological factors, potentially resulting in
localized episodes of elevated atmospheric concentrations (Salih et al., 2023). Therefore,
the spatial and temporal patterns identified in this study may reflect the combined
influence of several emission sources rather than a single dominant source.

This interpretation is consistent with previous studies indicating that wastewater-
related sources may contribute substantially to atmospheric H.S pollution in
industrialized areas. For example, Sanchez et al. (2019) reported elevated H-S
concentrations at monitoring locations farther from a petroleum refinery and closer
to wastewater treatment facilities. These findings demonstrate the importance of
considering wastewater infrastructure alongside conventional industrial sources when
interpreting spatial patterns of atmospheric H=S pollution.

Several limitations of the present study should be considered. First, the comparative
analysis included only monitoring stations for which sufficiently comparable
observations were available during both study periods, whereas the original monitoring
network comprised a larger number of stations. Reduced spatial coverage may result
in areas with insufficient instrumental monitoring and may limit the detection and
characterization of localized H-S pollution episodes.

Second, data completeness varied among monitoring stations and months. Missing
observations were excluded from the calculations, but periods with reduced data
completeness may be less representative of the full temporal variability of H-S pollution.
Therefore, results for station—-month combinations with limited data availability should
be interpreted with caution.

Third, the use of aggregated city-level meteorological data limits the accuracy
of source-receptor attribution. Although the observed wind-direction patterns are
consistent with transport from sectors containing potential H>S sources, more definitive
source attribution would require local meteorological measurements, including wind
speed and direction, source-specific emission data, atmospheric dispersion or trajectory
modelling, and, where possible, chemical or isotopic source markers

Fourth, the comparison of the 2021-2022 and 2025-2026 periods represents
an observational before—after comparison rather than a controlled experiment. The
observed differences between the two periods alone do not establish a causal relationship
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with changes in any specific emission source. Interannual differences in meteorological
conditions, industrial operating regimes, wastewater management practices, and other
environmental factors may also have contributed to the observed temporal changes

These limitations do not negate the observed spatial and temporal patterns but define
the level at which they can be interpreted. The results demonstrate a substantial reduction
in atmospheric H.S indicators between the two observation periods and support the
hypothesis that wastewater accumulation facilities and sediment disturbance during
reclamation activities may contribute to elevated H.S levels. However, quantitative
determination of the contributions of individual sources requires additional source-
apportionment studies and high-resolution meteorological analysis.

From a practical perspective, the results emphasize the need to strengthen
atmospheric H>S monitoring in Atyrau. Increasing the spatial density of monitoring
stations, particularly near wastewater storage facilities, evaporation fields, and major
industrial sources, would improve the detection of localized pollution episodes. Targeted
monitoring during reclamation and other sediment-disturbance activities is particularly
important because such operations may increase the potential for secondary H-S release.

Future studies should integrate high-resolution local meteorological observations,
source-specific emission data, operational information from industrial and wastewater
facilities, and atmospheric dispersion or air-mass trajectory modelling. Such an integrated
approach would allow the hypotheses identified in the present study to be tested more
directly and would provide a stronger basis for quantitative source attribution and
environmental management decisions.

Conclusion. The study revealed a pronounced temporal shift in the level of hydrogen
sulfide (H-S) in the atmosphere of Atyrau, characterized by a significant decrease in
both the P95/reference-value ratio and the frequency of days with daily mean H-S
concentrations above the reference value of 0.008 mg/m* between 2025 and 2026,
compared to the period from 2021 to 2022. The observed decline was characteristic
of both industrial and residential monitoring stations, although local episodes with
elevated H-S levels continued.

The study results demonstrate a pronounced spatial heterogeneity of H=S levels in
the atmosphere across the entire monitoring network. Elevated values were observed
at both industrial and residential monitoring stations, which indicates that the spatial
distribution of hydrogen sulfide pollution cannot be explained solely by proximity
to industrial facilities. It is likely influenced by a combination of factors, such as the
location of emission sources and atmospheric transport conditions.

The spatial and temporal patterns identified during the study support the hypothesis
that wastewater-related facilities, particularly evaporation fields, may contribute to
elevated atmospheric HS levels in Atyrau. Known biogeochemical processes of sulfate
reduction under anaerobic conditions provide a plausible mechanism for H.S formation
in wastewater accumulation facilities, while disturbance of sulfide-rich bottom sediments
during reclamation activities may facilitate H-S release into the atmosphere. However,
the observational design of the study does not allow quantitative source apportionment
or definitive attribution of the observed H-S levels to a single emission source.
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Elevated levels of hydrogen sulfide in 2021-2022 coincided in time with land
reclamation activities related to the disturbance of bottom sediments, while in 2025—
2026, when land reclamation activities were reduced or suspended, significantly lower
levels of hydrogen sulfide were observed. This temporal coincidence is consistent with
the hypothesis that the disturbance of bottom sediments as a result of land reclamation
activities could have contributed to increased hydrogen sulfide emissions in an earlier
period. However, this does not constitute proof of a cause-and-effect relationship,
since meteorological conditions, operating modes of industrial enterprises, wastewater
treatment methods, and other sources of emissions may have differed during these two
periods.

The observed wind-direction patterns were consistent with the potential transport
of H=S from sectors containing industrial facilities and evaporation fields toward some
monitoring stations. Nevertheless, because the analysis was based on aggregated city-
level meteorological data, these observations should be regarded as supporting evidence
of potential source-receptor relationships rather than as definitive source attribution.

The study also has limitations related to the spatial and temporal completeness of
the monitoring network and the use of aggregated meteorological data. These factors
introduce uncertainty into the interpretation of spatial patterns of pollution and the
attribution of sources. Future studies should therefore combine high-resolution
local meteorological observations, source-specific emission data, information on the
operating regimes of industrial and wastewater facilities, and atmospheric dispersion
or air-mass trajectory modelling to quantitatively assess the relative contributions of
individual H.S sources.

From a practical point of view, the study results emphasize the need to strengthen
monitoring of hydrogen sulfide content in the atmosphere in Atyrau, especially near
wastewater storage facilities, evaporation fields, and major industrial sources. Targeted
monitoring during reclamation and other sediment-disturbance activities would be
particularly useful for assessing the potential occurrence of secondary H-S emissions
and supporting environmentally safe management of wastewater accumulation facilities.

Overall, the study indicates significant temporal and spatial variability in the hydrogen
sulfide content in the atmosphere of Atyrau and supports the hypothesis that the observed
pollution patterns are due to the combined influence of industrial, wastewater-related,
biogeochemical, and meteorological factors. The obtained results serve as a basis for
further research into specific sources of pollution and for developing more targeted
strategies for monitoring and managing hydrogen sulfide levels in industrial cities.
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Abstract. Relevance. The recovery of rubidium from aqueous media is relevant
because of the growing demand for rare alkali metals and the need for efficient sorption
materials capable of operating under mildly acidic conditions. Purpose. The study aimed
to evaluate the sorption characteristics of polyfunctional anion exchangers based on
2-aminoethyl vinyl ether (vinyl ether of monoethanolamine, VEMEA), allyl glycidyl ether
(AGE), and polyethyleneimine (PEI) toward Rb" ions. Methods. The VEMEA-AGE—-
PEI anion exchanger was synthesized by polycondensation of pre-epoxidized VEMEA
with AGE and PEI, followed by curing, fractionation, washing, and conversion to the
OH-— form. The material was characterized by FTIR spectroscopy and physicochemical
parameters. Rubidium sorption was studied under static conditions using Rb,SO4
model solutions. The effects of initial concentration, contact time, and solution pH were
evaluated, and the equilibrium data were analyzed using the Langmuir and Freundlich
models. Residual rubidium was determined by atomic emission spectrometry. Results.
The maximum experimental sorption capacity reached 11.34 mg/g. Equilibrium was
attained within 1 h. The Langmuir model gave qmax = 8.78 mg/g and KL =0.313 L/mg
(R2 =0.9993), while the Freundlich model gave Kf =1.87 andn=1.17 (R2 = 0.9981).
Within the investigated pH range of 1.87—4.17, the highest sorption performance was
observed at pH 4.17. FTIR spectral changes suggested the participation of amino and
other donor groups in interactions with rubidium ions. Practical significance. The
obtained results demonstrate the potential of VEMEA—-AGE—-PEI anion exchangers for
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rubidium extraction and concentration from weakly acidic aqueous media and for the
development of functional ion-exchange materials.
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Annorauusi. PyOuauniire cypaHBICTBIH apTybl JKOHE CHUPEK CUITLIIK MeTalfapbl
CYJIBI OpTaJaH TUIMJI Ol ajay KaKSTTLIIr oJICi3 KbIIIKBUI XKaFaaia KyMbIC icTeit
aNaThlH KaHa COPOLMSUIBIK MarepuanapAbl o3ipJicydiH ©3eKTUIrH alKbIHIANIbL.
3eprreyniH Makcarbl — 2-aMHHOSTHJIBMHHI 3(Hpi, SFHA MOHOATaHOJAMUHHIH
BuHuI »dupi (BOMDA), ammunmmuuunnn 3¢upi (AID) xoHe NONMMAITHICHUMHUH
(IT9N) merizingeri monupyHKUHMOHAIAB aHHOHUTTEpAIH Rb* MOHIapbiHAa KaThICTHI
cOpOLMSITBIK cunartamanapseid 3eprrey. BOMDA-AI'D-IIOW anuonuTi anasiH ana
snokcuarenren BOMDA-ust AI'D xone [IDM-meH MOAMKOHIAEHCALUATIAY aPKBLIbI
CHHTE3eNIN, KeHiH KaTaiTy, Qpakuusiay, xyy xone OH -dopmara aybIcThIpy
carplIapbeiHaH eTKi3iai. Marepuan UK-cnexrpockonus opiciMeH koHe Heri3ri pu3uKa-
XUMUSUIBIK  KOpceTKimTepi OoifbiHma cunartainael. Pyounuii copOumscel Rb2SOa
MOJISNIBJIIK ePITIHALICPIH Mal anaHblll CTATUKAIBIK JKaraahaa 3epTreni. bacranksel
KOHIEHTPALUSHBIH, JKaHACY YaKbITBIHBIH oHE epiTiHai pH-bIHBIH ocepi OaranaHmabl.
Tene-tennik nepexrepi JIeHrmMrop sxoHe OperHATNX MOACIbACP] OOWBIHINIA OHIEI, ajl
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KaJAbIK PyOUANH KOHLEHTPALHMSCH aTOMIBIK-OMHCCHSIIBIK CIEKTPOMETPHSI oiCiMEH
aHBIKTAIABL. ToxipHOETiK MAKCUMAIIIBI COPOIUSUITBIK CHIMBIMABUIBIK 11,34 Mr/T OoIbl,
an Tere-TeH K 1 carar imiHae opHael. JIeHrMiop Mozeni OolibiHIa  max = 8,78 MI/T,
K L =0,313 a/mr xone R? = 0,9993; dpeitanx moneni o6otbiama K F = 1,87, n =
1,17 xone R* = 0,9981 ansinasl. 3eprrenren pH 1,87—4,17 apanbiFbiHna eH KOFapbl
copOumsielk kepcetkim pH 4,17 kesinne Oaiikanapl. MK-cnexrpnepaeri esrepicrep
aMHH XoHe 0acKa JJOHOPIIBIK TONTapAbIH PyOUINi HOHJAPbIMEH 9PEKETTECYTe KaThICY bl
MYMKIH €KeHiH KepceTTi. AnbiHFaH HoTIKenep BOMDA-AI'D-TIOU annonutTepin
QIICi3 KBIWIKBUI Cylbl OpTafaH pyoumamidai Oeminm aimy >KoHE KOHIEHTpJEY YIIiH
KOJIZIaHY/AbIH EPCIEKTUBAIIBI EKEHIH KOPCETE/].

Tyiiin ce3nep: pyOuauii, COpOIMs, aHHOHUT, MOTUATHUICHUMUH, HOH aMacy, CyJbl
epiTinai
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Annorauus. Poct morpebHOCTH B pyOMaumu M HEOOXoAUMOCTh 3(PQEeKTUBHOTO
M3BIICUEHUS PEAKUX IIETOYHBIX METAJJIOB U3 BOAHBIX CPEJ] OMPEEIIAIOT aKTyalIbHOCTh
Pa3paboTKH HOBBIX COPOLMOHHBIX MaTepHajoB, CIOCOOHBIX paboTaTh B CIA0OKUCIIBIX
ycnoBusix. Llenbro paboThl SBISIIOCH MCCeqOBaHHE COPOIMOHHBIX XapaKTEPUCTHK
oA yHKINOHATBHBIX aHUOHUTOB Ha OCHOBE 2-aMHUHOSTHIBUHHMIIOBOTO 3(Hpa, UIH
BHHWJIOBOTO 3(dupa MoHOdTaHonmamuHa (BOMDA), ammunmmunuaninosoro 3dgupa
(AT'D) u momuaTunernmuna ([19M) no orHomenuo k noHam Rb*. Annonur BOMDA—
ATI'D-II9U cunTe3npoBain MOJMKOHAEHCAUEN TPEIBAPUTEIBHO ITOKCHIMPOBAHHOTO
BOMDA ¢ AI'D u [I9U ¢ nocnenyiommM OTBepKICHHEM, (HPaKIMOHUPOBAHUEM,
npoMbIBKOil 1 niepeBogoM B OH -hopmy. Marepuan xapakrepuzoBanu merogom MK-
CHEKTPOCKOITUM M IO OCHOBHBIM (U3UKO-XMMUYECKHM TMoKkazaTensiM. CopOumio
pyOuMaust McclenoBajid B CTaTHYECKHX YCIOBHSAX C HCIIOJIb30BAHHMEM MOJIEIBHBIX
pactBopoB Rb2SOa. Uzyuanu BnusHUE MCXOAHON KOHLEHTpALMH, BPEMEHH KOHTAKTa
u pH pactBopa. PaBHOBecHbIe maHHBIE 00padaThIBaIM C MCIOIB30BAHUEM MOJEIEH
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Jlenrmiopa u @peitHyinxa, a OCTATOYHYIO KOHICHTPAIMIO PYOWAMS OINpenessiin
METOJIOM aTOMHO-?MHUCCHOHHOHN CIIEKTPOMETpUU. MakcuMaabHasi SKCIIEPUMEHTAIbHAS
copOnroHHast EMKOCTh cocTaBmia 11,34 Mr/t, a paBHOBECHE IOCTHTANIOCh B TeueHue | .
s monenu Jlenrmropa nonmydensl _max = 8,78 mr/t, K L.=0,313 ji/mMr u R?=0,9993;
st mogenu @Opeitnanuxa - K F = 1,87, n = 1,17 u R* = 0,9981. B uccnenoBannom
muarazone pH 1,87—4,17 MakcumalibHbIE COpPOIIMOHHBIE TOKa3aTesid HaONIOIAINCh
npu pH 4,17. U3menenus UK-criekTpoB yKa3bIBalOT Ha BOBMOXKHOE YUACTHE AMUHHBIX
U JPYruX JOHOPHBIX TPYII BO B3aUMOCHCTBUU C MOHamu pyOuams. [lomyueHHbIC
pe3ybTaThl MOKa3bIBalOT MEPCIEKTUBHOCTD MPUMEHEeHHsI aHHOHNTOB BOMDA-ATI'D—
19U nyist u3BneyeHMs 1 KOHIEHTPUPOBAHUS PYOUINS U3 CIIA00OKHUCIBIX BOIHBIX CPEI U
pa3paboTKK HOBBIX (PYHKIMOHATHHBIX MOHOOOMEHHBIX MaTEPUAIIOB.

KaroueBbie ciaoBa: pyOounuii, copOLusi, aHHMOHUT, MOJUATHICHUMHUH, WOHHBII
00MeH, BOJIHBIN PacTBOP

Introduction. Rubidium is a dispersed alkali metal of interest for advanced materials,
electronics, specialty glass, and other high-technology applications. Because rubidium
commonly occurs at relatively low concentrations and together with much more
abundant alkali-metal ions, its selective extraction and concentration remain technically
challenging. Recent studies and reviews therefore emphasize the development of
selective sorbents, ion-imprinted materials, membrane-assisted processes, and hybrid
functional materials for rubidium recovery (Pabby et al., 2025; Khan et al., 2026).

Sorption methods occupy an important place among solution purification
technologies due to their high efficiency, relative simplicity of equipment design, and
suitability for concentrating trace components. For rubidium recovery, sorption-based
approaches have been successfully applied to dilute aqueous and brine systems using
selective inorganic, polymer-supported, ion-imprinted, and hybrid sorbents (Naidu et
al., 2016; Naidu et al., 2017; Zhou et al., 2021; Truong et al., 2023).

A promising direction is the development of functionalized ion-exchange materials
containing nitrogen- and oxygen-bearing fragments capable of interacting with metal
cations. Such materials can provide heterogeneous binding environments and may
combine ion-exchange and coordination contributions. Recent rubidium-specific studies
demonstrate that the accessibility and organization of functional sites strongly influence
uptake, selectivity, and regeneration behavior (Jiang et al., 2022; Ren et al., 2023; Fei et
al., 2024; Cao et al., 2025).

In the present study, the sorption properties of an anion exchanger modified
with vinyl ethers of monoethanolamine (VEMEA), allyl glycidyl ether (AGE), and
polyethyleneimine (PEI) were investigated with respect to rubidium ions from aqueous
solutions in a slightly acidic medium. Particular attention was paid to the study of
sorption isotherms, the kinetic characteristics of the process, and the effect of medium
acidity on the efficiency of rubidium extraction.

The aim of the present study is to investigate the sorption characteristics of anion
exchangers based on VEMEA, AGE, and PEI in the extraction of rubidium ions from
aqueous solutions.
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Literature Review. Rubidium is a dispersed alkali metal that occurs at relatively
low concentrations in natural waters and mineral resources, making its selective
recovery technically challenging. Conventional recovery approaches are complicated
by the presence of chemically similar and often much more concentrated alkali-metal
ions. Consequently, adsorption and ion-exchange methods remain attractive because
they combine operational simplicity with the possibility of concentrating Rb" from
dilute solutions. Polymer-supported hexacyanoferrate sorbents and hydrogel-based
composites have demonstrated effective rubidium uptake in saline media, supporting
the use of sorption processes for Rb* recovery (Naidu et al., 2016; Naidu et al., 2017;
Chu et al., 2024).

Recent research has broadened the range of materials considered for rubidium
recovery. lon-imprinted polymers have been developed to create recognition sites with
enhanced affinity toward Rb+, while magnetic ion-imprinted and surface-imprinted
materials have been designed to improve accessibility of active sites and separation
convenience (Liu et al., 2019; Zhou et al., 2021; Jiang et al., 2022; Ren et al., 2023). A
mordenite/polymer nanofiber composite membrane has also been reported for selective
Rb* adsorption, illustrating the potential of combining inorganic frameworks with
functional polymer phases (Fei et al., 2024).

For brine and saline-water applications, integrated and composite sorption systems
are particularly relevant. Polymer-encapsulated potassium copper hexacyanoferrate and
metal-organic-framework-containing hexacyanoferrate materials have been investigated
for selective rubidium recovery from saline matrices (Naidu et al., 2016; Naidu et al.,
2017; Truong et al., 2023). More recently, PAN-KCuFC-PEG and polysulfone/ZIF-8@
KCuFC composites have been reported for rubidium enrichment and selective extraction,
while AMP@MIL-101(Cr) was studied as a structurally optimized composite for Rb*
recovery from aqueous solution (Wu et al., 2025; Liu et al., 2025; Cao et al., 2025).
These studies indicate that the nature, accessibility, and spatial arrangement of active
sites are central factors governing rubidium sorption performance.

Polyethyleneimine is of particular interest as a functional component because
its macromolecular structure contains a high density of amino groups capable of
participating in protonation, ion exchange, and coordination interactions. Incorporating
PEI into a crosslinked ion-exchange matrix together with oxygen-containing fragments
can therefore create a heterogeneous set of potential sorption sites. In the VEMEA—
AGE-PEI system, amino and hydroxyl/ether-containing fragments are expected to
contribute to the interaction with dissolved ions, while the crosslinked polymer structure
provides material stability. Previous work established the possibility of synthesizing
polyfunctional anion exchangers from VEMEA, AGE, and PEI (Serikbayeva et al.,
2025), providing the basis for evaluating their behavior toward rubidium ions.

Despite the diversity of recently proposed Rb* adsorbents, the behavior of VEMEA—
AGE-PEI anion exchangers in weakly acidic aqueous media has not been sufficiently
characterized. In particular, information is required on equilibrium sorption, contact
time, pH dependence, and changes in functional groups after sorption. The present
work addresses these aspects using model Rb,SO4 solutions and combines equilibrium
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modeling with FTIR observations. This approach makes it possible to assess both the
quantitative sorption characteristics and the probable contribution of functional groups
to rubidium uptake.

Materials and Methods. Rubidium sulfate (Rb,SO,, chemically pure grade),
deionized water, and a synthesized anion exchanger based on vinyl ethers of
monoethanolamine (VEMEA), allyl glycidyl ether (AGE), and polyethylenimine (PEI)
were used in this study.

Standard Rb,SO, solutions with concentrations in the range 0 0.2-20 mg/L (calculated
as Rb") were used to prepare model rubidium ion solutions. Rubidium sulfate was
selected as a highly soluble and stable rubidium salt. The influence of sulfate ions and
ionic strength was not evaluated in this study and may be considered in future research.

The anion exchanger was synthesized via polycondensation of pre-epoxidized
VEMEA (epoxy number 25.47%) with allyl glycidyl ether (AGE) and polyethylenimine
(PEI) in dimethylformamide solution at a VEMEA:AGE:PEI mass ratio of 1:1:2.5, a
reaction temperature of 65-70°C, and a reaction time of 4 h (Serikbayeva et al., 2025).
The resulting prepolymer was subsequently cured at 100-110°C for 60 h. After curing,
the anion exchanger was crushed, fractionated to obtain particles with a size of 0.5-1.0
mm, washed with distilled water until neutral pH was reached, and converted into the
hydroxide form by treatment with a Swt.% NaOH solution.

To provide a comprehensive characterization of the synthesized material, its key
physicochemical properties were determined. The static exchange capacity was found
to be 14.31 meq/g, while the moisture content and specific volume were 86.45% and
9.76 cm3 g-1, respectively. IR spectroscopy was used to confirm the structure of the
obtained anion exchangers. The absorption spectrum revealed characteristic bands: in
the region of 3200-3500 cm™! corresponding to stretching vibrations of hydroxyl (-OH)
and amine (-NH) groups; around 2850-2950 cm™! assigned to C-N stretching vibrations;
as well as intense peaks in the 1000-1200 cm™ region corresponding to C-O and C-N
bond vibrations.

These bands confirm the presence of amine and hydroxyl groups characteristic of
VEMEA, AGE and PEL

Sorption experiments were carried out under static conditions at a temperature of
20+2°C. A 0.02 g portion of the sorbent was placed into conical flasks, 20 mL of Rb,SO,
solution of a specified concentration was added. The suspensions were agitated on an
orbital shaker for 24 h. Contact time studies were performed at contact times of 0.5,
1, 3, 5, and 24 h under otherwise identical experimental conditions. After sorption,
the solution was separated from the sorbent by filtration, and the residual rubidium
concentration was determined by atomic emission spectrometry.

Sorption isotherms were obtained in the initial concentration range of 0.2-20 mg/L.

The sorption capacity (q, mg/g) and the extraction efficiency (R, %) were calculated
using standard equations:

q=(Co—Co)-V/m (1)
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R =(Co—Ce)/ Cox 100% )

where Co and C. (mg/L) are the initial and equilibrium concentrations of rubidium in
solution, respectively; V (L) is the solution volume; m (g) is the sorbent mass; q (mg/g)
is the sorption capacity; and R (%) is the removal efficiency.

Use of Al tools. During manuscript preparation, ChatGPT (OpenAl, GPT-5.6 Sol)
was used solely for language editing, structural organization, and technical formatting.
All scientific data, interpretations, calculations, and final wording were reviewed and
approved by the authors.

Results

Sorption isotherms

Sorption isotherms of rubidium on the VEMEA-AGE-PEI anion exchanger were
constructed at different initial concentrations of the Rb,SO, (0.2-20 mg/L).

The isotherm demonstrates an increase in sorption capacity with increasing Rb*
concentration, reaching 11.34 mg/g, while the extraction efficiency decreases from 73%
to 56.7% due to the saturation of active sites (Figure 1).

Linearized Langmuir Isotherm Linearized Freundlich Isotherm

X Experimental data
—— Linear fit

log g = 0.852 log Ce + 0.272
0.754 R’ = 0.9981

1/q (g/mg)
log q {mg/g)

w

1/g = 0.363(1/Ce) + 0.114
Rz =0.9993

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 -1.0 ~0.5 0.0 0.5 1.0
1/Ce (L/img) log Ce (mg/L)

a) b)

¥ Experimental data
—— Linear fit

Figure 1 — Linearized Langmuir and Freundlich isotherms for rubidium sorption on the VEMEA-AGE-
PEI anion exchanger: (a) Langmuir (1/q vs. 1/C); (b) Freundlich (log q vs. log C).

To describe the experimental data, the Langmuir and Freundlich models were
applied. The obtained parameters were as follows:

Langmuir: gqmax = 8.78 mg/g, KL = 0.313 L/mg;

Freundlich: Kf=1.87,n=1.17.

Effect of contact time

The effect of contact time on sorption showed that equilibrium was reached within
1 hour, at which point the extraction efficiency was 76.05% and the sorption capacity
was 0.1499 mg/g.
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Figure 2 — Effect of contact time on rubidium sorption by the VEMEA-AGE-PEI anion exchanger

4.3. Effect of solution pH
The acidity of the medium has a significant effect on the sorption of
rubidium (Figure 3).
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Figure 3 — Effect of pH on rubidium sorption by the VEMEA-AGE-PEI anion exchanger. Experiments
were carried out in the pH range of 1.87-4.17. Blue points represent the sorption capacity, q (mg/g), while
red points represent the extraction efficiency of Rb* (%).

The experiments were carried out in the pH range of 1.87-4.17, which corresponded
to the conditions ensuring solution stability and measurement reproducibility. The pH
values of the solutions were adjusted by adding hydrochloric acid. The pH was not
monitored after the sorption experiments. As shown in Figure 3, an increase in pH led
to an increase in both the sorption capacity and the rubidium removal efficiency. The
maximum sorption characteristics were observed at pH 4.17 within the investigated
pH range. This behavior can be attributed to the reduced competition of H" ions for the
amino functional groups, which promotes an increase in the sorption capacity and Rb*
removal efficiency within the studied pH range.
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FTIR analysis before and after sorption

To confirm the participation of the sorbent functional groups in the sorption process
of rubidium ions, IR spectra of the anion exchanger were recorded before and after
sorption (Figure 4).

£ 07115752025 omire

500 2000
Wavenumbers (cm-1)

Figure 4 — IR spectra of the VEMEA-AGE-PEI anion exchanger: (a) spectrum before sorption; (b)
spectrum after sorption of rubidium ions.

Discussion

Both models describe the experimental data well (R2 > 0.98), which indicates a
mixed physicochemical sorption mechanism.

Approximation of the experimental data using the Langmuir and Freundlich models
showed good agreement with the experimental results. Linearization according to
the Langmuir model (1/q vs. 1/Ce) yielded the equation 1/q = 0.363 (1/Ce) + 0.114,
corresponding to gqmax = 8.78 mg/g and KL= 0.313 L/mg (R2=0.9993). The logarithmic
form of the Freundlich model (log q vs. Log Ce) is described by the equation log q =
0.852 log Ce + 0.272 (Kf = 1.87,n=1.17, R2 = 0.9981). The high R2 values confirm
the adequacy of both models, while n > 1 indicates favorable and predominantly
physicochemical sorption.

It should be noted that the maximum experimental sorption capacity was 11.34
mg/g, whereas qmax = 8.78 mg/g is a theoretical parameter derived from the Langmuir
model. This difference arises because qmax is calculated from the linearized Langmuir
equation and may not fully coincide with the maximum experimentally observed sorption
capacity. In addition, this discrepancy may be related to the limited concentration range
studied and the heterogeneous nature of the sorption sites, which can lead to deviations
from the ideal Langmuir model.

With a further increase in the contact time to 24 h, a slight decrease in the sorption
capacity (to 0.1228 mg/g) was observed, which may be related to the interaction of Rb*
ions with the functional groups of the sorbent (Figure 2). Such behavior is typical for
polyamine-containing ion-exchange materials, where the sorption process involves both
rapid surface exchange and slower intramatrix redistribution of ions. The lower sorption
capacity values observed in the kinetic experiments are attributed to the lower initial
Rb" concentration (0.2 mg/L) employed in these experiments, whereas the maximum
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sorption capacity (11.34 mg/g) was obtained during the sorption isotherm experiments
at an initial concentration of 20 mg/L.

Shifts and changes in the intensity of the bands characteristic of N-H and C-N groups
may indicate the involvement of PEI amino groups in the interaction with rubidium
ions. A decrease in the intensity of the broad band in the region of 3400 cm™ (O-H,
N-H) may be associated with the participation of donor groups in the sorption process.
The appearance of a new band at 1359 cm™ and an increase in the intensity of the band
at 1565 cm™ may indicate the interaction of rubidium ions with the functional groups
of the sorbent.

To evaluate the efficiency of the synthesized anion exchanger, the results of this study
were considered in the context of published rubidium sorption systems. lon-imprinted
materials can provide high affinity and rapid uptake through specifically organized
recognition sites (Liu et al., 2019; Zhou et al., 2021; Jiang et al., 2022; Ren et al.,
2023), whereas polymer-supported hexacyanoferrate and hybrid composite sorbents are
attractive for Rb* recovery from saline media because of their selectivity and suitability
for regeneration or process integration (Naidu et al., 2016; Naidu et al., 2017; Chu et al.,
2024; Truong et al., 2023; Liu et al., 2025). The capacities reported for these specialized
materials should not be compared directly with the present anion exchanger without
considering differences in solution composition, pH, initial concentration, sorbent dose,
and material structure.

The VEMEA-AGE-PEI anion exchanger investigated here differs from these
highly selective inorganic and ion-imprinted sorbents because its functional response
is associated with a polyfunctional polymer network containing amine and oxygen-
bearing groups. Under the conditions studied, the material showed measurable Rb*
uptake in a weakly acidic medium and reached equilibrium within 1 h. The FTIR
changes observed after sorption support the involvement of functional groups of the
polymer matrix, although additional mechanistic studies are required to distinguish the
contributions of ion exchange, coordination interactions, and intramatrix redistribution.
The obtained results therefore support further development of this material for rubidium
concentration from weakly acidic aqueous media.

The equilibrium results show that the sorption behavior cannot be represented solely
by an ideal homogeneous-site model. Although the Langmuir linearization produced
a high coefficient of determination, the experimentally observed capacity exceeded
the calculated Langmuir qmax. Together with the similarly high fit of the Freundlich
equation, this supports the interpretation that the VEMEA—AGE—PEI matrix contains
sorption sites with different local environments and affinities. Therefore, the model
parameters should be treated as descriptors of the studied concentration range rather
than as direct proof of a single sorption mechanism.

The rapid attainment of equilibrium is an advantageous feature for practical sorption
processes. At the same time, the decrease in q after the one-hour maximum indicates that
the system continues to redistribute ions after the initial uptake stage. Because the kinetic
experiment was conducted at a low initial Rb" concentration, the absolute q values are
much lower than those obtained in the isotherm experiment. Direct comparison of these
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capacities without accounting for the different initial concentrations would therefore be
inappropriate.

The pH dependence is consistent with the functional nature of the material. In a more
acidic medium, protonation and competition by H" can reduce the availability of donor
sites for interaction with Rb". As the pH increased within the studied interval, both
sorption capacity and removal efficiency increased. Since pH was not measured after
equilibrium and the study was limited to pH 1.87—4.17, conclusions should be restricted
to this experimental range; additional experiments at broader pH and controlled ionic
strength would be useful for a more complete mechanistic assessment.

Conclusion

The sorption of rubidium ions from aqueous solution by a modified anion exchanger
based on VEMEA, AGE, and PEI was investigated. The obtained material exhibited
pronounced sorption properties in a weakly acidic medium and provided efficient
rubidium removal within the pH range of 1.87-4.17. The maximum sorption performance
within the studied pH range was observed at pH 4.17.

Sorption isotherms were constructed, and the experimental data were satisfactorily
described by the Langmuir and Freundlich models. For the Langmuir model, gmax
= 8.78 mg/g and KL = 0.313 L/mg (R2 = 0.9993) were obtained, whereas for the
Freundlich model, Kf = 1.87 and n = 1.17 (R2 = 0.9981) were determined, indicating
the complex physicochemical nature of the interactions between rubidium ions and the
functional groups of the sorbent. The maximum experimental sorption capacity reached
11.34 mg/g with a removal efficiency of 56.7%.

Kinetic studies showed that sorption equilibrium was achieved within 1 h,
indicating favorable sorption kinetics. FTIR analysis suggested the involvement of
polyethylenimine amino functional groups in the interaction with rubidium ions.

Comparison with published rubidium sorption studies indicates that sorbent
performance depends strongly on material structure and experimental conditions.
The present VEMEA—-AGE—-PEI anion exchanger is therefore considered a promising
functional polymer material for further investigation of rubidium extraction from
weakly acidic aqueous media.

The obtained results can be used in the development of sorption technologies
for the purification and concentration of alkali metals, as well as in the creation of new
functional polymer materials of the ion-exchange type.

Conflict of interests: The authors declare that there are no conflicts of interests
between the authors to disclose in this article.
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Abstract. The conversion of renewable biomass waste into porous carbon materials
is a promising approach for both efficient waste valorization and the development of
environmentally sustainable electrode materials for modern electrochemical energy-
storage systems. Food waste, particularly orange peel, is of considerable interest as
an abundant, renewable, and carbon-rich precursor. This study aimed to synthesize
porous carbon materials from orange peel waste and to determine the effects of
carbonization and chemical activation temperatures on their structural, elemental, and
electrochemical properties. Porous carbon materials were prepared using a two-step
process consisting of pre-carbonization followed by chemical activation. Carbonization
was performed at 500, 600, and 700 °C, while activation was conducted at 700, 800,
and 900 °C. The morphology and elemental composition of the resulting materials
were characterized using scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX), respectively, while their carbon structure was investigated
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by Raman spectroscopy. The electrochemical characteristics and specific capacitance
of the prepared electrode materials were also evaluated. SEM analysis revealed that
increasing the activation temperature promoted the development of a heterogeneous and
well-developed porous structure. EDX analysis confirmed carbon as the predominant
element (83-90 wt%), with an oxygen content of 10—14 wt% and a small amount of
residual potassium. Raman spectroscopy demonstrated that the carbon structure varied
depending on the synthesis conditions. Among the investigated materials, OPA500/700
exhibited the best electrochemical performance, delivering a specific capacitance of
367.5F g'at0.1 Ag'and 259.6 F g'at 2 A g, corresponding to retention of more than
70% of the initial value. The results demonstrate that orange peel waste is a promising,
readily available, and renewable precursor for producing high-capacitance porous
carbon electrodes for supercapacitor applications.

Keywords: food waste, activated carbon, supercapacitor, orange peel, electrode
material.

Acknowledgments: This research has been funded by the Science Committee of the
Ministry of Science and Higher Education of the Republic of Kazakhstan for financial
support (“Grant No. AP32729049 Development of nanoporous carbon composites from
potato and banana peels for creating high-performance supercapacitor electrodes”).

For citations: Seitkazinova A.R., Nazhipkyzy M., Yeleuov M.A., Zhaparov
A.A., Kalybayeva A.K. Orange peel-derived porous activated carbon. Academic
Scientific Journal of Chemistry, 2026. — No.3. — P. 334-350. DOI: https://doi.
0rg/10.32014/2026.2518-1491.404.

© Ceiitkazunona A.P."2, Haxunkeizel M. 1%, EsneyoB M.A.2, JKanapos A.A.),
Kaubi6aea A.K.3, 2026.
19n-Dapabu areiHgarsl Kaszak YITTHIK yHUBEpCUTETI, Anmarel, Kasakcran;
DKany npobiaeManapsl HHCTUTYThI, Anmatsl, Kazakcran;
SUmKeHepITi-TEXHOMOTHSUTBIK HHCTUTYThI, KOpKBIT ATa ateinaarst Kei3butopaa
yauBepcuteTi, Kpi3putopaa, Kazakcran.
E-mail: meruert82@mail.ru

AITEJIBCUH KABBIFbBIHAH AJIBIHFAH KEYEKTI
BEJICEHAIPIJITEH KOMIP

CeiiTkaznHoBa Aiirepiv — PhD poxropant, XuMHsS JKoHE XHMHSUIBIK TEXHOJOTHS (aKyiIbTeTi,
On-dapabdu arsigars! Kazak yiTTeIK yHEBepcuTeTi, Anmarsl, Kasakcran,

E-mail: aiko3126@mail.ru, https://orcid.org/0000-0002-1151-490X;

Ha:xxunkpi3sl MepyepT — XUMUS FBUIBIMAAPBIHBIH KaHIUAATHL, Tpodeccop, XUMUs JKOHE XUMMUSUIBIK
TexHoorus ¢paxynsreri, On-Dapadu aremparsr Kasak yiTTeIK yHUBepeuteTi, AnMarsl, Kasakcran,
E-mail: meruert82@mail.ru, https://orcid.org/0000-0002-3716-0476;

Eneyos Myxrtap — PhD, )Kany npo6nemanapsr HHCTHTYTEI, AnMarsl, Kasakcran,

E-mail: mukhtar.yu@gmail.com, https://orcid.org/0000-0001-7488-7431;

335



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

KanapoB Anteinoex — On-Dapadu atbiHnarsl Kazak VITTBIK yHUBepcuTeTi, Anmarsl, KasakcraH,
E-mail: altynbek.zhaparov@gmail.com, https://orcid.org/0009-0008-1620-4151;

KaabpioaeBa AKMapaj — TEeXHHKa FhUIBIMAAPBIHBIH KaHUAThI, KaybIMAACTHIPbUIFaH npodeccop M.a.,
KopxkbiT Ata areianarst Kpissuiopaa yausepeureri, Keisbiiopaa, Kasakcran,

E-mail: Kunanbaykyzy80@mail.ru, https://orcid.org/0000-0003-4032-4934.

Annoramus. JKaHapTbulaTblH OuMoOMacca KaJJBIKTApbIHAH KEYeKTI  KeMIp
MaTepuaiJapblH  aly KaJABIKTapAbl THIMII KOJere jkapaTy »JKoHE 3aMaHayH
ANIEKTPOXUMUSUIBIK DHEPIUsl caKTay J>KYHeslepiHe apHajfaH DKOJOTHSUIBIK TYPaKThI
IEKTPOATHIK MaTepHaIIapbl d3ipJiey TYPFHICBIHAH ©3€KTI OAFbIT OOJIBII TAOBLIAIBI.
Taram KaJJIbIKTapbl, COHBIH IIIHJIE aleIbCHH KaObIFbI, KOMIPTeKKe Oal, KOKETIM/I
JKOHE KAHAPTBUIATBHIH IIHUKI3aT K31 PETiHAE epeKIle KbI3bIFYIIbUIBIK TYIbIPaIbL.
3epTTeyaiH MakcaThl — afejbChH KAOBIFbI HETI3iHJEe KEeYeKTi KOMip MaTepHalapblH
aiy JkoHe KapOOHM3alUsl MEH XUMUSUIBIK OCJICeHAIpY TeMIIepaTypaiapblHbIH OJapIbIH
KYPBUTBIMJIBIK, DJIEMEHTTIK JKOHE JIICKTPOXMMUSUIBIK KacHeTTepiHe ocepiH Oaraiay.
Keyexkri kemip MaTepuaiapbl €Ki caThlIbl 9JIICIICH aJIbIHBI: aJIJIbIH ajla KapOOHU3aIUs
JKOHE KeHWIHr XUMHsIIBIK Oencenaipy. KapOonmsanus 500, 600 »xone 700 °C
Temneparypaiapia, aioencenzipy 700, 800 xxone 900 °C Temrieparypasapia )Kypriziiii.
AJNBIHFaH YITUIEPAIH MOPQOIOTHICH MEH 3JIeMeHTTIK Kypambl SEM skone EDX
o/licTepiMeH, all KOMIPTEKTI KYPBUIBIMHBIH €peKIIeTiKTepi PaMaH CIIeKTpOCKOMHSCHI
apKbuIbl 3epTTeni. COHBIMEH KaTap 3JeKTPOATHIK MaTepHaIapAbIH JTEKTPOXUMHSLIBIK
cHUIaTTaMaiapbl MEH MEHILIKTi CBIABIMABLIBIFBI aHBIKTAN B SEM nepexrepi 6encenaipy
TEMIIepaTypachl KOFapblUIaFaH CaiiblH KEyeKTi KYPhUIBIMHBIH allKbIH 9pi OipTeKTi emec
cunartka ue 6onranbiH kepceTti. EDX Tanmaysl GoiibiHIIa Kemiprek Momepi 8§3—90
macc.%, an orrek memmepi 10-14 macc.% apanbsirbiHAa Gonabl; KeiiOip yirinepae
a3 MeJIuepAe KaJIIbIK Kajdui aHbBIKTalJIbl. PaMaH CHEKTPOCKOMHUSCH KOMIPTEKTi
KYPBUTBIMHBIH PETTeNy Jdpexeci KapOOHHM3alMs >KoHE OeJICeHIIpy JKaraaliapbiHa
ToyesIi ekeHiH kepcerti. 3eprrenreH ynritepaid iminge OPAS5S00/700 eH sxorapbl
EKTPOXMMHUSIIBIK KOPCETKIIITEpre ue OOJIJbl: OHBIH MEHIIMIKTI ChIMbIMABLIBIFEI 0,1
A/ TOK TEIFBBOBIFEIHAA 367,5 O/1, am 2 A/r xe3inge 259,6 ®/r 6ongpl. Ocklnaiimia,
TOK TBHIFBI3IBIFE ApTKaH Ke3le OacTamnkbl ChIABIMABUIBIKTBIH 70%-1aH  acTaMsbl
cakranael. OPA500/700 yaricinin MeHIIiKTi OeT ayaanbl 1968 M?/T Kypabl. AJbIHFaH
HOTHIKEJIEp arejbCUH KaObIFbl KaJJIBIKTApBIH CyIEpKOHIEHCATOpapFa apHaJFaH
JKOFAPbI ChIMBIMIBUIBIKTBI KEYEKTI KOMIP AJIEKTPOATAPBIH OHAIPYTre KOKETIMII JKOHE
JKaHAPTHUIATBIH IIMKI3aT PETiH/IE MaliaIaHy/IbIH IePCIICKTUBAJIbI EKEHIH KOPCETTI.

Tyiiin ce3nep: Taram KaJJIBIKTapbl, OCJICEHIIPUIreH KOMip, CyNepKOHIEHCATop,
aneIbCrH KaOBIFbI, DIIEKTPO]] MaTepHAaIIbI
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Annotanus. [TogydeHue MOPUCTHIX YIIIEPOTHBIX MAaTEPHUAIIOB U3 BO30OHOBIISIEMBIX
OTXOJ0B 6HOMaCCI)I SABIACTCA AKTyaJIbHBIM  HAIIPpaBJICHHUEM C TOYKH 3pCHUSA
3GPEeKTUBHON yTUIM3AlUK OTXOIOB H pa3padOTKH YCTOMYUBBIX JIEKTPOTHBIX
MarepuajgoB Ijid COBPEMECHHBLIX CHUCTEM OJJICKTPOXMMHUUYCCKOI'O HAKOIIJICHUSA SHCPIHU.
ITuiieBbie OTXO/bI, B YACTHOCTH allelIbCMHOBAsi KOXYpa, MPEACTaBIAIT UHTEPEC KaK
JOCTYITHBIH, BO30OHOBIISIEMBIH M OOTaThIil YTIIEPOJOM HCTOYHHK ChIPbs. L{enbio paboTsl
ABJIAJIMCH TTOJTYYCHUC MMOPUCTHIX YITICPOAHBIX MAarcpualioB U3 aneJibCUHOBOM KOXYPhbI
M OIIeHKa BIIMSHUS TeMIepaTyp KapOOHM3allMd M XMMHUYECKOW aKTHUBAIlMM Ha HX
CTPYKTYPHBIE, JIEMEHTHBIC W AIIEKTPOXHUMUYECKHE CBOMCTBA. MarepHaibl NOoITydain
JIBYXCTAJMHHBIM METOJIOM, BKJIFOUAIOIIMM TPEABAPUTEIBHYIO KapOOHHM3AIMI0 U
MOCJICAYIOIYI0 XUMHUYECKYI0 akTuBaluio. Kapoonusanuio nposoawu mpu 500, 600 u
700 °C, a aktuBanmto - mpu 700, 800 u 900 °C. Mopdooruto u 3JIeMeHTHBII COCTaB
obpasnos uccnenosainn merogaMmu SEM um EDX, a cTpykTypHBIE XapaKTEpUCTHKH
YIJIEPOJAHBIX MaTepHajoB - METOIOM paMaHOBCKOH CHEKTPOCKONMWHU. Takxke
OIpEACIAIN JICKTPOXUMHUYCCKUC XapaKTCPUCTUKN U YACIbHYIO €MKOCTb TMOJTY4YCHHBIX
NEeKTPOAHBIX MaTepuanoB. [lo nmanaeiM SEM, moBbllIeHHe TeMmepaTrypbl aKTHUBALUU
CONIPOBOXKIANIOCH Pa3BUTHEM Oojiee BBIPQKEHHOH W HEOIHOPOJHOW IMOPUCTOM
cTpykTyphl. Pesynsrarsl EDX nokasanu, 4to conepskanue yriepona cocrasisiio §3—90
Macc.%, a kuciopona - 10—14 macc.%; B OTIENbHBIX 00pa3iiax BbISIBICHO HEOOJBIIOE
KOJIMYECTBO OCTAaTOYHOTO Kainus. PaMaHOBCKask CIIEKTPOCKOIUS ITOKa3aja 3aBUCUMOCTh
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CTENEHU CTPYKTYPHOH YHOPSTOUYCHHOCTH YIICPOAHBIX MAaTEpUaOB OT YCJIOBHM
KapOOHM3aIMK W akThBauuu. HamOosee BBICOKHE ANIEKTPOXMMHUYECKUE MMOKA3aTEIN
nonyueHsl s oopasia OPAS00/700: ynenpHast €mkocTh coctaBwia 367,5 ®/r npu
mwiotHocTH ToKa 0,1 A/r u 259,6 ®/r ipu 2 A/T, 4TO COOTBETCTBYET COXPAHEHUIO OoJiee
70% wucxomHOW EMKOCTH. YIeNbHas MOBEPXHOCTh JaHHOTO oOpa3ia cocraBuia 1968
M*/T. [lony4eHHbIe pe3yabTaThl CBUACTEILCTBYIOT O MEPCIICKTHBHOCTH UCIIOIB30BaHUS
OTXOJIOB areJIbCHHOBOW KOXKYpPhI B KaueCTBE JOCTYITHOTO M BO30OHOBIISIEMOTO ChIPHS
JUIS TIPOM3BOJACTBA BBICOKOEMKOCTHBIX TOPHUCTBIX YIJICPOAHBIX SJICKTPOAOB ISt
CYNEpPKOHIEHCATOPOB.

KuoueBble ¢J10Ba: MUIIEBbIC OTXO/IbI, aKTUBUPOBAHHBIN YTOJIb, CYyIIEPKOHACHCATOD,
KOXKypa aneiabCUHOB, MaTEPUAall AIIEKTPOIa

Introduction. The rapid growth of the global population and the increasing demand
for energy have led to a serious energy crisis. The generation of energy from non-
renewable resources over the past centuries has caused significant environmental
damage. To address issues related to excessive fossil fuel consumption, severe
environmental pollution, and global warming, the development of renewable and eco-
friendly energy resources has become an urgent priority. Considerable efforts have been
devoted to the production and storage of energy from renewable materials with minimal
CO: emissions. Among various energy types, electrochemical energy is considered one
of the cleanest and most sustainable solutions. As a safe and environmentally friendly
energy form, electrochemical energy can effectively contribute to solving environmental
pollution problems. Significant research has focused on enhancing both the generation
and storage of electrochemical energy from renewable sources.

Literary review. Electrochemical energy storage devices are typically classified into
three types: batteries, supercapacitors, and hybrid systems (Ehsani et al., 2020). Modern
electronic devices often require rapid energy delivery that conventional batteries cannot
provide due to their limited charge—discharge rates. In such cases, supercapacitors are
preferred. Although supercapacitors operate on principles similar to conventional capacitors,
their fabrication methods and performance characteristics are significantly different. They
combine the energy storage capacity of batteries with the high-power density and fast charge—
discharge properties of capacitors, offering advantages such as long cycle life, compactness,
cost-effectiveness, and rapid energy transfer (Ajay et al., 2021).

Based on the energy storage mechanism, supercapacitors can be classified into
two main types: electric double-layer capacitors (EDLCs), which utilize carbon-based
materials, and pseudocapacitors, which employ metallic compounds and conductive
polymers. Pseudocapacitors store and deliver energy through reversible redox reactions
at the electrode—electrolyte interface, whereas EDLCs store energy via electrostatic
attraction of opposite charges at the interface. EDLCs exhibit exceptional cyclic
stability, high performance, low cost, and straightforward preparation methods (Kumar
et al., 2022; Singh et al., 2025; Patel et al., 2024).

The performance of EDLCs strongly depends on the electrode materials, particularly
their porosity, which determines the effective surface area available for charge storage
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(Lobato-Peralta et al., 2024). Carbon-based materials, including activated carbon have
been extensively studied as electrode materials for EDLCs. Among these, activated
carbon has attracted significant attention due to its abundant raw material sources,
excellent electrochemical properties, and scalability for industrial applications has
attracted significant attention due to the wide availability of its precursor materials and
its suitable electrochemical properties for EDLC applications.

Activated carbon electrodes can be synthesized from biowaste, making them
economically viable and environmentally sustainable. offering a practical way to make
use of biomass residues. Chemical activation is the most widely used method to produce
activated carbon, with common activating agents including ZnCl. (Mardina, et al.,
2025), KOH (Li et al., 2016; Nazhipkyzy et al., 2024; Arkhipova et al., 2022), and
HsPO4 (Fan et al., 2025; Quesada-Plata et al., 2016). Various biomass precursors have
been employed, such as rice husk (Anusonthiwong et al., 2025; Gao et al., 2015), corn
cobs (Dong et al., 2024; Andem et al., 2024), nut shells (Zou et al., 2024), and fruit
peels (Yang et al., 2023; Ahmad et al., 2024; Nazhipkyzy et al., 2024). Carbon materials
derived from biowaste often demonstrate excellent electrochemical properties, with
high specific surface area and well-developed porosity being key factors for enhanced
supercapacitor performance.

Therefore, the utilization of biowaste-derived activated carbon represents a
sustainable, promising approach for electrode materials in supercapacitor applications.

Orange peel is one of the fruit-based biomass residues that can be used to produce
activated carbon electrodes. As a readily available food waste, it can be converted
into porous carbon through chemical activation. KOH-activated carbon prepared from
orange peel has previously been investigated as an electrode material for supercapacitors
(Ajay et al., 2021). The characteristics of biomass-derived activated carbon are closely
related to the activation conditions, particularly the temperature, which can influence the
morphology, pore structure, and electrochemical behavior of the resulting material. For
this reason, examining the effect of activation temperature is useful for understanding
how the properties of orange-peel-derived carbon change during its preparation.

In this work, activated carbon was prepared from orange peel using KOH activation at
700, 800, and 900 °C. The resulting materials were examined using morphological, elemental,
structural, and electrochemical analyses to determine how the preparation conditions affected
their properties and their performance as supercapacitor electrode materials.

Materials and methods. The preparation of porous carbon materials was carried
out in two stages: preliminary carbonization and chemical activation. To determine the
optimal conditions for carbonization, parameters such as temperature and duration were
systematically investigated.

Pyrolysis is an important method for the decomposition of organic matter—typically
cellulose, hemicellulose, and lignin—from biowaste and its conversion into unique
carbon materials. Carbon materials from various biowaste sources can be obtained
either via a single-step high-temperature carbonization or a two-step process involving
preliminary carbonization followed by activation. The activation process generates
a high volume of pores—micro-, meso-, and macropores—which are differently
associated with electrochemical properties.
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For preliminary carbonization, orange peels collected as household food waste after
consumption of oranges in Kazakhstan were used as the raw material. The raw materials
were washed several times with distilled water to remove impurities. The washed
material was dried at 80 °C for 16 hours in a drying oven. The dried material was then
mechanically ground to homogeneity using a porcelain mortar and pestle.

Experimental studies showed that the optimal temperatures for preliminary
carbonization under an inert argon atmosphere were 500, 600, and 700 °C, with an
average argon flow rate of approximately 0.005 L/min. Heating was performed at a
controlled rate of 7.5 °C/min in all experiments. To determine the optimal duration,
preliminary carbonization was carried out for 60—120 minutes, and it was found that 2
hours was optimal for producing porous carbon materials. The carbonization time was
fixed at 2 h based on conditions reported for biomass-derived carbon materials and was
kept constant for all samples.

Thus, the optimal conditions for synthesizing porous carbon material (carbonizate)
from orange waste were established as follows: carbonization temperature — 500, 600,
700 °C; duration — 2 hours; heating rate — 7.5 °C/min; argon flow rate — ~0.005 L/min.

Chemical activation of the pre-carbonized orange peel samples was performed under
the following conditions: activation temperature ranged from 700 to 900 °C, KOH was
used as the chemical activating agent with a carbonizate-to-KOH ratio of 1:2, argon gas
served as the inert atmosphere, and the activation duration was 2 hours. Activation was
carried out in the same setup used for carbonization. The resulting activated carbon (AC)
was cooled to room temperature and ground. To remove residual KOH, the product was
washed with 1 M HCI, followed by multiple washes with distilled water until neutral
pH was achieved. Finally, the product was dried at 60 °C for 16 hours in a drying oven.

The carbonization yield was calculated using the following equation:

¥,(%) = —=x 100 0

where (m ) is the mass of the carbonized material (g) and (m ) is the initial mass of
orange peel (g). The carbonization yields were 27.3%, 24.7%, and 32.2% at 500, 600,
and 700 °C, respectively.

The activation yield was calculated using the following equation:

¥, (%) = —= X 100
. (2)

where (m) is the mass of the activated carbon (g) and (m, ) is the mass of carbonized
material used for activation (g). For the samples carbonized at 500 °C, the activation
yields at 700, 800, and 900 °C were 51.8%, 48.3%, and 45.2%, respectively. For the
samples carbonized at 600 °C, the corresponding yields were 59.8%, 60.5%, and 53.3%,
respectively. For the samples carbonized at 700 °C, the activation yields were 42.9%,
42.5%, and 42.0% at 700, 800, and 900 °C, respectively.
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The obtained activated carbon materials were characterized by scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy,
and nitrogen adsorption—desorption analysis. SEM images were obtained using a JSM-
6490LA scanning electron microscope (JEOL Ltd., Tokyo, Japan), while EDX analysis
was performed using an EDX system (JEOL Ltd., Tokyo, Japan). Raman spectra were
recorded using a SENTERRA II Raman spectrometer (Bruker Optik GmbH, Ettlingen,
Germany) with 532 nm excitation. The specific surface area of the selected sample was
determined from N adsorption—desorption isotherms using a TriStar I 3020 analyzer
(Micromeritics Instrument Corp., Norcross, GA, USA).

The electrodes were prepared as follows: activated carbon (75 wt%) was mixed with
polyvinylidene fluoride (PVDF) as a binder (15 wt%), acetylene black (10 wt%), and
2-3 mL of N-methyl-2-pyrrolidone. The resulting mixture was thoroughly ground in
an agate mortar until a homogeneous mass was obtained. The suspension was then
rolled into thin sheets, cut into pieces on titanium foil with an area of 2 cm?, and dried
at 130 °C for 12 hours.

An R-40X potentiostat was used to determine the capacitive characteristics of the
samples. A 6 M KOH solution was selected as the electrolyte for the two-electrode
cell. Two identical electrodes, separated by a separator (Whatman™ filter paper, Cat.
No. 1001-110), were placed in a symmetric electrochemical cell. Cyclic voltammetry
(CV) tests were conducted at scan rates ranging from 5 to 160 mV s within a potential
window of 0.0-1.0 V. Galvanostatic charge-discharge tests were performed at current
densities of 0.1, 0.25, 0.5, 1.0, and 2.0 A g"! within a potential window of 0.0—-1.0 V.

Specific capacitance (Cs) was calculated from the cyclic voltammetry curves of the
two-electrode cell using the following equation:

A
s mxkx (V- (3)

where 4 is the integral of the CV curve (C);

m is the mass of the active material of a single electrode (g);

k is the scan rate (mV s);

V, =V, is the potential window (V).

Specific capacitance was also calculated from the galvanostatic charge-discharge
curves of the two-electrode cell using the equation:

2=t

s mxiV-V) 4)

where I is the current density (A g');

t is the discharge time (s);

m is the mass of the active material of a single electrode (g);
V, =V, is the potential window (V).

Results
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To investigate the structural and morphological characteristics of the obtained
activated carbon materials, studies were conducted using scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), and Raman spectroscopy.

The effect of carbonization and subsequent activation temperatures on the morphology
and microstructure of activated carbons derived from orange peel was investigated using
scanning electron microscopy (SEM). The orange peel was carbonized at 500, 600, and
700 °C, and the resulting carbon materials were subsequently activated at 700, 800, and
900 °C (Figure 1, a-i).

For the samples carbonized at 500 °C and activated in the range of 700-900 °C, the
SEM images revealed a higher number of pores with increasing activation temperature
and a more heterogeneous pore distribution. In addition, the proportion of smaller
pores increased, and the material surface exhibited noticeable morphological changes,
forming a more wrinkled and rough structure.

SEM images of the samples carbonized at 600 °C (OPA600/700 and OPA600/800)
showed a large number of pores of various sizes ranging from approximately 4 to 13
um. In contrast, the OPA600/900 sample demonstrated a more heterogeneous structure
with a predominance of amorphous carbon and the presence of smaller pores with sizes
ranging from 880 nm to 1.5 pm in the synthesized material.

Figure 1 — SEM images of activated carbon samples derived from orange peel: a) OPA500/700; b)
OPA500/800;c)OPA500/900; d) OPA600/700; ¢) OPA600/800; f) OPA600/900; g) OPA700/700; h)
OPA700/800; i) OPA700/900
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All images of samples OPA700/700, OPA700/800, and OPA700/900 revealed
irregular and non-uniform porous structures.
Table 1 showsthe elemental compositionofactivated carbonsderived from orange peel.

Table 1 — Elemental composition of activated carbons derived from orange peel (EDX analysis)

Sample Carbon C (wt%) Oxygen O (Wt%) Potassium K (wt%)
OPAS500/700 88.12 11.88 —
OPAS500/800 89.91 10.09 -
OPAS500/900 87.05 11.12 1.83
OPA600/700 87.89 11.34 0.77
OPA600/800 86.89 11.72 1.39
OPA600/900 84.04 14.38 1.58
OPA700/700 88.18 11.11 0.71
OPA700/800 85.02 11.84 3.14
OPA700/900 83.65 13.54 2.81

The elemental composition of the activated carbon samples derived from orange
peel was investigated using energy-dispersive X-ray spectroscopy (EDX).

The results indicate that the carbon content in the activated carbons varies between
83 and 90 wt%. Oxygen content ranges from 10 to 14 wt%, confirming that carbon and
oxygen are the main elements present in all synthesized samples.

For the samples carbonized at 500 °C, the carbon content remained relatively high
(87-90 wt%), while oxygen was detected at approximately 10—-12 wt%. A small amount
of potassium appeared in the sample activated at 900 °C, likely originating from the
activating agent used during the chemical activation process.

In the samples carbonized at 600 °C, a gradual decrease in carbon content was
observed with increasing activation temperature, accompanied by a slight increase in
oxygen and potassium concentrations. The carbon content decreased from 87.9 wt% to
84.0 wt%, while oxygen increased up to 14.38 wt%.

A similar trend was observed for the samples carbonized at 700 °C. The carbon
content decreased from 88.18 wt% to 83.65 wt% as the activation temperature increased
from 700 °C to 900 °C, whereas oxygen content increased to approximately 13.5 wt%.
Potassium was detected in all samples with concentrations up to 3 wt%.

Figure 2 presents the Raman spectra of activated carbon samples prepared at
different carbonization (500-700 °C) and activation (700-900 °C) temperatures. All
samples show two characteristic peaks: the D band at around 1350 cm™ and the G
band at approximately 1580—-1600 cm™. And all samples except OPA 600/700 and OPA
700/700 show a 2D peak at approximately 2700 cm™. As can be seen in the figure, there
are virtually no defects in the OPA 500/700°C sample. Of all the samples, the 2D peak
is clearly visible in the OPA 700/900 sample.
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Figure 2 — Raman spectra of samples

Table 2 presents the Raman parameters of activated carbons derived from orange peel.
Samples carbonized at 600 °C exhibit the highest ID/IG ratios (0.89-0.94), indicating
a predominantly amorphous carbon structure. In contrast, samples carbonized at 500
°C and 700 °C and activated at 900 °C show relatively lower ID/IG values, suggesting
the development of more ordered graphitic domains. The increased intensity of the 2D
band (~2700 cm™) in the OPA500/900 and OPA700/900 samples further supports the
formation of a more graphitized carbon structure at higher activation temperatures.

Table 2 — Raman parameters of activated carbons derived from orange peel

Sample D band (¢cm™) G band (cm™) I/, | Structural interpretation
OPAS500/700 ~1350 ~1560 0.17 Higher graphitization
OPAS500/800 ~1350 ~1560 0.62 More disordered structure
OPA500/900 1350 1560 027 Relatively ordered carbon

structure
OPA600/700 ~1350 ~1560 0.93 | Highly amorphous structure
OPA600/800 ~1350 ~1560 0.94 Highly disordered carbon
OPA600/900 ~1350 ~1560 0.89 Amorphous carbon

structure
OPA700/700 ~1360 ~1580 0.86 High structural disorder
OPA700/800 ~1360 ~1580 0.89 High defect density
OPA700/900 ~1360 ~1580 0.48 Higher graphitic ordering

The CV and GCD curves of the activated carbon samples derived from orange peel
are shown in Figure 3.
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Figure 3 — Electrochemical characterization of the samples: a) Galvanostatic charge—discharge curves of
the electrode materials at 2 A g' ; b) Cyclic voltammetry at 160 mV s™!

The electrodes were evaluated using the galvanostatic charge—discharge (GCD)
method at current densities of 0.1, 0.25, 0.5, 1, and 2 A g'. Figure 3a shows the GCD
curves of the samples at 2 A g'.

The electrochemical performance of the electrodes was assessed using cyclic
voltammetry (CV) at scan rates of 5, 10, 20, 40, 80, and 160 mV s™'. The results at 160
mV s !'are shown in Figure 3, b.

The highest specific capacitance of 281.9 F g™! at a scan rate of 5 mV s}, and 213,2
at 160 mVs'is achieved when the orange peel is first carbonized at 500 °C and then
activated at 700 °C.

The highest specific capacitance of 367.5 F g! at a current density of 0.1 A g!
was achieved for the electrode sample OPA500/700. The specific capacitance of the
same sample at 2 A g was 259.6 F g!, corresponding to more than 70 % capacitance
retention at increased current density. The average capacitance retention for the other
electrodes in this series, synthesized from orange peel, was 94.4 %, indicating high
stability under high charge—discharge current densities.

OPA500/700 showed the highest specific capacitance among the prepared samples.
Therefore, this sample was selected for nitrogen adsorption—desorption analysis. Its
specific surface area was 1968 m? g'.

Discussion

The SEM analysis showed that with increasing activation temperature, the
porosity of the material significantly increased, and the surface structure became more
complex. Overall, the results indicate that increasing both carbonization and activation
temperatures significantly influences the microstructure of the carbon materials,
promoting the development of porosity, altering pore size distribution, and increasing
the structural complexity of the surface.

The EDX results confirm that carbon is the dominant element in all synthesized
activated carbons, while oxygen and residual potassium originate from surface
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functional groups and activation reagents. The carbon content confirms the successful
carbonization of the biomass precursor. The oxygen content can be attributed to the
presence of oxygen-containing functional groups on the carbon surface. The detected
oxygen may be associated with oxygen-containing surface functional groups; however,
EDX analysis alone does not allow the chemical or structural state of oxygen to be
determined. The potassium detected in the samples may be attributed to incomplete
neutralization or washing of the alkaline activating agent after the activation process.

The D-band is associated with defects and structural disturbances in the carbon
matrix. The G-band is associated with vibrations of sp*bonded graphitic carbon
atoms. The shape and position of the 2D peak provide information about the degree of
graphitization and the multilayered nature of the material’s structure.

The presence of the D and G peaks indicates that all samples contain both amorphous
and graphitic carbon structures. Although the peak positions are identical in all samples,
slight differences in peak intensity indicate that heat treatment has affected the structural
properties.

The Raman analysis demonstrates that the structural ordering of the activated carbons
strongly depends on both carbonization and activation temperatures.

Overall, the combined SEM, EDX, and Raman analyses demonstrate that increasing
carbonization and activation temperatures significantly affect the microstructure, surface
composition, and structural ordering of the activated carbons derived from orange peel.
Higher activation temperatures promote the development of porous structures and may
enhance the formation of graphitic domains within the carbon matrix.

Figure 3 shows that the CV curves of the prepared electrodes retain a quasi-
rectangular shape, which is characteristic of electric double-layer capacitors. No distinct
redox peaks are observed within the investigated potential range. This indicates that
charge storage occurs mainly through the formation of an electric double layer at the
electrode—electrolyte interface, although a minor contribution from surface functional
groups cannot be completely excluded.

The higher capacitance observed at lower scan rates is associated with more effective
ion transport within the porous carbon structure. When the potential is varied slowly,
electrolyte ions have sufficient time to enter the pores and reach a larger portion of the
internal electrode surface. At higher scan rates, access to narrow or less accessible pores
becomes limited. As a result, only part of the available surface contributes to charge
storage, leading to a decrease in the measured capacitance.

The galvanostatic charge—discharge curves are nearly symmetric and triangular and
show an approximately linear relationship between potential and time. These features
are consistent with predominantly capacitive behaviour and good reversibility during
repeated charging and discharging. Among the investigated samples, OPA500/700
exhibited the longest discharge time at the same current density, in agreement with its
higher specific capacitance.

The activation temperature has a direct influence on the morphology and pore
structure of biomass-derived activated carbon and, therefore, on its electrochemical
properties. During KOH activation, increasing the temperature intensifies the interaction
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between KOH and the carbon matrix, resulting in the formation and enlargement of
pores. At excessively high temperatures, however, intensive etching may damage the
carbon framework and reduce the number of pores that are suitable for electrolyte-
ion transport and charge storage. When the temperature becomes too high, however,
excessive etching of the carbon framework can occur, which may adversely affect
the resulting porous structure. A similar temperature dependence was reported for
corncob-derived activated carbon (Dong et al., 2024), where changes in KOH activation
temperature altered the pore structure; micropores contributed to charge storage, while
mesopores favored electrolyte-ion transport. Thus, the activation temperature needs
to be controlled to promote pore formation without causing excessive modification of
the carbon framework. The differences in morphology, structural characteristics, and
electrochemical behavior observed for the samples activated at 700, 800, and 900 °C
may therefore be related to temperature-dependent changes occurring during KOH
activation.

The specific surface area of OPA500/700 was 1968 m? g™!, confirming the highly
porous nature of the material. A large surface area can increase the contact between
the carbon surface and electrolyte ions, which may contribute to the high specific
capacitance observed for this sample.

To evaluate the electrochemical performance of the obtained activated carbon, its
specific capacitance was compared with those of biomass-derived activated carbon
electrodes reported in the literature (Table 3).

Table 3 — Comparison of the electrochemical performance of this work with reported biomass-
derived activated carbons.

BET Specific Ref.
Biomass Activation / surface Electrolyte Capacitance
precursor | preparation method | area, m? (Fg-1) and
g’ current density
KOH activation; 1847 Anusonthiwong
. carbonization at 800 242.1Fg'at0.5 etal., 2025
Rice husk °C; hydro-thermal post- 3 M50 A z"
treatment
KOH a.ctivati(.)n; . 19457 260 F g at | Dong et al.,
Corncob | carbonization/activation 6 M KOH Ao 2024
at 700-900 °C; &
Rice husk KOH activation; 3145 6 M KOH 367Fg'at5 Gao etal., 2015
carbonization mVs’!
Hydrothermal treatment Andem et al
Corncob + HsPOs activation; 68.54 — 41Fg'latl Ag! 2024 ?
carbonization at 400 °C ’
Pecan shell Self-activation/ 1554 6 M KOH 269F g'at2 |Zouetal, 2024
carbonization at ~1050 Ag!
°C
Watermelon HsPOu-assisted — 6 M KOH 135Fg'2atl Yang et al.,
peel carbonization; 700 °C, 2 Ag! 2023
h; N/P-doped
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Melon peel Pretreatment + 500 LiCFsSOs/ 161 Fg! atl Ahmad et al.,
activation; hydrothermal EMIMCEF;SOs Ag! 2024
pretreatment gel electrolyte
Orange peel KOH activation — 0,5M H,SO, 41,6 Fg'at1 |Madhusre et al.,
Ag! 2023
Orange peel Carboniz'ati(?n; KOH 1968 6 M KOH 259.6 F %’1 at2 This study
activation Ag!

As shown in Table 3, the obtained activated carbon exhibits a specific capacitance
0f 259.6 F g! at a current density of 2 A g! in 6 M KOH. This value is comparable to
those reported for several biomass-derived activated carbon electrodes under similar
electrochemical conditions.

Thus, electrode materials were fabricated from activated carbons synthesized via
chemical activation of carbonizates at 700 °C, 800 °C, and 900 °C. All samples exhibited
good capacitive performance when used as supercapacitor electrodes.

Conclusion

In this study, porous activated carbons were obtained from orange peel waste
by combining carbonization with subsequent KOH activation. The carbonization
temperature was varied between 500 and 700 °C, while activation was performed at
700, 800, and 900 °C. This allowed us to examine how the selected synthesis conditions
affected the structure and electrochemical behavior of the resulting carbons.

SEM observations showed that the materials developed a porous structure during
activation. Changes in activation temperature were accompanied by noticeable
differences in the pore morphology, including the appearance of a more heterogeneous
network with a larger number of smaller pores. EDX analysis confirmed that carbon was
the main component of all samples, with a content of 83—90 wt%. Oxygen and small
amounts of residual potassium were also present. The oxygen detected by EDX may be
related to oxygen-containing groups on the carbon surface, although this technique does
not provide information about their specific chemical or structural state. The Raman
results also showed differences in the degree of structural ordering depending on the
synthesis conditions. In particular, the samples activated at higher temperatures showed
a more pronounced graphitic character.

All of the obtained carbons showed electrochemical behavior typical of electric
double-layer capacitors. The best result was obtained for OPAS500/700, which delivered
367.5Fg'at0.1 Ag'and 259.6 F g'at2 A g”!. The relatively high capacitance retained
at the higher current density also indicates good rate performance of this sample.

The differences between the samples suggest that the carbonization and activation
temperatures affect both the carbon structure and its electrochemical response. During
KOH activation, temperature influences the development of the porous carbon
framework, which in turn affects the accessibility of the electrode surface to electrolyte
ions. At the same time, excessive activation can alter the pore structure of the carbon
matrix. Under the conditions investigated here, the OPA500/700 sample provided the
highest specific capacitance. Its combination of porous structure and electrochemical
performance makes this material a promising candidate for supercapacitor electrodes.
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Abstract. Fungal contamination caused by Fusarium spp. results in significant food
losses and mycotoxin-related risks, particularly in the cereal and bakery industries.
In this study, copper nanoparticles (CuNPs) were synthesized in situ by reducing
CuSOs with sodium borohydride (NaBH4) in the presence of gelatin as a stabilizing
agent (CuSOa:gelatin ratio = 1:10, v/v). Five in situ formulations were prepared with
CuSOa4:NaBHaratios ranging from 1:1 to 1:5. Particle size distribution was characterized
by dynamic light scattering (DLS). The CuNPs were incorporated into biodegradable
gelatin—pectin—glycerol composite films using the solvent casting method. The
antifungal activity of the films against Fusarium sp. was evaluated by the agar well
diffusion method (10 mm well diameter) after 48 h of incubation. The formulation
with a CuSO4:NaBHa ratio of 1:1 exhibited the highest proportion of true nanoparticles
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(20.6% at 18.9 nm) and produced the most homogeneous film morphology. Increasing
the NaBHa concentration resulted in progressive hydrogen evolution (NaBH4 + 4H-O
— NaB(OH)« + 4H-1), leading to the formation of a porous film structure. All films
demonstrated antifungal activity, with inhibition zone diameters ranging from 21.0 +
2.5mmto 32.0 + 1.2 mm. Film No. 1 (1:1 ratio) showed the strongest antifungal effect,
producing the largest inhibition zone (32.0 + 1.5 mm after 48 h). These findings indicate
that hydrogen evolution is a critical limitation at elevated NaBHa4 concentrations and
confirm that the 1:1 CuSO4:NaBHa ratio is optimal for developing biodegradable active
packaging materials.

Keywords: copper nanoparticles, gelatin, pectin, biodegradable film, antifungal
activity, Fusarium, sodium borohydride, food packaging
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AnHoTanus. Fusarium TybICbIHA >KaTaThlH CaHBIPAYKYJIaKTapMEH JIacTaHy a3bIK-
TYJIK OHIMAEPIHIH eNleylli IIbIFbIHBIHA JKOHE MUKOTOKCHHAEPMEH OailaHbICTHI
KayinTepre okeinyi MyMKiH. 3eprreyae Mbic HaHoOemmekrepi CuSOas-Ti HaTpuid
oopruapunimer (NaBHa) TOTBIKCHI3NAHABIPY apKBLIbI KEJTAaTUHHIH TYpaKTaHIBIPFBIII
peTiHeri KaTbICybIMeH in situ oicimen cunTesneni; CuSOa:xenatud KarbiHachl 1:10
(xenem/kenem) 6omasl. CuSO4:NaBH4 xarbinacer 1:1-gen 1:5-xe neitinri 6ec Kypam
JNalbIHAANIbl. bemuekTepain oMmeMIiK Taparybl THHAMHUKAIBIK KapbIK, MIALIbIPaYbI
o/liciMeH aHBIKTaJAbl. AJIBIHFaH MBIC KYpaMIbl HAHOKYPBUIBIMIAP EPITIHIIACH KYIO
o/1ici apKbUIbI OMOBIABIPANTHIH KeIaTUH—TIEKTHH—TIIULEPUH KOMITO3UTTIK YJAipIepine
eHrizinmi. Yungipnepain Fusarium sp. caHplpayKyjiarbiHa Kapchkl Oeicenpmimiri 10
MM JMaMeTpJli YSAMIBIKTapAbl Maiaanansln, arapaarsl auddysus omiciMen 48 carart
nHKyOanmagan keiin Oaramanapl. CuSO«:NaBHs = 1:1 kaTblHachlHOaFrbl Kypam
HAaHOMETPJIIK JHUAaNa30HJarbl O6JIIeKTepAiH ©H KOFaphl yieciH kepcerti — 18,9
HM ke3inze 20,6%, conpaii-ak yiaaipAiH eH OipKelki MOP(OIOTHUSACHIH KaMTaMachl3
erti. NaBHs konuenTpanusiceiabiy xorapbuiaysl NaBHs + 4H.O — NaB(OH)s +
4H.1 peakuuschlHA COWKEC CYTEKTIH KapKbIHIbl OeIliHyiHE KoHE YJMIPIiH KeyeKTi
KYPBUIBIMBIHBIH KaJbINITaCyblHAa OKeNIi. bapiblk ymaipiaep caHbIpayKylakka Kapchl
OernceHainik kepceTTi. 48 cararTaH KeiiH Texeny alMaKTapbIHbIH AMaMETPi IIaMaMeH
22,0+2,2 mm-aen 32,0 £ 1,5 mm-re neiiin e3repai. Nel ynuip, srHu 1:1 KaTbIHACKIHIAFBI
KypaM, eH JKOoFapbl caHbIpayKyJIaKKa Kapchl acep kepceTTi. Hotmxkenep NaBHa sxorapsr
KOHLEHTpaLMsIIapbIH/A CyTeKTiH 06iHy1 HEeT13r1 ek Teyi (haKTopiaapAbIH 0ipi eKeHIH
x)oHe 3eprrenred Kypamaap iminge CuSOs:NaBH4 = 1:1 karbiHachkl OHOBIIBIPARTHIH
OeJiceHi KanTaMa MaTeprallJapbliH 93ipiey YIIiH eH KOJTaliIbl eKeHiH KOpCeTTi.

Tyiiin ce3xep: Mbic HaHOOOJILIEKTEPi, JKENATHH, EKTHH, OUOBLABIPAUTBIH YIIIID,
CaHbIpAyKYJIaKKa Kapchl OesiceHinik, Fusarium, Harpuii OOpruipuji, TaraMIbIK
KarnTama
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AnHoTanusi. [puOkoBas KOHTaMHHAIUs, BbI3bIBAacMas IMPEICTABUTEISIMUA POAA
Fusarium, NpUBOIWT K 3HAYMTENBHBIM TMOTEPSAM MNHUIIEBOW MPOAYKIHMU M CO3MaET
PUCKH, CBSI3aHHBIE C MHKOTOKCHHAMH, OCOOCHHO B 3€pHOBOM M XJeOoreKapHOI
MPOMBIIIJICHHOCTH. B paboTe HaHOYACTHIBI MEIU CHHTE3MPOBAIM in situ myTéM
Boccranosnenus CuSOs Goprunpunom Harpus (NaBH4) B mpucyTcTBUUM sxenaThHa
B KadecTBe crabuimsaropa npu cootHomenun CuSOaoxenarnd = 1:10 00./00.
bt mpuroroBneHsl mATh coctaBoB ¢ cooTHomenneM CuSO4:NaBHs ot 1:1 nmo
1:5. Pacnpenenenue 4acTuil MO pazMepaM HCCIEIOBald METOIOM TUHAMUYECKOTO
cBeTopaccesiHus. [lomydeHHbIE MeabcoJepKallie HAaHOCTPYKTYphl BBOIWIH B
OuopasnaraemMble JKeIaTHH—TIEKTHH—TIUIICPUHOBbIC KOMIIO3UTHBIC TUIEHKH METOIOM
MOJIMBA U3 pacTBOpa. AHTUTPUOKOBYIO aKTHBHOCTH IUIEHOK B OTHOLICHHH Fusarium
Sp. ONpeeisid MEeTooM Au(Qy3un B arap ¢ auaMerpoM JiyHKd 10 MM mociie 48
gy uHkyOanuu. CocraB ¢ coorHomeHueM CuSOs:NaBHs4 = 1:1 xapakrtepuzoBajcs
HauOOoJIbIIeH JI0JIed YacTHIl B MCTHHHO HAHOMETpOBOM jauarnazoHe — 20,6% mpu
pasmepe 18,9 HM - u obecrneunBan HanOoee OJHOPOIHYIO MOP(OJIOTHIO TUIEHKH.
IToBpiiieHue koHueHTpauun NaBHs conpoBokaaioch YCHUJIEHUEM BbIJIEICHUS
BoJIopojia coracHo peakiuun NaBH4 + 4H.O — NaB(OH)+ + 4H-1, uto mpuBoamio
K (OpMHPOBaHUIO MOPHUCTOM CTPYKTYphl IIEHOK. Bcee wuccienoBaHHbIE IUIEHKH
MIPOSIBIISUIM aHTUTPUOKOBYIO aKTHBHOCTH. YUepe3 48 u nuameTp 30H MHTHOMPOBAHUS
COCTaBIsLI mpuMepHo oT 22,0 = 2,2 mm 1o 32,0 £ 1,5 MM, Ipu 3TOM MaKCUMaTIbHBIH
s dexT nadmromancs st ri€Hkn Nel ¢ cootHomenueM 1:1. [ToyueHHbIe pe3ynbTaTsl
MOKa3bIBAIOT, YTO IPHU IMOBBIIICHHBIX KOHUEHTpauusax NaBH4 BbigeneHue Bogopoja
CTAaHOBUTCSI CYIIECTBEHHBIM OTpPaHWYMBAIONIMM  (AaKTOPOM, a COOTHOILICHHE
CuSO4:NaBHa = 1:1 sBusercss HauboJiee OJAronpUSTHBIM M3 HCCIICIOBAHHBIX IS
pa3paboTky OMopaziaraeMpIX aKTHBHBIX YITAKOBOUHBIX MaTEpHAIIOB.

KuroueBbie cjioBa: HAHOYACTUIBI MEIH, JKEIATHH, NEKTHH, OWopasiaraemas
IUIEHKA, AHTHTPUOKOBash aKTHUBHOCTh, Fusarium, OOpruipux HaTpus, yMaKoBKa
MUIIEBbIX POIYKTOB

Beenenne. Bujibl posia Fusarium OTHOCSTCS K HarnOoJiee SKOHOMUYECKU 3HAYMMbBIM
(uTomaToreHaM 3JIAKOBBIX M 3€PHOOOOOBBIX KYJIBTYP, BBI3bIBas KOPHEBBIC T'HUJIH,
cTeOsIeBbIe THUIH U (Dy3apro3 KOJI0ca C OIHOBPEMEHHOM ITPOAYKIIMEH TPUXOTCIICHOBBIX,
(h)yMOHU3MHOBBIX M 3€apajCHOHOBBIX MHKOTOKCHHOB, MPEICTABISIONINX CEPbE3HYIO
yrpo3y Ui 310pOBbs yenoBeka U kuBoTHBIX (Leslie et al., 2006). [Tomumo cHIKeHHS
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YPOXKAMHOCTH CEIbCKOXO3IUCTBEHHBIX KYJIBTYD, pa3BUTHE Fusarium spp. TPUBOANT K
YXYILICHUIO TEXHOJIOTHYECKUX XapaKTEPUCTHK 3€PHA U CYILECTBEHHBIM MOTEPSIM IIPH
XpaHeHHU H nepepadboTke. OcoOylo OMacHOCTh MPEACTABISET CIOCOOHOCTh TPUOOB
COXpaHsTh XHU3HECIOCOOHOCTh B MPOAYKTax IMepepabOoTKH 3epHa, BKIIOYAs MYKY
n x1ne000ylIouHble M3AENHS, a TaKkKe CHHTE3MPOBAaTh YCTOHYMBBIE MUKOTOKCHHBI,
KOTOpBIE COXpaHAIOTCS Jake TIocie TepMuueckoi o0pabotku. I[lo naHHBIM
[IponoBonbcTBEeHHOM U cenbckoxo3siicTBenHon opranuzanuu OOH (FAO), exeronno
10 25 % wmupoBoro o0BEMa CeNbCKOXO3SHCTBEHHOW TPOAYKIMHU IOIBEPraeTcs
MOPKEHUIO MHUKPOCKOIMYECKUMH T'pUOaMU M 3arps3HsIeTCs MHKOTOKCHHAMH,
4TO JAenaeT mpobneMy KOHTPOJsl TPHOKOBOM KOHTaMUHALIMK OJHOM M3 Hambojee
aKTyaJIbHBIX 3a/1a4 COBPEMEHHOW MHUILEBON MPOMBIIUICHHOCTH.

B Pecnybnuke KaszaxcraH mNTpoOU3BOACTBO 3EpPHOBBIX MMPOMYKTOB COCTABIISIET
okosio 37 % B cTpyKType muieBoil npomeinuieHHOCTH (Bureau of National Statistics
of the Republic of Kazakhstan, 2024). KazaxctaH BXOIUT B UYMCIIO KPYMHEHIINX
MHUPOBBIX TIPOU3BOANTENICH U AKCIIOPTEPOB MILIECHHUIIBI 1 MYKH, IOPTOMY oOecreucHue
MHUKPOOHOJIOTHYECKOM 0e30MacHOCTH 3€PHOBOH NPOAYKIMH HWMEET HE TOJBKO
9KOHOMHUYECKOE, HO M CTpaTernyeckoe 3HaueHue. HecMoTpst Ha cOBEpIIEHCTBOBAHHE
TEXHOJIOTHH TocaeyOopoyHoil 00pabOTKM, TPaHCIOPTHPOBKH M XpaHEHHUS 3epHa,
PUCK BTOPHUYHOTO MH(QHUIMPOBAHHS MPOAYKLIUHU TUIECHEBBIMUA IPUOaMU COXPaHSETCS
Ha TPOTSHKEHUM BCEW JIOTUCTHYECKOW IIETOYKHM. B cBsI3M ¢ 3THM Bo3pacTaer
HEOOXOIMMOCTh pa3pabOTKH HOBBIX YITAKOBOYHBIX MaTEpUAIIOB, CIIOCOOHBIX HE TOJIBKO
BBIMOJIHATE OapbepHble (YHKIMH, HO U aKTHBHO IMOJABIATH Pa3BUTHUE MAaTOTCHHOM
MHUKPO(GIOPHI HEMOCPEICTBEHHO Ha TIOBEPXHOCTH MULIEBOTO MPOAYKTA.

JluteparypHusiii 0030p. B mocneaHue ronbl KOHIENNIMS aKTHBHOM YMAKOBKH
paccMaTpuBaeTcs Kak OfHO M3 HanOosee MEepPCIeKTUBHBIX HAPABICHUH MOBBIICHUS
0e30MacHOCTH M YBEJIMYCHHS CPOKOB XpaHEHHUS MUILEBBIX NPOAYKTOB. B ornnume
OT TPAAMLMOHHBIX YHNAKOBOYHBIX MAaTepUaoB, BBIMOIHSIONMX MPEUMYIIECTBEHHO
3aIIUTHYO QYHKIHIO, AKTHBHBIC yITAKOBOUHBIE CUCTEMBI CITOCOOHBI B3aUMO/ICHCTBOBATD
C BHYTpPEHHEW Cpeloi YIMAKOBKH, IMOJABIAS POCT MHUKPOOPTaHU3MOB, PETyIHpys
ra3oBbIi COCTaB, MOIVIONIAsl BJAry WJIM BHICBOOOXKIas aHTUMUKPOOHBIE COEINHEHHUS
B KOHTPOJIUPYEMBIX KojuuecTBaxX. COBpeMEHHBIC HCCICAOBAHHS MOKAa3bIBAIOT, YTO
WCTONB30BaHNE AKTUBHOW YIAKOBKH MO3BOJSIET CYIIECTBEHHO YBEIHUYUTH CPOKH
XpaHeHHs XJ1e000yI0UHBIX U3ACTH 0e3 MPUMEHEHHS TOTIOIHUTEIbHBIX XUMHYECKUX
KOHCEPBAHTOB, YTO COOTBETCTBYET COBPEMEHHBIM TPEOOBAHUSAM IKOJIOTHYCCKH
0€30MacHOTO U «YHCTOrO» MPOU3BOJCTBA MUIIEBHIX NpoaykroB (Gvozdenko et al.,
2022; Zhang et al., 2023).

Ocoboe BHHUMaHME YyAenseTcsl OuopasjaraeMbIM YINAaKOBOYHBIM MarepHajam,
CIOCOOHBIM 3aMEHUTH TPAIUIIHOHHBIE TOTMMEPHI HEPTEXUMUYECKOTO TPOUCXOXKICHHS.
EsxxeromHo B mMupe mpousBoautcs Oonee 400 MIH TOHH IJIACTUKOBBIX MaTepHAJIOB,
3HAUUTENbHAs YacTh KOTOPBIX MCIOJIB3YETCS MMEHHO MJIsi YINAKOBKH IHUIIEBOH
MpOnyKIMH. BONBIIMHCTBO MOMOOHBIX MaTepUanoB MPAaKTUYECKH HE IMOJIBEPraeTcs
OMONECTPYKIMH U CTAHOBUTCSI HICTOUHMKOM JUTUTEIBHOTO 3arpsi3HEHUST OKPY KalomIen
cpeapl. B cBsa3um ¢ 3TMM OHMOpasznaraeMbie MOJMMEPHbIC KOMIO3MLIUM Ha OCHOBE
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MPUPOAHBIX OMOMOIMMEPOB pacCMaTPUBAIOTCS KaK OJHO U3 Hanbosiee mepereKTUBHBIX
HaTpaBICHUI pa3BUTH HSKOJIOTMYECKH O€30MacoyHOol ynakoBKd. HamGompmmii
HWHTEPEC BBI3BIBAIOT KOMIIO3WIMOHHBIE MaTepUallbl, cOAepKamne (yHKIUOHATbHBIC
HAHOI00aBKH, CIIOCOOHBIE OTHOBPEMEHHO YITy4llaTh MEXaHUYECKHE CBOMCTBA TNIEHOK
Y IPUJIaBaTh UM BBIPAKEHHYIO aHTUMUKPOOHYIO aKTUBHOCTD.

Cpenu pa3InuHbIX HEOPraHUYECKUX aHTHMHUKPOOHBIX HAITOJIHUTEIICH HAHOYACTHIIBI
vean (HUM) 3anmmaroTr ocoboe MecTto Onarogapsi BBICOKOW OHOJOTHYECKON
AKTUBHOCTH, JOCTYITHOCTH HCXOJHOTO CHIPBSl © OTHOCHTEIBHO HEBBICOKON CTOMMOCTH
[0 CPaBHEHMIO C HAHOYACTHULAMH cepeOpa. MexaHu3M UX aHTUTPHUOKOBOTO IEHCTBHS
SIBIISIETCSI KOMIUIEKCHBIM M BKJIIOYaeT IMOCTENEHHOE BBICBOOOXKAeHHE HOHOB Cu?,
B3aMMOJIeiicTBUE ¢ OelKaMU KJIETOYHOH CTEHKH M LUTOIUIA3MaTHYeCcKOi MeMOpaHbI
MHUKPOOPIaHW3MOB, HapylieHHe (QyHKIMOHUPOBAHUS IbIXaTeIbHOM LIEMH, TeHEePaLNIO
AKTUBHBIX (OPM KHUCJIOPOJA, BKIOYAs TUAPOKCHIBHBIC PAaJUKAIbl TOCPEICTBOM
peakuuii dentona, a Takxke nospexacHue JHK u wHrmOupoBaHume akTHBHOCTH
KU3HEHHO BaKHBIX pepmenToB kieTku (Katsumiti et al., 2018; Jafarzadeh et al., 2020).
Bbnarogapsi MHO)KECTBEHHOCTH MEXaHU3MOB BO3JICHCTBHUS BEPOSITHOCTD (POPMUPOBAHHUS
YCTOMYMBOCTH MHKPOOPTaHM3MOB K MEIHM 3HAUUTEIBHO HMKE IO CPAaBHEHUIO C
TPaJUIUOHHBIMU (DYHTHIIMIAMU, YTO JIeJacT HAHOYACTHUIIBI MEIH MEPCICKTHBHBIMU
KOMITOHEHTaMH aKTHBHBIX YIIAKOBOYHBIX MaTCPUAIOB.

AntnmukpoOHast >ddexkruBHocts HUM Bo MHOrom ompenensercss HUX
MOpP(GOJOTHUECKUMHI  XapaKTEPUCTUKAMH, IPEKAE BCETO pa3MepoM  YacTHII,
pacmpeneneHueM 1o pasMepaM, CTeIIEHbIO arperaluy U yCTOWYMBOCTBIO KOJJIOUIHON
CHCTEMBl. YMEHBUICHHUE CPEJHEro IAuamMeTpa YacTHIl COMPOBOXKAACTCS YBEIHMUCHHEM
YAECTBHON TIOAAN TOBEPXHOCTH M YHCIA aKTUBHBIX LIEHTPOB, YTO CIOCOOCTBYET
0oJsiee MHTEHCUBHOMY BBICBOOOXK/IEHHIO HOHOB MEIU U MOBbIILIECHHIO 3 dekTnBHOCTH
B3aMMOJCHCTBUS C KIETKAMH MHKpOOpraHu3MoB. IlosTomMy BBIOOp yCIIOBHA
CHHTE3a HAHOYACTHUI] SBISETCS OAHMM M3 KIIOYEBBIX (AKTOPOB (HOPMHUPOBAHUS
(bYyHKITMOHATBHBIX CBOWCTB OYIyIIUX HAHOKOMITIO3UTHBIX YITAKOBOYHBIX MaTCPHAJIOB.

OnnuM u3 Hambonee pacnpoCTPaHEHHBIX BOCCTAHOBHUTEICH NPH XMUMHUYECKOM
CHHTE3€¢ METAJUIMYECKUX HaHoyacTull siBisiercs Oopruapua Hatpusi (NaBHa).
Ero wucnonwp3oBanme oOecrneunBaeT OBICTPOE BOCCTAHOBICHHE HOHOB MEAM IIPH
KOMHaTHOH TeMIIeparype U MO3BOJISIET NOIy4aTh YaCTULBI HAHOMETPOBOTO JUana3oHa
0e3 mpuMeHeHus cioxHoro obopynosanus (Igbal Z. et al., 2020). OgHako BbIcOKast
peakuuonHast ciocooHocts NaBH4 conmpoBoXkIaeTcsi HHTEHCHBHBIM THAPOJIHU30M B
BOJTHOH Cpejie ¢ BhIACTICHHEM Ta3000pa3HOro BOJOPOAA COIIACHO PEaKIMH:

NaBHi4 + 4H20 — NaB(OH)4 + 4H21

Ecnu cuHTe3 HAaHOYACTHIT OCYIIECTRIISICTCS. HEITOCPEICTBEHHO (i1 Situ) B pacTBOpE,
coJieprKaIieM INIEHKOOOpa3yrolue ONOMoIMMePhl, 00pa30BaHUE My3bIPHKOB BOJIOPO/IA
MOJKET CYIIECTBCHHO BIHMSTH HAa (DOPMUPOBAHUE CTPYKTYPhI MaTepuaa. Bo3Hukaromme
ra30BbIC BKJIIFOUEHUS CIIOCOOHBI 00Pa30BBIBATH MOPHI PA3IMYHOTO pa3Mepa, HapylIaTh
OIHOPOJHOCTh IUIEHKH, yXy[ALIaTh €€ MEXaHUYECKYI0 MPOYHOCTh, MPO3PAYHOCTh U
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OapbepHble cBoMcTBa. HecMOoTps Ha 601bII0E KOTMYECTBO My OINKAILIUH, MOCBSIEHHBIX
CHHTE3y HaHOYACTHIl MEIH, BIMSHHUE BBIACICHHS BOAOPONA IPH in Sifu CHHTE3E Ha
Mopdosoruo OuopasznaraeMblX YIAaKOBOYHBIX IUIEHOK OCTa&TCs HEIOCTAaTOYHO
W3yYEHHBIM M TpeOyeT JOMOJHHUTEIBHOTO HKCIEPUMEHTAIBHOTO HCCIICAOBAHUS
(Truong et al., 2023).

B xadecTBe OCHOBBI OHOpa3laraeMbIx YMNaKOBOYHBIX MAaTepUaioB LIMPOKO
HCTONB3YIOTCSI MPUPOAHBIE TIOTUMEPHI, 00JIaAal0IIe BEICOKOH OMOCOBMECTUMOCTBIO
n  0e30HacHOCTBIO JUIsI KOHTakTa C MHOIEBBIMH  NpoayKTamu. JKemaTwx
npeacTasisieT co0Oi JeHaTypHpOBaHHBIA KOJJIAreH >KUBOTHOTO TPOHMCXOXKACHUS,
XapaKTePU3YIOUIMICS XOPOIIUMH IIEHKOOOPA3yIOIMMH CBOHCTBaMH, BBICOKOM
MIPO3PAYHOCTHIO, CIOCOOHOCTHIO 00Pa30BBIBATH ANACTHYHBIE CTPYKTYPHI U 3(hheKTHBHO
cTaOMNIM3UPOBaTh METAUIMYECKHE HAHOYACTHLbI 3a CUYET HAJIWYMA aMHHHBIX U
KapOOKCHIIBHBIX QyHKIHOHAIBHBIX Ipynil (bannoB A.B. u ap., 2020). OnHako yucThie
JKEJIaTUHOBbIE TUIEHKK 00J71aJaloT OTHOCHUTENIBHO BBICOKOM YYBCTBHTEIBHOCTBHIO K
BJIare M HeIOCTaTOYHOW MEXaHHMYECKOH CTaOUIIbHOCTEIO.

Hdns  ycTpaHeHHS  yKa3aHHBIX  HEIOCTAaTKOB  IEPCIEKTHBHBIM  SBISETCA
WCTONB30BaHME CMEIIAHHBIX OHonoiaMMepHbiXx cucreM. OmgHuM U3 Hambojee
3¢ PEKTUBHBIX KOMIOHEHTOB TaKUX KOMIO3MLMU SIBISIETCS MEKTHH — MPHPOAHBIN
AQHMOHHBIHN MOJIMCaxapy i, LIMPOKO PACHIPOCTPAHEHHBIN B KIIETOUHBIX CTEHKAX BBICIIMX
pactenuii. B ycnoBusax PecnyOnuku KazaxcTan HOTONHUTENBHBIM MPEUMYIIECTBOM
MPUMEHEHHs TEKTHUHA SBISETCS BO3MOXHOCTh €T0 IOJYYeHHS W3 sOJIOYHBIX
BBDKHUMOK, TIPEJICTABISIONIMX COOOH MHOTOTOHHAKHBIE OTXO/BI TPEAIPUSTHIH COKOBOM
npoMbIieHHOCTH. COBMECTHOE HCIIOJIb30BaHME JKEIaTHHA W TEKTHHA I03BOJISET
¢dopmupoBaTh Oosiee IUIOTHYIO MOJUMEPHYIO CETh 3a CUET BIIEKTPOCTATHYECKOTO
B3aMMOJCHCTBUS MEXIY MaKpOMOJEKYJIaMH, MOBBIIIAs MEXaHHYECKYIO MPOYHOCTH,
ANIACTUYHOCTh, T'a300apbepHbIE CBOWCTBA M YCTOMYMBOCTH IUIEHOK K BO3ICHCTBHIO
Bnaru (Omerovi¢ et al.,, 2021; Zhang et al.,, 2023). BeaeHue HaHOYACTHUIL
Mead B MOAOOHBIE OMOMOMUMEpPHBIE MAaTPHIBl TO3BOJSET MPHIATh MaTepHany
BBIpQ)KCHHBIE aHTUTPUOKOBBIE CBOHCTBa. B HacTosimeil pabore MOTydYeHHBIE
00pa3upl paccMaTpuBarOTCs Kak IUIEHKM Ha OCHOBE OHMOpasiaraeMblX MOJIHMEPOB C
AHTUTPUOKOBBIMHU CBOWCTBAMM; OLICHKA (paKTHUECKOM OMopas3naraeMoCTH, MUTpallli U
TOKCHKOJIOTHYECKOH 0€30MacHOCTH pa3padoTaHHBIX MaTepranoB TpeOyeT MpoBeICHUs
JOTIOJTHUTENBHBIX UCCIIEI0BaHUH.

Baxubim ¢akropom, ompenensromuM 3PQPEKTUBHOCTh AKTHUBHBIX YIAKOBOYHBIX
MaTepHajoB, SIBISETCS  KOHTPOJIMPYEMOE BBICBOOOKICHHE aHTUMHKPOOHOTO
KOMIIOHEHTa B TEUEHHE BCEro IMepuoja XpaHEeHUs MUIIEBOTO NpoaykTa. B ornnume
OT TPaJAMLUOHHBIX KOHCEPBAHTOB, KOTOPbHIC BBOISTCS HEMOCPEICTBEHHO B COCTaB
MUIIEBOW MPOAYKIUH, AHTUMUKPOOHBIE COEAMHEHHs, WMMOOWIM30BaHHBIE B
MOJMMEPHOM MaTpulle, MOCTENEHHO MHUIPUPYIOT K TIOBEPXHOCTU MPOAYKTa,
noajepkuBas dPQGEKTUBHYIO KOHIEHTPALMUIO aKTHBHOTO BEILECTBA HA MPOTSHKEHUH
JUTUTENLHOTO BpeMeHH. Takoi MeXaHN3M ITO3BOJISIET CYLIECTBEHHO CHU3UTh CyMMapHOe
coziep)KaHue aHTUMHUKPOOHOTO areHTa, yMEHbIINTh PUCK €r0 HAKOIJICHUS B MIPOLYKTE
u obOecrneunTh MPOJOHTHPOBAHHYIO 3alIUTY OT MHUKpoOHMoioruueckoi mopuu. Jlms
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METATMYECKUX HaHOYACTUL 0co00€ 3HAYCHHE HMEET CIIOCOOHOCTH TOJMMEPHOM
MaTpHIIBI PETYITHPOBATH CKOPOCTH BEICBOOOKACHUSI HOHOB METalIa, OCKOJIBLKY HMEHHO
KoHTponupyemas murpauusi Cu?" obecrieunBaeT yCTOWYMBBIN aHTHOAKTEpHAIBLHBINA U
AHTUTPUOKOBBIN 3 ekT O6e3 MpeBbIIEHUS TOMYCTUMBIX YPOBHEH 0€30MacHOCTH.

He ™eHee BaXHBIM TIapaMeTpoM SBISETCS PAaBHOMEPHOCTb paclpeleieHHs
HAHOYACTHII B 00bEME MMOIMMEPHON MaTPHLIbL. ATperanusi MeTaIITHYeCKAX HAHOUACTHII
MPUBOIUT K YMEHBUICHUIO HX YICIbHOW TMOBEPXHOCTH, CHUKEHHUIO KOJHUYECTBA
AKTHBHBIX IIEHTPOB U, KaK CIIEACTBUE, K YMCHBLICHUIO aHTUMUKPOOHOH aKTHBHOCTH.
Kpome Toro, kpymnHble arperatbl MOTYT BBICTYIaTh KOHLIEHTPAaTOPaMU MEXaHHUYECKUX
HanpsDKeHUH, yXy[mash MPOYHOCTHBIE XapaKTePUCTUKU IUJIEHOK M CHIXKAs X
IKCITyaTallHOHHYI0 HaI&KHOCTh. [loaTOMy mMonydeHHe YCTOWYMBBIX KOJJIOMIHBIX
CHCTEM C Y3KHM paclpelesieHHeM YacTULl 0 pa3MepaM paccMaTpuBaeTcs Kak OIHO
13 OCHOBHBIX YCJOBUH co3aaHUS d(PPEKTUBHBIX HAHOKOMIIO3UTHBIX YIAKOBOYHBIX
MaTepHaoB.

Hcnonp3oBaHue jkenaTHHA B KauecTBE CTaOWIM3aTopa MpU CHHTE3€ HAHOYACTHIL
MeIM TMO3BOJSIET OJHOBPEMEHHO pellaTh HECKOJIbKO TEXHOJOTHYECKUX —3ajad.
OyHKIMOHANBHBIE aMUHHBIE, KapOOKCHIIbHBIE U THIPOKCHIIBHBIE TPYMIbI OCIKOBON
MaKpOMOJIEKYJbl CIOCOOHBI KOOPAMHUPOBATHCS C IMOBEPXHOCTHIO 00pa3yOLIMXCS
HaHOYACTHL, (HOPMHUPYS MPOCTPAHCTBEHHBIM 3alUTHBIA CJIOH, MPEMSTCTBYIOLINHA
WX KOaryJsiiud M OKHCIeHHI0. OZHOBPEMEHHO >KEeNaTHH BBINONHACT (DYHKIHIO
COBMECTHMOIO IUIEHKOOOPA3yIoIero KOMIIOHEHTa, Onarojapst 4YeMmy OThajaer
HEOOXOIMMOCTh JIOTIOJHUTEIBHOTO BBEJEHHSI MOBEPXHOCTHO-aKTHBHBIX BEIIECTB
WIH CUHTETHYECKHX CTa0MIU3aTOPOB, CHOCOOHBIX YXYAIIUTHb OSKOJIOTHYECKYIO
0€30MacHOCTh YMAKOBOYHOro Martepuana. lcmonb3oBaHue jKelaTMHa B KadecTBE
cTabunn3aropa IMO3BOJSET COBMECTUTh (YHKUMHU CTaOWINM3alUuU HAHOCTPYKTYp WU
(hopMHpOBaHUS MOJTUMEPHONH MaTpPHUIIbI, YTO MOTEHIHAIBHO MOXKET CIIOCOOCTBOBATH
COKpAILIEHUIO KOJINYECTBA JJOMOJHUTEIBHBIX BCIOMOTaTeIbHBIX KOMIIOHEHTOB. BmecTte
c reM npuMeHenrne NaBH4 TpeGyeT nononHuTensHON OLleHKH 0€30I1acHOCTH Ipoliecca,
OCTaTOYHOrO COAEPIKaHUSl pearcHTa M MPOLYKTOB ero mpeBpamieHus. [lostomy B
JaHHOM paboTe 3TOT MOAXOJ PacCMaTPHUBACTCS KaK MEPCIEKTUBHBIN C TOUKH 3pEHHS
MPUHIUIIOB PALlMOHATIBHOTO UCIOIB30BAHMUS KOMIIOHEHTOB, OJJHAKO €0 COOTBETCTBHE
MPUHIUIIAM «3€JIeHOH XUMHMU» HE CIeIyeT CUNTaTh OKOHYATEIbHO MOATBEPKICHHBIM
0e3 MpoBeACHNUS TOTIOIHUTENBHBIX UCCIICAOBAHHMN.

Cnenyer OTMETHTb, 4YTO J(GQPEKTHBHOCTH OHMOpas3IaraeMblX YINAKOBOYHBIX
MaTepHaJiOB OINpENeNsIeTCs HE TOJBKO HX AHTUMHUKPOOHBIMHM CBOWCTBAMM, HO H
COBOKYIHOCTBIO  (DUBMKO-MEXaHMUYECKUX XapakTepucTuk. Jlmst mpakTuaeckoro
MPUMEHEHHS YIIAaKOBOYHBIE IUIEHKH JTOJKHBI 00J1aZaTh JOCTATOYHONW IPOYHOCTBIO MIPH
PacTsHKEHUH, 3IaCTUIHOCTBIO, HU3KOW Ta30MPOHULIAEMOCTBIO U YIOBIETBOPUTEIBHOMN
YCTOMYMBOCTBIO K BO3ACHCTBHIO Biard. DopMUpOBaHHE MOPUCTOH CTPYKTYPHI
BCJIECTBHE BBIACICHHS BOAOPOJA BO BPeMs BOCCTAHOBJICHUSI HOHOB MEIH CIIOCOOHO
CYIIECTBEHHO HM3MEHSTH MepedyrcieHHble cBoiicTBa. C OIHOW CTOPOHBI, YBEIHUCHHE
MOPUCTOCTH MOXET CHOCOOCTBOBATH 00Jiee MHTEHCHBHOMY BBIXOJY HMOHOB MEOU H
MOBBIICHUIO CKOPOCTH aHTHUMHUKPOOHOTO aelcTBUs. C Apyrodl CTOPOHBI, HANIUYHE
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OOJIBILIOrO KOJIMYECTBA MOP CHUYKAST MEXaHMYECKYIO IIPOYHOCTh MaTepHraa, yXy/Imaer
ero OapbepHbIe CBOWCTBA W MOBBIIIACT MPOHUIIAEMOCTh JJIsl KHCIOPOJa U BOASIHOTO
mapa, 4To OTPULATEIBHO BIHsIEeT Ha 3()(EKTHBHOCTh YIAKOBKH TP UIUTEIHHOM
XpaHEHHH MHUILEBBIX MPOAYKTOB. ClienoBaTelbHO, ONTUMM3ALMS YCIOBHH CHHTE3a
JI0JDKHA 00eCreYrBaTh KOMIIPOMUCC MEXKIY BBICOKOI OMOIOTHYECKOM aKTUBHOCTBIO U
COXpaHEHHEM HEOOXOAMMBIX IKCILTYaTallMOHHBIX XapaKTEPUCTUK TUIEHKH.

JloTIOTHUTENbHBI HHTEpEC MPECTABIACT IPUMEHEHUE TEXHOJIOTUH in Situ CHHTE3a
HAHOYACTHIl HETOCPEICTBEHHO B IUIEHKOOOpasyrmieM pactBope. [lo cpaBHeHuto ¢
TPAaJULUOHHBIM TIOIXOA0M, MPEAyCMATPHBAIOIINM TPEIBAPUTEIBHOE MOIYYCHUE H
MOCJeAyollee BBEICHUE HAHOYACTHII B TIOJTMMEPHYIO MAaTPHILY, i1 Siftl CAHTE3 TI03BOJISIET
CYILECTBEHHO COKPAaTUTh YUCIIO TEXHOJIOTHUECKUX CTAIUi, YMEHBIIUTh BEPOSTHOCTh
aryioMepanyy HaHOYACTHIl TPU XPAHEHHM KOJUIOMIHBIX CHUCTEM M O0ECIeYuTh HX
Oosiee paBHOMEpHOE pacipeneneHne B o00bEéMe Qopmupyemoit miénku. Kpome
TOro, 00pa3oBaHHE HAHOYACTHUI] HEMOCPEJACTBEHHO B MPUCYTCTBUH MaKpOMOJIEKYII
JKeJIaTHHA M TIEKTUHA CIOCOOCTBYeT Ooiiee APpPEeKTHBHOMY B3aUMOMCHCTBUIO MEXIY
MOBEPXHOCTBIO HAHOYACTHI[ M (PYHKUMOHAIBHBIMH TPYyNIAaMH OHOIOJIMMEPOB,
YTO TOJOKUTEIBHO BIUSET Ha CTAOMIBHOCTH KOMIIO3MTHOH CTPYKTyphl. Bmecte
C TeM OCOOCHHOCTH IMPOTEKaHMs PEAKIMH BOCCTAHOBIICHHMS, COIPOBOXKIAIOIICHCS
MHTECHCHBHBIM BBIJICICHHEM TIa3000pa3HOro BOAOPOAA, TPEOYIOT THIATEIHLHOTO
BBIOOPA KOHLIEHTPALUK BOCCTAHOBHUTEIIS, OCKOIBKY UMEHHO 3TOT (haKTop CHOCOOCH
OIpEeeNATh KaK MOP(OJIOTHIO MaTepHraa, Tak 1 ero MoCIeAyIoIue GyHKIIMOHATbHBIC
CBOICTBA.

B nmocnennue roapl BCE O0IbIIE UCCISI0BAHUH MTOCBSIIACTCS Pa3padOTKe aKTHBHBIX
OuopasyiaraeMpIX YMaKOBOYHBIX MaTepUaloB UMEHHO ISl XJIeOOOYIOUHBIX HM3/ICITH,
MOCKOJIBKY TOCJIC BBINIEYKH UX OCHOBHBIM (haKTOPOM IOPYHU CTAHOBSITCS IUICCHEBBIC
rpulbl, BKIIOuas mpenacraBureneid poma Fusarium, Penicillium u Aspergillus. B
YCJIOBUSIX TMOBBIILICHHOW BJIQ)KHOCTH MOBEPXHOCTH XJIe0a MHKPOMHIIETHI CIIOCOOHBI
OBICTPO KOJIOHM3UPOBATh NPOAYKT, BBI3bIBAsI yXY/IILICHUE OPTaHOJICTITHUECKUX CBOICTB,
CHW)KEHHE MHIIEBOM LEHHOCTH W TOTEHIMAJIbHOE HAKOIUICHHE MHUKOTOKCHHOB.
[TosToMy co3nanne GropaszinaraeMbIX yHaKOBOUHBIX MaT€PHAJIOB C IPOJIOHTHPOBAHHBIM
AQHTUTPUOKOBBIM JCHCTBHEM PACCMATPHBACTCS KaK OJHO U3 HanOoJIee MepCIeKTUBHBIX
HAINpaBJICHU COBPEMEHHON MUIIEBOH HAHOTEXHOJIOTHMH U COOTBETCTBYET MHPOBBIM
TEHJICHLUSAM TIepexoJa K OSKOJIOTHYECKH Oe30IacOYHBIM YITAKOBOYHBIM CHCTEMaM
HOBOTO TTOKOJICHUSI.

HecmoTpsi Ha 3HauuTENbHOE 4YHCIO HCCICIOBAaHUM, ITOCBSIIEHHBIX CHHTE3Y
HAHOYACTHII MEAM M CO3JaHMI0 OHOpa3IaraeMblX YIAaKOBOYHBIX MaTepUallOB,
B3aUMOCBSI3b MKy KoHLeHTpanueit NaBHa, pasmepom cHHTE3UpyeMbIX HAHOYACTHII,
0COOCHHOCTSIMH ()OPMHUPOBAHHS CTPYKTYPBI INIEHKH U €€ aHTUTPUOKOBOIT aKTHBHOCTBIO
u3ydeHa HegoctaroyHo. OCOOCHHO Mayio CBEICHHUI O BIMSHUM BBIACICHUS BOAOPOAA
NIPY in Sifu CHHTE3€ HAHOYACTHUI] Ha MOP(OIOTUUECKUE XapaKTEPUCTHKH YIIaKOBOYHBIX
MarepuaioB U UX QYHKIHMOHAIbHbBIC CBOHCTBA.

Llenpro HACTOAIIETO MCCIENOBAHHS SIBISUIMCH: i1 Situ CUHTE3 HAHOYACTHUI[ MEIU
C MOCIHEIYIONIeH XapaKTePUCTHKOW pacIpeesieHns] YacTUl] M0 pa3MepaM METOIOM
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JUHAMUYECKOTO CBETOpAcCEsHUsl, M3yueHHe BIUSHHUS KoHUeHTpauun NaBH. Ha
pa3mep HaHOYACTHUI] U MOP(HOJIOTHIO OHOpa3araeMbIX KeJaTHH—TIEKTHHOBBIX TUIEHOK,
COAEp)KalIMX in Situ - CHHTE3WPOBAaHHbIC HAHOYACTHIIBI MEIW, a TaKKe OICHKa
AQHTUTPUOKOBOW AaKTHBHOCTH pa3pabOTaHHBIX YIIAKOBOYHBIX MAaTE€pPHaliOB NPOTHB
Fusarium sp. meronom nud¢ys3un B arape ¢ JyHKOH mocie 48 yacoB MHKyOaumu.
[lony4yenHble pe3yabTaThl HAMpaBICHbl HA ONTHMU3ALUIO YCIOBHH CHHTE3a
(YHKUMOHATIBHBIX OHMOpa3araeMblX YHNAKOBOYHBIX MAarTepHajoB C YIyYLICHHBIMU
3aIUTHBIMA CBOMCTBAMHU JUIsI yBEIHYEHHS] MHUKPOOHMOIIOTMYECKOH O0e30HMacHOCTH
MUIIEBOH MPOLYKIHH.

MarepuaJjbl 1 METOAbI

Marepuainsl. [lentaruapar cynsdara meau (II) (CuSOs-5H20, >99%), Gopruapun
Harpusi (NaBH4, 98%), rmuuepun (>99,5%) u sxenatus (muieBoi, npoyHocTs o baymy
200) npuobpetensl y Sigma-Aldrich (Merck KGaA, lapmimrant, ['epmanus). [lextun
(crenensb sTepudurannn >65%) npexoctasnel Jiaxing Renze Import & Export Co.,
Ltd. (Kuraii). Arap Calypo ¢ nexctpo3oit (AC/l) 1 MUKpOOUOJIOTHYECKHUE PEAKTHBBI
nony4ensl oT HiMedia Laboratories (Muaans). MukpoOnonoruueckue Heciaea0BaHms 1o
OTIPEICICHUI0 aHTUMUKPOOHBIX CBOWCTB pa3pabOTaHHBIX YHNAKOBOYHBIX MaTepHajioB
MPOBOJAMINCH Ha 0a3e MCIBITATeIbHON Jlabopatopun MHCTHTYTa MHKPOOHMOIOTHH
Axagemun Hayk PecnyOnuku Y30ekuctan. TecT-o0bekT — wramm Fusarium sp. —
OBUI MOJTYYeH U3 KOJJIEKIHH KyIbTYp JaHHOTro MHCTHTYTA.

CuHTe3 HAaHOYACTHII Meau MeToaoM in situ. IIate coctrasoB HUM metonom in
situ (Ne 1-5) mpurotoBiensl cmemienneM | mi 1,25%-ro BomHoro pactBopa CuSOs
¢ 10 mu 1%-ro BogHoro pactBopa xenatuHa (cootHomenne CuSOa: xematun = 1:10
00./00.) mpu nepeMeIrMBaHIM PU KOMHATHOH TeMmepatype. PactBop NaBH4 (0,5 H)
J00ABIIAIN MO KaIulsiM B TeueHue 2 MUH B 00bémax 1, 2, 3, 4 u 5 M 118 COCTaBOB
1-5 cooTBeTCTBEHHO, UTO COOTBETCTBYeT cooTHomeHussM CuSOs:NaBHas ot 1:1 mo
1:5. Okpacka peakqMOHHOH CMecH M3MEHsJIach OT OJeIHO-TOMyOOH 10 OpaHKeBO-
KOPUYHEBOMW, YTO MOATBEPKAAET BOCCTAHOBIICHHE Melu. BrlaeneHne ra3o00pa3Horo
H-> (addepBecuennust) Bu3yanbHo Habmomanoch Npu BozpactaHun o0béMa NaBHa:
orcytcTBoBajio B coctaBe Ne 1 (1 M NaBHa4) u BeIpaskeHHO MPOSIBISIIOCH B COCTaBax
Ne 3-5 (>3 M NaBHa).

XapakTepucTtuka HaHouyactuu. Pacnpenenenne nanowyactun mean (HUM) mo
pasmepaMm (0OBbEMHO-B3BELICHHBIE MACCOBBIE JONH (paKkUuil) ONMpeAesidi METOIOM
nuHaMuueckoro ceeropaccesnus (JJCP) mpu remnepatype 25 + 0,1 °C Ha ananuzatope
Zetasizer Nano ZS (Malvern Panalytical, BenukoOputanus), ocnaménnom He—Ne-
Ja3epoM C AJTMHOM BOJNHBI 633 HM U 1eTeKTopoM obparHoro paccesHus (173°, NIBS).
[lepen n3mepennemM oOpa3ibl pa30aBIsIN JEMOHM30BAaHHONW BOAON 10 ONTHMAIbHOM
KOHLEHTPALMH, TEPMOCTATUPOBaIH B TeueHune 120 ¢, mocie 4ero BHIMOIHSUIN HE MEHEe
TPEX MOCIENOBATEILHBIX U3MEPEHUH ISl Kakaoro obpasua. ['mapoamHaMudecKuit
JUaMeTp YacTHIl paccYMThiBaiu 1o ypaBHeHHto Crokca—DiHmTeliHa. MeTox
JUHAMHYECKOTO CBETOPACCESHUS LIIMPOKO MPHUMEHSETCs Ul ONpEeNIEHUs] Pa3sMepOB
HAHOYACTHII, OLEHKH UX PAacIpeAeseHHs M0 pa3MepaM U KOJJIOWAHOH CTaOUIbHOCTH
mucnepcHbix cuctem (Lim et al., 2013; Ramos, 2017).
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Hsrorosiienne OumopasiaraeMbIX KOMMNO3UTHBIX IIEHOK. buropasmaraemble
KOMITO3UTHBIE IIJIEHKU TOJTyYalad METOJIOM MoJuBa u3 pactopa. [1néukooOpasyromuit
pacTBOp MPHUTOTAaBIMBAIM pacTBopeHueM xenatuHa (5 1) u mektuHa (10 1) B
mucTripoBaHHoi Boje (200 mi) mpu 60°C mpu nepememnBanuu B TeueHue 30
MUH, C TIOCIEIYIOMMM J00aBlIeHneM mnieprHa (5 r) B KauecTBe IulacTH(HUKaTopa
n oxnaxaeHueMm. Cycnensuto HUM (coctaBer in situ Ne 1-5) BHOCHIM B
IEHKOOOPa3yoIIUi PacTBOP MPU COOTHOIICHWM HAHOYACTHIBL: mojumep = 1:10
(00./00.) u mepemeruBany 5 MUH. B HacTosiIieM HcceI0BaHUM OCHOBHOE BHUMaHHE
yaeneHo BIUSHUIO cooTHomeHus CuSOss Ha XapaKTEPUCTUKH MOTyYaeMBbIX
KOMITO3UTHBIX TUIEHOK. KOHTpOJIbHBIE 00pasibl IUIEHOK 03 MeAbCOoAepKAIIero
KOMITIOHeHTa u 0e3 joOamienuss NaBHas B Tekyllyr 3KCIEPUMEHTAIBHYIO CEPHUIO
HE BKJIIOYajuch. [lomyueHue W HcclenOBaHUE COOTBETCTBYIOIIHMX KOHTPOJIBHBIX
00pa3110B MPOBOAUTCS B paMKax NMPOJODKAIOIMIEHCS CepUU IKCIEPUMEHTOB U OyaeT
WCIIOJIb30BAHO JJIsI KOJIMYECTBEHHOM OIIEHKH BKJIaJa MEIbCOAEPIKAIIETO0 KOMIIOHEHTA
n NaBH4 B aHTUTpHOKOBYIO aKTUBHOCTh U MOP(OJIOTHIO TIEHOK.

AHTUTPUOKOBas aKTHBHOCTHL: MeTOA AU dy3uu B arape c JyHkKoi. CycrneH3uio
criop Fusarium sp. (1 X 10 cmop mi') TOTOBWIN B CTEPIIIBHON AUCTHILTAPOBAHHOM
BOJI€ M KOHTPOJIMPOBAIIN KOHIICHTPAIXIO TeMonuToMeTpoM. Arap Cabypo ¢ IeKCTpo30i
(ACH, 20 mur) paznuBanu B cTepmibHble yanku [letpu (90 MM) U maBamu 3aCTHITh.
Wnokymsiiuio npoBoaunu HaHeceHneM 100 MK CyCHeH3WH CIOP pPaBHOMEPHBIM
pacmpesnesneHneM CTepwiIbHBIM InmateneM. Jlynku (auamerp 10 M) BbIpe3anu
CTEPUJILHBIM MPOOOYHBIM CBEpioM. B kaxayro nyHky BHocuian 100 MK BOJHOTO
9KCTpaKTa IUIEHKH, TPUTOTOBIEHHOTO MOTPYy>KEHUEM J¥CKa TUIEHKH TuTomianpio 1 cm?
B 1 MJI cTepHIIbHOM AUCTUIUIMPOBAHHOMN BO/BI HA 24 4 MPU KOMHATHOW TeMIieparype.
Yamku nakyouposanu npu 25 + 1°C. IloaHslit AuaMeTp 30HBI MOAABIEHUS POCTa
(Bximrouas ayHKy 10 Mm) n3mepsin uepes 48 4. Bece BapraHThI IIIEHOK HCCIIEN0BAIH B
TpEX HE3aBUCUMBIX TTOBTOPHOCTSIX (N = 3). Pe3ynbraTsl peicTaBaeHb! B BUIE CPEIHETO
3Ha4YeHMs + cTaHAapTHOe oTKiIoHeHue (Mean + SD).

Pesyabrarsl.

Pacnpenesienne wuactul, mo pa3mepaM: cuHTe3 in situ. B Tabmume 1
MpeJCTaBICHbl pe3yibTarbl U rpaduku mokazanel Ha pucyHke 1 JCP ansg nstu
cocTaBoB in situ. IIpucyTcTBHE KelaTWHa B KayecTBE CTA0MIM3aTopa 00ECIEUHIIO
oOHapyxeHue HaHo(pakimii (<100 HM) BO BCeX cocTaBaxX, IOITBEPXKIas POJb
JKeJlaTHHA B OIPaHWYeHUH POCTa YacTHUI] Ha HaYaJIbHOM 3Tamne cuHTe3a. Ha pucynke 2
MOKa3aHa anmnpoKCUMaIXs HKCIIEPUMEHTAIbHBIX JAaHHBIX U COOTBETCTBYIOLIUI CIIEKTP
k09 puurenToB TpaHCIAUMOHHOH nudPysun (D). AHanus3 NHKOB TMOKa3aj, YTO
npeodagaroIne moMmyssiiiiA CHHTE3UPOBAHHBIX HAHOYACTHI] HMEIOT KO()(DUIIEHTHI
muddysun B auanazone 2.7x10'%wm?/c (TTuk 2, mromans = 42.9%) u 1.7 x 108cm*/¢c
(IMux 3, mmomane = 30.0%). CormacHo ypaBHeHuio CTokca-DUHIITEHHA, 3TH
3HAUYEHUs] COOTBETCTBYIOT XOpOIIO CTAOMIM3UPOBAHHBIM HEarJIOMEPUPOBAHHBIM
METaJUIMYECKUM HAHOCTPYKTypaMm, JIOKaJM30BaHHBIM BHYTPU MaKpPOMOJIEKYI
xKesaTiHa. MHOTOKOMIIOHEHTHOE pacipe/iesieHne MOATBEPKIAeT, YTO BOCCTAaHOBIIEHHE
in situ B MaTpUIle *KeJlaThHA TPUBOANUT K (HOPMHUPOBAHUIO CTAOUITBHBIX HAHOCTPYKTYD
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C BBICOKOW KuHeTHdeckol ycroitunBocThio. CoctaB Ne 1 (CuSOs:NaBHi = 1:1)
XapaKTepU30BaJICs HAMOOJIbIICH 00BEMHOM J10JIeH YaCTUI] B UCTUHHOM HAHOMETPOBOM
nuanazone: 20,6% npu 18,9 um. CoctaBel Ne 3 u Ne 4 oOecrieynyii HAMMEHbILIHE
pa3Mepbl oTaenbHBIX dacTull (9,01 uM u 7,15 HM COOTBETCTBEHHO), OTHAKO IIPH
MeHbINX 00BEMHBIX 10X (16,4% 1 19,3%). CoctaB Ne 5 (cooTHOomeHue 1:5) mokazan
HAaUMEHBLINK 0OHapY>KEHHBIN pa3mep yactull (3,62 HM) Ipyu MUHUMAJILHON 00BEMHOM
mone (1,2%), Torma kak JOMUHHUpyROmias (pakius IpeAcTaBlIeHa arperaramu
MUKpOHHOTO MaciTada (67,5% npu 3 mxm; 21,1% npu 54 Mxm).

Tabmuma 1 — O6pémMHO-B3BemIeHHOE pacpenenenne HUM mo pasmepam mpu CHHTE3E in Situ
(cootHomenune CuSO4nkenarun = 1:10 06./00.).

CootHomenne CuSOa:
Ne Pacnipenenenune yactuil o pazmepam pH
NaBHa4

20,6% — 18,9 am;
1 1:1 30,4% — 142,3 um; 10,12
42,9% — 9,3 MKkM
21,3% — 28,8 um;
76,6% — 15 MKkMm
16,4% — 9,01 uwm;
3 1:3 22,1% — 112,6 um; 10,79
59,1% — 17 Mkm

19,3% — 7,15 um;
4 1:4 43,1% — 95,78 um; 10,61
34,7% — 29 MM
1,2% — 3,62 uwm;
9,1% — 193,8 uwm;
67,5% — 3 MKM;
21,1% — 54 Mmxm

2 1:2 10,17

10,76

001 01 1 10 100 1000100000000BO000CIET 1ES 1E9 601 o1 1 10 100 1000 18900 1500001000000 001 o1 1 10 100 1000 10000 1000001000000
R(HM) R(Hm) R(HM)

(1:1) (1:2) (1:3)

afdy @ T g TWET RNl NNSERINENERNEENEIET LB
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0,001 001 01 1 10 100 1000 10000 1000001000000
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(1:4) (1:5)
Pucynox 1 — I'paduku auHamuueckoro ceeropaccesitus (JACP) pacnipenenenns HaHOUACTUIL ME/H

1o pasmepam, crabuan3npoBanHbix xeaatuHoM (Cu-XKenarun/ NaBH4), mpu MaccoBbIX COOTHOLICHUSIX
or 1:1 no 1:5
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Pucynok 2 — CriekTp k03hGHUIHEHTOB TpaHCIIIHOHHOM anddy3un Hanodactuil (Cu-XKenatun/
NaBHa4), cunre3upoBaHHbIX in situ (cooTHomreHue 1:1): anmpokcumanust IKCIIepUMEHTaTbHBIX JaHHBIX
(cieBa), criekTp pacnpeneneHns k0dhPUIHeHTOB TpaHCIsInnoHHOH auddy3un (Dt) (cipaBa) u aHamm3

OCTaTKOB (CHHU3Y CJIEBa).

IIBeT pacTBOPOB HAHOYACTHII SIBJISIETCS X BAXKHOW KaY€CTBEHHON XapaKTEPUCTUKOM,
T.K. OH MOKET XapaKTepHU30BaTh pa3Mep YacTHIl M MX XUMHYECKHH cocTaB. Ilpwumna
pa3nuYHs [BETOB KOJUTOMIHBIX PACTBOPOB HAHOYACTHIT PA3TMYHBI: TIPUPOJIA TUCTIEPCHON
(ha3el M OHECTIEPCHOHHON Cpefbl, AUCIEPCHOCTh YacTHll, (opma u crpoerne. Bee st
(baKTOpBI BIUSIOT HE TOIHKO Ha MOTIIOMICHHE PACTBOPOM CBETA, HO M HA €T0 pPacCcesHHUe.
Jaxxe He3HauWTeIbHOE W3MEHEHHE IIBETa pacTBOpa MOXKET CBHAETENHCTBOBATH
00 W3MEHEHWH pPa3MepOB YaCTUI[ M XHMHUYECKOro cocTaBa. ONTHYECKHEe CIIEKTPHI
pacTBOPOB HAHOYACTHUI] M HAHOMATEPHAJIOB SBIISIOTCS HE MEHEE BaXXHOM KaueCTBEHHON
XapaKTepUCTUKOM, YyeM IIBET pacTBopa. MeToj ONTHYECKOM CHEKTPOCKONUU OCHOBaH
Ha W3MEPEHWH TIOTIIOMICHNSI YaCTHIIAMH BEIIECTBA 3JIEKTPOMAHUTHOTO W3ITyUYESHHUS
ONITHYECKOTO nauama3oHa. Ha pucynkax 3, 4 mpeacTaBieHBl Pe3yJbTarbl ONTHYECKUE
CHEKTPBl U WCCIIEOBAHHBIX KOJJIOWJHBIX PACTBOPOB. BrmsHME KOHIEHTpaIun
acKOpOWHOBOM KHCIIOTHI Ha 00pa30BaHUs HAHOUACTHIT MEIN H300paskeHa Ha PUCYHKE 5.
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Pucynok 3 — I'paduik MolydeHHBIX TaHHBIX Ha CIIEKTPO(oTOMETpe
Jenway 6705
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4. Andor specwra
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PI/ICyHOK 4 — Onruueckuit CIICKTP HAHOYACTULl MEIU IIPU UCIIOJIb30BAHUU KEJIaTUHA B Ka4Y€CTBE
CTa6I/IJ'II/I3aT0pa B UCXOAHBIX pacTBOpax

s mpenBapuTeNbHOTO YCTaHOBJICHUS (Pa30BOTO COCTaBa CHHTE3HUPOBAHHBIX
HAaHOYACTHI[ MEJIU MPUMEHSIIN CIIEKTPOCKOIUI0 KOMOMHAIIMOHHOTO paccesHus (KP).
CnexTpsl peructpupoBanu B quanazone 50-1600 cm . Pe3ynbraTsl npeacTaBiIcHbl HA
PHUCYHKE 5.
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PucyHnok 5 — PamaHOBCKME CIIEKTPbI HAHOYACTHUI] ME/IH, TTOJYYEHHBIX C HCIOIB30BaHUEM XKelaTHHA
(BepXHsist KpUBasi, CIIEKTPAILHBIM TPOGHIIL MPEANONOKUTENBHO cooTBeTcTBYyeT Cu20) U MeKTuHa
(HMKHSIST KpUBasi, CHEKTPaJIbHBII TPOQUIb PEAIoImKUTENbHO cooTBeTcTBYeT CuO) B KayecTBe

CTabMIN3aTOPOB

KP-cnexktp o0pasna, cTa0MIU3UPOBAHHOTO KEJIaTHHOM, XapakTepH3yeTcCs
YETBIPbMSI OCHOBHBIMU mojocamu mpu 147, 217, 297 u 630 cm'. HaGmromaeMebrit
Habop KoeOaTeNbHBIX MOJ] IMEET CIIEeKTpalbHbIE XapaKTePUCTHUKH, COITIACYIONTHUECS
C JIUTepaTypHBIMU JaHHBIMU JUIs KyOuueckoi ¢a3el okenna meau(l) (Cu20, kympur).
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COBOKYMHOCTh HAONIOMAEMBIX MOJOC AEMOHCTPHPYET XOpOIlIee COOTBETCTBHE
XapakTepHbIM PaMaHOBCKMM OCOOEHHOCTSIM HaHopasMepHoro Cu:O, 4To Mo3BOJSET
MPEINONIOKUTh MPEUMYIIECTBEHHOE MPUCYTCTBUE NaHHOM (a3bl B HCCIELyeMOM
obpasue. Perucrpaumm xapakrepuctuueckux KP-mosioc, coorBercTByrommx azam
Cu20 u CuO, ¢y UT KOCBEHHBIM JIOKA3aTEILCTBOM 00pa30BaHUS MEIbCOACPKAIIUX
HaHOYACTHII B XOJIE CHHTE3a. B HCXOIHBIX peaKIIMOHHBIX pacTBOpaXx, COAEPKAIINX HOHBI
Cu?* B pacTBOp&HHOH (hopMe, COOTBETCTBYIOLINE (POHOHHBIE MOJIBI KPUCTAJUINYECKUX
(a3 Menu orcyTcTBYIOT. [losiBIIEeHNE BRIpa)KEHHBIX XapakTepucTUYecKux nojoc B KP-
CHEKTpax CBHICTEILCTBYET O (DOPMHUPOBAHUU YMOPAIOUYCHHBIX KPUCTAJUIMYECKUX
JOMEHOB, YTO SIBIISICTCSI IPU3HAKOM HYKJICallMU U pOCTa HAHOYACTHL. Takum o0pas3om,
Meton KP-cmekrpockonuu moAaTBepikIaeT oOpa3oBaHME HAHOYACTHI[ Ha OCHOBE
OKCHJIOB MeIH B OOOHMX CHHTE3MPOBAHHBIX 00pa3uax, Mpu 3ToM (Ha3oBBI cOCTaB
OTIpeeIIIeTCs MPUPOJOH TPUMEHIEMOTO CTa0MIN3aTOPA.

Mopdosiorusi  OuopaziaraeMbIX KOMIO3MTHBIX INIEHOK. BusyanbHblil
OCMOTp BBICYIIEHHBIX JKEJIaTUH-TIEKTHH—TJIMLEPUHOBBIX KOMIIO3UTHBIX TJIEHOK
BBISIBUJT  BBIP@KEHHYIO 3aBUCHMOCTb MOPQOIOTMH IUIEHKH OT COOTHOLICHHS
CuSOs:NaBHa (pucynok 6). IInéuxu Ne 1 n Ne 2 BrImisaenu mosynpo3padHbIMH,
[IaJKAMH U OJHOPOIHBIMH, C OJETHO-KPEMOBO-KENTON OKpackod, 00yCIOBICHHOM
nucneprupoBanHbiMu HUM. [Tnéuku Ne 3 u Ne 4 neMoHCTprpOBaiu mporpeccupyromiee
noOypeHne ¥ HEe3HaYUTeNIbHbIE TOBEPXHOCTHBIE HEPOBHOCTH, 1O BCEH MOBEPXHOCTH
IUIEHKU OBUTM BUJHBI MaKpOCKOMMYECKHE TIOPBI M Ta30Bble My3bipu. [Inéuka Ne 5 (5
ma NaBH4) cymiecTBeHHO oTiiMyanach OT OCTaJbHBIX: 10 BCEH MOBEPXHOCTHU MIEHKU
ObUIM BHIHBI MaKpOCKONMHMYECKHE MOPBI U ra30Bble Iy3bIpH, BBI3BAHHBIC 3aXBaTOM
H> B MaTpulie KeIaTUH—TIEKTUH [IPHU KEJIUPOBAHUU IUIEHKU B XoAe peakuuu NaBHa
+ 4H.0 — NaB(OH): + 4H.7. OGpa3oBaBuiasicsi mopuctas CTPyKTypa HapylIuia
OJTHOPOAHOCTH U LIEJIOCTHOCTD ILIEHKHU.

1:1 1:2 1:3

1:4 1:5

Pucynok 6 — ®@ororpaduu GHopasnaraeMbix KeaaTHH—TICKTUH—TJIMIEPUHOBBIX KOMITO3UTHBIX TIEHOK
(Ne 1-5), coneprxamux HUM, cunresupoBanubie mpu cootHomeHnssx CuSO4:NaBH4 ot 1:1 10 1:5.
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AHTUTpHOKOBasg aKTHUBHOCTH mNpoTuB Fusarium sp.. Pe3ynsraTsl OLIEHKH
AQHTUTPUOKOBON AaKTHBHOCTH TIpEACTaBIeHbl B Tabmuue 2. Bce maTe miaéHOK
o0ecrieyrBaiy U3MEpUMBbIE 30HBI MOJABICHUS pocTa Fusarium sp. uepe3 48 4, 4ro
MOATBEP)KAAET BBICBOOOXKIECHHE OHMOIIOTMYECKH AaKTHBHBIX (opM Meam M3 Bcex
cocTaBoB. J[MaMmeTpsl 30H mojaieHus depe3 48 u BapbupoBanu or 22,0 + 2,2 MM
(rénka Ne 5) mo 32,0 £ 1,5 mm (tuiénka Ne 1).

Tabnuma 2 — JlnamMeTpsl 30H MOAABIEHHs pocTa (MM) IPOTUB Fusarium sp.
Juametp nynku = 10 M.

Coornomenne CuSOs:

3oHa noxasneHus 48 4, MM
NaBH. A

(1:1) 32,0+ 1,5

Ne5 1:1. 0,5%

(1:2) 290+1,8 \

Ne6 1:2. 0,5%

(1:3) 27.0+2,0 k
D, e —

Ne7 1:3. 0,5%

(1:4) 26,0 £ 1,5 K

Ne8 1:4. 0,5%

(1:5) 22,0+22

Ne9 1:5.0,5%
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Oocy:xnenue. IlpeBocxonsmas aHTUIpUOKOBast 3PQPEeKTUBHOCTh IIEHKH No 1
(CuSO4:NaBH4 = 1:1; 30na nogasnenus 32,0 + 1,5 MM uepe3 48 u) omnpenensiercs
JIBYMsI B3aMMOJIOIOJIHSIOMIMMU CTPYKTYpHBIMH (akropamu. Bo-mepBwiX, cocTaB
1:1 obecneuns HaubONBIIYI0 OOBEMHYIO JOJIIO YACTHL B HICTUHHOM HAaHOMETPOBOM
nuamnasone (20,6% npu 18,9 um). Menbmue no pazmepy HUM oGnagaror Gonpiieit
yAETBHON MOBEPXHOCTHIO, 4TO oOecneunBaeT Oonee 3((EeKTUBHOE BBHICBOOOXKICHHE
nonoB Cu?* u renepanuto AOK — 0CHOBHBIX MEXaHU3MOB aHTHTPUOKOBOTO IEHCTBHS
— B COOTBETCTBHHU C YCTAHOBJICHHBIMH 3aBHCUMOCTSIMHU «Pa3Mep—aKTUBHOCTbY JJIs
MeTannuueckux HanodacTtun (Katsumiti et al., 2018; Zabar et al., 2021). IIpsamas
CBSI3b MEXKIYy pa3MepoM HaHOYACTUI] M AaHTUTPUOKOBOH aKTHBHOCTHIO NPOTHB
Fusarium noaTBep:kJeHa B HE3aBUCUMBIX HccieqoBanusx HUM, cuHTe3npoBaHHBIX
C XUTO3aHOM B KauecTBe ctabunuzaropa (Truong et al., 2023), 4To CBHAETEIBCTBYET
00 yHHMBEpPCAJBbHOCTM MJAaHHOW TEHACHUUH M Pa3IUYHBIX OHONOJIMMEPHBIX
CTaOMIIN3aTOPOB.

Bo-Bropeix, ogHopomHas Mopdonorus miéHku coctaBa Ne 1 obecreunBaer
PaBHOMEPHYIO KUHETHKY BBICBOOOX1eHUS HOHOB Cu?* M MaKCUMAaIbHBIN 3 ()eKTUBHBII
KOHTAaKT TUIEHKU C MOBEPXHOCTBIO arapa B xoae nuddysnonHoro tecra. Hamporus,
nopucras cTpykrypa mi€Hku Ne 5, oOycinoBineHHasi BblaeleHHeM H: mpu BBICOKOM
koHueHtpanuun NaBHa, cHmkana miomans 3(Q(EeKTHBHOrO KOHTAaKTa W Hapyliajia
paBHOMepHYIO0 auddysuto Gopm meau B arap. 3aperHCTPHUpPOBAHHBIE B HACTOSILEM
HCCIIEIOBAaHUN TUAMETPBI 30H MoJaBIeHHs pocTa (32 MM) COMOCTAaBUMO C IaHHBIMH,
MpUBEACHHBIMU B JIUTEpAType AJsl aHTUTPUOKOBBIX MJIEHOK M MOKPBITUH Ha OCHOBE
HYM npotus Fusarium v poACTBEHHBIX (PUTOMATOTEHHBIX IPUOOB (Kak mpaBuio, 15—
35 mm) (Zabar et al., 2021; Popescu et al., 2023).

[Tony4yeHHble pe3yabTaThl YKa3blBalOT Ha JBOWHYIO (YHKLIHIO JKEJaTHHA B
HCCIIelyeMOl cHcTeMe: B KadecTBe cTabuim3aropa NpH CHHTE3€ HAHOCTPYKTYD
W B KauecTBe IUIEHKOOOpa3ylollero KOMIIOHEHTa MaTpulbl. B merome in situ: B
KauecTBE areHTa OrpaHUYEHHUs POCTa HAHOYACTHL[ INPH CHHTE3€ U B KadeCTBE
OCHOBHOTO  IUIEHKOOOpa3yIollero KOMIIOHEHTa Marpunbl. [lporpeccupytomas
norepsi dpdexruBHocTH crabunm3amuu npu CuSOa:NaBHas > 1:2, Beipaxaromasics
B HAapacTaHWW arperupoBaHHBIX (pakuuii ¥ JedeKTOB MIEHKH, BBI3BaHHBIX Ho,
OTIpeNIeNIsIeT MPAKTHYECKYI0 BEPXHIOIO I'paHUIy Hchoib3oBaHusi NaBHs B manHol
cucTeMe, KOTOPYIO CIIEAYET yUYUTHIBAaTh MPU MaclITaOUpOBaHUN TIPOU3BOACTBA.

3aki04eHue.

1. Cunre3 HYM mertomom in situ ¢ jKelTaTHHOM B KayecTBe cTaOmiImM3aropa
(CuSOu:xenatun = 1:10 06./006.) obecneunst Oonee ympaBisgeMoe pachpeesicHHe
YacTHI] 110 pa3MepaM C BBISBIIEMbIMH HAHO(PPAKLIUSIMH BO BCEX COCTaBaX.

2. Coornomenne CuSOs:NaBHa = 1:1 mpu3HaHo oNTHUMaIbHBIM: OHO 00eCIIeunBaeT
HauOONBIIYIO JIOJI0 MCTUHHBIX HaHowyacTtul (20,6% mnpu 18,9 HM) u Hamboiee
OZHOPOIHYI0 MOP(OJIOTHIO IIEHKH.

3. Bce mare skenatMH-NEeKTHHOBBIX HUM-NIEHOK TPOSBHUIM aHTHUTPUOKOBYIO
AKTUBHOCTB MPOTHUB Fusarium sp. mo metony nud¢ysun B arape ¢ ayHkoi. [1nénka Ne
1 (cootnomenue 1:1) mokaszana HanOONBIIYIO YPPEKTUBHOCTD.
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4. JKenaTHH-TIEKTHH—TIIMIICPUHOBAs MaTpPHIIA IPEICTABISCT IMEPCIEKTUBHYIO
OCHOBY JIJIsl pa3paboTKu OMOpa3araeMbIX MOJUMEPHBIX IIEHOK C aHTUTPUOKOBBIMHU
cBoiicTBamu. OrieHKa (pakTHUECKOM OMOpa3iaraeMoCT!, MUTPAILIUU MEJIH, OCTATOYHOTO
coJiepKaHusl IPOAyKTOB npeBpaineHus NaBH4 u Tokcukonmornveckoit 6€30macHOCTH
TpeOyeT MPOBEACHMSI IOTIOTHUTEIbHBIX HCCIIEIOBAHUN.

5. DIeKTpOHHO-MHKPOCKOTMYECKass M CIEKTPOCKOMUYECKasT XapaKTEePUCTHKA
CHUHTE3UPOBAHHBIX MEABCOJACPKAIIMUX HAHOCTPYKTYpP, a TakKe HCCICAOBAHUE
KOHTPOJIbHBIX 00PAa3I0B, MUTPAIlUH KOMIIOHEHTOB U 0O€30IacHOCTU pa3pabOTaHHBIX
MaTepHUaJIOB SBISIOTCS HAIIPABICHUSMU MPOJIOJIXKAIOIICHCS PabOTHI.
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Abstract. The relevance of this study is associated with the need for the rational
utilization of carbon-containing wastes and natural raw materials for the production of
humic preparations with potential applications in agriculture. The aim of the study was
to compare the structural and physicochemical characteristics of humic acids (HAs)
obtained by alkaline extraction from coal waste of the Kuznetsk Basin and brown coal
from the Kumyskuduk deposit (Kazakhstan), as well as to assess their potential use as
soil amendments. The obtained samples were characterized using CHNS-O analysis,
FTIR spectroscopy, thermogravimetric and differential thermal analysis, scanning
electron microscopy, titration of functional groups, and UV-Vis spectrophotometry.
The E4/E6 ratio and optical band gap (Eg) were additionally determined using the
Tauc method. The results showed that the composition and properties of HAs varied
considerably depending on the source material. HAs obtained from Kumyskuduk
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brown coal were characterized by a high oxygen content (48.26 wt.%) and a high atomic
O/C ratio (0.77), indicating a substantial contribution of oxygen-containing functional
groups. FTIR spectroscopy and titration confirmed the presence of hydroxyl, carboxyl,
carbonyl, and ether groups. The low E4/E6 values (3.0-4.0), Eg of 2.1-2.4 eV, and
the onset of pronounced thermal degradation above 400 °C indicated a well-developed
aromatic component of the structure. HAs isolated from coal waste of the Kuznetsk
Basin exhibited a higher carbon content (49.61 wt.%), a pronounced polycyclic
structure, increased thermal stability, and a porous, plate-like morphology. The results
indicate that HAs from Kumyskuduk brown coal combine a chemically stable carbon
framework with high functionality and hydrophilicity. These characteristics make them
promising for use as soil amendments, plant growth stimulants, and sorption materials
for the binding of heavy metals. At the same time, the conversion of coal waste into
humic products provides an approach for its rational utilization and incorporation into
beneficial applications.

Keywords: Humic acids, Coal waste processing, Lignite valorization, Spectroscopic
characterization, Optical energy gap
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KaJIJIBIKTap MEH TaOWFH IIUKI3aTThl YTHIMJIbI Al allaHy KOKSTTUIINIMEeH OaijIaHbICTHI.
3eprreymin Makcatbl — Ky3Helnk OaccelHIHIH KeMip KaJlJbIKTapblHAH JKOHE
Kazakcrannarbsl KyMBICKY/IBIK K€H OPHBIHBIH KOHBIP KOMIPIHEH CIATUIIK AKCTpaKIHs
OMICIMEH aJIblHFaH T'YMHUH KbIIIKBULIAPBIHBIH KYPBUIBIMJIBIK KOHE (DU3MKA-XUMUSIIBIK
cUNaTTaMaJIapblH  CaJIBICTBIPY, COHJAW-aK OJIapJbl TOIBIPAK MEIHOPAHTTAPhI
peTiHge makjganaHy MyMKIiHAIriH Oaranay. Aunbiarad yiariuiep CHNS-O asnemeHTTIK
tannayel, ®ypbe-typrenaipym HK-CHekTpocKoIus, TEpMOTPaBUMETPHUSIIBIK KOHE
T GepeHIUaNIBIK-TEPMUSIIBIK TaJlay, CKaHEPJIEYIl 3JIEKTPOHIBIK MHKPOCKOIIHS,
(YHKIMOHANIBIK TONTApAbl TUTpiEy koHe YK-KepiHeTiH crnekTpopoToMeTpHs
omicrepimen cunartainabl. Koceimina E4/Es unzmexci xone Tayim ojici OolbIHIIA
OINTUKAJIBIK THIMBIM CallbIHFaH aMakThiH eHi E g anbikranasl. HoTmwxenep rymuH
KBIIIKBUIAPBIHBIH KYpaMbl MEH KacHeTTepi OacTanKpl NIMKi3aT TYpiHE eldyip Toyemi
eKeHiH KepceTTi. KyMBICKYIBIK KOHBIP KOMIpiHEH aJIbIHFaH TYMHH KBIIIKBUIIAPHI
OTTETiHIH XOFapbl MesepiMen — 48,26 macc.% xone O/C aTOMJIbIK KaThIHACHIHBIH
0,77 MoHIMEH cHUMAaTTaAbl, Oy OTTEKTI (DYHKIMOHAIBIK TONTAPABIH eyl YIeciH
kepcerei. MK-CIEKTPOCKOIUS KOHE TUTPJICY HOTHXKEIEpPl THUAPOKCHI, KapOOKCHII,
KapOOHWII JkoHEe S(UPIIK TONTapAblH O0nyblH pactajibl. E«/Es MHICKCIHIH TOMeH
monzepi — 3,0-4,0, E_g=2,1-2,4 5B soHe aiiKbIH TepMUSUIBIK bIABIpayabH 400 °C-Tan
JKOFapbl TemIieparypaza 0acTaiybl KYpbUIbIMAA JaMbIFaH apOMAaTThl KOMIIOHEHTTIH
OonybiH kepcerTi. Ky3Heuk OaccedHIHIH KeMip KaJJIbIKTapblHAH O6JIHIeH T'yMHUH
KBIIIKBLIIAPhl  KOMIPTETiHIH JkoFapbl MeumepiMeH — 49,61 wmacc.%, aiKblH
MOJIUIUKIII  KYPBUIBIMBIMEH, KOFapbl TEPMUSUIBIK TYPAKTBUIBIFBIMEH KOHE KEYEKTI
IJIaCTHHAIBI MOP(OJIOTHSICHIMEH EpeKIIeNIeH . AJIbIHFAaH HOTHKeNIep KyMBICKYIIBIK
KOHBIP KOMIpIHIH T'YMUH KBIIIKbUIIAPl XUMHSJIBIK TYPAKThl KOMIPTEKTI KaHKaHbI
KOFapbl (QYHKIIMOHAJABLUIBIKIICH JKOHE THIPOQIIBATIKICH YHIECTIPETIHIH KOPCETTI.
Byt kacueTTep onapabl TOMBIPAK MEIMOPAHTTAPBI, OCIMIIIK OCYiH BIHTAJIaHBIPFBIIITAD
JKOHE ayblp MeTajjiapibl OailJlaHBICTBIPYFa apHaJFaH COPOLMSIIBIK MarepHuasiiaap
peTiHze KOJIJaHyFa MYMKIHJIIK Oepesi.

Tyiin ce3mep: TyMHUH KBIIIKbUIIAPHI, KOMIP KaJIJBIKTAPbIH KalTa ©HICY, KOHBIP
KOMIp/i KoJiere kKapary, ClIeKTPOCKOIHSIBIK TPO(UiIb, ONTHKAIBIK 30Ha SHi
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AHHOTANIMsA. AKTYaJIbHOCTh pabOThI CBsi3aHA ¢ HEOOXOANMOCTBHIO PAIlOHABHOTO
WCTIOJIb30BAHUA YIIIEPOACOEPKAIINX OTXOJOB M MPUPOIHOTO CHIPhS YIS MOIyYEHUS
TYMHHOBBIX IpENaparoB, MEPCHEKTUBHBIX IS MPUMEHEHUSI B CEILCKOM XO3SIHCTBE.
Lenp wuccnemoBaHusl 3aKiiodyalach B CPaBHEHUM CTPYKTYPHBIX U (DU3HKO-
XMUMUYECKHX XapaKTePUCTHK T'YMHUHOBBIX KHCJIOT, MOJTYYEHHBIX METOJOM MICIOYHOM
IKCTPaKIMKA W3 KaMEHHOYTOJBbHBIX 0TX070B Ky3Henkoro OacceliHa u Oyporo ymis
Kymbickynykekoro mectopoxaenus (Kaszaxcran), a Takke B OIIEHKE BO3MOXXHOCTH
WX WCIONB30BaHUS B Ka4yecTBE IOYBEHHBIX MEIHOPaHTOB. /[ XapaKTepuCTHKU
noJjiydeHHbIX 00pa3ioB ucnonb3oBain CHNS-O ananuz, UK-®Oypbe CEKTPOCKOIUIO,
TEPMOTpaBUMETPUYCCKHIH u T depeHInaIbHO-TePMUIECCKIH aHaJIN3BbI,
CKaHHUPYIOIIYIO JIEKTPOHHYI0 MHUKPOCKOITUIO, TUTPOBaHUE (DYHKIIMOHATIBHBIX TPYIII
n YO-puaumyro criekrpoporomerpuro. JlonoaaurensHo onpenensiin uaaeke E4/E6 u
mpuHY 3anpenieHHo# 30861 (Eg) metonom Tayma. YeranosieHo, 4To cOCTaB M CBOMCTBA
I'K 3aMeTHO pa3inyaroTcs B 3aBUCUMOCTH OT UCXOIHOTO cbIpbsi. 'K KyMbICKyqyKCKOTO
Oyporo yriisi XxapakTepu3yIoTcs TIOBBILICHHBIM COJIepKaHneM Kuciopoza (48,26 macc.
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%) n BeIcOKMM aToMHBIM oTHomeHuem O/C (0,77), 4To yka3blBaeT Ha 3HAYUTEIHHOE
KOJJMYECTBO KHUCIOPOACOACPKAIIMX (QYHKIMOHAIBHBIX Trpymnmn. Pesymsrarer MK-
CHEKTPOCKOIIMM W  TUTPOBaHMs TMOATBEPAWIM TMPUCYTCTBUE TMAPOKCHIBHBIX,
KapOOKCHIIbHBIX, KapOOHMIBHBIX M 3¢(upHbIX rpynmn. Huskue snauenus E4/E6 (3,0—
4,0), Eg = 2,1-2,4 5B u Temneparypa Hauana 3aMETHOH TepMojecTpyKuuu Boime 400
°C CBUIETEILCTBYIOT O Pa3BUTOM apoMaTHyecKod cocTaBismomei crpykrypsl. ['K,
BbIJIeJIEHHBIE U3 KAMEHHOYTOJIBHBIX 0TX010B Ky3Herkoro Oaccelina, oTnyatotcs Oosee
BBICOKHM cojiepanueMm ymiepona (49,61 macc. %), BIpaKCHHOW MOJIMLMKIMYECKOH
CTPYKTYpPOH, NOBBILIEHHON TEPMHUUYECKON YCTOMYMBOCTBIO U OPUCTOM IJIACTUHYATON
Mopdonorueil. [lomydeHHble pe3yibTaThl IMOKA3bIBAIOT, YTO TYMHHOBBIC KHCIIOTHI
KymbIcKynykckoro Oyporo ymis cOYeTaloT XWMHUYECKH YCTOWYMBBIA YINIEPOIHBIN
KapKac C BbBICOKOH (PyHKIMOHANBHOCTBIO U THAPOQUILHOCTBIO. DTO ONpenesnseT
MX TEpCNEeKTUBHOCTh JUISI HCIOJb30BaHMA B KaueCTBE IIOYBEHHBIX MEINOPAHTOB,
CTUMYJIATOPOB POCTa PACTEHUI M COPOLIMOHHBIX MAaTEPHAJIOB IJIs CBSI3bIBAHMS TSKEIBIX
MeTa/uioB. OIHOBPEMEHHO MepepadoTKa KaMEHHOYTOJIbHBIX OTXOAOB B T'YMHUHOBBIE
MIPOIYKTHI MO3BOJISIET paccMaTpUBaTh NAHHBIM MOIXO0M KaK COCo0 UX palMOHaIbHOTO
BOBJICUCHUS B XO3SHCTBEHHBII 000POT.

KiioueBble ci10Ba: TyMHHOBBIC KHCIOTBI, Iepepab0TKa yroNbHBIX OTXO/OB,
yTunamu3anus Oyporo yrisl, CHEKTPOCKOIIMYECKUH MPo(uIiIb, ONTHYECKast IIMPUHA 30HBI

Kuanetsk coal waste g Kumyskuduk brown coal
{Permian, KavesHoyToaRHLE BOIPICT) . n of baric . [Paleogene, Gypsid yrans)
g -\ :-rnﬂlm. il atien \" Ackd J ) entraction
.-"' Ha ‘.
™ N.pou u 1M NaOH
{akaling a [alicaline
wl.!l-cllw-] Humic acids (HA) Extraction} J
e e e TORSCh RO e e e e
Elemmental analysis FTIR spectroscopy TGA SEM UV-Via spectroscopy Petentometric Sustion |
FCHNE-O) (Tauc plull |
- il | |
i / z of o
E
= * 4 /"
r
2 1 [

v 4V vqnu.| i

Humic acids from
Kurmyskuduk brown coal

'lz:T’\?—-t:}‘ {j‘&. o 10c 4826 wi % [high)

+ Higher ouygen conterd

Humic acids from

Kuznetsk coal waste
o C- 4961 wt% Chigh)
o LLower daygen content

¥ Mo condensed polyoyclic
ST STrchure

¥ High tharmal stability

<

J:‘.. Hich in hydrophific sites
! et and carbaayl groups

2 Leswer thermal stability
 Porous, lamellar morpholog r 2 RO v — Lews condensed structare
: Egm26-294 | Egm21-24 6V

v Optical band gap: ~2.6-2.9 eV e ) : v Optical band gap: ~2.1-2.4 &V
— e

<

<

I'padmueckuii aberpakt. Cxemarnyeckoe MpeICTaBIeHNe MPOIECCOB IKCTPAKIINH, XapaKTePUCTUKH U
CTPYKTYPHBIX 0COOCHHOCTEI I'YMUHOBBIX KHCIIOT

BBenenue. ['ymuHOBbIE BelecTBa 00pa3yloT OCHOBY YCTOHYHMBOTO OPTaHMYECKOTO

yriuepoja Ouocdepsl, omnpenenss HOHOOOMEHHBIC CBOMCTBA, yAEp)KaHWE BIary,
Oy(epHYI0 eMKOCTh ITOYB U TPAHCIIOPT MHUKPOIIEMEHTOB B arposkocuctemax (Orlov,
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1990; Baikenov, 2024). I'ymunoBsie kucnotel (I'K), onpenensembie kKak (pakiu,
pacTBOpUMEIE B IIEIOYHOH Cpe/ie U HEPacTBOPUMBIE TP MOAKUCICHNH, TPEACTABIISIOT
co00H reTeporeHHbIe MAKpPOMOJIEKYJISIpHBIE ceTH, OoraTbie KapookcuiabHbIMU (-COOH),
¢denonpubiMEu (-OH) 1 xapOonmneHbIME TpynnaMu (MacCarthy, 2001; Tyanakh et al.,
2024). bnarogapsi Hanmuuuio 3THUX QyHKOHOHaNBHBIX Tpynn ['K obnagaror BeICOKOM
CBSI3BIBAIOIICH CIMOCOOHOCTHIO MO OTHOLICHHIO K KaTHOHAM METAZIOB M HUIParoT
KITIOYEBYIO POJIb B (POPMUPOBAHUH TOYBEHHOTO TIOAOPOIHSI M CTPYKTYPOOOpa30BaHUH
(Stevenson, 1994; Tan, 2014).

B ycnoBusix gmerpajanyM  CENbCKOXO3AHWCTBEHHBIX 3€MENIb M COKpAllleHHS
TPaIUIIMOHHBIX HICTOYHUKOB OPTaHMUYECKUX yIOOPEHNH HU3KOCOPTHBIE YINIU, TIUTHUTHI
U BBIBETpEJbIC TOPHBIE MOPOIBI TPEACTABISIOT COOOH KpaliHe MEpCHEeKTHBHOE CHIPhE
st mpombliienHoro noiyuenus 'K u menuopantoB (Piccolo, 2002; Perminova et
al., 2019; Ampong et al., 2022). OgHako MOJEKyISIPHOE CTpOEHHE, (DYHKIMOHATbHBIN
COCTaB M PpEaKUUOHHas CIOCOOHOCTh yronbHeIX ['K cymiecTBeHHO BapbUPYIOT B
3aBUCUMOCTH OT YCJIOBUH APEBHETO OCAIKOHAKOIIIICHUS, TPHUPOABI HCXOIHOM OMoMacchl
u cTtenenu Metamopdusma yriaeconepxamiero miacra (Ikeya et al., 2004; van Krevelen,
1993; Zherebtsov et al., 2021).

Hecmotpst Ha 3HaunTENBHOE YHCIO PabOT, MOCBALICHHBIX AKCTPAKINUN I'YMHUHOBBIX
BelIeCTB U3 ynied pasnuuHbix MectopoxaeHuit (Kundu et al., 2019; Calemma et al.,
1994), B3auMOCBS3b MEXIY T'€OJOTHYECKUM BO3PACTOM CHIPbSl U TOHKOM AJIEKTPOHHOM
1 TepMHUYecKoi cTpykTypoi nmomyuyaembsix ['K ocraercs mzyueHHo# HemocTtarouHo. B
YaCTHOCTH, CJ1a00 OCBEIIEHBI BONPOCHI BIUSHUS CTENICHN YIIe(UKALUKN HA ONITHYECKYIO
LIMPHUHY 3alpelieHHON 30HbI, paccunThiBaeMyto o merony Tayma (Tauc et al., 1966;
Ghosal et al., 2018), u Ha cooTHOIIEHUE aNUPATUYSCKUX U MOJTUKOHICHCUPOBAHHBIX
apoMaTH4ecKux (pparMeHTOB MaKpOMOJIEKYIIPHOTO KapKaca, OLEHNBAEMOEe METOJaMU
CHEKTPOCKOIIMU U TepMHUUeckoro aHanusa (Senesi et al., 2003; Francioso et al., 2005;
Klavins et al., 2012).

B nanHoli paboTre mNpOBEAECHO CpPAaBHUTEIBHOE HCCIENOBAHUE CTPYKTYpHO-
(YHKIMOHAIBHBIX XapaKTEPUCTHK, TEPMHUUECKON yCTOMYMBOCTH M ONTHYECKHX CBOHCTB
'K, u3BIeUeHHBIX M3 JABYX T'€OJOTHYECKHM W T'CHETHYECKH Pa3IUYHBIX MCTOYHHUKOB
Kazaxcrana: KaMEHHOYTOJBHBIX OTXOJOB KapOoHoBoro mepuoxa (Kysnemxwuii
Oacceiin) u Oyporo ymis HeoreHoBoro nepuona (KyMpickymykckoe MecTOpOKICHHUE).
Kommnexkcubiii noaxox, couertatrommii snemeHTHeId CHNS-O ananuz, MK-®ypwe
CHEKTPOCKONHUIo, YO-BUANMYIO CIIEKTpoMeTpuio ¢ pacuetoM 30HbI Tayma, TTA/ICK
n COM, mo3BONMI YCTAaHOBUTH BIMSHHE CTENECHH yIe(QHUKALUU Ha PEaKLHOHHYIO
CHOCOOHOCTh M (YHKUMOHAIBHBIA mpodunb makpomonekyn 'K ams ux meneBoro
WCTIOJIb30BAHUS B arPOTEXHOJIOTUSIX.

JluteparypHblii  0030p. ['yMUHOBBIE KHCJIOTBI YTOJBHOTO IPOUCXOKACHUS
(opMHPYIOTCS B pe3ynbTare JUIMTEIBLHOTO MPeoOpa3oBaHus HCXOAHOTO OPraHUYECKOTO
BEIIECTBA U COXPAHSIOT CTPYKTYypHbIE NMPH3HAKH DPA3IMUYHBIX CTagUi AMareHe3a H
yrnedukauuu. [To mepe nmoBwIIeHNs CTETIEH yIiIe(UKALUN TPOUCXOIUT YMEHBILICHHE
colepkaHug Kuciaopoga u - anudaruyeckux — (HparMeHTOB, CONPOBOXKAAEMOE
yBEJIMUEHHEM OTHOCUTEIBHOM JOJIM apOMaTHUECKOTO YIIIepoa U CTETIIEH! KOHICHCAIH
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yrnepoaHoro kapkaca (van Krevelen, 1993; Ikeya et al., 2004). [loatoMy xumudeckue
u (usuko-xumuyeckue cpoiictBa 'K cymiecTBeHHO 3aBHCAT OT MPUPOABI HCXOAHOTO
YIS, €70 3pEJIOCTH U yclloBHuid (hopMHupoBaHUs opranndeckoro Bemectsa (MacCarthy,
2001; Piccolo, 2002).

BaxHy!0 posb B 3THX M3MEHEHHUSAX UIPaeT TpaHC(HOpPMaLUsl KUCIOPOACOACPIKAIINX
(yHKIMOHANBHBIX Tpymil. KapOokcuibHbie, (hEHOMbHBIE W KapOOHHIBHBIC TPYIIITBI
OTIPEENSIOT KUCIOTHO-OCHOBHBIE CBOMCTBA U KOMILJIEKCOOOPA3yIOIIyI0 CIIOCOOHOCTD
'K, ogHako mpu MOBBILICHUN CTENEHH yIIe(pHUKALUU X KOIUYECTBO M JOCTYIHOCTD
HU3MEHSIOTCSl  BCIEICTBHE JACKapOOKCHIIMPOBAHUS, HETHApAaTallid ¥ BKIIOUCHHS
OT/ACNBHBIX (parMeHToB B Ooiee YCTOHUMBBIE KOHIECHCHPOBAHHBIE CTPYKTYPBI
(Stevenson, 1994; Tan, 2014; Perminova et al., 2019). OqHOBpeMEHHO BO3pacTaeT
CTPYKTYpHasi HEOTHOPOIHOCTh apOMaTHUECKOro Kapkaca, 4YTO OTpaykaeTcs Ha
PEaKIMOHHON CIOCOOHOCTH M YCTOMYNBOCTH T'YMHUHOBBIX BELIECTB.

st ycTaHOBNEHHMSI 3TUX Pa3IMYUi IIUPOKO MPUMEHSIOTCS CIIEKTPOCKONHUYECKUE
MeTonsl. FTIR mo3BossieT BBISIBISATH M3MEHEHHSI B COCTaBe (DYHKLIMOHANBHBIX TPYIII
mo mojocam, coorBercTByromum konedbanusm O-H, C-H, C=0 u apomarudeckux
C=C-cBsi3eii (Senesi et al., 2003; Francioso et al., 2005). UV-Vis cnekrpockomnus
JaeT JOMOJHUTENbHYI0 HHPOPMAIHIO 0 XPOMO(OPHBIX U COMPSHKEHHBIX CTPYKTYpPax.
Tpamguunonnoe otHomenue E4/E6 wucmonb3yeTcs Ui CPaBHUTEIBHOW OLIEHKU
CTENeHH KOHAEHCAIIMM TYMHUHOBBIX BEIIECTB, OAHAKO €ro BEIMYMHA 3aBHCUT TaKXKe
OT KOHLIEHTPALMH, MOJICKYJIIPHOM HEOAHOPOAHOCTH M YCIOBUH M3MEPEHUs], TOITOMY
JaHHBIN TIOKa3aTenb TpeOyeT KoMIutekcHoM uHTepnperanuu (Chen et al., 1977; Senesi
et al., 2003).

JononHuTenbHy0 HHPOpPMAIHIO 00 SIEKTPOHHOM CTPYKTYpE MOXKET AaTh pacueT
ONTHUYECKOM WIMPHHBI 3alpelieHHOl 30HBI 1Mo Merony Tayna. IlepBonauanbHO
pa3paboTaHHbBIN 11 aHATN 320N THIECKUX IEPEX0I0B BAMOP(HBIX MOy TPOBOAHUKOBBIX
Marepuanax, STOT OIX0 ] MPUMEHSIETCS U K CIIOKHBIM YTIIEPOJCOAEPIKAIIM CHUCTEMAM,
B KOTOpPBIX CBOWCTBAa TOIVOIICHHS OMNPEACISIIOTCS XapaKTepOM COMpPSDKeHUS H
pacnpeneneHueM MeKTpoHHbIX coctostauid (Tauc et al., 1966; Ghosal et al., 2018). s
TYMHHOBBIX KHCJIOT JaHHBIM MapaMeTp MOKa WCIOJIb3yeTCsl OTPaHUueHHO, a ero CBS3b
CO CTENEHBIO apOMaTU3alM1, KOHACHCAIIMY U QYHKIHOHAIBHBIM cocTaBoM ['K Tpebyer
JalbHEUIIero H3yYeHHS.

TepMuueckre XapaKTEPUCTHKH SIBISIOTCS €Ile OAHUM IOKa3aTeleM CTPYKTYPHOM
OpraHu3alyy TYMHHOBBIX KHCIOT. lIpum HarpeBaHuM MOCIEIOBAaTEIbHO YAAJSETCS
CBsI3aHHAs BOJIA, Pa3pyLIaloTCsi MEHEee yCTOWYHMBBIE KHCIOPOICOAEpKaIue PparMeHThI,
a mpu OoJjee BBICOKHX TeMIIEpaTypax MPOUCXOAUT JECTPYKLUHUS yCTOWYIMBBIX
OpPTaHMYECKUX CTPYKTyp. TemmeparypHble MHTEpBajbl M BEJIMYMHA I[OTEPU MACCHI
3aBUCAT OT NMPOUCXOKICHUS MUCXOTHOTO CHIPhS M CTENEHH €ro mpeoOpa3oBaHHOCTH
(Klavins et al., 2012; Ampong et al., 2022). ITostromy couetanue TT'A/JICK ¢ FTIR u
UV-Vis no3BonsieT conoctaBisiTh QyHKIHOHAIBHBIN cocTtaB ['K ¢ ux Tepmudeckoii u
JJIEKTPOHHOU YCTOMUYUBOCTBIO.

Kazaxcran pacmonaraer 3HauMTEIbHBIMH  pEeCypcaMH YISl Pa3IHYHOTO
re0JIOTHYECKOTO BO3pacTa W CTeNeHH yriedukanuu, Bkitodas Oypble M KaMEHHBIC
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YIJIM, a TaKKe 3HAUYUTEIIbHbIE OObEMBbI OTXOJOB YIVICHOOBIYM W YIIICOOOTAICHUS.
Pasnmuums B ycnoBusx (OpPMUPOBAHHUS W TMOCJCIYIOIIETO IMPEOOpa3oOBaHUs ITHX
MaTepUaJIOB OOYCIIOBIMBAIOT BapHaOCIBHOCTh COCTaBa OPraHMYECKOIO BEIECTBA
M TIEPCHEKTHUBHOCTh WX WCIOJB30BAaHUS JIJIS TOJIyYCHUS TYMHHOBBIX IPENapaTroB
(Nauanova et al., 2025; Tyanakh et al., 2024; Zherebtsov et al., 2021). Bmecte ¢ Tem
HCCIICJIOBAHUS Ka3aXCTAHCKOTO YTOJILHOTO ChIPhsl IPEUMYIIECTBEHHO OPHUEHTUPOBAHbI
Ha OTIPEJICTICHHUE BBIX0/Ia TYMHHOBBIX BEIIECTB, UX XUMUYECKOTO COCTaBa U TPAKTHYCCKON
3¢ (EeKTUBHOCTH, TOTJ]Aa KaK B3aUMOCBSI3b T'€0JIOTHYECKOTO MPOUCXOKIACHHUS UCXOTHOTO
Marepuaiia ¢ MOJCKYISIPHbIMU, TEPMHUYECKUMH W  AJIEKTPOHHO-ONTHYECKUMU
xapakrepuctukamu BoieneHHbIX ['K u3yueHa 3HaunTenbHO ciadee.

Takum 00pa3oMm, OcCTaeTcs HEOCTaTOYHO HCCIICAOBAHHBIM BONPOC O TOM, Kak
pa3nuuMs B TEOJOIMYECKOM BO3pAcTe W CTENEHHM yrie(UKalUU Ka3aXCTaHCKOTO
YTOJIBHOTO ChIPbs OTPa)KArOTCSI OJHOBPEMEHHO Ha ()YHKIIMOHAJIBHOM COCTaBe,
COOTHONICHUU  anu(paTHUYECKUX H  apOMATHYECKUX  CTPYKTYp, TEPMHUYECKOI
YCTOMYMBOCTH HM ONTHYECKHX XapakTepucTukax mnoiydaembix [K. OcobeHHO
AKTyaJbHBIM SIBJISICTCSI YCTAHOBJICHUE B3aMMOCBS3H MEXIY 3THMHU IapamMeTpamMu
U ONTUYECKOM WIMPUHOW 3alpelleHHONW 30HbI, ONpeaeisieMol mertogoMm Tayua.
KoMItiekcHOe paccMOTpEeHUE YKa3aHHBIX XapaKTePUCTHK TO3BOJIIET TIIy0Xe OLICHUTh
CTPYKTYPHYIO 00ycloBiIieHHOCTh cBOMCTB 'K u 000CHOBaTh BO3MOXKHOCTH I1IEJIEBOTO
WCIIONIb30BaHUS PA3IMYHBIX BUJIOB YIOJLHOTO ChIphs Kazaxcrana.

OKcepuMeHTAIbHASL 4YaCTh. B HCCIeNOBaHMM MPHUMEHSUINCH  00pa3ibl
KaMEHHOYTOJIBHBIX OTXOJOB KapOOHOBOIO IEpHO/a, OTOOpaHHBIE Ha OTBajax
Kysneukoro Oacceiina (mapkupoBka KUZ), u o0pasubl Oyporo yrisi HEOr€HOBOTO
nepuona Kymbickynykckoro MecropoxaeHusi (mapkupoBka KUM), Kaszaxcran. B
Ka4eCTBE XUMUYECKUX PEarcHTOB JJIs IEIOYHOTO BBINIEIAYUBAHUS U TIOCIICIYOIIETO
OCaXJICHUSI UCTIONB30BATUCh THIPOKCU HATPHSI U COJISTHAS KHCIOTa MapKH «4.7.a.)
(Sigma-Aldrich). [{nsg Bcex aHaTIUTHYECKHX NPOLEAYP, NPUTOTOBICHUSI PACTBOPOB U
ITPOMBIBKH BBIICIICHHBIX (DPAKIMI TPUMEHSIACh JCHOHU3UPOBAHHASI BOJIA C YACTbHBIM
conpotuBieHueM 18.2 MOwm-cum.

Boeigenenue teneBbix (pakiuii rymuHoBbIX kucior (I'K) ocymecrsisiiocs ¢
MIPUMEHEHUEM KIIACCHUECKOM CXEMBI IISJIOYHON SKCTPAKIIMH ¥ KUCIOTHON KOAryJIsIIIHH.
Ha mepBoM 3Tare UCXOMHBIN yIIIeCOAEPIKAIHA MaTepHall MOIBEPraics U3MEIbUCHUIO
Ha mekoBol npobuike HIK/-6 no pabGoueii gpakuum 0.5-1.0 MM ¢ mocnenyroiei
cyukoit ipu 80 °C B Teuenue 8 u.

OKCTPaKIMOHHBIN TIPOIecC 0a3upyeTcss Ha 00paTUMOM IEPEeBO/IC HEPACTBOPUMBIX
TYMUHOBBIX KHUCJIOT B PacTBOPUMBIC T'yMaThl HATPUS C MOCIEAYIOUICH pereHepamuei
MPOTOHUPOBaHHOM (hopmal (1):

I'K-H (tB.) + NaOH (BomH.) — I'K-Na (BoaH.) + H20 (k.)
I'K-Na (Boan.) + HCI (Bomn.) — I'K-H (18B.)] + NaCl (Bomn.) (D)

Hagecky moarorosienHoro ceipbsi maccoit 10.0-20.0 r cmemmuBanu ¢ 100 mu 4
Mmacc. % pactBopa NaOH. Peakumonnyto cmech Boiaep:kuBanu npu 80 °C B TeueHue
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2 4 mpuU TMOCTOSHHOM TNepeMelmrBaHuu. [ OTHeneHnss MMHEpaJbHOIO OcTaTka U
HEYTHJIM3UPYEMOH (pakii T'YMHHA TPOBOIWIN IEHTPU(PYTHPOBAHHE CO CKOPOCTHIO
4000 06/MuH B TeueHue 15 muH. OCBETIICHHBIN HICIIOYHON SKCTPAKT MOAKUCIISUIIH 5 00.
% pactBopom HCI no pH 2.0-3.0, mocne gero BeiaepxuBany 60 MUH 1715 3aBEpIICHUS
(azoBoro paznmenenusa. Bemapmmii  xoarymat 'K duasrpoBamm, mpombiBamn
JIEMOHU3WPOBAHHOW BOJIOH JI0 TIOTHOTO ynaienus noHoB chlorine (koHTpoib 10 AgNO3)
u BeicymnBaiu npu 80°C 10 HEM3MEHHOM MacChl.

MaccoBble 10511 yTIIepo/ia, BOAOPO/A, a30Ta U CEPhI ONPEENIAIUCh Ha SIIEMEHTHOM
anammzarope UNICUBE (Elementar, ['epmanus). B3BemmBaHue MHKPOHABECOK
BBITIONTHSJTIOCH Ha yibTpamukpoBecax Mettler Toledo XPR6U. Conmep:xanue Kuciopoaa
PaccUUTHIBAIOCH 110 PA3HOCTH MacCOBBIX AOJICH.

KoneGarenbHble criekTpel MakpoMoJiekya 3anucbiBanu Ha UK-Dypre ciekrpomerpe
FSM 1202 B nmanazone BoiHOBBIX umcen 4000—400 cm'. OOpasubl mpeccoBain B
TabIeTKH ¢ OpOMUIOM Kanus U3 pacyera 2 Mr nipernapara Ha 200 mr KBr.

Tepmuuecknil eCTPYKIMOHHBIN MPO(UIL HCCIEIOBAINM METOAOM CHHXPOHHOI
TepMorpaBUMeTpun ¥ auddepeHnnanbHON  CKaHMPYIOIIEH —KaJlopUMETpUH Ha
ycranoBke LABSYS Evo (SETARAM, ®panrust). AHaIN3 TPOBOJUIICS B BO3IYITHON
cpeze npu ckopocty Harpesa 10°C/mun 1o MmakcumanbHol Temneparypsl 800 °C.

Cnextpsi nornouienus pactBopoB ' KB 5 macc. % NaOH (ipu paboueii KoHIeHTpaiu
0.1 mr/mut) caumanu Ha cnekrpodoromerpe Shimadzu UV-1800. Pacuer mupuHs
3arnpereHHoN 30HbI (Eg) MpoBOIMIICS ITyTEeM MOCTPOCHUsI Ipad)uIeCKUX 3aBUCUMOCTEH
Tayma u TUHEHHOM SKCTPATIONAIINN Kpasi OTIIOMEHUS (2):

(a-hv)»=A"- (hv-Eg) 2)

rae o - xoaddumuent mormomenusi, hv - sHeprus ¢ortoHa, A - pa3MepHBIH
K02(GUIHEHT, N - HHACKC MPSMOTO pa3penieHHoro nepexoaa (n = 2).

HccnenoBanne MUKpOMOP(HOIOTHH M apXUTEKTOHUKH MOBEPXHOCTH MPOBOIUIOCH
Ha CKAHHWPYIOIIEM DJIEKTPOHHOM MHUKPOCKONE C aBTOOMHUCCHOHHBIM HWCTOYHHKOM
MIRA3 FE-SEM (TESCAN).

Onenka COACPIKAHUS KHCJIOTHBIX rpymi MIPOBOANIACH METOZIOM
MOTCHITMAIOMETpUUECKOTro TuTpoBanusl. Bonusie cycnensuu ['K ¢ runpomonynem 1:10
tutpoBanu 0.1 M pactBopom NaOH npu mocTossHHOM NEpeMeIInBaHnH.

Pesyabrarel u  ux o0cyxaenue. OIEHKa MONEKYISPHBIX W  ONTHYECKHAX
XapaKTEPUCTHUK TYMUHOBBIX KHCJIOT, BRIJIETICHHBIX U3 OTBAJIOB BCKPBIITHBIX U YIITHCTHIX
nopon Kaszaxcrana, mpoBomiiach Ha OCHOBE COIIOCTABJICHHUS JAHHBIX JJIEMEHTHOTO
Mukpoananusza, UK-Oypee criekTpoMeTpuu M SJNEKTPOHHBIX CIIEKTPOB MOIVIOIICHHS
pactBopoB. CpaBHHUTENBHBIH aHAIN3 (PU3HKO-XMMHUYECKUX IapaMeTpoB 00pa3loB
Pa3IMYHOTO T€OJIOTUYECKOTO MPOUCXOKICHHS TTO3BOJIMIT BBISIBUTH 3aKOHOMEPHOCTH B
(hopMHupOBaHUH UX THAPOPUITHHO-THAPOPOOHOTO OaTaHca M CTETICHH ITOJTMKOH ICHCATTIH
apOMaTHUIECKOTO Spa.

Pe3ynbrarhl 2IeMEHTHOTO aHalM3a HMCXOMHBIX YITIEPOJCOAEPIKAIUX MaTepUAJIOB,
UX 30JbHBIX OCTATKOB U M3BJIEYCHHBIX (PAKLMI TYMHHOBBIX KHCJIOT NPEACTaBICHBI B
tabmune 1.
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Tabmuma 1 — DjaeMEHTHBIN COCTaB UCXOMHBIX 00PA3I0B, 30JIbHBIX OCTATKOB U BBIICICHHBIX
TYMUHOBBIX KUCJIOT (Mac.%)

Ob6pa3zen VYrepon (C) | Bomopoxn (H) | Azot (N) | Cepa (S) | Kucmopon (O)
Kysnenkuii yrons (KUZ-2024) 56.020 5.085 0.000 0.155  |25.070

3oma Kysnenkas (Ash KUZ-2024) | 12.330 0.160 0.430 0.000 | 11.560
Kymicieynyxeruit —yroms  (RUM-1 5 ¢55 5.294 0.455 0.138  |25.070

2024)

gggz)KyM"‘”‘yz‘yma” (Ash KUM-| 1) 149 0.136 0.360 0.000 |11.560

I'K Kyzuenkoro oTana 49.605 3.071 0.930 0.391 45.263

'K KyMbICKyIyKeKas 46.690 3.079 0.630 0.172 | 48.260

W3 pucynka (puc.1.) BuaHO, 9to B tuana3one 3800-3550 cm ' mpucyTcTBYeT monoca
MOIVIOIICHUSI, CBsI3aHHbIe ¢ Kosebanusimu O—H rpynmn. DT monockl XapakTepHbI JUIs
IMIPOKCHIIBHBIX IPYMII (KaK B CBOOOIHOH BOZE, TaK M B BOZOPOJHBIX CBS35IX), KOTOPBIE
MIPUCYTCTBYIOT B CTPYKType TYMHUHOBBIX KucJOT. [Ipn 2100-1600 cm ' HabmonatoTcs
[I0JI0CHI TOMIOUICHUS, NMPUHAJISKAIINE K KapOOKCHIBHBIM KHCJIOTaM, ajlbJeruaam,
KeTOHaM " CIoXHBIM ddupam. Jmamazon 1600-1250cm™' oTBewaeT 3a KoneOaHUs
apomarndyeckux C=C cBs3el, 4TO XapakTepHO Uil T'YMHHOBBIX KHCJIOT, KOTOpBIE
HUMEIOT B CBOCH CTPYKTYpE apoMaTH4eCcKue KoJbla. Tarke 34eCh MOTYT MPOSIBISATHCS
nedopmarmonnsle konedanust C—O cBsizell B KapOOKCUIIBHBIX U (DEHOIBHBIX TPYIIax,
YTO YyKa3blBACT HA HAJIMYUE CIIOXKHBIX KHCIOPOACOACP)KANX (YHKIHMOHAIBHBIX
rpynn B TyMHHOBBIX kuciorax. [lpm 1000-600cM™' MoxkHO HaONIOAATH TOJIOCHI
MOIVIOIICHUSI, CBA3aHHBIE ¢ nedopManoHHbIMU KonebanusiMu C—H B apomarnueckux
KoJIbLIAX, a Takxke Konebanusi C—O—C cBs3eil B CIOKHBIX ApUpax U 3PUPHBIX TPYIIIAX.
Huskouactorasiii quamazod 600-500-cm 'cBs3aH ¢ koiebannsamu BHe miockoct C—H B
apoOMaTHYECKHUX CUCTEMaX, a TAKXKE KOJICOaHUSIMH, CBA3aHHBIMU ¢ fedopmarusiMu C—C
CBsI3€H B yITIEPOAHBIX LEISX.

0,20
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0,10
0,05
0,00

T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
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Pucynok 1 — UK criektpbl 00pa3iioB yrieii (a) TyMHHOBBIX KUCIIOT (0)

B ymiax Takue mojochl MOTYT BO3HMKATh HM3-3a HAJIUYMS KHUCIOPOACOMAEPIKAIINX
(DYHKIIMOHAJIBHBIX TPYIII, KOTOpPBIE yYacTBYIOT B Mpoleccax okucienus. Ilomoca B
obmactu 1600-1300 cm ! oTBeuaer 3a gAeopmannonnsie koiebanuss C—H u C=C cpsi3ei
B apOMAaTHYECKHMX KOJIbLIAX. YTIIM CO/AEp)KaT OOJbIIOE KOJUYECTBO apOMATHUYECKHUX
CTPYKTYD, M 3TOT JIaria30H MOXET YKa3bIBaTh Ha CTENIEHh ApOMaTHYHOCTH YIIIEPOAHOTO
ckenera yris. YeM MHTEHCHBHEE TOJIOCHI B 3TOM JHAla3oHe, TeM BBIIIE CO/epKaHue
apoMatuueckux yrieponoB. Jnamazon 1000-750cm™' MOXeT yka3plBaTh Ha HaUYHC
3aMEIICHHBIX OCH30JBHBIX KOJell (apoMaTHUECKUX VYIIEBOAOPOJOB) W KoJeOaHHS
C—H B mockocTH Konblia. Takke 371ech MOTYT MPOSBIATHCA KONeOaHHs YIIEepOaHO-
KHCJIOPOJHBIX CBSI3eH B TaKUX CTPYKTypaX, Kak 3(UpBl WIU CIUPTHL, €CIU OHHU
MIPUCYTCTBYIOT B yIJIE.

Wzyueno Baumsane Y@-mzmyueHuss Ha oOpasubsl ymied KyMbICKyaykckoro u
Ky3Herckoro ¢ menpio OIEHKH X YCTOWYMBOCTH K (POTONETpaJallid U U3MECHEHHSIM
(hu3mgeckux cBOUCTB (pucC. 2).
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Pucynok 2 — Y@ criekTpbl 00pa3ioB yriei

CriexTpsl ABYyX yIieH, cHsTble B Y- M BHIMMON 0OJACTAX IMOKA3bIBAIOT, YTO
a0copOLMOHHBIE KPUBBIE MX CXOXH MEXIy coOoil. B ymerpaduonere (6omee 250
HM) YIJIEPOJICO/ICpIKAIlME BEIIECTBa yIel 001agaroT CeNEKTUBHBIM IOTIIONICHHUEM,
pa3nuyasch JHIIb KOHQUTypalued KpPUBBIX. OTO  TO3BOJSICT  HPUMCHHUTH
CHEKTPOaOCOPOIIMOHHBIA METOA JUIsl KOJIMYSCTBEHHOTO OIPEICIICHUSI OTACIbHBIX
IpYIN yIIEpOACOASPKALINX BEIIECTB B YINISAX U YCTAHOBUTH, YTO OCHOBHOH COCTaB
X OOyCIIOBJIEHBI HaJMYUEM CIEAYIOUIMX TPYI YIIEpOACOACPKALIMX BEIIECTB B
MIPOIICHTHOM OTHOIICHUH (TPUOMKEHHAST OIEHKA): MPOIYKTHI MIECIOYHOrO pacmaia
HWHBEPTHBIX YIi1eBoaoponoB -70%, memanoussl -25- 30%, metamisi- 0-5%.

Ha pucynke 3 (a) BuaHa TEKCTypa MOBEPXHOCTH 0Opas3lia ¢ TPaHyIUPOBAHHBIMU
W TIOPUCTBIMH CTPYKTypamH, MPEJICTaBICHHBIMU B (pOpMe YacTHI] pa3HOro pasmepa
u (OpPMBI, KOTOPBIE BApBUPYIOTCS OT BBITSHYTHIX A0 YDIoBaThix. Ha m3o0pakeHnn
JEMOHCTPHPOBAHBI pa3Mepbl OTIENBHBIX YacTHIl, KOTOpble Bapbupytorcs ot 1,70
no 2,72 MukpoMeTpa. OTH HM3MEpEeHHs YKas3bIBalOT Ha KPYIHBbIE MO CPAaBHEHHUIO C
HaHOpa3MepaMH YacTHUIIbl, KOTOPBIE XapaKTEPHBI JJIsi TYMUHOBBIX KHCJIOT. YacTHIIbI
BBIIJISIIAT KaK CJIOXKHBIC arperarbl C pa3iHMYHBIMH ITOBEPXHOCTHBIMU CTPYKTypamMH H

MMOPUCTOCTBIO, YTO MOXKET 'OBOPUTH O CIIOCOOHOCTH I“YMI/IHOBOI‘/'I KHUCJIOTHI K aI[COp6HI/II/I
" CBA3BIBAHUIO PA3JIMYHBIX XUMHUYCCKUX COGI[HHCHI/Iﬁ.
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MIRA3 TESCAN| SEM HV: 20.0 kV 'WD: 6.57 mm MIRA3 TESCAN|

View field: 20.0 ym Det: SE
SEM MAG: 17.3 kx Performance in nanospace

View field: 50.0 ym
SEM MAG: 6.92 kx Performance in nanospace

0

Pucynox 3 - COM cHUMKH MOP(OJIOTHH OBEPXHOCTH T'YMHHOBBIX KHCJIOT, BBIICJICHHBIX U3 YIIICH
Kymsickyaykckoro (a) n Kyzuerkoro (6) Mmectoposkaennit

TepmorpaBumerpuueckuii ananmu3 (TIA) um nuddepeHunanbHas cKaHUpyOLIas
kajopumerpusi (JCK) mo3Bonunm BBISIBUTH TPEXCTAAUNHHBIN XapaKTep TEPMHUYECKOU
nectpykuun npenaparoB 'K (puc.3): Ha mnepBonauansHoM stame 30-175 °C
MIPOMCXOJUT IHIOTEPMHUUYECKUI Ipouecc yaaueHus (U3NUecKd aJcopOUpOBaHHON H
ruApaTauoHHol Bonbl. B uHTepBane cpenuux temmeparyp 200-500 °C mpotexaeT
9K30TEpPMHUYECKAsT TEPMOAECTPYKUMs anudarnyeckoro mnepudepuitHoro Kapkaca,
CONPOBOXKIAIOIIASICS WHTCHCUBHBIM  JIEKapOOKCHIMPOBAHUEM U OTIIEIUICHHEM
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KHCIIOpoconep)amx (yHKInoHanbHbIX rpyni. Ha ¢punanbroii craguu Boeime 550 °C
HabmronaeTcst TIyOOKHH TePMUYECKHI pachaj] KOHACHCUPOBAHHOTO apoOMaTHYECKOTO
aapa.
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PucyHok 4 — TepMorpaBUMETpHUYECKUE KPUBBIC HCXOHBIX YIVICit (@) U BBIICICHHBIX TYMUHOBBIX
kuciot (0) Kyznenxoro n KyMycKyIyKCKOTO MECTOPOKICHUI
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OnTHueckue CBOICTBA, OLIEHEHHBIE TIO0 CHEKTpaM norioueHus B Y- u BuanMoit
o0nacTsX, JEMOHCTPUPYIOT pa3iu4Ms B 3HAUYEHHUSX IIUPUHBI 3alpEeIIeHHOH 30HBI
Jia 'K KyMbICKyZyKCKOTO TNPOUCXOXAEHUs pacueTHoe 3HaueHue Eg cocTamiser
2.1-2.4 5B, B 10 Bpems kak s Kysnenkux 'K Quxcupyrorcs Oonee BbICOKHE
3nauenus (Eg = 2.4-2.6 »B). [lonmxenue 3nauenus: Eg y Kympickynykckoro odpasna
o0bsicHseTes 2P dexkTamMu MPOCTPAHCTBEHHOTO COMPSDKEHMSI MEKAY a aromatic siapaMu
n nepuepuiHBIMI KHCIOPOJCOAEPKAIIMMH 3aMECTUTEISIMH, YTO OO0YyCJIOBIHMBAET
MOBBIILICHHYIO0 XUMHYECKYIO M PEaKIIMOHHYIO CIOCOOHOCTh IaHHOTO Mpernapara.

Hnsi oOBbeKTUBHOW OLEHKH (DU3MKO-XMMHYECKOTO TIOTEHIMAala MOJTYyYeHHBIX
TYMUHOBBIX KHCJIOT IIPOBE/IEH UX CPABHMUTENBHBIN aHAIN3 C U3BECTHBIMH MHPOBBIMU
aHanoramu (Tabauua 2).

Tabmuma 2 — CpasrurensHble Gpuznko-xumudeckue napamerpsr I'K Kymbickymykckoro
MECTOPOXK/ICHUS U CTaHAAPTHBIX 00pa31oB

Mapaver I'K Kymsickynyk | 'K Jleonapauta | 'K Topda I'K HuskocoptHoro
P P (manHoe ucci.) (KoMMepd.) (aTasnoHn) yris (KHP)

Conepxanue yruepona | ¢ 5 58.0 - 62.0 52.0 - 55.0 55.0 - 60.0

(©), %

Conepanne 483 30.0 - 35.0 38.0 - 42.0 32.0-36.0

kuciopona (O), %

AToMHOE OTHOWICHHE | ) 7¢ 0.70 — 0.90 1.20—1.50 0.80—1.10

H/C

g}g‘“‘"e OTHOMICHHE 1) 77 0.40 - 0.50 0.60 —0.70 0.40 - 0.50

HK-nmonoca C=0 Bricokast VaepeHHas Cnabas- VueperHas

(~1720 cm ) HMHTECHCUBHOCTh p YmepeHHas P

Ornomenue E4/E6 3.0-4.0 50-6.0 7.0-9.0 5.0

Topor Tepumraeckoit | 446 oc 300—500°C  |200—450°C  |250 — 500 °C

CTOUKOCTH

Oocyxnenne. CpaBHUTEIBHBIN aHATU3 MOKa3aJl, YTO MEPEXO/ OT UCXOJHOTO YIS
K BBIJICJICHHBIM TYMUHOBBIM KHCJIOTaM COIPOBOXKJIAETCS IIYOOKOW MepecTpOHKon
OpraHO-MHHEPAIbHOW MaTpPHUIIbL.

I'K Ky3Henkoro orBana XapakTepH3yIOTCSl BBICOKMM COZIEp)KaHHEM yIviepoja
(49,61 mac.%) npu cpaBHHUTEIBHO HU3KOM YpOBHE Kuciopoaa (45,26 mac.%). Dto
00ycIoBJIeHO OoJiee BBICOKOH CTEINeHbI0 reojornyeckoro meramopdusma Kysnerkoro
kamenHoro yriss KUZ-2024 (C = 56,02 mac.%). B nporecce mieiouHON dKCTpaKIUu
U TOCJIEAYIOIIEr0 KUCIOTHOTO OCaXICHHUS B 0CaJO0K BbINaAaeT (Qpakius ¢ pa3BUTHIM
MOJUIUKIMYECKUM apOMaTHYECKUM SIIPOM, PE3UCTEHTHAs K JKECTKOM AEeCTPYKIMH.
I'K KyMBICKYIyKCKOTO MECTOPOKACHHS JIEMOHCTPHUPYIOT CHUKEHHE JOJM YIepoaa
1o 46,69 mac.% u pexkopaHOoe oOoraineHue kuciopojom (48,26 mac.%). Ucxomubiit
Kymbickynykekuit  yroas (KUM-2024, C = 50,86 wmac.%) mnpencramiser coOou
Oosiee MOJIOAOH, TMIIEPIEHHO M3MEHEHHBIN (OKHCICHHBIH) cyOcTpar. Bricokas moinst
kucinopona B 'K KyMmbickyaykckoro oTBajnia mpsiMO CBUICTENBCTBYET O MpeoOiafaHuu
anugarnieckoii nepuepru, NPOCTPAHCTBEHHO HACBIIIEHHON KHUCIOPOACOISPKALTIMU
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(GyHKIMOHANBHBIME  Tpynnamu  — KapOokcunbHeiMH  (-COOH),  denonpHBIMU
u crnuptoBeiMU ruapokcunamu (-OH), a Takxke KapOOHWIBHBIMH M I(QHUPHBIMH
¢parmentamu (-C=0, -C-O-C-).

[lepecueT MaccoBBIX A0JIEH AIEMEHTOB B aTOMaPHbBIE OTHOLICHUS [TO3BOJISACT CYIUTh
0 CTETIEHH HEHACBILICHHOCTH U THAPOPUIBHO-THAPOPOOHOM OaaHce MOJICKYI:

ArtomapHoe ortHomenue H/C ans obomx obOpasuoB 'K pesko cHmxaercs mo
CPaBHEHUIO C UCXOJHBIMH YINIIMU U HAXOAMTCS Ha Oiu3koM yposae (~0,74—0,79). D1o
yKa3blBaeT HA OTHOCUTEIBHO BBICOKYIO CTENEHb apoMaTW4HOCTU ckeneTa odenx ['K,
oanako B I'K Ky3Henkoro orBana KOHCONMMIALUS apOMAaTUYECKUX KOJICL] BBILIE 3a CUET
MEHBIIEH A0JIN anu(aTHuecKuX 3aMeCTUTeNeH.

ArtomapHoe otHomenue O/C BbICTyNaeT IVIaBHBIM MAapKEPOM OKHCIEHHOCTH
U TOTCHIUANIbHON peakiuonHoN crnocoOHoctn. [ms ['K  Kywmbickymykckoro
Mecropoxenus: otHomenune O/C = 0,77, torna kak s ['K Kysuerkoro orBana O/C
~ 0,68. Cronp Bbicokuit mokazarens O/C mis Kymbickynykckoit 'K ykaseiBaeT Ha ee
BBIpKEHHBIH THIPOGUIBHBIN XapaKTep, BBICOKYIO eMKOCTh KaTnoHHoro oomeHa (EKO)
U CIIOCOOHOCTH (POPMUPOBATH YCTOWYHMBEIE XEIaTHbIE KOMITJIEKCHI C METaJIIAMH 34 CUET
KOOPAMHAIIMOHHO-aKTUBHBIX KUCIOPOAHBIX LIEHTPOB.

B ctpykrype 'K Ky3neuxoro orana ¢pukcupyercs 6oiee BBICOKOE COACpKaHHUE a30Ta
(0,93 mac.%) no cpaBaenuto ¢ Kymbickynykckoit ['K (0,63 mac.%). OtcyrcTBHe a3oTa
B ucxonnoMm yrie KUZ-2024 (0,00 mac.%) mpu ero oOHapy>KEHUH B 30JIbBHOM OCTaTKe
(0,43 mac.%) n xoHuenTpauuu B I'K yka3pIBaeT Ha TO, 4TO B MIPOLIECCE BEIBETPUBAHUS
u (QOpMHUPOBAaHUS OTBAJIOB IMPOUCXOIWIO CBSI3bIBAHHE TETEPOLUKIMYECKOTO a30Ta
OpPTaHMYEeCKO MaTpHieH, 1100 a30T MPUCYTCTBOBAI B COCTaBE OPTaHOMHHEPAIbHBIX
KOMIUJIEKCOB, MEPEUIeIINX B pACTBOPUMYIO (DPaKLUIO MPH LIETOYHONH 00padboTKe.

Conepxanue cepsl B o6oux obOpasuax ['K muammansao (0,17-0,39 mac.%), uro
SIBIISIETCSL  TIOJIOKHUTENBbHBIM (DaKTOPOM TPH HCTOJIB30BAHUU JAHHBIX T'YMHHOBBIX
BEIIECTB B KAyeCTBE OKOJOTHMYECKH O€30MacHbIX IMOYBEHHBIX MEIHOPAHTOB H
OpPTaHOMHHEPAJbHBIX YIOOpEHMH, TaK KaKk MCKII0YaeT PHUCKH (UTOTOKCHUYHOTO
3aKHCIICHUS CPEIbl.

Ananmu3 3o0ibpHBIX ocTarkoB (Ash KUZ-2024 u Ash KUM-2024) noka3biBaeT
CYLIECTBEHHOE TMaJIeHHE COJEpKaHMUsA opraHmdeckoro yriepoga (mo 11,14-12,33
Mmac.%) u Bomopona (0,14-0,16 mac.%). CoxpaHeHune (QHUKCUPOBAHHOIO YPOBHS
kuciopona (11,56 mac.%) B 3011e CBA3aHO C MPUCYTCTBHEM YCTOMYHMBBIX CUIIMKATHBIX,
QIIOMOCHJIMKATHBIX M OKCHAHBIX MUHepanbHbIX (a3 (Si02, Al203, Fe203). Ilonubrit
Mepexoa cepbl B PACTBOPUMBIE (paKIUM HWJIM €€ BBIMBIBAHHE NPH IIEIOYHOM
BBILLEIAYMBAHUY [TPUBOJHUT K €€ HYJIEBOMY 3HAUCHHIO B 30JIbHBIX OCTaTKaX.

'K KysHeukoro orBana Onarojapsi TOBBILIEHHOMY YIJIEPOJHOMY KapKacy
(C = 49,61 mac.%) ¥ IUIOTHOM apoOMaTHYECKOH CTPYKType OONaJaloT BBICOKON
YCTOWYMBOCTBIO K MHUKpoOMojorndeckoin aectpykuuu. OHu Hanbosee 3(QGEKTHBHBI
B KauecTBE JONTOKMBYIIUX I'yMycooOpaszoBarenedl aisi Gpu3ndeckoil Menmopanuu u
CTPYKTYpOOOpa30BaHus JIETKUX MOYB.

'K KyMBICKYITyKCKOTO MECTOPOXKACHUS 332 CYET MAaKCUMallbHON HACHIILEHHOCTH
kuciopogoM (O = 48,26 mac.%) 1 BBICOKOH KOHLEHTPAMU (YHKIHMOHAIBHBIX TPYIII
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MPEACTABISIOT COO0H MOIIHBIH OHONIOTHYEeCKH aKTUBHBINA CTUMYJISITOP POCTa PACTEHHUM
n 3(GdexTHBHBIH COPOSHT MAJsl CBA3BIBAHUS TSDKENBIX METAIOB M IOJBMKHBIX
TOKCHKAHTOB.

JlenectkoBuaHbIE CTPYKTYpHl (0 3 pHC.) COCTOSAT M3 TOHKUX W BBHITSHYTHIX
IJTACTUHYATBIX DJIEMEHTOB, KOTOPBIE HAKJIAIBIBAIOTCA IPyr Ha JApyra, (QOpMHPYS
CJIIOUCTYIO M PBIXJIYIO TEKCTypy. DTa Mopdoioruieckas 0COOCHHOCTh 00ecIeunBaeT
OOJIBIIYIO YHENBHYIO MOBEPXHOCTh, YTO CIIOCOOCTBYET BBICOKUM COPOLMOHHBIM U
PEaKIMOHHBIM CBOWCTBaM T'YMHWHOBBIX KHCJIOT. JlaHHBIE 0Opa3oBaHHs MOTYT OBITH
pe3yapraToM crennu(uyeckod MOJEKYISIPHOW OpraHW3allii TYMHHOBBIX BEIIECTB,
00yCJIOBIEHHON WX BBICOKUM COICPKAHWEM apoOMaTH4ecKuX M KapOOKCHIBHBIX
rpymr. HeoqHOPOAHOCT CTPYKTYPBI TaKXKe MPOSBISETCS B HATHYUN MUKPOIIOP U TIOP
pasHoro pasmepa, pa30pOCaHHBIX IO IMOBEPXHOCTH TYMHHOBBIX KUCIIOT. Takue Mmopsl,
Kak MpaBHJIO, CHOCOOCTBYIOT aJCOPOLMH pa3IUYHbIX HOHOB M MOJEKYJ, YTO JeNaeT
TYMHHOBBIE KHCIIOTHI 3()()EeKTHBHBIMH PUPOTHBIMHI COPOSHTAMHU.

CpaBHUTENBHBIN aHaIW3 JaHHBIX (u3HKo-XxuMHUueckoro ananmza (Tabmuma
2) moka3pIBaeT, 4TO BhIAeNeHHbIe TyMHHOBBIE KHCITOTHI (I'K) Kymbickymykckoro
MECTOPOX/ICHUST 00JalaloT CIeMu(UISCKUM CTPOSHHEM, HE HWMEIOMINM TPSMBIX
CTPYKTYPHBIX aHAJIOTOB CPEIU PaCIpPOCTPAHEHHBIX KOMMEPYECKHUX W CTaHIAPTHBIX
TYMUHOBBIX  MpemnaparoB.  [JaBHas  CTPYKTypHO-XMMHYECKas  OCOOCHHOCTh
HCCIielyeMoro o0pasiia 3akiroyacTcsi B aHOMaJIIbHO BBICOKOM 3HAYCHHUH aTOMapHOTO
orHomrenust O/C, cocrapistonieM 0.77. DTOT noKaszaTeidb KapIUHAIBHO TPEBOCXOIHUT
rmapaMeTpsl HE TOIBKO BBICOKOMETaMOP()HU30BAaHHOTO KOMMEPYECKOTO JICOHApIUTA
(0.40-0.50), HO M oKHMCIHEeHHBIX HU3KOCOPTHEIX yriei KHP (0.40-0.50), mpubmimkasce k
BEPXHUM 3HAYCHUSIM, XapaKTEPHBIM JIJISI MOJIOZBIX TIOYBEHHBIX U TOP(SHBIX T'YMYCOBBIX
¢dpakuuii (0.60-0.70).

Takasi ryOMHA HACBINIEHHOCTH OPTaHUYECKOrO KapKaca KHCIOPOAOM BBICTYIIACT
NPSMBIM ~ CJICJICTBUEM HWHTCHCHBHOW T'HIIEPIEHHOW JECTPYKIMH U  ILIACTOBOTO
BBIBETPHUBAHUS YIIIEHOCHOTO CyOcTpara KyMBICKyTyKCKOTO paspesa. ITo 00yCIIOBIMBACT
(dopmupoBaHue pa3BuTON anmudarnyeckod Tepudepur C TMPeneTbHO BBICOKOM
MIPOCTPAHCTBEHHOW TIOTHOCTHIO KHCIOPOACOASPKANMX (DYHKIIMOHAIBHBIX IIEHTPOB.
Bbicokasi MHTEHCHUBHOCTH MOJIOCHI BaJIGHTHBIX KoneOanuit C=0 B obmactu ~1720
cm ' B UK-cnekrpax moaTBepxaaeT npeodiaganne CBOOOIHBIX M aCCOIMHPOBAHHBIX
kapOokcmibHbIX (-COOH), a Ttakke (EHONBHBIX M CIHPTOBBIX THAPOKCHIILHBIX
(-OH) rpymm, GOpMUPYIOMNUX BBICOKHH TOTEHITMAT KATHOHHOTO OOMEHa |
KOMITJIEKCOOOPa30BaHusI.

B 10 e Bpems, (QeHOMEHONOTHYECKash YHUKAIBHOCTh KyMBICKYmyKckux I'K
3aKIII0YaeTcss B TOM, YTO BBICOKAs KHUCIOpOAHAas (hyHKUMOHANW3anus nepudepun y
HHUX COYETAETCS C BBICOKOM CTENEHBIO MOJMKOHAEHCALMM AnepHOM 4dacTu. MHIekc
cBeropaccessinusi E4/E6, naxonsmuiics B y3koM nHTepBaiie 3.0—4.0, npuHIHMITHAIEHO
OTIIMYaeT HccleayeMblii obpasenm oT Topdsabx 'K, y KOTOPBIX 3TOT TOKAa3aTeNb
nmocturaer 7.0-9.0 3a cuer mpeoOnamaHUs HHU3KOMOJIEKYISPHBIX anu(aTHdecKux
¢parmenToB. B onTtuueckoit cnexrpomerpun 3HaueHue E4/E6 menee 4.0 cmyxwur
OZHO3HAYHBIM MapKepOM BBICOKOM MOJIEKYISIPHOM MacChl M BBICOKOH JOJH
KOHJICHCUPOBAHHBIX apOMAaTHYECKHUX KOJIEII.
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JlaHHBII BBIBOJ TOJIHOCTBIO COINIACYETCS C JaHHBIMH TEPMUYECKOIO aHajiIu3a:
BBICOKHMH MOPOT TepMUYECKOH ycroWumBocTH, mpesbimaronmii 400 °C, noxa3siBaer
HaJIMYME TPOCTPAHCTBEHHO MKECTKOrO TpadUTONOnI00HOTO COMPSDKEHHOTO siApa,
HE TIOAJAIOLIETOCS JIETKOMY TEPMHUYECKOMY HHpoJiH3y. B oTnuume oT TopdsHBIX H
TYMUHOBBIX KHCJIOT MMO4YB, AecTpykrypupytomuxcs npu 200-300 °C, yriepoaHslit
cKeneT KyMbIcKyaykckoii 'K coxpaHsieT TepMHUYecKyld W MHUKPOOHOJIOTHYECKYIO
CTaOMIIBHOCTb.

Takum 06pazom, [’ K KyMbICKyIyKCKOTO MECTOPOXKICHUS TPOSIBIISIOT CrielupUIecKie
cBolcTBa OM(YHKINOHATBHOTO aMPUPUIBHOTO MaKpoIuranaa. B HUX 0IHOBpEMEHHO
COYETAIOTCS JKECTKHH, MHUKPOOMOJIOrMYECKH PE3UCTCHTHBIN YIIEPOAHBIA KapKac
3peNbIX KAMEHHOYTOJbHBIX CHCTEM U PEaKUHOHHOCMOCOOHAs, THIpOoUIbHAS
nepudepusi, IpUCyIasi MOJIOABIM TOPQSIHBIM TYMUHOBBIM BELIECTBAM. DTO ONpEeseT
BBICOKYIO HAayYHYIO0 M TEXHOJOTHYECKYIO0 LEHHOCTh JAHHOTO CBIPbS IJS MOJyYEHUs
MIPOJIOHTMPOBAHHBIX OPraHOMUHEPAJIbHBIX MEIMOPAHTOB, JETOKCUKAHTOB TSXKEIbIX
METAaJUIOB U CTUMYJIATOPOB POCTA C BBIPAYKEHHBIM KOMILIEKCOOOPA3yIOIIUM JICHCTBUEM.

3akarouenne. [IpoBeeHHOE MCCIIEOBAaHUE TTO3BOJIMIIO BBIIBUTH OIPEENSIIONLYIO
POJIBTEHETHYECKOT0BO3PACTaNyPOBHI METaMOP(HU3MaNCXOJHOTO Y IIIEPOICOACPIKAILIETO
CBIPbS B JOPMHUPOBAHUH TOHKOH MAaKpOMOJIEKYISAPHOH CTPYKTYpbI, PyHKIIMOHATIBHOTO
npoduis 1 GPU3NKO-XUMHYECKUX CBOMCTB 3KCTPArHPYEMbIX TYMUHOBBIX KHUCIIOT.

['yMUHOBBIE KHCIIOTHI, BBIICTICHHBIE U3 HEOT€HOBOTO Oyporo yriisi KyMbICKYTyKCKOTO
MECTOPOXKACHUSI, OTINYAIOTCSI BBIPAKCHHOW CTENEHBbIO OKHUCICHHOCTH (COAEp:KaHHe
kucnopoza 48.26 mac.%), 3ay)KEHHBIM 3HAYCHUEM ONTUYCCKOHN IIUPUHBI 3alIPEIeHHON
30HbI(Eg=2.1-2.43B)MBBICOKOHTIIOTHOCTHIO PEAKIIHOHHOCIIO COOHBIX KAPOOKCHITLHBIX M
(EHONIBHBIX THIPOKCHIIBHBIX TPYI. JlaHHBIH KOMITJIEKC CTPYKTYpPHO-(QYHKIIMOHATIBHBIX
napamMeTpoB MpefoNpenesieT MOBBILCHHYI0 XHUMHUYECKYI0 M OHOIOTHYECKYIO
aKTHBHOCTbH TIpenapaTa, YTo OOOCHOBBIBAET LIEIECOOOPAa3HOCTh €ro HCIONb30BAHUS
B KadecTBe 0a30BOTO CHIPhS Ui MPOU3BOACTBA 3(H(PEKTHBHBIX CTUMYJSTOPOB POCTa
pacTeHuii, KOMIUIEKCOHATOB U OPTaHOMHHEPAJIbHBIX ONOYTOOpeHU.

['yMuHOBBIE KHCIOTHI W3 KaMEHHOYTOJNBHBIX OTXOAOB KapOOHOBOTO Mepuoaa
Kysnemnxkoro Oacceiina xapakTepu3yroTcs: mpeodialaHueM BEICOKOKOHIEHCHPOBAHHOTO
apoMarndeckoro siapa (comepkanue yriaepoxa 49.61 wmac.%), mIOTHOH croucTon
MopdoIoTHeil M TOBBIILIEHHOW TEPMUYECKOW CTOHKOCTBIO (TOPOr YCTOWYMBOCTH
npepbiiiaer  400°C).  VYkazaHHbIE XapaKTePUCTHKH JICNAOT JaHHYK (paKIuio
MEPCTIEKTUBHOM OCHOBOM JJsi CO3/[aHUS JOJITOBEYHBIX IOYBEHHBIX MEJIHOPAHTOB
MIPOJIOHTMPOBAHHOTO IEHCTBUS, a TaKkkKe d(PPEKTUBHBIX COPOLIMOHHBIX MaTEPHAIIOB IS
MMMOOMIIM3AaLMU TSDKENBIX METaJIOB M PEKYJIBTHBALMM TEXHOTCHHO 3arpsa3HEHHBIX
3eMeTb.
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Abstract: Supported polymer-modified Co-, Cr-, and Cu-containing catalysts were
investigated for the selective oxidation of cyclohexane with hydrogen peroxide to
cyclohexanol and cyclohexanone, which constitute KA oil. This study aimed to determine
the effects of the active metal, oxide support, and polymer modifier on cyclohexane
conversion and product selectivity. MgO, Al,O,, SiO,, and TiO, were used as supports,
while chitosan, polyacrylic acid (PAA), and poly(4-vinylpyridine) (P4VP) were
employed as polymer modifiers. The catalysts were prepared by sequential adsorption of
the polymer and metal ions onto the oxide support. Chitosan immobilization was studied
by viscometry and FTIR spectroscopy, whereas the content and distribution of active
metals were determined using energy-dispersive X-ray spectroscopy, scanning electron
microscopy, and elemental mapping. Catalytic tests were conducted in acetonitrile at
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atmospheric pressure and 50 °C. Chitosan was almost quantitatively immobilized on
the investigated oxides, with adsorption degrees of 96.9-98.9%. MgO was the most
effective support for all Co-, Cr-, and Cu-containing systems. Cyclohexane conversions
over Co-Chit/MgO, Cr-Chit/MgO, and Cu-Chit/MgO were 2.3, 6.2, and 16.3%,
respectively, demonstrating the superior activity of the copper-containing catalyst.
The highest conversion of 16.3% was achieved over Cu-Chit/MgO, with selectivities
of 76.7% toward cyclohexanol and 23.3% toward cyclohexanone. The copper content
in this sample was 5.3 wt.%, and elemental mapping indicated its relatively uniform
surface distribution. The formation of cyclohexyl hydroperoxide as an intermediate was
confirmed by an increased cyclohexanol yield after treatment with triphenylphosphine.
At comparable copper contents, conversion strongly depended on the polymer modifier
and decreased in the order chitosan (16.3%) > PAA (14.7%) > P4VP (0.5%). Thus,
catalytic properties depend on both the amount and local environment of the active
metal. Based on its structural and catalytic characteristics, Cu-Chit/MgO was identified
as the most promising catalyst for the mild oxidation of cyclohexane with hydrogen
peroxide.

Keywords: cyclohexane, oxidation, hydrogen peroxide, supported catalysts,
chitosan, polymer modification, magnesium oxide, copper
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AunHoTtamus: JKyMmbpicTa IMKIOTEKCAHABI CyTE€K MEPOKCHIIMEH CEJCKTUBTI
TOTBIKTBIPY apKbLIbl KA-01i1 KypaMblHa KIpETiH UKJIOTEKCAHOT MEH LIUKIIOT €KCAHOHIbI
aJlyFa apHaJfaH TacChIMaJJIarblllIKa OCKITUINCH, MOJMMEPMEH MoauduKalusiIiaHFaH
Co-, Cr- xone Cu-Kypambl KaTajau3aTopiiap 3epTTei. 3epTTeyaiH MaKcaThl OeJiceH Il
METalIbIH, OKCHITI TachbIMaJJaFbIIITHIH JKOHE MOJIMMEPIIK MOAU(UKATOPABIH
TaOWFaThl [MKJIOIeKCAaH KOHBEPCHSICHIHA JKOHE MaKCaTThl OHIMACPIIH Ty3l1y
CEJICKTUBTLIIrIHE KaJlall ocep €TETiHIH aHbIKTay O0Jjibl. TachIMalIaFbIITap PETIHIC
MgO, AlOs, SiO: xone TiO2, anm nonuMmepiik MOIU(pHUKATOpiIap PETiHIE XWUTO3aH,
nonuakpuit KeIkbUibl (ITAK) sxone nonu(4-sunmmupunut) (I114BIT) naiinananbuiasl.
Karanuzaropiap mojumMep MEH MeTa/ul MOHJAPbIH OKCH/TI TachIMajlarblll OeTiHe
KE3eKIleH aJIcopOIusiiay diCiMEH allblHAbl. XUTO3aHHBIH OCKITiyi BUCKO3UMETPHS
woHe UWK-cnekrpockorusi oficrepiMeH 3epTTendi, an OeliceHIi MeTalgapAblH
MOJIIIIEPi MEH Tapayly CHIIAThl SHEPTOIUCIIEPCUSUIBIK PEHTTEH K Talay, CKaHepIIeyIi
ANIEKTPOHJBIK MHUKPOCKOIUS JKOHE OJJIEMEHTTIK KapTajay apKbUIbl aHBIKTAJIbL.
KaranutukanbIK CbIHAKTap alleTOHUTPHII OPTaChiH/Ia arMoc(epaliblk KbIChIMIA koHe 50
°C Temmeparypaaa Kypriziiai. XuTo3aHHBIH 3epTTEITeH OKCUATEPre aJcopOLusiaHy
nopexeci 96,9-98,9% 6onapl. bapnsik Co-, Cr- )xoHe Cu-KypaMsl xkyienep yuin MgO
eH TUIMJ1 TachIMaIarbI peTinae aHbikTamabl. Co-Xut/MgO, Cr-Xut/MgO xone Cu-
Xut/MgO KaranuzatopiapblHAarbl UKIOTEKCaH KOHBEPCHACHI THiciHIIE 2,3; 6,2 jKoHe
16,3% Gomnabl. EH xorapsl kouBepcus Cu-Xut/MgO xyiiecinae Oaiikanbim, 16,3%-1bI1
KYpaJibl; OYJI pETTe [IUKIOTeKCaHOI OOMBIHIIIA CECKTUBTLIIK 76,7 %, aJl IUKJIOTEKCAHOH
Ooiibraa 23,3% 60nabl. Ockl yariferi Mbic Medepi 5,3 Macc.% Kypaibl, ajl JJIEMEeHTTIK
Kapranay OHbIH OCTKi KabaTTa CalbICThIpMAIIbI TYpJe OIpKeNKi TapallFaHbIH KOPCETTI.
LMKIJIOTeKCHIITHIPOIICPOKCHITIH apaJIbIK OHIM PETIHJIE TY311yl pEeaKIUsIbIK KOCIaHbI
tpudeHmnpocPruHMEH OHIACTCHHEH KEHiH IMKIOTEKCaHOI HIBIFBIMBIHBIH apTybIMEH
pactaiasl. MbIc Mestiiepi yKcac OOJIFaH Ke3jie Karaau3aTop OeJICeHIUIIr MOJIuMEpIIiK
MoauduKaTop TabUFaThIHA €19Y1p TAYyeN i 6ok, KoHBepcus xuto3aH (16,3%) > [TAK
(14,7%) > I14BII (0,5%) karapbiHaa TOMEHIEA1. AJIBIHFAH HOTUXKEJIEP KaTaTUTHKAJIBIK
KacueTTep OeJICeH/ Il MeTaJIbIH MOJIIIepIMEH FaHa eMeC, OHBIH JKEPIUTIKTI OPTACHI JKOHE
TOTBIKTBIPFBILI TIEH CyOCTpar YIIiH KOJDKETIMAUTITIMEH I aHBIKTalaThIHBIH KOPCETTI.
KypbUIbIMABIK jKOHE KaTalUTHUKAIBIK CHIIATTaMaliap >KUBIHTBHIFBI OoibiHIIa Cu-Xut/
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MgO sxyiieci 3epTTenreH yariiep ilHae IMKIOreKCaH bl CyTEeK MEPOKCUAIMEH )KYMCaK,
Karaaiaa TOTBIKTBIPYFa €H MePCIEeKTHBAIbl KaTalu3aTop PEeTiHAe aHbIKTalIbl.

Tyiiin ce3mep: UUKIOTeKCaH, TOTBIFY, CYTEK TMEPOKCHAl, TachIMalIaFbIIIKa
OEKITUITeH KaTajau3aropiap, XUTo3aH, IOJIUMEPIIiK MOAU(UKALINS, MATHUN OKCHII, MBIC
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AnHoTtanusi: B pabore nccnenoBanbl HaHECEHHBIC MTOTMMEP-MOAN(UIIMPOBAHHbIE
Co-, Cr- u Cu-conepsxaliye KaTaau3aTopbl CEJIEKTUBHOIO OKHCIIEHUS IMKJIOTEeKCaHa
MIEPOKCUIOM BO/IOpojia ¢ oOpa3oBaHHMEM ILMKIOTEKCaHONa W IIMKJIOTEeKCAaHOHA,
cocrapmstonx KA-oiin. Llens ncciegoBanus 3akiodaiach B YCTAHOBICHUH BIUSHUS
IIPUPOZbl AKTUBHOI'O METajlla, OKCHIHOIO HOCUTENSI M MOJIMMEPHOro Moxugukaropa
Ha KOHBEPCHIO LHKJIIOI€KCAHA M CEJIEKTUBHOCTh OOpPA30BAaHUS LENEBBIX MPOLYKTOB.
B xauectBe Hocuteneil ucnonp3oBamu MgO, AlOs, SiO: m TiO2, a B kauecTBe
MOJIMMEPHBIX MOAN(HUKATOPOB - XUTO3aH, onnakpuioByto kucnoty (ITAK) u monu(4-
punmwimupuann) (I14BIT). Karanuzaropsl mnony4anu aJcOpOLMOHHBIM METOJ0M
MyTEM IOCJIEA0BATEIFHOTO HAHECEHHS MOJIMMEPAa M MOHOB METalljla Ha MOBEPXHOCTh
OKCHJHOTO HOCHTEJIS. 3aKpeljieHne XUTO3aHa M3y4ajd METOAAMHU BHUCKO3UMETPHUU U
HK-cnekrpockonuy, a conepKaHue 1 pacrpeaesieHHe aKTUBHBIX METaJJIOB OPEIEIIsIN
METOAAMH  DHEPrOJUCIEPCHOHHOTO  PEHTTEHOBCKOTO  aHAJINM3a, CKaHUpYHOIIEH
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ANEKTPOHHON MUKPOCKOIIHU M 3JIEMEHTHOTO KapTUpoBaHus. KaranuTnueckue ucbITaHHS
MIPOBOAMIIM B CPEAE alleTOHUTPHIIA U aTMocdepHoM naBieHun u remmneparype 50 °C.
Crenenp ajgcopOLUMU XMTO3aHA HAa MCCIEOBAHHBIX OKCHIaX cocrasisuia 96,9—98,9%.
Hus Bcex Co-, Cr- u Cu-conepxamux cucreM HauOojee dPPEKTUBHBIM HOCUTEIIEM
okazaincst MgO. Konsepcus nuknorekcana Ha Co-Xut/MgO, Cr-Xut/MgO u Cu-Xut/
MgO cocTtaBuna cooTBeTCTBEHHO 2,3; 6,2 u 16,3%. MakcumanbsHast kouBepcus 16,3%
nocturayta Ha Cu-Xut/MgO npu cenektuBHOCTH 76,7% 10 nukiorekcanony u 23,3%
o uukiorekcanony. Conep:kaHue Meaud B 3TOM oOpasne cocraBwio 5,3 macc.%, a
3JIEMEHTHOE KapTHPOBAHUE MOKa3aj0 €€ OTHOCUTENBHO PaBHOMEPHOE pacIIpe/ieieHne
o moBepxHocTu. OOpa3oBaHKEe MUKIOTEKCHITHAPONEPOKCHAA KaK MPOMEKYTOYHOTO
MPOIYKTa MOATBEPKAATIOCH YBEIMUEHHEM BBIXO/Ia LIMKJIOTEKCaHOoIIa Mociie 00paboTKu
peaknuoHHOM cMecu Tpudenumndochunom. [Ipu comocraBumMoM copep:KaHHU MeIu
AKTUBHOCTb KaTaJM3aTOPOB CYIIECTBEHHO 3aBUCENa OT MPHUPOJIBI IOJIMMEPHOIO
MoaudurKkaTopa: KOHBEpCHs CHMXKajack B psany xuto3al (16,3%) > ITAK (14,7%) >
[14BII (0,5%). [Tony4eHHble pe3yabTaThl MOKa3bIBAIOT, YTO KATAJTUTUYECKHE CBOWCTBA
OTIPENENSIOTCS HE TOJIBKO KOJIMYECTBOM aKTUBHOTO METaJlIa, HO TAK)KE €r0 JIOKAIbHBIM
OKpYXEHHEM H JOCTYIMHOCTBIO JJISl B3aUMOACUCTBHS C OKHCIHUTENEM U cyocTparom. [1o
COBOKYITHOCTH CTPYKTYPHBIX U KaTaJIATHUECKUX XapakTepucTuk cuctema Cu-Xut/MgO
sBIsieTcs HanOoJiee MepCreKTHBHONW CPe MCCICAOBAHHBIX JJISI MSTKOTO OKHCIICHUS
LUKJIOTEKCaHa MEPOKCUIOM BOIOPO/IA.

KuaroueBble ci10Ba: IMKIOTEKcaH, OKUCICHWE, TMEPOKCHI BOAOPONA, HAHECEHHbIC
KaTaIM3aTopbl, XUTO3aH, TIOTMMEPHast MOTM(HKALHS, OKCHJT MArHKs, Me/Tb

Beenenue. CeleKTUBHOE OKHCIICHUE IMKIOTEKCaHa MPENCTaBIseT 3HAUUTEIbHbIN
Hay4YHBIH ¥ IPAKTHYECKUH HHTEPEC, TOCKOIBKY €0 OCHOBHBIMHU MPOAYKTAMH SIBIISIOTCS
LUKJIOTEKCAHOJ 1 IUKJIOTeKCaHOH, CMECh KOTOPBIX U3BecTHA Kak KA-oi1. OHa CiryKuT
MIPOMEXYTOUHBIM MTPOIYKTOM B MPOU3BOJCTBE AAUITMHOBON KHCJIOTHI U Kalpoiakrama
— MOHOMEPOB, UCTIOJIb3YEeMBIX AJis oy4deHust nonuamuaos (Dhakshinamoorthy et al.,
2022; Vomeri et al., 2024).

B DOpOMBIIUIEHHOCTH OKHCJIEHHE IHUKIOTEKCAHA TMPEUMYIIECTBEHHO MPOBOIST
MOJICKYJISIPHBIM ~ KHCJIOPOJOM TpU TMOBBIILICHHBIX TEMIIEpaType W JaBICHUU B
NPUCYTCTBHM COEIUHEHUI KoOanmpra wunM Mapranua. l3-3a  Oomee  BBICOKOM
PEaKIMOHHOM CIIOCOOHOCTH TEPBUYHBIX IPOMYKTOB OKHCJICHUS MO CPAaBHEHHIO
C HCXOIHBIM YIJIEBOAOPOAOM KOHBEPCHIO LHUKJIOreKCaHa OOBIYHO OrPaHUYUBAIOT
HU3KAMH 3HAYEHUSMH. DTO MO3BOJISIET yMEHBIIUTH 00pa30BaHUE MPOAYKTOB [ITyOOKOTO
OKHCJICHHUS, OJHAKO MPHUBOJUT K HEOOXOAMMOCTH PEUHUPKYISLUUN 3HAYUTEIbHBIX
00beMOB HempopearupoBaBiiero celpbsi (Vomeri et al., 2024; Rana et al., 2017).
CJHOXHOCTh CENEKTHMBHOTO MPEBPALICHUSI IMKIOTeKcaHa OO0ycJIOBIeHa BBICOKON
MPOYHOCTBIO U HMU3KOM TOJISIPHOCTHIO cBsizet C—H, a Taxke OMU3KOH peakIMOHHOM
CIOCOOHOCTBIO BTOPHYHBIX CBSI3€H YINEpoA—BOAOPOA B €ro Mojekyne. B cBsa3u ¢
9THM pa3paboTKa KaTAIUTHUYECKUX CUCTEM, CIIOCOOHBIX aKTUBUPOBATH LIMKIOTEKCAH B
MSITKHX YCIIOBHSX U 00€CIIeunBaTh MPEUMYIIECTBEHHOE 00pa30BaHUe UKJIOTEKCaHOTa
U [MKJIOT€KCAHOHA, OCTAETCSI aKTyaJIbHOU 3a/1aueii.
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B kadecTtBe anbTEpHATHBBI MOJEKYJISIPHOMY KHCIOPOAY MOXKET MPHUMEHSATHCS
MIEPOKCU BOJIOPOJA, MPEUMYIIECTBAMH KOTOPOTO SIBJISIOTCS BBICOKOE COAEp)KaHUE
aKTHMBHOTO KHCJIOpoJa M 00pa3oBaHME BOIBI B KaueCTBE OCHOBHOTO IOOOYHOTO
nponykra. Bmecte ¢ tem adpdexruBHocTs H202 cyliecTBEeHHO 3aBHCUT OT MPUPOJBI
aKTUBHOTO LIEHTpa. B oTcyTcTBHE moxxonsiiero karaau3aropa MEPOKCHI BOIOpPOAA
MOKET HENPOAYKTUBHO pasjararbcs, HE ydacTBys B OKHCIeHHH yrieBomopona (Du
et al.,, 2009; Gawlig et al., 2020). IlepcieKTUBHBIMH KaTadM3aTOpaMy aKTHBAIMU
MEpOKCHIa BOAOPONA SIBISIIOTCS COCAMHEHMS TEPEXOIHBIX METaJUIOB, CHOCOOHBIX
M3MEHSATH CTeneHb okucyeHus, B yactHoctu Co, Cr u Cu. B rereporenHsIx cucremax
COCTOSIHME TaKHX METAJUIOB OINpENesieTcs He TONbKO UX XMMHUYECKOH PUPOAOH, HO 1
CHI0CcO0OM HaHECEeHHs1, B3aMMOJICHCTBIEM C MOBEPXHOCTHIO HOCHTEIS, TUCTIEPCHOCTHIO
1 JOCTYITHOCTbIO AKTUBHBIX LIEHTPOB.

[IpuMeHeHne HaHECEHHBIX KaTallM3aTOPOB YIPOIIAET OTACICHUE TBEPAOH (a3bl OT
PEaKLMOHHON CMeCH M MO3BOJSET HAMNPABICHHO PETYJIMPOBATH CBOMCTBA AKTUBHOIO
KOMITOHEHTa. [ Ipu 3TOM KHCIIOTHO-OCHOBHBIE CBOMCTBA U CTPYKTYPHbIE XapaKTEPUCTUKU
OKCHJIHBIX HOCHUTEJIEH MOTYT O-Pa3HOMY BIMATH HA 3aKpEIIeHNE MeTaslla, akTHBALUIO
H20: u pacnpenenenue npoaykroB okucienus (Rana et al.,, 2017; Tumabayev et
al., 2020). /lonmoiHUTENbHBIE BO3MOKHOCTH YIPABJICHUS CBOWCTBAMU HaHECEHHBIX
KaTaJu3aTopoB OTKPHIBAET MOTU(PHIMPOBAHUE MOBEPXHOCTH OKCHIHBIX HOCHUTEINEH
(YHKIMOHAIBHBIMH MTOJMMEpaMu. MaKkpOMOJIeKyIbl, COAepIKALIHe JOHOPHBIE TPYIIIbL,
CTIIOCOOHBI 3aKPETISITHCS HA TOBEPXHOCTH HOCHUTEIIS M OJHOBPEMEHHO KOOPIMHUPOBATh
HWOHBI METaIoB, (OpPMHUpYsl TeTepPOreHU3MPOBAHHBIE METaJI-MIOUMMEPHBIE LEHTPHI.
WX KaranuTHYecKue CBOMCTBA 3aBUCST OT MNPHUPOAbI (YHKIMOHAJIBHBIX TPYIII,
MPOYHOCTH CBSI3BIBAHHMSA METallia, KOH(popManuu MOJIMMEPHOW LENH U AOCTYHHOCTH
KOOpAMHAIIMOHHOM cdepbl A B3aUMOICHCTBUSI ¢ peareHTaMu. briarogapsi stomy
MIOJIUMEPHBIA CJIOH MOXET BIMATH Ha KOJIWYECTBO 3aKPEIUIEHHOIo MeTaija, €ro
pacnpesneneHye 1 JIOKaIbHOe XUMUYECKOE OKpYKEHNE.

OcoOblif MHTEpec B KadecTBe MOAM(UKATOpa MPEACTAaBIsIET XHTO3aH —
BO300OHOBIISIEMBI aMUHOIOJIMCAXapH, COACPKAIIMH aMHUHHBIE M THAPOKCHUJIbHBIC
IPYIIBL, KOTOpPBIE O0ECIEYUBAIOT BO3MOMKHOCTH XUMHYECKOTO MOAWU(DUIMPOBAHHS
MaKpOMOJIEKYJIBI M CBsi3bIBaHHA HOHOB MeTaiioB (Cohen et al., 2022). bnaromaps
COYETaHHI0 KOOPIMHALMOHHBIX CBOHCTB M CHOCOOHOCTH (POPMHUPOBATH yCTOHYMBYIO
MOJIMMEPHYIO MaTPHILy XUTO3aH MOYKET OMHOBPEMEHHO BBIMOIHATH (QYHKIIMHA HOCHTEIS
1 MakpoJIMraH/ja.

[lepcieKTHBHOCTH JaHHOTO MOAXOJAa MOATBepXkAaeTcs mnpuMmeHeHueM Cu-
XHUTO3aHOBBIX MaTEPUANIOB B KaueCTBE 3()(PEKTUBHBIX H PETEHEPUPYEMBIX T€TEPOreHHBIX
katanuzaropoB okucienus C—H-ceszeit (Kanarat et al., 2022). Coueranue xuTo3aHa
C HEOpPraHMYeCKHMM HOCHUTEJEM TIO03BOJSECT (OPMUPOBATH THOPUAHBIC OpPraHo-
HEOpraHW4YecKHe MaTepHajbl, B KOTOPBIX OKCHAHAas Marpuua oOecleunBaeT
MEXaHHYECKYIO U CTPYKTYPHYIO YCTOWYHBOCTD, a IIOJIMMEP CIIOCOOCTBYET 3aKPETIICHHUIO
HMOHOB MeTaylia ¥ (JOPMHUPOBAHUIO UX JOKATBHOTO KOOPAUHALMOHHOTO OKPYKEHHUSI.

Lenpto Hacrosimield paboOThl  ABISUIOCH  YCTAHOBJIGHHE BIHMSIHUSL — CIOco0a
MIPUTOTOBJIEHMSI, TPUPOJIBI IEPEXOTHOTO METAIJIA, OKCUIHOTO HOCUTES U OJIMMEPHOTO
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Monudukaropa Ha Karaautuyeckue cBoiictBa Co-, Cr- u Cu-comepkaimx CUCTEM B
peaKIU OKUCIICHUS IUKIIOTeKCaHa MEPOKCUIOM BOIOPO/IA.

Jnst noCTHKeHUS MOCTABICHHOW IIeNId HMCCIENOBAHbl MPOIECCHl 3aKPETICHUs
xuro3ana Ha MgO, AlxOs, SiOz u TiO2, B3auMo/ieiicTBHE TTOTMMEpPa ¢ TOBEPXHOCTHIO
HOCHUTENEH, comepkaHue U pachperescHUe aKTUBHBIX METANIOB, a TaKKe KOHBEPCHSI
LUKJIOTEKCAaHa M CEJIEKTUBHOCTH OOpa30BaHMs IMKJIOTEKCAHOJA M IMKJIOT€KCaHOHA.
Oco0oe BHMMaHHUE YIEICHO CPaBHEHHUIO CIIOCOOOB MPHUIOTOBJICHUS KaTaJIM3aTOPOB
C TPUMEHEHHEM IIEIOYHOIO OCAKJCHHMS M 03 Hero, OmpeAeiicHUI0 HauOoiee
3¢ (eKTUBHOM KOMOMHAIIUU METaJJIa U HOCUTEIIS, a TAK)KE OLICHKE BIUSHUS TTPUPOIBI
MOJIUMEPHOTO MOJU(UKaTOpa Ha cBoicTBa Cu-coepKaliux Karaau3aTopos.

Jlutepatypubliii 0030p. CelIeKTUBHOE OKUCICHHE ITUKIOTEKCAHA IO IUKIIOTEKCAHOIa
Y [UKJIOTEKCAaHOHA OTHOCHUTCS K HauOoJiee CIOKHBIM IpolieccaM (yHKIIMOHAIN3AINUN
HACBIIICHHBIX YIIEBOAOPO0B. OCHOBHAS TPYIHOCTH 3aKIIOUAETCS B COUCTAHIHI BEICOKOM
npoyHoctd C—H-cBsizel MCXOAHOIO LHMKIOT€KCaHA M TMOBBIIICHHOW PEaKIMOHHOMN
CIIOCOOHOCTH 00pa3yHINUXCsA KUCIOPOICOJCpKAIUX MPOAYKTOB. [luKiiorekcaHomn
U IUKJIOTEKCAHOH JIerue TMOABEPraloTcs JalbHEHIIeMy OKUCICHHIO, YeM HCXOIHBIM
YTJIEBOJIOPO/I, TO3TOMY YBEIHUCHUE KOHBEPCHUHU OOBIYHO COMPOBOMKIACTCS CHUKCHUEM
CEJICKTUBHOCTH 1O OTHOIIEHHIO0 K KA-0illy ¥ HakoIUICHHEM MPOAYKTOB TIIyOOKOTO
OKHUCIICHUs. B MPOMBINIICHHOM TpoIlecce 3Ty MPOOJIeMY pEIIaloT OrpaHHYCHUEM
KOHBEPCHH IIMKJIOTEKCaHa MPUOIM3UTENbHO 0 5 % npu cenekruBHOCTH 1o KA-
oitmy Bbime 90 %, mocie 4Yero HempopearupoBaBIIMK CyOCTpaT BO3BpAIIAOT B
TexHoJornyeckuit UK. COBpeMEHHOE COCTOSIHUE TETEPOr€HHOT0 KaTaan3a OKUCICHUS
LUKJIOTEKCAHa M OCHOBHBIC OrPAaHWYCHUS TPOMBIILIICHHOTO IpoIecca IMOIPOOHO
paccmotpensl B padote Dhakshinamoorthy u coaBropoB (Dhakshinamoorthy et al.,
2022).

B kadecTBe okuciauTenel HMUKIOTEKCaHa MCCIEIYIOTCS MOJEKYISIPHBIN KUCIOPO,
MEPOKCHU BOAOPOJA U OPTaHUYECKUE THUAPONEPOKCUIBL. MONEKYISIpPHBII KUCIOPOL
SKOHOMHYECKHU JIOCTYIICH, OJHAKO €ro MPUMEHEHHE OOBIYHO TPeOyeT MOBBIIICHHBIX
TeMIIepaTyphl U JaBJICHUS, a IPOTEKAHUE PAJAUKAIBHO-IEITHOTO MPOoLiecca OCIOXKHSIET
VIOPABICHUE CEIEKTUBHOCThIO. OpraHuyeckue TUAPONEPOKCUIBI  JOCTATOUHO
3¢ (EeKTUBHBI, HO WX HKCIIOJIB30BAHUE CBS3aHO C O0pPa30BaHMEM COOTBETCTBYIOIIMX
CIUPTOB U YBEIMYCHHEM KOJIMYECTBA MOOOYHBIX MpoaykToB. Ilepokcua Bomopoma
MPUBJIICKATENICH BBICOKMM COJACPKAaHWEM AaKTHBHOTO KHCJIOpPOAa M 00pa3oBaHUEM
BOJBl B KaueCTBE MPOAYKTa BOCCTaHOBIEHUA. OH MO3BOJIAET MPOBOAUTH OKUCICHUE
npu atMOC(EPHOM JIaBJICHHH M CPAaBHUTEIHLHO HEBBICOKOW TEeMIIeparype, OJHAKO B
NPUCYTCTBUM COCIUHEHUN MEPEXOAHBIX METAJIOB MOXKET PasiararbCs ¢ BBIICICHUEM
kucnopoza. CnenoparenbHo, 3pPEKTHBHOCTh CUCTEMBI OTPEACISETCS COOTHOIICHUEM
CKOpOCTel poayKTuBHOM aktuBanuu H202 1 €ro HEnpoayKTHBHOTO Pa3IoKEHHs.

HauGonee pacrnpocTpaHeHHOE TIPEACTABICHHE O MEXaHU3ME IEePOKCHUTHOTO
OKHUCIICHUSl IIMKJIOTEKCaHa BKJIFOYaeT O0Opa3oBaHUE KUCIOPOIIEHTPUPOBAHHBIX
panukanos npu BzaumonekcTsur H202 ¢ akTHMBHBIM LIEHTPOM METajlIa. DTU YaCTUIIbI
OTPBIBAIOT aTOM BOJIOPOJIa OT IMKIIOTEKCaHa C OOpa30BaHHEM IMKJIOTCKCHUIIBHOTO
pagukana, KOTOPBIM 3aTeM  MpeBpallaeTca B IUKIOTEKCHUITUIPONECPOKCH]I.

395



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

[Mocnenyromee  pasioKeHWE  THAPONEPOKCHIA  MPUBOAMT K  OOpa3oBaHMIO
LMKJIOreKcanoma u nukjiaorekcanona. Jlms TiO2-HaHeceHHBIX V—W-OKCHIHBIX
KaTaJu3aTopOB KCIEPUMEHTAIBHO MIOKa3aH0, YTO OCHOBHBIMU aKTUBHBIMH YaCTHLAMH
npu ucnonb3oBanuu H202 ABIAIOTCA TMAPOKCUIIBHBIE PAlUKaibl, 00pa3yroOmIuUecs B
PE3yABTATE FOMOJIUTUYECKOTO PACIIEIIEHHs IEPOKCUIA BOJOPOJa. AKTUBHOCTb TaKUX
CHCTEM OIpeAEeNseTCs] TUCTIEPCHOCTBIO METAJNIOB M JIEKTPOHHBIM B3aHUMOJAEHCTBUEM
MEKTy KOMIIOHEHTaMu Karanusaropa (Xu et al., 2024).

HuknorekcuaruiponepoKkCcu I ABISETCsl HE TOIbKO MPOMEKYTOUHBIM COETUHEHHEM,
HO ¥ B2KHBIM yYaCTHUKOM (POPMHUPOBaHUSI KOHEYHOTO COOTHOILICHHUS IUKJIOTEKCAHOTIa
U IUKIOorekcaHoHa. Ero Hamuume B peakIMOHHOM CMECH YacTO YCTaHaBJIMBAIOT
o0paboTkoit TpupeHunpochrHoOM, KOTOPBI BOCCTAHABIMBACT TUAPOIEPOKCHI [0
COOTBETCTBYIOILETO CIMPTa. YBEIMUEHHE COIEPKAaHUs IMKIOreKCaHosa Mocie Takoi
00pabOTKH CBUAETENBCTBYET O HAKOIUICHHH IIMKJIOTCKCUIITHIPOIIEPOKCHIA. 3HAUCHHE
9TOr0 HMHTepMeauara ais (HOpMHpPOBaHUS KHCIOPOIACONEPKAIIMX NPOAYKTOB H
BO3MOYKHOCTB HAaIIPaBJIEHHOTO PEryIMPOBAHUs €70 TPEBPALLIEHUI TPOAEMOHCTPUPOBAHBI
NP UCCIIEI0BaHNN THTAH-CHIIMKATHBIX Katanusatopos (Hereijgers etal., 2011). Takum
00pa3zoM, COMOCTABICHNE KaTAIN3aTOPOB TOJIBKO IO HEMOCPEICTBEHHO ONpPeAEIIeMbIM
KOJJMYECTBAaM LIMKJIOTEKCAHOJa U LUKJIOreKCaHOHa 0e3 ydeTa TUApPONepOKCHAa MOKET
MIPUBOANTE K HETIOIHOM OLIEHKE COCTOSTHUS pEaKLIMOHHOM cMecH.

CrocoOHOCTh COETMHEHUH TePeXOIHBIX METAJIOB aKTUBUPOBATH MEPOKCU]
BOOpOJAa CBsi3aHA € MX Y4YacTHEM B  OKHCIUTEIbHO-BOCCTAaHOBUTENIBHBIX
npeBpaieHusx. KoOanbr Moxker mnepexoauTh Mexay coctosHusiMu Co** u Co’,
Mmenb - Mexay Cu?* u Cu’, Torna kKak COeIMHEHHs XpoMa CIIOCOOHBI 00pa30BHIBATh
OKCO- M MEPOKCOKOMIUIEKCHI pa3iMyHOro cocrasa. [Ipupona MeTanjaa BIMAET KaK Ha
cKopocTh paznoxenust H2O2 u oOpa3oBaHMs aKTMBHBIX KHCIOPOAHBIX YacTHI], TaK
U Ha MpeBpalleHne LuKiIorekcunruaponepokcuna. Cospemennsie Co-coneprxalnne
ME30TMOpHUCThIe amoMO(ochaThl MPOSBISIOT aKTUBHOCTh B OKHCIICHUH LUKJIOTeKCaHa
HEPOKCHIOM BOJOPOAA IIPU arMOC(EPHOM IABIEHUH, IIPU 3TOM 3(P(EKTHBHOCTH
ucnonb3oBanus H202 3aBUCHT ot cocraBa u cTpoenus ko0ansToBbix 1eHTpos (Kumar
etal., 2024). JInsa xpoMcoaepsKalux MEe30IOPUCTHIX MaTepHaIOB paHee ObIIO MOKa3aHo,
yto BKtoueHue Cr B CTpykrypy MCM-41 obecrieyrBaeT TreTepOreHHOE OKUCIICHUE
nukiorekcana H202, oqHaKo BHekapkacHbIe COEIUHEHHS XPOMa MOTYT BBIMBIBATHCSI
BO BpeMs IMEpBOro KaTaJuTHueckoro uukia. llocme wux ynaneHus axkTHMBHOCTh
CTaOMIIM3UPYETCs, YTO MOogUEpKHUBaeT AP (PEKT 3aKPEIIICHHBIX U C1a00CBA3aHHBIX (POPM
metasia (Sakthivel et al., 2002).

Ocoboe mecto 3anmmaror Cu-comepikamue katamusartopbl. Ilepexom Cu?'/Cu’
CIOCOOCTBYET OJJHORIIEKTPOHHON aKTHBALIMH IIEPOKCH 12 BOJOPO/IA, HO CBOWCTBA MEHBIX
LIEHTPOB CYLIECTBEHHO 3aBUCAT OT X KOOPAMHALIMOHHOIO OKpy:)eHus. [Ipu okucnenuu
nukiorekcana H202 B mpucyrcreun mupodocara Menu ObUIO YCTAHOBIEHO, YTO
Ba)YKHBIM (PaKTOPOM SBISIETCS THAPOPOOHOCTH MOBEPXHOCTH KaTajau3aTropa, OHa BIUSET
Ha KOHTAaKT HEMOJIIPHOTO CyOCTpaTa ¢ aKTUBHBIMH LEHTPaMU B BOJHO-OPTraHMYECKOH
PEaKUMOHHOW Ccpene (Du et al., 2009). Mennsie 14-OKCOKIACTEPHl TaKKe CIIOCOOHBI
akruBupoBarb H202 mnpu Markux ycioBusix ¢ NepBOHAYaIbHBIM 00pa30OBaHHEM
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LUKJIOTEKCAHOJIA M IIUKJIOTeKCAHOHA, XOTS MpPH HW30BITKE OKUCIUTENS IPOIECC
MPOOIDKACTCS 10 JUKapOOHOBBIX KHUCJIOT. OJTO TOKa3bIBACT, 4YTO KOHIEHTpAIUS
H202, ckopocTb €ro BBEJEHMS U HPOIOIKMTENLHOCTh PEAKUMH JIOIKHBI CTPOTO
KOHTPOJIMPOBATHCS ISl MPEOTBpaIieHus: Tryookoro okuciaenuss KA-oinma (Gawlig
et al., 2020).

[Tepexom 0T TOMOT€HHBIX COSIMHEHUI METAIIJIOB K HAHECEHHBIM CCTEMaM ITO3BOJISIET
YOPOCTHTH OTHEICHUE KaTalu3aropa U PEryIupoBaTh €ro CBOHCTBA MOCPEICTBOM
B3auMOJICHCTBUSL ¢ HocuTeneM. OKCHIHBIM HOCUTENIb HEIb3s pPaccMaTpPHUBATh
WCKITIOUMTEIIEHO KaK WHEPTHYK TOMIOKKY. Ero KHCIOTHO-OCHOBHBIE CBOWCTBA,
KOHIICHTPAILUS MMOBEPXHOCTHBIX THIPOKCHIBHBIX TPYII, YIACJbHAas MOBEPXHOCTh U
XapakTep B3aMMOJICHCTBUS C METAJNIOM ONPEACISIOT CTEIICHb 3aKPETUICHUS! aKTUBHOTO
KOMITOHEHTa, €ro JHUCIEPCHOCTh W JIOCTYIMHOCTh Jjisi peareHToB. COBpeMeHHbIE
uccienopanusi Cu- u Fe-MmonuuiupoBaHHBIX OKCHUJIOB IIEpUs ¥ IUPKOHHS TOKA3alIH,
49T0 Je(EKTHOCTh HOCHUTEIs, OKHUCIIUTEIbHO-BOCCTAHOBUTEIBHBIC CBOWCTBA U
MMOBEPXHOCTHAS SKCIO3UIIMS MeTajlyla HEMOCPEJACTBEHHO BIMSIOT Ha aKTUBHOCTh U
CEJIEKTUBHOCTh oOpa3oBanus KA-oina. B atoit cepun Cu-copeprkaiiue MaTepuaibl
npeBocxown Fe-comepikaliye aHaaoru 1o MPOU3BOAMTEIBHOCTH U 00ECICUMBAIIN
cenekTuBHOCTH BhIe 90% (Vomeri et al., 2024).

JlJis HaHECEHHBIX MEJHBIX KaTajJu3aTOpOB OCOOCHHO BakHA aucrepcHOCTh Cu-
comepxamieii Qasbl. Jlaxke mpu OIMHAKOBOM OOIIEM COJCpKAHUHM MEAM Pa3Iddus B
pa3Mepe U CTPYKType €€ MOBEPXHOCTHBIX YACTHI] MOTYT ITPUBOAUTH K CYIIICCTBEHHOMY
W3MEHEHHMIO KaTaluTU4ieckux CBOUCTB. Ha mpumepe Hm3komporieHTHbIX CuOx/Si02-
CHCTEM II0Ka3aHO, YTO H30JIMPOBAHHBIE JUHYKJICAPHBIE MEIb-KUCIOPOIHbIE IEHTPHI
3HAYUTEIBHO AKTUBHEE KPYIHBIX JIOMEHOB OKchaa Mmeau. DopMupoBaHHE TaKHX
LIEHTPOB OIpPENEISIeTCS MOBEPXHOCTHBIMU Je(PEKTaMH KpeMHe3eMa W YCIOBUSMHU
npurorosnenus karanuzaropa (Nauert et al., 2018). Xors nanHas pabora OTHOCUTCA
K OKHUCJIMTEIBHOMY JCTHAPUPOBAHHMIO IMKIOTEKCaHa, YCTAHOBIICHHAS 3aBUCHMOCTh
MEXJy JIOKQJIbHOH cTpyKTypoii Cu-IIEeHTPOB M aKTUBHOCTHIO MMEET 00Iee 3HaYCHUE
JUTSL HAHECEHHBIX MEIHBIX CUCTEM.

YCIIoBUSL TIPUTOTOBJICHUSI KaTajlW3aropa MOTYT M3MEHSTh HE TOJBKO KOJIUYECTBO
HAaHECEHHOI'0 MeTajla, HO W €ero XWUMHU4YecKkoe cocTosHue. [lpommrtka wim
aJICOpPOIIMOHHOE HAHECEHUE OOBIYHO CIIOCOOCTBYIOT B3aMMOJICHCTBUIO MOHOB METalia
¢ (yHKIIMOHATBHBIMY I'PYIIITaAMHU IIOBEPXHOCTH, TOTIA KAaK OCAXICHUE ITPH J00aBICHUN
IIEJI0YU MOYKET TPUBOIUTH K 00OPA30BAHUIO OT/ICIBHBIX YACTHII THAPOKCHIA HITH OKCHIA
Meramia. [lpu 3ToM yMeHbIIAeTCsl JIOJII METajuia, HEMOCPEACTBEHHO CBSI3aHHOTO C
HOCHUTEJIEM WJIM IOJUMEPHBIM JIMTAH/IOM, W BO3pPAcTaeT BEPOSTHOCTh arperaluu.
3HavyeHHe croco0a MOArOTOBKH U MOCIEAYIONIEH 00paboTKH X0poIo UILTIOCTPUPYETCS
uccienopanusimu  Cu/Al203, 1€ OKHCIUTEIhbHO-BOCCTAHOBUTENbHAS 00paboTKa
KpPYIHBIX YacTHI[ MEIW BBI3BIBACT HUX PEKOHCTPYKIHIO U PEIUCICPrHpPOBAHUE,
COIPOBOXKIAEMOE YBEIHUCHUEM YHCIIa JOCTYITHBIX aKTHUBHBIX [ICHTPOB H MOBBIIIICHUEM
karanutryeckoi aktuBHocTH (Li etal., 2024). CnenoBarenbHO, COMOCTABIEHHE METOIOB
MIPUTOTOBJICHHSI HEOOXOAMMO JUJIsl BRIOOPA YCIIOBHIA, 00CCIICUMBAIOIINX MAKCUMAIIBHYIO
JIOCTYITHOCTh HAHECEHHOTO METaJlIa.
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MonuduuupoBanue OKCHUAHBIX HOCHTeNeH (yHKIMOHAJIBHBIMU TOJMMEpaMH
SBISIETCS. OOHUM U3 CIOCO0OB 0oliee TOHKOTO PpEryIHpPOBaHHSA JIOKAJIBHOTO
OKpYKEHUS aKTHBHBIX LIEHTPOB. B Takux marepuanax okcua GopMUpyeT yCTOHYMBYIO
HEOPraHWYEeCKyl0 OCHOBY, a IIOJMMEPHBIM CJIOH CONEPKHUT [OHOPHBIC TPYIIIIHI,
y4YacTBYIOIME B COpPOIMHM M KOOPAMHAIIMM HOHOB MeTaioB. llommmep Moxer
MPEMsTCTBOBATh arperaiud METaJUIMYECKHX YacTUL, H3MEHSTh THAPO(PUIBHO-
ruapoQoOHbI OanaHC MOBEPXHOCTH W CO3[aBaTh BOKPYT MeTalllla MHUKPOCPELY,
OTJIMYAIONIYIOCS OT MOBEPXHOCTH MCXOAHOTO OKCHA. BMecTe ¢ TeM ciuIkoM npodHas
KOOPJIHMHAIMS CIIOCOOHA YMEHBIIATh NOCTyNHOCTh MeTamna ans H202 u cyGerpara.
[TosTomy BiMSHUE MOJIMMEPA HE BCEIAAd NPUBOAMT K YBEIMYEHHIO KOJIMYECTBA
3aKpEIJICHHOTO MeTalia, TYT BaXKHBI NPUPOAA JOHOPHBIX TPYIMI, IUIOTHOCTb HX
pacmonoxeHus, KoHpOpMalus MaKpOMOJEKYJA W MPOYHOCTh KOMIUIEKCA MeTalll-
MoUMeEp.

XUTO03aH TPENCTaBIsIeT OCOOBI MHTepec Onarojaps HaJHYUIO TEPBHYHBIX
AMHHOTPYII U THAPOKCUIIBHBIX IPYII, CHOCOOHBIX y4acTBOBATh BO B3aUMOJICHCTBUH C
MOBEPXHOCTHIO OKCHA0B M KOOPAWHAIIMY HOHOB NIEPEXOIHBIX MeTasioB. COBpeMEHHBIH
0030p MPOM3BOAHBIX XHUTO3aHA [IOKAa3bIBACT, YTO pEaKIHOHHAs CIIOCOOHOCTD
amuHOTrpym npu arome C2 v THAPOKCHIIBHBIX rpymi pu atomax C3 u C6 obecneunBaet
LIMPOKKE BO3MOYKHOCTH XUMHUYECKOTO MOAN(UIIMPOBAHHS U XETIaTUPOBAHUS METAIIIOB
(Cohen et al., 2022). TIpu agcopOuum XUTO3aHa HA OKCUIAX MOTYT PEaar30BbIBATHCS
ANEKTPOCTATHUECKUE  B3aUMOACUCTBHS, BOAOPOAHBIE CBA3M M KOOPAMHALHS
MOBEPXHOCTHBIX EHTPOB. COOTHOLIEHUE 3TUX B3aUMOJCHCTBUI 3aBUCHUT OT KHCIOTHO-
OCHOBHBIX cBOicTB HOcuTens v pH cpenepl. B cinydyae ocHoBHOro MgO KOHTaKT ¢ KUCITBIM
pacTBOpOM XHUTO3aHa MOXKET COMPOBOXKIATHCS JENPOTOHUPOBAHMEM AMMOHHMHBIX
rpyIl, CHIYKEHUEM PACTBOPUMOCTH IIOJIMMEPA U €T0 3aKPEIUICHUEM Ha MIOBEPXHOCTH.
Ha A1203, SiO2 u TiO2 crenenb copOiuu B OOJNBIICH Mepe OMpPEeNseTcs 3apsioM
MIOBEPXHOCTH, COACPIKAHUEM THAPOKCUIIBHBIX TPYII U YCIOBUSIMH HEUTpaIU3alnu.

Karanutudyeckoe mnpUMEHEHHE METANIO-XUTO3aHOBBIX CHCTEM IIOKa3aHa Ha
npumepe Cu-comepKamyx rpanyi XuTo3aHa, UCTIONb30BaHHBIX B PEAKIHSIX OKUCICHHS
C—H-cBsizeit (Kanarat et al., 2022). bbuto nmoka3aHo, 4TO XMTO3aH BBITIOIHSIET JBOWHYIO
(YHKIHIO, 3aKpeIUIseT aKTUBHBIE (DOPMBI MEH 1 OTHOBPEMEHHO YYacTBYET B CO3aHUN
OCHOBHOTO MHKPOOKPY)KEHHsI KaTaJIUTHUECKOro meHrpa. [lomydyeHHble MaTepHaiibl
OT/ACISINCH OT PEAaKIMOHHOW CMECH M COXPAHsUIM aKTUBHOCTh NPU IOBTOPHOM
ncnonb3oBaHud. Kpome Toro, mpuMeHeHne KapOOKCHIMPOBAHHBIX HAHOKPHCTAJIOB
XHUTO3aHA B KAaUeCTBE HOCHUTENSI METAJUNIMYECKUX HAHOYACTHUI] MPOJEMOHCTPHPOBAIIO,
YTO COBMECTHOE MPUCYTCTBHE AMUHHBIX M KapOOKCHJIBHBIX TPYIIl CIIOCOOCTBYET
3aKpEIICHHIO U CTA0WIN3AlNK JUCTICPCHOM MeTaumndeckoii aser (Jin et al., 2020).

PaboTbl, HenocpeacTBEHHO MOCBAIICHHBIE OKUCICHHUIO LUKIIOreKcaHa Ha ToIuMep-
MOIM(UIMPOBAHHBIX OKCHAAX, HEMHOTOYMCICHHBI. PaHee OBUIM CHHTE3UPOBAHBI
Cu- u Co-comepkaliue KaTanau3aTopbl Ha OKCHUAHBIX M MOHTMOPHJUIOHHTOBBIX
HOCHUTENAX, MOAM(UIMPOBAHHBIX MEKTMHOM. B oxucnenun mnuxiorexkcana H202
NpU MSTKUX YCIOBHSX HauOosiee 3(P(PEKTUBHBIMH OKa3aJIUCh MEIHBIC CHCTEMBI, a
KaTaJIATUYECKHE CBOMCTBA CYIIECTBEHHO 3aBHCENU OT MPUPOIBI HEOPraHHMYECKOTO
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HocuTeNsl. MakcuManbHasi KOHBepcHs LUKiIorekcana Ha Cu-coiepikamieM IEeKTHH-
MOIH(UIIMPOBAaHHOM MOHTMOpHJLTOHKTE cocTaBiia 11,2 % (Tumabayev et al., 2020).
OTH pe3yabTaThl MOATBEPKIAAIOT IEPCIIEKTUBHOCT COYETAHMSI TPUPOIHOTO MOJIUMEpa,
OKCHHOTO HJIM QJIIOMOCHJIMKATHOTO HOCHUTENSl W HOHOB IEPEXOAHOr0 MeTaa,
HO OJHOBPEMEHHO YKa3bIBalOT Ha HEOOXOAMMOCTH CHCTEMAaTHUECKOTO CPaBHEHHS
HOCHTEJIEH MTPHU OAMHAKOBOM ITOJIMMEPHOM MOJH(HKATOPE.

Hapsiny ¢ xuro3anoMm amist (popMHpOBaHHSI METAJUIOMOIUMEPHBIX LEHTPOB MOTYT
HCTIOJIb30BATHCSI MTOJTMAKPUIIOBast KUCIIOTa U Nou(4-BuHunnupuaun). KapbokcuiabHbie
TPYNIBl  MOJMAKPUIOBOH KHCIOTHI CBs3biBatOT Cu?' MOCPEACTBOM HMOHHBIX U
KOOPAMHAIIMOHHBIX B3aMMOJCHCTBUM, NMPUYEM MOJMMEPHOE OKpPYXEHHE CIHOCOOHO
crabmwimsupoBarh npomexytounbie (opmbl Cu’. Crabunmsauus mapel Cu?/Cu’ B
IUIEHKaX TOJHAKPHUIOBOW KHUCIIOTHI ObUIa JKCIEPUMEHTANbHO MOATBEPKACHA IPH
HCCIIEIOBAHUH 3JICKTPOXUMHUUECKOTO BOCCTAHOBJICHHUSI MEM U B3aUMOJACHCTBHS TAKOH
cUCcTeMBI ¢ IepoKcHaoM Bopopoaa (Stojanov et al., 2022). IIpu nomyuenun Cu/ZnO/
ZnAlI204-rubpuIHBEIX MaTEPHAIOB MOJIMAKPUIOBAs KUCIOTA YIy4lIaia JUcIepCHOCTh
MEJIHBIX YacTUI] ¥ B3aHMMOJCHCTBUE METAJI-HOCUTENb, YTO TAaKKe MOATBEPIKAACT €€
CIIOCOOHOCTH PEryJIHPOBaTh CTPYKTYpy HaHec€HHO# Cu-¢aszel (Omar et al., 2023).

[onu(4-BUHUNTMPUINH) COACPKUT NHUPHUIMHOBBIE aTOMBl a30Ta, 00JaJaroIue
BBIPQKEHHOM 3JIEKTPOHOIOHOPHOH MW KOOPIMHHPYIOMIEH CIOCOOHOCThIO. Takue
rpynnsl 3QQEeKTUBHO CTAOUIU3UPYIOT METaUNIMYECKUE YAaCTHULBI U MOTYT M3MEHSTH
UX BJIEKTPOHHYIO IUIOTHOCTB. JJIsi KJIacTEepoOB 30J10Ta, CTAOMIM3HPOBAHHBIX MONHU(2-
BUHWINUPUANHOM) M TONU(4-BUHWINUPUANHOM), YCTaHOBJICHO, YTO KOOPAHMHAIIHS
MUPUAMHOBBIX TPYMIN MOBBIMIAET 3JICKTPOHHYIO IUIOTHOCTh METAJUIMYECKOH (ha3bl
U YCTOWYMBOCTH KaTanm3atopa B peakiusx okucieHus (Matsuo et al.,, 2020).
Onnako mnpumenutensHo K Cu-copepkalluM CUCTeMaM CHJIbHAas KOOpAWHALWS
MUPUAMHOBOTO a30Ta MOXKET MMETh ABOHCTBeHHbIH 3(dext. C 0qHOH CTOPOHBI, OHa
MPEMSTCTBYET arperaly U BHIMBIBAHHIO MENHU, a C Ipyrol - cnocoOHa OMOKHPOBAThH
KOOpAMHAIIMOHHBIE TO3UIMU W 3aTpyaHsATh B3ammopeictBue Cu-mentpa ¢ H202.
[TooToMy BBICOKAst cOpOIMOHHAS €MKOCTh TOJMMEpA 10 OTHOLICHUIO K METAJlly HE
00s13aTeJIbHO COOTBETCTBYET BHICOKOH KaTAIMTHYECKOH aKTUBHOCTH.

Takum oOpa3zoM, IUTepaTypHble JaHHBIE MOKAa3bIBAlOT, YTO aKTHBHOCTb
HAaHECEHHBIX KaTaJN3aTOPOB OKUCICHUS LIMKIOTEKCaHa OMPEAEISIETCS COBOKYITHOCTBIO
B3aNMOCBS3aHHBIX (PAKTOPOB—IIPUPOIOHIEPEXOAHOTOMETAIIa, MEXaHU3MOM aKTHBALHN
H202, KHUCIOTHO-OCHOBHBIMU CBOMCTBAMH HOCHTENsl, CTENCHBIO HUCIIEPCHOCTH
AKTHBHOTO KOMITIOHEHTA, CIIOCOOOM MPHUIOTOBICHHUS U KOOPAMHALIMOHHBIM ACHCTBHEM
nonumMepa. [lpu 3ToM B IuTepaTrype HEZOCTATOYHO MPEICTABICHBI CHCTEMAaTHYECKHE
HCCIIeIOBAaHUS, B KOTOPBIX MPU OAMHAKOBBIX YCJIOBHAX comocTaBisuuck Ob1 Co-, Cr-
u Cu-cozepikalnye Karaau3aropsl, Hanecennsle Ha MgO, Al203, Si02 u TiO2 wu
MOAU(HUIUPOBAHHBIC OIHUM IOTUMEPOM. [IpakTHYECKH HE HCCIICIOBAHO M COBMECTHOE
BIIMSIHUE IPUPOJIBI OKCHTHOTO HOCHUTEIISI M MAKPOJIMTaH 1a Ha 3aKpeTJICHNE METaJlIa i €T0
AKTHBHOCTb B OKHCJICHUHU LUKJIOTEKCaHa MePOKCHI0M Bogopona. CpaBHEHHE XUTO3aHa,
MOJIMAKPUIIOBOM KHUCIOTHI U MOMH(4-BUHIITUPUINHA) IPH OJIM3KOM COACPKAaHUU MEIH
MO3BOJISIET OTHACNIUTH BIMSHUE KOJUYECTBA AKTHBHOTO KOMIIOHEHTa OT BIHSIHHUS €T0
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MOJMMEPHOTO OKPY)KEHHsI U YCTaHOBUTH (PakTOpbI, ompeneinstomue 3hPeKTUBHOCTD
THOPUAHBIX OPraHO-HEOPTaHMUECKUX KaTalin3aTopoB.

MarepuaJsbl 1 MeToabl. PeakTuBbl 1 MaTepuaibsl: Xaopug kodansra(ll) rekcarngpar
(CoCl,-6H,0, Mr 237,93 r/mons), murpar xpoma(lll) monaruapar (Cr(NO,),-9H,0,
99%), xnopun meau(Il) quruapar (CuCl,-2H,0, 99%), MgO (maruuii (I1) okcua, XY),
ALO, (amomunuii (IIT) oxeua, XY), SiO, (kpemuuii (IV) oxecnz, XY) u TiO, (TuTan
(IV) okcun, wactunbl ~25 aM, XY), xuro3aH (XuUT, CTENEHb JAeaneTIimpoBanus >75%,
Mw = 250 000, Sigma-Aldrich, CIIA), nonu-4-puannnupuana (I14BI1, MW =
60000, Sigma-Aldrich, CIIIA), nonuakpunosas kuciora (ITAK, Mr 450 000 r/mous,
Sigma-Aldrich,Cent-Jlyunc, mratr Muccypu, CLLA).

Ipueomosnenue pabouux pacmeopos. Karanuzaropsl ObUTH IPUTOTOBIICHBI IyTEM
MOCJIeZIOBaTEeNILHON aficopOnuu monumepa (xuto3aH (Xwur), moiv(4-BHHUIIHPUINH)
(IT4BIT), monmuakpunosas kucnota (ITAK)), a 3arem nonos metamna (Cu, Cr u Co) u3
BOJIHBIX PAaCTBOPOB Ha TBepable HocuTenu (MgO, Al O,, Si0,, TiO,) B ciyuae mennbix
katanu3aropos 5 mi pactBopa 114BII u ITAK (0,052 r B 5 mu Boabl) uinu Xur (0,138
I' B 5 MJI BOzbl) JOOABIISUIM O KarlisiM K cycnen3un Hocurens (1 T Hocurens B 10 mu
BOJIbl) IPY KOMHATHOH TeMIIepaType U MOCTOSHHOM NepeMelInBaHuu. [ XpoMOBBIX
1 K0OaNmbTOBBIX KaTanuzaropos Beomwin 0,240 r monmumepa B 5 mut Boxel u 0,212 1
MoJMMepa B 5 MJI BOABI, COOTBETCTBEHHO. [loiydeHHYI0 cMech NepeMelInBaid B
TeyeHue 2 4. 3aTeM MPHUKaIbIBAHUEM BBOJMIN BOAHBIC PAcTBOPHI XJIOPHIOB MEIH H
KoOaJibTa, HUTpaTa XpoMa U MOCJIe UX BHECEHHS CMECh IIEPEMEIINBAIN B TEUCHHE 3 4.
KoHmeHTpanus pacTBOPOB IMOJIMMEPA M COJIA MEH (XpoM U KoOaubT) (it meau 0,16 M,
it xpoma 0,2 M u juist kobansra 0,18 M) Obuia B3siTa U3 pacueTa Jijisl IPUTOTOBICHUS
KaTaJIU3aTopOB € coAepxKaHreM MeTaa 5% 1 MOJIBHBIM cOOTHOLIEHHEM [ Me:nonnmep]
= 1:1. Ilosy4eHHBIN KaTanu3aTop OCTABISIIM B MATOYHOM pacTBOpe Ha 24 yaca. 3areM
TPEXKPAaTHO MPOMBIBAIM JAWCTHUIMPOBAHHOW BOJOH M CYIIMJIM Ha BO3AyXe IpH
KOMHATHOH TeMIeparype.

[Iponiecc okuciieHHss NPOBOIWIIM Ha J1a0OPATOPHOH YCTaHOBKE, B CTEKISTHHOM
TEPMOCTAaTHPOBAHHOM PEAaKTOpEe, COCIAMHEHHOro ¢ Oroperkoil. bwumm BbIOpaHbl
CJIC/IYIOIME MapaMeTpsl OnbITa: aueToHuTpuia (5 mi), karanuzarop (0,3 r.), cyOcTpar
(1,8 mons/n), oxucnurens ([H,O,] = 0,31-10° mons/x), Temneparypa peakiuu 50°C,
nasiieHne armocdepHoe, Bpems onbiTa — 360 MuH. KauecTBEHHBIH U KOINYeCTBEHHbIH
aHaJM3 MPOIYKTOB PEaKLUUH OKHCICHHUS MPOBOAWIM Ha Xxpomartorpade Xpomoc I'X-
1000 (Poccust) ¢ mnaMeHHO-HOHU3AMOHHBIM JIETEKTOPOM B M30TEPMHUUYECKOM PEKUME
¢ ucnonb3oBanreM KamwurapHoil koioHku BP21 (FFAP) c¢ nomsapuoit dazoit (II9T,
MoauuIMpoBaHHBIA HUTpOTEepedTanaTomM) AMMHON 50 M ¥ BHYTPEHHUM TUAMETPOM
0,32 mm. Temneparypa kosnoHkH coctasisuia 90°C, remneparypa urxkekropa - 200°C,
ra3oM-HOCHUTEIIEM CITY>KWJI TeIuid, 00beM BBOAUMOM poOsI - 0,2 MKJI.

3. Pesyabrarsl um obcy:xaenue. Ilomnmep-monnpuIMpOBaHHBIE MEIHbBIE,
XPOMOBBIE M KOOQJIBTOBBIE KaTalM3aTOPbl, HAHECECHHBIE HA HEOPTaHNUECKNUE HOCUTEIH
(MgO, ALO,, SiO, u TiO,) GbUM NPUIOTOBJIEHBI aJACOPOLUMOHHBIM METOJOM MYTEM
MOCIIeIOBAaTEIbHOTO HAHECEHUS TIONMMepa U HOHOB MeTalula. cxoqHoe KoIn4ecTBO
aKTHBHOM (a3l cocTanisio 5%. 1o nanasiM EDX snemMeHTHOTO aHaiu3a pakTuieckoe
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coziep’KaHHe MeTala 3aBUCeNo OT npuponsl Hocutens (tTadmuna 1). st Cu-Xut/MgO
copepxkanue Cu cocrapisuio 5,3 mac. %, T.e. ObUTIO OMU3KO K PAcueTHOMY YPOBHIO 5
mac. %. Ha Cu-Xur/AlLQO,, Cu-Xut/SiO, n Cu-Xur/TiO, onpeneneno tomneko 1,2-1,4
Mmac. % Cu.

Tabmuma 1 — Coneprkanne Meraiuia rmo pesyiasraraM EDX anemenTHOrO ananmsa

Ob6paszen CozepxaHue MeTasa, Mac. %
Cu-Xut/MgO 5,3
Co-Xut/MgO 4,2
Cr-Xur/MgO 2,5
Cu-Xut/ALO, 1,3
Cu-Xur/SiO, 1,4
Cu-Xur/TiO, 1,2

Ha kaprax pacnpenenenus anementoB curHan Cu HaOmopmancs 1o Bcei
anammsupyemort obnactu Cu-Xu1/MgO n Cu-Xur/TiO, (pucynok 1). B mpenmenax
paspelieHus] MEeTOo/Ia 3TO YKa3bIBACT HA OTCYTCTBUE KPYITHBIX JIOKAIBHBIX CKOILICHUI
MeJIM B BBIOPAHHBIX OOJIACTSX M HA €€ CPaBHUTEIHHO PABHOMEPHOE IMOBEPXHOCTHOE
pacrpejeneHue.

o o

(2)

Pucynok 1 — Mukpodororpapumn COM n n300paskeHns 31eMeHTHOTO KapTuposanus Cu, seMeHTa
Hocurens u O

Hnst obocHoBaHMs (HOPMHUPOBAHUS MOTUMEP-MOAU(DUIMPOBAHHBIX HOCUTEIEH
JI0 HaHECEHUs MeTajula OblUla HWCCIeJoBaHa COpOIHMs IMOJMMEPOB W3 PacTBOPOB
Ha TIOBEPXHOCTH HocuTened. Ilo JaHHBIM BHCKO3MMETPHUYECKOTO OIPEICIICHUS
OCTaTOYHON KOHLEHTPAIMH XWTO3aH 3aKPEIUILICSd MPAaKTHYEeCKH KOJIMYECTBEHHO Ha
MgO, ALO,, TiO, n SiO,, crenens ancopbuun cocrapisna 98,9%, 98,9%, 98,6% u
96,9%, coorBeTcTBeHHO (pUCYHOK 2). B ciyuae MgO 3akperieHne XuTo3aHa MOXET
OBITH CBSI3aHO C JICNPOTOHUPOBAHWMEM AMHHOTPYIMII TOJMCaxXapuaa NpPH KOHTAaKTe
KHCJIOTO PacTBOpa C OCHOBHBIM OKCHIOM, BBITIAJICHHEM TTOJIMMEpa U3 PacTBOpa M €ro
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(ukcanueil Ha MOBEpXHOCTH. J[JIs1 OCTambHBIX HOCUTENICH MOCIe BBEACHUS XUTO3aHA
sHaueHue pH poBomwnmu 5o 7,5, 4TO Takke 00ECIEUMBAIO MPAKTUUYCCKH TOITHOE

3aKPCIJICHUC MMOJIMMEPA HAa ITIOBEPXHOCTH.

Pucynok 2 — CreneHb aficopOUnu XUTO3aHA HA PA3IMYHBIX HOCHTEISAX IO TaHHBIM

Pesynbrarsl UK-cniekTpockonuu noaTBEP:KAatoT HE TOJIBKO IPUCYTCTBUE XUTO3aHA,
HO U €ro B3aUMOJICHCTBUE C TIOBEPXHOCTHIO OKCHIOB. B crieKTpe HCXOIHOTro XuTO3aHa
nosockl pu 1660 u 1559 cm! otHOCsATCS K Konebanussm C=O-rpynn amuna | 1 N—H-
rpynn amuaa II coorserctBenno. B komnosurax Xut/MgO, Xut/ALO,, Xut/TiO, u
Xut/SiO, nonoca C=0 cmemanacey B obnacte 1635-1644 cM’!, a monoca N—H — 1o
1511-1514 cm™'. OnHOBpEMEHHO M3MEHSIIOCH TOJIOKEHHE MOJIOC, cBs3aHHbIX ¢ —CH/—
OH-rpynnamMu ¥ NMUPaHO3HBIM KOJIBLIOM Hojiucaxapuia (pucyHok 3). COBOKYIHOCTb
9TUX H3MEHEHUH CBUJAETENBCTBYET O B3aUMOACHUCTBUM (YHKIHOHAIBHBIX TIPYIII

CreneHb agcopoumnn, %

1004 98.9% 98.9% 98.6% 96.9%

80

60 -

MgO 7-ALO, Tio, sio,

BHUCKO3UMETPUYECCKOTO METOAA

XHUTO3aHa C MOBECPXHOCTBIO HOCHUTEIICH.

MornoLeHwe (oTH. ef.)

a) 1559 1381 1071
1660, 1187

a23f1316)

1511
1641 1435

D]

1603, 1511
1644 1438,

A)
1635 1511 1074

4119

1147

e)
1635, 1514
1686, fasa)

4000 3500 3000 2500 2000 1500 1000 500

Pucynok 3 — UK cniekTpsl xuTo3ana (a), mogKucieHHoro xutosana (0), Xur/MgO (8), Xut/ALO, (1),

BonHoBsle yucna (cm™’)

Xur/TiO, (), Xut/SiO, (e)
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Takum  oOpa3oM, pe3yabrathl  (U3UKO-XMMHYECKUX  METOJOB  aHAJIM3a
CBUJCTEIBCTBYIOT O (HOPMUPOBAHMUA HAHECEHHBIX XHUTO3aH-MOAU(DHUIIMPOBAHHBIX
ME/HBIX, XPOMOBBIX M KOOAJIBTOBBIX KaTaJM3aTOPOB JIJIsl MPOIECCa OKUCIICHUS
nukiorekcana (LI') mepokcuaom Bogopoa.

LI oxucnsercs no mmkiorekcanona (LIOJI) m nwmkmorexcanona (LIOH) uepes
oOpaszoBanue nukinorekcuaruaponepokcuna (LII'TTI) B kadecTBe MpOMEKYyTOYHOTO
npoaykra (Shul’pin et al., 2009, Roy Barman et al., 2020, Auyezkhanova et al.,
2025) (pucynok 4). Jlas mOxTBEpKISHHUS NAHHOTO MEXaHM3Ma IMPOMYKTHl peaKiiH
AHAJIM3UPOBAIIM METOJIOM Ta30BOi xpomarorpaduu (I'X) mo u mociie mo0aBieHUS
tpudenmnpochuna (PPhs), xotopsiii crnocoben BizammopeictBoBate ¢ LIITII c
obpaszosanuem 11OJI (Shul’pin et al., 2009, Roy Barman et al., 2020, Auyezkhanova
et al., 2025). Jlns Bcex MCCIIENOBAHHBIX KaTaTMTHYECKUX CUCTeM Jobaenenue PPh,
MIPUBOMIIO K YBEJIIMYCHHUIO BHIXO/A CIIUPTA B MPOAYKTAX PEAKIIMU, YTO MOATBEPIKIACT
npucyrcteue LTIl B kauecTBe NpPOMEKYTOUHOro Mpoaykra peakuuu. Criemyer
OTMETHUTbh, YTO CPEIH MPOIYKTOB peakiuu ObutH 00HapyxkeHbl Tonbko [IOJI u 1IOH,
YTO CBUCTEILCTBYET O BHICOKOW CEJICKTHMBHOCTH BCEX KAaTajlW3aTOPOB B OTHOIICHUU
oOpazoBanusi KA-macna. Pe3ynbraThl KaTaJIUTUYECKMX HWCIBITAHWN TNPUBEICHBI B
Tadnuie 2.

Iuxnorexcan SOk QH %
Karamsatop

IMHEKTOTEKCIITHAPONEPOKCHT LIIKIOICKCAaHOH ITHKIOreKCaHOTT

Pucynoxk 4 — Cxema OKUCIIEHUS IIUKJIOTEKCaHa MEePOKCHIOM BOIOpOJIa

Bo Bcex Tpex tumax kartanuzatopoB (Co-, Cr- u Cu-) MakcuMaibHasi KOHBEPCHUS
nmocTturanack npu ucnonb3opannu MgO. s Co-, Cr- u Cu-comepkanux CUCTEM OHA
coctasisuia 2,3%, 6,2% u 16,3%, coorBeTcTBeHHO. Hanbosee BRIpa)KEHHOE BIIUSIHHC
MPUPONIBI HOCUTEIST HAOIIONAIOCHh Ui METHBIX KaTalH3aTopoB: TPU IEPEXoie OT
AlO,, TiO, u SiO, k MgO konBepcHs yBeanuuBanach 10 16,3 %, 4To COOTBETCTBOBAJIO
noBbIIIeHUIO B 5,6; 4,1 uw 3,6 paza cooTBeTCTBEHHO. [lo aKTHBHOCTH MeETaJUTHI,
HaHecénnsle Ha MgO, pacnonaraiuch B cieayromiem nopsuake: Cu > Cr > Co.

Ta6J'[I/ILIa 2 — Biusiaue IpUpOoAbl METAJJIa U HOCUTEJIA HA KaTaJIMTUYECKUEC CBONCTBa pa3p3.60TaHHLIX

KaTaJii3aTopoB
Karamusarop S(LIOH), % S(LIOJT), % Konsepcus, %
Co-Xur/ MgO 31,5 68,5 2,3
Co-Xur/ALO, 39,7 60,3 1,9
Co-Xut/SiO, 38,5 61,5 2,0
Co-Xut/TiO, 34,9 65,1 1,4
Cr-Xut/MgO 32,3 67,7 6,2
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Cr-Xut/ALO, 30,8 69,2 3,9
Cr-Xut/SiO, 30,2 69,8 4,3
Cr-Xut/TiO, 333 66,7 3,6
Cu-Xur/MgO 23,3 76,7 16,3
Cu-Xu1/ALO, 29,8 70,2 2,9
Cu-Xut/SiO, 12,5 87,5 4,5
Cu-Xur/TiO, 2,5 97,5 4,0
I[Ipumedanne - Yenosust skenepumenta: m - 0,03 r; V.- 0,3 mn; HO, = 0,9 mu; pacrsopurens
aneToHuTpui (5 mi); t-4 4; T—50 °C; P - 1 arm.

OnTumansHBIM KaTanuzaropoM seisieTcst Cu-Xut/MgO, Ha KOTOPOM IIPH KOHBEPCUH
16,3% cenmextuBHOCTh K 1{OJI cocrapmsina 76,7%, a k IIOH — 23,3%. bonee Beicokas
KaTaIUTUIeCKas: aKTUBHOCTE MgO-comepiKalx CHUCTEM MOXKET OBITh OOyCIIOBIIEHA
MTOBBIIIIEHHOH OCHOBHOCTHIO MX ITOBEPXHOCTH, XapaKTepOM 3aKpEIUIeHHUS MaKpOIIMTaH Ia
1 JIOCTYNHOCTBIO MeTaiua 1y aktuanuu H,O,. [Ipupona HocuTens Biusiia HE TOIBKO
Ha KOHBEPCHIO, HO M Ha pacnpenenenue npoaykros. s Cu-Xut/TiO, cenekTuBHOCTD
no IIOJI pocturama 97,5%, onHako KOHBEPCHSl OCTABAJIaCh CPABHUTEIBHO HU3KOM
(4,0%).

J1a ycTaHOBIEHUS POJH MONUMEPHOTO Moaudukaropa B ((OPMUPOBAHHUH BHIXOIA
KA-macma ObutH TIONTy4YeHBI CEpHUM KaTalln3aTopoB Ha ocHOBe MgO, BRIOpaHHOTO B
KadgecTBe HambOonee d(hdekTuBHOTO HOCHTENd. B KauecTBe aKTHBHOTO KOMITOHEHTA
ncnoip3oBanu Cu, MOCKOIBKY HMEHHO Me/h 00ecTiednBalia 001ee BRICOKYIO KOHBEPCHIO
o cpaBHeHHUIO ¢ cucteMamu Ha ocHOBe Cr m Co. MomudunupoBaHue MOBEPXHOCTH
MPOBOAWIM C TPHUMEHEHHEeM XuTo3aHa (Xwur), monu-4-suHmwimupuanaa (I14BIT)
n nonuakpmioBoii kuciotel (ITAK) (tabmuma 3). Ilpm mpuroToBieHHH 0Opa3IoB
KOJTMYECTBO BBOAMMOM COJIM MEIU OIPEEISIN ¢ yUYeTOM TOCTIKEHHUS] HOMHHAIHHON
koHneHTpanuu Cu, paBHO# 5 Mac.% B cocTaBe rnonumep-moaudumuposanHoro MgO.

Tabnuua 3 — Bimsaue npupoas! moiauMepa Ha cBoiictBa Cu-coaeprkamux Karaauzatopos Ha MgO

Karamuszarop Cu, mac. % S(IOH), % S(IIOJI), % Kousepcus, %
Cu-Xur/MgO 53 23,3 76,7 16,3
Cu-ITAK/MgO 5,6 19,7 80,3 14,7
Cu-I14BIT/MgO 5,3 20,0 80,0 0,5
IIpumeyanne - Venosua okcnepumenta: m - 0,03 1 VLU. - 0,3 m; H)O, = 0,9 mi; pactBoputens
anetoHuTpua (5 mi); t-4 a; T—50 °C; P - 1 atm.

HauOonee BwicOkyro koHBepcuio mnpoxeMoHcTpupoBain Cu-Xut/MgO (16,3%),
HesHauuTenbHo npeBocxoauBiuuii Cu-IIAK/MgO (14,7%). B npucyrcreun Cu-114BI1/
MgO xonBepcus cocrtasisuia guiib 0,5%, HECMOTpSI Ha NMPAKTHYECKH OJMHAKOBOE
copepxkanue Cu. DTO paszauyue CBHUICTENbCTBYET, YTO KaTaJlUTHYECKUE CBOMCTBA
OIIPEEIISIOTCS HE TOJIBKO KOJTMYECTBOM 3arpyKeHHOTO METaJlla, HO U €ro JOKAIbHBIM
OKpYXEHHEM, MPOYHOCTHIO KOOPAMHALMHU M JOCTYIHOCTBIO Ul B3aUMOACUCTBHS C
H,0, u ¢ cyberparom. Cunbnoe cBsasbiBanne Cu nupuaunoBeivu rpynmnamu 114BI1,
(hopMHpOBaHHE MEHEE JOCTYTHBIX LIEHTPOB MOKET MTOJABIISTH AKTUBALIUIO OKUCIIUTEIIS.

404



Volume 3, Number 468 (2026)

Takum 06pa3om, XuTo3aH 00eCIIeurnBaI HAWTYYLIee COUETaHNE BEICOKOH KOHBEPCHU U
MpenMyIIeCTBEHHOTO 00pa3oBaHus ukiorekcanona. [IAK-cogeprkamuii karanuzatop
MoKa3aln ONMM3KWI pe3yabTaT M MOXKET pacCMaTpUBaTbCs KaK albTePHATHBHBIN
Moaudukarop, Toraa kak [14BI1 B BeIOpaHHbIX ycinoBusX OblT Hed(eKTUBEH.

3axmouenne. Takum o0Opa3om, ObUIM TIONy4YeHBl HaHECEHHBIE IOJIUMEp-
Mo (UIMpPOBaHHBIE MEAHBIE, XPOMOBBIE M KOOAJIBTOBBIE KaTaIN3aTOPBI AJISI OKUCIICHHS
nuknorekcana 1o KA-macna mpu armocdepHoM naBneHun u temneparype 40 °C.
XuT03aH ObIT yCTAaHOBJIEH KaK HanOoJsiee MepCreKTUBHBIA MOAN(UKATOp HAaHECEHHBIX
KaTanu3aropoB. COrIacHO aHHBIM BHCKO3MMETPHUH, CTETEHb 3aKPEIUICHUS] XUTO3aHa
Ha noBepxHoctu MgO, AIZOS, TiO, u SiO, cocrasnser 96,9-98,9%. Cmemmenue nonoc
normomieHuss C=0 u N-H B HK-cnekrpax cBHIETENbCTBYET O B3aUMOAECHCTBUU
(YHKIMOHAIBHBIX TPYII XUTO3aHa C MMOBEPXHOCTHIO OKCUIHBIX HOcHUTenel. JlaHHble
COM U 371eMEeHTHOTO KapTHUPOBaHUS MOATBEPKAAIOT PaBHOMEPHOE paclpelesieHHe
AKTHBHOM (ha3bl O OBEPXHOCTH MOIMMEP-MOAN(DUIIMPOBAHHBIX HOCUTETICH.

CpaBHEHHE KaTalUTUYECKUX CHCTEM Ha OCHOBE Pa3IMYHBIX OKCHIHBIX HOCHUTEIEH
MOKa3ajio, 4TO ISl BCEX TPEX HCCIENOBaHHBIX METaNIoB Hauboinee 3((EeKTHBHBIM
HocuteneMm siBiusiercsi MgO. bBomee Bbicokast akTMBHOCTH MgO-comepikamunx
CHCTEM MOXET OBITh OOYCIIOBIIEHA TOBBILICHHOW OCHOBHOCTBIO MOBEpXHOCTH MgO,
CIOCOOCTBYIOIIEH aKTHBALMH PEarupyroluX KOMIIOHEHTOB M NMPOTEKAHUIO LIEIEBBIX
MIpEBpALLCHUMN.

HanGonpimass kouBepcusi umknorekcana (16,3%) mocTurHyTa B TNPHUCYTCTBUH
karanuzaropa Cu-Xut/MgO npu cenektuBHoctd 76,7 % 1O nuKiIorekcanomy u 23,3
% MO UMKIOreKcaHoHy. [l OLleHKH BIMSHHSA MPUPOIBI TOIUMEPHOTO Momaudukaropa
ObUTH COMNOCTABJIEHbl KaTaJUTHYECKHE CBOWCTBA CHUCTEM C OJM3KAM COAEpKaHUEM
MeIy. YCTaHOBIICHO, YTO KOHBEPCHS LUKJIOTEKCaHa CYIIECTBEHHO 3aBHCUT OT HPHPOJIBI
nonMMepa M yMeHbIIaeTcs B psaay: xuto3a (16,3 %) > ITAK (14,7 %) > T14BII (0,5 %).

Takum 00pa3oM, COBOKYMHOCTb TIOJyYEHHBIX PE3yJIbTAaTOB CBHICTEIbCTBYET
0 TOM, YTO COYETaHHE MEIHOM aKTUBHOW (pa3pl, XUTO3aHA M OCHOBHOTO HOCHTEIS
MgO obecneunBaeT Hambonee BBICOKYI0 3(deKkTHBHOCTH Karanuzatopa. HamOomee
MEPCIEKTUBHON KaTaJTUTHYECKOM CHUCTEMOW Ui OKUCIIEHHs LMKJIorekcaHa no KA-
oiina sieisiercst Cu-Xut/MgO.
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