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

1 (466)

JANUARY - MARCH 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



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

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 1, Number 466 (2026)

CONTENTS
Chemistry

Assembayeva E. K., Beisekhan A., Bozhbanov A. Zh., Nurmukhanbetova D.E.,
Gabdullina E.Zh.

Effect of chia seeds (Salvia Hispanica 1.) on the physicochemical and mineral properties

Of 1oW-fat COttAZE CREESE.....uiiiiciieiiciicie ettt et a e esseaeas 11

Balkhashbay Sh.Zh., Azimbayeva G.E., Kudaibergenova G.N., Kamysbayeva A.K.,
Kurbanbayeva N.M.
Determination of biologically active compounds in morphological parts of medicinal

Darmenbayeva A.S., Rajasekharan R.
Preparation and characterization of nanocellulose biocomposites from agro-waste
Of the Zhambyl TEZIOMN.......ccviiiiiiiiiiciiciiceeee ettt et sae s e sasesbesaaens 39

Demets O.V., Rakhimberlinova Zh.B., Zgardan V.V., Serykh N.V., Dyussekeyeva A.T.
Qualitative and quantitative analysis of amino acids in Kyrgyz birch bark extract................... 55

Jumekeyeva A.IL., Talgatov E.T., Auyezkhanova A.S., Kenzheyeva A.M., Naizabayev A.A.

Complex formation of palladium (II) ions with organic polymers of various nature................. 70
Dmitriyeva E.A.
Electrolytes of lithium-i0n Datteries.........c.covieiirrieiiiiieiicieeie ettt 83

Yegemberdiyeva S., Abdurazova P., Turtabaev S., Shitybaev S., Kerimbayeva K.
Catalytic properties of Ru- and Rh-promoted skeletal nickel catalysts in the hydrogenation
OF DULYTALAENYAE.......eoviciiiiicice ettt et sae b steenbesaaens 97

Yertayeva A.B., Adylbekova A.O., Toleubekova A.G.
Production of emulsions stabilized by bentonite clay particles..........coceveevievieienierierieeenens 112

Fischer D., Jumadilov T., Haponiuk J., Toilanbay G., Baishibekov A.
Interpolymer KU-2-8: AV-17-8 systems for selective sorption of rhenium, molybdenum
AN TUNEZSTEI c..evieeiitieieete ettt ettt et et e et e teeseeeteesaesaeessesteessesssesseessesbeessesseessesseessesseensesseeneas 129

Zhanikulov N., Zhurgarayeva D.
Investigation of the quality of cement clinker obtained from heap leaching waste................. 148

Zhoshybaeva A.A., Kozhanova K.K., Mombekov S.E., Barakova A.Sh.
Pharmaceutical devolopment of a medicinal product containing an isocitrate
1YASE INNIDITOT. c..eeutieiiieieeeie ettt ettt e st e st e sabe e teeenseesaeenseenseesnseenseennsean 162

Ivanov N.S., Abilmagzhanov A.Z., Nurtazina A.E., Adelbayev LE., Kholkin O.S.
Sequential electrochemical processes for the treatment of magnesium leaching solutions......176



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Imangaliyeva B., Duzelbayeva S., Tolesinova I., Bukeykhan D., Turlanova A.
Chemical and agronomic assessment of the use of mineral wool and coconut fiber
as @ SUDSIrate N @ GIEENNOUSE. .....c.eivieiiiiieiieite ettt ettt ettt e et te b e s e ebeeseesseensesneennas 190

Kurmanaliev M.K., Shaikhova Zh.E., Abilkasova S.0., Kalimoldina L.M.,
Bugubaeva G.O.
Crown esters immobilized on polymeric supports as novel interfacial catalysts..................... 207

Mataev M.M., Ongarbek A.T., Sarsenbayeva Z.B., Nurbekova M.A., Abdraimova M.R.
Synthesis and morphology of perovskite-structured CaMnO, ¢ ....ovovvrveiiiiiiiniiiniiiiieian 221

Medeuova G.Zh., Azimbayeva G.E., Kaliyeva A.N.*, Sadykova D.A., Anuarova L.E.
Determination of vitamins in Polygonum Aviculare L. using capillary electrophoresis........... 238

Mukusheva G.K., Jalmakhanbetova R.I., Seilkhanov T.M., Bakibaev A.A., Aliyeva M.R.
Functional modification reactions at the nitrogen atom of salsolin and biological activity
Of the ObtaINEd AETIVALIVES......eeiieeiiiieiiiii ettt b et eae e sae e sreeneas 251

Muldakhmetov Z.M., Zhakina A.Kh., Arnt O.V., Vassilets Ye.P., Zhakin A.M.
Composite materials modified with carbon filler............cccoocveviiiiiiiiicieeeeee e 267

Nazarbek U., Raiymbekov Y., Abdurazova P., Kambarova G.
Study on the efficiency of water treatment using nanostructured wWater...............ccceeveeveneeen. 280

Nauanova A.P., Kassenov R.Z., Davrenbekov S.Zh., Bolatbay A.N., Altynbekkyzy A.
Intensification of the process of extraction of humic substances from brown coal.................. 295

Nurlybayeva A.N., Zharlykapova R.B., Taubaeva R.S., Matniyazova G.K., Rustem E.I.
Study of physical, chemical and mechanical properties of acrylic terpolymer......................... 309

Uali A., Omirzak U., Titanov A., Abilkanova F., Kunarbekova M.
Waste biomass-derived Fe-modified biochar: structure and application in potentiometric
ATIALY SIS .t eutteetie ettt ettt ettt ettt et e ta e e bt e e teebeeerbe e bt e esb e et e e nnteenbeeenteenteennaeenneenes 323

Khamitova A.S., Nurmukhanbetova N.N., Ostretsova 1.B., Kassenova N.B.,
Kuderina B.T.
Synthesis of metal corrosion inhibitors based on ammoNia.............cceeeveeeevieeeerireeerieeeeieenenn 338



Volume 1, Number 466 (2026)

MA3MYHbI
XUMUs

AcembaeBa J.K, Beiicexan A., boxxoanos A.K.,
Uwua nounepiniy (Salvia Hispanica L.) Malicei3manasIpblIrad Cy30eHiH (HU3HKa-XUMHUSITBIK
YKOHE MUHEPAIIBIK KOPCETKIIITEPIHE OCEP1 uvevrereerrerreerieireeseereesseeseesseessesseessesseessesseessessesssesnes 11

bankamo6aii I1.7K., Asum6aeBa I'.E., Kynaiioeprenosa I H.,

KambicoaeBa A.K., Kypoan6aea M.

Hopimik eciMaikTepaiH MOP(HOIOTHSIIBIK MYIICIEPIHACT] ONOIOTHSUIBIK OSICCH I

BATTAPIIBI  AHBIKTAY. ... vveeuveenreesnreenseessseenseeaseeseesseensesssseenseessseessseeseesssssnsesnsessseesssessseesssesssessseen 24

Jdapmen6aeBa A.C., Rajasekharan R.
JKamMOBI1 0OIBICHIHBIH arpOKAIBIKTAPBI HET131H/1e HAHOIIEIUTIONO03aIBIK OMOKOMITO3UTTEPI1
QJTY JKOHE OJIAPIBIH KACHCTTEPIH BEPTTEY. .uveveerreeerereesrereessesseessesseesesseessesssessesssesseessesssessesseens 39

Hemen O.B., Paxuméepaunnona K.b., 3rapanan B.B.*, Cepbix H.B.,

JocekeeBa A.T., 2026.

KpIpFbI13 KalibIH KaOBIFBIHBIH CHIFBIH/IBICHIHIAFbI aMUHKBIIIKBITAPBIHBIH CAITalIbIK

JKOHE CAHABIK KYPAMBIH TATIIIAY. ¢ uuveeeauereesnreeesureeeaereesnseessnseesansseessseeansseesnnseeesssessnsseesnseesnnsees 55

JxkymekeeBa A.U., TaararoB J.T., Aye3xanoBa A.C., Ken:keeBa A.M., Haiiza0aeB A.A.
IMammanuit (I1) noHAAPBIHBIH TAOUFATHI SPTYPIIi OPTAHUKAIIBIK TOTUMEPIepMEH

KEIIIEH  TYBY1uutteteeeureeureeseeteesseenseessseenseeasseensseanseenseessseanseessseessseanseesssesnsesssessnseesssesseesssesnseesseen 70
JAmutpuena E.A.
JIUTHIA-HOHABI aKKYMYIISATOPIAPIBIH DTIEKTPOTHTTED 1 eenvveeereeereenreersreeseensaeeseeseeesseesssesnseessnens 83

Eremoepauena C.)K., Adnypa3osa II., Typradaes C.K., llIntbioaes C.A.,

Kepumoaena K.3.

Ru »xone Rh npomotoprianran KaHKaJIbl HUKEIb KaTaau3aTopIIapbIHbIH Mail ajibJeruIiH
THJPJIEY PEaKIUSICHIHIAFBl KATATUTUKAIIBIK KACHETTED. v e.veuveurerteneeneeneeneeneeseeneaneeseasesneseeasensees 97

EptaeBa A.b., Anuiab6exoBa A.O., TeneyoexoBa A.F.
BeHTOHUT Ca3bIHBIH OOJIIIIEKTEPIMEH TYPAKTAHIBIPHUIFAH IMYITbCUSIIAPIBL AITY......c.veveeeeennens 112

®umep A., Ixymaguios T., Xanonwk 1O., Toiinan6aii I., Baiimu6exos A.
Penuit, MonuOIeH sKoHe BOJIbGPAMIbI CEJICKTHBTI COPOIMsIIayFa apHaIFaH
KU-2-8:AV-17-8 UHTEPIIOTUMEDPIIT HYHETICP Lo vveervrerureerrerereeneeeneeenteeaseenseessseesseessseesseesseenses 129

Kanuxyaos H., ’Kyprapaena /1.
Yiiinai imaimMaay KajaaslKTapblHaH ajblHFaH [IEMEHT KIIMHKEPIHIH CallachlH 3ePTTEY............ 148

KombioaeBa A.A., Ko:xkanoBa K.K., MomoekoB C.E., bapakosa A.IIl.
W3onurpanivaza HHTHOUTOPBIH KAMTUTBIH IOPLIIK Ipenapartsl (hapMarieBTHKAIBIK
Y10} () /SRS PPPRRPSRRUROt 162



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

HNBanoB H.C., Abuasmar:kanoB A.3., Hyprasuna A.E., Aneab6aeB U.E., Xoaxun O.C.
Marnwuiini maimarnay epiTiHaiIepiH KaiTa oHIey TeXHOIOTHUACKIHIAFbI JOUEKTI
DIEKTPOXUMHUSITBIK TIPOIIECTEP e nvvenvveenreensreensreasseesseessseenseessseenseessseesssessseessessseenseessseesssessesnses 176

HNmanranauena b., lyzenoaesa C., TosiecinoBa U., bykeiixaun /I., Typianosa A.,
JKeimbiKaiina MUHEPAJIIBI )KYH MEH KOKOC TaJIIIBIFBIH CYOCTApPT PETIHC KOJIAHYIBIH
XUMUS-QTPOHOMHUSITBIK OBFACBL. ....evveuteueenieereutettesiatesttesestestestesseseseesensensensensesseneeseeseeneaseeseanes 190

Kypmanaaues ML.K., llanxosa XK.E., 9oiikacosa C.O., Kanumonauna JI.M.,
Byry6aesa I.O.

[Momumeprik TackIMaN Ay IIBLTAPIa KMMOOWITA3ALUSUTaHFaH KpayH-3dupiep —
KaHa (ha3aapaIblK KATATH3ATOPITAD PETIHIIC. ..uveeuverrerreeseeneeeseeseaseensesnsessesseessennsesseensesseesenseenes 207

Maraes M.M., Onrapoek A.T., Capcendaesa 3.b., Hypoexosa M.A., Aoapaumosa M.P.
IepoBekut KYpoLIBIMABI CaMnOz.05 CHHTE31 MEH MOPQOIIOTHSCHL. .....veveereeeneeveeeeeeeneennes 221

MeneyoBa I'./I:x., A3umbaeBa [.E., KaaueBa A.H., CanbixoBa JI.A., Anyaposa JL.E.
Polygonum Aviculare L. ecimMairiaiH KypaMBIHAAFB! JOPYMEHACPAI KaMIUISPITBI

Mykywmesa I K., [lzkanmaxan0eroBa P.1., Ceiinxanos T.M., Bakutaes A.A., Annea M.P.
CanbCoNMHHIH a30T aToMbl OOWBIHIIA (yHKIIMOHAIIBIK MOAN(DUKALIUS PEaKLUsIIapbI
JKOHE aJIBIHFaH TYBIHBUIAPABIH OUOTOTHSUTBIK OCIICEHIITITE. c.cuveuveneenienienienieiieieeeeeie et 251

MyapnaxmertoB 3.M., Kakuna A.X., Aput O.B., Bacunen E.II., Kakun A.M.
KeMmipTekTi TONTHIPFBILITNIEH MOANGUKALMIIAHFAH KOMITO3HLIMSUIBIK MATEPHAIIIAP. ............... 267

Ha3zapo6ek V., Paiibim6exoB E., Aonypa3zosa Il., Kam6aposa F.
HaHoKypbUTBIMIaHFaH CyIbI KONIAHY apKBUIBI CYIbI Ta3apTy THIMAUIITIH 3€PTTEY................. 280

Hayanosa A.Il., Kacenos P.3., laBpen6exoB C.7K., bosar6aii A.H., AlITbIHOeKKbI3bI O..
KoHbIp KeMipaeH TyMUH/IIK 3aTTapAbl OOJIIT aJTy MPOUECIH KAPKBIHAATY......oc.vevveueerereereenrennes 295

Hypasioaesa A.H., ZKapasikanosa P.b., Tay6aesa P.C., Marauusasosa I .K., Pycrem E.I
AXpHII TepIIONUMEpIiH (PU3UKA-XUMHSIIBIK JKOHE MEXaHHUKAJIBIK KACHETTEPiH 3€PTIEY........... 309

Youu A., Omip3ak Y., Turanos A., AbwikanoBa @., Kynapoexosa M.
Kanmpik OnoMaccanaH anslHFaH TEMiPMEH TYPICHIIPIITeH OMOKOMIp: KYPBUIBIMBI
HKOHE ITOTCHIIHOMETPHUSUIBIK TAIAAYAA KOJIAHBITYBL ... .veuvevenereneereeerereesessesessenessenessesseseeeseneas 323

Xamutosa A.C., Hypmyxan0eroa H.H., Ocrpenosa U.b., Kacenosa H.b., Kynepuna B.T.
AMMHMaK HeTi3iH/e MEeTaJIAap KOPPO3HUACHIHBIH HHIMOUTOPIAPBIH CHHTE3MEY. .. .coveverveverennes 338



Volume 1, Number 466 (2026)

COJIEP)KAHUE
XUMHUS

AcembaeBa J. K., Beiicexan A., bo:xkoanoB A.JK., HypmyxanoeroBa /I.E., ladayriuna E.K.
Buustaue cemsia una (Salvia Hispanica [.) Ha QU3HKO-XMMAYECKHE U MHUHEPAIbHBIC

TTOKA3ATEITN OOCIKUPEHHOTO TBOPOT@.c.vvveerienererereeereesueesreeseeseessseesseessseenseessseessessssesnsessssesnseens 11

Bbaakamoaii III.7K., A3umbaeBa I.E., Kynaii6eprenosa I.H., Kambic6aeBa A.K.,
Kyp6an6aesa H.M.
Omnpenenenne OMOIOrMYECKH aKTUBHBIX BELIECTB B MOP(OIOrHYECKUX OpraHax

JICKAPCTBEHHBIX PACTEHUM. ...eeuvvieutieeieentieniteenteenteeeseenueesnseenseeseseesssessseenseesssesnseesssesnseesssesnseesnsen 24

JdapmenoaeBa A.C., Rajasekharan R.
[TonyueHue u cBOMCTBA HAHOIICIUTIOJIO3HBIX OMOKOMIIO3UTOB HA OCHOBE arpoOOTX0/10B

D (Y (380 (63 00} B 011 €2 T o % SO 39

Hemen O.B., Paxuméepannosa ’K.b., 3rapnan B.B., Cepbix H.B., liocexeeBa A.T.
KadecTBeHHBIH U KOJIMYCCTBEHHBIN aHATN3 aMUHOKHCIIOT B 9KCTPAKTE KOPBI OEpE3bl

KHPTHBCKOM. «..cenvteutieitietteete ettt ettt ettt et ettt et et sat e bt et et ee e st ebe e bt enneeanesanes 55

JxkymexeeBa A.U., Taararos J.T., AyesxanoBa A.C., KenxkeeBa A.M., Haiiza0aeB A.A.
KomrutekcoodpazoBanue nonos mamiaaus (I1) ¢ oprannueckumu momumepamu

PABTTHUHOM TIPHPOIBL. e eveeneteeateesiteeuteesteeenteenttesuteenseesateesstesaseenseesnseensaesaseanseessseensaensseenseesnsesnseas 70
Jmutpuesa E.A.
OJEKTPOIUTHI TUTHH-NOHHBIX AKKYMYIIITOPOB. ....cvtvteteettreruentensentestensensensessensenteseesessessessessenee 83

Eremb6epaueBa C.2K., Adonypasosa IlI., Typradaes C.K., lllntudaes C.A., Kepumobaenpa K.3.
Karanutnueckne cBOICTBa CKENETHBIX HUKEIEBBIX KaTaIN3aTOPOB, IPOMOTHPOBAHHBIX
Ru u Rh, B peakiuy ruipupOBaHUS MACIISTHOTO AJTBICTHIA. ... c.veuvenrereenrenrereereeneeseesensessessensensenne 97

EpraeBa A.b., Ainnib0exoBa A.O., Teneyoexoa A.T.
[Monmy4yeHne IMyIBCHIA, CTAOMITH3HPOBAHHBIX YACTHIIAMHI OCHTOHHTOBOH TIIUHBL.................... 112

®umep A., Ixymaguios T., Xanoniwk 0., Toiinano6aii I., baiimutexos A.
Wnreprionnmepnslie cuctembl KU-2-8:AV-17-8 1i1st cesleKTHBHON cOpOLUH peHMs,
MOJTHOJICHA M BOITBMIPAMA. ....euventenieureuteuteutetteiteueeteetesteeteste st seestessessensensenseneensestesteseeueesessessennes 129

Kanukynos H., ’Kyprapaesa /I.
HccnenoBanue kayecTBa LIEMEHTHOTO KJIIMHKEPA, TOJYYEHHOTO U3 OTXOI0B
KYYHOTO BBILICITAUMBAHUSL. ... vveeuteetreanteenteeenteessseeseesiseeseessteeseesseeanbeesasesseessseenseessseenseesseeenses 148

KomnbioaeBa A.A., Ko:xkanosa K.K., MomoOekoB C.E., bapakosa A.LLl.
dapmaneBTHYECKas pa3padoTKa JICKapCTBCHHOTO Ipenapara, Coaep:KaIiero

WHTAOUTOP MBOIIATPATITHABBL. .....ve.tteutesienteeneenteeneenseaneeaseeneesseensesseensesneensesseesesnsenseensenseensesseenes 162



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

HNBanoB H.C., Abuasmar:kanoB A.3., Hyprasuna A.E., Aneab6aeB U.E., Xoaxuun O.C.
ITocnenoBarenbHbIC ICKTPOXMMUICCKUE MTPOIICCCHI B TEXHOIOTHH IIEPEPaOOTKH

PACTBOPOB BBIIIETATMBAHIIST MATHHS......vveeuveerereenseesereeseensseanseensseensessssesnseessseenseessessseesnsesnseesns 176

HNmanranuesa b., /lyzesnoaesa C., TosecinoBa U., Bykeiixan JI., Typianosa A.
XI/IMI/IKO-anOHOMI/I‘IeCKaﬂ OLICHKAa MCIIOJIb30BaHU MHHCpaJ’[BHOﬁ BaTbl 1 KOKOCOBOTI'O

BOJIOKHA B KQUECTBE CYOCTPATA B TEILTHLIC. ...eeuvveerreerrreenreeneeesnreeseesnseensnesnseenseesseenseesseenseesnses 190

Kypmananues M.K., lanxoBa K.E., Aounkacosa C.0O., Kanumoaauna JI.M.,
Byry6aesa I.O.
KpayH-3¢upsl, ”MMOOUIM30BaHHBIC HA TIOJIMMEPHBIX HOCUTEIISIX, KAK HOBBIC

MEK(PAZHBIC KATAITHBATOPBL. ... eevveeererreesresseessesseessenseesseaseessesssessesssessesssessesssessesssessesssessesssenseenns 207

MaraeB M.M., Ourapoek A.T., CapcendaeBa 3.b., Hypoexoa M.A., AonpaumoBa M.P.
CunTte3 1 MOp(hosorust MePOBCKUTHON CTPYKTYPBI CaMNO2.98.....c.veevvenvieeieiieiieieeeiesieeie e 221

Meneyoa I'.JI:x., A3umbaeBa I.E., KaaueBa A.H., CaabikoBa /[.A., Anyaposa JL.E.
OnpeesicHUe BUTAMUHOB, COlepKaIuxcs B pactenun Polygonum aviculare L., meTomom
KAITMLIBIPHOTO STICKTPOMOPE3A...eeeentieieniieeieiieiteetieteettetesseeseestessessaessesssessesssesseessesseensenseenns 238

MykymeBa I'.K., lzkanmaxan6eroBa P.U., CeiinxanoB T.M., bakub6aes A.A., Anuea M.P.
Peaknuu GpyHKIIMOHATBEHON MOAU(DUKAIIMH CATbCOIMHA TI0 aTOMY a30Ta U OMOJIOTHYECKast
AKTUBHOCTD TOTYYCHHBIX TTPOMBBOITHBIX . ..c..vtetrerureetreesreeseesnseenseesseensnesseenseesseenseessessseesses 251

MyapaaxmertoB 3.M., Kakuna A.X., Aput O.B., Bacunen E.II., Kakun A.M.
Kommo3utHble Marepuaibl, MOANGHUINPOBAHHBIE YIIEPOJHBIM HAOIHUTEIEM. ......c..evennenne 267

Ha3zap6exk V., Paiibim0exoB E., Adaypa3zosa II., Kam6aposa I
HccnenoBanne 3pGEKTUBHOCTH OYUCTKH BOJIBI C TPUMEHEHHEM
HAHOCTPYKTYPUPOBAHHOM BOJIDBL...c.vvteuteeurtenieesireeteesiteenueessseenseessseenseesseenseesnseenseessseesseesnseensns 280

Hayanosa A.Il., Kacenos P.3., laBpentexoB C.7K., bosar6aii A.H., AITbIHOEKKbI3BI A.
HuTeHcubuKaIys mpoiecca BhIICICHISI T'YMHHOBBIX BEIIECTB U3 OYPOTO YINIA.......ccvveevnees.. 295

Hypasidaesa A.H., ’Kapasikanosa P.b., Tay6aesa P.C., Matnus3zosa I K., Pycrem E.W.
Nzyuenne GU3NKO-XMMUYECCKHX M MEXaHUYCCKHUX CBOMCTB aKPHIIOBOTO TEPIIOIUMEPA.......... 309

Yaau A., Omup3ak Y., Turano A., AounkanoBa @., Kynapoexoa M.
Buoyromns, Moau(UIINPOBAHHEIH KEJIE30M, 3 OTXOIOB OMOMACCHI: CTPYKTYpa

U IPUMEHEHUE B TTOTCHIIUOMETPHUUECKOM QHATMBC. ... .euveeurireemeenrrenienirentenirenteeenenteeenenieenenseenns 323

Xamutosa A.C., Hypmyxanoerosa H.H., OctpenoBa .b., Kacenoa H.b., Kynepuna B.T.
CuHTEe3 MHTHOMTOPOB KOPPO3HH METAIIOB HA OCHOBE AMMHUAKA. c....venvenreneeneeneenremeeseaneaseniennens 338

10



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY
ISSN 2224-5286

Volume 1.

Number 466 (2026), 176189

https://doi.org/10.32014/2026.2518-1491.348

IRSTI: 31.17.15
UDC: 61.31.51

© Ivanov N.S.", Abilmagzhanov A.Z., Nurtazina A.E., Adelbayev LE.,
Kholkin O.S., 2026.
D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, Almaty, Kazakhstan.
E-mail: n.ivanov@ifce.kz

SEQUENTIAL ELECTROCHEMICAL PROCESSES FOR THE
TREATMENT OF MAGNESIUM LEACHING SOLUTIONS

Ivanov Nikolay — Candidate of Chemical Sciences, D.V. Sokolsky Institute of Fuel, Catalysis and
Electrochemistry, Almaty, Kazakhstan,

E-mail: n.ivanov@ifce kz, https://orcid.org/0000-0002-2153-2802;

Abilmagzhanov Arlan — Candidate of Chemical Sciences, D.V. Sokolsky Institute of Fuel, Catalysis and
Electrochemistry, Almaty, Kazakhstan,

E-mail: a.abilmagzhanov@ifce.kz, https://orcid.org/0000-0003-2931-9640;

Nurtazina Aizhan — PhD, D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, Almaty,
Kazakhstan,

E-mail: nurtazina.aizhan@bk.ru, https://orcid.org/0000-0001-7202-5344;

Adelbayev Iskander — Master’s Degree, D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry,
Almaty, Kazakhstan,

E-mail: clerike88@mail.ru, https://orcid.org/0000-0003-1435-8583;

Kholkin Oleg— PhD, D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, Almaty, Kazakhstan,
E-mail: g.freeman-17@mail.ru, https://orcid.org/0000-0002-4797-3374.

Abstract. Processing anthropogenic wastes from the asbestos industry to recover
magnesium oxide is a relevant task that simultaneously addresses environmental
and economic challenges. Nitric-acid leaching is a promising approach; however, its
industrial implementation is constrained by the complexity of purifying the resulting
solutions. In this study, an integrated hydrometallurgical flowsheet was developed
and investigated, sequentially combining electrochemical oxidation of Fe(Il),
electrochemical precipitation of impurities, and electrodialytic concentration of the
target magnesium nitrate solution. Electrochemical oxidation enabled Fe(II) to Fe(IIl)
conversion exceeding 98%. Kinetic analysis revealed a shift in the rate-controlling step:
at T <40°C, the process is kinetically controlled (E. = 94.8 kJ/mol, reaction order n =
1.34), whereas at T > 40°C it transitions to the diffusion-controlled regime (E.=17.9 kJ/
mol, n = 0.40). The combined neutralization method mitigated precipitant passivation
and removed >99% of impurities at a specific energy consumption of 38.1 kWh/m®.
Analysis of variance showed that process time is the dominant factor. Electrodialytic
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concentration of the purified magnesium nitrate solution demonstrated an almost sixfold
reduction in energy demand compared with thermal evaporation (52.6 kWh/m? vs 313.8
kWh/m?), achieving a current efficiency of 95.6%. The proposed reagent-free scheme is
a technically feasible and energy-efficient technology for processing serpentinite wastes
within the circular economy concept. The implementation of the developed process in
industrial practice will significantly reduce the environmental burden associated with
the accumulation of asbestos-containing waste, while simultaneously enabling the
production of a high-value, in-demand chemical product. The obtained results can serve
as a basis for process scale-up and further optimization of technological parameters,
taking into account the specifics of the raw material base and the requirements of
industrial operation.
Keywords: asbestos, magnesium oxide, electrolysis, oxidation, electrodialysis
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AnHoTanuss. MarHuil OKCHIIH any YHIiH acOecT ©OHEpKICiOiHIH TEXHOTEHIIK
KaJJIBIKTaphlH KalTa ©HAEYy OJKOJIOTHSIIBIK JKOHE JKOHOMHKAJBIK Macesenepi
KaTap IICNIETiH ©3eKTi Mocese OoJbIn TaObuiaabl. A30T KbIIIKBUIBIMEH IIaiimanay
— TEepCHeKTHBAJbl OJIic, anaijia OHbl OHEPKACINTIK €HTi3y albIHFaH epiTiHILIepIl
Ta3apTy[IblH KypAeiuuirine OaimaneicTel  Texenmyne. byn  skymbicra  Fe(Il)
ANIEKTPOXUMUSUIBIK TOTBIFYBIH, KOCHANapAbIH JJICKTPOXUMUSIIBIK TYHOACBIH >KOHE
MaKCaTThl MArHUI HUTPATHIHBIH €PITIHAICIHIH 3JICKTPOINATHM3IIK KOHIICHTPALUsIIay bl
JOMEKTI Typ/e OipiKTipeTiH KeIeH 1i F'HIPOMETAILTY PrHSUTBIK CXeMa d31pIIeHI, 3epTTEe/Ii.
Onexkrpoxumusibik TOTeIFy Fe(Il)-nin Fe(Ill)-xe 98%-nan actam KoHBepcHUsIaHYbIHA
KOJI JKeTKi3yre MyMKiHIik Oepui. [lpoliecTiH KHHETHUKAJBIK Tajjgaybl IIEKTEY
CaTBICBIHBIH ©3repyiH aHbIKTa bl T<40°C Ke3iHjIe Mpoiecc KHHEeTUKaMeH OaKblIaHa bl
(ecenrenren E, = 94,8 kJlx/monb, peakuus peti n=1,34), an T>40°C muddysusiibik
aiimakka aywicanel (E, = 17,9 kJlx/mons, n=0,40). bipikripinren Oefitapantaniabipy
o/ici TYHOAHBI MACCHBALIMSAIAY MOCEJICCIH IISIIYTe )KOHE MEHIIIKTI SHEPTUS IIbIFbIHbI
38,1 kBrt*car/m® OomatbiH Kocmanapabl 99%-naH acTaMblH KOIOFA MYMKIHJIK
Oepai. JlucrepcusuiblK Tajjay IMPOIECC YaKbIThl 0achiM (DaKTOp €KEHIH KOepCEeTTi.
TazapThilFaH MarHuii HUTpAThl EPITIHAICIH SJIEKTPOIUANM3AIK KOHILEHTpaNusiay
TEPMUSUTBIK OyJIaHABIPYMEH CallbICTBIPFaH[a dHEPTUsl MIBIFBIMBIHBIH 6 ecere KYyBIK
TeMeniereHin kopcerti (313,8 kBT*car/m*-ke Kapcsl 52,6 kBt*car/m?®), Oyt perre TOK
OolibIHIIA TIBIFBIM 95,6%-Fa xeTTi. ¥ CHIHBUIBIN OTHIPFAH PeareHTCi3 cxema aifHaIMallbl
9KOHOMHUKA TY)KBIPBIMAAMaChl IICHOEPiH/Ie CEPIIEHTUHUT KAIIBIKTAPbIH KaiiTa eHjieyre
apHaJFaH TEXHUKAJIbIK THIMJII JKOHE JHEPIUsHbl YHEMJICHTIH TEXHOJIOTHsS OOJIBII
TaObUIaAbl. O3IpIICHIeH TEXHOJOTHSUIBIK CXEMaHbl OHEPKACINTIK MpaKTHKara EHTi3y
acOeCTKypaM/Ibl KaJJIbIKTap/IbIH KUHAITYBIMEH OaiJIaHBICTBI SKOJIOTUSIIBIK )KYKTEMEHI
eloyip TOMEHETYre, COHBIMEH KaTap >KOFapbl KOCBUIFaH KYHBI 0ap, CypaHBICKa He
XUMMSUIBIK OHIM aJlyFa MYMKIHJIIK Oepejii. AJIbIHFaH HOTHXKEIIEP MPOLIECTI ayKbIM/IayFa
JKOHE IIHUKi3aT 0a3aChIHBIH EPEKINEeNIKTepi MEH OHEPKICINTIK Maijanany TajantapbiH
€CKEepPE OTBIPBII, TEXHOJOTUSIIBIK ITapaMeTPIIeP il OJIaH dpi OHTaMIaHAbIpyFa Heri3 0oja
anajpl.

Tyiiin ce3mep: acOect, MarHuii OKCHUIi, SJICKTPOJIN3, TOTBIFY, JCKTPOIHAIN3
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Annoranus. [TepepaboTka TEXHOI€HHBIX OTXOIOB acOECTOBOM MPOMBIIUIEHHOCTH
JUIS. W3BJIEUECHMS] OKCUJA MAarHusl ABJISIETCA aKTyallbHOW 3ajayei, IO3BOJISAIONIEH
OHOBPEMEHHO  pelIaTh  JKOJOTMYECKHMEe ¥  DKOHOMHUYECKHE  MPOOJIEMBI.
A3OTHOKHCJIOTHOE BBINIEIAYNBAHUE SBIAETCA MEPCHEKTUBHBIM METOIOM, OTHAKO
€ro TMPOMBIIUIEHHOE BHEAPEHHE OTPAaHHUYEHO CIOKHOCTHIO OYHCTKH IOy4aeMBbIX
pactBopoB. B pabore paszpaboraHa KOMIUIEKCHas THIPOMETAJUIyprUYecKas cxema,
BKJTIOUAIOIAA dNIeKTpoxuMudeckoe okucienue Fe(Il), anexrpoxuMudaeckoe ocakacHue
MpUMeceil W BIeKTPOAHAIN3HOE KOHLIEHTPUPOBAHME pAacTBOpa HHUTpara MarHus.
Onekrpoxumuyeckoe okucieHue obecreumno kouBepcuto Fe(Il) B Fe(Ill) cmwime
98%. Kunernuecknii aHaqu3 mokasall CMEHY JIMMUTHpyomel craguu: npu T < 40
°C mporecc koHTposupyetcs kunetukoid (Ea = 94,8 xJx/monb, n = 1,34), a npu T
> 40 °C — mudpdysueit (Ea = 17,9 k/x/Monb, n = 0,40). KomOHMHUpOBaHHBIA METOJ
HEHTpalu3alyy Mo3BOJIHI yCTPAHUTH POOJIEMY MTACCHBAIIMH OCAAUTEIST U 00CCTICUUTh
yaanenue Oonee 99% mnpumecedl mpu ymedabHBIX SHeprosarparax 38,1 kBt-u/m3.
ONeKTpOoaUaIN3HOE KOHIICHTPUPOBAHHUE TOKA3aJI0 MOYTH IIECTHUKPATHOE CHIKEHHUE
SHEPronoTpPeONeHHs 0 CPaBHEHUIO C TEPMUYECKUM BblapuBanuem (52,6 kBt -u/m?
nporus 313,8 kBt u/M*) nipu BbIxoae 1o Toky 95,6%. IIpennoxennas Oe3peareHTHas
cxema SBISIETCST AHEProdP(EKTHBHOM W TEXHOJIOTMUYECKH >KU3HECIIOCOOHOM IS
nepepaboTKH CEPIEHTUHNUTOBBIX OTXOJIOB B paMKaX HUPKYISIPHON 3KOHOMHUKH.

KutoueBblie ciioBa: acbect, OKCHI MarHusl, JI€KTPOIIN3, OKUCIICHUE, HIEKTPOANAIIHI3

179



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Introduction. The asbestos industry, historically a supplier of a unique mineral
resource, is now facing a dual existential challenge. First, an overwhelming body
of evidence has accumulated demonstrating the carcinogenic nature of all forms of
asbestos. Leading international organizations, including the World Health Organization
(WHO) and the International Agency for Research on Cancer (IARC), classify asbestos
as a Group 1 carcinogen. This has resulted in increasing global regulatory pressure and
complete bans on its use in more than 67 countries, steadily contracting world markets
(Piraetal., 2018; Li et al., 2024; Petrovi¢, 2017; Kratzke et al., 2018; Chen et al., 2022).

Second, decades of mining and beneficiation have led to the accumulation of vast man-
made waste dumps and beneficiation tailings. While these wastes pose an environmental
threat, they are paradoxically among the richest sources of valuable secondary raw
materials. Chrysotile production residues, composed predominantly of serpentinite
minerals, may contain up to 40 wt.% or more of magnesium oxide (Baigenzhenov et
al., 2024). Against the backdrop of a declining asbestos market, the global magnesium
oxide market shows steady growth, with a projected compound annual growth rate
(CAGR) of 5.5-7.4%, and an expected increase in market size from USD 7.1-7.8 billion
in 2023-2024 to USD 12.2-12.7 billion by 2030-2034 (Zhu et al., 2025). The refractory
and agricultural sectors are the key end-users. This creates a strong economic incentive
to diversify asbestos operations by converting wastes into a high-demand product.

Literary review. Various hydrometallurgical approaches have been proposed to
extract magnesium from serpentinites. Sulfuric- and hydrochloric-acid leaching routes
are the most extensively studied (Beglaryan et al., 2023; Sirota et al., 2018; Souza et al.,
2020). However, both have major drawbacks that hinder the establishment of a closed-
loop process. The sulfuric-acid route requires thermal decomposition of magnesium
sulfate at temperatures around 1200°C to regenerate the acid, leading to extremely
high energy consumption. The hydrochloric-acid technology, although it enables HCI
regeneration, is associated with severe corrosivity and significant challenges in process
equipment design.

In this context, nitric-acid leaching represents a promising alternative. Its key
advantage is that thermal decomposition of magnesium nitrate to magnesium oxide
proceeds at substantially lower temperatures (approximately 550°C). This makes
it possible to implement a fully closed cycle with nitric acid regeneration, thereby
markedly reducing energy barriers and environmental impacts (Zhao et al., 2022).
During production of the main product, other valuable intermediate products can also
be obtained, such as magnesium nitrate, which is compatible with other fertilizers
and can stimulate photosynthesis (Mao et al., 2022). In addition, organic magnesium
compounds for medical applications may be produced. This enables the synthesis of
various bioactive magnesium forms, including magnesium aspartate (Grigoryan et al.,
2005), magnesium citrate (Lu, 2011), magnesium malonate (Rixin et al., 2015), and
magnesium glycinate (Wenkun, 2014). These compounds exhibit higher bioavailability
than inorganic (mineral) magnesium salts (Blancquaert et al., 2019; Turck et al., 2018).

Despite its advantages in terms of reagent regeneration, the nitric-acid route faces a
number of unresolved technological challenges at the leachate purification stage. The
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leach solutions constitute a complex multicomponent system containing residual acid
and impurity ions such as iron, aluminum, calcium, chromium, and others. Efficient
purification therefore remains a key barrier to industrial implementation.

This study focuses on addressing three critical issues arising after the leaching step:

- Oxidation challenge. After nitric-acid leaching, the solution inevitably contains
impurity ions in addition to the target component. The presence of Fe?" causes the
greatest difficulties because Fe(OH), precipitates in a pH range close to that of Mg(OH),,
whereas Fe(OH), begins to precipitate at pH values above approximately 3.5. Oxidation
of ferrous to ferric iron enables more complete purification of the leach solutions and
reduces precipitant consumption.

- Neutralization challenge. The use of conventional precipitants (e.g., MgO slurry) to
neutralize residual acid and precipitate impurities leads to passivation of the precipitant
particles due to the formation of a hydroxide shell on their surface. This inhibits further
reaction and results in excessive reagent consumption.

- Concentration challenge. Purified magnesium nitrate solutions are typically highly
diluted. Conventional concentration by thermal evaporation is extremely energy-
intensive.

The aim of this work is to develop and experimentally substantiate an integrated,
reagent-free, and energy-efficient process flowsheet for the treatment of magnesium-
containing nitrate solutions. To achieve this goal, an innovative sequence is proposed
that combines electrochemical oxidation of Fe*" to Fe*', hybrid neutralization coupled
with electrochemical precipitation of impurities, and electrodialytic concentration of the
purified magnesium nitrate solution.

Materials and methods. Chrysotile-asbestos ore beneficiation tailings from the
Zhetikary deposit were used as the feedstock; the material contained 39-42% MgO.

A stock leachate (mother solution) was prepared for the experiments. Leaching was
carried out under the following conditions, previously identified as optimal: nitric acid
concentration 300 g/L, solid-to-liquid ratio (S/L) = 1:7, temperature 95°C, and duration
3 h (Ivanov et al., 2025). Working solutions for subsequent experiments were prepared
from the stock leachate by dilution and, when required, by adding ferrous nitrate.

Electrolyzer for Fe*" oxidation. The experiments were performed in a laboratory
electrolyzer with a working volume of 0.5 L. The anode and cathode compartments
were separated by an ion-exchange membrane to prevent the back-reduction of Fe*" at
the cathode. The setup included a solution circulation loop through a heat exchanger
connected to a thermostat to maintain the 3anannas temperature.

Neutralization and precipitation experiments were carried out in an electrolyzer with
separated electrode compartments. In contrast to the oxidation step, the solution under
study was placed in the cathode chamber. Upon current passage, hydrogen evolution
occurred at the cathode, leading to local generation of hydroxide ions and an increase in
pH, which induced precipitation of metal hydroxides.

Concentration of the purified magnesium nitrate solution was performed using a
laboratory electrodialysis unit. A five-compartment configuration was employed,
comprising an anode chamber, a concentrate chamber, two diluate chambers, and a
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cathode chamber, separated by cation-exchange and anion-exchange membranes (29 x
17 cm). The diluate volume in each experiment was 400 mL.

Fe?* ion concentrations in the solutions were monitored by permanganometric
titration. Magnesium and other metal concentrations were determined using standard
analytical methods.

The study was conducted using design-of-experiments (DoE) approaches.

For the oxidation step, a five-factor, five-level experimental design (25 runs) was
implemented. The investigated factors were: X1 — treatment time (min), X2 — current
(A), X3 — circulation flow rate (L/h), X4 — initial Fe** concentration (g/L), and X5 —
temperature (°C).

For the neutralization and precipitation step, a Taguchi L16 orthogonal array was
used. Two factors were studied time and current each at four levels (6, 8, 10, 12 min;
and 2.0, 2.5, 3.0, 3.5 A, respectively).

Results and discussion. Based on the results of the five-factor experiment, partial
response function plots were constructed (Figures 1.1-1.5). In all cases, a semi-automatic
procedure was used to select the best-fitting approximation function by minimizing the
mean squared error.
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Figure 1. Dependence of iron oxidation degree on various parameters

The dependence of Fe?* oxidation degree on time shows an increasing asymptotic
trend (growth with gradual saturation). At the beginning, the oxidation degree increases
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almost linearly as electric charge passes through the system; however, over time the rate
of increase decreases and the curve approaches a plateau. This behavior is explained
by Faraday’s law: the amount of oxidized species is proportional to the charge passed.
Therefore, at the start of the process the fraction of oxidized ions rises rapidly. As
the process proceeds, the Fe** concentration in solution decreases, and the oxidation
rate correspondingly declines. Consequently, the maximum oxidation degree can be
achieved at sufficiently long electrolysis times, approaching complete conversion.

The dependence of oxidation degree on current is generally close to linear: as the
current increases, the fraction of oxidized ions rises almost proportionally. This follows
directly from Faraday’s law for electrolysis: at a fixed time, the number of electrons
transferred and thus the amount of Fe?* oxidized is proportional to the current. The
higher the current, the more equivalents of iron are oxidized per unit time. At very high
currents, the curve may become slightly less steep or deviate from ideal linearity due
to reactant depletion near the electrode surface, increased polarization, or competing
side reactions such as oxygen evolution, which can limit further increases. Overall,
increasing current enhances the Fe?" oxidation degree up to the practical efficiency
limit of the process. However, operation at higher currents typically reduces current
efficiency and therefore lowers overall energy efficiency.

According to Figure 1.3, all else being equal, a higher initial Fe** concentration
results in a lower fraction of the ion being oxidized. This is because, at a fixed time
and current, the total number of moles oxidized is determined by the charge passed;
when the initial amount of Fe?" increases, the same charge corresponds to a smaller
relative conversion. In other words, at higher Fe*" loadings, the same current oxidizes
a smaller portion of the available Fe*". As a result, the oxidation degree (expressed as
a percentage of the initial amount) decreases with increasing initial concentration. To
maximize the fraction of oxidized ions, it is therefore reasonable to use a moderate or
low initial Fe?" concentration (for a given charge input). However, it should be noted
that to maximize the absolute amount of Fe oxidized, operating at higher concentrations
can still be advantageous.

As shown in Figure 1.4, the circulation rate (or mixing intensity) affects the delivery
of Fe*" ions to the anode surface. The dependence of oxidation degree on circulation rate
(expressed as the number of anode-chamber working volumes per hour) typically shows
anincreasing trend with saturation: as mixing becomes more intense, the oxidation degree
increases markedly, but the effect gradually levels off at sufficiently high circulation
rates. The main reason is the role of mass transport of ferrous ions. Under weak mixing,
the oxidation rate is limited by diffusion of Fe?* to the anode, and part of the applied
current may be consumed by side reactions. More intense mixing reduces the diffusion-
layer thickness and homogenizes ion concentrations throughout the electrolyte volume,
thereby improving Fe?" oxidation efficiency. At very high circulation rates, further
improvements become marginal because mass transfer is no longer the rate-limiting
step. Therefore, better electrolyte mixing (within practical limits) leads to a higher Fe*
oxidation degree; an optimal condition is a sufficiently high circulation rate that ensures
uniform supply of Fe?* to the electrodes.
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As shown in Figure 1.5, increasing the electrolyte temperature has a beneficial
effect on the Fe?* oxidation degree. The dependence is increasing and often becomes
steeper with temperature (approaching an exponential-like rise). This can be attributed
to accelerated electrochemical reaction kinetics at higher temperatures. As a result,
Fe?* oxidation proceeds more efficiently and reaches higher conversion within the
same processing time. In addition, elevated temperature may increase the solubility
of possible by-products and decrease electrolyte resistance, thereby improving charge
transfer. The highest oxidation degree is achieved at the upper end of the investigated
temperature range, provided that electrolyte stability is maintained and no adverse side
effects occur. At temperatures above 40°C, the increased conversion may also be partly
associated with a possible chemical reaction between Fe*" and nitrate ions, yielding Fe**
and nitrogen oxides.

The calculated reaction order decreases monotonically from 1.34 at 20°C to 0.40
at 60°C. This trend indicates a change in the rate-controlling step as the temperature
increases.

Kinetic parameters derived using the differential van’t Hoff method reveal two
key features. The rate constant k increases exponentially with temperature, showing
a pronounced jump (almost tenfold) between 40°C and 50°C. The apparent activation
energy calculated in the 20-40°C range is 94.8 kJ/mol, a value typical of processes
controlled by the intrinsic electrochemical reaction rate.

In contrast, the activation energy estimated for the 50-60°C range is much lower, 17.9
kJ/mol. Activation energies of 15-25 kJ/mol are characteristic of diffusion-controlled
regimes, where the overall rate is limited by the transport of reactants to the electrode
surface.

Current efficiency varied over a wide range. The lowest values were observed at
higher current (or current density), and vice versa; moreover, current efficiency increased
with temperature. The minimum current efficiency was recorded in experiment 20 and
was 6.7%, whereas the maximum was observed in experiment 6 and reached 70.9%.

Statistical analysis confirmed the high significance of all partial response functions
(R >0.99), which enabled the derivation of an adequate generalized equation (R = 0.90;
t R=20.33) of the following form:

Yy = 79,64 % (19,5999 + 5,4311 * x — 0,0854 * x?) *

*(4,77 * X + 65,47)%( 48,3599 + 1,6555  x — 0,0172 * x2)* ()
(86,0759 * (1 — e~2938*%))%( 68,0799 + 0,0761 * x + 0,0047 * x2)

Another important aspect that requires further development is the neutralization
of unreacted acid followed by precipitation of accompanying impurities. Using non-
regenerable reagents such as sodium hydroxide increases operating costs and generates
additional waste streams. In this work, magnesium oxide in the form of a slurry is
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proposed as the neutralizing agent. However, this approach has inherent limitations
because the low solubility of MgO and Mg(OH), makes neutralization a heterogeneous
process, unlike neutralization with aqueous NaOH.

As the experiments showed, when the residual acid concentration is still high, the
reaction between MgO particles and the acid proceeds without significant difficulties.
However, as acidity decreases and the system approaches the pH at which iron ions
hydrolyze, the local acidity at the MgO particle—solution interface becomes lower
than in the bulk. As a result, iron hydroxide precipitates on the MgO surface, forming
a blocking layer that passivates the particles and halts the process. Consequently,
additional MgO is required for complete neutralization and impurity removal, and the
unreacted fraction inevitably ends up in the solid residue. To overcome this limitation, a
combined neutralization—precipitation strategy was investigated. Specifically, primary
neutralization to pH 0.5-1 was performed using MgO, followed by electrochemical
precipitation in an electrolyzer with separated electrode compartments.

Purification of the magnesium nitrate solution from Fe*', AI**, and Ca®" ions by
electrolysis in a divided-cell configuration was examined. Hydrogen evolution at the
cathode leads to a local increase in pH in the catholyte. As pH rises, the corresponding
hydroxides precipitate sequentially: first Fe(OH),, then AI(OH),, and only at substantially
higher pH, Ca(OH),. The solubility products of these hydroxides are approximately
6.3x1038, 1.9x103, and 7.9x10°, respectively; therefore, iron hydroxide precipitates
first, whereas calcium hydroxide precipitates last.

Based on the Taguchi L16 design, a linear regression model was obtained to describe
the purification degree (Y, %) as a function of time (t, min) and current (I, A):

Y =30.02 + 4.054% + 4.35%] 2)

The model shows good predictive performance (adjusted R2 = 82.9%). The ANOVA
results and regression coefficients are summarized in Table 1.

Table 1 — ANOVA results and regression coefficients for the precipitation model.

Factor DF Adj MS F-Value P-Value | Coef T-Value P-Value
Regression 2 704.72 37.41 0.000 - - -

Time (t) 1 1314.95 69.80 0.000 4.054 8.35 0.000
Current (I) 1 94.48 5.02 0.043 4.350 2.24 0.043
Error 13 18.84 - - - - -
Intercept - - - - 30.02 4.30 0.001

ANOVA indicates that both factors are statistically significant (p < 0.05). However,
the F-value for time (69.80) is an order of magnitude higher than that for current (5.02).
This clearly shows that electrolysis time is the dominant factor governing the purification
degree, whereas the applied current has a smaller, although positive, effect.

The Taguchi analysis (Table 2) corroborated the conclusions drawn from ANOVA.
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Table 2 — Response means (Y, %) at different factor levels.

Level Time (min) Current (A)
1 (6min/2.0A) 68.05 76.02
2(8min/2.5A) 72.40 76.22
3(10min/3.0A) 81.26 79.40

4 (12min/3.5A) 92.12 82.20
Difference (Delta) 24.07 6.19

Rank 1 2

The largest Delta was observed for the time factor (Rank 1), confirming its dominant
influence. The optimal conditions for achieving maximum purification correspond to
the highest levels of both factors: 12 min and 3.5 A.

The electrochemical approach demonstrated high purification efficiency for
magnesium nitrate solutions. The regression model adequately describes the process
(R* = 85.2%), enabling optimization of operating parameters to achieve complete
purification at minimal energy consumption. Considering that 100 mL of solution was
treated in the experiments and the average cell voltage was 5.4 V, achieving complete
purification requires 37.8 kWh of electricity per 1 m* of solution.

Electrodialysis performance was evaluated at currents of 1, 2, and 3 A. The time-
dependent decrease in Mg?* concentration in the diluate is shown in Figure 2.

s [=1A
m [=2A

| IO T (N T T T N T T T N N T T T N M|

t, Hour

Figure 2 — Decrease in magnesium concentration in the diluate at different current values

The key techno-economic indicators (TEI) of the process, calculated on the basis of
the experimental data, are presented in Table 3.
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Table 3. Summary TEI for electrodialytic concentration.

Indicator I=1A I1=2A I1=3A
Duration, h 7.0 4.5 3.5
Average voltage,, V 3.01 3.58 4.2
Demineralization rate, g/(L-h) 2.17 3.70 4.20
Current efficiency, % 95.6% 81.6% 61.8%
Energy consumption per 1 m3 of solution, kWh/m? 52.6 80.6 110.3
Specific energy consumption per 1 kg of Mg, kWh/kg 3.46 4.84 7.50

The TEI analysis reveals a key technological trade-off between throughput and
efficiency:

Mode at 1 A (efficient): delivers the highest current efficiency (95.6%) and the lowest
specific energy consumption (3.46 kWh/kg Mg). However, it is the slowest operating
mode.

Mode at 3 A (fast): provides the highest demineralization rate (4.20 g/(L-h)), but the
current efficiency decreases to 61.8%, while the energy required to transfer 1 kg of Mg
increases by more than twofold (7.50 kWh/kg).

The decrease in current efficiency at higher currents is attributed to an increase in
cell voltage and intensification of side reactions, primarily water splitting, where H" and
OH- ions begin to compete with salt ions for charge transport.

To assess the economic feasibility of electrodialysis, its energy consumption was
compared with conventional thermal evaporation. Task: concentrate 1 m? of solution by
a factor of 2, i.e., remove 500 kg of water. The specific latent heat of water vaporization
is 2260 kJ/kg, which corresponds to a theoretical minimum of 1.13x10° kJ (=313.9
kWh) for removing 500 kg of water.

Eun = g 2200 /19 _ 313 8 k'Wh (3)

3600m*h

The comparison shows that the energy required for thermal evaporation is 5.96 times
higher than that for electrodialysis in the optimal 1 A mode. This demonstrates the clear
economic advantage of electrodialysis for this application.

Conclusion. In this study, an integrated hydrometallurgical flowsheet for processing
nitrate solutions obtained from leaching asbestos-industry wastes was developed and
experimentally validated.

Electrochemical oxidation of Fe(Il) to Fe(Ill) was shown to achieve conversions
above 98%. Kinetic analysis and activation-energy calculations indicated a shift in the
rate-controlling step at temperatures above 40°C, from kinetic control to a diffusion-
controlled regime.

A combined neutralization and impurity precipitation method was proposed to
overcome precipitant passivation. The approach enables >99% purification of the
solution at a specific energy consumption of 38.1 kWh/m?, with process time identified
as the dominant factor.
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Electrodialytic concentration of the purified magnesium nitrate solution was
demonstrated to be approximately six times more energy-efficient and economically
justified than conventional evaporation, achieving a current efficiency of 95.6% under
the optimal operating mode.

Overall, the proposed technology represents an environmentally friendly and
economically promising alternative that transforms hazardous asbestos wastes into a
valuable product within the circular economy framework.
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