KA3AKCTAH PECITYBJIMKACHI
I'bUUIBIM XXOHE XXOF'APBI BIJIIM MUHUCTPJIII'T

SATBAYEV UNIVERSITY
METAJUIYPI'MS )KOHE KEH FAUBITY UHCTUTY ThI

ISSN 2616-6445 (Online)
ISSN 2224-5243 (Print)
DOI 10.31643/2018/166445

MuHepaaabIK
IIMKI3aTTap bl
KCILICH 11 MalgaJany

w—— 3(338) =

KomimiekcHoe Complex
Ucnonp30Banue Use of
MuHepaIbHOTO Mineral
ChIpbs Resources
IIIJIAE-KBIPKYYEK 2026 JKbIJIBIHA 4 PET IIIBIFA/IBI
JULY-SEPTEMBER 2026 QUARTERLY JOURNAL
HUI0JIb-CEHTABPD 2026 BbBIXO/JIUT 4 PABA BT O/]

KYPHAJI 1978 )KbIUIIAH BACTAII IIILIFAZIBI
JOURNAL HAS BEEN PUBLISHING SINCE 1978
XKYPHAJI UBOAETCA C 1978 TOA

AJIMATHBI - 2026



bac pemakTop TeXxHUKA FRUIBIMIAPBIHEIH HOKTOPHI, Ipodeccop barnayner KEHKAJIMEB

PCI{aKL{I/IH aJIKacBhl

Tex. reu1. Kaua. Punat A6ayaBaaueB, Metamtyprus xxoHe keH Oaiipity nHCTUTYTH AK, CoTOaeB yHIUBepCHUTETI, AJIMATHI,
Kazakcramn;

Ph.D., mpod. Akeil Ata, Cyneiiman emupen yuusepcuteri, Mcnapra, Typkus;

Ph.D., monent Rouholah Ashiri, Hcdaxan TexHonorusislk yausepcuteti, Mcdaxan, Upaw;

Ip. Khaldun Mohammad Al Azzam, Ox-Axmis AMMan yHuBepcuTeTi, Mopaanus;

Ph.D., Muhammad Noorazlan Abd Azis, Cynran Unpuc ateianars! 6imim Oepy yHusepcuteri, [lepak, Manaii3us;
Ipod., ap. Craig E. Banks, Mandectep MeTponoiuTeH YHUBEPCUTETi, Y IbIOpUTAHNS;

Ipod. Mishra Brajendra, Bycrep IloauTexHUKAIBIK HHCTUTYTHL, Byctep, AKIL;

Tex. reul. ap., npod., akagemuxk Mapar burumoaes, Kazakcran PecryOnmukackl YJITTHIK WHXKCHEPJIK aKaJeMUSCHI,
AnMarThl;

Tex. xoHe ¢u3.-mar. reul. 1p. Banepuii Boaoann, Meramtyprus sxone ke 0aiibiTy nHCTUTYTHI AK, CoTrOaeB
yHuBepcureTi, Anmartsl, Kazakcran;

Tex. ¥uL. Ap., ipod. ¥3ak KanbdacdaeB, CorbaeB yHuBepcuTeTi, AnMathl, Kazakcran;

Ph.D., mpodeccop, Yangge Zhu, ITaiigans! kazbamapas! eHICYIIH MEMJICKETTIK HET13T1 3epTXaHackl, beikin, Kpirait;
Ipod.,noxrop Shigeyuki Haruyama, SImaryuun yuusepcureri, XKamnonwus;

Tex. reu1. ap. Cepreii KBaTkoBckuii, Metamryprus xoHe KeH OaitbiTy HHCTUTYTH AK, CoTOacB yHHUBEpCHTETI, AJIMATHL,
Kazakcramn;

Tex.rpul.kaH., npod., akanemuk Epskan U. Kynsaees, CotbaeB yHuBepcureti, AnMatsl, Kazakcran;

XKerexuri FeuTbIMHU KbI3MeTKeD, Ap. Dilip Makhija, JSW Cement Ltd, Mym6aii, YHaicras;

Tex. reut. Ap. I'yanaz Monnabaesa, CotOaeB yHuBepcureti, Anmarsl, Kazakcras;

[Ipoo., .r.n. El-Sayed Negim, ¥nrTeIK 3epTTey opTansifsl, Kaup, Erumner;

Ph.D., mpod. Didik Nurhadiyanto, Jl>xokbsikapTa MEMIEKETTIK YHUBEPCUTETi, MHIOHE3HS;

Jokrop, KayeiMaacTeipbuIrad mpod. Mrutyunjay Panigrahi, Bemmop Texaonorusutbik MHCTUTYTHI, Y HAICTaH;

Ip. Kyoung Tae Park, Kopes cupek meranaap uncturytsl (KIRAM), Kopest Pecriyonukacsr;

Ph.D., mpo. Dimitar Peshev, Xumusuibik TeXHOIOTHS %aHe MeTautyprust yuusepeureti, Codust, Bonrapus;

Ip. Malgorzata Rutkowska-Gorczyca, BporuiaB TeXHOIOTHAIBIK YHUBEpCUTETI, Bporas, [Tonkma;

Mpod., mp. Heri Retnawati, J[okbsikapTa MEMJIEKETTIK yHUBEpCHUTETI, MHI0HE3US;

Tex.rpur.kaH., npod. Kanaii PeicoexoB, CotOaeB yHuBepcuTeti, Anmmatsl, Kazakcran;

Hp. Jae Hong Shin, Kopes erepkacinTik TexHOMOrHsnap HHCTHTYTHI, Kopest Pecriybnukachr;

Tex. rout. ap., mpod. Arman Shah, Cyiran Uapuc 6iim Gepy yauBepcuteti, Manait3us;

Jp., npod. Abdul Hafidz Yusoff, Yuusepcurer Manaiizun Kenanran, Manaiizus.

>KayaHTLI X aTIl bl

Ph.D. I'yaxaiina KacbsimoBa

Penaxuusi MeKkeH Kalbl:

«MeTtamnyprus xoHe KeH 0aiipITy HHCTUTYTED AK

050010, Kazakcran Pecriyonukacel, Anmartsl K., [lleBueHKo K-ci, YonuxaHOB K-HiH KHUBUIBICHL, 29/133,
Fax. +7 (727) 298-45-03, Tel. +7-(727) 298-45-02, +7 (727) 298-45-19

E mail: journal @kims-imio.kz, product-service@kims-imio.kz

http://kims-imio.com/index.php/main

«MuHepanIsIK MHKi3aTTapasl KeMeHAl Maiianany» KypHaIbl FEUIBIMH KYMBICTAPIBIH HETI3T1 HOTIKENIEPiH )KapHsiay
yrie Kazakcran Peciy6mukacs! bimiM xoHE FRUTBIM MHUHUCTIpIIriHiH BisliM jkoHe FBUIBIM CarmachlH KAMTaMachl3 eTy
KOMUTET] YCBIHFaH FBUTBIMU 0aChIIBIMAAP Ti3IMiHE €HT131IreH.

Memmrik ueci: «MeTamuryprust )KoHe KeH 0aibITy HHCTUTYTE AK

Kypnan Kaszakcran Pecriy6imkachiHbIH AKIapaT »oHe KOMMYHHKAIMsS MUHUCTPJIIriHIH baiinansic, aknapartanapipy *KoHe
OyKapaJIblK aKmapar Kypajigapbl cajJachlHIaFbl MEMJIEKETTIK OaKkpluiay KOMUTETIHE KaiTa TipKelIreH

2016 x. 18 kazannarsl Ne 16180-XK Kyaumiri

© «Merajutyprus xoHe KeH 0aibITy HHCTHTYTB» AK, 2026


https://scholar.google.com/citations?user=GYICYPAAAAAJ&hl=en
https://scholar.google.com/citations?user=Ks5KEDgAAAAJ&hl=en
https://scholar.google.com/citations?user=PrBoaasAAAAJ&hl=en
https://scholar.google.com/citations?user=4qJtVQ4AAAAJ&hl=en
https://scholar.google.com/citations?user=-35pZv0AAAAJ&hl=id
https://scholar.google.co.uk/citations?user=8Ebn8hMAAAAJ&hl=en
https://scholar.google.com/citations?user=DFXPdrkAAAAJ&hl=en
mailto:journal@kims-imio.kz
http://imio.kz/index.php/kz/mshkp-atty-zhurnal/khaly-araly-ylymi-tekhnikaly-zhurnal-mineraldy-shikizattardy-keshendi-pajdalanu

Editor—in-chief Dr. Sci. Tech., professor Bagdaulet KENZHALIYEV

Editorial board:

Cand. of Tech. Sci. Rinat Abdulvaliyev, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty,
Kazakhstan;

Ph.D., Prof. Akcil Ata, Siileyman Demirel Universitesi, Isparta, Turkey;

Ph.D. Rouholah Ashiri, associate prof. of Isfahan University of Technology, Isfahan, Iran;

Dr. Khaldun Mohammad Al Azzam, Department of Pharmaceutical Sciences, Pharmacological and Diagnostic
Research Center, Faculty of Pharmacy, Al-Ahliyya Amman University, Jordan;

Ph.D. Muhammad Noorazlan Abd Azis, associate prof. of Sultan Idris Education University, Perak, Malaysia;

Prof., Dr. Craig E. Banks, Manchester Metropolitan University, United Kingdom;

Prof. Mishra Brajendra, Worcester Polytechnic Institute, Worcester, United States;

Dr.Sci.Tech., Prof. academician Marat Bitimbayev, National Engineering Academy of the Republic of Kazakhstan, Almaty;
Dr. Tech., Phys-math. Sci., prof. Valeryi Volodin, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University,
Almaty, Kazakhstan;

Dr.Sci.Tech., Prof. Uzak K. Zhapbasbayev, Satbayev University, Almaty, Kazakhstan;

Ph.D., Professor, Yangge Zhu, State Key Laboratory of Mineral Processing, Beijing, China;

Prof. Dr. Shigeyuki Haruyama, Yamaguchi University, Japan;

Dr.Sci.Tech. Sergey A. Kvyatkovskiy, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty,
Kazakhstan;

Prof., Dr. Sci. Tech., academician Yerzhan I. Kuldeyev, Satbayev University, Almaty, Kazakhstan;

Lead Scientist, Dr. Dilip Makhija, JSW Cement Ltd, Mumbai, India;

Dr.Sci.Tech. Gulnaz Moldabayeva, Satbayev University, Almaty, Kazakhstan;

Prof., Dr. Sci. Tech. EI-Sayed Negim, Professor of National Research Centre, Cairo, Egypt;

Prof., Ph.D., Didik Nurhadiyanto, Yogyakarta State University, Yogyakarta, Indonesia;

Dr., Assoc. Prof., Mrutyunjay Panigrahi, Vellore Institute of Technology, India;

Dr. Kyoung Tae Park, Korea Institute for Rare Metals (KIRAM), Republic of Korea;

Professor, Ph.D. Dimitar Peshev, University of Chemical Technology and Metallurgy, Sofia, Bulgaria;

Dr.Sc. Malgorzata Rutkowska-Gorczyca, Wroclaw University of Science and Technology, Wroclaw, Poland;

Prof., Dr. Heri Retnawati, Yogyakarta State University (Universitas Negeri Yogyakarta), Indonesia;

Prof., Dr. Sci. Tech. Kanay Rysbekov, Satbayev University, Almaty, Kazakhstan;

Dr. Jae Hong Shin, Korea Institute of Industrial Technology, Republic of Korea;

Prof., Dr. Sci. Tech. Arman Shah, Universiti Pendidikan Sultan Idris, Tanjong Malim, Malaysia;

Associate Prof., Dr Abdul Hafidz Yusoff, Universiti Malaysia Kelantan, Malaysia.

Executive secretary
Ph.D. Gulzhaina Kassymova

Address:

“Institute of Metallurgy and Ore Beneficiation” JSC

29/133 Shevchenko Street, corner of Ch. Valikhanov Street, Almaty, 050010, Kazakhstan
Fax. +7 (727) 298-45-03, Tel. +7-(727) 298-45-02, +7 (727) 298-45-19

E mail: journal @kims-imio.kz, product-service@kims-imio.kz
http://kims-imio.com/index.php/main

The Journal “Complex Use of Mineral Resources” is included in the List of publications recommended by the Committee
for Control in the Sphere of Education and Science of the Ministry of Education and Science of the Republic of Kazakhstan
for the publication of the main results of scientific activities.

Owner: “Institute of Metallurgy and Ore Beneficiation” JSC

The Journal was re-registered by the Committee for State Control in the Sphere of Communication, Information and Mass
Media of the Ministry of Information and Communication of the Republic of Kazakhstan.

Certificate Ne 16180-)K since October 18, 2016

© “Institute of Metallurgy and Ore Beneficiation” JSC, 2026


https://scholar.google.com/citations?user=GYICYPAAAAAJ&hl=en
https://scholar.google.com/citations?user=Ks5KEDgAAAAJ&hl=en
https://scholar.google.com/citations?user=PrBoaasAAAAJ&hl=en
https://scholar.google.com/citations?user=LjiME7YAAAAJ&hl=ja
https://scholar.google.com/citations?user=4qJtVQ4AAAAJ&hl=en
https://scholar.google.com/citations?user=-35pZv0AAAAJ&hl=id
https://scholar.google.co.uk/citations?user=8Ebn8hMAAAAJ&hl=en
https://scholar.google.com/citations?user=DFXPdrkAAAAJ&hl=en
mailto:journal@kims-imio.kz
mailto:product-service@kims-imio.kz

'maBHBH pegakToOp IOKTOp TEXHWUECKHX HayK, mpodeccop barnayier KEHKAJIMEB

PCI{aKHI/IOHHaH KOJJEerH 4.

Kan. xum. 1. Punat Aoayasanues, AO UuctutyT Meramnyprud 1 oboramenus, Satbayev University, Anmarsi, Kazaxcran;
Ph.D., mpod. Akeil Ata, Yuusepcuter Cyneiimana Jlemupenst, Ucmapra, Typuus;

Ph.D., nonent Rouholah Ashiri, Hcdaxanckuii TexHOJIOrH4ecKuii yuusepcutet, cdaxan, Upaw;

Hp. Khaldun Mohammad Al Azzam, Asnb-Axius AMMaHCKu# yHEBepceuTeT, Mopaanus;

Ph.D., nouear Muhammad Noorazlan Abd Azis, O6pa3oBarenbhbiii yausepcutet Cynrana Unpuca, [lepak, Manaiizus;
Hp. Tex. H., mpod. Craig E. Banks, Manuectepckuii cronuusblii yausepcutet, Coenunernoe KoponeBcTro;

Ph.D., mpod. Mishra Brajendra, Bycrepckuit monurexHudeckuii HHCTUTYT, Byctep, CIIA;

Op. tex. H., npod., akagemuk Mapat butumo6ae, HarmonansHast nnkeHepHas akanemus PecrryOnuku Kazaxcran, Ainmarst;
Hp. Tex. H. u ¢us.-mat. H. Banepmii Boronun, AO NuctutyT Metaiutypruu 1 oboraienus, Sathayev University, Anmarst,
Kazaxcran;

Hp. Tex. H., mpo@. Y3ak Kanodacoaes, KasHUTY nmenu K. 1. CarmaeBa, Anmarsl, Kazaxcran;

Ph.D., mpod. Yangge Zhu, I'ocynapcTBeHHas KiIro4eBas 1a00paTopHs mepepabOTKH IIOJIE3HBIX HCKOIIaeMbIx, Ilekun, Kuraii;
Ipod., moxrop Shigeyuki Haruyama, Yuusepcuter SImarytu, SInonus;

p. tex. H. Cepreii KBsaTkoBckuii, AO Mucturyt Mmetautypruu u odoramienusi, Satbayev University, Anmarsi, Kazaxcraw;
K.1.H., mpo@., akanemuk Ep:xan U. Kyansaees, KasHUTY umvenu K. U. CarnaeBa, Anmatsl, Kazaxcran;

Benymwmii Hayunsiii cotpyaauk, ap. Dilip Makhija, JSW Cement Ltd, Mym6au, Muaus;

Hp. tex. H. I'yasna3 Moanadaesa, KasHUTY umenu K.U. CarnaeBa, Anmarsl, Kazaxcran,

Jp. tex. u., npod. EI-Sayed Negim, HarronasnpHslii ccienoBatensckuii 1ieHTp, Kaup, Erumner;

Hp. tex. H., nouent Didik Nurhadiyanto, JI>xokssikapTckuii rocynapcTBeHHbIH yHUBepcuTeT, NHI0HE3MS;

Hoxrop, Accor.mpod. Mrutyunjay Panigrahi, Bemtopckuii TeXHOTOTHYECKHA HHCTHTYT, VIHITHS;

Op. Kyoung Tae Park, Kopeiickuii uactutyT peaxux metamios (KIRAM), Pecniyonuka Kopes;

Ph.D., mpod. Dimitar Peshev, YaupepcuteT XuMHUECKOM TeXHOIOIHH U MeTaiutypruu, Codus, boarapus;

Jp. Malgorzata Rutkowska-Gorczyca, BporutaBckuii momTeXHHUeCKuii yHUBepcuTeT, Bpoiyias, Iombima;

Ipod., np. Heri Retnawati, J[>okbsikapTCKuii rOCYAapCTBEHHBIN YHUBEpCUTET, HIOHE3HS;

K.r.1., mpod. Kanaii PeicoexoB, KasHUTY umenn K. U. CarnaeBa, Anmmarsl, Kazaxcrag;

p. Jae Hong Shin, Kopelickuiit HHCTUTYT NMPOMBIIUIEHHBIX TeXHOIOTHH, Pecniydnuka Kopes;

Kawn. xumM. 1., mpod. Arman Shah, TTexaroruueckuii yausepcutetr Cynrana Unpuca, Tanmkyar Manum, Manaisus;

Jp. mpod. Abdul Hafidz Yusoff, Yausepcurer Manaiizuu, Manaiizus.

OTBEeTCTBEHHBH CEKpeTaphb

Ph.D. I'yaxkaitna KaceimoBa

Azpec perakium:

AO «MHCTUTYT METaITypruy ¥ 000TaIeHHs»

050010, Pecnyommuka Kazaxcran, r. Anmarsl, yi. lllesuenko, yr. yi. Banuxanosa, 29/133,
Fax. +7 (727) 298-45-03, Tel. +7 (727) 298-45-02, +7 (727) 298-45-19

E mail: journal @kims-imio.kz, product-service@kims-imio.kz
http://kims-imio.com/index.php/main

Kypnan «KommiiekcHOe HCITOIB30BaHNE MUHEPATIHHOTO CHIPHS BKIIOUEH B IlepedeHs M3Manui, peKOMEeHIyeMbIX
Komurerom no koHTpOmo B chepe oOpa3oBaHus 1 Hayku MuHHcTepcTBa 00pa3oBaHus U Hayku Pecrry6mnmku Kazaxcran
JUIst IyONMKAIIMK OCHOBHBIX PE3YJIbTaTOB HAYYHOH JIESITEIbHOCTH.

Cob6crBennnk: AO «MHCTHTYT MeTayuTypruu U 000TaIeHns»

XKypnan nepepeructpupoBat B Komurere rocy1apcTBEHHOTO KOHTPOJIS B 00JIACTH CBSI3U, HHPOPMATU3AIUH U CPEJICTB
MaccoBoi HHPOPMAITUH
MunucTtepcTBa HHGOPMAaUy U KOMMYyHUKauu Pecny6mmku Kazaxcran
CeunerennbctBo Ne 16180-2K ot 18 oxTs16ps 2016 1.

© AO «MHCTUTYT METALIypruu 1 oborameHus», 2026


https://scholar.google.com/citations?user=GYICYPAAAAAJ&hl=en
https://scholar.google.com/citations?user=Ks5KEDgAAAAJ&hl=en
https://scholar.google.com/citations?user=PrBoaasAAAAJ&hl=en
https://scholar.google.com/citations?user=4qJtVQ4AAAAJ&hl=en
https://scholar.google.com/citations?user=-35pZv0AAAAJ&hl=id
https://scholar.google.co.uk/citations?user=8Ebn8hMAAAAJ&hl=en
https://scholar.google.com/citations?user=DFXPdrkAAAAJ&hl=en
mailto:journal@kims-imio.kz

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

[=
g2 Crossref

DOI: 10.31643/2026/6445.23
Engineering and Technology

@creative
commons

Methods for purifying table salt from the Suzak deposit

Anarbayev A.A., Kabylbekova B.N., “Smailov B.M., Ormanova G.M.

M.Auezov South Kazakhstan Research University, Shymkent, Kazakhstan

* Corresponding author email: baha_uppr@mail.ru

Received: January 23, 2025
Peer-reviewed: March 16, 2025
Accepted: April 7, 2025

ABSTRACT

One of the pressing issues today is common salt purification from harmful impurities and
production of salt for medical and household purposes. To obtain high-purity sodium chloride
salt, it is necessary to develop more effective methods for purifying salt from impurities. The
article discusses modern methods for purifying Suzak deposit common salt from harmful
impurities. The main goal of the scientific work is to study the methods of purifying sodium
chloride from impurities. The common salt raw material composition was studied. The content
of impurities of Ca?*, Mg?* and SO4% ions and heavy metals Pb (l1), Cu (lI), Cd (Il), As (V) was
determined. The solubility in the systems NaCl-Na;SO4-H>0, NaCl-CaCl,-H.0 and NaCl-MgCl-
H20 at a temperature of 100-110°C was studied. The effect of temperature and time on the
common salt purification degree using active reagents was studied. It was found that the
highest common salt purification degree from Ca?, Mg?* and SO4% at 30 minutes and 90°C,
respectively, is 99.8%, 99.9%, 99.93%. It was found that the use of a three-component mixture
of Mg(OH):CaC03:CaS04 in a ratio of 1:4-5:6-7 for 20 minutes during purification allows
purifying the NaCl solution from trace impurities of Pb(Il), Cu(ll), Cd(ll), As(V) by 92.0-97.7% and
obtaining 99.4% NaCl. To obtain high-purity salt, effective purification methods of salt from
impurities are recommended, allowing to achieve a purification level of up to 99%.

Keywords: sodium chloride, table salt, salt purification methods.
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Introduction

Kazakhstan has huge reserves of mineral raw
materials — common salt, the reserves of which
amount to more than 1.4 billion tons. In the
chemical industry, NaCl is the main raw material for
obtaining caustic ash and other inorganic sodium-
containing salts. Depending on the purpose, NaCl is
used in many industries [[1], [2], [3]].

The main consumer of high-purity sodium
chloride is the pharmaceutical and food industries.
Particular attention is paid to the methods of
purifying common salt from harmful impurities of
calcium, magnesium, sulfate ions and heavy metals

(Pb, Cd, As, Cu). The common salt purity is
considered one of the most important
requirements in production. At the same time, the
technogenic impact on the environment is growing,
which makes a negative contribution to the
deterioration of its condition [[4], [5], [6]].

The well-known lime and lime-soda methods
do not always purify salts from impurities to the
required quality due to the purification system
complexity [[7], [8]]. To obtain high-purity salt,
large expenses are required, which increase the
product cost. Therefore, it is necessary to use a
more effective method of purifying salt from
impurities [[9], [10], [11]].
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This article examines modern methods of
purifying common salt [[12], [13], [14], [15], [16]].
Currently, the demand for various methods of
producing and processing common salt is growing.
The authors [17] found that when using the
phosphate method of purifying a salt solution, the
purification degree from calcium and magnesium
ions increases to 95-97%.

Currently, Kazakhstan does not produce “extra”
grade salt due to the lack of production and
supplies it mainly from Russia and other countries.

The authors conducted research work on salt
purification and the results obtained do not have
full-scale application. This is due to the technology
developed taking into account the physical and
chemical properties of the deposits [[18], [19], [20].
[21], [22]].

For large-scale use in the pharmaceutical and
food industries as an extra salt, the Suzak deposit
requires chemical purification, since the salt
contains many impurities.

The purpose of the scientific article is to study
the physical and chemical properties of table salt
and to propose modern methods of purification
from harmful impurities and heavy metals using
active reagents and precipitants.

To study the common salt composition,
samples from Suzak deposit were used (Table 1).

Table 1 — Chemical composition of Suzak deposit
common salt samples

Salt composition of common salt, %

NaCl | KCI | MgS04 | MgCl2> | CaClz |CaSOa| Insoluble
residue
93.41| 0.01 | 0.23 0.14 | 0.37 | 2.29 3.55
97.08| 0.02 | 0.10 | 0.045 0 |0.16 2.67
99.07|0.019| 0.11 | 0.046 0 |0.15 0.61
98.68|0.024| 0.12 | 0.047 0 |0.17 0.95

Table 1 shows that, according to the results of
chemical analysis, natural common salt contains
mainly halite mineral and impurities of clay-
carbonate and sulfate materials — sulfate and
calcium and magnesium, magnesium chloride,
calcium chloride and potassium chloride. The salt is
significantly contaminated with insoluble residues
(silt, sand).

Experimental part
Object of research. The purpose of the work is

to purify sodium chloride from harmful impurities
and obtain high-purity salt. In accordance with the

logic of scientific research, a research methodology
was selected for conducting the experiment. It is a
complex of theoretical and experimental methods,
the combination of which makes it possible to most
reliably study such a complex problem of complex
purification of common salt from harmful
impurities and heavy metals using active reagents
and precipitants.

The following research methods were used in
the work: chemical, mass spectrometry, X-ray
phase, scanning electron microscopy and IR
spectroscopy and differential thermal analysis. The
experiments were conducted on a laboratory
thermostatted unit.

Experimental methodology. In the process of
isotherm (Fig. 3, 4) of solubility of water-salt
systems with the participation of NaCl at elevated
temperatures, in the case of incomplete separation
of Ca, Mg, SO, ions from saturated salt solutions,
the remaining minor impurities contained in the
liquid phase during hot filtration of solid sodium
chloride pass into the filtrate.

The saturated NaCl solution separated from the
sediment is evaporated at 100 - 110 °C to 1/2 of the
original volume. The precipitated crystalline target
product is separated from the hot solution. The
mother liquor is again evaporated to 1/2 of the
initial volume, the precipitated crystals are
separated with NaCl and dried at 25-110 °C for 30
minutes.

The discussion of the results

The average composition of Suzak deposit salt
samples No.1 and No.2 was prepared. The
elemental composition of table salt is as follows,%:
0-1.05, Na-36.91, Mg-0.21, S-0.30, CI-61.72, Ca-
0.11. Microstructure of Suzak deposit natural table
salt are shown in Figure 1.

Figure 1 — Energy dispersive analysis of Suzak
deposit table salt

— 6
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It is evident from Figure 1 that the studied
sample contains sodium, magnesium, calcium,
chlorine and sulfur bound in the form of
compounds NaCl, KCl, MgS04, MgS04, MgCl,, CaCl,
and CaSO..

Figure 2 shows the IR spectrum of Suzak
deposit common salt. The IR spectrum (Figure 2) of
common salt has intense absorption bands with
wavelengths of 609, 612, 1091 cm™, corresponding
to the Na-Cl bond, other absorption frequency
intensities are not observed.
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Figure 2 — IR spectrum of Suzak deposit table salt

Suzak district has large reserves of rock table
salt, which is mined in an open way. There are
practically no overburden rocks. Suzak steppe is
rich in minerals and provides the Republic of
Kazakhstan with various types of raw materials.
One of the leading places in reserves is occupied by
common salt with the following composition of
deposits: NaCl —90.9-98.2%; Ca — 0.45-0.69%; Mg —
0.12-0.19%; SO4* — 1.98-2.7%; insoluble residue —
2.0-3.0%.

For deep purification and obtaining high-purity
common salt, it is necessary to study the solubility
diagrams of NaCl-CaCl,-H,O and NaCl-MgCl,-H,0.
To study the salt composition, salt samples were
selected, the composition of which is given in
Tables 2 and 3.

Table 2 — Chemical composition of Suzak deposit table
salt samples

Salt composition of common salt, %
NaCl | KCI | MgS04 | MgCl2 | CaClz |CaSOa| Insoluble
residue
93.41| 0.01 | 0.23 0.14 | 0.37 | 2.29 3.55
97.08| 0.02 | 0.109 | 0.045 0 0.16 2.67

Table 2 shows that natural table salt contains
mainly halite mineral and impurities of sulfate and
calcium and magnesium, magnesium chloride,
calcium chloride and potassium chloride.

To determine the content of other impurities
and heavy metals, 2 samples of pre-prepared salt
brine were analyzed using a Varian ICP-820MS
inductively coupled plasma mass spectrometer.
Table 3 shows the content of trace impurities (Pb,
Cu, Cd, As).

Table 3 — Content of heavy metals in salt

Sample | Trace impurity content, pg/dm?3
No.
Pb Cu Cd As
18.21 67.53 9.00 14.01
2 16.01 60.12 7.3 12.43

The analysis results of common salt samples
(Table 3) show that in addition to impurities such as
calcium, magnesium, aluminum, iron, etc., the salt
also contains heavy metals such as lead, copper,
cadmium and arsenic, which requires purification
to obtain “extra” common salt.

As can be seen, Suzak salt contains sodium,
magnesium, calcium, chlorine and sulfur bound in
the form of compounds NaCl, CaCl;, CaSO4, MgS0,,
MgCl,, KCl and heavy metals. In this regard, it is of
interest to study the solubility diagrams of
saturated solutions of common salt in the presence
of the above-mentioned impurities [[18], [19]].

For deep purification of salt from impurities, it
is necessary to study solubility in the systems NaCl-
CaCl-H,0 and NaC1-MgCl,-H,0. The solubility
isotherm in the system NaCl-Na,;SOs,-H>0 was
studied at the temperature of the saturated sodium
chloride solution — 108.5°C. The time for
establishing equilibrium was found by reaching
equilibrium of sodium chloride in the solution [19].

The experimental data on the solubility in the
above-mentioned systems are shown in Gibbs
coordinates on Figures 3 and 4.
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Figure 3 — Solubility isotherm in the system
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NaCl-CaCl-H,0 at 100°C

From the data in Figure 3 it is evident that the
solubility isotherm of the system NaCl-CaCl,-H-0 at
100°C consists of two branches: the NaCl
crystallization branch in the region of 6.1+28.3
mass % NaCl and the CaCl; crystallization branch in
the region of 60.3+41.5% mass % CaCl,. The eutonic
point has the following composition: liquid phase
1.9% NaCl; 41.5% CacCly; solid phase 39.5% NaCl;
55.1% CaCl..

s Mgl
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Figure 4 — Solubility isotherm in the system
NaCl-MgCl2-H20 at 100°C

Similarly, from the data in Figure 4 it is evident
that the solubility isotherm in the system NaC1l-
MgCl>-H,0 at 100°C consists of two branches: the
NaCl crystallization branch in the region of 28.3+0.9
mass % NaCl and the MgCl, crystallization branch in
the region of 42.2+35.0 mass % MgCl,. The eutonic
point has the following composition: liquid phase
0.9% NaCl; 35.0% MgCly; solid phase 5.5% NaCl:
38.5% MgCl,. As shown by the solubility isotherms
of aqueous salt systems with the participation of
NaCl at elevated temperatures, in the case of
incomplete separation of Ca, Mg, and SO, ions from
saturated solutions of technical salt, the remaining
minor impurities contained in the liquid phase
during hot filtration of solid sodium chloride pass
into the filtrate.

To purify the obtained sodium chloride from
trace impurities (Pb, Cu, Cd, As), studies were
conducted at various concentrations of sodium
chloride solution 80-140 g/l NaCl, temperature 70-
90°C, contact time of the residue with the solution
of 20 minutes and molar ratio of

Mg(OH),:CaC05:CaS0, in the residue 1:4-5:6-7. The
three-component mixture was subsequently used
as a precipitant for trace impurities.

A solution of magnesium and calcium chloride,
soda and alkali in an amount of 0.1-0.2% of the
total mass of the solution was added to the
previously obtained solution. The resulting mixture
was stirred for 20 minutes, the residue was allowed
to settle and the residue was filtered from the
sodium chloride solution. Quantitative
determination of trace impurities of lead, copper,
cadmium and arsenic was carried out by the atomic
adsorption method on a Contra device. The
experimental results are given in Table 4.

Table 4 — Residual content of trace impurities after
purification (ug/dm?3), and purification degree (%)

Elemen Concentration of sodium chloride

ts solution, g/l

80 100 120 130 140

Pb 0.65 0.65 0.82 1.01 1.25

91.2 93.4 93.1 93.3 93.1

Cu 1.81 1.80 2.20 2.10 3.37

93.4 95.1 95.2 95.1 95.0

Cd 0.37 0.36 0.46 0.56 0.70

89.9 92.6 92.4 92.3 92.2

As 0.13 0.43 0.71 1.32 2.78

97.7 94.3 93.8 88.4 80.1

* humerator — content of trace impurities, pg/dm3;
denominator — purification degree, %

From the above data of Table 6 it is evident
that deep purification of the sodium chloride
solution from trace impurities of Pb, Cu, and Cd is
within 89.9-95.1% and from As by 80.1-97.7%. The
concentration of mixtures in these solutions is
more than 3 mmol/l, while the molar ratio of the
mixture Mg(OH),:CaC03:CaS0, should be 1:4-5:6-7,
and the contact time of the residue is not less than
20 minutes. The three-component mixture
Mg(OH),:CaC03:CaS0O4 obtained in the process for
purification of the sodium chloride solution from
trace impurities of heavy metals is more effective
than the known single-component coagulants
based on Fe(OH)s;, Mg(OH),, CaCOs, CaSO..

Based on the obtained data, 5 cm® of 0.1 M
Ca(OH), and BaCl;, solutions are added to 1 dm? of
the sodium chloride solution (100 g/dm?3) for
purification. Magnesium hydroxide is precipitated,
then 2 cm?® of 1 M sodium carbonate solution and 3
M ammonia solution are added to pH 12-13.

The resulting purified sodium chloride solution
has the following composition, mass %: NaCl — 13.9;
Na,SO04— 0.0002; CaSO,— 0.02; MgS0O,— 0.001; H,0
— 86.06 and trace impurities, pg/dm3: Pb 0.65-1.01;
Cd 0.37-0.56; Cu 1.81-2.10; As 0.13-1.32. After
cooling the solution to 25°C, sodium chloride
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crystals containing 99.4% NaCl precipitate. Figure 5
shows the energy dispersion analysis of the
obtained sodium chloride. The elemental
composition of table salt is as follows,%: 0-0.95,
Na-37.37, Mg-0.001, S-0.000, CI-61.46, Ca-0.002.
Figure 5 shows the energy dispersion analysis of the
obtained sodium chloride.

Figure 5 — Energy dispersion analysis of the
purified salt

From Figure 5 it can be seen that the impurity
content is Ca-0.002%, Mg-0.001%, and there is no
sulfate ions.

Figure 6 shows derivatograms of purification of
sodium chloride obtained using a Q-1500
Derivatograph.
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Figure 6 — DTA of the residue obtained during the
purification of sodium chloride

On the derivatograms of the resdiues (Figure 6)
obtained during the purification of sodium chloride,
the endothermic effect of dehydration of
CaS04:2H,0 (140-160 and 120-1809C ) is visible, the
endothermic effect of dehydration of CaS04-0,5H,0
(160-180°C) is clearly expressed, i.e. dehydration of
hemihydrate to anhydrite occurs.

X-ray phase analysis of the studied table salts
was carried out on a Panalytical Empyrean X-ray
diffractometer and results are shown in Figure 7.

e

Figure 7 — Diffractogram of the purified sodium chloride

X-ray phase analysis data (Fig. 7). compounds of
table salt, it can be noted that all reflections in
diffraction patterns, as a rule, are characterized by
their own reflection angles, a set of interplanar
distances and intensities of diffraction lines. This
indicates the individuality of the crystal lattices of
the resulting pure compounds of table salt

Thus, the use of a three-component mixture
consisting of Mg(OH),:CaC03:CaS0;, in a ratio of 1:4-
5:6-7 and contact of the residue with it for 20
minutes allows to purify the NaCl solution from
trace impurities of Pb(ll), Cu(ll), Cd(ll), As(V) by
92.0-97.7% and obtain 99.4% NaCl that meets the
requirements of GOST P51574-2018.

Based on the work carried out, it was
determined that the proposed method for purifying
table salt from harmful impurities is effective, since
the degree of purification is up to 99.0%. This
method is aimed at the Suzak deposits, taking into
account the physical and chemical properties of
table salt.

A distinctive feature of this method from other
methods is the study of the physicochemical
properties of table salt, taking into account the
composition of harmful impurities and heavy
metals using active reagents and precipitants.

Conclusions

As a result of the research work, Suzak deposit
common salt’s raw material composition was
studied and the content of impurities of Ca%*, Mg?*
n SO4%ions and the content of heavy metals Pb (l1),
Cu (I), cd (), As (V) were determined. The
solubility in the systems NaCl-Na,SO4-H,0, NaC-
CaClyH,0 and NaCl-MgCl;-H,O was studied and the
isotherm of salt solubility at a temperature of 100-
110°C was constructed.

— 9



2026; 338(3):5-12

ISSN-L 2616-6445, ISSN 2224-5243

The effect of temperature and time on the
purification degree of common salt using barium
chloride and sodium carbonate was studied, it was
found that the highest purification degree of
common salt from Ca%, Mg?* n SO.* ions at 30
minutes and 90°C, respectively, is 99.8%, 99.9%,
99.93%. It was found that the use of a three-
component mixture of Mg(OH);:CaC03:CaS0, in a
ratio of 1:4-5:6-7 for 20 minutes allows purifying
the NaCl solution from trace impurities of Pb(ll),
Cu(ll), cd(ll), As(V) by 92.0-97.7% and obtaining
99.4% NaCl.

Based on the data obtained, effective methods
for purifying salt from impurities were
recommended, and the combined method can
achieve salt purification above 99.0%.
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Co3aK KeH OpHbIHbIH ac TY3blH KOCnasnapAaH Ta3apTy aaicrepi
AHapbaes A.A., Kabbinbekosa b.H., *Cmaitnos 6.M., Opmarosa .M.

M. dyezoe ameiHdarel Ohmycmik KazakcmaH 3epmmey YHusepcumemi, LLibimkeHm, KazakcmaH

TYRIHAEME

ByriHri KyHHiH ©3eKkTi macenenepiHiH, 6ipi — ac Ty3blH 3MAHAbI KOCManapAaH TasapTy »KaHe
MeAVLMHANBIK KaHEe TYPMbICTbIK ac Ty3blH eHAipy. benrini 6onfanpail, «akcTpa» ac Ty3blHa
CYPaHbIC Kbla CaliblH apTbin Keneai. Mofapbl TasasblKTafbl HATPUN XJOPUAIH any YWiH Ty3abl
KOCMa 3aTTapAaH TasanayAblH, TMIMAI d4iCiH acay KaxeT. Makanaga Co3aK KeH OpHbIHbIH, ac
Ty34apblH KocnanapAaH TasanayAblH, Kasipri xeTingipinreH agictepi KapacTbipbinfaH. folabimm

Makana kengi: 23 Kanmap 2025 HYMDbICTbIH, HErI3r MaKCaTbl HAaTPUWU XNOPUAIH KOCMa 3aTTapAaH Tasanay oA4iCIH 3epTTey. Ac

CapantamagaH eTTi: 16 Haypeiz 2025
KabbingaHapl: 7 cayip 2025

Ty3blHbIH, 6acTanKbl LWWKi3aTbIHbIH, Kypambl 3epTTenin, on Ca?, Mg?* koHe SOs> MOHAAPbIHAH
»aHe Pb(ll), Cu(ll), Cd(ll), As(V) ayblp meTangapbiHaH TypaTbiHbl aHbiKTanabl. 100-110°C
Temnepatypa apanbifbiHaa Nad - G - HO xeHe  NaCl-MgCl-H.O xyienepinperi Ty3aapAbiH,
epiriwTiri 3epTrengi. benceHai 3aTTapAbl KOAAaHbIN ac Ty3blH Ta3anay AdperkeciHe TemnepaTypa
MEeH YaKbITTblH, acepi 3epTTenin, ac Ty3biH Ca?*, Mg?* skaHe SO4> MoHAapbIHaH }KoFapbl Aapexese
Taszanay 30 MuHyTTa KaHe 90°C TemnepaTtypaga 601aTbiHbl XaHe CaMKeciHLe Ta3anay Aapeskeci
99,8%, 99,9%, 99,93% KypaiTbiHbl aHbiKTanabl. Mg(OH)2:CaC03:CaSOs yw KOMMOHEHTTI
KocnacblH 1:4-5:6-7 KaTblHacbiHAa KongaHbin 20 muHyT iwiHae NaCl epitiHgiciH Pb(ll), Cu(ll),
Cd(l1), As(V) mukpokocnanapbiHaH 92,0-97,7% neliiH TaszapTyfa 6onaabl XaHe TasanbiFbl 99,4%
NaCl anbiHaTbIHbI @aHbIKTanAbl. }ofapbl TazanbiKTa Ty34bl any ywiH, 99% aeliH Tas3apTy geHrewniH
KamMTamMacbI3 eTeTiH, KocnanapaaH Ty34bl Ta3apTyAblH TUIMAI 34icTepi yCbiHbINAAbI.

TyiiiH ce30ep: HaTpPUit Xx10pPUAI, ac Ty3bl, Ty34bl Ta3anay agictepi.
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Cnocobbl 0UMUCTKM NoBapeHHOM conun Cy3aKCKOro MecTopoXKAeHUA OT npumecei

Anapb6aes A.A., Kabbin6ekosa B.H., "Cmaiinos 6.M., OpmaHosa .M.

103 HO-KasaxcmaHckuli Mccnedosamensckuli YHusepcumem umeHu M. Ayesoea, LLbimkeHm, KazaxcmaH

AHHOTAUMA

OaHUMm 13 dKTyaJIbHbIX BOMPOCOB Ha CEI'O,D,HFILLIHVIﬁ AeHb ABNAETCA OYUCTKA I'IOBapeHHOl’I conu ot
BpeAHbIX npmmeceﬁ n nonyyeHne Conn meanLUUHCKOro n 6bITOBOro HasHayeHua. Kak U3BeCTHO,
exerogHo Ha I'IOTpeﬁHOCTb I'IVILIJ,eBOﬁ CONU «3KCTpa» pacreT. [nA nonyyeHua BbICOKOYMCTOM
CoNn xnopnaa Hatpuma HEOGXO,D,MMO paspa60TKa 6onee 3¢¢eKTMBHbIX MeTo40B OYUCTKU CON OT
npwmecel‘/'i. B cratbe PacCMOTpPeHbl COBpeMeHHble MeToAdbl OYUCTKU I'IOBapeHHOl’I conm

Noctynuna: 23 aHeapa 2025 Cy3aKCKOTO MECTOPOXAEHWUA OT BpeaHbIXx npumece. OCHOBHaA Lefb Hay4HOW paboTbl
PeueH3unposaxue: 16 mapma 2025 nccnepoBaHMe MeToA0B OUUCTKM X1I0puAa HAaTPMA OT Npumecei. MccnesoBaH cocTaB MCXOAHOTO
MpuHATa B nevaTsb: 7 anpens 2025 Cblpbsi MOBAapPEeHHOW COMM WU onpeaeneHbl copepkaHue npumeceit Ca?, Mg?* n SO4>MOHOB U

TAXenbix metannos Pb(Il), Cu(ll), Cd(Il), As(V). U3yyeH pactBopMmocTb B cucteme NaCl-Na,SOs-
H20, Ned- G- HOwu NaCl-MgCl-H.0 npu Temnepatype 100-110°C. WccneposaH BausHUe
TemnepaTypbl M BPEMEHW Ha CTENeHb OYMCTKMU NOBAPEHHOW CO/U C UCMO/Ib30BaHMEM aKTUBHbIX
peareHTOB, YCTAHOBJ/IEH YTO HaMBbILWEE CTEMEHb OYMCTKM NoBapeHHoW coan ot Ca?t, Mg n SO42
npu 30 muH. 1 90°C cooTseTcTBeHHO cocTasnseT 99,8%, 99,9%, 99,93%. YcTaHOBAEHa, YTO
MCNO/b30BaHME MPU OUMCTKE TPEXKOMMOHEHTHOM cmecn Mg(OH)2:CaCO3:CaSOs B COOTHOLIEHUM
1:4-5:6-7 B TeyeHne 20 MMHYT NO3BOAAET o4MCTUTL pacteop NaCl ot mukponpumecei Pb(ll),
Cu(ll), cd(l), As(V) Ha 92,0-97,7% u nonyuntb 99,4% NaCl. [lna Nony4yeHUs CONU BbICOKOWM
CTENeHu YUCTOTbI pekomeHA0BaHbl 3QPEKTUBHbIE METOAbl OYMCTKM COAM OT MNpumeceit
No3BONAKOLWME JOCTUYb CTENEHb OYUCTKMN A0 99%.

Kntoyeeble €A08a: xN10pUL, HATPUA, NOBaPEHHAA CO/b, METOAbI OYUCTKM CONM.

WHpopmayusa o6 asmopax:

Jlokmop mexHuYeckux Hayk, npogeccop, hakynbmem mexHos02uu npouzsodcmsa
AHapbaee A6ubynna Abundaesuy Heghmexumuyeckux u HeopeaHu4yeckux sewecms, HOxucHo-KazaxcmaHckul uccnedosamesnsckuli
yHusepcumem um. M. 3dyesosa, 160000, LUbimkeHm, KazakcmaH. E-mail: abib_28@mail.ru;
ORCID ID: https.//orcid.org/0000-0002-0019-4381

KaHdudam mexHuYeckux Hayk, npogeccop Kageopbl  npogeccop Kagpeopsbl XUumus U
papmayesmuyeckaa uHieHepus, FO#Ho-KaszaxcmaHckuli uccnedosamensckuli yHusepcumem
um. M.Ayesoea, 160000, LUbimkeHm, Kazaxcmad. E-mail: balzhan.kbn@bk.ru; ORCID ID:
https.//orcid.org/0000-0001-8461-8008

Kabeinbekosa banyax HypmaHoeHa

PhD doKkmop, denapmameHm Hay4HbIX uccnedosaHud, tOxcHo-KasaxcmaHcKul
Cmatinos bakeim Mamkapumynol uccnedosamensckuli yHusepcumem um. M. dye3zosea, 160000, LLieimkeHm, KazakcmaH. E-mail:
Baha_uppr@mail.ru; ORCID ID: https://orcid.org/0000-0001-7976-9776

PhD dokmopaHm Kagedpbl mexHOoM02UA HeoP2aHUYeCKUX U Heghmexumu4yeckux npou3soocms,
tOxncHo-KasaxcmaHckuli  uccnedosamensckuli  yHusepcumem um. M.Ayeszoea, 160000,
LLeimkeHm, KazaxcmaH. E-mail: ormanova_g@inbox.ru; ORCID ID: https.//orcid.org/0000-0002-
9625-5790

OpmaHoea layxap MelipbexkosHa

References

[1] Bishimbayev VK, Amreev DD, Kapsalyamov BA, Gapparova KM, Sarsenov A. Analiz rynka sulfata natria 1 issledovanie
vozmojnosti ego polychenia 1z sulfatnikov mestorojdenia Jaksykylysh [Analysis of the sodium sulfate market and study of the
possibility of its production from sulfate rocks of the Zhaksykylysh deposit]. Bulletin of Science of Southern Kazakhstan. 2019;
1(5):58-65. (in Russ).

[2] Desyatov AV, Kruchinina NE, Novikov SV. Glybokala pererabotka mineralizovannyh shahtnyh vod s polycheniem
kristalicheskogo sulfata natria [Deep processing of mineralized mine water to produce crystalline sodium sulfate. Advances in
chemistry and chemical technology]. 2016; 9:96-99. (in Russ).

[3] Ren Z, Wei X, Li R, Wang W, Wang Y, Zhou Z. Highly selective extraction of lithium ions from salt lake brines with sodium
tetraphenylborate as co-extractant, Separation and Purification Technology. 2021; 269:118756.
https://doi.org/10.1016/j.seppur.2021.118756

[4] Cipolletta G, Lancioni N, Akyol C, Eusebi AL, Fatone F. Brine treatment technologies towards minimum/zero liquid
discharge and resource recovery: State of the art and techno-economic assessment, Journal of Environmental Management. 2021;
300:113681. https://doi.org/10.1016/j.jenvman.2021.113681

[5] Zhang X, Ren Y, Ping L, Ma H, Liu C, Wang Y, Kong L, Shen W. Solid-liquid equilibrium for the ternary systems and
atmospheric pressure, J. Chem. Eng. 2014; 12:3969-3974. https://doi.org/10.1021/je500854m

[6] ShenY, Linnow K, Steiger M. Crystallization behavior and damage potential of Na,SO4 —NaCl mixtures in porous building
materials. Cryst. Growth Des. 2020; 20(9):5974-5985. http://dx.doi.org/10.1021/acs.cgd.0c00671

[71 Ren Z, Wei X, Li R, Wang W, Wang Y, Zhou Z. Highly selective extraction of lithium ions from salt lake brines with sodium
tetraphenylborate as co-extractant. Separation and Purification Technology. 2021; 269:118756.
http://dx.doi.org/10.1016/j.seppur.2021.118756



file:///D:/Проекты/Договор%20ПЦФ-23-25%20Бейсенбаев/Статья%20ПЦФ/Отправка%20В%20КИМС%202/abib_28@mail.ru
https://orcid.org/0000-0002-0019-4381
https://orcid.org/0000-0001-8461-8008
mailto:Baha_uppr@mail.ru
https://orcid.org/0000-0001-7976-9776
file:///C:/Users/Bakyt%20Smailov/Desktop/для%20перевода/ormanova_g@inbox.ru,
https://orcid.org/0000-0002-9625-5790
https://orcid.org/0000-0002-9625-5790
https://doi.org/10.1016/j.seppur.2021.118756
https://doi.org/10.1016/j.jenvman.2021.113681
https://doi.org/10.1021/je500854m
http://dx.doi.org/10.1021/acs.cgd.0c00671
http://dx.doi.org/10.1016/j.seppur.2021.118756

2026; 338(3):5-12 ISSN-L2616-6445, ISSN 2224-5243

[8] Xingguo Luo, Xingbin Li, Chang Wei, Zhigan Deng, Ye Liu, Minting Li, Sangiang Zheng, Xing Huang. Recovery of NaCl and
Na2S04 from  high  salinity brine by purification and evaporation. Desalination. 2022; 530:115631.
http://dx.doi.org/10.1016/j.desal.2022.115631

[9] Klammer N, Engtrakul C, Zhao Y, Vidal J, Wu Y. Method to Determine MgO and MgOHCI in Chloride Molten Salts.
Analytical Chemistry. 2020; 92(5):3598-3604. https://doi.org/10.1021/acs.analchem.9b04301

[10] Xu Zhao, Qi Zhang, Haihong Wu, Xiaocui Hao, Liang Wang, Xiping Huang. Extraction of Lithium from Salt Lake Brine.
Progress in Chemistry. 2017; 29(7):796-808. (In Chinese). https://doi.org/10.7536/PC170313

[11] Dahmardeh H, Akhlaghi Amiri HA, Nowee SM. Evaluation of mechanical vapor recompression crystallization process for
treatment of high salinity wastewater. Chemical Engineering and Processing - Process Intensification. 2019; 145:107682.
http://dx.doi.org/10.1016/j.cep.2019.107682

[12] Myerson A, Erdemir D. & Lee A. (Eds.). Handbook of Industrial Crystallization (3" ed.). Cambridge: Cambridge University
Press. 2019. http://dx.doi.org/10.1017/9781139026949

[13] Rismana E, Arbianto AD, Kusumaningrum S. Development of Efficient and Scalable Production Process of Analytical Grade
Sodium Chloride at Laboratory Scale. International Journal of Technology. 2024; 15(3):743-752.
https://doi.org/10.14716/ijtech.v15i3.5606

[14] Kadirbayeva AA, Urazkeldiyeva DA, Tanirbergenov R, Shaimerdenova G. Purification of technical sodium chloride from
the tasty tuz deposit of the Republic of Kazakhstan. Series chemistry and technology. 2022; 4(453):80-87.
http://dx.doi.org/10.32014/2518-1491.136

[15] Li Zhu, YuLong Ma, ShaoYing Ge, YuYu Wang. Solid-liquid phase equilibria of the quaternary system. The Journal of
Chemical Thermodynamics. 2022; 165:106658. https://doi.org/10.1016/j.jct.2021.106658

[16] GOST P 51574-2000. Common salt. Test methods. Publishing House of Standards, Moscow. (in Russ).

[17] Dahmardeh H, Akhlaghi Amiri HA, Nowee SM. Evaluation of mechanical vapor recompression crystallization process for
treatment of high salinity wastewater. Chemical Engineering and Processing - Process Intensification. 2019; 145:107682.
http://dx.doi.org/10.1016/j.cep.2019.107682

[18] Goetzfried F, Kondorosy E. Technologies for the production of pharmaceutical grade sodium chloride. 2018 World Salt
Symposium. June 19-21, 2018; Park City, Utah, USA.

[19] Geertman RM. Sodium chloride: Crystallization. Encyclopedia of Separation Science. 2000; 61:4127-4134.
https://doi.org/10.1016/B0-12-226770-2/06061-0

[20] Badrut Tamam Ibnu Ali, Hamzah, Mochammad Ismail, Imam Wahyudi, Ali Nurdin, Fausiah, Budiyono, Hens Saputra.
Refining NaCl: Elevating salt's quality from coarse to industrial and pharmacy grade through innovative hydroextraction techniques.
Case Studies in Chemical and Environmental Engineering. 2024; 9:100752. https://doi.org/10.1016/j.cscee.2024.100752

[21] Hussein IM, Metwally Salman AS, Ashraf MS. A Review on Extraction Processes of Salts from Different Salt Lakes and
their  Environmental Impact in  Industry. Letters in  Applied NanoBioScience.  2022; 11(4):4016-4039.
https://doi.org/10.33263/LIANBS114.40164039

[22] Zhao Y, Klammer N, Vidal J. Purification strategy and effect of impurities on corrosivity of dehydrated carnallite for
thermal solar applications. Royal Society of Chemistry. 2019; 9:41664-41671. https://doi.org/10.1039/C9RA09352D



http://dx.doi.org/10.1016/j.desal.2022.115631.
https://doi.org/10.1021/acs.analchem.9b04301
https://doi.org/10.7536/PC170313
http://dx.doi.org/10.1016/j.cep.2019.107682
http://dx.doi.org/10.1017/9781139026949
http://dx.doi.org/10.32014/2518-1491.136
https://doi.org/10.1016/j.jct.2021.106658
http://dx.doi.org/10.1016/j.cep.2019.107682
https://doi.org/10.1016/B0-12-226770-2/06061-0
https://doi.org/10.1016/j.cscee.2024.100752.
https://doi.org/10.33263/LIANBS114.40164039
https://doi.org/10.1039/c9ra09352d.

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

M= Crossref
DOI: 10.31643/2026/6445.24

Engineering and Technology

@creative
commons

Epoxy Resin Development for Anticorrosion Coatings

Negim E.-S.

3Khussurova G.M.

, 2Bekbayeva L.

, 3Puzikova D.S."", 3Zhurynov M.Zh."=", 3 Nefedov A.N."*,

, *Shadin N.A."2,*Jamal Khatib

1School of Materials Science and Green Technologies, Kazakh British Technical University, Almaty, Kazakhstan
2National Nanotechnology Open Laboratory, Al-Faraby Kazakh National University, Almaty, Kazakhstan
3D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, Kazakh British Technical University, Almaty, Kazakhstan
“Department of Chemistry, Institute of Natural Sciences and Geography, Abai Kazakh National Pedagogical University, Almaty, Kazakhstan
>Department of Civil and Environmental Engineering, Faculty of Engineering, Beirut Arab University, Beirut, Lebanon

*Corresponding author: El-Sayed Negim, elashmawi5@yahoo.com

Received: January 23, 2025
Peer-reviewed: March 4, 2025
Accepted: April 9, 2025

ABSTRACT
In this study, a high molecular weight epoxy resin (ELM-NG 900Z) based on diglycidyl ether of

bisphenol A was cured with different types of hardeners to examine their impact on the physical
and mechanical properties of the epoxy resin. The hardeners used were G-5022X70 (140-170 mg
KOH/g), G-A0533 (310-350 mg KOH/g), and G-0930 (280-320 mg KOH/g). The results indicated that
the hardener G-A0533 provided the best mechanical properties for the epoxy resin compared to
other hardeners. Furthermore, various additives including silica fume, talc, barium sulfate, ferric
oxide, and pigments were mixed with the epoxy resin in the presence of the hardener G-A0533 to
enhance its mechanical properties. It was observed that the addition of 3% silica fume, 10% ferric
oxide, and 3% inorganic pigments improved the mechanical properties, while the addition of 5%
talc decreased most mechanical properties and only increased hardness. The incorporation of
barium sulfate into the epoxy resin enhanced adhesion and flexural strength but decreased tensile
strength and hardness. The inclusion of organic pigment had no significant effect on the
mechanical properties of the epoxy resin. This enhancement in mechanical properties is attributed
to the type of hardener used as well as the types and amounts of additives mixed with the epoxy

resin.
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Introduction

Epoxy resins are a type of polymer that contains
two or more epoxy rings. Anticorrosive paints are
often made from thermosetting polymers known as
epoxy resins. The curing process of these resins can
be done by one or two components using chemical
cross-linkers such as hardeners. These epoxy resins

can be cross-linked with hardeners (amines) for
various industrial applications such as coatings,
paints, anti-corrosion coatings, and adhesives due to
their good thermal and mechanical properties [1].
They can react with various curing agents that
contain active groups, including hydrogen, such as
amines and anhydrides [2]. Hardener amines are
categorized into primary (one hydrogen molecule),
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secondary (two hydrogen molecules), and tertiary
(three hydrogen molecules). Additionally, hardeners
are classified as aliphatic or aromatic amines and
play a key role in curing epoxy resins at room
temperature. The physical and mechanical
properties of epoxy resins vary depending on the
type of hardeners and the ratio between epoxy
resins and hardeners [3]. The combination of
aliphatic hardeners with epoxy resins enhances both
the bonding properties and resistance to alkalis and
certain inorganic acids [4]. However, the aromatic
hardeners improve the heat resistance of the epoxy
resins as well as chemical resistance [[5], [6]].
Selecting an appropriate hardener requires careful
consideration of the processing conditions, including
pot life, viscosity, mixing ratio, and temperature, as
well as the desired properties of the final product,
such as strength, chemical and thermal resistance,
toughness, and flexibility.

The Silica fume is a kind of filler that has active
and inorganic powder [7]. Silica fume differs
significantly from epoxy resin. It enhances epoxy
properties by reducing shrinkage, improving
stability, preventing cracking, and lowering coating
costs. Research has shown that silica fume increases
the strength, thermal stability, and hardness of
epoxy resins [[7], [8], [9], [10], [11], [12], [213]]. On
the other hand, the mixing of barium sulfate and
ferric oxide has different influences on the
mechanical properties of the epoxy resin. The results
showed that barium sulfate increased the
mechanical properties, while ferric oxide improved
the adhesion of epoxy on the metal [[14], [15]]. The
effect of different pigments on the properties of
epoxy resins was investigated by authors [[16], [17],
[18]]. Pigments are classified as organic, inorganic,
etc. Most pigments enhance the properties of epoxy
and others disperse problems with the epoxy resins.
To solve the problem of dispersing, mixing very well
by using a dissolver and followed by milling. This
study aims to develop an anticorrosion coating
based on epoxy for industrial applications. Various
additives, such as barium sulfate, talc, ferric oxide,
silica fume, and inorganic and organic pigments, are
mixed with epoxy and different hardeners to
enhance the coating's mechanical properties.

Experimental part

Materials

Epoxy resins ELM-NG 900Z were supplied by
Elcos Marketing LLP, Almaty Kazakhstan. ELM-NG
900Z has an epoxy value of 5.25-5.5 eq/Kg, weight
per epoxide of 450-525 g/eq, viscosity of 13000

mPa-s at 25 °C and density of 1.1 gm/cm3. G-
5022X70 has amine value 140-170 mgKOH/g and
viscosity 585 mPa-s at 25 °C, G-A0533 has amine
value 310-350 mg KOH/g and viscosity 935 mPa-s at
25 °C and G-0930 has amine value 280-320 mg
KOH/g and viscosity 8,000 mPa-s at 25 °C were
purchased from Kukdo chemical company, South
Korea. Silica fume, talc, barium sulfate, Fe,Os; and
inorganic pigment (cobalt blue) & organic pigment
(carbon black) were supplied by ETC — company,
Almaty, Kazakhstan.

Mixing epoxy resin with hardeners

Epoxy resin ELM-NG 900Z was mixed with
different hardeners (G-5022X70, G-A0533 and G-
0930) at a ratio of 1.0: 0.5 respectively. All
ingredients were thoroughly mixed, both slowly and
deliberately, to minimize the introduction of air
bubbles. Scrape the sides and bottom of the
container to ensure all components are fully mixed.
Mixed was cast to specimens of dimensions of 7 mm
X 7 mm x 7 mm in steel molds and allowed to dry at
room temperature for 6 days and keep it for tests
[19].

Mixing epoxy resin with additives

In all experiments, the epoxy resin ELM-NG 900Z
was transferred to a vial and mixed for 10 minutes
at a speed of 500 rpm. After adding the silica fume
(3% based on the epoxy resin), talc (5% based on
epoxy weight), barium sulfate (15% based on epoxy
resin), ferric oxide (10% based on epoxy weight), and
pigments (3% based on epoxy weight) to the epoxy
separately, the mixture was stirred for 30 minutes at
a speed of 1200 rpm. Hardener was then added, and
the mixture was stirred at a speed of 500 rpm for 5
minutes. The mixture was cast into specimens with
dimensions of 7 mm x 7 mm x 7 mm in steel molds
and allowed to dry at room temperature for 6 days
before being tested for mechanical properties [[19],
[20]].

Tests (Physical and Mechanical properties)

Viscosity was measured at room temperature
using a Brookfield viscometer, according to 1SO
12058-1 (ISO 12058-1, 2018) [21] at 25 °C. The MTS
10/M tensile testing equipment was used to
quantify the tensile properties of the cast films with
a crosshead speed of 50 mm/min. A minimum of
four values were averaged, and a 1-kN load cell was
utilized A cylindrical Mandrel Tester (ASTM D522,
2001) [22] was used to assess the resistance of a
coating of product to cracking and/or detachment
from a metal substrate when subjected to bending
around a cylindrical mandrel under standard
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conditions. The tubular impact tester (ASTM D2794,
2019) [23] determined film resistance to impact, and
the economic cross hatch tester (ASTM D3359,
2001) [24] was used to evaluate the adhesion of
applied  coatings. For adhesion  strength
measurements of the epoxy and diluted epoxy
mixture, pull-out tests were conducted according to
the EN 1542 standard (En,1542, 1999) [25].

Results and discussion

Physical properties

Table 1 shows the viscosity of epoxy resin ELM-
NG 900Z mixed with different hardeners in a 1:0.5
ratio, measured at 25°C and speeds of 5 and 50 rpm.
The viscosity decreased as speed increased from 5 to
50 rpm. Hardener G-0930 had the highest viscosity
at both speeds, while hardener G-A0533 had the
lowest. The variation is due to the influence of the
hardeners on the epoxy's viscosity. Additionally,
hardener G-A0533 exhibited the highest thixotropic
index (6.4), and hardener G-5022X70 had the lowest
(2.35).

Table 1 - Viscosity and thixotropic index of epoxy resin
mixed with hardeners in ratio (1: 0.5)

Sample code ELM-NG ELM-NG ELM-NG ELM-NG

900z 900z / 900z / 900z /
G-5022X70 G-0930 | G-A0533

Viscosity at 5 13000 8000 11000 4500

rpm (mPa-s)

Viscosity at 50 2500 3400 2200 700

rpm (mPa-s)

Thixotropic 5.2 2.35 5.0 6.4

index (T1)

Mechanical properties

Table 2 shows the mechanical properties of
epoxy resin mixed with different hardeners ata 1:0.5
ratio. The hardener G-A0533 provided the highest
values in adhesion strength (64 Kgf/cm?), tensile
strength (315 Kgf/cm?), hardness (69), and flexural
strength (834 Kgf/cm?). In contrast, the hardener G-
5022X70 showed the lowest values in adhesion
strength (100 Kgf/cm?), tensile strength (627
Kgf/cm?), hardness (84), and the same flexural
strength (834 Kgf/cm?). Generally, the performance
of epoxy resin depends on the type of hardeners and
the crosslinking network formed during the reaction.
However, all epoxy resin mixtures passed impact
tests, cylindrical mandrel, and cross-hatch tests
[[25], [26], [27]].

Table 2 - Mechanical properties of epoxy resin mixed with
hardeners in ratio (1: 0.5)

Sample code ELM-NG ELM-NG | ELM-NG

900z / 900Z/ | 900Z/ G-
G-5022X70 | G-0930 A0533

Adhesion 64 80 100

Strength

(Kgf/cm?)

Tensile Strength 315 425 627

(Kgf/cm?)

Flexural 834 710 460

Strength

(Kgf/cm?)

Hardness (Shore 69 75 84

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass

The effect of silica fume and talc on the
mechanical properties of epoxy resin

Table 3 shows that adding 3% silica fume to
epoxy resin enhances its mechanical properties
when mixed with different hardeners at a 1:0.5 ratio.
Silica fume increased adhesion by 21% for G-A0533,
11.25% for G-0930, and 10.9% for G-5022X70 due to
hardener activity and crosslinking bonds. Tensile
strength also improved by 10.04% for G-A0533,
12.2% for G-0930, and 11.11% for G-A0533.
Conversely, adding 5% talc decreased adhesion by
2% for G-A0533, 16.25% for G-0930, and 14.06% for
G-5022X70 as shown in Table 4, while hardness
strength increased by 5.9%, 10.66%, and 7.0%
respectively.

Table 3 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of 3% silica
fume

Sample code ELM-NG ELM-NG ELM-NG
900Z / G- 900Z / G- 900Z / G-
5022X70 0930 A0533

Adhesion Strength 71 89 121

(Kgf/cm?)

Tensile Strength 350 477 690

(Kgf/cm?)

Flexural Strength 634 410 380

(Kgf/cm?)

Hardness (Shore 71 78 86

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass
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Table 4 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of 5% talc

Sample code ELM-NG ELM-NG | ELM-NG
900Z/ G- 900z / | 900Z/ G-
5022X70 G-0930 A0533

Adhesion 55 67 98

Strength

(Kgf/cm?)

Tensile Strength 285 305 576

(Kgf/cm?)

Flexural 573 369 295

Strength

(Kgf/cm?)

Hardness (Shore 76 83 89

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass

The effect of barium sulfate and ferric oxide on
the mechanical properties of epoxy resin

Table 5 shows increasing in the adhesion
strength and flexural strength but decreasing in the
tensile strength and hardness of the epoxy resin
mixed with 15% barium sulfate in the presence of
different hardeners. Flexural strength increased
from 834 to 1005 Kgf/cm? for epoxy mixed with
hardener G-5022X70 and 15% barium sulfate, from
710 to 934 Kgf/cm? for hardener G-0930 and from
460 to 860 Kgf/cm? for hardener G-A0533. While
adhesion of epoxy increased from 64 to 70 Kgf/cm?,
from 80 to 86 Kgf/cm?, and from 100 to 110 Kgf/cm?,
for harnerers G-5022X70, G-0930 and G-A0533,
respectively. Table 6 shows the increase in
mechanical properties including tensile strength,
adhesion, hardness and decreasing in the flexural
strength of epoxy resin mixed with 10% ferric oxide
and different hardeners. For example, 10% ferric
oxide gave the highest adhesion 170 Kgf/cm? for
hardener G-A0533, while 10% ferric oxide gave the
lowest adhesion 77 Kgf/cm? for hardener G-
5022X70. However, 10% ferric oxide increased
tensile strength by 12.12 % for hardener G-A0533,
16.4% for hardener G-0930 and 28,5% for hardener
G-5022X70. The increase in the mechanical
properties of epoxy resin is attributed to the hydroxy
group resulting from the reaction of epoxy group
and hardeners. Epoxy resin's improved mechanical
properties come from the reaction between the
epoxy group and hardeners, forming hydroxy groups
that enhance adhesion, tensile strength, and
elongation at break [[15], [19], [20]].

Table 5 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of barium
sulphate (15%)

Sample code ELM-NG ELM-NG ELM-NG
9002 / G- 900z / 900Z / G-
5022X70 G-0930 A0533

Adhesion Strength 70 86 110

(Kgf/cm?)

Tensile Strength 300 405 610

(Kgf/cm?)

Flexural Strength 1005 934 860

(Kgf/cm?)

Hardness (Shore D) 60 71 82

Impact test Pass Pass Pass

Cylindrical Mandrel Pass Pass Pass

Crosshatch Pass Pass Pass

The effect of different pigments on the
mechanical properties of epoxy resin

The effect of inorganic pigment (cobalt blue) &
organic pigment (carbon black) on the mechanical
properties of epoxy resin mixed with different
hardeners are presented in Tables 7 and 8. Table 7
shows an increase in adhesion, tensile strength and
hardness while a decrease in flexural strength of
epoxy resin mixed with different hardneres. For
example, increased adhesion strength 10%, 7.5%
and 7.8 % for epoxy mixed with hardeners G-A0533,
G-0930 and G-5022X70, respectively. While tensile
strength of the epoxy increased by 7,3%, 2,3% and
11.11% when mixed with hardeners G-A0533, G-
0930 and G-5022X70, respectively. Flexural strength
of epoxy resin 15.2%, 2.1% and 15.4% mixed with
hardeners G-A0533, G-0930 and G-5022X70,
respectively. However, there is no significant
influence of organic pigment on the mechanical
properties of the epoxy mixed with different
hardners as shown in Table 8.

Table 6 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of ferric
oxide (10%)

Sample code ELM-NG ELM-NG ELM-NG
900z/ G- | 900Z/ G- 900z /

5022X70 0930 G-A0533

Adhesion 77 90 170

Strength

(Kgf/cm?)

Tensile Strength 405 495 703

(Kgf/cm?)

Flexural Strength 645 515 390

(Kgf/cm?)

Hardness (Shore 74 80 92

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass
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Table 7 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of inorganic
pigment (3 %)

Sample code ELM-NG ELM-NG | ELM-NG
900z /. G- 900z / 900z /

5022X70 G-0930 | G-A0533

Adhesion 69 86 110

Strength

(Kgf/cm?)

Tensile Strength 350 435 673

(Kgf/cm?)

Flexural 705 695 390

Strength

(Kgf/cm?)

Hardness (Shore 71 79 91

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass

Table 8 - Mechanical properties of epoxy resin mixed with
hardeners in the ratio (1: 0.5) in the presence of organic
pigment (3 %)

Sample code ELM-NG ELM-NG | ELM-NG

900z /. G- 900z / | 900Z/ G-
5022X70 G-0930 A0533

Adhesion 62 81 105

Strength

(Kgf/cm?)

Tensile Strength 320 419 630

(Kgf/cm?)

Flexural 832 703 469

Strength

(Kgf/cm?)

Hardness (Shore 70 74 86

D)

Impact test Pass Pass Pass

Cylindrical Pass Pass Pass

Mandrel

Crosshatch Pass Pass Pass

Conclusion

The following results were obtained during the
development of epoxy resin for anticorrosion
coating.

1. The effect of different hardeners on the
physical and mechanical properties of epoxy was
studied. The hardener G-A0533 resulted in the
highest physical and mechanical properties
compared to other hardeners due to its higher
activity.

2. Adding 3% silica fume to the epoxy resin
mixed with hardener G-A0533 increased adhesion

by 21.0%, tensile strength by 10%, and hardness by
2%.

3. Adding 5% talc to the epoxy resin mixed with
G-A0533 decreased adhesion, tensile strength, and
flexural strength but increased hardness by 5%.

4. Premixed barium sulfate with epoxy resin
increased adhesion by 10%, flexural strength by
86%, and decreased tensile strength and hardness in
the presence of hardener G-A0533.

5. The mechanical properties of the epoxy
resin mixed with 10% ferric oxide and different
hardeners were investigated. The hardener G-A0533
provided the highest adhesion (170 Kgf/ cm?),
tensile strength (703 Kgf/cm?), and hardness (92
shore D) compared to the epoxy resin without ferric
oxide [adhesion 100 Kgf/ cm?, tensile strength 627
Kgf/cm?, and hardness 84 shore D].

6. The influence of inorganic pigment on the
mechanical properties of epoxy resin mixed with
different hardeners at a ratio of 1:0.5 was examined.
Adding 3% inorganic pigment increased the
mechanical properties of the epoxy resin mixed with
hardener G-A0533 more than other hardeners, such
as increasing adhesion by 10%, tensile strength by
7.3%, and hardness by 8.3%.

7. The addition of organic pigment to the
epoxy resin mixed with different hardeners had no
significant effect and slightly increased the
mechanical properties of the epoxy resin in the
presence of hardener G-A0533.
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TYWIHAEME

Byn 3epTreyge 3MOKCUATI WanblpablH, GU3MKaNbIK KaHE MexaHWKaniblK KacueTTepiHe acepiH
3epTTey ywiH 6ucdeHon A auranmumaunn soupiH, HerisiHAeri Kofapbl MOAEKyNanbl 3NOKCUAT
waiiblp (ELM-NG 900Z) ap TypAi KaTalTKplWTapMeH KaTanTbingpl. G-5022X70 (140-170 mr KOH/r),
G- A0533 (310-350 mr KOH/r) skaHe G-0930 (280-320 mr KOH/r) KaTaTKpIWTap KONA4aHbINAbI.
HaTmxenep KatalTkbiw G-A0533 6acka KaTaWUTKbIWTApMEH CanbICTbipFaHAa 3MOKcUATI
LWabIpAblH, €H, KaKCbl MEXaHMKaibIK KacMeTTepiH KamTamacbl3 eTeTiHiH KepceTTi. COHbIMeH
KaTap, MexaHWKablK KacMeTTepiH ¥akcapTy ywiH G-A0533 KaTalUTKbIWTbIH, KaTbICYbIHAA KPEMHUI
AVOKCKAi, Tanbk, 6apuit cynbdatbl, TEMIp OKCUAI KIHE MUTMEHTTEP CUAKTbI dPTYpAi Kocnanap
3MOKCUATI WalblpmeH apanacTbipbingpl. 3% KpeMHuit okcuai, 10% Temip okcugi kaHe 3%
6eiopraHuKanblk MUIMEHTTEPAI KOCKaHAA MexaHWKaNblK KacuMeTTep »akcapca, 5% Tanbk
KOCbIIFAaHAQ MeXaHWKa/blK KacueTTepaiH, Kenuwiniri TemeHaen, TeK KaTTbl/bIK XOfapbliaFaHbl
6alikanabl. dNOKCUATI WaknbipFa 6apuit cynbdaTbl KOCbINFaHAA agresvsa MeH niny 6epikTiri apTTbl,
6ipak co3blny 6epikTiri MeH KaTTbblFbl TemeHaedi. OpraHuKanblK NUIMEHTTI KOCY 3MOKcuATi
WalrbipablH, MeXaHWKanblK KacueTTepiHe alTap/blKTaill acep eTKeH KOK. Byn mexaHWKasnbiK
KaCUeTTepAiH, *KaKcapybl KONAAHbINATBIH KAaTaUTKbIWTbIH, TYPiHE, COHAAM-aK SNOKCUATI WalbipmeH
apanackaH KocnasnapablH Typsiepi MeH meswepiHe 6ainaHbICTbl.
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Pa3paboTKa 3NOKCUAHOIK CMO/bI A1 AHTUKOPPO3UOHHbIX NOKPbITUIA
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AHHOTauuA
B aTOM uccnepoBaHMKM BbICOKOMONEKYNAPHAs 3nokcuaHas cmona (ELM-NG 900Z) Ha ocHoBe

avrnnumamnosoro adupa bucdeHona A 6bina oTBEPKAEHA C PA3UYHBIMKU TUMAMW OTBEPAUTENEN
AN U3YYEHUA X BAMAHUA Ha GU3NYECKME U MEXAHUYECKME CBOMCTBA SMOKCUAHOM CMOAbI. Bblin
Mcnosb3oBaHbl oTeepamTenn: G-5022X70 (140-170 mr KOH/r), G-A0533 (310-350 mr KOH/r) u G-
0930 (280-320 mr KOH/r). PesynbTaTbl Mmokasanu, uto oTsepgmtens G-A0533 obecneumn

Moctynuna: 23 aHeaps 2025 Haunydlmne MexaHMYeckMe CBOMCTBA 3MOKCMAHOM CMOMbI MO  CPaBHEHMIO C  ApyrMMu
PeueH3uposaHue: 4 mapma 2025 otBepauTensmu. Kpome Toro, pasnuuHble A06aBKM, BKAKOYAA KPEMHE3EeMHYIO Mblab, TanbK,
MpuHAaTa B neyaTb: 9 anpensa 2025 cynbdat 6apus, OKCUA Kenesa v NUrMeHTbl, Bblan CMeLlaHbl C 3MOKCUAHON CMOJION B NPUCYTCTBUM

otBepauTens G-A0533 anA yAydylleHWa ee MeXaHUYEeCKMX CBOWCTB. Bblno OTMeuyeHo, 4To
pobasneHne 3% mMukpokpemHesema, 10% oKkcupa Kenesa M 3% HEOPraHUYECKUX MUIMEHTOB
YAYYLWMAO MeXaHMYecKue CBOWCTBA, B TO BpemA Kak fobasneHne 5% Tanbka yxyAwuao
60/IbLUIMHCTBO MEXaHUYECKUX CBOMCTB M YBEAMYMAO TONAbKO TBEPAOCTb. BKAloueHue cynbdata
6apus B 3MOKCUAHYIO CMOY YAYULIMAO aAre3nt0 U NPOYHOCTb HA U3rMB, HO CHU3UAO NPOYHOCTb
Ha pacTAXeHWe U TBepAoCTb. BKaloueHne opraHNMYeckoro NMMrMeHTa He OKasaslo CyL,eCTBEHHOro
B/IMAHWUA HA MEeXaHWYeCK1e CBOWCTBA IMOKCUAHOM CMOAbI. ITO yNyyLLIEHME MeXaHUYECKUX CBOMCTB
06BACHAETCA TUNOM UCMONb3YEeMOro OTBEPAMTENA, @ TaKkKe TUMamMu U KonnyecTBom A06aBokK,
CMELLaHHbIX C 3NOKCUAHOW CMOION.
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ABSTRACT

The article is devoted to the methodology of conducting and processing the results of an
experimental study of the process of condensation of water vapour on vertical pipes with
specially profiled fins of a heat exchanger. Based on the analysis of heat transfer during laminar
condensation of water vapour in the form of a layer of flowing liquid both inside and on the
outer surface of vertical pipes with a stationary steam flow, a laboratory installation was
developed on which experimental studies were carried out. One of the ways to intensify heat
transfer is to optimize the geometry of the heat exchange surface on the condensation side,
which reduces the thermal resistance of the wall layers of the resulting condensate. This method
is based on increasing the heat exchange area by using specially shaped fins on the surface of the
heat exchanger tubes. As a result, an important scientific problem is being solved — disruption of
the continuous flow of laminar condensate, which contributes to the direct contact of steam
with the cooled surface of the pipe and increases heat transfer. The article describes the
methodology of conducting experiments, describes the methods of processing the results
obtained, as well as provides calculated data and graphical dependencies illustrating the
experimental results.
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Introduction

both the size and weight of heat exchangers.

One of the key challenges in heat transfer = Numerous studies have proposed various methods
intensification is the simultaneous increase in  to enhance heat transfer efficiency during the
thermal power, which contributes to a reduction in condensation of heating steam in tubular devices.
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During the condensation of heating steam
inside a vertical tube, a liquid condensate film
forms, progressively increasing in thickness as it
moves downward. This alters the thermal
resistance, consequently affecting the overall heat
transfer process [[1], [2], [3]].

Research on the condensation performance of
pure water outside integral-fin and pin-fin tubes
has shown that, under identical conditions, pin-fin
tubes retain less condensate than integral-fin
tubes, leading to improved heat transfer efficiency
([4], [5], [6]]-

Heat exchangers are fundamental components
of process systems, with tubular heat exchangers
being among the most commonly used in industrial
applications. The most efficient designs leverage
phase transitions, such as evaporation and
condensation, to optimize heat transfer. The
thermal design of tubular heat exchangers,
particularly those operating on condensation
principles, requires a thorough understanding of
phase transition processes within tubes. This study
focuses on the experimental analysis of steam
condensation in both smooth and specially profiled
small-diameter vertical tubes [7].

The development and optimization of high-
performance heat transfer surfaces play a crucial
role in improving heat exchange equipment,
particularly heat exchangers with vertical tubes.
Heat transfer  characteristics during the
condensation of water vapour on vertical tube
surfaces are of particular significance [[8], [9]].

In studies of steam condensation on vertical
tubes, the primary research focus is on film flow
dynamics. Single vertical tubes with specially
profiled fins have been developed to enhance heat
transfer efficiency. Experimental investigations
were conducted using the setup described in [[10],
[11], [12], [13]]. To ensure the reliability of results,
tests were performed on both finned and smooth
tubes. Before experimentation, the setup was
calibrated, measuring instruments were tested, and
data processing methodologies were verified.
Comparing condensation performance between
smooth tubes and tubes with specially profiled fins
helps validate the experimental approach while
minimizing external influences on the results.

For each experiment, the steam and cooling
water parameters were maintained at consistent
levels for both smooth and finned tubes, ensuring
accurate comparisons of their heat transfer
performance.

The experimental part

In the conducted research, the investigated
parameters varied within the following ranges:
water mass flow rate Guwater = 0,01133 to 0,025 kg/s,
steam mass flow rate Dsteam = 0,0000833 + 0,000115
kg/s, and pressure P = 0,05 to 0,13 MPa. The
velocity of the cooling liquid was in the range of
Wyater = 0,14 to 0,32 m/s, while the Reynolds
number for cooling water varied from Rewater = 1500
to 3300. The steam velocity was measured within
Wsteam = 0,07 to 0,09 m/s, with the corresponding
Reynolds number ranging between Resteam = 125
and 170, The steam temperature was recorded
between tseam = 94 and 105 °C.

The geometric parameters of an edge with an
improved surface (EIS) are assumed in Table 1 [14].

Boundary conditions were established for
different tubes used in the experiments. The
velocity of steam entering the experimental flask
was within the range of Regeam = 0,07 to 0,09 m/s
corresponding to Reynolds numbers between
Witeam = 125 and 170. The power output of the
steam generator was increased to Q = 300 to 630
W.

When a heat carrier undergoes a phase
transition, such as steam condensation due to
cooling with water, the heat transfer process is
described by the equation:

Qv = Gy(hy — he) = Gy (tour — tin) (1)

where G, G,, - mass flow rates of steam and
cooling water, kg/sec; h,, h. - enthalpy of steam
entering the heat exchanger and condensate
exiting, kJ /kg; c,, - specific heat capacity of cooling
water, kJ/(kg°C); tin, tour - temperatures of
cooling water at the inlet and outlet of the heat
exchanger, °C.

To determine the heat balance, the
temperatures of the cooling water entering and
exiting the heat exchanger were measured using a
DS18B20 temperature sensor. The heat balance
equation for water is given by:

Qw = Gy Cw (tout — tin) (2)

The heat balance accuracy between water and
steam was assessed using the discrepancy formula
[15]:

- 2 -
Q‘U + QW
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Table 1 - Geometric Parameters of a Vertical Tube with an Enhanced Surface (EIS)

Geometric parameters A B C D E F G
The outer diameter of the EIS deis,
mm 18-122 18-122 18-122 18-122 18-122 18-22 18-22
Diameter of th t i
m';me er of smooth tube dou/din 12/10 | 12/10 | 12/10 | 12/10 | 12/10 | 12/10 | 12/10
The radius of curvature of the edge 3_2 3_4a 3_4a 3_2a 3_2a 3.2 3.2
endr, mm
Th le bet th th tub

€ angie between the Smooth tube | 55 35 | 30-35 | 30-35 | 30-35 | 30-35 | 30-35 | 30-35
and the fin @, degree
Distance between fins S, mm

150 100 50 43 25 20 16.6
Fin sheet thickness 3, mm 0.001 0,001 0.001 0,001 0.001 0.001 0.001
Tube Length, €, mm 300 300 300 300 300 300 300
Forming height of the EIS, a, mm 5-7 5-7 5-7 5-7 5-7 5-7 5-7
EIS surface area, fas = 10, m? 4.396 8.792 21.98 28.4 48.4 61.54 79.9
Distance between the base of the
generatrix and the smooth tube, b, 3-5 3-5 3-5 3-5 3-5 3-5 3-5
mm.
— 104

;Tooth tube surface area, fo=10% 1.13 1.13 1.13 1.13 1.13 1.13 1.13
The total surface area of the vertical
tube with EIS, f = feis + fo, m? 0.0117 0.0121 0.0139 0.015 0.0164 0.0181 0.02
Finning ratio f / fo 1.04 1.07 1.23 1.34 1.45 1.6 1.76

The measurement error was considered engineering calculations and is valid for various

acceptable if the heat balance discrepancy did not
exceed 5%.

The heat transfer coefficient for condensation,
a,, measured in [Wt / (m? - °C] can be predicted
theoretically or experimentally. The classical
theoretical model for condensation heat transfer
was proposed [16], expressed as:

0.25

_ [ _gpcrad
a, = 0.9428 [—vc-(tv—twaoh]

(3)

However, analysis of this formula equation (4)
indicates that it applies primarily to stationary
steam. The presence of vapour flow induces wave
formation on the condensate surface, which
enhances heat transfer by approximately 20.6%.
The authors [17] proposed the following modified
equation to account for this effect:

0.25

o, = 1.137 - [ LT E ]

ve (ty—twa)h

(4)

Further refinements led to the development of
a theoretical equation for the heat transfer
coefficient, incorporating wave effects. Hobler's
equation [17] (Equation 5) is widely applied in

liquids under pressure conditions 0.07<p, [MPa]<17
and specific heat flux values 1.0< gy [kWt / m?] <
1000.

10
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(5)

6, = 0.00252 - (2L . S&)0.33 .

Cc—C  Ac

The heat transfer coefficient function follows
the relation = C- g™ , where the specific heat flux
qw, [kWt / m?] is considered. The constant C
depends on the surface type and liquid properties,
often taken as C = 1.537.

For vertical tubes with fine fins, the average
heat  transfer  coefficient  during  steam
condensation is determined using the following
equation [[18], [19]].

a0,15.h1,1,9—0,667

) a015pllgm08sT oo
Nu, = 0,34 HO25-S-cos ¢ We

(Ga - Pr-K)%37 ?

where 0 =0.7n"*"We "' at p <

1,nWe%% = 1; 6 = 0.787%7 (nWe®*>)™ at B =
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1,nWe’2> >1; m=-04p"°15; 0=1-
0.2387%3¢(nWe®?5)12 at B = 1,nWe"* < 1;

0,25
n = [p’z-g-r-l'3-h7-cosgo .
4'#"b4'lﬁva1At0 iy ’
acos @ ‘tan @
e=———- = ; Ga=
g-prb-h-(1+tan )’ B b '’
9déq, 4 _ T
V,Z ’ - CvAtO'

where a - half the width of the intercostal
groove, m; b - half the thickness of the fin at the
end, m; h - fin height, m; H - tube length, m; s - fin
spacing, m; ¢ - acute angle between the fin's lateral
surface and axial plane; p’ - density along the
saturation line, kg/m?; p'’ - density of dry saturated
steam, kg/m>; Aetar - Metal thermal conductivity,
Wt/(m°C); A - thermal conductivity along the
saturation line, Wt/(m-°C); r - heat of vaporization,
J/kg; We - Weber number; At, - temperature
difference at the fin base, °C; ¢ - surface tension,
N/m; K - phase transition criterion; y' - dynamic
viscosity at the saturation line, Pa-s; v' - kinematic
viscosity at the saturation line, m?/s; Ga - Galileo
number; ¢, - specific heat capacity of steam,
J/(kg-°C); Pr - Prandtl number.

Subscripts: v - vapour; ¢ - condensate; w -
water; eq — equivalent; aver — average; in - inlet;
out - outlet; wal - tube wall.

In all conducted experiments, a turbulent flow
of cooling water was maintained (Re, > 10%).
Therefore, the heat transfer coefficient on the
water side was determined using the following
equation [20]:

Pry, )0-25 Aw
Prwai din

&, = 0.021Rel*Prd ™ ( (7)

The temperature difference between the inlet
and outlet cooling water remained within10 °C.
Consequently, the logarithmic mean temperature
difference (LMTD) between the heat exchange
media was calculated using the formula:

AE — (tv_tout)_(tc_tin) (8)

ty—t
ln( v Out)
te—tin

For the inner tube, the overall heat transfer
coefficient was determined based on heat transfer
through a flat wall, incorporating the effect of
finning in specially profiled finned tubes:

k=—s 5 (9)

f f tRther

frins  Ametar aw
17fsmooth

ffins _

where is the finning coefficient,

smooth

accounting for the increased heat exchange area;
frins - represents the finned area, while fonoocn
corresponds to a smooth tube surface; Riper -
denotes thermal resistance due to fouling,
expressed in, (m? -K)/Wt.

Discussion of the results

Generalized results from experimental studies
are presented in Figures 1 and 2. The empirical
equation describing the relationship between
thermal resistance Riper and film thickness (8) is
given as:

Riner = 14,74091n(8) + 49,9661 (10)

Additionally, the heat transfer coefficient a
dependence on film thickness was determined
empirically as:

a = 731,13345 7095936 (11)

The relative errors associated with equations
(10) and (11) were 2.9% and 0.14%, respectively.
The Fisher criterion was used to validate equation
(10), vyielding Fr = 5.3033 with a reliability
probability of P = 0.95, while the tabulated value
was Ft = 10.13. Similarly, equation (11) produced
Fp= 5.1884 confirming its adequacy against the
same tabulated value.

Experiments were conducted on a 300 mm-long
test tube, where fin spacing (S,) was optimized
using the Nusselt criterion. The study revealed that
maximum relative heat transfer coefficient
valuesa/ay, = 1,6 +~ 1,8 corresponded to optimal
fin spacing S, = 50 =35 mm. Alternatively, this
range aligns with finning coefficient values of
f/fo =123+ 1,35 as shown in Figure 2.

The finning coefficient (f/fo) represents the
ratio of the total finned surface area (f) to that of a
smooth tube (fo). The dependency of the relative
heat transfer coefficient on the finning coefficient
was determined through the least squares method,
yielding the empirical equation:

o /%0 = 81029(/fo)° ~37.42(f/fu)* +

+56,194(f /f,) — 25,914

A comparative analysis of experimental data
and mathematical modelling results demonstrated
their consistency. Adequacy was verified using the
Fisher criterion, with an average relative error
ranging between 2.03% and 3.8%.

(12)

—— 04 ——
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Figure 1 - Dependence of a heat transfer coefficient and
Riper thermal resistance on film thickness

Conclusion

Based on the experimental results, it was
determined that the average heat transfer
coefficient for smooth tubes is 7258 Wt/ (m? - °C),
while for vertical tubes with an enhanced finned
surface, it reaches 8911 Wt/(m?-°C). This
indicates that the heat transfer efficiency of the
improved surface is 23% higher compared to a
smooth tube. Additionally, the condensate yield of
a relatively smooth tube is 57% greater, and in
comparison to surfaces shaped as truncated cones
proposed by Mikheev and Mikheeva, it is 27%
higher.

For wvertical tubes, both theoretical and
experimental data were used to determine and
validate the optimal geometric parameters that

. :o ..... o.. .
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Figure 2 - Dependence of the relative change in the
heat transfer coefficient on the finning coefficient

enhance the efficiency of installations with finned
surfaces. These include:

- The outer diameter of the rib relative to the
perpendicular to the surface: (des =18+20 mm);

- The rib inclination angle: (¢ = 30 + 35°);

- The finning coefficient: (f / fo =1,23+1,35);

- The optimal vertical rib spacing: (S; = 35 + 50
mm).
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MakKana »blny afMacTbipFbIWTbIH, apHalibl Npoduabai Kabbipranapbl bap Tik Kybbipnapaafbl cy
6ybIHbIH, KOHAEHCALMA NPoLeciHe SKCMEePUMEHTTIK 3epTTey YKypridyre aHe OHbIH, HaTUXeNepiH
eHAey aaicTemeciHe apHanfaH. CTauMoOHapAblK 6y afblHbIHAA TiK KybblpnapAablH iwiHAe ae,
CbIpTKbl OeTiHAe [fe afbiM KaTKaH CYWbIKTbIK KabaTtbl TypiHAeri cy OyblHblH, NaMWHAapbI
KOHZEHCALMACbIHAAFbI Kby anMacyabl Tangay HerisiHAe 3epTXaHasblK KOHAbBIPFbI Kacanapl,
OHAA IKCMEePUMEHTTIK 3epTTeynep Kyprisingi. Moy anmacygpl KywewTy apictepiHiH, 6ipi
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MYMKIHAK 6epeai. Byn agjic »biany anmacTtbipfbill KybblpnapbiHbiH, 6eTiHe apHaibl Nnpodunbai
JKMEKTepAi KONAaHy apKblibl Kby anmacy aliMarblH yAfaWTyFa HerisgenreH. HatukeciHae
MaHbI34bl FbIIbIMU MIHAET WeLinesi — NaMUHap/bl afbin KaTKaH KOHAEHCATTbIH, Y34iKCi3 afbiHbI
6y3blnaabl, 6yn 6yabiH, KybbipablH, CanKblHAATbINFAH BEeTiMeH TiKenel )aHacyblHa JKaHe Kblay
bepyai apTTbipyFa biknan etedi. MakanaZa 3KCNepuUMeHTTepAi Kypridy agictemeci 6epinreH,
aNnblHFAH HaTMXKenepai eHaey oAicTepi cunaTTanfaH, COHbIMEH KaTap 3KCNEepPUMEHTTIK
HaTMXKenepai beHenenTiH ecenTenreH manimeTTep MeH rpaduKanbiK TaYeNainiktep KenTipinreH.
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AHHOTALUMUA

CTaTbs NOCBALLEHA METOA0M0TUM MPOBEAEHUA U 06PabOTKM Pe3yIbTaToB 3KCMEPUMEHTAIbHOTO
nccnepoBaHmMA NPoLLECca KOHAEHCaUMM BOAAHOMO Napa Ha BEPTUKa/IbHbIX TpyBax ¢ cneumansHo
npoduaMpoBaHHbIMKM pEBpamn TennoobMeHHMKa. Ha ocHoBe aHanusa TennoobmeHa npwu
NaMUHapHOMN KOHAEHCALMM BOAAHOTO Napa B BUAE C/10A CTEKAIOLLLEN KUAKOCTU KaK BHYTPU, TaK U
Ha BHELHEeN MOBEPXHOCTU BEPTUMKA/NbHbIX TPY6 MpWU CTaLMOHAPHOM MAapOBOM MOTOKe 6bina
paspabotaHa /nabopaTopHas YCTaHOBKA, Ha KOTOPOW MNPOBEAEHbI 3IKCMEPUMEHTA/IbHbIE
nccneposanma. OgHUM M3 cnocoboB MHTEHCUOMKaLMKU TennoobmeHa ABASETCA ONTUMM3ALMA
reomeTpumn Ten1006MeHHON NOBEPXHOCTU Ha CTOPOHE KOHAEHCALMW, YTO MO3BO/IAET CHU3UTb
TEPMMUYECKOE COMPOTUB/IEHME MPUCTEHHBIX CN0EB 06Pa3yIOLErocs KoHAeHcaTa. ITOT MEeTop,
OCHOBaH Ha YBEAWYEHUWM NAOWAAM TennoobmeHa 3a CYET NPUMEHEHMA  CNeuMasbHO
npoduampoBaHHbIX pébep Ha nosepxHOCTM TPyH TennoobmeHHWKa. B pesynbTaTe pelsaeTtca
Ba)KHaA Hay4yHas 3a4aya — HapyLeHue CNIOWHOro NOTOKa IAMUHAPHO CTEKAaIOLWEro KoHAeHcaTa,
YTO CNOCOBCTBYET HENOCPEACTBEHHOMY KOHTAKTY Mapa C OX/N1aXKAeHHOW NOBEPXHOCTbIO TPYyObI 1
YBENMYEHUIO Tennonepesayn. B cTaTbe M3N0XKEeHa MeToAMKa NPOBEAEHWUA 3KCMEPUMEHTOB,
onucaHbl cnocobbl 06paboTKM MOJYYEHHbIX PE3yNbTaTOB, a TaKXe MNpUBEAEHbl PacyéTHble
[AaHHble U rpaduyecKkme 3aBUCUMOCTM, MAOCTPUPYHOLLME SKCMEPUMEHTA/IbHbIE Pe3YNbTaTbl.

Kmoyeeble cnoea: TennoobMeHHMKW, Tennonepegada, KoHAeHcauus, KoHaeHcat, pebpa
JKECTKOCTH, nap.
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ABSTRACT

The physical, and mechanical properties as well as chemical and corrosion resistance of hybrid
coatings comprising polyurethane/acrylic hybrids (PUA/AC) and acrylic polymers (AK) were
investigated. Polyurethane (PUA) was synthesized through polyaddition polymerization of
isocyanates [Isophorone diisocyanate (IPDI) and hexamethylene diisocyanate (HDI)] with polyols
(GP 2000 and GP 4000) at an NCO/OH ratio of 0.85 and a temperature of 100°C. The acrylic
copolymer (AC), based on methyl methacrylate (MMA) and butyl methacrylate (BuMA), was
produced via bulk polymerization with benzoyl peroxide as a catalyst. The acrylic copolymer (AK)
was prepared by grafting xanthan gum with styrene in various ratios (XG: St = 1:1.6, 1:5, and 1:8
w/w%). The results revealed that hybrid coatings demonstrated optimal chemical and corrosion
resistance when PUA/AC hybrids were combined with AK. Enhancing both mechanical properties
and corrosion resistance was achieved by integrating PUA/AC-10 with AK containing 8% styrene,
resulting in superior anticorrosion performance including chemical and solvent resistances for the
hybrid coating.

Keywords: polyurethane, acrylic, hybrid, coating, anti-corrosion
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Introduction

Metal corrosion in the oil and gas industry
shortens equipment lifespan, causing financial
losses and safety risks [[1], [2], [3], [4], [5]].
Polyurethane polymers (PUs), known for their
renewable and versatile nature, are widely used in
coatings to protect metals from corrosion,
maintaining their critical role in this application [[6],
[7], [8], [9], [10], [11], [12], [13], [13]]. Polyurethane
polymers (PUs) are synthesized through the
polymerization reaction between isocyanates and
polyols [14].

Polyurethanes (PUs) have found immense
success in the coating industry due to their
enhanced mechanical and physical properties [10].
However, the emergence of new water-based
polymers with lower volatile organic compounds
(VOCs) has lessened the prominence of
polyurethane resins in coatings, primarily for
environmental reasons. Despite their eco-friendly
nature, water-based coatings often suffer from high
surfactant concentrations, which negatively impact
surface characteristics [[1], [8], [15], [16], [17], [18]].
Additionally, both water-based and solvent-based
polyurethanes exhibit low mechanical and physical
performance. To address these limitations, modified
polyurethane resins are developed by integrating
modifiers into the polyurethane fiber structure
through a hybrid process. Combining acrylics with
PUs is expected to deliver significant performance
enhancements in the resulting materials [[19], [20],

[21], [22], [23]].
Acrylics and polyurethanes (PUs) offer notable

advantages, such as excellent mechanical properties
and strong chemical resistance [24]. Styrene and
(meth)acrylates are commonly utilized to create
hybrid materials with PUs, aiming to merge the
benefits of different polymers for enhanced
functionality.  Polyurethane-acrylic latex has
emerged as a promising alternative to PU-based
coatings. By combining the unique features of PUs
and polyacrylates, the resulting copolymer can
exhibit desirable traits like rapid drying, strong
substrate adhesion, high gloss associated with PUs,
oxidative drying capabilities, efficient film
formation, and the chemical resilience characteristic
of acrylic latexes. However, the incompatibility
between hydrophobic PU polymer units and the
aqueous dispersions of acrylic polymers poses a
challenge, limiting their effectiveness as blends in
certain applications.

PU-acrylate hybrids often lead to reduced gloss
and haze formation in films. To address this,
polyurethane and acrylates are chemically bonded
to produce PU-acrylic copolymer latexes. Negim et
al. (2024) [25], however, explored an alternative
approach by hybrid PU with 2-hydroxy ethyl acrylate
to develop polyurethane-acrylic hybrids featuring an
NCO/OH ratio of 2.2. Their findings revealed that,
compared to pure PU, these hybrids' physical and
mechanical properties improved as the proportion
of 2-hydroxy ethyl methacrylate increased. The
integration of acrylic components into the hybrids
significantly altered the structure of the pure
polyurethane and enhanced its final characteristics.
PUA-acrylic hybrids were formulated by hybrid PUA
with varying amounts of acrylic polymer to examine
the impact of acrylic content on the hybrid films'
mechanical and physical properties, as well as their
chemical and corrosion resistance [26]. As a result,
the hybrids demonstrated enhanced tensile
strength, adhesion, hardness, and contact angle
compared to the pure PUA and acrylic monomers.
However, increased acrylic polymer content in the
hybrid further elevated tensile strength, adhesion,
hardness, and contact angle while reducing
elongation at break. This was primarily attributed to
the polymeric network formed by the cross-linking
between PUA and acrylic polymer. Interestingly,
hybrids with a PUA/acrylic hybrid composition
containing 10% acrylic polymer displayed optimal
chemical and corrosion resistance, making them
particularly effective as coating materials [26]. The
hybrid coating demonstrates an environmentally
friendly profile, exceptional durability, and robust
resistance to solvents and chemicals, along with
superior mechanical properties. Additionally, the
coating can be produced effortlessly without the
need for specialized equipment. The work was
further extended to include the application of the
obtained acrylic copolymer based on xanthan and
styrene compositions (XG: St - 1:1.6, 1:5, and 1:8
w/w%) to modify physicomechanical and anti-
corrosion properties of the hybrid coating.

Experiments

Materials

Polypropylene glycol variants—GP-2000 (Mw =
2000 g/mol, OH number = 56 mg KOH/g), GP-4000
(Mw = 4000 g/mol, OH number = 29.5 mg KOH/g),
GP-3000 (Mw = 3000 g/mol, OH number = 37 mg
KOH/g), and GP - 2100 (Mw = 3000 g/mol, OH
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Table 1 — Fee composition of polyurethane polymer (PUA)

Wt (g) Wt (%)
Polyols, OH
GP 2000 168.5 82.2
GP 4000 21.6 10.5
Total 190.1 92.7
Mole of OH (gm/ mole) 0.0896
Isocyanate, NCO
IPDI 8.5 4.1
HDI 6.4 3.1
Total 14.9 7.3
Mole of NCO (gm/mole) 0.0762
NCO/OH 0.85

number = 56 mg KOH/g)—were sourced from Korea
PTG, Korea. These were dried at 80°C and 1-2 mm
Hg for 2 hours before use. Dibutyltin dilaurate
(DBTDL), isophorone diisocyanate (IPDI), and
hexamethylene diisocyanate (HDI) were procured
from Bayer AG, Germany. Methyl methacrylate
(MMA), butyl methacrylate (BuMA), Styrene (St),
potassium persulfate(K;S;0s), and biopolymer
xanthan gum (XG) were purchased from Sigma-
Aldrich Chemical Co. (USA). Various solvents were
utilized, including xylene, methyl ethyl ketone (MEK,
purity > 99.9%), hydrochloric acid (ACS reagent,
37%), sulfuric acid (ACS reagent, 37%), ethanol (ACS
reagent, 20%), and sodium chloride (ACS reagent,
10%), all obtained from Sigma Aldrich, USA. MOCA,
a curing agent from TPUCO, Taiwan, was employed
alongside ESOL N100 plasticizer from VISTALINE,
Russia, and BYK-054, a defoamer from BYK, USA.
Fillers such as calcium carbonate and pigments like
TiO»-R-996 were acquired from Elementis, Malaysia,
and utilized without further purification.

Polyurethane polymer (PUA) Synthesis

The polyurethane (PUA) based on isophorone
diisocyanate (IPDI), hexamethylene diisocyanate
(HDI), and polyols (GP 2000 and GP 4000) were
added to the reactor, and the mixture was heated at
100°C for 3 hours until the theoretical NCO value
was attained, as evaluated by the di-n-butylamine
titration technique (ASTM D 2572-19, 2019) [27].
The preparation of PUA and the methods of analysis
have been previously described in a previous
investigation [26]. Table 1 displays the samples that
were made. The resulting PUA was clear and liquid,
with viscosities of 120 mPa-s and 464.4 mPa-s at 5
and 50 rpm, respectively.

Synthesis of poly (methyl methacrylate-co-
butyl methacrylate) (AC)

The preparation of copolymer based on methyl
methacrylate (MMA) and butyl methacrylate
(BuMA) in feed (5/5) and the methods of analysis

have been previously described [26]. The MMA-co
BuMA was liquid and transparent in appearance
with viscosities of 432 mPa-s and 600 mPa-s at 5 and
50 rpm, respectively.

Synthesis of poly (xanthan gum -g- styrene)

(AK)

The preparation of grafted copolymer based on
xanthan (XG) and different ratios of styrene (St)
(1:1.6 AK1, 1: 5 AK2, and 1: 8 AK3 w/w, %)
respectively and the methods of analysis have been
previously described [28].

Preparation of polyurethane/acrylic hybrids

(PUA/AC)

PUA/AC hybrid was prepared by mixing process
90 % PUA and 10% AC at temperatures 60 °C and 600
rpm and labeled as PUAC-10.

Preparation of polyurethane/acrylic hybrids

(PUACK)

Polyurethane/acrylic hybrids (PUACK) were
prepared by mixing PUA/AC-10 and AK process at
temperatures 60 °C and 600 rpm. Further details
about the PUA/AK1 hybrids are given in Table 2.

Table 2 — Fee composition of the PUACK hybrids

Samples PUAC-10 PolyXG-g-St (AK)
Wt., (gm) Wt., (gm)
PUACK1 90 10 (AK1)
PUACK2 90 10 (AK2)
PUACK3 90 10 (AK3)

Preparation of PUACK hybrid films

PUACK films were prepared by casting the
solution onto a flat surface, followed by a curing
process that lasted five days at room temperature.
The cured films were then stored in a desiccator at
ambient conditions to ensure proper preservation
before undergoing characterization and
measurement
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Preparation of the PUACC and PUACK coatings

The preparation of PUACC (based on PUAC-10)
and PUACK coatings followed specific formulations,
with the weight percentages of the components
detailed in Table 3. Across all formulations, the solid
content of PUA or PUA/AC accounted for 27% of the
total composition. Xylene and polyols (GP-3000 and
GP-2100) were first combined in a vial and mixed for
10 minutes at 500 rpm. The plasticizer ESOL N100
and the defoamer BYK-054 were then incorporated
into the mixture, followed by five minutes of stirring.
Next, calcium carbonate (filler) and TiO,-R-996
(pigment) were added, and the blending process
continued for 30 minutes at a higher speed of 1200
rom. Finally, the catalyst DBTL was introduced
during the application of the coating onto the metal
surface.

Table 3 — Anti-corrosion polyurethane/acrylic hybrid
coatings (PUACC) and (PUACKC) formulations

Raw materials Weight percent

PUAC-10 or PUACK 27
Xylene 6.45
GP-3000 9.24
GP-2100 4.5
ESOL N100 4.5
BYK-054 0.35
Calcium carbonate 40.16
TiO2-R-996 4
DBTDL 0.4
Total 100

Application of the PUACC and PUACKC as
coatings

Before coating application, metal samples
measuring 9.0 cm x 0.9 cm x 15 cm were abrasively
blasted and thoroughly cleaned. The PUACC and
PUACKC-based coatings were applied using a film
applicator, ensuring a wet film thickness of 75 um.
The coated samples were then left to cure at room
temperature for 6 days.

Tests
The viscosity (n) of PUA/AC-10 and PUACK
hybrids was determined using a Brookfield

viscometer (Spindle 2) at rotational speeds of 5 and
50 rpm, maintained at a temperature of 25°C. The
thixotropy index was calculated based on Equation
1.

Thixotropy index (Tl) = n5/n50 (1)

The contact angle between water droplets and
the sample surface was measured using a CAHN
DCA-322 contact angle measuring device. The
measurement was conducted at 25°C with a water
droplet applied at a velocity of 100 Im/s. A small
syringe was utilized to deposit the water droplet
onto the surface being analyzed, and the contact
angle was determined by observing the droplet
formation on the monitor. The findings were derived
by averaging three measurements conducted on
distinct portions of the film. The tensile properties of
the cast films were assessed using an MTS 10/M
tensile testing system, operating at a crosshead
speed of 50 mm/min with a 1-kN load cell. At least
four values were averaged for accuracy.
Additionally, the hardness of the films was
determined using an indentation Barcol hardness
tester by ASTM B648-10 [29]. Adhesion between the
metal and hybrid polymers was evaluated using pull-
off testing, as outlined in ASTM D4541-22 [30].
Corrosion resistance tests were performed on
coated panels under various conditions, including
exposure to salt (10% NaCl), base (10% NaOH), acid
(37% HCl and H,S0,), and solvents (xylene, MEK, and
ethanol), following ASTM D5402-93 [31] standards.
Water resistance was assessed in compliance with
ASTM D1647-89 [32]. Dry times were recorded at a
stable temperature of 25°C.

Results and discussion

To enhance the mechanical properties of
polyurethane/acrylic hybrid (PUA/AC-10) and
improve their anticorrosion coating capabilities,
copolymers derived from xanthan gum and styrene
were prepared through grafting polymerization.

Viscosity and thixotropic index (TI) of PUA/AC-
10 and PUACK

Figure 1 illustrates the effect of acrylic
copolymer (AK), derived from xanthan gum (XG) and
styrene (St), on the viscosity of polyurethane/acrylic
hybrids (PUA/AC-10). The viscosity of PUA/AC-10
increases when combined with copolymer AK. As the
content of styrene in AK increases, the viscosity of
PUA/AC-10 increases from 476 mPa-s to 1105 mPa-s
at 5 rpm and increases from 135 mPa-s to 290 mPa-s
at 50 rpm which is attributed to the behavior of XG
as a fluid [33]. Factors such as particle deformation,
orientation of non-spherical particles, polymer chain
alignment in the flow direction, and chain
deformation contribute to this increase in viscosity
[34]. Consequently, polyurethane/acrylic hybrids
(PUACK) incorporating (XG-g-St) exhibit higher
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viscosity than PU/AC-10, due to the branched, cross-
linked, and three-dimensional network structure of
XG-g-St  [35]. PUACK3, with 8% styrene,
demonstrates the highest viscosities at 5 and 50
rpm, exceeding those of other polyurethane-acrylic
hybrids [26]. The thixotropic index (Tl) of polymer
solutions is influenced by several factors, such as the
type of copolymer, composition ratios, and polymer
concentration [36]. Figure 2 shows the Tl of PUACK
across different ratios of St content. The results
indicate that PUACK3, containing 8% of St, exhibited
the highest Tl value of 3.8, whereas PUACK2, with
5% of St, had the lowest Tl value of 3.5. Thixotropy
plays a significant role in shaping the formulations
and preparation processes of coatings, which in turn
affects their rheological properties [36]. These

polyurethane hybrids with acrylic polymers
formulated using a 5:5 feed ratio of methyl and butyl
methacrylate [26].

Adhesion

The adhesion of polyurethane to metal results
from adsorbate layers and chemical bonds formed
between isocyanate groups and the metal surface.
Several factors influence polyurethane adhesion,
including isocyanate content, polyol composition,
and acrylic polymer properties [[37], [38]]. Figure 3
demonstrates the effect of AK on the adhesion of the
PUA/AC-10 hybrid to metal. Results show that
incorporating AK into the PUA/AC-10 hybrid
enhances adhesion. While the adhesion strength of
PUA/AC-10is 6.9 MPa, the PUACK hybrid, formed by
combining AK with PUA/AC-10, exhibits increased
adhesion from 6.9 to 10.7.

PUACK2 PUACK3

Figure 1 — The viscosity of PUA/AC-10 and PUACK hybrids
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Figure 4 — The cross-linking between PUA, AC and AK in the PUACK hybrids

However, increasing the styrene  (St)
concentration in AK from 1.6% to 8.0% boosts
adhesion strength from 7.5 MPa to 10.7 MPa. This
improvement is attributed to crosslinking between
PUA, AC, and AK, as depicted in Figure 4, which
highlights the crosslinking between PUA and AK and
the functional (NCO) groups on the substrate
responsible for enhanced adhesion [[39], [40], [41]].
These results are lower compared to those of
polyurethane hybrids with acrylic polymers
formulated using a 5:5 feed ratio of methyl and butyl
methacrylate [26].

Mechanical Properties

Table 4 shows the effect of acrylic copolymer AK
with varying St compositions on the mechanical
properties of the PUA/AC-10 hybrid. The results
reveal that mixing AK with PUA/AC-10 significantly
enhances the mechanical properties of PUACK,
driven by crosslinking among PUA, AC, and AK and

influenced by the side chain lengths forming
hydrogen bonds between PUA, AC, and AK, as
depicted in Figure 4. Increasing the St concentration
in AK further boosts the mechanical properties of
PUACK hybrids. For instance, the tensile strength of
PU/AC-10 was 164 MPa, whereas PUACK improved
tensile strength to 187.5 MPa for PUACK1 (St, 1.6%)
and 245.1 MPa for PUACK3 (St, 8.0%). Additionally,
hardness (shore D) increased from 53 for PU/AC-10
to 83.6 for PUACK3. All samples passed the impact
test and crosshatch test, with PUACK displaying
superior mechanical properties compared to
PUA/AC-10 due to its dual crosslinking mechanism.
Among PUACK hybrids, PUACK3 exhibited the best
mechanical properties. Studies have consistently
demonstrated that crosslinking the polymer
backbone is an effective strategy for improving the
mechanical properties of polymer films [42], [43],
[44], [45]].

—— 34 ——
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Table 4 — Mechanical properties of the PUA/AC-10 and PUA/AK hybrids

Tensile Elongation, % | Hardness, Contact angle | Impact test Cross Hatch
strength, MPa shore D
PU/AC-10 164 125 53 132 Pass Pass
PUACK1 187.5 105 65 135 Pass Pass
PUACK2 195.9 91.8 71 149 Pass Pass
PUACK3 245.1 88.2 83.6 151 Pass Pass

Table 5 — The effectiveness of the hybrid coating against corrosion and chemical resistances reduced when the amount

of St in AK in the hybrids increased.

Contact angle PUACC-10 PUACKC1 PUACKC2 PUACKC3
Corrosion resistance
NaCl (10%) (0] (0] 0] (0)
NaOH (10%) (0] (0] (0] (0]
HCl  (37%) (0] (0) (0] (0]
H2S04 (37%) A A (0] (0]
Water (0] O O O
Chemical resistance
MEK A A (0] O
Xylene (0] O O O
Ethanol (20%) (0] O O O
Ethylene glycol (@) O (0] O
Wine A A (0] (0]
Acetone A A A (0]
Butyl alcohol A A A O
O: Suitable

A: Slight Suitable

Chemical and corrosion resistance

Table 5 demonstrates the chemical and
corrosion resistance of hybrid coatings formulated
with PU/AC-10 and AK to create anti-corrosion
coatings (PUACKC). The chemical resistance of all
coating samples was evaluated using MEK, xylene,
ethanol (20%), ethylene glycol, wine, acetone, and
butyl alcohol. Additionally, their corrosion resistance
was assessed against NaCl (10%), NaOH (10%), HCI
(37%), H2S04 (37%), and water. The results indicate
that hybrid coatings (PUACKC) based on AK exhibit
superior chemical and corrosion resistance
compared to hybrid coatings (PUACC-10) based on
AC. Notably, PUACKC3, derived from AK3 with 8.0%
St content, displayed the best anti-corrosion
properties among the tested samples, attributed to
the influence of the styrene ring on the mechanical
properties of the polyurethane hybrid (PUACK).

Conclusions

Anti-corrosion coating hybrids were developed
by combining PUA/AC-10 with AK to produce
polyurethane/acrylic hybrids (PUACK) and examine
how the AK content influenced the hybrid films'
mechanical and physical properties, as well as their
resistance to chemicals and corrosion. The inclusion
of AK and PUA/AC-10 improved the mechanical and
physical properties of the coating hybrids due to the
functional groups present in PUA, AC, and AK, such
as NCO, NH, carbonyl, styrene, and ester groups,
which facilitate cross-linking among PUA, AC, and
AK. The PUACK hybrids exhibited enhanced tensile
strength, adhesion, hardness, and contact angle
compared to PUA/AC-10. However, as the styrene
(St) concentration increased, properties such as
tensile strength, adhesion, contact angle, and
hardness improved, while elongation at break
decreased. This is attributed to the polymeric
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network formed through cross-linking among PUA,
AC, and AK in the hybrid structure. Incorporating
AK3 (St, 8.0%) into PUA/AC-10 further enhanced
chemical and corrosion resistance compared to
coatings based on PUA/AC-10.

CRediT author statement: Writing-original draft
Ainakulova D.T. and Yessenova M.D.; Writing review
Zh. S. Mukatayeva; Methodology A.K. Baidullayeva;
Formal analysis Kusherova P.T. and Moshera Samy.
All authors have read and agreed to the published
version of the manuscript.

Acknowledgements. The work was financially
supported by the Ministry of Science and Education
of the Republic of Kazakhstan, program-targeted
financing out of competitive procedures for 2023-
2025. Project No. (BR21882301) entitled
“Comprehensive solution to current issues related
to geology, production and processing of mineral
and hydrocarbon raw materials.”

Conflicts of interest. The authors declare no
conflict of interest.

Cite this article as: Ainakulova DT, Yessenova MD, Zhanibekov RB, Kusherova PT, Mukatayeva ZhS, Baidullayeva AK, Moshera
Samy, Dosymbek AD. Development of Hybrid Coatings for Anti-Corrosion Applications in Qil and Gas sector. Kompleksnoe

Ispolzovanie Mineralnogo  Syra = Complex

https://doi.org/10.31643/2026/6445.26

of  Mineral Resources. 2026;  338(3):29-39.

MyHal-ra3 ceKTopbiHAA KOPPO3uAFa KapcCbl KONAAHYFa apHaifaH
rmbpuari xkabboiHaapAabl a3ipney

'Aiinakynosa A.T., *EceHosa M.[A., : }kanubekos P.B., > Kyweposa N.T., 3Mykartaesa }.C.,
“Baiipynnaesa A.K., Mowepa Camu, }focbimbek A.A.

1 MamepuanmaHy #aHe ¥acbian mexHono2usanap mekmebi, Kazak-bpumaH mexHUKanslK yHugepcumemi, Aamamel, Kazakcmax
2 Pu3uKO-mexHuUKansiK uHcmumym Anamay, Aamamsi, Kazaxcma
3 MapamelnbicmaHy #aHe 2eoepagus uHcmumymel, Abali ameiHdarel Ka3¥I1y, Aamamel, Kazakcmarx
4 C. [. AcpeHOusapos ameiHOarel Kazak yammelk meduyuHa yHusepcumemi, Anamamsi, Kazakcmaw
> ¥ammolk 3epmmey opmansifel, Jokku, [usa, E2unem

TYWIHAEME
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MbpuAaTi »KabbiHaapablH, GU3MKANbIK KOHE MexaHWKainblk Kacuettepi 3eptrendi. OnapablH
KypambiHga nonuypetaH/akpun rmbpuarepi (PUA/AC) skaHe akpun nonumepsnepi (AK) 6ap.
(PUA)
rekcametuneHgmmsoumaHat (HDI)] nonvongapmen (GP 2000 skaHe GP 4000) 0,85 NCO/OH

n3oumaHaTTapablH, [w3odoporanumaHaT (IPDI) KaHe

KaTblHacbiHAa XaHe 100°C TemnepaTypaga nonv BipikTipeTiH noanmepaey apKblibl CUHTE3AeNAi.
MeTtunmetakpunat (MMA) kaHe 6yTunameTakpunat (BuMA) HerisiHaeri akpun cononvmepi (AC)
6eH30M NepoKcuAj KaTanmsatop peTiHAE KOAAaHbLIFaH Kenemai nommepaey aficimeH anbiHapl.
Akpun cononmmepi (AK) KcaHTaH cafbl3bl MEH CTUPOAbI 3PTYPAi KaTbiHacTa (XG:St = 1:1,6, 1:5
aHe 1:8 mac.%) apanacTtbipy apKbiabl anbiHapl. HaTuxenep kepcetkeHaeir, PU/AC rubpuarepi
meH AK yiineckeH Kesae rubpuaTi sabblHAAP OHTaWAbl XMMUANBIK, XKaHe Koppo3usaFa Tesimainik
KepceTTi. MexaHUKablK KaceTTep MeH KOppo3uaFa Te3iMAiNIKTIH, KoFapbinaybiHa PU/AC-10-abl
KypambiHaa 8% ctupon 6ap AK-meH BipiKTipy apKblabl KO KeTKi3ingj, 6yn rubpuaTi abbiHHbIH,
AHTUKOPPO3MANBbIK KAaCUETTEPIHIH, ¥KOFapbl 60ybiHa SKenaj.

TyiiiH ce30ep: nonnypetaH, akpua, rMbpPUATI, KOPPO3UAFa KapCbl KabbiH.
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AHHOTAUMA

MccneposaHbl ¢uU3MYeckMe U MeXaHUYEeCcKMe CBOMCTBA MMOPUAHbLIX MOKPbLITUI, COAEpPKaLMX
nosnypeTtaHosbie/akpunosble rmbpuabl (PUA/AC) n akpunosblie nonmmepst (AK). MonnyperaH
(PUA) cuHTesMpoBaH nyTemM MNOAMMNPUCOEAMHWUTENbHON  MOSMMEPU3ALMM  M30UMAHATOB
[n3odopoHaumnsoumanata (IPDI) u rekcameTuneHgumnsoumanata (HDI)] ¢ nonmonamum (GP 2000 un
GP 4000) npu cootHoweHnn NCO/OH, pasHom 0,85, n Temnepatype 100°C. AKpuWIOBbIi
cononumep (AC) Ha ocHoBe meTunameTakpunata (MMA) n 6ytunmertakpunata (BUMA) nonyyeH
MeTogoM 06bEMHOM MNOAMMEPM3ALLMM C MCNOAb30BaHMEM MepoKcuaa GeHsomna B Kayectse
KaTanmsatopa. AKpuaosblit cononnmep (AK) noayyeH nytem cMewwmMBaHUA KCAHTAaHOBOW Kameam
CO CTUPOJIOM B Pa3/IMUHbIX COOTHOWeEHMAX (XG:St = 1:1,6, 1:5 n 1:8 mac.%). Pe3ynbTaTbl NoKasanu,

MNoctynuna: 24 mapma 2025
PeueH3nposaHue: 28 mapma 2025
MpuHAaTa B Nneyvatb: 11 anpens 2025

4YTO r’MBPUAHbBIE NOKPLITUA NPOAEMOHCTPUPOBAIN ONTUMA/IBHYIO XUMUYECKYIO U KOPPO3UOHHYHO
CTOMKOCTb Npu couyeTaHun rmbpuaos PU/AC ¢ AK. [MoBbilleHWE MeXaHWYECKUX CBOMCTB W
KOPPO3MOHHOWM CTOMKOCTM 6bIN0 AOCTUIHYTO 3a cyeT codetanma PU/AC-10 c AK, cogepskalmm 8%
CTUPONA, YTO NPUBENO K NPEBOCXOAHBIM aHTUKOPPO3UHBIM CBOMCTBAM MMBPUAHOTO NMOKPbITUA.
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ABSTRACT

Portland cement production is associated with high energy consumption and CO, emissions,
highlighting the need for alternative raw materials to improve environmental sustainability.
Research findings indicate that porphyrite, a natural silicate rock, exhibits pozzolanic and hydraulic
activity, making it a promising additive in composite cement production. In this study, the
physicochemical properties and hydration processes of porphyrite-modified Portland cement
were analyzed using X-ray diffraction (XRD), differential thermal analysis (DSC), and Fourier-
transform infrared spectroscopy (FTIR). The compressive strength and setting time of cement
samples were tested according to GOST 30744-2001 and GOST 310-91 standards. The results
showed that porphyrite addition slightly slowed the hydration process, reducing CsS content while
promoting the formation of calcium hydroxide (Ca(OH),). Cement containing 20% porphyrite met
the 32.5N strength class requirements and demonstrated stable mechanical properties. Water
absorption tests confirmed a gradual hydration process, with no sudden crystallohydrate
formation observed. This study confirms that porphyrite is an effective mineral additive,
contributing to cement durability, reduced clinker consumption, and lower energy demand. Future
research should focus on the long-term stability of porphyrite-based cement using advanced
thermal analysis techniques.

Keywords: Pozzolanic activity, hydration process, calcium hydroxide (Ca(OH);), physicochemical
properties, X-ray diffraction (XRD), differential thermal analysis (DSC).
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Introduction

In modern

construction

[2]]. In this regard, extensive scientific research is
being conducted to enhance the environmental
materials  systainability of the cement industry and reduce its

manufacturing, one of the pressing tasks is to  carbon footprint [[3], [4]].

improve the Portland cement production process

The prospects for producing composite Portland

cement manufacturing, a significant amount of  ttracting the attention of researchers. In particular,

natural resources is consumed

for clinker it has been proven that the incorporation of natural

production, and during the thermal decomposition
of carbonate raw materials, a large volume of CO, is
released into the atmosphere. Studies show that
CO, emissions from cement production account for
approximately 7-8% of total industrial emissions [[1],

and industrial mineral additives—such as silicate
rocks, volcanic ash-based materials, and industrial
by-products—improves the physical and mechanical
properties of cement [[5], [6]]. For instance, studies
conducted by Gartner et al. demonstrated that
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adding silicon oxide-rich components to the cement
composition not only preserves strength but also
significantly reduces CO, emissions by decreasing
the clinker content [[7], [8], [9], [10]].

Scrivener and co-authors studied technological
solutions for the production of low-carbon cement
and analyzed the effect of mineral additives on the
hydration process [11]. The results of the study show
that the addition of silicon oxide-rich mineral
components to the cement composition increases
their hydraulic activity while maintaining the
strength of cement composites during long-term
operation [12].

Moreover, according to the research conducted
by Wang et al., additives in OPC (Ordinary Portland
Cement) can significantly affect the cement
hydration process. Experimental results showed a
strength reduction of more than 30%, which was
attributed to the retardation of the hydration
process [[13], [14]]. These findings are crucial for
studying the impact of porphyrite additives on
cement hydration and its strength characteristics.

Studies indicate that the incorporation of
natural silicate rocks, such as porphyrite, into
construction materials can significantly enhance
their physical, mechanical, and chemical properties.
Porphyrite is a volcanic-origin rock, with silicon
dioxide (SiO,), aluminum oxide (Al,0Os), and iron
oxide (Fe,0s) as its main components. Due to its
chemical  composition,  porphyrite  exhibits
pozzolanic and hydraulic activity, making it suitable
for use in combination with various binding
materials [[15], [16], [17], [18], [19]].

The production of composite cement with the
addition of porphyrite has been recognized in recent
years as one of the key innovative directions in the
construction materials industry. This method
enhances the overall energy efficiency of the cement
manufacturing  process and  reduces its
environmental impact. In traditional cement
production, clinker is used as the main component;
however, its calcination requires high temperatures
(approximately 1450°C). This process consumes a
significant amount of thermal energy and releases a
large volume of CO; into the atmosphere due to the
thermal decomposition of carbonate raw materials
[[20], [21], [22]].

The incorporation of natural additives, such as
porphyrite, into the cement composition allows for
a reduction in clinker content, which, in turn,
decreases the overall energy consumption during
production. Additionally, due to the natural
composition and chemical properties of porphyrite,
its pozzolanic and hydraulic activity contributes to
improving the physical and mechanical properties of

cement. For example, silicon dioxide (SiO,) and
aluminum oxide (Al,03) present in porphyrite
actively participate in the hydration process,
promoting the formation of additional binding
phases, which positively affects the strength and
durability of the material [23].

Reducing clinker content lowers emission levels,
thereby contributing to the reduction of the carbon
footprint in the construction materials industry. For
this reason, cement production with porphyrite
additives is not only economically beneficial but also

highly relevant in terms of environmental
sustainability.
Moreover, various studies show that the

strength and durability of porphyrite-based types of
cement can exceed that of traditional cement.
Particularly under long-term operation, such
cements demonstrate high resistance to moisture,
sulfate ions, and other aggressive external factors.
This expands the potential applications of porphyrite
types of cement in road construction, marine
infrastructure, and other structures exposed to
harsh environments.

Silicon dioxide (SiO,) present in porphyrite
reacts with calcium hydroxide (Ca(OH),) when
combined with cement or other hydraulic binders,
forming additional calcium silicate hydrates (C-S-H)
[[24], [25]]. This process enhances the density and
strength of the material. As a result, the compressive
and flexural strength of materials with porphyrite
additives increases. Furthermore, aluminum oxide
(Al,03) and iron oxide (Fe,03) in porphyrite improve
the chemical stability of the material and its
resistance to external influences.

In addition, due to its pozzolanic activity,
porphyrite influences the hydration process of
cement and other binding materials. During this
process, the reactive ions of SiO; and Al,O3 present
in porphyrite interact with the hydration products,
strengthening the material's microstructure. For this
reason, porphyrite additives are considered a
promising component for the production of
concrete and other high-strength construction
materials.

Another important feature of porphyrite is its
environmental efficiency. The production of
traditional clinker-based binding materials requires
significant energy consumption and is accompanied
by carbon dioxide (CO,) emissions into the
atmosphere. The use of natural additives, such as
porphyrite, helps reduce the carbon footprint of the
production process. In this regard, in recent years,
many researchers have been exploring the potential
of porphyrite for the production of environmentally
friendly binding materials.
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This article presents a scientific analysis of the
potential for producing composite Portland cement
based on the clinker of Karakalpak Cement LLC and
porphyrites from the Karatau deposit, as well as the
changes in mineralogical composition,
microstructure, and the increase in hydraulic activity
as a result of mechanical activation of mineral
additives.

The study aims to investigate the hydration
kinetics, microstructure changes, and mechanical
properties of composite cement based on
porphyrite, as well as to assess its potential for
industrial production.

In addition, this article provides a detailed
examination of the possibilities of using porphyrites
from the Karatau deposit in cement production,
their impact on the hydration processes, and the
physico-chemical properties of Portland cement.

Experimental part

As the research material, porphyrite from the
"Karatau-1" section of the Karatau deposit was
selected. The primary matrix for forming the
compositions of composite Portland types of
cement (CPC) was ordinary Portland cement clinker
(Cl) from LLC "Karakalpak Cement." Gypsum stone
(GS) from the Kogon deposit was used to regulate
the setting time.

Standard methods corresponding to the
following regulatory documents were used for
conducting physico-chemical studies and physico-
mechanical tests. The chemical analysis of Portland
cement clinker from LLC "Karakalpak Cement,"
gypsum stone from the Kogon deposit, and
porphyrite from the "Karatau-1" section of the
Karatau deposit was carried out by GOST 5382-91
(“Cements and materials for cement production.
Methods of chemical analysis”).

The hydraulic activity of porphyrite was
determined according to Oz DSt 336:2024 “Active
mineral  additives for cements. Technical
requirements.” The results were evaluated
according to the requirements of GOST 31108-2003
based on the Student's t-test criterion. The physico-
mechanical properties of cement samples with
porphyrite additives (PC) were studied according to
GOST 310.4-81 “Types of cement. Methods for
determining the strength limit in bending and
compression.” The evaluation of the results was
carried out according to the requirements of GOST
31108-2020 “Cements for general construction.
Technical requirements.”

The physico-chemical properties of "green"
cement composites were studied using the following
analytical methods: X-ray phase analysis (X-ray
diffractometer XRO-6100, Shimadzu), DTA -
thermal analysis (Netzsch Simultaneous Analyzer
STA 409 PG), IR spectroscopy (Fourier spectrometer
“IRTracer-100,” SHIMADZU CORP), and electron
microscopic analysis (scanning electron microscope
JSM-6490LV with INCA Energy energy-dispersive
microanalysis systems and HKL-Basic structural
analysis).

Results and Discussion

The chemical and mineralogical composition of
clinker during the cement production process
directly affects its strength, hardening kinetics, and
hydraulic activity. The composition of the portland
cement clinker (PC) produced by "Karakalpak
Cement" LLC meets the requirements of O‘z DSt
2801. This clinker contains the main oxides: CaO
(58.93%), SiO, (18.03%), Al,0; (6.22%), and Fe,0;
(3.94%), whose ratio determines the hydraulic
activity of the clinker. A high sulfate content can
affect the clinker hardening process; therefore, to
enhance its hydraulic activity and stability, the use of
mineral additives is advisable. The high content of
alite (C3S — 55.04%) and belite (C,S — 17.81%) in the
clinker ensures rapid hardening and positively
influences the mechanical properties of the final
product.

Porphyrite, being one of the natural silicate
rocks, exhibits pozzolanic activity due to its high
content of silica (Si0, —51.42%) and aluminum oxide
(Al,03 — 18.51%). The mineralogical composition of
porphyrite from the Karatau deposit allows it to be
used as a pozzolanic additive in the production of
Portland cement.

SiO, and Al,O; contained in porphyrite react
with Ca(OH), during the hydration process, forming
additional calcium silicate hydrate (C-S-H), which
enhances the strength of concrete and other
construction materials. Moreover, the presence of
Fe,0s (7.53%) and MgO (0.98%) in porphyrite
ensures its chemical stability and increases the
material's resistance to environmental impacts.

Gypsum stone is used in cement production as
the primary setting regulator. When mixed with
clinker, it prevents the excessive reaction of CiA
(tricalcium aluminate) with SOs, thereby limiting the
rapid setting of cement and providing the necessary
time for its processing. In this study, the gypsum
used contains 92.02% CaS04:2H,0, which indicates
its high quality as an additive (Table 1).
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Table 1 - Chemical composition of raw materials

Material name Oxide content, mass %
k.m.y SiO2 Al1:03 Fe203 Sa0 MgO SOs Pr. >
0.32 18.01 6.25 3.92 58.91 1.99 5.56 5.05 100.0
Clinker PC Mineralogical composition of Clinker, mass %
C3S-55.04; C2S-17.81; C3A-5.15; C4AF-15.47; CS-1.65
Porphyrite 5.71 51.43 18.52 7.52 5.27 3.9 0.92 6.82 100.0
Gypsum stone 20.31 2.79 0.48 cn. 30.99 cn. 42.81 2.62 100.0
CaS04.2N20 =42.80x2.15 =92.02%
The Karatau-1 deposit is located in the e 721.38 cm™and 758.02 cm™ — Si-O-Si

Karauzyak district of the Republic of Karakalpakstan,
80 km southeast of the Kegeyli settlement, with total
reserves exceeding 63 million tons. The porphyritic
rocks of this deposit consist of fine particles, have a
light gray color, and may acquire a brownish tint due
to the presence of iron oxides. Due to the high silicon
dioxide content (SiO, — 51.42%), these rocks belong
to the group of pyroxene porphyrites.

Research results confirm that the porphyrite
composition includes quartz (Si0,), feldspars
(KAISi30s — NaAlSisOg — CaAl,Si,0g), micas (biotite
and muscovite), as well as amphiboles and
pyroxenes. These components provide porphyrite
with high mechanical strength and chemical
resistance. Infrared (IR) spectroscopy of the
porphyrite sample revealed absorption peaks in the
400-1100 cm™ range (Figure 1).
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Figure 1 - Infrared (IR) spectroscopic analysis
of porphyrite

The main recorded peaks are distributed as
follows:

e 453.27 cm™and 470.42 cm™ - Si-O-Al
bonds typical for feldspars and amphiboles;

® 592.15cm™ and 648.08 cm™ — stretching
vibrations of pyroxenes and amphiboles;

bonds, indicating the presence of quartz and
feldspars;

e 981.77 cm™ —a pronounced absorption
maximum associated with quartz stretching
vibrations.

The physical and chemical properties of
porphyrite allow its wide application in the
construction industry. The high compressive
strength and chemical resistance are associated with
the following factors:

e High density and mechanical strength — due
to the presence of hard minerals (quartz, feldspars,
pyroxenes).

e Chemical resistance — the presence of
silicates and oxide minerals makes porphyrite
resistant to acidic and alkaline environments.

e Thermal stability — the content of silicon
dioxide (SiO,) and aluminosilicate minerals ensures
the stability of the rock at high temperatures.

The results of the study show that porphyrite,
due to its composition, can be used as a mineral
additive in cement production. In particular, it has
the potential to enhance the strength of cement and
improve its hydraulic activity. Moreover, the use of
porphyrite in road pavements and the production of
durable construction materials is also considered
feasible.

The mineralogical composition of porphyrite
was determined based on the results of X-ray
diffraction analysis (XRD). The most intense peaks on
the diffractogram correspond to various minerals. A
detailed analysis of the obtained data is provided
below:

e Quartz (SiO,) — d/n values (0.424; 0.333;
0.244; 0.228; 0.212; 0.182).

e Feldspars — d/n values (0.631; 0.495; 0.468;
0.400; 0.375; 0.365; 0.318; 0.291; 0.282; 0.182;
0.178).

e Calcite (CaCOs) — d/n values (0.303; 0.249;
0.228; 0.209; 0.200; 0.188).
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e Hydromicas (muscovite, biotite, etc.) — d/n
values (0.495; 0.365; 0.352; 0.333; 0.303; 0.291;
0.282; 0.254).

e Chlorite minerals — d/n values (0.700; 0.631;
0.495; 0.468; 0.385; 0.375; 0.365; 0.291; 0.259;
0.244; 0.228; 0.212; 0.188; 0.182; 0.178; 0.156)
(Figure 2).
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Figure 2 - X-ray diffraction (XRD) spectrum of porphyrite
from the "Karatau-1" deposit

The presented image shows the XRD spectrum
of porphyrite rock, containing various peaks. The
most intense peaks on the diffractogram confirm the
presence of quartz, feldspars, and hydromicas.
Specifically, the peaks with d/n = 0.375 and 0.365
correspond to  feldspars, indicating the
predominance of silicate minerals in the
composition of porphyrite. Additionally, the peaks
with d/n = 0.424 and 0.333 indicate the dominant
content of quartz.

The presence of hydromicas and chlorites in the
composition of porphyrite affects its mechanical
properties, allowing its use as an active mineral
additive in cement compositions. Hydromicas and
chlorites exhibit pozzolanic activity and contribute
to the formation of calcium silicate hydrate (C-S-H),
which provides additional strength during hydration.

To study the thermal properties of porphyrite,
differential scanning calorimetry (DSC) analysis was
conducted. According to the research results, a two-
step water loss process is observed when heating
porphyrite samples (Figure 3).

At the first stage (in the range of 25-140°C) at
Tmax = 60°C, a pronounced endothermic effect was
observed, associated with the release of water
molecules adsorbed on the surface of porphyrite.
The enthalpy of this reaction was -138.5 J/g,
indicating a high content of free or weakly bound
water in the porphyrite structure.

DSC muimg)

Temperatre 1C

Figure 3 - Differential scanning calorimetry (DSC)
analysis of porphyrite

In the second stage (Tmax = 125.4°C), the
release of chemically bound water from the crystal
lattice of the mineralogical composition of
porphyrite occurred. This process is due to the
thermal decomposition of hydrated minerals (e.g.,
hydromicas or chlorites), with the reaction enthalpy
being -10.91 J/g. The obtained results are crucial for
understanding the hydration properties of
porphyrite in the cement production process. They
serve as the basis for assessing the feasibility of
using porphyrite as an active mineral additive in
composite types of cement.

According to the study results, the hydraulic
activity of porphyrite based on the Student's t-
criterion was t = 24.47. This indicator significantly
exceeds the threshold value of t = 2.07 established
by the O‘z DSt 336:2024 standard. This proves that
porphyrite possesses sufficient hydraulic activity
and can be used as an active mineral additive in
Portland cement.

Silicon dioxide (SiO,) and other oxides present in
porphyrite play a vital role in the hydraulic binding
processes, contributing to the increased strength of
cement. The conducted research has scientifically
justified the potential of using porphyrite and
sandstone as mineral additives in Portland cement
production.

The production of composite cement based on
porphyrite can not only improve product quality but
also be economically efficient. The use of natural
mineral additives reduces clinker consumption and
helps decrease energy costs.

The addition of porphyrite to Portland cement
clinker significantly affects the grinding process.
According to the data presented in Table 2 and
Figure 4, the research results show that as the
amount of porphyrite increases, the fineness of the
cement powder decreases. Sieve analysis through
sieve Neo. 008 (4900 openings/cm?) revealed that the
difference in fineness between pure Portland
cement and types of cement with 10-25%
porphyrite addition ranges from 0.5% to 2.0%.
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Table 2 - The influence of porphyrite addition on the grindability of Portland cement clinker

Ne p/p Cement Component Ratio, wt. % Grinding Time, Residue on Sieve Ne 008,
Designation Clinker + Gypsum Porphyrite min wt. %
stone
1 PC-DO 100 - 40 9.5
2 PC-D10 90 10 40 10
3 PC-D15 85 15 40 11
4 PC-D20 80 20 40 115
5 PC-D25 75 25 40 11.5

This process is explained by the fact that the
physico-mechanical properties of porphyrite affect
the grinding of clinker. Specifically, when milling the
raw mix with the addition of porphyrite, the
adhesion forces between particles and their density
change, leading to a reduction in the number of fine
fractions. This, in turn, influences the final particle
size distribution of the cement and determines its
rheological (flow) properties.

6:30 -

Time

PC-DO PC-D10 PC-D15 PC-D20 PC-D25

PC-DO PC-D10 PC-D15 PC-D20 PC-D25

End 5:20 4:09 5:17 517 6:00

Start 4:00 3:06 4:09 3:30 4:15

Figure 4 - The change in the setting time of portland
cement produced by "Karakalpakcement" LLC depending
on the porphyrite additive content (mass %): 1 - PC-DO
(0% porphyrite); 2 - PC-D10 (10% porphyrite); 3 - PC-D15
(15% porphyrite); 4 - PC-D20 (20% porphyrite); 5 - PC-
D25 (25% porphyrite).

From the provided table and diagram, it is
evident that increasing the porphyrite content
reduces the cement setting time. Without additives,
Portland cement (PC-D0O) began its initial setting
after 4 hours, while the final setting lasted 5 hours

and 35 minutes. With the addition of 10% porphyrite
(PC-D10), the initial setting time decreased to 3
hours and 15 minutes, while the final setting was
completed within 4 hours and 15 minutes. As the
porphyrite content increased, the initial setting time
was further reduced, and with 25% porphyrite (PC-
D25), it dropped to 3 hours and 5 minutes, with the
final setting occurring in 4 hours and 10 minutes.

These results show that porphyrite reacts with
clinker, accelerating the cement hydration process.
This reduces the time required to achieve initial
strength, making the cement more convenient for
use in construction processes within shorter periods.

To determine the actual hydraulic activity of the
cement, a technological batch was prepared,
containing 80% clinker and 20% porphyrite, in
accordance with the requirements of GOST 30744-
2001. The resulting cement was tested following the
methodology of GOST 310-91 using standard
prismatic samples with dimensions of 4x4x16 cm
(Table 3).

According to the table, increasing the porphyrite
significantly affects the compressive
strength of the cement.

Cement with 100% clinker showed the highest
strength:

2 days —34.1 MPa
7 days —36.0 MPa
28 days — 48.0 MPa

With the addition of 10% porphyrite, the
strength slightly decreased:

e 2days—27.0 MPa

e 7days—31.0 MPa

e 28 days—36.5 MPa

With 15-25% porphyrite content, the strength
decreased even further. For cement with 25%
porphyrite, the strength after 28 days was 31.8 MPa.

content
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Table 3 - Physical and mechanical properties of types of cement with porphyrite additive

Ne Mass percentage of component ratio Compressive strength of 2x2x2 cm cube samples, MPa
Clinker Porphyrite 2 days 7 days 28 days

1 100 - 34.1 36.0 48.0

2 90 10 27.0 31.0 36.5

3 85 15 25.1 29.0 35.0

4 80 20 20.5 28.8 34.5

5 75 25 20.0 28.0 31.8

Flexural/compressive strength of standard sanded P

ortland cement specimens measuring 4x4x16 cm, MPa

2 days 7 days 28 days
1 Clinker 100% - - - 7.2/38.6
2 Clinker 80% 20% 4.9/24.2 5.8/32.5 6.9/34.6

Table 4 - Changes in the hydration activity of portland cement with porphyrite additives

Ne Cement type Amount of chemically bound water (%) at the following time intervals:
2 days 7 days 28 days 90 days
1 PC-DO 11.89 13.4 19.54 17.56
PC with Porphyrite additive 11.61 11.47 13.63 15.26

The analysis shows that the porphyrite additive
affects the cement strength (Table 4). However,
cement with 20% porphyrite meets the
requirements of grade PC-D20 (32.5N). Such cement
reached a strength of 32.5 MPa after 7 days, which
complies with the requirements of GOST 30744-
2001. Cement with 80% clinker and 20% porphyrite
demonstrates optimal strength characteristics.
Based on the results of 28-day tests, cement with
20% porphyrite achieved a cement strength subclass
of 32.5N, confirming its suitability for construction
use (Figure 5).

25
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Figure 5 - The change in the content of chemically
bound water during the hardening process of blended
types of cement depending on the porphyrite content:

Nel (———) PC-DO (pure portland cement); No2
(——) PC-D20-PO (portland cement with 20%
porphyrite addition).

These results validate the stability of the
mechanical properties of types of cement with
porphyrite additives and their potential application
as building materials.

The hydration results of Portland cement with
porphyrite additives indicate that porphyrite
extracted from the "Koratov-1" site of the Koratov
deposit modifies the hydration process of Portland
cement. In such cement, water absorption
decreased to 0.28-1.77% within 2-7 days, and by
the 28th day, the amount of bound water became
nearly identical (18.63% and 19.54%).

The introduction of porphyrite led to a 20%
reduction in C3S content, causing a slight slowdown
in the hydration process. However, the resulting
cement stone demonstrated high strength, meeting
the strength class 32.5N requirements.

After three months of observation, the amount
of bound water reached 15%, which is 2.3% lower
compared to conventional cement. This indicates a
gradual hydration process and the absence of rapid
crystallohydrate formation, which contributes to
enhanced durability and strength of the cement.

On the diffractograms of cement with the
addition of porphyrite, prominent lines of calcium
hydroxide and calcium carbonate were observed
within the first day, with their intensity remaining
almost unchanged for up to three days (Figure 6).

The study results demonstrate that the addition
of porphyrite significantly affects the hydration
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process of Portland cement. The data on the change
in the amount of chemically bound water
correspond to the XRD results. Although, at the
initial stage (within the first day), the amount of
chemically bound water in cement with porphyrite
is higher, at the 28-day and 90-day intervals, this
indicator is lower compared to traditional Portland
cement (PC-DO0), indicating a slight deceleration of
the hydration process.

Portlandite (Ca(OH),), 104|

C-S-H (Calcium-Silicate{Hydrate phases), 101
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Figure 6 - X-ray Diffraction Pattern of Portland Cement
with 20% Porphyrite Addition, Hydrated in
Water for 28 Days

The diffractogram clearly shows distinct lines
corresponding to calcium hydroxide (Ca(OH),) and
calcium carbonate (CaCOs), indicating the parallel
progression of hydration and carbonation processes.

During hydration, the presence of hydrated
calcium silicate phases (C-S-H) was also detected,
which form as a result of the decomposition of C3S
(alite) and C,S (belite). However, the addition of
porphyrite slightly slows down this process, which
may reduce the early strength development rate of
the cement but does not affect its final strength.

Conclusions

In the course of the conducted research, the
hydration processes of Portland cement with the
addition of porphyrite, as well as its physico-
chemical properties, were studied. The obtained
results showed the following:

¢ Hydration process — the addition of porphyrite
slightly slowed down the cement hydration rate;
however, the final degree of hydration did not
significantly affect the cement strength. This is

o
Theta-2Thets (deg)

mainly due to the reduction in C3S content and the
formation of calcium hydroxide (Ca(OH),) in the
cement system.

e Chemically bound water content — an increase
in the amount of bound water was observed during
the first day, but at the 28- and 90-day intervals, this
indicator was lower than that of traditional Portland
cement (PC-DO0), indicating a gradual hydration
process.

e X-ray phase analysis (XRD) — distinct lines of
calcium hydroxide and calcium carbonate were
clearly recorded in the cement with porphyrite
addition, with their intensity remaining unchanged
during the first three days. This confirms the slower
hydration of minerals in the cement system.

e Mechanical properties — the strength
indicators of cement stone with porphyrite addition
meet the requirements of strength subclass 32.5N
cement, ensuring its stability.

These results confirm that the use of porphyrite
as an additive can be an effective solution in cement
production, offering an alternative raw material.
Further, more detailed studies on the long-term
stability of cement with porphyrite addition, using
thermal analysis and other physico-chemical
methods, are necessary.
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TYWIHAEME

MopTnaHALeMeHT eHAipici Ken sHepruAHbl TYTbiHaAbl aHe CO,-HbiH, WblfapblHAbINapbl 6ap. byn
SKOMOTUANBIK TYPAKTbINbIKTbI XaKcapTy ywiH 6anama WuKi3aT KaxeT 60naTbiHbIH KepceTep;.
3epTTey HaTUXKeNepi TaBUFU CUNMKAT KblHbICbI NOPPUPUTTIH, NYLLLONAHABIK }KaHE rMAPABAUKANbIK,
6enceHainirin KepcetTi, 6yN OHbl KOMMO3WUTTIK LEMEeHT eHAjipiciHae mnepcnekTusasbl KocnaFa
aliHangpipaabl. byn 3eptreyae nopduputneH mogudurkaumanaHFaH NOpPTAAHALEMEHTTIH, GU3NKa-
XUMMANBIK  KacueTTepi MeH ruapaTauMa  npouectepi  peHTreHAiK  audpakuma  (XRD),
anddepeHumanapl Tepmuanbik Tangay (DSC) kaHe dDypbe-TpaHchopmaumanbiK UHPPaKbI3bIA
cnektpockonua (FTIR) KemerimeH TangaHabl. LleMeHT yarinepiHiH KbiCy KywWwi MeH KaTy yaKbITbl
MemCT 30744-2001 »oHe MemCT 310-91 craHgapTTapbl 6oibiHWa TeKkcepingi. Hatuxkenep
KepceTkeHaen, nopdMpuUT KocbinFaHga ruapaTtauma npoueci asgan 6asynanabl, C3S menwepi
asangpl, 6yn Kanbuui ruppokcuaiHii (Ca(OH),) TysinyiHe biknan etedi. KypambiHaa 20%
nopouput 6ap uemeHT 32,5N 6epiKTiK KAacbiHbIH TanantapbiHa cai 60A4bl XaHe TypakTbl
MexaHWKanblK Kacuettepai KepceTTi. CyAbl CiHipy CbIHaKTapbl KpPUCTannorMapaTt KeHeTTeH
TY3iAMENTIHIH, rmapaTtauma npoueci bGipTiHAen KypeTiHiH pacTtagbl. byn 3epTrey nopoupwut
LLeMEHTTIH 6epiKTiriHe, KNMHKEPA TYTbIHYAbl a3alTyFa KOHE SHEPIUAFa CYPaHbICTbl TOMEHAETYre
bIKMan eTeTiH TMIMAI MWHepanabl Kocna ekeHiH Aanengedi. bonawak 3epTreynepge 03biK
TEPMUANDBIK Tanaay aAicTepiH KonAaHa oTbipbin, NOPGUPUT Heri3iHAEr LeMEeHTTIH, y3aK mep3imai
TYPaKTbI/bIFbIHA Ha3ap ayAapy Kepek 6onaabl.

TyiiiH ce3dep: MNouzonaHablk 6enceHainik, rmaparauma npoueci, Kaabumii rmapokenai (Ca(OH)z),
bU3MKa-XMMUANBIK KacueTTepi, peHTreH caynenepidii, andpakumacel (XRD), auddepeHumanab
TepmuaAnbik Tangay (DSC).
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nopoupuT, ABNAIOWMINCA NPUPOLHOM CUAMKATHOM Moponoi, obnagaeT nyuuoNaHUYECKOW U
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TMAPABANYECKON aKTUBHOCTbIO, YTO Ae/aeT ero NepcrnekTMBHOM A06aBKOM Npu NpousBoacTBe
KOMMO3UTHOrO LemeHTa. B AaHHOM wWccneaoBaHWM 6blaM  MpoaHanuM3upoBaHbl  GU3MKO-
XUMUYEeCKMe CBOWCTBA M MpoLecchl ruapatauuy nopTaaHAueMeHTa, MoAuGULMPOBAHHOTO
nopdUpPUTOM, C MCNONb30BAHMEM PEHTreHoBCKOW audpakummn (XRD), avddepeHumansHoro
Tepmuyeckoro aHanusa (DSC) u mHdpaKpacHoW cnekTpockonuu c npeobpasoBaHvem Pypbe

MNoctynuna: 15 mapma 2025 (FTIR). Mpo4YHOCTb Ha CXaTve M BpemMA CXBaTblBaHMA LEMEHTHbIX 06pasuos onpegensann B
PeueHsuposaHue: 19 mapma 2025 cooTBeTcTBMM €O cTaHaapTamun TOCT 30744-2001 n TOCT 310-91. Pe3ynbTaTbl NMOKasanun, 4To
MpuHnaTa 8 neyatb: 17 anpens 2025 nobasneHne nopdupmUTa HECKOIbKO 3aMe/IAeT NpoLecc rmapaTaumm, CHuXana cogepaHue CsS,

HO cnocobcTByeT 06pasoBaHuMto rMapokemaa Kanbuma (Ca(OH),). LemeHT ¢ 20% coaepikaHuem
nopduputa cootBeTcTBoBan TpebOBaHMAM MPOYHOCTHOro Knacca 32.5N u gemoHcTpuposan
cTabunbHble MeXaHu4Yeckue CBoMCTBa. WcCMbiTaHMA Ha BOAOMOI/OWEHUE NOATBEPAUAU
nocTeneHHbIN npouecc rnapatauum 6e3 peskoro obpasoBaHUA KpUCTannorMapatos. [aHHoe
nccnenoBaHWe NoATBEPKAAET, YTO NopdUpUT AnfeTca aPpdeKTUBHON MUHEpanbHOM f0baBKoW,
cnocobcTBytoLEelt NOBbIWEHWIO AONTOBEYHOCTU LIeMEHTA, CHUMKEHUIO noTpebneHna KAMHKepa v
YMEeHbLUEHUIO 3HeprosatpaTt. B  panbHelllem pEeKOMEHAYeTCA W3yYuTb  JONTOCPOYHYHO
CTabunbHOCTL LemeHTa ¢ aobasneHnem nopoduputa ¢ NPUMEHEHWEM NepPeaoBbIX METOAOB
TEPMUYECKOrO aHan3a.

Knrouesbie cnoea: TyuonaHoBaA aKTMBHOCTb, Mpouecc ruapaTtauuu, rMAPOKCUA, Kanbuwma
(Ca(OH),), bU3nKo-xumnyeckmne CBOICTBa, pPeHTreHoBCKas andpakuma (XRD),
avoddepeHumansHblii Tepmuyeckuii aHanms (DSC).

WHpopmayus o6 asmopax:

Jlokmop  mexHu4eckux HayK, npogeccop, 2aa8HbIl  Hay4HbIl  COMPYOHUK  Hay4yHO-
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ABSTRACT
A polyethylene/acrylic copolymer was synthesized using a grafting technique with benzoyl

peroxide as a catalyst and xylene as a solvent. Acrylic acid (AA) was grafted onto polyethylene (PE)
in a 1:5 ratio. The resulting grafted copolymer, characterized by FTIR, was blended with rice straw
at varying percentages of 3%, 5%, and 7% to produce biodegradable films. The properties of these
films in water were evaluated through analyses of viscosity, tensile strength, elongation at break,
water contact angle, and solubility. Incorporating rice straw enhanced the grafted copolymer's
biodegradability, resulting in increased viscosity, tensile strength, and elongation at break of the
films, while reducing the water contact angle and solubility. However, incorporating 7% rice straw
in the grafted copolymer-based on PE (1.0%) and AA (5.0%) resulted in increases in viscosity,
tensile strength, and elongation at break by 29.5%, 46.1%, and 9.6%, respectively, while reducing
the contact angle and biodegradability solubility time at 45°C by 25.8%.

Keywords: Polyethylene, acrylic acid, rice straw, biodegradable, mechanical, sustainability.
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Introduction

Synthetic polymers, such as polyethylene and
polypropylene, have become widely used as packing
materials due to their advantageous physico-
mechanical properties and cost-effectiveness [1].
However, polyethylene and polypropylene, non-
biodegradable polymers contribute to the growing
challenge of plastic waste management, with their
guantities increasing each year [[2], [3], [4]]. Recent

studies highlight the importance of pinpointing
plastic waste sources and differentiating polymers
by structural traits, including their crystalline and
amorphous forms [5]. Such distinctions are vital for
understanding how these materials affect aquatic
ecosystems and organisms [6]. Beyond being highly
toxic, the key chemicals used in manufacturing
plastic bags, such as polyethylene, polypropylene,
benzene and vinyl chloride, are known carcinogens
[[6], [7]]. These, along with gaseous and liquid
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hydrocarbons, not only pose serious health risks but
also contribute significantly to environmental
degradation. Numerous methods, including
blending, derivation, and graft copolymerization,
have been extensively studied to improve the
characteristics of synthestic polymers using starch;
this is attributed to its complete biodegradability
[[81, [9], [10]]. Modified polyethylene using grafting
polymerization with starch in the presence of
benzoyl peroxide as a catalyst and xylene as a
solvene. The ratio between PE and starch was 1: 5
w/w%. The grafted copolymer was combined with
rice straw, wheat straw, and calcium carbonate
(CaC0s) as a filler to produce biodegradable films.
Starch, calcium carbonate (CaCOs), and rice and
wheat straws enhanced the biodegradability of the
grafted copolymer. The inclusion of CaCOs,
alongside rice and wheat straws, increased the
viscosity and tensile properties [11]. Rice straw
fiber-reinforced high-density polyethylene (HDPE)
composites were developed to explore how rice
straw fiber morphology and varying concentrations
of maleic anhydride polyethylene (MAPE) influence
their mechanical and thermal properties. The result
showed that higher aspect ratio rice straw fibers
were utilized to enhance tensile strength, while
lower aspect ratio fibers were applied to improve
the flexural strength of the composites. An increase
in rice straw fiber content from 20 to 40 wt% within
the HDPE matrix slightly boosted flexural strength;
however, impact strength dropped significantly due
to the fiber's stiffness. The addition of MAPE to the
system improved tensile, flexural, and impact
strength for composites containing 20 wt% rice
straw fiber, although it led to a marginal reduction
in tensile elongation at break [12]. This study
investigates the modification of polyethylene via
graft polymerization, using acrylic acid as the
grafting monomer and benzoyl peroxide as the
catalytic initiator. The modified polymer is
subsequently blended with rice straw to enhance its
mechanical properties.

Materials and Methods

Low density polyethylene (PE), xylene, benzoyl
peroxide, and acrylic acid (AA) were purchased from
Sigma-Aldrich Company (USA). Rice straw was
gathered from the fields and allowed air to dry. The
dried straw was subsequently cut into pieces
measuring 2-5 mm in length and milled into a fine
powder.

Synthesis of polyethylene-g-acrylic acid P(PE-g-
AA)

Graft polymerization was conducted in a three-
necked flask equipped with a mechanical stirrer
under a nitrogen atmosphere. Polyethylene (1.0 g)
was dissolved in xylene (50 g) by stirring in a water
bath maintained at 80°C. Once dissolved, benzoyl
peroxide (0.1 g) was introduced as a catalytic
initiator. After 5 minutes, acrylic acid (5 g) was added
as the grafting monomer. The reaction mixture was
maintained at 80°C for 3 hours under constant
stirring in a nitrogen environment. The resulting
product was precipitated using 2-propanol, air-dried
at room temperature, and subsequently oven-dried
at 60°C to achieve a constant weight.

Film formation

For the first film, polyethylene-g-acrylic acid
P(PE-g-AA) was incorporated into glycerol at 50°C
and stirred for 30 minutes until achieving
homogeneity. The resulting material was cast onto a
levelled surface and designated as PEA. For the
second film, the fully grafted copolymer was
dissolved in glycerol, followed by the addition of rice
straw in varying proportions (3, 5, and 7 w/w%). The
mixture was then milled for 40 minutes, cast onto a
leveled surface, and labeled as PEAS. All films were
left to dry at room temperature for 10 days before
being stored in a desiccator at ambient conditions
for subsequent characterization and analysis.

Measurements

FTIR absorbance spectra were acquired using a
Bruker Tensor 37 FTIR spectrometer, with spectral
data collected in the range of 4000-400 cm™. The
viscosity (n) of the dispersions was measured with a
Brookfield viscometer (Model LVTDV-II) at a shear
rate of 100 s and a temperature of 25°C. The
contact angle between water droplets and the
sample surface was determined using a CAHN DCA-
322 contact angle analyzer at 25°C, operating at a
velocity of 100 um/s. A microsyringe was used to
deposit water droplets onto the sample surface, and
contact angles were measured via monitor
observation, with three measurements taken at
different locations on the film. Mechanical
properties, including tensile strength and elongation
at break, were evaluated following ASTM D882-91
[13] standards using an MTS 10/M tensile testing
machine at a crosshead speed of 50 mm/min. A
minimum of three readings was averaged, with a 1-
kN load cell employed during the testing process.
Thermogravimetric analysis (TGA) was performed
using METTLER TOLEDOQ's TGA/SDTA851e system
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with aluminum-crimped pans under a nitrogen flow
of 20 mL/min. The analysis covered a temperature
range of 100-500°C at a heating rate of 10°C/min,
allowing for the determination of degradation
temperature and thermal stability.

Results and discussion of FTIR analysis

Figure 1 presents the FTIR spectra of
polyethylene (PE), highlighting key characteristic
peaks. The peaks observed at 2914 cm™ and 2847
cm™ correspond to the asymmetric stretching
vibrations of CH, groups. Additionally, the peak at
1463 cm™ indicates bending deformation, while the
peak at 719 cm™ is attributed to rocking
deformation [14]. Figure 2 illustrates the FTIR
absorbance spectra of PE-g-AA, revealing new
characteristic peaks. A peak at 2848 cm™
corresponds to C-H stretching, while peaks at 1370
cm™ and 738 cm™ are attributed to the C-H
vibrations of ethylene groups. Additionally, a peak at
1179 cm™ signifies C-O-C stretching, 1462 cm™
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related to CH2 scissor, 980 cm™ to CH, twist, 809 cm’
1to CH bend and the presence of a peak at 1722 cm™
indicates the carbonyl group, which confirms the
successful grafting of polyethylene with acrylic acid
(AA) [[15], [16], [17]].

Viscosity

Table 1 demonstrates the  viscosity
enhancement of the P(PE-g-AA) when blended with
rice straw. For instance, incorporating 3% rice straw
into P(PE-g-AA) increased its viscosity from 475
mPa-s to 560 mPa-s. With a further increase in rice
straw content to 5%, the mixture's viscosity rose to
573 mPa-s, while 7% rice straw achieved the highest
viscosity of 615 mPa-s. This viscosity increase can be
attributed to the more polar nature and larger
surface area of rice straw, which significantly
improves the interaction and viscosity relative to the
grafted copolymer [[18], [19]]. Consistent with the
findings previously reported by the authors [11], the
viscosity of polyethylene/starch films increases with
the incorporation of rice straw
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Figure 1 - FTIR spectra of polyethylene (PE)
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Figure 2 - FTIR spectra of the P(PE-g-AA)
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Table 1 - Viscosity values for the P(PE-g-AA) and its mixture with glycerol, rice straw

Samples Composition Viscosity (mPa-s)
PEA P(PE-g-AA), glycerol 475
PEAS1 P(PE-g-AA), glycerol, and rice straw 3% 560
PEAS2 P(PE-g-AA), glycerol, and rice straw 5% 573
PEAS3 P(PE-g-AA), glycerol, and rice straw 7% 615

Table 2 - Water contact angles of P(PE-g-AA) and the grafted copolymer mixed with rice straw

Sample Number Contact angle (deg)
PEA 102

PEAS1 98

PEAS2 95

PEAS3 89

Table 3 - Mechanical properties of P(PE-g-AA) and the grafted copolymer mixed with rice straw

Samples Tensile strength (MPa) Elongation (%)
PEA 25.2 114
PEAS1 27.6 119
PEAS2 32.5 122
PEAS3 36.8 125

Water contact angle

The water contact angle serves as a critical
parameter for assessing the hydrophilicity of dried
polymer films. As shown in Table 2, incorporating
rice straw into P(PE-g-AA) resulted in a progressive
decrease in the water contact angle, with the
addition of rice straw yielding the lowest values.
Specifically, the integration of 3% rice straw reduced
the water contact angle of the grafted copolymer by
3.6%, while 5% rice straw further decreased it by
6.8%. The addition of 7% rice straw exhibited the
greatest impact, enhancing hydrophilicity by 12.7%.
The hydrophilicity of these polymers is influenced by
various factors, including the type of polymer
matrix, additives, ingredients, fillers and rice straw
utilized [[20], [21]]. The same behavior was
observed by Irmukhametova et al. [8], who reported
on the biodegradability of polymer blends
composed of polyvinyl alcohol, starch, and chitosan,
enhanced by the addition of rice straw.

Mechanical properties

The influence of rice straw on tensile strength

and elongation at break is illustrated in Table 3.
Incorporating rice straw into the grafted copolymer
resulted in an increase in tensile strength from 25.2
MPa to 27.6 MPa, a change attributed to the higher

SiO, content in the rice straw, as in the study
reported in Ref. [[3], [4], [22], [23]]. Further
enhancement in tensile strength, from 27.6 MPa to
36.8 MPa, was observed with a rice straw
concentration increase from 3% to 7%. The highest
tensile strength of 36.8 MPa was achieved at 7% rice
straw. Additionally, the elongation at break
improved significantly, rising from 4.3% to 9.6% with
the addition of rice straw to the grafted copolymer.
Biodegradability properties of P(PE-g-AA) films
The effect of rice straw on the swelling behavior
of grafted copolymer films, as influenced by time
and temperature, is presented in Figure 3. Swelling
time was observed to decrease with increasing
temperatures from 30°C to 45°C. Additionally,
incorporating rice straw into the grafted copolymer
reduced swelling time compared to the grafted PEA
copolymer. Swelling time further decreased with
higher rice straw content in the grafted copolymer.
For instance, at 45°C, the swelling time decreased by
5.8% with 3% rice straw, 15% with 5% rice straw, and
25.8% with 7% rice straw. This reduction in swelling
time is attributed to the role of rice straw in
enhancing the water solubility of the blend films.
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Figure 3 - The effect of water on the biodegradability of films

Conclusions

A polyethylene (PE)-based copolymer grafted
with acrylic acid (AA) in a 1:5 ratio was synthesized
using a grafting polymerization technique. Rice
straw was incorporated into the grafted copolymer
at varying concentrations (3%, 5%, and 7%) to
enhance its biodegradability. The findings
demonstrated that the addition of rice straw
improved both the mechanical properties and
biodegradability of the copolymer. The grafted
copolymer containing 5% rice straw exhibited the
best mechanical performance and a shorter swelling
time compared to the grafted copolymer without
rice straw. We explored the potential of utilizing the
prepared grafted films, incorporating 5% rice straw
(based on grafted polymer weight), for packaging
applications. Furthermore, we evaluated alternative
approaches to developing eco-friendly packaging

films, alongside the essential role of petroleum in
polymer production.
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6uonornanbik biablpanTbiH KacuerTepiHe acepi
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TYWIHAEME

MonnatnuneH/akpun cononmmepi Katanmnsatop peTiHae 6eH30MN NEPOKCUAI KaHe epiTKil peTiHae
KCUNIONIMEH ery 94iCiH KONAaHy apKblibl cMHTE3Aenai. AKpuA KplwKbibl (AA) 1:5 KaTblHacbiHAA
nonvatunenre (MN3) eringi. FTIR apKblAbl CMNATTanaTblH €rily apKblabl anblHFAH CONOAUMEP

Makana Kenai: 25 Haypeis 2025 610NOrMANBIK blAbIPANTbIH KabblKwanapabl any ywiH apTypai 3%, 5% skaHe 7% apaKkaTtbiHacTa

CapantamagaH eTTi: 28 Haypeiz 2025
Kabbinganabi: 21 cayip 2025 6epiKTiri, y3iny KesiHaeri y3apy, CymeH KaHacy Oypbilwbl KaHe epiriwTik Tanaaynapbl apKplibl

6afanaHgpl. Kypiw cabaHblH KOCY apKbi/bl eriireH conoanmepaiH 6MonormanbiK bliAblpafbiWTbIFbl

Kypil cabaHbiMeH apanacTbipbingbl. Byn KabbiKTapAbiH, CyAarbl KacueTTepi TYTKbIP/AbIK, CO3blay

apTTbl, HITUNKECIHAE TYTKbIP/bIK, CO3blIy BepiKTiri }KaHe naeHKanapAblH, y3inyi KesiHae cosbiny
apTagpl, COHbIMEH Bipre cyMeH »KaHacy 6ypbilbl MeH epiriwTiri TomeHaeai. JereHmen, M3 (1,0%)
»oHe AA (5,0%) HeriziHgeri eriireH conoanmepre 7% Kypiw cabaHblH KOCY TYTKbIP/bIKTbI, CO3bIY
6epiKTiriH XXaHe y3iny KesiHaeri ysapyabl TmiciHwe 29,5%, 46,1% »kaHe 9,6% apTTbipyFa akengj, byn
CaliKec XaHacy bypbliwbl MeH 6uorpagauma yakpitblH 45°C-aa 54 25,8%-fa TomeHaeTeai.

TyiiiH ce3dep: TONU3TUNEH, aKPWUA KbIWKbIAbI, Kypiw cabaHbl, BUONOTUANBIK blAbIPANTbIH,
MEXaHWUKanbIK.
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AHHOTauuA

MonunaTuNeH/akpnioBblii conosmmep 6bi1 CUHTE3UPOBAH C UCMO/b30BAHMEM TEXHUKM MPUBUBKU
¢ 6eH30MNNEepPOKCMAOM B KayecTBe KaTanM3aTopa WM KCMIEHOM B KayecTBe pacTBOPUTENA.
Akpunosas kucnorta (AK) 6bina npueuta K noamatuneny (M3) B cootHoweHum 1:5. MonydeHHbIN

NPUBUTON COMONMMEP, OXapaKTepusoBaHHbIM FTIR, 6blA CMeWaH C PUCOBOM CONOMOWN B
Moctynuna: 25 mapma 2025 P P P P ! P

PeueH3nposaHue: 28 mapma 2025
MpuHaATa B nevats: 21 anpens 2025 NNEHOK B BOAE 6b1/IM OLEHEHBI C NOMOLLLbIO aHa/IN3a BA3KOCTU, MPOYHOCTU Ha PaspbIB, YA UHEHUA

npu paspbiBe, yrna KOHTaKTa C BO,D,OI‘;I W pacTBOPUMOCTU. BKntoyeHne pVICOBOﬁ CO/I0OMbI NOBbICMNIO

PasNNYHbIX COOTHOLEHMAX 3%, 5% 1 7% Ana nonydeHuns Guopasnaraembix naeHoK. CBOMCTBa 3TUX

61opasnaraemocTb NPUBUTOrO CONOMMEPA, YTO NPUBEIO K NOBbILLIEHWUIO BA3SKOCTU, MPOYHOCTM Ha
paspbiB U YAJMHEHUA MPU pPas3pbiBe MAEHOK, NPU 3TOM YMEHbLUMB YrON KOHTaKTa C BOAOW U
pacTBOpMMOCTb. OHAKO BKAOYEHME 7% PUCOBOM CONOMbI B MPUBUTOMN CONOAMMEP HA ocHoBe I3
(1,0%) n AA (5,0%) NnpuBeno K yBENUYEHWUIO BA3KOCTU, MPOYHOCTU HA Pa3pbIB U YAJUHEHWUA NpU
pa3pbiBe Ha 29,5%, 46,1% un 9,6% CcOOTBETCTBEHHO, NPV OAHOBPEMEHHOM CHUXEHWUW yrna
KOHTaKTa U BpeMeHU pacTBOpMMOCTH Npu Bruopasnaraemoctn npu 45°C Ha 25,8%.
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ABSTRACT

Padang City is one of the capital cities in the western part of the island of Sumatra, with a total
coastline length of approximately 68,126 km and directly adjacent to the Indian Ocean. The last
time the province of West Sumatra was hit by a tsunami was in 2009 and 2010, which caused
tsunamis with heights of <1 metre to >12 metres caused by an earthquake with a magnitude of
7.9. Experts estimate the potential for earthquake disasters originating from megathrust plate
faults along the Mentawai Islands. Early and optimal mitigation efforts can minimise the impact
caused by tsunami disasters. This study aims to provide an overview of the influence of shoreline
changes on the tsunami distribution zones of 5 and 12 metres above sea level. This research uses
the coastline parameters of Padang city from 2005 to 2021, obtained from Google Earth,
administration, slope and land cover, which will be processed by utilising the Geographic
Information System in ArcGIS software. The method used in the research is Tsunami Inundation
by dividing the height of tsunami inundation into three scales, including low, medium and high.
Observations were made at 122 observation points spread along 18,520 metres of coastline of the
study area. The results show that there are five to six sub-districts in Padang city that are affected
by tsunami disasters of 5 and 12 metres above sea level, including the sub-districts of South
Padang, East Padang, West Padang, North Padang, Nanggalo, and Koto Tangah. The difference in
coastline from 2005 to 2021 shows a change in the area of the tsunami disaster distribution zone
of around 78.69 to 91.51 hectares at each water level caused by accretion events that occur along
the coastline of the observation area.
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Introduction

Dynamic coastlines cause the shape and space

Meanwhile, accretion is an event of changing
the coastline towards the open sea due to the
process of sedimentation on land areas, the process
of sediment transport from river bodies to the sea

of coastal areas to change rapidly as a result of
natural processes and human activities around the
coast. Through coastal abrasion and accretion
events, the coastline changes endlessly due to
sediment movement, changes in currents, wave
activity and land use [1]. Abrasion can occur in
coastal areas due to wave action, changes in
currents, tidal variations and climate change [2].
Abrasion causes a decrease and inundation of the
land surface by water, so that the coastline can
change [3].

and human activities in managing land. Accretion
can cause siltation in the sea area. Accretion usually
occurs on beaches that have many river mouths [4].
Surveillance of coastal areas is a form of protection
for a country and the environment. Surveillance of
the coastline is something that can be utilised in
managing coastal areas and developing coastal areas
[5].

It is recorded that 90 per cent of tsunami events
are caused by tectonic earthquakes, and tsunami
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waves cause the displacement of water in the
middle of the sea to rise towards land. This causes
damage and loss of life. Tsunamis are disasters
whose impact can be reduced by managing disaster
risk [6]. The mitigation process is very important in
planning the development of an area, especially for
Indonesia, which is vulnerable to natural disasters
[7]. Experts predict the earthquake potential in the
Mentawai segment of West Sumatra province to be
around 8.8 SR [8].

This is based on historical records of West
Sumatra province in 1797, which was hit by an
earthquake with a magnitude of 8.4 SR, which
caused tsunami waves estimated at a height of 5-10
metres or about 1 km inland. Then, in 1833, the
rupture of the 1000 km long Sumatra trough caused
by an earthquake with a magnitude of 9.0 SR caused
a tsunami with a water height of 2-3 metres [9]. It
was reported that an earthquake on 30 September
2009 with a magnitude of 7.6 occurred in the city of
Pariaman, about 1,117 people were killed and
181,665 buildings were destroyed by the
earthquake, there was a run up of tsunami waves <
1 metre including in the eastern part of the
Mentawai islands [10].

The latest earthquake with a magnitude of 7.7
shook the Mentawai Islands. Researchers made
observations and obtained run-up height values on
the island of Cypora around 1 to 4 metres, Pagai
island 2.4 to 8 metres and South Pagai island 2.5 to
12.4 metres. The highest run-up was found in the

Sibigou area with a height of about 12.4 metres [10].
Padang City is one of the provincial capitals located
on the western edge of Sumatra Island. Due to the
geographical condition of the lowlands, many
community activities are centred around the coast.
Many vital objects that encourage all community
activities are in the area around the coast of Padang
city [11].

Coastal Geology and Geomorphology. The
geology of Padang city consists of surface deposits,
intrusions, volcanic rocks, sedimentary rocks and
metamorphic rocks (Figure 1). The Padang City area
is composed of 4 rock layers consisting of Jurassic
age sedimentary rocks, Quaternary age sedimentary
rocks and volcanic rocks. The coast of Padang City
consists of surface deposits, intrusions, volcanic
rocks, sedimentary rocks and metamorphic rocks
[11].

Padang City is one of the developing areas on
the western coast of Sumatra Island. This area has
11 sub-districts with 104 villages in it. Padang City is
the provincial capital of West Sumatra. This area has
an area of around 694.96 km? with geographical
conditions bordering the Indian Ocean. In the north,
the area is bordered by Padang Pariaman district, in
the south by Pesisir Selatan district and in the east
by Solok district. In the western part of the Padang
city area lies lowland, while in the eastern part of the
Padang city area lies a row of hills and the Padang
city area is traversed by 21 rivers [13].

GEOLOGICAL MAP OF
PADANG CITY
0 15 3 6
Kilometers

Datum : WGS 1984
Zona (478

Deseription:

Figure 1 - Coastal geological map of Padang city
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There is andesite and tuff that can be exposed
around the Pengambiran area and cold water hills,
in the form of greyish black and white volcanic rocks.
In the west, there are andesite rock fragments in the
form of chunks of volcanic origin with a blackish grey
colour, scattered at the bottom of the slopes of Nago
and Limau Manis hills. In the western part of the
lowlands of the observation area, deposits of silt,
clay, gravel and loamy sand and finally
undecomposed volcanic-derived rocks generally
consist of conglomerate, breccia and sandstone.
These deposits are scattered around Bukit Barisan,
Gunung Padang and Bukit Air Manis [12].

The land area of Padang city has an altitude
between 0 to >1000 masl. The coast of Padang city
forms a straight beach with alluvium lowlands. The
shape of the beach around the mouth of the river is
in the form of sand spits. The beach sediments that
make up the coastal area mostly consist of sand.
Around the mouth of the river estuary, there is
active sedimentation. The coast of Padang city is
classified as a type of high-energy beach that is >2
metres, which usually occurs during the west wind
season [14].

The youngest rocks in the Padang City area are
alluvium deposits consisting of layers of sand, silt,
gravel and swamp deposits. Older sedimentary rocks
consist of metamorphic rocks and limestone. In the
eastern and southern hilly areas, there are volcanic
rocks consisting of basaltic lava, breccia and
andesitic tuff [15]. The shape of the beach around
the mouth of the river in the Padang City area is in

100" 180°E

100°210°E

the form of sand spits. The sediments that make up
the beach area consist mostly of sand. Around the
mouth of the river, there is also active
sedimentation.

The mainland of Padang City has an altitude
between 0 to >1000 metres above sea level. On the
coast of Padang City, it forms a straight beach with a
landscape of alluvium lowlands as shown in Figure 2.
Land cover is any appearance of physical material
that exists on the Earth's surface. Land cover can
illustrate the relationship between natural
processes and social processes. Land cover provides
information that can be used to understand natural
events or phenomena on the Earth's surface [16].

Land use is any form of human interference with
natural resources, whether temporary or
permanent. Aiming to fulfil all needs in the form of
material or spiritual [17]. In the Padang City area,
Figures 2 and 3 show the land cover and land use
around the coast in the form of vacant land, shrubs,
settlements and water bodies. There are 6 river
estuaries along the observation area in Padang City,
which can be seen in Figure 2.

Ocean Waves. Ocean waves are a
perpendicular movement of the rise and fall of sea
water with the surface of the sea water and form a
curvilinear tidal [18]. Sea waves occur due to
generating forces, these forces arise from wind,
tides and earthquakes [19]. Data on the average
wave height in coastal areas obtained from satellite
image recordings on Copernicus show that in 2005
and 2021, as shown in Figures 4 and 5.

100°240°€
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Figure 2 - Coastal Topography Map of Padang City
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Figure 3 - Coastal Land Cover Map of Padang City
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Figure 4 - Indonesian Sea Wave Height in 2005

In 2005, the area around the west coast of
Sumatra Island had wave heights in the range of 0.4
- 0.6 metres. In Figure 4 above, it can be seen that
Padang City, which is located in the western part of
Sumatra Island, also has wave height values in the
range of 0.4 - 0.6 metres. The average wave
direction ranges from 180 - 216 degrees South
Southwest.

Satellite image data on Copernicus in 2021

shows that the wave height around the west coast

of Sumatra Island is in the range of 0.1 - 0.2 metres.
In Figure 5 above, it can be seen that Padang City,
which is in the western part of Sumatra Island, also
has a wave height value in the range of 0.1 - 0.2
metres. The average wave direction ranges from
216-252 degrees Southwest. The wave height in the
coastal area of Padang City is classified as low waves
with rippling water, and there is no foam at the peak
of the wave [20].
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Figure 5 - Indonesian Sea Wave Height in 2021

Methods and Materials

This research was carried out only in the coastal
area of the city of Padang, which has quite dense
human activities, covering an observation area with
a coastline length of around 18,520 metres. The
method used is tsunami inundation in ArcGIS by
processing  variables such as  coastline,
administration, land cover and use and slope slope
which then produces a tsunami rise model starting
from the coastline in the observation area. The
formula that will be processed has been determined
[21] as follows;

Surface roughness is the value that each land
cover and land use has when inhibiting seawater
travelling inland during a tsunami. Surface
roughness values have different values. The surface
roughness value of each cover and land use can be
seen in Table 1.

High resolution imagery on the Google Earth
platform was used to extract the coastline from
2005 to 2021 to estimate variations and changes in
the coastline. Estimated resolution up to 2 metres,
the shoreline reference boundary used is the last
area exposed to tidal waves clearly recorded on
Google Earth images, which are then interpreted
and digitised on the image screen with an eye rate
of about 40 metres. This study aims to determine the
effect of changes in coastal morphology on changes
in tsunami disaster distribution zones at 122
observation points in Padang city.

Table 1 - Surface roughness coefficient values

Type of Land Cover and Hardness Coefficient
Use Value
Water body 0.007
Shrubs 0.040
Forest 0.070
Agriculture 0.035
Farmland 0.025
Vacant Land 0.015
Settlements 0.045
Mangrove Forest 0.025
Pond 0.010

Source: Berryman, 2006 [28]

Results

Through the USGS website, earthquakes with
large to small magnitudes have hit the province of
West Sumatra. The largest magnitude recorded by
the USGS was 7.9 on the high seas [22].
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Figure 6 - Earthquake Point Map of West Sumatra Province (source: USGS, 2022)

The reported earthquake on 30 September 2009
with a magnitude of Mw 7.6 occurred 25 km
northwest of Pariaman city. At least 1,117 people
were killed and 181,665 buildings were destroyed,
about 451,000 people were displaced, and tsunami
wave run-ups at heights below 1 metre included the
eastern part of the Mentawai islands [23].

Then on 25 October 2010, an earthquake with
Mw 7.7 shook the Mentawai islands, West Sumatra.
The earthquake was centred off the southwest coast
of Pagai Island. Researchers conducted observations
on the 2010 tsunami, and obtained run-up height
values on Sipora island of 1 - 4 metres, on North
Pagai island of 2.4 - 8 metres and South Pagai island
of 2.5 - 12.4 metres. The highest run-up height is
found on Sibigou island with a run-up height of
about 12.4 metres [10]. Research conducted by the
Indonesian Institute of Sciences in 2010 on the
western Mentawai segment on Siberut island was
predicted to hold the potential for an earthquake of
around 8.8 SR [8].

Statistical analysis was conducted based on the
data of earthquake release energy and storage
energy in the Mentawai segment area, which
annually produces a total energy of 1.025 x 1022 erg
or equivalent to 6.8 SR. Meanwhile, the potential

energy of the earthquake on the Mentawai segment
is 3.59 x 1022 erg, equivalent to 7.2 SR [24].

Tsunami Rise Model 5 Metres Above Sea Level.
There are three scales of tsunami distribution zones
5 metres above sea level, including low, medium and
high scales. Inundation of < 1 metre is a low scale,
inundation of 1-3 metres is a medium scale and > 3
metres is a high scale tsunami distribution. An
overview of the tsunami forecast 5 metres above sea
level from the coastline in 2005 and 2021 can be
seen in Figure 7.

Five sub-districts in Padang city were estimated
to be affected by the tsunami distribution of 5
metres above sea level on the coastline in 2005, with
different areas affected, including Padang Selatan,
Padang Barat, Padang Utara, Nanggalo and Koto
Tangah sub-districts. The estimated tsunami travel
distance is between 145 metres and 1,743 metres
towards the mainland of Padang city, with the
largest total area affected in Koto Tangah sub-
district, which is about 470 hectares of affected land,
and the least affected area is in East Padang sub-
district, which is about 9 hectares of affected land.

—— 4 ——
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Figure 7 - Tsunami landfall zone 5 metres above sea level from the shoreline
(a) Shoreline in 2005 (b) Shoreline in 2021

Table 2 - Tsunami Disaster Land Area 5 metres above Sea
Level at the Coastline in 2005 by Subdistrict

0480’8

05198

0540s

Padang sub-district, which is about 2 hectares of
affected land.

Medium . Table 3 - Tsunami Disaster Land Area 5 metres above Sea
I Low Area Height Area S o
District (hectares) Area (hectares) Level on the Coastline in 2021 by Sub-district
(hectares)
Medi Heigh
Padang Selatan 4.972885 5.642311 0.38253 District Low Area zf;:m Aer'gat
(hectares) (hectares) (hectares)
Padang Barat 31.463059 65.79509 67.133943
Padang Selatan 5.365604 4.047737 0.188267
Padang Utara 40.069975 68.759694 | 59.292087 Padang Barat 30.969892 | 60.527783 | 67.399522
N [ 7.17243 2.00828 0
anggalo Padang Utara | 33.040827 | 62.881119 | 52.99711
Koto Tengah 86.738585 175.389818 | 208.19173
Koto Tengah 83.496336 161.627067 18023028
Five sub-districts in Padang city are predicted Nanggalo 2.447469 0 0

to be affected by a tsunami rise of 5 metres above
sea level on the coastline in 2021, with different
areas affected, including Padang Selatan, Nanggalo,
Padang Barat, Padang Utara and Koto Tangah sub-
districts. The estimated tsunami travel distance is
about 173 metres to 1,595 metres towards the
mainland of Padang city, with the largest total
distribution hitting Koto Tangah sub-district, which
is about 425 hectares of affected land and the least
affected area of tsunami distribution is in East

Tsunami Rise Model 12 Metres Above Sea
Level. There are three scales of tsunami distribution
zones 12 metres above sea level, including low,
medium and high scales. At < 1 metre the
distribution scale is low, inundation with a height of
1-3 metres is medium, and > 3 metres is a high
tsunami distribution scale. An overview of the
tsunami forecast 5 metres above sea level from the
coastline in 2005 and 2021 can be seen in Figure 8.
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Figure 8 - Tsunami landfall zone 12 metres above sea level from the shoreline
(a)Shoreline in 2005 (b) Shoreline in 2021

Table 4 - Tsunami Disaster Land Area 12 metres above Sea
Level at the Coastline in 2005 by Subdistrict

District Low Area Medium Area | Height Area
(hectares) (hectares) (hectares)
Padang Selatan 16.587256 32.095666 46.794942
Padang Timur 9.979325 15.238699 20.632928
Padang Barat 26.431725 56.504556 310.707628
Padang Utara 34.118503 69.450707 280.365086
Nanggalo 28.859129 51.91946 62.573064
Koto Tengah 141.059106 221.433127 841.904394

The six sub-districts in Padang city that were
estimated to be affected by the tsunami of 12
metres above sea level at the 2005 coastline, with
different areas affected include Padang Selatan,
Padang Timur, Padang Barat, Padang Utara,
Nanggalo and Koto Tangah sub-districts. The
estimated tsunami distance is between 527 metres
and 2,703 metres towards the mainland of Padang
city, with the largest total area affected in Koto
Tangah sub-district, which is about 1,204 hectares of

affected land, and the least affected area is in East
Padang sub-district, which is about 45 hectares of
affected land.

Table 5 - Tsunami Disaster Land Area 12 metres above Sea
Level on the Coastline in 2021 by Sub-districts

District Low Area Medium Area Height Area
(hectares) (hectares) (hectares)
Padang Selatan 14.055675 26.746722 44.623357
Padang Timur 8.324235 14.874452 16.784932
Padang Barat 27.15611 57.314404 305.676819
Padang Utara 25.24563 57.041478 246.042547
Nanggalo 17.740173 28.657202 36.026197
Koto Tengah 118.040379 212.745608 355.895154

Six sub-districts in Padang city are predicted to
be affected by a tsunami of 12 metres above sea
level on the coastline in 2021, with different areas
affected, including Padang Selatan, Padang Timur,
Padang Barat, Padang Utara, Nanggalo and Koto
Tangah sub-districts. The estimated tsunami travel
distance is about 525 metres to 2,693 metres
towards the mainland of Padang city, with the
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largest total distribution hitting Koto Tangah sub-
district, which is about 686 hectares of affected land
and the least affected area of tsunami distribution is
in East Padang sub-district, which is about 39
hectares of affected land.

Discussion

Shoreline change is a result of abrasion and
accretion events on the coast [25]. Abrasion is a
process of coastal erosion caused by destructive
wave power and ocean currents [26]. Abrasion can
occur in marine areas due to wave action, changes
in current patterns, tidal variations, and climate
change [2]. Abrasion causes a decrease and
inundation of the land surface by water, so that the
coastline can change [3].

Accretion is an event that changes the coastline
towards the open sea due to the process of
sedimentation from the land area caused by
freshwater runoff with a large enough volume due
to prolonged rain, and the process of sediment
transport from river bodies to the sea, and due to
human activities in managing land. Accretion can
cause siltation evenly towards the sea, which will
form a plain in the form of a delta or raised land.
Coastal accretion usually occurs in coastal waters
that have many river mouths and coastal waves with
small energy and areas that rarely experience
storms [4].

The research area in Figure 8 is divided into 4
stations or sections to review shoreline changes
more accurately. Using images on Google Earth with
a spatial resolution of up to 2 metres. The coastline
along 18,520 metres obtained from the results of
Google Earth digitisation with an eye of 70 m, then
the coastline in KML format is inputted and
processed using ArcGIS. The observation line was
taken by measuring the observation distance of 150
metres between points on the 2005 coastline, as the
first coastline observed.

Based on observations at 122 points of shoreline
change from 2005 to 2007, there are 67 abrasion
points with an average value of -8.16 and 55
accretion points with an average value of +7.73
metres. While on the coastline from 2007 to 2014,
there are 49 abrasion points with an average value
of -12.18 and 73 accretion points with an average
value of +12.22 metres.

On the coastline from 2015 to 2017, there were
63 abrasion points with an average value of -5.15
metres and 59 accretion points with an average
value of +5.33 metres. The 2017 to 2021 coastline
has 78 abrasion points with an average value of -9.96
metres and 44 accretion points with an average
value of +4.55 metres. Overall on the 2005 to 2021

coastline, 58 abrasion points with an average value
of -17.60 metres were calculated, while there were
64 accretion event points with an average value of
+13.06 metres. With a maximum value of abrasion
events on the 2005 to 2021 coastline of around -
68.25 metres and accretion of around +122.22
metres.

The Effect of Abrasion and Accretion on
Changes in the Tsunami Landfall Zone 5 Metres
Above Sea Level. At a tsunami landfall of 5 metres
above sea level on the coastline from 2005 to 2021,
there were 19 observation points that experienced
abrasion with an average value of 23.38 metres,
which caused a change in tsunami landfall distance
of around 16.64 metres towards the mainland of
Padang city.

The points that affect the change in the landfall
zone are located at 11 points in Koto Tangah sub-
district, 5 points in North Padang sub-district and 3
points in West Padang sub-district. While the
accretion event on the coastline of Padang city
occurred at 48 observation points with an average
accretion of about 15.74 metres, and caused a
change in the tsunami landfall distance of about
25.08 metres towards the sea. The difference in the
area affected by the tsunami at 5 metres above sea
level can be seen in Figure 9.

The area in red is the difference in the area
affected on the coastline in 2005 and 2021,
calculated and analysed using multivariate
regression on coastline variables in the form of
abrasion and accretion events on coastline changes
at a tsunami landfall of 5 metres above sea level.
Based on the R Square value of 0.095, it indicates
that the effect of variables X1 and X2 together on
variable Y is 9.5%. This explains that the geology of
the observation area only significantly influences the
tsunami coverage zone of 5 metres above sea level
by only 9.5%. There is a change in the overall land
area in the form of a reduction in the tsunami land
area of 78.69 hectares from 2005 to 2021 due to
accretion events.

The Effect of Abrasion and Accretion on
Changes in the Tsunami Landfall Zone 12 Metres
Above Sea Level. At a tsunami landfall of 12 metres
above sea level, with the coastline from 2005 to
2021, 23 observation points experienced abrasion of
around 23.41 metres, which caused a change in the
tsunami landfall distance of around 23.87 metres
towards the mainland of Padang city. The points that
affect the change in the landfall zone are 18 points
in Koto Tangah sub-district, 3 points in North Padang
sub-district and 2 points in West Padang sub-district.
The landfall points depicted in each region can be
seen in Figure 10.




2026; 338(3):59-71

ISSN-L 2616-6445, ISSN 2224-5243

10016

TSUNAMI DISASTER DISTRIBUTION
DIFFERENCE MAP 5 METERS
ABOVE SEA LEVEL
Scale 1:130.000
0 1 2 E

Kilometers

Datum : WGS 1984
Zona (4TS

Description
Shoreline 12-01-2005
Shoreline 17-06-2021
River

Shoreline Distribution in 2021
Class

Low
B Moderate
B ik
B Tsunemi Scatier Difference
Lithelogic Unit
Il c7su = Undecomposed Flow
I o= Tutut Formation

QTta = Andesite and Tuff

Qr= Alluviom Fan
h = Alluvivm
B Tomv =Volcano Rocks

e Maps, KESDM

Figure 9 - Difference in Tsunami landfall zones of 5 metres above sea level at 2005 and 2021 coastlines
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Figure 10 - Difference in Tsunami Landfall Zones of 12 meters above sea level at 2005 and 2021 coastlines

While the accretion event on the coastline of
Padang city caused 48 observation points with an
average of about 14.81 metres causing a tsunami
landfall change of 12 metres about 22.91 metres
back towards the sea. Points that affect the change
in the landfall zone are 18 points in Koto Tangah sub-
district, 12 points in North Padang sub-district and
18 points in West Padang sub-district.

The area in red is the difference in the area
affected by the coastline in 2005 and 2021, by

calculating and analysing using multivariate
regression on the coastline variables in the form of
abrasion and accretion events on coastline changes
at a tsunami landfall of 12 metres above sea level.
Based on the R Square value of 0.122, it indicates
that the effect of variables X1 and X2 together on
variable Y is 12.2%. This explains that the geology of
the observation area has a significant effect on the
tsunami landfall zone of 12 metres above sea level
by only about 12.2%. There is a change in the overall
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land area, namely a reduction in the tsunami
disaster land area of 91.51995 hectares from 2005
to 2021 due to accretion events.

Conclusions

Changes in the coastline over time prove that
the coastline changes and is always dynamic. This is
evidenced by abrasion and accretion events
occurring on the coast of Padang City from 2005 to
2021, with a total of 64 accretion events with an
average distance of +13.06 metres and 58 points of
abrasion events with an average distance of -17.06
metres at the measurement point. Changes in
distance due to abrasion and accretion events that
occur on the coast of Padang City are caused by
natural factors such as waves, tides, currents,
climate, river mouths and human activities around
the coastal area.

The calculation of tsunami landfall zones using
the coastline from 2005 to 2021 with tsunami
modelling of 5 and 12 metres above sea level
resulted in the following areas; the prediction of
tsunami landfall zones of 5 metres above sea level is
expected to hit five sub-districts including South
Padang, West Padang, North Padang, Nanggalo and
Koto Tangah. With an estimated tsunami wave
travel distance of 145 to 1,743 metres inland.

The tsunami landfall zone of 12 metres above
sea level is expected to hit five sub-districts,

including South Padang, East Padang, West Padang,
North Padang, Nanggalo and Koto Tangah. With an
estimated tsunami wave travel distance of 525 to
2,703 metres inland. This indicates that there is a
reduction or shrinkage of the tsunami landfall area
of 5 metres above sea level, which is approximately
78.69 hectares, due to accretion events. Previous
calculations also show that there is a reduction or
shrinkage of the tsunami land area 12 metres above
sea level, which is approximately 91.52 hectares due
to accretion.
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MapaHr Kanacol, batbic Cymatpa, UHAOHE3UA: XKaFanayblK reomopPponormanbik
AVNHAMMKA XKaHe LyHamu Kayni 6ap aiimakTap (TeHi3 geHreiiHeH 5—12 m »Kofapbil)

1 Suci F.R.Z., 2Teuku Y.W.M.L., 3Cipta E.
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TYWIHAEME

Makana kengi: 2 kKaymap 2025
CapanTtamagaH eTri: 6 kaHmap 2025
Kabbinganapl: 24 cayip 2025

MagaHr Kanacbl - Cymatpa apanbiHbiH, 6aTbic 6eniringeri acTaHanblK KananapapblH 6ipi, *Kannbl
JKaFanay Cbi3blfblHbIH, Y3bIHABIFbI LWAMaMeH 68 126 KM KaHe YHAI MyXuTbiHa Tikenen iprenec.
CoHfbl peT batbic CymaTpa nposuHumaAckl 2009 xaHe 2010 xbingapbl LyHamure yuibipaabl, on 7,9
6annablik Xxep CinkiHici cangapblHaH 6uikTiri <1 meTpgeH >12 meTpre AeniHri LyHamuai Tyasipapl.
Capanwsinap MeHTaBall apanaapbiHbiH, 60OMbIHAAFLI MEraTPYCT NAUTANAPbIHbIH, XKapblayblHaH
TybIHAAFaH »ep Ci/IKiHiCi anaTTapbliHbIH, bIKTUManabliFblH Gafanavabl. EpTe KaHe OHTalbl
JKYMCapTy apeKeTTepi LyHamKn anaTTapbiH 6apbliHWA a3aliTyFa MyMKIHAIK 6epeai. Byn 3epTTeyain,
MaKcaTbl TeHi3 geHrediHeH 5 aHe 12 m BMiKTiKTeri LyHamu Tapany aliMakTapblHa ’Kafanay
CbI3bIfbIHbIH, ©3repy acepiHe LWoNy »Kacay 6osbin Tabbinagpl. byn 3eptreyae ArcGIS
b6afmapnamanblK ¥KacakTamacblHAafFbl [eorpaduanbiK aknapaTTbiK JKyile apKplibl eHAeneTiH



https://doi.org/10.31643/2026/6445.29

2026; 338(3):59-71

ISSN-L 2616-6445, ISSN 2224-5243

Google Earth, akimwWinik, eHic }KaHe XKep KamMblifbiCbl Typanbl anbiHFaH 2005-2021 »Kbingapaarsl
MagaHr KanacbiHbIH, Kafanay Cbi3blfblHbIH, MapameTpsiepi nanganaHolnagpl. 3epTreyae
KONAQHbINATBIH SA4IC LyHaMM TaCKbIHbIHbIH, OUIKTiINiH TOMEH, OpTalla KaHe XXofapbl Aen yuw
WKanafa 6eny apKbibl anblHATbIH LlyHAaMU TacKbliHbl 60M1bIN Tabblnaabl. 3epTTeneTiH ayMmaKTbIH,
JKafanay cbi3blFblHbIH, 18520 meTpi 6olibiHAa OpHanackaH 122 6akbinay NyHKTiHAe 6Gakbinay
Kyprisingi. Hatuxkenep MagaHr KanacbiHAa TEHI3 AeHreiHeH 5 skaHe 12 meTp buiKTikTeri LyHamm
anaTTapblHaH 3apAan LWeKKeH bec-anTbl WafblH aygaH 6ap eKkeHiH KepceTeai, COHbIH iWiHae
OHTycTik NagaHr, WeiFbic Maganr, bateic MagaHr, Contyctik MNaganr, Hanrrano, Koto Tanrax. 2005
KbingaH 2021 Kbinfa AeWiHri »Kafanay Cbi3biFbIHbIH, albipMaLLbINbIFbl 6aKblIay almafFbiHbIH,
JKafanay Ccbi3blfblHAA 60bIN KATKAH aKKpeuuanblK KybblabicTapAaH TyblHOafaH apbip cy
AeHreiiHae wamameH 78,69-aaH 91,51 rektapfa AeWiH LyHamMu Tapany aimaFbiHblH ©3repeTiHiH
Kepcerteg,.

TyiiiH ce30ep: Kafanay cbi3blfbl, Kep CiIKiHICi, LyHamu, anaT cangapblH a3anTy.
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AHHOTAUMUA

lopoga MagaHr — ogHa M3 CToAIML, B 3aMaAHOM YacTi octposa CymaTpa ¢ 06Lelt NPoTAMKEHHOCTbIO
6eperosoi NMHUK OKO0 68 126 KM, HenocpeACTBEHHO Npuaeratowasn K UHAMMCKoMy oKkeaHy. B
nocneaHwii pas npoBuHUMA 3anagHas CymaTpa noctpagana ot uyHamu B 2009 n 2010 rogax, Yto
BbI3Ba/10 LLyHaMM BbICOTOM OT <1 meTpa A0 >12 MeTpPOB, BbI3BAaHHOE 3eM/IETPACEHUEM MArHUTYA0M
7,9. 3KcnepTbl OLEHMBAIOT NOTEHLMANbHbIE KaTacTpodbl OT 3eMNETPACEHUIN, BO3HUKAIOLLMX MU3-3a
Mera-paspbIBOB NJIMT BAOAb OCTPOBOB MeHTaBai. PaHHWE M ONTUMAbHbIE YCUAUA MO CMATYEHWUIO
nocneacTsuii  cnocobHbl  MUHMMWM3MPOBATL  MOCNEACTBUA, Bbl3BaHHble  KaTacTpodamu,
BbI3BAHHbIMWU LyHamu. Llenbto JaHHOTO uccnegoBaHuA sABAAETCA npepocTasBneHve ob63opa
BAVAHUA U3MEHEHWU BeperoBoi MHUM Ha 30HbI PACNPOCTPAHEHMUA LyHaMu BbicoTol 5 n 12
MEeTPOB Haj, YPOBHEM MOPSA. B 3TOM Mccnef0BaHMM MCNOL3YIOTCA NapameTpbl 6eperosoit AMHUK
ropoga MapgaHr 8 2005-2021 rogax, nonyyeHHble n3 Google Earth, agMUHUCTpaL MK, YKNOHA U
3emMeNIbHOro MOKPOBa, KoTopble b6yayT obpaboTaHbl C ucnonb3oBaHuem [eorpaduyeckoit
MHPOPMALMOHHOM cUcTeMbl B MporpammHom obecneveHnn ArcGIS. MeToa, Mcnonb3yemoliii B
nccnefoBaHMM, - 3aTOMIEHWE LyHaMM MyTem AeNeHUA BbICOTbl 3aTOMIEHUA LlyHaMu Ha Tpwu
LUKanbl, BKAOYAA HU3KYIO, CPeAHIO W BbICOKyl. HabniogeHus nposoauaucb B 122 TouKax
HabnoaeHus, pazbpocaHHbix BAonb 18 520 meTpoB beperosoi AnMHUM uccaeagyemoi obnactu.
Pe3ynbTaThl NOKa3bIBalOT, YTO B ropoge lMajaHr ecTb OT MATU A0 LWECTU NOAPANOHOB, KOTOpble
nocTpaganu oT LyHamu BbICOTOM 5 1 12 MeTpoB Hag, ypOBHEM MOPSA, BKtOYasA NoapalioHbl KOXKHbIN
MapaHr, BoctouHblii Magaxr, 3anagHbiit MagaHr, CeBepHblii MaaaHr, HaHrrano, Koto TaHrax.
PasHuua B 6eperosoit anHuKM ¢ 2005 no 2021 rog nokasbiBaeT M3MeHeHWe NIoWaau 30HbI
pPacnpoCTpaHeHUA UyHamu npumepHo Ha 78,69-91,51 rektapa Ha KaXAOM YypOBHEe BOAbI,
BbI3BAHHOE AKKPELMOHHbIMU ABNEHUAMM, NPOUCXOAALLMMU BAONb 6EperoBoil SIMHUKM 30HbI
HaboaeHun.

Kntovyeebie cnoea: beperoBas NMHUA, 3eMIETPACEHME, LyHaMW, NUKBUAAUWMA MOCNeACTBUIA
CTUXMIAHbIX BeaCTBUMA.
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ABSTRACT

Monitoring of pit slopes benches stability and pit walls plays the important role in the safety of
mining operations. Slope stability assessment and risk management are mandatory to ensure safe
and efficient operation of pits. Laser scanning technology is one of the base methods of geospatial
data collecting for building of man-made objects models. Laser scanning is widely used in mining
when performing survey work, measurements, monitoring, and studying structural features on the
outcroppings of the rock mass. The article describes the technological chain: the collection of
geospatial data, the processing of the obtained data with the construction of a terrain model and
the further use of the resulting model to solve practical tasks. The choice of optimal laser scanning
parameters should be based on the technological features of a pit, the technical characteristics of
used equipment and scanning density required to solve the tasks. The article demonstrates the
use of the obtained model for determining the necessary geometric parameters of the structural
features of the rock mass to conduct kinematic analysis of potential bench failures at the object of
study. Based on the results of kinematic analysis, recommendations were developed for further
mining operations and potential bench failures risks reducing. The proposed technology can be
used and adapted for laser scanning, followed by the construction of a terrain model at various
mineral deposits to solve a wide range of tasks and ensure the safety of open-pit mining. Due to
the inclusion of laser scanners in the register of measuring instruments in Kazakhstan, high
reliability of measurement accuracy is ensured. The technology allows both to obtain generalized
data on the sides of the quarry, as well as detailed scans of individual ledges. A significant
advantage is the automatic generation of a point cloud during scanning, which reduces in-house
processing.

Keywords: laser scanning, geospatial data, digital terrain model, kinematic analysis, pit, rock mass
structure.
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Introduction

Scientific and technological progress in the field
of digital technologies has led to the improvement
of methods for studying rock mass in the mining
industry. This made it possible to take into account
a larger number of parameters for constructing
structural models that are as close as possible to the

actual mining and geological situation of the studied
field [[1], [2], [3]]. Using three-dimensional modeling
of deposits has significantly influenced the entire
mining process and the adoption of design decisions.
The most important stage in creating models of a
rock mass is the collection of initial data [[4], [5]].
Ground-based laser scanning is used for subsequent
modeling of a pit and its individual elements. Pit
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slopes are potentially dangerous objects. The use of
laser scanning makes it possible to remotely obtain
data on the structure of rock outcroppings on the
surface of the open pit walls of pits, which ensures
the safety of personnel conducting measurements.
The efficiency of the work is an important advantage
of this technology. Based on the constructed
models, a wide range of applied mining tasks can be
solved at a pit [[6], [7], [8]].

The problem of quickly performing three-
dimensional surveys to account for mining, monitor
the condition of rock slopes, and control reserves in
mining requires a lot of effort and resources, placing
special requirements on measuring instruments.
Aerial photography and laser scanning technologies
are suitable for the effective solution of these tasks.
Ground-based laser scanning is superior to aerial
photography in terms of accuracy and detail,
especially in the study of complex geometric shapes
and small cracks. However, aerial photography is
more convenient for covering large areas and
operational surveys, but is inferior in terms of
measurement accuracy and detail of the resulting
model [[9], [10]].

The article describes in stages the methodology
of laser scanning for geospatial data collecting,
subsequent processing of the obtained data with the
construction of a digital terrain model, the study of
structural features and their parameters. Kinematic
analysis was also carried out to assess the
probability of landslides.

The object of the study was the potentially
dangerous section of the northern open pit wall of
Chiganak pit of the barite deposit (Zhambyl region,
Republic of Kazakhstan). The engineering and
geological conditions of Chiganak deposit are
classified as difficult. The geological structure of the
deposit is characterized by a large tectonic
disturbance (the presence of disjunctive and
plicative disturbances) and the occurrence of rocky
and semi-rocky dislocated fractured rocks with the
presence of crushing and weathering zones.

Experimental part

The study of the elements of rock mass structure
always begins with the selection of the scanning area
where there are clearly visible structural elements
on the outcroppings. To set and coordinate the
position of the scanner, it is necessary to determine

at least two solid points for cross-surveying the pit
area under study and creating an overlap of scans.

The scanning density (scanning grid) is
determined by the assigned tasks, the solution of
which will be performed according to the resulting
model. To achieve the stated density of the point
cloud, even in blind spots, an increase in scanning
density due to overlapping scans will not be taken
into account. The initial data for calculating of the
optimal parameters of the scanner installation are
the size of the investigated section of the open pit
wall of the pit, the required density of the point
cloud, the technical characteristics and equipment
of the scanner, as well as the technological features
of the pit that affect the installation of the scanner.

To study the structural features of the
potentially dangerous section of the northern open
pit wall of Chiganak field pit, a minimum scanning
density of 10*10 mm was adopted. Based on this,
the optimal installation parameters of the Leica HDS
8800 3D scanner were determined. To obtain scans
with an overlap of at least 80% and the scanning grid
density of 10¥10 mm, the distance between solid
points was 35 meters, with the scanning range of
about 30 m (Figure 1).

Scant 35 Scan2

- ' 87,08

Figure 1 - Scheme of ground laser scanning of the
studied section of the pit benches

The Leica HDS8800 scanner, which is a
comprehensive laser scanning surveying system
specially designed for use in the mining industry, was
used to perform the study. The Leica HDS8800 has
adaptive scan density and can scan in five modes. In
scanning mode No. 16, a high level of detail of 21
mm is achieved at a distance of 100 mm, which can
be increased by reducing the distance to the
scanned object. The dependence of the scanning
density on the selected mode and the scanning
range from 14 to 30 meters is calculated (Table 1).
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Table 1 - The dependence of the scanning density on the
selected mode and the scanning range

Scanning range, m.

48.86 55.84 62.82 69.8 76.78 83.76 90.74 97.72 104.7

24.36 27.84 31.32 34.8 38.28 41.76 45.24 48.72 52.2

12.18 13.92 15.66 17.4 19.14 20.88 22.62 24.36 26.1

6.02 6.88 7.74 8.6 9.46 10.32 11.18 12.04 12.9

>
Q
S 14 (16 | 18| 20| 22 | 24 | 26 | 28 | 30
1
2
4
8

16 2.94 3.36 3.78 4.2 4.62 5.04 5.46 5.88 6.3

The creation of a survey justification begins with
an analysis of the existing state geodetic networks
(SGN) in the area of the studied object. Our analysis
showed the presence of 11 SGN points, the
coordinates of which were re-determined using
GNSS (Global Navigation Satellite System)
technologies. GNSS measurements by the receiverin
static mode made it possible to re-obtain the
coordinates of SGN points in the local coordinate
system and perform a comparative analysis for a
sample of points with high data reliability. The
transformation of coordinates from the world
system (WGS84) to the local system and network
alignment were performed using the transformation
file (transition key) of the Leica Infinity software,
which is loaded into the GNSS receiver controller
and makes it possible to immediately obtain
coordinates in the local system.

GNSS technology was also used to determine
the coordinates of solid points in static mode in
conjunction with total station survey. The need to
use a total station survey to create a planned
altitude justification is dictated by the difficulty of
satellite signal passing inside the pit, and as a result,
the occurrence of measurement errors.

The result of ground-based laser scanning is a
spatial model formed by a point cloud, each point of
which is characterized by coordinates (X, Y, Z) and
color. Subsequent desk processing of the resulting
point cloud including the processes of combining
scans and filtering them was performed using the
Maptek I-Site Studio software.

When creating accurate three-dimensional
models of objects, combining scans allows reducing
the number of blind spots that are formed due to
equipment limitations or geometric features of the
object. Each scan is performed from different angles
to maximize the coverage of the object's surface,
then the results of several scans are combined into
a single point cloud. This approach allows getting a
detailed and complete model of the object.

The data filtering process is necessary to remove
noise and unwanted elements to create an accurate

and reliable model, as well as, if necessary, reduce
the amount of data while preserving information
about the geometry of the object. One of the main
point cloud filtering methods based on measuring
distances to neighboring points is to remove outliers
that are far from the main surface of the object.

Coloring the points of the cloud in real colors
allows decrypting the studied section of the pit using
a three-dimensional model. The coordinates of the
points, determined with an accuracy of 10 mm,
make it possible to carry out the necessary
measurements of the geometric parameters of
cracks, rock boundaries and discontinuities with
sufficient accuracy.

The geometric parameters of the structural
features of the rock mass were also measured in the
Maptek [-Site Studio software. The following
geometric parameters of the structural elements are
determined: the fall, the direction of the fall, the
average distance between the cracks and the
coordinate reference of the measurement sites
(Figure 2).

Figure 2 - Measuring process of structural elements
geometric parameters

The obtained crack occurrence parameters are
exported to Excel spreadsheet, the fragment of
which is shown in Table 2.

Table 2 - Results of determining of cracks occurrence
elements

Fall Fall
No. | Y,m X, m Zm ! direction,

degree

degree

1 33437.581 | 19307.788 | 354.510 | 78.360 354.074
2 33437.631 | 19307.933 | 355.042 | 48.442 151.849
3 33435.970 | 19308.274 | 354.721 | 50.302 15.276
4 33436.087 | 19308.168 | 355.399 | 45.830 166.297
5 33438.774 | 19307.319 | 353.699 | 85.607 212.191
6 33446.847 | 19306.707 | 354.949 | 85.156 30.809
7 33447.120 | 19306.913 | 355.350 | 37.122 184.027
8 33447.620 | 19306.556 | 354.919 | 81.196 179.346
9 33457.285 | 19305.269 | 355.323 | 62.497 30.894
10 33457.465 | 19305.359 | 355.935 | 34.136 185.924

—— 74 ——
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Kinematic analysis based on rock jointing
measurements.

The analysis of the condition of separate
benches is based on the study of the properties of
the rock formations composing them, structural
elements and their features, the presence of weak
rock contacts, faults, natural rock jointing, the
degree of negative impact of drilling and blasting,
weathering and oxidation processes. All of these
factors, from the point of view of sustainability, have
a negative impact to one degree or another. The task
is to identify the dominant risk factors that can lead
to local bench failure and deformations [[11], [12],
[13], [14]].

The benches of the Chiganak deposit are
composed of rocky and semi-rocky soil, broken by
cracks of various orientations and intensities.
Instability in such rock mass occurs by shifting along
cracks or by overturning blocks. The possibility of
such cases is determined by the spatial orientation
of crack systems and man-made outcroppings of
slopes. The complex of issues related to the study of
the potential for crack stability violations with the
fulfilment of the conditions of a special limit
equilibrium is called kinematic analysis.

The Rocscience software package provides a
special product named Dips for interactive analysis
of geological data based on the orientation of crack
systems to perform kinematic analysis and risk
assessment of planar and wedge-shaped
displacements (Figure 3).

Figure 3 - The crack systems in Dips
Rocscience software

The program uses stereographic projection and
is a set of tools for various applications and analysis
of geological data. The input data affecting the
probability of bench failures are the orientation of
the slope and crack systems, the slope angle of the
bench and the angle of friction along the cracks. As

a result of kinematic analysis, the probabilities of
rock mass failure modes are determined in Dips
[[15], [16], [17]].

There are three types of possible bench failures:
Planar Sliding, Wedge Sliding, and Toppling [[16],
[17]]:

1. Planar Sliding. A bench failure in the form of a
flat slide is possible if the direction of fall of the crack
system and the slope surface correspond to the
developed space. In this case, the angle of incidence
of the crack system is less than the angle of
incidence of the slope surface, but exceeds the value
of the angle of internal friction along the cracks. If
these conditions are met, then the fragments of the
bench limited by systems of cracks in the form of
blocks have the potential to shift towards the
developed space. The data and assessment of the
possibility of flat sliding is shown in Figure 4.

Figure 4 - Planar Sliding analysis

2. Wedge Sliding. This type of bench failure can
occur in the open pit walls of pits, when two
diagonal systems of cracks falling about the slope
form a wedge, which is capable of shifting in the
direction of the space left after mining. The
condition for the possibility of such a displacement
is the slope of the line of intersection of these planes
towards the mining space, exceeding the value of
the angle of internal friction along the cracks. Under
these conditions, the displacement of the rock block
in the form of a wedge occurs under the action of
gravity. Kinematic analysis of wedge-shaped bench
failure is an important tool for assessing the risks of
bench failure in pits. It allows making preliminary
calculations and identifying areas of increased risk of
bench failure, which makes it possible to take
appropriate measures to ensure the safety of mining
operations. The data and assessment of the
possibility of wedge sliding are shown in Figure 5.
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Figure 5 - Wedge Sliding analysis

3. Direct Toppling. This type of bench failure
occurs when a rock mass fall along a vertical plane
perpendicular to the slope surface. Direct toppling is
often registered in pits where the slopes have a
steep angle and the rocks have low strength. An
important condition contributing to direct toppling
is a decrease in the strength of the contour zone as
a result of weathering, erosion, the influence of
drilling and blasting, seismic activity and other
factors. Direct toppling monitoring at a pit is
essential to ensure the safety of workers and
prevent devastating accidents. The data and
assessment of the possibility of direct toppling are
shown in Figure 6.

Figure 6 - Toppling analysis

The sensitive analysis of the «slope angle»
parameter was realized to assess the actual
condition of the benches of the open pit wall of the
pit and make design decisions. The results of the
analysis showed that a further increase in the slope
angles is impossible due to a sharp increase in the
risk of bench failure. The probability of direct
toppling with the current slope angle parameters of
40 degrees already has a fairly high probability, and
with an increase of 5 degrees, it doubles and has an
extremely high value [[20], [21], [22], [23], [24]]. The

potential risks for all types of bench failures with a
further increase in the slope angle and the walls of
the pit are shown in Table 3.

Table 3 - Impact of increasing slope angle on the degree
of potential risk of failure

:'I;,;: I.’It.vnar I{V_edge Dir.ect
degree sliding, % | sliding, % | toppling, %

40 16.7 1.28 29.17

45 37.5 5.43 58.33

>0 58 9.72 70.83

55 66.67 12.71 75

60 66.67 15.63 75

65 66.67 20.29 75

70 66.67 27.82 75

75 66.67 35 75

80 66.67 41.4 75

85 66.67 50 75

Results and Discussion

Laser scanning of the pit slope section of the
Chiganak barite deposit was carried out using a Leica
HDS 8800 mining laser. The survey justification for
this was created using GNSS technologies. The
density of laser scanning throughout the entire area
was 10 mm or higher. A representative volume of
geospatial data on structural elements of the rock
mass was collected in the form of an accurate three-
dimensional model. Based on this model,
measurements were made of the geometric
parameters of structural elements necessary for
conducting kinematic analysis: the dip, the direction
of dip, the average distance between cracks, and the
coordinate reference for measurement sites. A
kinematic analysis was then performed using the
Dips software package. The results showed the
probability of all three types of potential bench
failures at a current slope angle of 40 degrees. The
highest potential risk of failure is in direct toppling,
which amounts to 29.17%. To evaluate the design
solutions for increasing the slope angles, a thorough
analysis was conducted using the slope angle as a
parameter, with an interval of 5 degrees. This
analysis revealed that it is not possible to further
increase the angle due to the high probability of
direct toppling at the current angle of 40 degrees.
With an increase of just 5 degrees, the probability of
toppling becomes extremely high, doubling from the
current value.

Laser scanning is an excellent data acquisition
tool for building three-dimensional models of open
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pits and their elements. The three-dimensional Conclusions
models obtained apply to solving a wide range of
tasks, including studying the rock mass structural The proposed technique for geospatial data

features, assessing the open pit slopes' stability and collecting based on laser scanning and GNSS

analyzing possible failures. Laser scanners are technologies can be used to obtain three-
included in the register of measuring instruments of

the Republic of Kazakhstan, which makes it possible
to obtain measurements with the declared accuracy,
guaranteed by device verification certificates. Laser
scanning can be used as a method for generalized
data obtaining on the condition of the pit wall
section and detailed scans of individual sections of
its benches. The use of laser scanning technology
makes it possible to significantly reduce the stage of
desk processing, since a point cloud is generated
during the scanning process. The resulting point
cloud, in which coordinates and color are assigned
to each point, is immediately imported from the
scanner's memory into the software for further
processing. The resulting three-dimensional models
apply to solving a wide range of tasks. The proposed CRediT  author  statement: V. Yartseva:
technology for collecting geospatial data provides  Conceptualization, Writing  draft preparation; D.
the construction of a digital three-dimensional  ©Ozhigin: Software, Data curation; V. Dolgonosov:
model with a pixel size of 10 mm. The limitation of Methodology. Visualization; S. Ozhigina: Investigation.
using this model is based solely on its pixel size. S. Ozhigin: Validation, Supervision.

dimensional models that provide the required
accuracy. Laser scanning has no restrictions and is
applicable in pits for the extraction of any type of
minerals. The speed of three-dimensional model
obtaining and its accuracy make it possible to quickly
solve topical issues arising during mining operations.
It is planned to further develop data collection
technology based on laser scanning to construct a
more detailed digital three-dimensional model of
open pit elements to study microcracks and their
impact on the rock mass condition.

Confiicts of interest. No conflicts of interest
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Nasepnik cKaHepney Heri3iHAe Tay MAaCCUBIHIH, KYPbINbIMADbIK,
epeKLlenikTepiH 3epTrey

filpuesa B.®P., Oxxurun A.C., QonroHocos B.H., OxkuruHa C.b., OxkuruH C.I.

JbinKac CarbiHO8 ambiHOaFbI KaparaHObl mexHUKanblK yHusepcumemi, KaparaHosl, KazakcmaH

TYRIHAEME

Tay-KeH »KYMbICTapblHbIH, Kayinciairi maceneciHae KapbepaiH 6eTkeinepiHiH, TypaKTblIbIFbIH
6aKpl1ay MaHbI3Abl pen aTkapadbl. Kenbey TypaKTbibIKTbl baFanay aHe Tayekengepai 6ackapy
Kapbepsaepai Kayincis »KoHe TWimai nanganaHyabl KamTamacbl3 eTy YWiH MiH4eTTi 6onbin
Tabblnaapl. Jlasepnik cKaHepaey TEXHONOTUACHI TEXHOreHAIK 0BbeKTINepAiH, MoaenbaepiH Kypy

Makana Kkengij: 22 KaHmap 2025 YLLiH reOKeHiCTIKTIK AepeKTepAi }K1HayAblH, Heri3ri aaicTepiHin, 6ipi. Tay-KeH eHAipiciHae nasepnik
CapantamagaH etTi: 21 aknaH 2025 CKaHepJsiey TYCipiNim KyMbICTapbiHAQ, enweynepae, 6akbinaynapaa aHe Tay KblHbICTaPbIHbIH,
Kabbinganabi: 29 cayip 2025 6eTKelnnepiHiH, KypblbIMAbIK epeKwenikTepiH 3epTreyae KeHiHeH KosigaHbiiagbl. Makanaga

KapacTbIpblifaH TEXHONOTUANBIK Ti36EK: rEOKEHICTIKTIK AePEKTEPAI KUHAY, aNbiHFaH AepeKkTepai
OHAEY apKblIbl Kep beaepiHiH MoAeniH Kypy KaHe NPaKTUKaNblK macenenepai wewy yuwid
anblHFAH MoAenbAi ofaH api nanaanaHy. Jlazepnik CKaHepneyaiH OHTaWAbl NapameTpaepiH
TaHZAy KapbepaiH TEXHONOTUANIK epeKLLenikTepiHe, NaliAanaHblaaTbiH KababIKTbIH TEXHUKANbIK,
cMnaTTamanapbliHa, KOWbINFAH MIHAETTepAi LWelly VYWiH KaXeTTi CKaHepsiey Tbifbl3AblfbiHA
Herisaenyi Kepek. Makanaga 3eptrey oObeKTICiIHAEr bIKTMMan OnblipblaynapFa KMHEMATUKANbIK,
Tangay *Kyprizy MakcaTbiHA MACCUBTIH, KYPbIIbIMAbIK epeKLeNiKTePiHiH, KaXeTTi reoMeTpuANbIK
napameTpaepiH aHbIKTay YLWiH anblHFaH MoAenbAi KonaaHy KepceTinreH. KuHemaTuKanbik
TanpayapblH, anblHFAH HATUXKeNepi HerisiHAe Tay-KeH JKYMbICTapblH OfaH 9pi KYprisy aHe
bIKTMMan ONbIPbINY KaymniH a3aiTy 6OWbIHLWWA YCbIHbICTAP *Kacanapl. ¥CbIHbIIFAH TEXHOOMMUA KEH,

AyKbIMAbl Macenenepai WelLly *KaHe allblK 94iCneH eHAiIpYAiH, Kayinci3airiH KamTamachi3 eTy yLiH



https://doi.org/10.31643/2026/6445.30

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

9p Typni nanpansl kasbanap KeH opblHAAPbIHAA KeWiHHeH ep Heaepi yAariciH cany apkplibl
Nasepnik CKaHepsey YWiH NaWganaHblaybl KaHe benimaenyi MymkiH. Jlasepnik ckaHepnepai
KasaKCcTaHHbIH eley acnanTapblHbiH, Ti3iniMiHe eHri3yAiH apKacbiHAa enwwey ASNAIMIHIH KoFapbl
ceHimajniri KamTamacsoi3 etinei. TexHONOrMA Kapbep XakTapbl 6OMbIHLIA KaMblnama gepekTepai
anyfa KaHe KeKe OMbIKTapAbl erken-Terxkeini ckaHepneyre MyMKiHAIK 6epegsi. MaHbi3apl
apTbIKLWbIbIFEI - CKaHepney KesiHae HyKTenepdid 6ynTbl aBTomaTtTbl TypAe »Kacanagpl, 6yn
KamepasnblK eHaeyAji azaintagpl.

Tyiiin ce30ep: nasepnik CKaHepsey, TEOKEHICTIKTIK AepeKTep, penbedTiH, caHAplK Moaeni,
KMHEMATUKaNbIK Tanaay, Kapbep, Tay MacCUBiHiH, KYPblibIMbl.
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UccnepoBaHue CTPYKTYPHbIX 0CO6EHHOCTEN FOPHOro MaccuBa
Ha OCHOBE N1a3epHOro CKAaHMPOBaHUA

fAilpuesa B.®., Oxkurun A.C., onroHocos B.H., OxxuruHa C.b., OxxuruH C.I.

KapazaHOuHckuli mexHu4eckuli yHusepcumem umeHu Abslakaca CaeuHosa, KapazaHda, KazaxcmaH

AHHOTAUMA

MOHWTOPUHT YCTOMYMBOCTU OTKOCOB YCTYNOB U BOPTOB Kapbepa MrpaeT BaXkHyIo po/b B BOMpoce
6e30MacHOCTU BefeHWA ropHbiX paboT. OLEHKa YCTOMYMBOCTM OTKOCOB U YNpaBieHMe pUCKaMu
ABNAOTCA 0bA3aTeNbHbIMKM A/iA obecniedeHns 6esomacHol U 3ddEKTUBHOM 3IKCnyaTaLmm
Kapbepos. TeXHOI0rVA Na3epHOro CKaHWPOBAHMA ABAAETCA OLHUM U3 OCHOBHbIX MeToL0B cbopa
reonpoCTPaHCTBEHHbIX AAHHbIX A1 MOCTPOEHWUA MOAeNei TeXHOreHHbIX 06bekToB. JlazepHoe
CKaHMPOBaHWE LIMPOKO MPUMEHAETCA B FOPHOM Aefie NPU BbINOJHEHUU MapKLLenaepcKux
paboT, U3MepeHNUI, MOHUTOPUHIA U U3YYEeHUA CTPYKTYPHbIX 0COBEHHOCTEN Ha BbIXOAAX FOPHOrO

maccvMBa. B cTaTbe paccMoTpeHa TexXHO/IOrMYeckas Lenodvka: cbop reonpocTpaHCTBEHHbIX
MNoctynuna: 22 aHeaps 2025

PeueHsuposanue: 21 gpespans 2025
MpuHAaTa B Nnevatb: 29 anpens 2025

[JaHHbIX, 06paboTKa MONYYEHHBIX AAHHBIX C MOCTPOEHUEM MOLENN MECTHOCTM, U Aa/ibHelwee
MCNONb30BaHME NONYYEHHOW MOAENW ANA PELUEHUA NPAKTUYECKUX 3a4a4. Bbibop onTMMmanbHbIX
napameTpoB /1a3ePHOr0  CKAaHWPOBAHWA [O/MKEH OCHOBbIBATbCA HA  TEXHONOMMYECKMX
0CcOB6EHHOCTAX Kapbepa, TEXHUUYECKUX XapaKTepUCTUKax Mcnosblyemoro obopynoBaHus, Ha
Tpebyemoil NNOTHOCTU CKAHWPOBAHMWA, HEOBXOAMMOW ANA pelleHMA NOCTaBNAEHHbIX 3ajay. B
CTaTbe MOKa3aHO MCMOoJ/b30BaHME MONYYEHHON MOAENN [ANA OnpefeneHuUs HeobXoAMMBbIX
reoMeTpPUYECKUX MapameTpoB CTPYKTYPHbIX OCOBEHHOCTE MaccuBa C LieNblo NpoBefeHus
KMHEMaTUYeCcKoro aHaav3a noTeHuManbHbix 06pyLieHnit Ha obbekTe uccneoBaHusa. Ha ocHose
NONyYeHHbIX Pe3ynbTaToB KMHEMaTUYeCKoro aHasiusa 6biav BblipaboTaHbl pekomeHZauuu no
JanbHenwemMy BefleHUIO FOpPHbIX PaboT U CHUNKEHWIO PWUCKOB MOTEHLMANbHbIX O0BpyLLIEHWUIA.
MpeanoxKeHHas TEXHONOTMSA MOXKET ObiTb MCMONb30BaHA M afanTMPOBaHa A/1f NpoBeAeHUs
Na3epHOr0 CKaHWPOBaHMA C MOCIEAYIOWMM NOCTPOEHNEM MOZLEM MECTHOCTU Ha Pas/iMyHbIX
MECTOPOXKAEHMAX MOIE3HbIX MCKOMAEMbIX [/ PELUEHUs LWMPOKOro Kpyra 3agay u obecneyeHus
6e30MacHOCTM OTKPbITbIX FTOPHbLIX PaboT. baaroaaps BKAOYEHMIO Na3epHbIX CKaHepoB B peectp
n3mepuTeNbHbIX Npubopos KasaxcTaHa, obecneumBaeTcs BbICOKAsA [OCTOBEPHOCTb TOYHOCTU
nsmepeHuit. TexHoNI0rMA NO3BOIAET KaK NosyyaTb 0606LLeHHble JaHHble 0 HopTax Kapbepa, Tak
W AeTaNn3npoBaHHbIE CKaHbl OTAE/bHbIX YCTynoB. CylecTBEHHbIM MPEUMYLLECTBOM ABIAETCA
aBTOMAaTMuyecKana reHepauusa obnaka TOYeK BO BpPeMsA CKAaHWPOBAHMA, UTO COKpalLaeT

KamepasibHyto 06paboTKy.



https://orcid.org/0000-0003-3015-0280
https://orcid.org/0000-0003-3015-0280
https://orcid.org/0000-0002-2443-3068
https://orcid.org/0000-0001-8110-2284
https://orcid.org/0000-0001-7986-2858
https://orcid.org/0000-0003-2432-3851

2026; 338(3):72-80 ISSN-L 2616-6445, ISSN 2224-5243

Knrouesvbie cnoea: Jla3epHOe CKaHMpoBaHUe, reonpoCcTpaHCTBEHHbIE AdHHblEe, Ll,Md)pOBaH moaenb
MECTHOCTU, KUHEMATUYECKUI aHanus, Kapbep, CTPYKTYpa ropHOro maccusa.

UHpopmayusa o6 asmopax:

PhD doxkmopaHm, cmapwul npernodasamens Kagedpsl MapKuwelidepckozo dena u 2eode3uu,
fApyesa Bepa ®apudosHa KapazaHduHckuli mexHu4eckuli yHusepcumem umeHu Abbinkaca CaeuHosa, np. H.Hasapbaesa
56, 100027, KapazaHda, KasaxcmaH. Email:  v.yartseva@ktu.edu;  ORCID  ID:
https.//orcid.org/0000-0003-3015-0280

PhD, cmapwuli npenodasamens Kageopel Mapkwelidepckozo Oena u e2eode3uu,
KapazaHduHckuli mexHu4eckuli yHusepcumem umeHu Abbinkaca CaeuHosa, np. H.Hazapbaesa
56, 100027, KapaeaHOa, KasaxcmaH. Email:  d.ozhigin@ktu.edu.kz;,  ORCID  ID:
https.//orcid.org/0000-0002-2443-3068

OxcuauH imumpuii Cepeeesuy

A.m.H., npogeccop Kagedpsi Mapkwelidepckozo Oena u eeodesuu, KapazaHOuHckull
mexHuvecKuli yHugsepcumem umeHu Abbeinkaca CaeuHosa, np. H.Hasapbaesa 56, 100027,
KapazaHda, Kazaxcmax. Email: v.dolgonosov@ktu.edu.kz; ORCID ID: https://orcid.org/0000-
0001-8110-2284

AonzoHnocoe Bukmop Hukonaesu4

K.m.H., cmapwuli npenodasamens Kagedpel MapKwelidepckoeo Oena u 2eode3ul,
KapaeaHduHckuli mexHu4eckul yHusepcumem umeHu Absinkaca CaeuHosa, np. H.Hasapbaesa
OxcuzuHa CeemnaHa bopucosHa 56, 100027, KapazaHda, KaszaxcmaH. Email:  s.ozhigina@ktu.edu.kz;  ORCID  ID:
https://orcid.org/0000-0001-7986-2858

A.m.H., npogeccop Kagedpsi Mapkwelidepckozo Oena u eeodesuu, KapazaHOuHckul
mexHuveckuli yHusepcumem umeHu Abbinkaca CaeuHosea, np. H.Hazapbaesa 56, 100027,
KapazaHda, KazaxcmaH. Email: s.ozhigin@ktu.edu.kz; ORCID ID: https.//orcid.org/0000-0003-
2432-3851

OsxxueuH Cepeeii Feopauesuy

References

[1] Kosarev N, Goldobin D, Sermiagin R, Kemerbayev N, Sholomitskii A. Evaluation of the high-degree global gravity field models
in the territory of Kazakhstan. International Journal of Engineering and Geosciences. 2025; 10(1):14-21.
https://doi.org/10.26833/ijeg.1485621

[2] Moser DV, Levin E, Satbergenova AK. The research study in the convergence of the results of processing radar images
sentinel-la  with  field observations of agricultural sites. Geodesy and cartography. 2019; 950(8):52-58.
http://doi.org/10.22389/0016-7126-2019-950-8-52-58

[3] Alipbeki O, Grossul P, Rakhimov D, Kupidura P, Alipbekova C, Musaif G, Turekeldiyeva R, Augambaev K, Begaliyeva M.
Ecosystem Health  Assessment of the  Zerendy  District, Kazakhstan.  Sustainability. 2025, 17(1):277.
https://doi.org/10.3390/su17010277

[4] Alipbeki O, Alipbekova C, Mussaif G, Grossul P, Zhenshan D, Muzyka O, Turekeldiyeva R, Yelubayev D, Rakhimov D, Kupidura
P, Aliken E. Analysis and Prediction of Land Use/Land Cover Changes in Korgalzhyn District, Kazakhstan. Agronomy. 2024; 14:268.
https://doi.org/10.3390/agronomy14020268

[5] Renato Macciotta. Slope risk management in light of uncertainty and environmental variability-2021 Canadian Geotechnical
Colloquium. Canadian Geotechnical Journal. 2023; 60(12):1777-1791. https://doi.org/10.1139/cgj-2022-0626

[6] Bilgehan Kekeg, Niyazi Bilim, Emre Karakaya, Dhikra Ghiloufi. Applications of Terrestrial Laser Scanning (TLS) in Mining: A
Review. Turkey Lidar Journal. 2021; 3(1):31-38. https://doi.org/10.51946/melid.927270

[7] Sokalski D, Wojewoda J. Comparison of the consistency of structural measurements made using the traditional method and
with the use of point cloud from terrestrial laser scanning in a selected site of Radkéw Bluff (Table Mountains, SW-Poland). Landform
Analysis. 2023; 42:37-49. https://doi.org/10.12657/landfana-042-003

[8] Xu Z, Xu E, Wu L, Liu S, Mao Y. Registration of Terrestrial Laser Scanning Surveys Using Terrain-Invariant Regions for
Measuring Exploitative Volumes over Open-Pit Mines, Remote sensing. 2019; 11(6):606. https://doi.org/10.3390/rs11060606

[9] Druz RA, Protasova AV, Ohunov ShR, Kshanovskaja AV. Comparison of airborn laser scanning and aerial survey using
unmanned air vehicles. Mining Informational and Analytical Bulletin. 2023; 5:130-14.
https://doi.org/10.25018/0236_1493_2023 5 _0_130

[10] Tan Y, Liu X, Jin S, Wang Q, Wang D, Xie XA. Terrestrial Laser Scanning-Based Method for Indoor Geometric Quality
Measurement. Remote Sensing. 2024; 16(1):59. https://doi.org/10.3390/rs16010059

[11] Nizametdinov FK, Baryshnikov VD, Zhanatuly E, Nagibin AA, Tuyakbai AS, Nizametdinov NF, Estaeva AR. Selection and
Justification of Design Variables for Strength Properties of Rocks in Slope Stability Analysis for Open Pits. Journal of Mining Science.
2021; 57:386-392. https://doi.org/10.1134/51062739121030042

[12] Bagaraja Sirait, Silti Salinita, Zulfahmi, Eko Pujianto. Assessing slope failure in coal mining using kinematic analysis, IOP
Conference Series: Earth and Environmental Science. International Seminar on Mineral and Coal Technology, Bandung. 2021;
882:012060. https://doi.org/10.1088/1755-1315/882/1/012060

[13] Ozdogan MV, Deliormanli AH. Determination of possible failure surfaces in an open-pit slope caused by underground
production. Bulletin of Geophysics and Oceanography. 2020; 61(2):199-218. https://doi.org/10.4430/bgta0305

[14] David Saiang. Back Analysis of Narrow Vein Open Stope Stability and Verification Using Kinematic and Empirical Methods.
Proceedings of the Rocscience International Conference. 2023. https://doi.org/10.2991/978-94-6463-258-3_3

[15] Liu W, Sheng G, Kang X, Yang M, Li D, Wu S. Slope Stability Analysis of Open-Pit Mine Considering Weathering Effects.
Applied Sciences. 2024; 14:8449. https://doi.org/10.3390/app14188449

[16] Xu S, Wang B, Wang D, Zhang J. A practical stability/instability chart analysis for slope large deformations using the material
point method. Engineering Geology. 2024; 338:107611. https://doi.org/10.1016/j.enggeo.2024.107611



https://orcid.org/0000-0003-3015-0280
https://orcid.org/0000-0002-2443-3068
https://orcid.org/0000-0001-8110-2284
https://orcid.org/0000-0001-8110-2284
https://orcid.org/0000-0001-7986-2858
https://orcid.org/0000-0003-2432-3851
https://orcid.org/0000-0003-2432-3851
https://doi.org/10.26833/ijeg.1485621
http://doi.org/10.22389/0016-7126-2019-950-8-52-58
https://doi.org/10.3390/su17010277
https://doi.org/10.3390/agronomy14020268
https://doi.org/10.1139/cgj-2022-0626
https://doi.org/10.51946/melid.927270
https://doi.org/10.12657/landfana-042-003
https://doi.org/10.3390/rs11060606
https://doi.org/10.25018/0236_1493_2023_5_0_130
https://doi.org/10.3390/rs16010059
https://doi.org/10.1134/S1062739121030042
https://doi.org/10.1088/1755-1315/882/1/012060
https://doi.org/10.4430/bgta0305
https://doi.org/10.2991/978-94-6463-258-3_3
https://doi.org/10.3390/app14188449
https://doi.org/10.1016/j.enggeo.2024.107611

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

[17] Christian Obregon, Hani Mitri. Probabilistic approach for open pit bench slope stability analysis — A mine case study.
International Journal of Mining Science and Technology. 2019; 29(4):629-640. https://doi.org/10.1016/j.ijmst.2019.06.017

[18] Duncan C. Wyllie, Christopher W. Mah. Rock slope engineering (4th Edition). Taylor & Francis e-Library. 2005.

[19] Hudson JA, Harrison JP. Engineering rock mechanics. An introduction to the principles. Elsevier Science. 2000.

[20] Agyei G, Ocran L, Buaba EM. Slope Angle Estimation Of Amoanda East Pit Of Abosso Gold Fields, Ghana. Nigerian Journal of
Technology. 2019; 38(3):594-602. http://dx.doi.org/10.4314/njt.v38i3.8

[21] Yi He, Junyan Yu, Ran Yuan, Wenfa Wang, Nikolaos Nikitas. Stability and failure mechanisms in three-dimensional cracked
slope: Static and dynamic analysis. Computers and Geotechnics. 2022; 144:104626. https://doi.org/10.1016/j.compgeo0.2021.104626

[22] Lu Y, Chen X, Wang L. Research on Fracture Mechanism and Stability of Slope with Tensile Cracks. Applied Sciences. 2022;
12:12687. https://doi.org/10.3390/app122412687

[23] YiHe, Yan Liu, Yingbin Zhang, Ran Yuan. Stability assessment of three-dimensional slopes with cracks. Engineering Geology.
2019; 252:136-144. https://doi.org/10.1016/j.enggeo.2019.03.001

[24] Nizametdinov NF, Baryshnikov VD, Nagibin AA, Nizametdinov RF, Tuyakbay AS. Justification of Pitwall Parameters: A Case-
Study of Koktaszhal Deposit, Kazakhstan. Journal of Mining Science. 2022; 58:527-533. https://doi.org/ 10.1134/51062739122040019



https://doi.org/10.1016/j.ijmst.2019.06.017
http://dx.doi.org/10.4314/njt.v38i3.8
https://doi.org/10.1016/j.compgeo.2021.104626
https://doi.org/10.3390/app122412687
https://doi.org/10.1016/j.enggeo.2019.03.001
https://doi.org/%2010.1134/S1062739122040019

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

> creative
g2 Crossref @commons

DOI: 10.31643/2026/6445.31
Earth sciences

Study of geochemical characteristics of the Bakyrchik ore zone

Kopobayeva A.N., Musabayeva M.K., "Amangeldikyzy A., Askarova N.S.,
Issatayeva F.M., Toleubek K.E., Mazakh B.

Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

* Corresponding author email: amangeldykyzy@inbox.ru

ABSTRACT

The article presents a study on the geochemical characteristics of the ore deposits in the Bakyrchik
ore area (Bakyrchik, Glubokiy Log, Zagadka, Promezhutochnoe), which is located in the Zharminsk
district of the Abay region in Eastern Kazakhstan.The aim of the study is to identify and describe
the geochemical characteristics of the ore deposits in the Bakyrchik ore field, and to analyze the
distribution and zonation of elements within ore bodies and areas of dispersed mineralization. The

Received: February 24, 2025 results of spectral analysis on 30 rock samples collected from various depths (550—700 meters) in
Peer-reviewed: March 18, 2025 the vertical mineralization profile of the Bakyrchik field. Samples were taken from core material
Accepted: April 30, 2025 from different wells in different areas of the field, including Bakyrchik, Glubokiy Log, Zagadka, and

Promezhutochnoe, as well as from zones of ore bodies and other areas such as zones of fracture,
mylonite, calcite, and sulfide mineralization, considering lithological features. Based on the results
of geochemical studies conducted, the characteristics and differences in geochemical properties
of large and small ore deposits have been identified, and the distribution of chemical elements
within zones of dispersed mineralization has been described. The practical significance of this work
liesin the fact that the revealed patterns of element distribution and geochemical zoning to predict
the presence of new ore deposits, interpret chemical anomalies, estimate the level of erosion of
mineralization, and optimize exploration and assessment efforts in other areas within the ore field.

Keywords: geochemical zonation, ore bodies, near-ore halos, Bakyrchik zone, gold-arsenic
mineralization, diffuse mineralization.
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Introduction hidden at considerable depths or covered by dense

sedimentary rocks. With the increasing demand for

Kazakhstan occupies a leading position among  gold in world markets and the dwindling supply of

countries with a rich mineral resource base, readily available raw materials, studying the

particularly in the field of gold mining. However, in  geochemical characteristics of ore bodies becomes
recent decades, there has been a decline in easily  crucial.

accessible gold deposits, leading to the need for The Bakyrchik ore zone is a strategically

strategies to develop “blind” deposits — those important gold mining facility due to its significant
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reserves and unique geochemical zoning. The study
of gold-antimony-arsenic and gold-tungsten zones in
the Bakyrchyk ore field allows us to gain a deeper
understanding of the patterns of ore formation in
difficult tectonic conditions [[1], [2], [3]].

The aim of the study is to study the geochemical
characteristics of ore objects in the Bakyrchik ore
field, as well as to analyze the zoning and
distribution of elements in ore bodies and areas of
scattered mineralization. This will contribute to
developing methods for predicting hidden deposits,
which is particularly important for gold-bearing
areas with dense sedimentary rock cover [[4], [5],
(6]].

The practical significance of the study lies in the
analysis of patterns of distribution of elements that
can be used to predict new ore bodies and assess the
level of erosion of mineralization. The results have

the potential to optimize exploration activities both
in Kazakhstan and other regions with similar
geological features, which will strengthen
Kazakhstan’s position in the gold market and ensure
the sustainable development of its mining industry.

The relevance of studying this ore field is in the
fact that it provides an in-depth and detailed
approach to studying geochemical patterns, which
can improve the efficiency of exploration and
assessment work. Unlike other studies, which often
focus on individual elements or associations, this
study looks at a complex geochemical zone with the
identification of four distinct zones, each with
unique geochemical characteristics. This method
allows not only identifying new ore bodies but also
more accurately predicting their size and
composition.

g

— 0
o [@ s —

Figure 1 - Geological map of the Bakyrchik ore field (using materials by V.l. Tikhonenko)

1 — Quaternary deposits; 2 — 7 — geological formations: 2 — plagiogranite-granodiorite, C3; 3 — Molasses limnic
carbonaceous, Cz3, 4 — grauvaccian silty-lithic sandstone, Cis (4 — upper sandstone — siltstone and 5 — lower sandstone
subformations), 6 — flyschoid carbonate-calcareous — terrigenous, Civ2-3, 7 — limestone — sandstone — silty, Cav1;

8 — 11 — discontinuous faults (8 — deep, 9 — shallow faults, 10 — under loose sediments, 11 — ore-controlling),

12 — thrust, 13 — elements of formation, 14 — 15 — ore formations (14 gold-arsenic — carbonate, 15 gold-quartz).
Deposits: 1- Espe, 2 — Kostobe, 3— Dalny I, 4— Dalny, 5—- Bolshevik, 6— Chelobai, 7 — Bakyrchik, 8 — Glubokiy log,

9 — Promezhutochnoe, 10 — Bizhan
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Figure 2 - Lithological and stratigraphic column of the area with metallogenic load
(according to M. S. Rafailovich and B. A. Dyachkov)

1-5 — magmatic formations and sub-formations of the collision stage: 1 — leucogranite (the Delbegetey complex, P2),
2 — gabbro-diorite-granodiorite granodiorite complex (Kunush complex, C3) 3 —small intrusive plagioclase granites
(Kunush complex. Cs), 4 — dikes of mottled composition, 5 — medium basic composition (Kunush complex and its
analogs, Cs; geological and industrial minerals: 6 — giant Bakyrchik deposit

In addition, a significant difference of this study
is the attention to zones of dispersed mineralization
(zDM), which are usually considered only as by-
products in most world studies. In this case, these
zones have been analyzed in detail, making it
possible to identify promising areas more accurately
and avoid mistakes when selecting objects for
further work.

Knowledge of the features of zonation of ore
bodies and halos helps increase the accuracy of

predictive models and effective planning for

exploration work.
The Bakyrchik ore field is an important gold

mining facility in Kazakhstan. Its peculiarity lies in the
unique geochemical zoning of the ore bodies, which
makes it possible to deeply study the patterns of ore
formation in a complex tectonic environment [[7],
(811

The analysis of near-ore halos and zones of
scattered mineralization at this facility contributes
to the development of new methods for predicting
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“blind” deposits. Successful development of these
“blind” gold deposits within the Bakyrchik ore field
would make it possible to apply the results obtained
in other areas. This would strengthen Kazakhstan’s
position on the global gold market and ensure
steady growth in the mining industry.

Geological settings. According to the traditional
scheme of structural and formation zoning of the
Zaisan fold region, the district is located in the
central part of Kalba synclinorium, within the Kalba-
Naryn structural and formation zone, extending in a
narrow band along the West Kalba fault (Fig. 1) [[9],
[10]].

The following stratigraphic units of the Paleozoic
group are involved in the geological structure of the
area (Fig. 2):

1. Arkalyk formation (Cuar);

2. Aganaktin formation (Ciag);

3. Bukon formation (Caux).

Formations of weathering crusts, of areal and
linear morphological types, are conventionally
attributed to the Mesozoic period. The weathering
crust develops along Paleozoic rocks, sedimentary
and igneous in origin, lies under a cover of Neogene-
Quaternary sediments and, in places, comes to the
surface on tops of hills and steep slopes [[11], [12]].
According to conditions of occurrence and the
structure of the weathered crust within the area
they are divided into two types: areal and linearly
fractured. According to chemical properties they
belong to sialite. Depending on the source rock, the
weathering crusts are divided into kaolin and
nontronite [13].

Cenozoic deposits (Neogene and Quaternary)
are also widely distributed within the area. They
form river valleys, intermountain depressions, and
areas covered with foam, covering 20-30% of the
territory with uneven coverage. Neogene deposits
are products of crustal erosion, weathering, and
sedimentation in lake-lagoon conditions. They are
mainly developed in the valleys of the Kyzyl-Su and
Kuely rivers. Quaternary sediments (clay, sandy
loam, loam, sand, pebble) fill all lowered relief forms
and form terraces in river valleys and outflow cones.
The total thickness is 40-70 meters. The area is
characterized by a weak magmatic activity in the
form of intrusive bodies of serpentinite ultramafic
rocks, several dike formations of varied
composition, and small intrusions of gabbro and
granite. The largest intrusions are part of the Char
complex, located southwest outside the Contract
Square.

Intrusive complexes are distinguished on the
territory of the district — the ultrabasic (Charsky)

complex (Clv), granodiorite-plagiogranite (C3-P),
gabbro-monzocite-granite (T1) [[14], [15], [16]].
Discontinuous faults on the territory of the
region manifest themselves in the form of large
faults of the first order, which serve as boundaries of
large tectonic blocks and have a north-western
strike, intrablock faults of the same strike (of the
second order), as well as near-latitude and
latitudinal carboniferous faults [[17], [18], [19]].

Research methods

In this paper, the patterns of distribution of
geochemical features of the Bakyrchik ore field
objects are analyzed and characterized: Bakyrchik,
Glubokiy Log, Zagadka, Promezhutochnoe.

Core testing of core drilling wells was carried out
on ore bodies, crushing zones, mylonite, hardening,
and sulfide mineralization, with lithology
considered. 30 core samples were analyzed using
the spectral method at the Central Laboratory of
Bakyrchik Mining Enterprise, which is accredited and
registered with the State System for Technical
Regulation in Kazakhstan. To analyze the
geochemical features of ore bodies, spectral analysis
was performed initially for 17 elements: gold (Au),
arsenic  (As), antimony (Sb), copper (Cu),
molybdenum (Mo), tungsten (W), cobalt (Co),
vanadium (V), lead (Pb), zinc (Zn), nickel (Ni),
chromium (Cr), manganese (Mn), iron (Fe), calcium
(Ca) and magnesium (Mg). However, only 6
elements were selected for further detailed study:
gold (Au) arsenic (As) antimony (Sb) Copper (Cu),
Molybdenum (Mo) and tungsten (W). This choice is
due to the fact that some elements were not found
in significant concentrations or were not
geochemically interesting in the context of the
research objectives. Selected elements play a key
role in ore formation processes and reflect
characteristic geochemical patterns in the Bakyrchik
ore zone. Their analysis revealed the geochemical
zonation, features of the mineralization distribution,
and relationships between elements, which are
crucial for predicting new ore deposits and
optimizing exploration and evaluation efforts.
Narrowing the set of analyzed elements ensured a
focus on the most relevant data, increasing the
efficiency of interpretation and application of
results.

Sampling was carried out by cutting the core
along the axis in a stone-cutting machine. After that,
half was sent for testing, and the other half
remained as a backup.

—— 84 ——
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Results and Discussion

A comparative analysis of the geochemical
features of zonation, including antimony
enrichment, transition from antimony to gold
mineralization, association of gold with arsenic and
tungsten with gold mineralization revealed
characteristic zones in the vertical range of the
studied area:

1. Upper antimony — gold-arsenic zone; which
are characterized by a sharp predominance of
antimony over gold and arsenic;

2. The first intermediate — gold-arsenic-
antimony zone (with or without weakly manifested
tungsten mineralization);

3. The second intermediate zone is mainly a
gold-arsenic zone (without antimony, often with
weakly manifested tungsten mineralization).
Sometimes there is an increase in concentrations of
cobalt, vanadium, copper, and molybdenum.;

4. The root — gold-tungsten-arsenic zone (often
with an abnormally high content of copper and
molybdenum). The tungsten content reaches tenths
of a percent, and tungsten is strongly correlated with
copper. The zone can be represented as an area of
combination of two clearly manifested geochemical

associations: gold-arsenic and tungsten-copper
(with molybdenum) [20].

An analysis of the geochemical distribution
showed that the zonation of elements in the ore
bodies of Bakyrchik’s ore zone is formed by the
vertical profile of mineralization. Figure 3 shows the
distribution of main and associated elements,
revealing a concentric zoning structure resembling a
funnel-shaped beam.

The bundle-like development of ore bodies,
accompanied by contrasting vertical differentiation
of elements, can be used to interpret chemical
anomalies, linking ore bodies and assessing the level
of erosion in other parts of an ore field. Thus, two
geochemical zones (gold-arsenic-antimony and
gold-arsenic with tungsten) are distinguished at
Zagadka site, corresponding to the first intermediate
and second intermediate zones.

Antimony-gold-arsenic mineralization can be
attributed to the upper ore erosion section.

The presence of a second independent ore body
with tungsten-containing gold-arsenic ores at deep
levels is justified by geochemical zoning, analogy
with the vertical scale of mineralization, and data on
erosion sections
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Figure 3 — Distribution of elements in ore bodies in the Bakyrchik ore zone
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Geochemical features of ore bodies having
various sizes

Ore bodies of different sizes vary significantly in
their geochemical characteristics.

In the 12 ore body (Fig. 4, 5), the concentration
of gold (Au) is unevenly distributed. This indicates
local enrichment zones associated  with
hydrothermal activity. In small ore bodies, gold is
distributed more evenly, which indicates their
simplified structure and the absence of obvious
zonation.

Arsenic (As) in the 12™ ore body correlates
closely with gold, reaching peaks in the range of 583-
599 m, which is typical for arsenopyrite
mineralization. In small ore bodies, the
concentration of arsenic is low and practically does
not change, indicating its lesser role in the formation
of these bodies.

Copper (Cu) exhibits similar behavior in both
types of ore bodies: its concentration increases at a
depth of 702 m, which may be associated with the
transition to deeper mineralization zones, where
copper plays a major role.

The concentrations of tungsten (W) and
molybdenum (Mo) in both types of ore bodies are
extremely low, indicating a weak participation of
these elements in the mineralization process.

In general, the 12% ore body is characterized by
complex zonation and local enrichment zones,
reflecting the multilayered nature of its formation.
Small ore bodies, in contrast, demonstrate a
homogeneous distribution of elements, indicating a
more simplified process of formation. This
difference highlights the geochemical complexity of
large ore bodies compared to smaller ones.
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Figure 5 — Distribution of the main and associated components in the 12" ore body (a) and small ore bodies (b).

Geochemical features of zones of dispersed
mineralization

In addition to concentrated ore deposits, there
are numerous zones of gold-arsenic dispersed
7ineralization (ZDM) in ore fields that are of no
practical interest. Due to their high content of gold
and arsenic, they resemble near-ore haloes.
Therefore, the problem of detecting and
disassembling them is urgent. The geochemical
features of several reference zones (Bakyrchik and
Glubokiy Log) were studied [[21], [22], [23], [24]].

Based on the data obtained, a correlation matrix
of near-ore haloes and zone of dispersed
mineralization was constructed, which allowed us to
assess the relationship between concentrations of
various elements (Au, As, W, Cu, Mo) (Fig. 6).

Correlation between elements may indicate that
minerals are found together under certain
geological conditions. The positive correlation
between gold (Au) and arsenic (As), for example,
indicates that these elements often occur together
in arsenopyrite zones. This is due to the fact that
arsenic plays an important role in the formation of

gold, suggesting that significant gold deposits may
be located within these zones.

On the other hand, a negative correlation
between gold and antimony (Sb) may indicate their
mutual exclusion under geochemical conditions.
This means that in places with high levels of
antimony, gold content may be reduced. This
information is important to consider when assessing
the prospect of deposits.

' '
Au As

Figure 6 — Correlation matrix of elements near ore halos
and zones of dispersed mineralization
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The weak correlation of gold with arsenic,
molybdenum (Mo) and tungsten (W) may indicate
that they belong to different mineralogical
associations formed under different conditions, and
this knowledge can be useful to geologists and
mining engineers in planning exploration and
assessing potential deposits.

Based on the above, it can be concluded that the
analysis of correlations between elements in areas
of dispersed mineralization not only deepens our
understanding of geochemical processes but also
provides a basis for developing new methods for
predicting and evaluating deposits.

Conclusions
The study confirmed the complexity of
geochemical processes and emphasized the

importance of considering geochemical and
geological-structural features for forecasting and
evaluating gold ore objects. As a result of this work
four main geochemical zones were identified: the
upper antimony-gold-arsenic zone, the intermediate
gold-arsenics-antimony zone, and the gold-arsensic
zone, as well as the root zone of gold, tungsten, and
arsenic. These zones show vertical differentiation of
elements that is manifested in beamlike structures,
most prominent in the axial zones of ore bodies.
Significant differences between large and small
ore bodies have been established. In large bodies,

such as ore body 12, local gold enrichment zones are
observed at depths of 583 meters and 684 meters,
associated with a multilayer formation process.
These zones are also associated with high
correlation with arsenic, indicating the influence of
arsenopyrite mineralization. On the other hand,
small ore bodies are characterized by a more
uniform distribution of elements, indicating a
simpler process of their formation.

It has been established that zones of dispersed
gold-arsenic mineralization have low concentrations
of ore elements. This implies that these zones are
not practical for practical use, and despite the
presence of gold and arsenic, economic feasibility of
developing such areas may be questionable since
they do not contain enough minerals for efficient
extraction. Therefore, for successful prediction and
evaluation of gold ore bodies, it is essential to focus
on ore bodies with higher levels of mineralization
that are more concentrated.
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bakblpLWbIK KeH aﬁManlelH, reoOXmMmunAnbiK CUNaTTamMmanapbiH 3epTTey

Konob6aesa A.H., Mycabaesa M.K., "AmaHrenaikpbisbi A., Ackaposa H.C.,
WUcataeBa ®.M., Teneybek K.E., Ma3ax b.

3binkac CarbiHo8 ambiHOaFbl KaparaHObl mexHUKanslK yHusepcumemi, KaparaHoel, Kazakcmax

TYWIHAEME

Makanaga Abait 06/bicbiHbIH, apma ayaaHblHOA@ OpHanackaH BaKkplpwblk, KeH almafblHbIH,
(Bakpipwblk, TepeH, caii, Mymbak, Apanbik) KeH AeHenepiHiH reoXMMUANbIK epeKLenikTepiH
3epTTey YCbiHbIIFAH. 3epTrTeyaiH, Makcatbl — BaKkplpliblK KEeH OpPHbIHbIH KeH O6beKTiNepiHiH
reoXMMMUANBIK epeKLLENiKTEPIH aHbIKTay KIHEe CMNATTay, COHbIMEH KaTap KeH AeHenepiHAaeri )KaHe

Makana kengi: 24 aknaH 2025 K . . o
AncnepcTi MUHepanaaHy aimaKTapblHAAFbl 31eMeHTTepAiH aiMakTapFa 6eniHyiH KaHe TapanyblH

CapantamagaH eTTi: 18 Haypeiz 2025

Ka6b|}1,ﬂ,aH,ﬂ,bII30 cayip 2025 Tanpay. FeoxumuanbiK Tangay YUJiH aKKpegutTenreH 3epTxaHaaa 3epTrenreH 30 KbIHbICO3EKTI

CblHaManapAblH, CNEKTPAiK TandayblHblH, HITWXKenepi nanganaHbingpl. IDpTypAi TepeHaikTeri
YHFbIManapapiH, (550-700 m gManasoHbiHAA) XbIHbICE3EriHEH afiblHFaH CbiHamanap BakpipLubIK,
KEH OPHbIHbIH, dPTYPAi yyacKkenepiHaeri KeHAeHyAiH BepTUKanbablK npoduni 6oibiHWa, aTtan
aWTKaHAaa, Keneci obbekTinepaeH: Bakbipwblk, TepeH, Cait, Mymbak, Apanbik, KeH AeHenepiHiH,
aliMaKTapblHAQ, COHAAN-aK ycaKTay, MUAOHUTTEHY, KBapuTaHy XaHe cynbduaTi MuHepangaHy

aliMaKTapblHAA /IMTONOTUANBIK epeKWenikTepai eckepe OTblpbin TangaHagbl. MyprisiareH
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reoXMMUANBIK 3epTTeynepdiH, HaTuKenepi 6oMbiHWA ipi KeHe YycaK KeHAi AeHenepaiH,
reoXMMUANBbIK  CUNATTaManapbiHblH, EepeKLenikTepi MeH alblpMalbIIbIKTapbl aHbIKTanabl,
COHAaW-aK LWalbipaHKbl MWHepangaHy almaKTapblHAA@ XMMUANbIK 3N1eMeHTTepaiH Tapany
epekwenikTepi cunatrangbl. HKyMmbICTbiH, MPAKTUKANbIK MaHbI3AbINbIFbl MbIHAAA: 3/1EMEHTTEPAIH,
Tapany KaHe reoXMMUANbIK ayAaHaaCTblPyAblH, aHblKTaNfaH 3aHAbINbIKTaPbl }KaHa KeH AeHenepiH
6o/Kay, XMMUANbIK aHOManuANapabl TyCiHAIPY, MUHEpPanaaHyaplH, 3po3na AeHreiiH bafanay
YWiH KONAaHbINaAbl, COHbIMEH KaTap KeH OPHbIHbIH, 6acka yyackenepiHgeri 6apnay xaHe 6afanay
JKYMbICTapblH OHTalNaHAbIpyFa MyMKIHAIK 6epeai.

TyiiiH ce30ep: reoXMMMUANbIK aMaKTbINbIK, KEH AeHenepi, KeH MaHblHAaFbl opeonaap, bakplpLblK
aliMafbl, aNTbIH-MbIWbAK MUHEPANAAHYbI, WALLbIPaHKbl MUHEPaNAaHybl.
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Mas3zax baKkbim»xcaH

N3yyeHne reoOXMMHUUECKMX XapaKTepPUCTUK BaKbIpUMKCKOWM pyaHOM 30HbI

Konob6aesa A.H., Mycabaesa M.K., "AmaHrenaikpbisbi A., Ackaposa H.C.,
WUcataeBa ®.M., Teneybek K.E., Ma3ax b.

KapazaHduHckuli TexHuyeckuli YHusepcumem umeHu Abblakaca CaeuHosa, KaparaHda, KazaxcmaH

AHHOTAUMA

B cTaTbe NpeAcTaBiEHO UCCIef0BaHNE FEOXMMUYECKUX OCOBEHHOCTEN PYAHbIX Te BaKbIpUMKCKOM
pyaHoit 30Hbl (BakblpumK, [nybokuii Jlor, 3arafka, [MpomexkyTOYHOE), PacnofioKeHHOU B
*KapmuHckom paitoHe Abaiickoit obnactu. Llenblo uccnefoBaHMA ABAAETCA BbISBAEHUE U
XapaKTepUCTUKA reOXMMUYECKUX 0cOBeHHOCTEN pyAHbIX 06beKTOB BaKbIPUMKCKOTO PYAHOTO NOAA,
a TaK¥Ke aHa/n3 30HaNbHOCTU M pacnpeaeneHnn 31eMEHTOB B PyAHbIX TeNax U 30HaxX PacceaHHoM

Moctynuna: 24 pespans 2025 MUHepanusaumm. [1na reoXMMUYEecKoro aHann3a MCMNoNb30BaHbl Pe3yNbTaTbl CMEKTPasbHOrO
PeueH3nposaHue: 18 mapma 2025 aHanusa no 30 KepHOBbIM Npobam, UCCe0BaHHbIX B aKKpeauToBaHHOW nabopatopuu. Mpobbi
MpuHAaTa B neyvatb: 30 anpens 2025 oTOBpPaHble U3 KepHA CKBAXKUH Pas/iMyHbIX rybuH (B AnanasoHe 550-700m), npoaHann3MpoBaHbl

B BEPTUKaNbHOM Npodune opyaeHEeHUsn, Ha PasINMYHbIX y4acTKax bakbIpUMKCKOro pyaHoro nons,
B Y4aCTHOCTU, C 06beKTOB: BakbipuumK, [ny6okuii Jlor, 3aragka, MpomexKyTouHoe, B 30HaX PyAHbIX
TeN, a TaKkKe B 30HaX ApobneHus, MWIOHUTU3ALMKM, OKBapLueBaHWAa W cynbouaHou
MWHEpPanusaumm, C y4eTom JSIUTONOrMYecKux ocobeHHocTel. Mo pesynbTaTam NpoBeAeHHbIX
reoXMMMUYECKMUX WCCNeA0BaHMI YCTAHOB/IEHbI OCOBEHHOCTM W PasAnuMA B FEOXMMUYECKUX
XapPaKTEPUCTUKAX KPYMHbIX W MENKUX PyAHbIX Tesa, a TaKXKe onucaHbl 0cobeHHOoCTU
pacnpegeneHms XMMUYeCKUX 31eMEeHTOB B 30HAX pacceAHHON MUHepanusaumu. MpakTuyeckas
3HAaYMMOCTb PaboTbl 3aK/OYaeTcA B TOM, YTO BbIABEHHbIE 3aKOHOMEPHOCTU pacnpegeneHuns
3/1EMEHTOB U FEOXMMMUYECKOIN 30HaZIbHOCTU MOTYT BbiTb MCMO/b30BaHbl ANA NMPOrHO3UPOBAHMUA
HOBbIX PYAHbIX TeN, MHTeprnpeTaumm XMMWUYECKMX aHOMANWNIA, OLEHKM 3PO3MOHHOMO YPOBHSA
OopyZAeHeHUs, a TaKKe NO3BOAIOT ONTMMMU3NPOBATb NOUCKOBbIE M OLLeHOYHbIe PaboTbl Ha APYrvMxX
y4acTKax pyZHOro nons.
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Acoustoemission of Graphite and Graphene
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ABSTRACT

In this paper, we propose a model of the acoustic emission mechanism of natural graphite and
graphene. The thickness of the surface layer R(l) of graphite varies from 0.9 nm in the parallel
to 2.46 nm in the perpendicular plane and contains three graphene monolayers. Corrugations
on the surface of free graphene arise due to high internal stresses, leading to significant
deformation energy. An estimate of the deformation energy associated with the reconstruction
of the surface of graphite and graphene is proposed. We imagine a graphite nanolayer as a
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Peer-reviewed: April 15, 2025
Accepted: May 2, 2025

potential well with infinitely high walls, then the energy levels of the nanolayer are determined
by one fundamental parameter - the lattice constant of the crystal. The lattice constant a
changes in the R(l) layer due to size effects. As soon as the parameter a stops changing, the
spectrum of quantum states passes into a continuous spectrum, where the classical Drude—
Lorentz laws are fulfilled for graphite. Since the surface layer of graphite is a two-dimensional
guantum medium, three quantum planes of graphite with a1, a; and as should be considered.
The article considers one-, two- and three-layer graphene. The Fermi surface of graphene
degenerates into the Dirac point, and the Fermi energy is zero. For two-layer graphene, the
Fermi energy is Er = 0.9 eV, and for three-layer graphene - Er = 1.2 eV. Namely, all three
quantum levels participate in the acoustic emission of graphite and graphene. In the article, it
can be considered proven that in natural graphite (as well as in all solids), acoustic emission
occurs due to the reconstruction of its surface, leading to the emergence of a surface layer R(l)
and deformation energy Eq4. The article proposes a thermoacoustics model that contains only
experimentally determined parameters, and their accuracy is quite acceptable.

Keywords: acoustic emission, graphite, graphene, nanolayer, Fermi surface, crystal.

Information about authors:

Director, Leading Researcher of TSK-Vostok LLP, Candidate of Physical and Mathematical
Sciences, Associate Professor, Saryarka District, Republic Avenue, Building 3/2, Apartment 40,
Astana, Kazakhstan. E-mail: 4kzh@mail.ru; ORCID ID: https.//orcid.org/0000-0003-1234-0486
Leading researcher of TSK-Vostok LLP, candidate of physical and mathematical sciences,
associate professor, Gogol street, house 51, apartment 55, Karaganda, Kazakhstan. E-mail:
exciton@list.ru; ORCID ID: https://orcid.org/0000-0002-7918-9656

Candidate of Physical and Mathematical Sciences, Associate Professor, Director of the
Department of Technology Commercialization, L.N. Gumilyov Eurasian National University,
Satpayev street building 2, Astana, Kazakhstan. E-mail: kargin_db@enu.kz; ORCID ID:
https://orcid.org/0000-0002-1027-6428

Zhangozin Kanat Nakoshevich

Yurov Viktor Mikhailovich

Kargin Djumat Beisenbekovich

Introduction

Until the mid-20th century, graphite was used
as pencils, electrodes, anodes, etc. Then it began
to be used in metal production, in atomic and
nuclear power engineering, in aviation and space
technology [[1], [2], [3]]. The end of the 20th and
the beginning of the 21st century were marked by
the discovery of fullerenes (1985) [4], carbon
nanotubes (1991) [5] and graphenes (2004) [6].
Carbon nanowalls, carbon sheets, nanocrystalline
graphite, etc., have acquired a special role at

present [7].

In Kazakhstan, Ushtogan LLP plans to mine
graphite ores using an open pit method from the
Sarytoganbai deposit in the Aktogai district of the
Karaganda region. The subsoil user has already
submitted a plan for developing the deposit for
2025-2049 on the Unified Ecological Portal of
Kazakhstan. Studies have shown that the content
of graphite from this deposit in the concentrate
can be increased to 99.998%, and, importantly,
without acid cleaning. The hydrometallurgical
method is most suitable for enrichment.
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We have developed a method for obtaining
graphene from the graphite of this deposit by
intercalating graphite with microcluster water.
Further, the graphene additive is used to obtain
concrete, which is very much needed for industrial
enterprises in Kazakhstan. To obtain high-quality
graphene concrete, it is necessary to use non-
destructive testing [8], among which the acoustic
emission method is of particular importance.
However, to apply this method, it is necessary to
know the structure of the graphite surface layer
and the production of graphene from it, as well as
their acoustic properties. The speed of acoustic
waves in graphite is still being studied [9], but the
mechanism of their occurrence, in addition to
thermal vibrations, remains unknown to date.

The aim of this work is to clarify the
mechanism of acoustic emission of natural
graphite and graphene and their use to obtain
graphene concrete.

Thickness of the surface layer of graphite

The thickness of the surface layer of a solid R(l)
is given by the formula:

R (1) =oc-§[m]. (1)

In equation (1): the molar volume of the
element u = M/p (M is the molar mass, p is its
density), a=0.17 10° mol, S =1 m?2.

A schematic representation of equation (1) is
shown in Fig. 1.

For graphite and graphene, the thickness of
the surface layer R(l) is given in Table 1.

The elastic parameters of graphene and
graphite are presented in Table 2. In Table 2, the
value W, represents the adhesion energy, and E is
the Young's modulus of elasticity.

In Table 1, the number in brackets represents
the number of monolayers — n = R(l)/a (a is the
lattice constant). The number of graphite
monolayers is 3, which is confirmed experimentally

(Fig. 2).
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Figure 2 - Change in graphite parameters
depending on the number of its monolayers [10].

We will calculate the estimate of the
deformation  energy associated with the
reconstruction of the graphite surface using the
formula:

1

E, =HWa -R(D)%. (2)

These data are shown in Table 3.

Table 1 - Surface layer thickness R(l) of graphite and graphene

Carbon M, g/mol p, g/sm3 R(l)a, nm R(l)e, nm Va, mJ/m? Ve, mJ/m?
Graphite 12.0107 2.26 0.900 (3) 2.46 (3) 2195 130
Graphene 12.0107 2.26 0.246 (1) 0.14 (1) 2652 -

Table 2 - Elastic parameters of graphite and graphene

Carbon Waa, J/m? Wac, J/m? Oisa, GPa oisc, GPa Ea, GPa E., GPa
Graphite 2.853 1.690 4.9 1.36 7.59 3.48
Graphene 3.448 - 118.4 - 1000 -
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Table 3 - Deformation energy Eq of graphite and
graphene

Carbon Eda, €V Edc, eV
Graphite 2.27 1.42
Graphene 1.62 -

Figure 3 shows the corrugations on the
graphene surface, which arise due to high internal
stresses ois (Table 2), leading to significant
deformation energy (Table 3).
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Figure 3 - Corrugated graphene

Figure 3 shows the occurrence of macrowaves
on the graphene surface. We will represent a
nanolayer with an area of S =1 m? and a size of R(l)
of graphite as a nonlinear capacitor - a varicond
(due to the presence of size effects) on one of the
plates of which large stresses ois develop, leading
to significant deformation energy Eq4 (Table 3). This
deformation energy first charges the capacitor,
and then, under external influence (impact,
friction, ultrasound, etc.), it is discharged (Fig. 4).
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Figure 4 - Voltage change curves on the capacitor plates
during its charging (1) and discharging (2)

The deformation energy Eq is spent on heat,
acoustic emission (propagation of sound waves)
(see below), exoemission (emission of slow
electrons and ions) and luminescence.

Quantum structure of the surface layer of
graphite

We will imagine the nanolayer in Fig. 1 as a
potential well with infinitely high walls, then the
energy levels En(z) in it are equal to [11]:

2_ 2.2
A®=%}1— 3)

These levels are shown in Fig. 5a taking into
account Table 1. The E, level can be represented
by Landau levels (Fig. 5b).

From equation (3) it follows that the energy
levels E, of the nanolayer are determined by one

fundamental parameter — the crystal lattice
constant a (this follows from n = R(l)/a):
2
n
A@=n17, (4)
a

where n = const.

The lattice constant a changes in the R(l) layer
due to the reconstruction of the graphite surface.
This means that graphite monolayers can be
represented as quantum planes with energy E,. As
soon as the parameter a stops changing, the
spectrum of quantum states becomes a continuous
spectrum, where the classical Drude—Lorentz laws
are satisfied for graphite.

It follows from Fig. 5a that the energy level
En(e) = Er is the Fermi energy level of graphite. In
[12], the Fermi energy was calculated to be 1.5 eV
for three-dimensional graphite and 2.0 eV for two-
dimensional graphite. Since the surface layer of
graphite is a two-dimensional medium, three
guantum planes of graphite with a;, a2 and a3
should be considered. The first monolayer of
graphite, graphene, determines unique physical
and chemical properties [[13], [14]]. The motion of
electrons in graphene is described by a two-
component equation similar to the Dirac equation
[13]. If we look for a solution to the Dirac equation
in the form of a harmonic wave, we obtain the
dispersion law for massless particles (Fig. 6) E =

Vr k, and the solution itself has the form:
N—i ! e, 0 =arctg(k, /k )
V2 (xe® DT AEEE T

—— 94 ——
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Figure 5 - Dependence of the energy level En in the
nanolayer (a); quasi-discrete spectrum of electrons in
the quantum well (b).

Figure 6 - Electronic structure of graphene [13].

The Fermi surface degenerates into the Dirac
point (Fig. 6), and the Fermi energy is Er = 0. Thus,
graphene is a single-layer 2D Dirac material and is
a quantum system at any temperature. The
topological properties of graphene are due to the
Dirac nature of the electron spectrum, which is

similar to d-wave superconductors (cuprates,
YBCO), which are also described by a massless
Dirac Hamiltonian near the nodal points of the
spectrum [15].

Bilayer graphene is different from monolayer
graphene and graphite and exhibits improved
physical, chemical, electronic and optical
properties compared to graphene and bulk
graphite materials [16]. Twisted bilayer graphene
(tBLG) superlattice is formed when these layers are
twisted at a small angle. The presence of disorder
and interlayer interactions in tBLG improves
several properties including optical and electrical
properties. The studies of twisted bilayer graphene
have been exciting and challenging so far,
especially after the magic angle superconductivity
was reported in tBLG [17]. Bilayer graphene can be
considered as a “graphene + YBCO” system in the
Landau—Zener model. We have shown that the
superconducting transition temperature will be
equal to:

N, - ¢

=——F _-3.E,
" Kin(k t/2) g ©)

where & = const, which is quite difficult to
determine theoretically.

For us, the most important thing here is the
dependence of the superconducting transition
temperature on the Fermi energy E¢, which can be
changed, for example, using magnetic or electric
fields, or by changing the value of the magic angle.
From Fig. 5a, taking into account the work [12], it
follows that Ef for two-layer graphene is Er=0.9 eV.
In the work [18], for two-layer graphene, Tc = 1.7 K
was obtained, which means that in (6) the value
56:=1.9KeV™

Three-layer graphene differs from the latter
two in mobility and conductivity [19]. A special
feature of three-layer graphene is that after its
magic-angle torsion, it develops superconductivity,
which can withstand magnetic fields 2-3 times
greater than the Pauli limit for spin-singlet pairing
[20]. This case is similar to two-layer graphene,
which can also be considered using the Landau—
Zener Hamiltonian. From Fig. 5a, taking into
account the work [12], it follows that the Fermi
energy for three-layer graphene is Er = 1.2 eV. In
[21], it was obtained for three-layer graphene that
T. = 2.9 K, which means that in (6) the value &, =
2.4 K eVl Approximately, & = 8, = 2 = const is
satisfied. The diagram of three-layer graphene is
shown in Fig. 7.
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Figure 7 - Schematic Dirac cones of three
graphene layers [22].

Acoustoemission of graphite and graphene

The essence of acoustoemission is the analysis
of the parameters of extremely weak ultrasonic
radiation accompanying any change in the
structure of a solid, especially during its
deformation (Fig. 8).
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Figure 8 - Typical picture of the fine structure
(oscillations) of acoustic emission signals recorded by a
sensor on the surface of the body under study [23].

The total energy of the AE Exc is equal to [23]

2 2
LRY :M’ (6)
8p-v

where op is the maximum amplitude of elastic
vibration stress; A is the vibration wavelength; p is
the density of the solid; v is the speed of sound.

The maximum value of the wavelength A
propagating in a discrete chain of carbon along the
z axis is equal to R(l)c. The speed of sound in the
surface layer of graphite is equal to v = R(l)/t,
where t is the relaxation time. For longitudinal
modes, the relaxation time is T, = 0.2 102 s, for
transverse modes — tr =2 102 s. For graphite, the
speed of sound is shown in Table 4.

Table 4 - Speed of sound of longitudinal and transverse
modes in graphite and graphene

Graphite UL, m/s ut, m/s
p = 2260, kg/m?3 4500 2380
p = 1986, kg/m?3 3505 1854
[24]
p = 1753, kg/m?3 2631 1591
[24]
Graphene UL, m/c uT, M/c
p =0,77, mg/m? 19700 10700
[[25], [26]]

In Table 4, lines 2 and 3 are taken from the
work [24], where the values of the speed of sound
in graphite were determined in samples of
different densities. It is evident that the speed of
sound increases with increasing crystal density.

On the contrary, the density of graphene is
significantly lower than that of graphite [25], but
the speed of sound in it is almost 5 times greater
than that of graphite [26].

In equation (6), we take oo = i, then for the
Eac we obtain the values (Table 5).

Table 5 - AE energy

Carbon Eaga, €V Eagc, eV
Graphite 2.98 1.86
Graphene 2.13 -

Comparing Table 3 with Table 3, it is evident
that the deformation energy E4 of graphite and
graphene, arising due to the reconstruction of
their surface, coincides within the experimental
error with the acoustic emission energy Eag, i.e. Eq
= EAE.

Thus, it can be considered proven that in
natural graphite (as in all solids), acoustic emission
arises due to the reconstruction of its surface,
leading to the emergence of a surface layer R(l)
and deformation energy E..

Let us transform formula (6). As a result, we
obtain:

, 46-T -E-R(I)
Ly = =
M

. (CV), (7)

where Ty, is the melting point of the solid (K); E
is the Young's modulus (GPa); M is the mass of the
crystal (kg).

From formula (7) it follows that the value of
the Eac is proportional to the temperature, and this
allows graphene to be used as a thermophone - a
device in which thermoacoustics forces heat to be
converted into sound [27]. Such a graphene
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thermophone differs from speakers and
piezoelectric transducers by the complete absence
of mechanical moving elements (Fig. 9).
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Figure 9 - Operating principle of the
hydroacoustic transducer [27]

The first thermoacoustics model was proposed
in 1917 and the last one in 2018 (see review in

[27]), but only qualitative estimates were
obtained.

Our model, represented by equation (7),
contains only  experimentally  determined

parameters and their accuracy is quite acceptable.

The value of the acoustic emission energy in
formula (7) is proportional to R(l).

Cracks determine the performance of all
existing structures and are studied by the acoustic
emission method (see bibliography in [[28], [29]].

In 2019, the International Organization for
Standardization (ISO) developed three new
standards:

ISO 16836. Non-destructive testing. Acoustic
emission testing. Method for measuring AE signals
in concrete;

ISO 16837. Non-destructive testing. Acoustic
emission testing. Method for qualifying damage
assessment in reinforced concrete beams;

ISO 16838. Non-destructive testing. Acoustic
emission testing. Method for classifying active
cracks in concrete structures.

We have shown that the evolution of
nanocracks occurs according to the law:

L.=10°L,, =10'L = 0,17-105% (8)
where Lim, Lum, Lc are the lengths of nanocracks,
mesocracks and the critical length of cracks before
the destruction of a solid.

Equation (8) shows: the number of cracks in
concrete in the region of nanostructure | is 10°, in
mesoscopic Il it is 107 and in the pre-destruction
region Il it is about 10°.

Adding graphene to cement mortar
significantly strengthens (by 4-5 times) standard
concrete and reduces the number of nanocracks.

Conclusion

The energy of deformation is created during
the reconstruction of graphite and all other solids,
and even liquids, when they are finite and in
contact with either a vacuum or the external
environment. The energy of deformation is spent
on heat, acoustic emission (propagation of sound
waves), exoemission (emission of slow electrons
and ions) and luminescence. This is the mechanism
of graphite acoustic emission. In this case, the
surface layer of graphite and graphene, which is
obtained by splitting graphite, are responsible for
acoustic emission.
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FpadunT neH rpadeHHiIH, aKyCTUKANbIK SMUCCUACDHI
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TYRIHAEME

Makanagbl Tabusn rpaduT neH rpadeHHiH aKyCTUKaAblK 3MUCCUA MEXaHU3MiHIH yArici
YCbIHbINAAb!. FPaduTTiH 6eTKi KabaTbiHbiH, R (I) KaNbIHAbIFLI NApannenb *KasbiKTbiKTa 0,9 HM-4eH
nepneHAMKYNAp KasbIKTbIKTA 2,46 HM-re AeWliH e3repesi aHe yw rpadeH moHokabaTTapbiH
KamTugpl. EpkiH rpadeHHiH, 6eTiHaeri rodppnap alTapabikTaii gedopmauma sHepruscbiHa
9KesIeTiH »KOFapbl ilWKi KepHeynepaeH TyblHAaWAbl. Fpadut neH rpadeHHiH, 6eTiH KannbiHa
Kentipyre 6ainaHbicTel  gedpopmaums  sHeprusacbiH 6afanay ycbiHbnagbl. bi3  rpadwuTTi
HaHOKabaTTbl LWeKCi3 6uiK KabblpFanapbl 6ap NOTeHUManabl YHFbIMA peTiHAE enecteTemis,
CcofaH KeWiH HaHOKabaTTblH, 3HepreTWKanblk AeHreinepi 6ip ipreni napamerpmeH -—
KPUCTanaplH, KPUCTanaplK TOp TYPaKTbICbIMEH aHbIKTanagbl. Kpuctanapik Top KoHcTaHTackl R(l)
kabaTbiHAa enwemaik acepnepre bainaHbicTbl ©3repesi. A napameTpi e3repyiH TOKTaTKaHHaH
KeliH KBaHTTbIK Kyiaep cnekTpi y34iKci3 cnekTpre aiHanazbl, MyHAA rpaduT YLLiH KNacCUKanbIK
[pya-/lopeHy, 3aHaapbl opbliHAanagbl. FpaduttiH, 6eTki KabaTbl eki enwemai KBaHTTbIK OpTa
60oNFaHAbIKTaH, rPaduTTIH, ai, a2, a3 *KaHE BONATBIH YLU KBAHTTbIK ¥a3blKTblfbl KapacTblpbliybl
KepeKk. Makanaga 6ip, eki xaHe yw kabatTbl rpadeH KapacTbipbliagbl. FpadeHHiH Pepmu beTi
[Oupak HykTeciHe aliHanagpl, an Pepmu aHepruscel Henre TeH,. EKi KabaTTbl rpadeH ywiH Pepmu
sHepruscol E £= 0,9 3B, an yw KabatTbl rpadeH ywiH E = 1,2 3B. ATan aiTKaHA4a, OCbl KBAHTTbIK,
AeHrennepain, yweyi ae rpadut neH rpadeHHiH, aKkyCTUKanblK 3MUCCUACbIHA KaTbicagpl.
Makanaga Tabusu rpaputTe (6apAblk KaTTbl AEHENEPAET CUAKTbI) aKYCTUKAbIK 3MUCCUA OHbIH,
6eTiHiH KaiTa KypbliyblHa 6alinaHbIcTbl Naitga 6oabin, 6eTTik KabatTbiH, R(1) TysinyiHe akeneTiHi
aHe gedpopmauma sHepruacsl Ed 6onaTtbiHbl AanengeHreH aen caHayfa 6onagbl. Makanaga
TEK 3KCnepuMMeHTanabl TYpAe aHbIKTanfaH napameTpsiepai KaMTUTbIH TEPMOAKyCTUKa moaeni
YCbIHbIIFAH KJHE 0NapAblH AdN4iri 964eH Konanbl.

TyliiH ce30ep: akyCTUKanbIK amuccusa, rpaduT, rpadeH, HaHokabaTt, Pepmu b6eTi, Kpuctann.
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AHHOTAUMA
B HacTosLel cTaTbe NpeanaraeTcs MoAe/ b MeXaHW3ma akyCTOIMUCCUM HaTypasibHOro rpaduTta

n rpadeHa. TonwmHa nosepxHocTHoro cnos R(l) rpaputa wusmeHsetrca ot 0,9 Hm B
napannensHol o 2,46 HM B NepneHAUKYNAPHOW MIOCKOCTU U COAEPNKUT Tpu rpacdeHoBbIX
MoHocnos. Fodpbl Ha noBepxHOCTU cBobogHOro rpadeHa BO3HMKAKOT 33 CYET BbICOKUX
BHYTPEHHWUX HANPAXKEHWUW, NPUBOAALLMX K 3HAUMTENbHOW aHeprun gedopmaumu. MpeanoxeHa
OLeHKa aHeprun aedbopmaLimm, CBA3AHHOM C PEKOHCTPYKLMEN MOBEPXHOCTU rpaduTa u rpadeHa.
HaHocnolt rpaduTta npeactaBum Kak NOTEHLMANbHYIO AMY C 6ECKOHEYHO BbICOKMMM CTEHKAMM,
TOrAa YPOBHW 3HEPrMuM HaAHOCNOA ONpeaenalTca oAHUM dyHAAMEHTaNbHbIM NapameTpom —
NOCTOAHHOM KPUCTANIMYECKOM peLleTkn KpucTanna. NMocToAaHHaA KPUCTaNIMYECKOW PeLIeTKM a
nsmeHseTca B cnoe R(I) u3-3a pasmepHbix 3¢deKToB. Kak ToNbKO napameTp a nepecrtaer
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M3MEHATBbCA, CMEKTP KBAHTOBbLIX COCTOAHWUI MEPeXoAuT B HeMpepbiBHbIA CNeKTp, rae Ans
rpaduTa BbINOMHAITCA KAaccUYeckne 3akoHbl [pyae—/lopeHua. MOCKOAbKY MOBEPXHOCTHbIN
cnoit rpaduTa npeacTasaseT coboit ABYMEPHYIO KBAHTOBYIO cpedy, TO ciedyeT paccMaTpuBaTh
TPM KBaHTOBbIE NNOCKOCTU rpaduTa C a1, a2 U a3. B cTaTbe paccMOTPeH 04HO-ABYX-TPEXCNONHbIN
rpadeH. MosepxHocTb Pepmu y rpadeHa BbIPOXKAAETCA B TOUKy [upaka, a aHeprus Pepmu
paBHa Hyno. [na pByxcioiHoro rpadeHa 3sHeprua depmu pasHa Er = 0,9 3B, a ans
TpexcnowHoro rpadeHa - Er = 1,2 3B. UMeHHO, BCe 3TU TPM KBAHTOBbIX YPOBHA Y4acTBYIOT B
aKycTUYeckoi amuccum rpaduta v rpadeHa. B cTaTbe MOXKHO CUMTaTb [OKa3aHHbIM, YTO B
npupoaHom rpaduTe (Kak U BCex TBEpAblX Tenax) akyCTUYECKas 3MMUCCUA BO3HMKAeT M3-3a
PEKOHCTPYKLMMU ero noBepxHOCTH, MPUBOAALLAA K BOSHUKHOBEHUIO NOBEPXHOCTHOTO c/os R(l) u
aHeprumn gedopmaumm Eq. B cTaTbe npepnoxeHa mofenb TePMOaAKyCTUKKU, KOTOPaA COAEPKUT
TOJIbKO 3KCMEePUMEHTa/IbHO onpeaensemble NapameTpbl U TOYHOCTb UX AOBOJIbHO NpUemaema.
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ABSTRACT

The article presents the research results on the processing of dump ores of copper production
from one of the deposits of Kazakhstan. The copper content in various rock formation samples and
from different sampling points varies from 0.2 to 0.9%. On average, the calculated copper content
on the southern side of the dump was 0.3%, and on the northern side, 0.28%. Phase analysis of
the dump samples revealed that the bulk of the rock is represented by quartz, albite, muscovite,
clinochlorite, and noticeable amounts of malachite and atacamite were noted from copper dumps
in many areas. Detailed mineralogical analysis, in addition to oxidized forms of minerals, also
recorded fragments of sulfide mineral formations such as pyrite, chalcopyrite, chalcosine, etc. For
this type of deposit, the most effective method of processing will be the use of
biohydrometallurgical heap leaching technology. According to percolation leaching, the use of
trichloroisocyanuric acid (TCCA) as a chemical oxidant was considered, and an adapted culture of
A.Ferrooxidans was also used as a biooxidant. According to percolation leaching, the use of
trichloroisocyanuric acid (TCCA) as a chemical oxidant was considered, and an adapted culture of
A.Ferrooxidans was also used as a biooxidant. Standard sulfuric acid leaching served as a control
option. As a result of the application of the chemical oxidation method using TCCA, an increase in
copper extraction into solution compared with other options was observed only during the first 7
cycles. The highest efficiency was observed in the variant of preliminary bacterial oxidation,
76.08% copper was extracted into the productive solution over 28 irrigation cycles. The resulting
productive solutions of all variants were subjected to a full technological cycle of
hydrometallurgical copper production. As a result of the extraction and re-extraction processes,
electrolyte solutions were developed that fully correspond to the qualitative parameters
necessary for electrolysis. At the electrolysis stage, 30.8 g of copper was deposited on the cathode
from the accumulated electrolyte solutions, which gives a current recovery equal to 94.6%.

Keywords: copper-containing raw materials, biochemical method, leaching,
AcidobacillusFerrooxidans, trichloroisocyanuric acid, extraction.

Kenzhaliyev Bagdaulet Kenzhaliyevich

Information about authors:

Doctor of Technical Sciences, Professor, General Director-Chairman of the Management Board of
the Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email: bagdaulet_k@satbayev.university; ORCID ID:
https://orcid.org/0000-0003-1474-8354

Koizhanova Aigul Kairgeldyevna

Candidate of technical sciences, head of the laboratory of special methods of hydrometallurgy,
Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email: a.koizhanova@satbayev.university;, ORCID  ID:
https://orcid.org/0000-0001-9358-3193

Yerdenova Mariya Beisenbekovna

Researcher, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str.,
29/133, 050010, Almaty, Kazakhstan. E-mail: m.erdenova@satbayev.university; ORCID ID:
https://orcid.org/0000-0002-7496-5097

Magomedov David Rasimovich

Researcher, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str.,
29/133, 050010, Almaty, Kazakhstan. E-mail:  davidmagl6@mail.ru; ORCID ID:
https://orcid.org/0000-0001-7216-2349

Bakraeva Akbota Nurdildakyzy

Junior Research Fellow, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University,
Shevchenko str., 29/133, 050010, Almaty, Kazakhstan. E-mail: bakraeva.akbota@mail.ru

Abdyldayev Nurgali Nurlanovich

Lead Engineer, Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko
str., 29/133, 050010, Almaty, Kazakhstan. Email: n.abdyldaev@satbayev.university; ORCID ID:
https://orcid.org/0000-0001-8145-5741

Kassenova Batikha Akhaevna

Candidate of Technical Sciences, Leading Researcher, Assoc. Prof., Institute of Metallurgy and Ore
Beneficiation JSC, Satbayev University, Shevchenko str.,, 29/133, 050010, Almaty, Kazakhstan.
Email: batiha@mail.ru; ORCID ID: https://orcid.org/0000-0002-4360-8687

— 101l ——


https://doi.org/10.31643/2026/6445.33
mailto:a.koizhanova@satbayev.university
mailto:bagdaulet_k@satbayev.university
https://orcid.org/0000-0003-1474-8354
mailto:a.koizhanova@satbayev.university
https://orcid.org/0000-0001-9358-3193
mailto:m.erdenova@satbayev.university
https://orcid.org/0000-0002-7496-5097
mailto:davidmag16@mail.ru
https://orcid.org/0000-0001-7216-2349
mailto:bakraeva.akbota@mail.ru
mailto:n.abdyldaev@satbayev.university
https://orcid.org/0000-0001-8145-5741
mailto:batiha@mail.ru
https://orcid.org/0000-0002-4360-8687
https://creativecommons.org/licenses/by-nc-nd/4.0/

2026; 338(3):101-111

ISSN-L 2616-6445, ISSN 2224-5243

Introduction

A distinctive feature of most copper deposits in
Kazakhstan is the depletion of high-grade ore
reserves and the accumulation of off-balance
stockpiles containing low copper grades (0.1-0.5%).
The processing of such off-balance copper raw
materials, predominantly composed of oxidized
copper minerals, is typically carried out using
conventional hydrometallurgical techniques. These
include sulfuric acid leaching, followed by solvent
extraction and electrowinning processes.

However, in addition to distinctly sulfide or
oxidized copper ores, there exist numerous deposits
characterized by complex mineral compositions. In
such cases, copper is primarily found in oxidized
mineral forms, but the ores also contain significant
guantities of pyrite, arsenopyrite, and other iron-
and sulfur-bearing compounds. Although oxidized
copper minerals dissolve readily in sulfuric acid, the
presence of ferrous iron and other sulfides in the ore
(or in stockpiles) leads to a substantial increase in
acid consumption during hydrometallurgical
processing. Moreover, the presence of minerals
containing various combinations of iron, calcium,
carbonates, and silicates (such as tremolite,
clinochlore, calcite, etc.) can also negatively affect
the leaching process.

The modern standard technology for copper
recovery through heap leaching and solvent
extraction has been extensively studied and
described by both domestic and international
researchers [[1], [2], [3], [4], [5], [6], [7], [8]]. In
recent years, increasing attention has been directed
toward the use of microorganisms for copper
extraction. The term "bacterial leaching" refers to an
accelerated biological process for extracting metals
from ores.

Numerous studies have demonstrated the
economic feasibility of bioleaching. It has been
shown that the preliminary bio-treatment of
oxidized ores can significantly enhance copper
recovery. Furthermore, the pre-adaptation of
microorganisms has been found to improve the
overall efficiency of the bioleaching process.

The role of Thiobacillus ferrooxidans bacteria in
the bioleaching of sulfide ores is well established.
During biogeotechnological processes, metals are
converted from water-insoluble sulfides into water-
soluble sulfates. Thiobacillus ferrooxidans is capable
of oxidizing all metal sulfides. These bacteria obtain
the carbon necessary for their growth from carbon
dioxide. They thrive in acidic environments (within a
pH range of 1.0-4.8) and at temperatures between

3°C and 40°C. The optimal conditions for their
growth are a pH of 2-3 and a temperature of 28°C.
Thiobacillus ferrooxidans can be found in aquatic
environments, soils, sulfur deposits, and sulfide ore
bodies, but their activity is only observed in the
presence of oxygen.

In the biogeotechnological leaching process,
sulfide-bearing ore or industrial waste is irrigated
with sulfuric acid and ferric salt solutions, followed
by the introduction of viable Thiobacillus
ferrooxidans cultures. To intensify bacterial
leaching, oxygen from the air is supplied. As the
leaching solution percolates through the sulfide
material, metals are transferred into a soluble state.
Thus, heap leaching represents an effective method
for processing off-balance oxidized copper ores from
deposits in the Republic of Kazakhstan. The key
parameters of the process are determined
experimentally and depend on the chemical and
phase composition of the ore.

Both domestic and international practices have
demonstrated the use of bacterial cultures as
oxidizing agents [[9], [10], [11], [12], [13]]. One of
the main advantages of bacterial oxidation is the
high efficiency in converting ferrous iron (Fe?*) into
ferriciron (Fe®*), along with the relatively low cost of
this technology [[14], [15], [16], [17]].

When developing bioleaching technologies, it is
essential to consider the sharply continental climate
conditions typical of Kazakhstan. Although this
technology has been widely adopted in countries
such as South Africa, Australia, and Latin American
nations, the experience of Finland’s Talvivaara
company also serves as a notable example. In
particular, the implementation of biochemical
technology at the Kolmisoppi deposit in 2009-2010
enabled the company to increase production by a
factor of 2.7 [[18], [19], [20]].

The object of the study is the bulk ores of copper
production at one deposit in Kazakhstan. The
purpose of the study is to develop a unique
technology that will allow recycling piles, where
oxidation minerals are covered with significant
inclusions of sulfide minerals and iron—calcium
silicates. The use of bacteria as a catalyzing factor for
oxidative processes makes it possible to significantly
increase the level of transition of copper extraction
to a productive solution. Conducting experiments on

percolating leaching provides for laboratory
simulations of pile leaching. In total, different
technological samples were selected, which

represent different components of the mound: a
rock with significant inclusions of malachite; a
sample consisting mainly of a conglomerate; a
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sample consisting of siltstone; a sample of
sandstone, which is more concentrated at the base
of the mound.

Experimental Part

Before starting percolation, the main
parameters of the leaching process were selected:
the concentration of sulfuric acid in the leaching
solution was set to 2.5%; the irrigation density was
10 L/m?-h. Additionally, before the main irrigation
with sulfuric acid, the sample’s moisture saturation
and moisture capacity were calculated. The
irrigation area is calculated using the following
formula: S = mR2 After calculating the irrigation
surface area and knowing the given irrigation
density (L/m2-h), the volume is then calculated.

The loading of ore samples from the waste heap

into the percolators was done in the following mass
proportions: malachite — 5%, conglomerate — 30%,
aleurolite — 40%, sandstone — 25%. All rocks were
pre-mixed before loading, and a composite sample
was taken. The only exception was sandstone: 10%
of the 25% was placed at the bottom of the
percolator to simulate the base of the waste heap,
and the remaining 15% was evenly mixed with the
rest of the ore mass.

Each rock sample and the composite ore mass
for loading were subjected to preliminary X-ray
fluorescence analysis. The analysis results are
presented in Table 1, where the composition of each
individual sample and the composite average
sample for the given mass proportions are shown.
The theoretical composition of the composite
sample was also calculated based on the mass ratios
of the samples.

Table 1 - Elemental Composition of Heap Sample Types and Composite Sample for Given Mass Ratios, %

Name of components, % Mixed sample indicators, %
Element Malachite | Conglomerate | Aleurolite Sandstone Actual Theoretical
0 53.64 50.979 54.209 52.471 50.339 52.777
Na 1.119 1.318 1.802 1.079 1.567 1.4419
Mg 1.246 0.642 1.368 1.331 1.103 1.13485
Al 5.806 3.485 6.789 6.975 4.867 5.79515
Si 22.022 27.846 27.843 25.795 25.708 27.041
P 0.054 0.048 0.062 0.068 0.053 0.0589
S 0.269 0.031 0.116 0.026 0.479 0.07565
Cl 0.012 0.015 0.013 0.015 0.026 0.01405
K 1.147 0.579 1.199 1.662 0.834 1.126
Ca 5.953 5.162 0.855 2.12 3.044 2.718
Ti 0.435 0.239 0.476 0.522 0.312 0.414
\Y 0.006 0.006 0.007 0.01 0 0.0074
Mn 0.178 0.132 0.066 0.163 0.123 0.116
Fe 2.921 1.38 2.676 3.797 2.289 2.579
Cu 0.448 0.103 0.178 0.028 0.15 0.1315
Zn 0.014 0.007 0.013 0.015 0.024 0.0117
Rb 0.009 0.003 0.007 0.012 0.005 0.00715
Sr 0.011 0.007 0.007 0.014 0.01 0.00895
Zr 0.01 0.006 0.011 0.013 0.01 0.00995
Ba 0 0 0.1 0 0.416 0.04
Pb 0.006 0 0 0.016 0.01 0.0043
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The samples were taken from various points and
studied using the OLYMPUS BX-51 microscope under
reflected light by the mineralogical method. The
main part of the sample is composed of gangue
minerals. Among the ore minerals, very fine pyrite
grains are distinguishable, ranging in size from 0.01-
0.05 mm. Pyrite grains are mostly found in their free
state, although occasionally they are integrated into
the gangue mass. The fine sulfide material retains its
characteristic angular and irregular shapes.
Chalcopyrite is found in individual grains, with sizes
up to 0.02 mm. The images of the sulfide fragments
are shown in Figure 1.

After determining the elemental composition,
the main phase components, represented by various
mineral compounds, were identified in the copper
heap samples using X-ray phase analysis. The
analysis was carried out on a D8 Advance (BRUKER)
diffractometer using Cu — Ka radiation. The results
of the X-ray phase analysis are presented in Tables 2
and 3. According to the X-ray phase analysis data,

The main part of the rock-forming material in the
heap is represented by quartz, which is present in
both the northern and southern parts of the heap.
Albite, calcite, clinochlore, and muscovite are also
found in significant amounts.

6)
<
.
-

a) — Pyrite in gangue material; b) — Free pyrite grains;
c) — Very fine pyrite grains;d) — Chalcopyrite grains

Figure 1 — Photographs of the mineralogical analysis of
the sample at 400x magnification.

Table 2 — Phase composition results for the northern part of the heap

Proportion in the sample,%
Point Point Point

Name of components Formula 1 2 3
Quartz (syn.) SiO2 61.5 42.6 63.1
Albit Na(AlSizOs) 18.1 32.5 24.7
Calcite/calcium carbonate CaCOs 12.2 - 4.4
Muscovite H2KAI5Si3012 4.9 5.2 3.7
Clinochlor-1Mllb (Mg,Fe)s(Si,Al)a010(0OH)s 3.3 - 4.1
Atakamite Cu2CI(OH)s - 10.1 -
Hydrosulphate of
potassium K3H(SO4)2 - 5.5 -
Potassium sulphite hydrate K2(S3(S03)2)(H20)1.5 - 4.2 -
hematite (syn) Fe203
thenardite (syn) Na2S04 - - -

Table 3 — Results of the phase composition of the southern side of the mound

Proportion in the sample,%
Point Point Point

Name of components Formula 1 2 3
KBapy, (syn) SiO2 73.9 74.3 64.7
Albit NaAlo,91Si30s 10.2 11.7 14.8
Malachite (syn) Cu2(OH)2C0O3 9.1 - -
Clinochlor -1Mllb, (ferroan) (Mg, Fe)s(Si,Al)a010(OH)s 4.0 6.7 6.1
Muscovite HaK2(Al,Fe)eSisO24 2.7 3.4 5.5
Calcite/calcium carbonate CaCOs 3.8 8.8
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Discussion of Results

As a result, the composite copper ore from the
heap was loaded into three percolators, and three
percolation leaching variants were studied (Figure
2):

1) Standard sulfuric acid leaching without
additional oxidation; 2) Leaching with preliminary
bacterial oxidation; 3) Leaching with preliminary
chemical oxidation.

Figure 2 — Loaded percolators for three leaching options

The mineral raw material was subjected to
oxidation during the moisture conditioning stage.
For the bacterial oxidation variant, the percolator
was filled with a nutrient solution containing A.
ferrooxidans strains, adapted to copper compounds.
In the chemical oxidation variant, a 0.5%
trichloroisocyanuric acid (TICA) solution was used. In
the percolator where leaching was performed
without prior oxidation, a 0.5% dilute sulfuric acid
solution was used for the conditioning process.

In all three variants, the moisture level was
maintained at 10%. After the moisture conditioning
and oxidation treatments, the leaching process was
initiated. A solution with a 25 g/L concentration of
sulfuric acid was supplied via peristaltic pumps at a
10 L/m?h irrigation rate, by the main leaching
density.

After the ore material passed through the
percolators, the volume of the resulting pregnant
leach solutions was monitored, and the residual
sulfuric acid content, along with the copper ion
concentration, was analyzed.

The concentration of sulfuric acid in the
pregnant solutions was adjusted up to 25 g/L, and

ECu, go

their volume was brought to 2 liters, after which
they were reused in subsequent leaching cycles.

The first copper extraction was carried out after
17 leaching cycles, at which point the copper
concentration in the solution exceeded 3 g/L. Post-
extraction leaching was performed using raffinate—
the solution remaining after copper was recovered
from the pregnant leach solution using an organic
extractant.

The second stage of copper extraction occurred
during the final phase of the percolation leaching
process, specifically after 28 cycles.

The results of the percolation leaching, as well
as the copper recovery dynamics from the pregnant
leach solution using both conventional and oxidative
methods, are presented in Table 4 and Figure 3.

Based on the analysis of the data table and the
graphical results, it was found that during the initial
stage of leaching (the first seven irrigation cycles),
the copper recovery rates remained nearly identical
across all systems. In the subsequent days, an
increase in the amount of copper transferred into
the solution was observed in the chemical oxidation
system. However, over time, the efficiency of
chemical oxidation began to decline, while the metal
recovery rate continued to increase in the bacterial
oxidation variant.

When the copper concentration in the solution
reached 3-4 g/L, its transfer rate into the secondary
pregnant leach solutions temporarily decreased. To
restore the intensity of this process, additional
experiments on copper extraction and re-extraction
were conducted. These methods allowed for the
selective separation of dissolved copper from the
pregnant solutions and its transfer to the electrolyte
phase.

The extraction was carried out using a 10%
solution of the copper-selective extractant Lix 984
dissolved in the organic solvent Escaid. During the
extraction, the ratio of aqueous to organic phases
was 1:1, and during the re-extraction, it was 3:5.
Phase separation and settling processes were
performed in separatory funnels (Figure 4).
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—
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Figure 3 - Dynamics of product release into solution
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In the first stage of extraction, 57.45% of the
standard sulfuric acid leaching solution was.

From the bacterial oxidation leachate, 66.79% of
copper was transferred to the electrolyte, while
from the solution treated with the TCIC oxidizing
agent (trichloroisocyanuric acid), the transfer
reached 69.02%. In addition to the raffinate, a
certain amount of copper also remained in the
organic phase. This phenomenon is attributed to the
one-time copper loss that occurs when freshly
prepared organic-phase solutions are used. Such
losses are due to the retention of a portion of copper
by the organic phase during the extraction process,
and this retained copper cannot be completely
removed even during the washing stage.

However, no further accumulation of copper in
the organic phase was observed — after complete re-
extraction, its concentration typically stabilized at
0.2-0.5 g/L.

In the second stage of the extraction process,
copper transfer to the electrolyte reached 84.04%

for the standard sulfuric acid method, 84.4% for the
bacterial oxidation method, and 78.06% for the
chemical oxidation method using TCIC. The
extraction performance of pregnant leach solutions
obtained through different methods is presented in
Table 5.

a) separation of aqueous and organic phases
b) in the separation pits:
1- extraction, 2 — re-extraction;
b) color change of the product solution.

Figure 4 - Extraction and re-extraction processes,
sedimentation and separation in the funnel

Table 4 — Results of percolation leaching of copper-containing sample

Product solution parameters
H2S0,, H2S0,,

Cug/l H,S0.g8/| | Fe*, g/l | Fe*, g/l |V, H,SOs,ml | ECu,% | Cu, g/l [ H,SO.g/l | Fe*g/l | Fe*, g/l Al H,50., ml | ECu, % Cu, g/! g/l Fe*, g/l | Fe¥g/l |V, ml ECu, %

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Without oxidation, only H2504 25 g/| A.Ferrooxidans + H2504 25 g/ TCCC + H2504 25 g/I

0,5 5.1 11 0.2 2.0 22.1 4.17 0.63 3.70 2.3 0.1 2.0 23.67 4.94 0.66 0.00 1.40 0.10 2.0 27.8 4.89
0,94 5.4 1.2 0.2 2.0 21.8 7.83 1.15 5.88 2.5 0.15 2.0 21.24 9.02 1.20 1.08 1.50 0.10 2.0 26.6 8.89
1,41 113 1.8 0.2 1.8 16.5 10.58 1.62 113 2.7 0.15 18 16.48 11.44 1.65 6.80 1.50 0.10 1.6 21.7 9.78
1,54 9.8 2.2 0.2 2.0 16.9 12.83 1.80 10.8 33 0.15 2.0 15.78 14.12 1.92 7.35 1.70 0.10 2.0 19.6 14.22
1,78 10.3 2.5 0.3 1.8 17.5 13.35 1.96 12.25 3.3 0.2 1.8 15.53 13.84 2.10 10.10 2.10 0.10 1.8 17.7 14.00
23 12.0 2.5 0.3 2.0 14.4 19.17 2.4 16.0 33 0.2 2.0 10.00 18.82 2.45 10.80 2.40 0.10 2.0 15.8 18.15
2,35 12.7 2.7 0.3 2.0 13.7 19.58 2.88 14.7 3.5 0.2 2.0 11.44 22.59 3.36 11.20 2.40 0.15 2.0 15.3 24.89
2,51 11.76 3.2 0.3 2.0 14.7 20.92 3.38 13.72 3.5 0.2 2.0 12.53 26.51 3.85 8.82 2.40 0.15 2.0 18.0 28.52
2,65 115 3.4 0.3 13 19.5 14.35 4.12 16.4 3.6 0.2 1.6 13.20 25.85 3.41 9.80 2.50 0.15 0.8 23.4 10.10
2,74 5.0 3.4 0.3 2.0 22.2 22.83 4.18 123 3.6 0.2 2.0 14.11 32.78 3.45 5.00 2.50 0.15 2.0 22.2 25.56
2,81 12.3 3.4 0.3 18 155 21.08 4.20 13.5 3.6 0.2 18 14.28 29.65 3.50 9.00 2.80 0.20 13 213 16.85
2,92 15.92 3.6 0.3 2.0 10.1 24.33 4.25 17.4 3.8 0.2 2.0 8.44 33.33 3.42 17.60 2.80 0.20 2.0 8.2 25.33
3,4 20.09 3.8 0.3 2.0 5.5 28.33 4.34 19.6 4.3 0.2 2.0 6.00 34.04 3.40 10.29 3.00 0.20 2.0 16.3 25.19
3,6 154 4.0 0.3 2.0 10.7 30.0 4.45 16.9 43 0.2 2.0 9.00 34.90 3.30 18.40 3.00 0.20 2.0 7.3 24.44
4,0 16.4 4.0 0.3 2.0 9.6 33.33 4.63 15.7 4.5 0.23 2.0 10.33 36.31 3.35 17.40 3.20 0.25 2.0 8.4 24.81
4,1 14.1 4.2 0.3 2.0 121 34.17 4.70 16.0 4.5 0.23 2.0 10.00 36.86 3.32 14.50 3.20 0.25 2.0 11.7 24.59
4,36 13.47 4.2 0.33 2.0 12.8 36.33 4.77 16.66 4.5 0.23 2.0 9.27 37.41 3.26 13.72 3.20 0.28 2.0 125 24.15
Extraction: 10 % Lix984 / 90 % Escaid Extraction: 10 % Lix984 / 90 % Escaid Extraction: 10 % Lix984 / 90 % Escaid
1,35 25.0 4.5 0.4 2.0 0.0 36.33 1.09 25.0 4.8 0.25 2.0 0.0 39.75 0.52 25.0 3.5 0.3 2.0 0.0 27.17
3,03 12.74 4.5 0.4 18 15.0 47.81 4.46 15.2 4.8 0.25 18 12.58 64.12 2.03 115 3.5 0.3 1.75 16.6 37.64
31 19.1 4.5 0.4 2.0 6.6 50.92 4.5 17.64 4.9 0.25 2.0 8.18 68.17 2.14 15.4 3.5 0.32 2.0 10.67 40.67
3.25 19.6 4.7 0.5 2.0 0.0 52.17 4.55 26.95 4.9 0.25 2.0 0.0 68.58 2.24 26.0 3.5 0.3 2.0 0.0 41.5
3.48 103 4.7 0.5 2.0 16.3 54.08 4.6 17.15 5.0 0.25 2.0 8.72 69.0 2.33 12.25 3.5 0.3 2.0 14.17 42.25
3.79 14.2 4.75 0.5 2.0 12.0 56.67 4.72 18.4 5.1 0.25 2.0 7.33 70.0 2.72 14.7 3.7 0.35 2.0 11.44 45.5
3.6 14.7 4.7 0.5 2.0 11.4 55.08 4.65 17.15 5.0 0.25 2.0 8.72 69.42 2.49 15.2 3.55 0.3 2.0 10.89 43.58
3.96 17.2 4.9 0.5 2.0 0.0 58.08 4.98 17.2 5.1 0.25 2.0 0.0 72.17 2.87 17.2 3.7 0.35 2.0 0.0 46.75
4.2 18.86 4.9 0.55 1.8 8.9 56.58 5.11 20.3 5.2 0.28 1.8 7.48 68.99 3.02 18.4 3.7 0.35 1.8 9.38 45.48
431 15.93 4.95 0.55 2.0 0.0 61.0 5.27 18.13 5.2 0.28 2.0 0.0 74.58 3.15 14.7 3.9 0.35 2.0 0.0 49.08
4.45 10.29 5.09 0.6 2.0 16.3 62.17 5.45 17.15 5.2 0.28 2.0 8.72 76.08 3.6 10.29 3.9 0.38 2.0 16.34 52.83
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Table 5 — Copper balance during extraction and re-extraction process

Solution parameters
Without oxidation, only
H2504 25 g/I A.Ferrooxidans + H2504 25 g/ TCCC + H2S04 25 g/|
OHim aTaybl Cu, g/l l Vv, | % Cu, g/l ‘ v, | % Cu, g/l ‘ Vv, | ‘ %
Extraction 1
PLS (productive
solution) 4.36 2.0 100.00 | 4.77 2.0 100.00 | 3.26 2.0 100.00
Raf (mixed
solution) 1.35 2.0 31.0 1.09 2.0 22.9 0.52 2.0 16.0
Organic 2.02 0.5 11.6 1.976 0.5 10.4 1.96 0.5 15.0
Electrolyte 16.7 0.3 57.45 21.24 0.3 66.79 15.0 0.3 69.02
Cu from
circulation, g 6.02 7.36 5.48
Extraction 2
PLS (productive
solution) 4.45 2.0 100.00 | 5.45 2.0 100.00 | 3.6 2.0 100.00
Raf (mixed
solution) 0.6 2.0 135 0.8 2.0 14.7 0.7 2.0 19.4
Organic 0.44 0.5 2.5 0.2 0.5 0.9 0.36 0.5 2.5
Electrolyte 45.0 0.3 84.04 55.2 0.3 84.40 37.0 0.3 78.06
Cu from
circulation,gr 13.72 16.66 11.28

The copper concentration in the obtained
electrolytes met the required parameters (at least
30 g/L, not exceeding 60 g/L). All produced
electrolytes were used in the next technological
stage — copper electrowinning in an electrolytic cell.
For the deposition process, a copper cathode with
an initial mass of 94.2 g was used, while insoluble
lead plates served as anodes. The electrochemical
equivalent of copper is A = 0.329 mg / (A's). The
electrolysis process lasted for 11 hours. The
theoretical yield of metal during electrolysis was
calculated using the following formula:

G=A-l-t (1)

where:
G — the mass of the deposited substance,
| — electric current, A,
t—time, s.

G=0.329mg/(As) x2.5A%x11x60x60=
32,571 mg=32.571¢g (2)

After the electrolysis process was completed,
the cathode mass increased to 125 g (Figure 4). Thus,
30.8 g of copper was deposited on the cathode. The
current efficiency of copper deposition was
calculated as:

ECu = G_actual / G_theoretical x 100% = 30.8 /
32.571 x 100% = 94.6%

Conclusion

Thus, the material composition of copper-
bearing mineral raw materials was studied, and
sampling from the heap was carried out. The bulk of
the heap rock consists of conglomerates, siltstone,
and sandstone, while the copper minerals identified
include malachite, chalcopyrite, and atacamite. The
copper content in various lithological samples and
samples taken from different points of the heap
ranged from 0.2% to 0.9%. On average, the
estimated copper content was 0.3% in the southern
part of the heap and 0.28% in the northern part.

Phase analysis of the heap samples showed that
the primary mass of the rock is composed of quartz,
albite, muscovite, and clinochlore. In certain zones,
a significant presence of malachite and atacamite
was found as copper-bearing minerals. Detailed
mineralogical analysis revealed the presence of both
oxidized copper minerals and sulfide mineral
formations such as pyrite, chalcopyrite, chalcocite,
and other compounds. Hence, the study of the
chemical, phase, and mineralogical composition of
copper-bearing materials from the heap revealed
the heterogeneous distribution of copper in various
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mineral forms, as well as the presence of associated
impurity elements.

In  the percolation leaching process,
trichloroisocyanuric acid (TCCA) was used as a
chemical oxidant, while an adapted culture of A.
ferrooxidans bacteria was used as a bio-oxidant. The
standard sulfuric acid leaching method served as a
control. The use of the TCCA-based chemical
oxidation method resulted in a higher copper
recovery during the first seven leaching cycles
compared to the other methods. However, over
time, the effectiveness of chemical oxidation
gradually declined, and by the end of 28 leaching
cycles, the copper recovery reached 52.83%. During
the same period, sulfuric acid leaching vyielded
62.17% copper recovery. The highest efficiency was
observed in the bio-oxidation method using
bacteria, where 76.08% of copper was transferred to
the pregnant leach solution after 28 irrigation cycles.

The pregnant leach solutions obtained from all
three methods were subjected to the complete
hydrometallurgical processing cycle. As a result of
the extraction and re-extraction stages, electrolyte
solutions that fully met the quality parameters
required for electrowinning were obtained. During
the electrolysis stage, 30.8 g of copper was
deposited on the cathode from the electrolyte
solution, corresponding to a current efficiency of
94.6%.

During the experiments, the optimal conditions
for the growth of A. ferrooxidans bacterial culture,
adapted to the chemical composition of copper-
containing mineral raw materials, were determined.
The results showed that for effective bio-oxidation
of mineral raw materials, the initial bacterial
solution used in the pretreatment should maintain a
pH level not lower than 1.5. An increase in pulp
acidity and a drop in pH below 1.2 negatively affect
the viability of bacterial cells.

The optimal temperature range for the growth

and development of A. ferrooxidans culture was
found to be between 20-30 °C. Under the most
favorable conditions (pH =2.3, temperature = 20—
30 °C), the concentration of bacterial cells increased
from 0.1 x 10° cells/cm?3 to 2.8 x 108 cells/cm?.

The  catalytic mechanisms by  which
microorganisms influence the oxidation of sulfide
minerals in copper-bearing raw materials were also
identified. The presence of the bacterial culture as a
catalytic factor significantly accelerates the
decomposition rate of sulfide minerals, particularly
those containing copper (e.g., chalcopyrite,
chalcocite, etc.).

The best selectivity results were observed when
using an extractant from the LIX984 series:

The highest copper extraction from solution was
94.0%; The lowest iron co-extraction was 0.83%.

Based on the evaluation of copper-loading
capacity of the organic phase, the optimal flow ratio
between the pregnant leach solution and the
organic phase was determined to be O:A=1:2. If the
ratio exceeds O:A > 1:5, the viscosity of the organic
phase increases due to oversaturation, which in
some cases may lead to the formation of stable
emulsions or phase separation issues.
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Makana kengi: 18 aknaH 2025
CapantamagaH eTTi: 19 Haypeiz 2025
KabbingaHapbl: 8 mameip 2025

TYWIHAEME

Makanaga KasaKkcTaHHblH, 6ip KeH OpHbIHAA MbIC OHAIPICIHIH, YWiHAI KeHaepiH KaiTa eHagey
60ibIHWa 3epTTey HaTMXKeNepi YCbiHbINFaH. DPTYPAI KbIHbICTapAaH a/blHFAH CbiHamanapaarbl
MbICTbIH, Menwepi 0,2-0,9 % apanbifbiHaa e3repeai. OpTalwa ecenneH yMiHAiHIH OHTYCTIK KafblHAA
mbic menwepi0,3 %, conTycTik KafbiHaa — 0,28 % Kypaliabl. YHiHAI cbiHamanapbiH dasanbik Tangay
JKbIHBICTbIH, HETi3r Maccacbl KBapL, anbbuT, MyCKOBWUT, KNMHOXIOPAAH TypaTbiHbIH KOpCeTTi, an
Kelnbip ydackenepae mMbiC MUHEPaNgapbl — MafaxuT KaHe aTakaMUTTIH, aTapAbliKTail menwepi
aHbIKTangpl. MuHepanoruanbik 3epTrey bapbicbiHAa TOTbIFy Typ/epimeH KaTtap, cynabouarTi
MWHepangapabiH, (MMPUT, XaNbKOMUPKT, XaNbKO3UH KaHe T.6.) 6enwwekTepi ae Tabbiagbl. byn KeH
OpblHAAPbl  YWIiH eH TWiMAI KahWTa eHaey aici peTiHge YWIHAINIK - wakmanayabiH,
buornapomeTannypruanblik, TEXHONOMMACBIH KONAAHY YCbiHbINAAbl. MepKoNAuMANbIK Waimanay
6apbICbiHAA XMMUANBIK TOTbIKTbIPFbILW PETIHAE TPUXA0PU30oUMAHYP KbllKblabiH (TXLLK) KongaHy
MYMKIiHAir 3epTTengi, an 6uookcuaaHT petiHae A. Ferrooxidans 6eiimpenreH Aakbiibl
nangananbingbl. bakpliay HycKackl peTiHAe CTaHAAPTTbl KYKIPTKbIWKbBIAAbI LaliManay »Kyprisingi.
TXUK HerisiHAe XMMUANBIK TOTbIKTbIPY 94iCi KONAAHbIIFAH Ke3he, MbIC any KepceTkilwi b6acka
HYCKa/flapMeH CanbICTbIpFaHAa TeK affalKpl 7 UMKA iWwiHae »Kofapbl 60nabl. EH KaKcbl HaTUXKe
anablH ana 6aKTepuANblK TOTbIKTbIPY KesiHae 6aiKkangbl, 28 cynay UMKAbIHBIH iWiHAe eHimAj
epiTiHaire mbiCTbiH, 76,08 %-bl ©TTi. Bapabik HycKanapablH anblHFAH eHIMAI epiTiHainepi mbic
TMAPOMETANNYPIUACBIHBIH,  TO/bIK,  TEXHONOTUANBIK  UMKAbIHAH ~ ©TTi. DKCTPaKUMA  KaHe
pPEesKCTPaKLUMA NPoLEecTepi HITUXKECIHAE 3NIEKTPONS KYPri3yre KaKeTTi cananblk napamerpsepre
TONbIK, COMKeC KeneTiH 3NeKTPONUT epiTiHAinepi anbiHAbl. DNEKTPOAWU3 caTbiCbiHAA asblHFaH
3NEKTPONUT epiTiHainepiHeH KaToaTa 30,8 1 MbiC TyHAbIPbLIAbI, Byn TOK BoWbiHWa 6enin any
AdpexeciH 94,6 % xeTKizai.
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AHHOTAUMA
B ctaTbe npeacTaBneHbl pe3ynbTaTbl UCCEAOBaHUI NO NepepaboTke OTBa/bHbIX Py MeAHOro

NPOW3BOACTBA OAHOMN U3 MECTOPOXKAEeHUI KasaxcTaHa. CoaeprkaHue meam B npobax pasnnMyHoro
nopoaoo6pasoBaHmMA 1 B3ATbIX U3 pa3Hbix Touek oTbopa Bapbupyetcs ot 0,2 go 0,9 %. B cpegHem
Mo HO¥XHOM CTOPOHe OTBasa pacyeTHoe coaepykaHne meam coctasuno 0,3 %, no cesepHoi — 0,28
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%. ®a30BbIM aHa/IM30M NPO6 OTBANA YCTAHOB/IEHO, YTO OCHOBHAA Macca MopoApl NpeacTaBaeHa
KBapLem, anbbuToM, MYCKOBUTOM, K/IMHOX/IOPOM, M3 MeJHbIX OTBAJOB B PAAE Y4acCTKOB
OTMeYeHbl 3ameTHble KO/MYecTBa Masaxura WM atakamuta. MoApobHbIM MUHEPaNOrMyecKum
aHanM3oM, MOMMMO OKMUC/IEHHbIX GOPM MUHEPanoB, 3adUKCUPOBaHbI Takxe GparmeHTb
CyNbOUAHBIX MUHEPaNbHbIX 06Pa30BaHMI, TaKMX Kak NUPWUT, XaNbKOMUPUT, XaAbKO3WH 1 Ap. [nn
JAHHOTO TUMA MeCTOPOXAEHUN Hambonee 3dpdeKTUBHBIM MeTogoM nepepaboTku byaet
MCMONb30BaHWE BUOTUAPOMETANYPIUYECKOW TEXHONIOTMM  KYYHOTO  Bbilenaunsanusa. Mo
NepKONIALMOHHOMY BbILLEIAYMBAHUIO B KAuecTBE XMMMUYECKOTO OKMCAUTEeNs 6bil paccMoTpeH

BapMaHT NPUMEHEHUA TpWXJ0opU3oUMaHypoBol Kucnotbl (TXLK), B Kauectse GuooKucautens
Moctynuna: 13 ¢pespansa 2025
PeueHsnposaHue: 19 mapma 2025
MpuHAaTa B Neyatb: 8 masa 2025

TaKXe WCnonb3oBanacb afdanTMpoBaHHas KynbTypa A.Ferrooxidans. Mo nepKonsauMOHHOMY
BbILLLEIAYNBAHMIO B KAYECTBE XMMUYECKOTO OKMCAUTENA Bbln PaCCMOTPEH BapWaHT NpUMeHeHus
TpuxnopusoumaHypoBoit Kucnotbl (TXLK), B KayectBe BUOOKMCAUTENA TaK¥Ke MCMO/b30Banach
afanTupoBaHHasa KynbTypa A.Ferrooxidans. CTaHAapTHOe CEpPHOKWUC/IOTHOE BbilenaunBaHne
CNY}KUNO B Ka4yecTBe KOHTPO/IbHOFO BapuaHTa. B pe3ynbrate NpMMEHEHUA XMMUYECKOro MeToaa
OKMCNeHuna ¢ ucnonbsosaHmem TXLUK pocT n3sneyeHna meam B pacTBOp NO CPABHEHUIO C APYTMMHM
BapuaHTaMu, Habtoaanca ToNbKO B TedeHWe nepsbix 7 UMKNoB. Hanbonblias pesynbTaTMBHOCTb
Habntoganacb B BapuaHTe NpeaBapuTENbHOrO 6GaKTEPUANbHOrO OKUCNEHWA, 3a 28 UWKIOB
OpolWeHnUs B MNPOAYKTMBHbLIA pacTBop 6bL10  u3BnedeHo 76,08% meau. [onyyeHHble
NPOAYKTUBHbIE PACTBOPbI BCEX BAPWMaAHTOB MoABeprasiMmCb NMOJIHOMY TeXHO/IOTMYeCKomy LUKy
r'MOPOMETANYPrMYecKkoro NpousBoAcTBa mean. B pesynbraTe npoueccoB 3KCTPaKUMUM U pe-
3KCTpaKuuM 6blaM  HapaboTaHbl PACTBOPbLI  3N1EKTPOSIMTOB, MNOJNHOCTbIO COOTBETCTBYOLWMNE
KayecTBeHHbIM MNapamMeTpam HeobxoAMMbIM ANA NPOBEAEHUA 3NeKTponusa. Ha cragum
3/1€KTPO/IM3a U3 HapaboTaHHbIX PaCTBOPOB 3NEKTPOIMTOB BbINI0 OcaXKaeHo Ha KaToge 30,8 rmeam,
4YTO AAET U3BNEYEHME NO TOKY paBHoe 94,6 %.

Knioyesble €n08a: Me[bCOAEPIKALLEE Cblpbe, OUOXMMUYECKUI METOA, BblILENAYMBAHUE,
Acidobacillus Ferrooxidans, TpuxnopusoumaHypoBas KMCA0Ta, IKCTPaKLUA.
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ABSTRACT

Air separation can play a key role in the sintering process of the charge material in the alumina
production at the Pavlodar Aluminum Plant. During sintering, sinter dust is formed, which must be
effectively separated from the bulk material, since its fine fraction is a source of formation of a
solid phase carried away with the solution, which increases the number of secondary losses of
valuable components. The use of air separation will solve this problem, providing a high degree of
separation of the sinter product into coarse and fine fractions, thereby intensifying the further
process of hydrochemical processing of the sinter from the sintering furnaces. The main goal of
these studies was to reduce the loss of valuable components from the sinter, namely aluminum
oxides and alkali, which are carried away with the solid phase of the tubular apparatus effluent.
This paper considers the preliminary classification of sinter dust in air separators and its separate
leaching. Extensive (pilot) laboratory tests determined the separation boundary of sinter classes
(= 0.25 mm), which allows increasing alumina extraction by ~ 2% and suggests a reduction in the
number of operating furnace lines by 0.26 units by reducing ballast flows, and the optimal indicator
of air separation efficiency was determined to be ~ up to 97%. The results demonstrate the
importance of air separation in ensuring the quality of the sinter product and improving the
efficiency of alumina production technology as a whole.

Keywords: air separation, extraction of valuable components, alumina, sintering process, sinter.
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Introduction

Air separation is a technological process in which

[4], [5]]. In the existing process flow at the Pavlodar
Aluminum Plant (PAP), the leaching of sinter from
the sintering shop is carried out in tubular leaching
units, from which a solid phase, the so-called “gray”

polydisperse systems are separated into fractions
based on the settling velocity of particles of various
sizes under the influence of centrifugal gravitational
forces in a horizontal or upward flow. The overall
function of a classifier is to separate particles into
coarse and fine fractions [1]. The air separation
process is widely used worldwide in various
industries [2]. For example, in China, air separation
is used for classifying coking coals, for separating
and processing valuable components from spent
lithium-ion batteries, and for separating fly ash [[3],

sludge, is carried out along with the non-
desiliconized aluminate solution [6]. Upon further
residence in the aluminate solution during the
autoclave desilication stage, the “gray” sludge
becomes enriched with aluminum oxide and alkali,
causing their loss from the aluminate solution.

To address the existing problem, a technical
solution was proposed: separating the sinter dust
through preliminary classification in air separators.
This would enhance the efficiency of the sinter
hydrochemical processing (Figure 1).
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Figure 1 — a) Existing sinter leaching process at PAP;
b) Proposed process with preliminary sinter classification

There are several methods for eliminating the
conditions for the formation of “gray sludge,” which
have been utilized in the production practice of PAP.
One such method is leaching the sinter in a “Reacol”
column-type apparatus [7].

According to this scheme, the sinter was first
classified on separate drum screens with a mesh size
of 5 mm (the usually used sizes are 10 and 8 mm),
and then the separated sinter fraction was subjected
to agitation leaching in a “Reacol” column-type
apparatus with a pulsed supply of the leaching agent
— water.

The use of a metal mesh with a rather large
mesh size of 5 mm on the existing drum screens was
technologically unjustified. With this technology,
using a particle size of -5 mm, under-leaching of the
sinter was observed, as well as losses of valuable
components along with the sludge. The pulsed
supply mode of the leaching agent in the “Reacol”
type apparatus did not ensure complete extraction
of valuable components from the sinter.

In addition, there was an inefficiency in the
sinter separation and rapid mechanical wear of the
classifying metal mesh, increased circulation flows

of the sinter, which increased the energy costs at the
crushing unit.

The next method involves separating the solid
phase from the slurry discharge of the tubular
leaching units using hydrocyclones [8]. A pilot-
industrial installation of a battery of 10
hydrocyclones with a diameter of 150 mm was
assembled for testing. The slurry discharge from one
tubular leaching unit was subjected to classification.

This method also did not prove effective for the
technological process of PAZ. Frequent cases of
“sanding” of the hydrocyclones led to a high content
of solid particles in the overflow, which was sent for
autoclave desilication. As a result, the task of
reducing the ballast flow to the sintering furnaces
was only 50% solved.

The use of larger hydrocyclones with a diameter
of 250 mm also did not solve the problem of the
ballast flow and even reduced the efficiency of
sludge removal to 30%.

The Boksitogorsk Alumina Plant of RUSAL
employs a method of classifying and leaching sinter
that is similar to our proposed method. Alumina-
containing sinters are classified by a 0.5 mm fraction,
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and the fraction finer than 0.5 mm is combined with
aspirational sinter dust and mixed with under-sludge
water, thus performing agitation leaching of the
mixture, after which it is directed to co-washing with
the sludge from leaching sinter fractions larger than
0.5 mm.

The technical solution implemented at the
Boksitogorsk alumina plant was also applied at
another RUSAL alumina plant - Achinsk. Testing of
the proposed method was carried out with crushed
sinter from an industrial stream. This method
showed significant extraction of aluminum oxide
from the fine fraction.

In the presented technology, implemented and
tested at the RUSAL alumina plants, the preliminary
separation of the fine part of the sinter is carried out
by mechanical screening. The method of mechanical
screening implies the use of capital-intensive
structures, since conveyor routes and metal-
intensive sorting units are required to move the bulk
material (sinter). The optimal screening mode for
powdered materials is operation within the 1-3 mm
range. At smaller screening limits, energy
consumption per 1 ton of product increases
significantly, the dimensions of the equipment
increase, and the need for frequent replacement of
the screens arises [9]. For classifying materials with
a particle size of less than 1 mm, it is advisable to use
air classification. By regulating the speed and
trajectory of the air flow, the size of the separated
particles can be varied [[10], [11]].

Air separation is based on the ability of material
particles, located in a vertical, horizontal or
centrifugal air flow, to fall out of it under the
influence of gravity, centrifugal inertial forces, or the
combined effect of these forces under certain
conditions [12].

For successful air separation, the air flow must
have a homogeneous velocity field. For particles of a
single size, called the separation boundary, dynamic
equilibrium must be established throughout the
entire separation zone. Particles of other sizes must
be carried out of the separation zone in different
directions: smaller than the separation boundary —
in one direction, larger — in the other. The forces
acting on a particle of any size must be adjustable
within a wide range [10].

The design of air separators should provide the
ability to regulate the air flow velocity and uniform
distribution of the material being sorted, as well as
the complete and timely removal of material
particles separated by size from the separator. The
separation boundary can be controlled by changing

the operating mode of the classifier, for example, by
changing the air flow velocity. It is known that the
separation efficiency is determined by two factors:
the concentration of the material and the design of
the apparatus [13].

Review articles [[14], [15], [16]] provide a
detailed examination of each type of equipment for
particle separation.

In the article [17], the authors describe one of
the novelties of air classifiers, which uses the
inertial-gravitational design principle for separating
solid particles.

Experimental part

According to the developed standards of the
organization, Joint Stock Company Aluminum of
Kazakhstan (JSC “AK”), the following research
methods were carried out: sieve analysis of sinter,
chemical analysis of liquid phases, and X-ray spectral
analysis.

The following were used for testing:

e Laboratory separation unit from Lamel 777
(Minsk);

e Stand-mounted air gravity classifier from
URAL-OMEGA (Magnitogorsk);

e Semi-industrial enrichment plant with a
pneumatic separator of the “Sepair” type from
GORMASHEXPORT (Novosibirsk).

Results and Discussion

The first stage of laboratory research aimed to
determine the boundary particle size in the sinter
that is carried away with the aluminate solution
from the tubular apparatuses and is a source of
formation of “gray” sludge.

By conducting numerous samplings of the
overflows from all tubular apparatuses, it was
established that the boundary size is the (-0.25) mm
fraction. This dimensional fractional composition
was to be removed, and separate leaching
performed. It was also established that the average
content of the (-0.25) mm fraction in the crushed
sinter entering the tubular leaching units was
approximately 3%.

In laboratory conditions, the sinter was classified
into fractional compositions: (+0.25) mm and (-0.25)
mm, and their separate leaching with liquid agents
used in production conditions was carried out.

Table 1 presents the results of the separate
leaching of the sinter.
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Table 1 — Results of the separate leaching of the sinter

Composition of Solid Phase Extraction Composition of Liquid Phase
% % g/L
0,
Na;0 | ALOs | Si0; | Ca0 | Fes05 | NasO | ALO; | Alo, | N320 | NazO | NaO | M4 % iy oy,
total carbonate caustic caustic soda
Initial sinter, including the fraction - 0.25 mm
Sludge | 1.85 4.40 | 19.5 | 40.7 24.3 89.4 849 | 1075 | 84.3 2.6 81.7 13 3.1 2.28 | 49.0
Sinter without the fraction -0.25 mm
Sludge | 1.48 3.81 | 19.3 | 40.3 24.0 92.2 86.9 | 110.2 | 87.3 2.3 85.0 13 2.7 2.25 | 49.0
Table 2 — Results of separate agitation leaching of the fine fraction of the sinter
CocTaB *Knakux gas CoctaB TBEpPAbIX Pa3
L %
Name Na;0 | Na:0 o Na20 | M -
Al203 2 2 2 %soda | Na;O | AlOs | Si02 | CaO | Fe:03
total carbonate caustic caustic
Orllglnal 15.7 19.0 129 25.7 18.4
sinter
Weak
leaching 18.4 16.7 0.9 15.8 1.41 5.4
water
Sludge 1.97 4.77 18.7 38.4 27.4
Liquid phase
of the 35.4 32.7 2.1 30.6 1.42 6.4
sludge

Technological leaching of the isolated fine
fraction of sinter (-0.25 mm) was carried out with
weak wash water at a temperature of 75 °C and a
leaching time of 3 minutes.

The coarse fraction of sinter (+0.25) mm was
leached under production conditions used in tubular
leaching units with strong wash water at a
temperature of 85 °C and a time of 45 minutes. As
can be seen from the data in Table 1, when removing
the fine fraction (-0.25) mm from the sinter, the
extraction of alumina and alkali from the coarse
sinter increases by 2.0 and 2.8%, respectively.

The alumina content in the sludge after the
separation of the fine fraction (-0.25) mm from the
sinter with weak wash water, for a short leaching
time (no more than 3 minutes), was approximately
the same level as in the waste sludge - 4.77% (Table
2).

Table 2 presents the results of separate agitation
leaching of the fine sinter fraction.

It was established that with separate leaching of
the fine sinter fraction (-0.25) mm for a short time, 3
minutes, the fine sinter has time to leach without
secondary losses. This indicates that the conditions
for the formation of “gray” sludge are eliminated.

Under production conditions, the fine fraction of
sinter (-0.25) mm should also be leached with weak
wash water.

The purpose of the second stage was to
determine the conditions for thickening the sludge
after separate leaching of the sinter fraction (-0.25)
mm. According to the conditions of the designed
production process, the dedusted coarse sinter
fraction (+0.25) mm after leaching in a tubular
leaching unit and grinding in a rod mill was mixed
with the sludge from the leaching of the fine sinter
fraction (-0.25) mm under conditions of re-pulping
with weak wash water. Then, according to the
scheme, the mixture of sludges after hydrocycloning
was sent to the head washer of the washing line.

Planned mixtures of sludges from separate
leaching of the sinter were prepared, with their
further thickening in laboratory conditions using a
flocculant. Based on the results of the laboratory
work, satisfactory thickening of the sludge mixture
after separate leaching of the sinter was
determined.

Based on the data from the studies, it was
hypothesized that, under production conditions, the
sludge after the separate leaching of the fine sinter
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Efficiency of separation for the fraction -
0,25 mm

101
100
99
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%
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GORMASHEXPORT

H Efficiency of air separation

Graph 1 - Indicators of pilot tests for air separation of sinter.

fraction (-0.25 mm) would satisfactorily settle in a
mixture with the rod mill sludge and not be carried
away with the overflow (with strong wash water)
from the head washers.

To confirm the results of the laboratory tests on
the classification of the fine part of the sinter, a pool
of companies producing shelf-type air classifiers and
pneumatic separation devices with nozzle air supply
was identified. Companies such as Lamel 777, URAL-
OMEGA, and GORMASHEXPORT were selected [[18],
[19], [20]].

The graph below shows the efficiency of air
separation of sinter, as implemented by the above-
mentioned companies, which allows for an
assessment of the comparative results of their work.

Based on the conducted tests from all three
companies, the possibility of air separation of sinter
was confirmed. An air separation efficiency indicator
of ~ up to 97.0% was determined for the declared
boundary fraction of sinter (-0.25) mm.

The highest contamination - up to 40% of the
sifted fine fraction with sinter of the neighbouring
larger (+0.25) mm fraction - is present on the Lamel
777 classifier. Less contamination with the (+0.25)
mm fraction, from 12 to 24%, is present on the
GORMASHEXPORT  classifier ~ (using  SEPAIR
technology) [21]. The minimum contamination with
the (+0.25) mm fraction, from 10 to 15%, is present
on the URAL-OMEGA classifier.

According to the results of the sinter separation
pilot tests, in terms of technical equipment and
completeness, as well as the possibility of
integration into the technological scheme in the
existing production facility, the most suitable is the

classifying installation of the company URAL-OMEGA
from Magnitogorsk (Figure 2).

Figure 2 - Classifying the unit of the URAL-OMEGA
company on a tubular leaching unit.

Conclusions

Based on extensive laboratory research, it has
been established that removing the fine part of the
sinter, 0.25 mm, with subsequent separate leaching
allows increasing alumina extraction by ~ 2%
without worsening the sludge settling performance
during washing.

The possibility of air separation of sinter at the
PAZ sintering stage has also been confirmed, and the
optimal air separation efficiency indicator has been
determined to be ~ up to 97.0%.

The classifying unit of the URAL-Omega
company showed the most suitable test results for
air separation of sinter for the technological process
of the PAZ sintering stage.

The result of the technical solution of
preliminary air separation of sinter will be an
increase in the overall alumina extraction by 2% and
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a reduction in the number of operating furnace
strands by 0.26 units due to a decrease in ballast
flows, respectively, a decrease in losses of useful
components (alumina and alkali), as well as a
positive impact of the scheme on the environmental
situation of the shop.
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Masnopap antoMMHUM 3aybITbIHAA KYMEXEHTEKTi ayAa aXKblpaTty
3epTrey MyMKiHAiKTepi

O6ikeHoBa I.K., TBepgoxne6os C.A., Oaynetos A4.4., AaHueHKo U.C.

JKLLIC ERG roinsimu-3epmmey uHMceHepnik opmarneirel, [laenodap, KazakcmaH

TYRIHAEME

dye cenapaumscbl NaBnogap aNtoMUHUI 3aybITbiHbIH, IIMHO3eM eHAipICIHAEeri LWNXTaHbl KyIAipy
npouecciHae aca MaHbI3abl Pen aTkapybl MyMKiH. Kyiaipy KesiHae Kynaipy WwaHbl Ty3inesi, oHbl
Herisri maTepuangaH Tmimai Typae 6eny Kaxet, ce6ebi oHbIH, ycak dpaKumMAchl KaTTbl dasaHbiH,
KaNbINTacyblHbIH, Ke3i 6osbin Tabbinaabl, 6yn nanaansl KOMNOHEHTTEPAH, EKiHWI KaFblHAAFbI
OFaNTy MeJIlepiH apTTbipafbl. Dye cenapauMACbiH NaiganaHy ocbl TancbipmMaHbl Lellyre
MYMKIHAiK Bepeai, Kyiaipy eHimiH ipi »kaHe ycak dpaKuusanapFa }KoFapbl gapexxene 6eny apKbinbl,
Kynaipy eHAey npoueciH
MHTEeHcndUKaumananapl. byn 3epTreynepgi, Herisri makcatbl cneuuduKaumagaH nangans

Makana kengi: 1 kapawa 2024
CapantamagaH eTri: 11 xenmokcaH 2024
Kabbinganabl: 14 mameip 2025

ocblianwa newTepiHiH, CNekacblH TMAPOXMMMANBIK — KalTa
KOMMOHEHTTEPAH, aTan alTKaHA4a, aloOMUHUI OKCUATEPI MEH CiNTiNepaiH, KaTTbl dasa 6oiblHLWa
TYTiKWe annapaTtbiHblH, afbicbiMeH bipre ylwbin KeTyiH asanty 6onabl. Byn Xymbicta aya
cenapaTopnapbliHAa CNeKanblK WaHHbIH anfblH ana XiKTeny NpoLeci XaHe OHbI KeKe Waimanay
KapacTblipblnagpl. KeHenTinreH 3epTxaHanblK CbIHAKTap CneKaHblH KnactapblH 6eny weriH (— 0,25
MM) aHbIKTagbl, 6yn ramHosemai ~ 2%-fa KebeilTyre MymKiHAIK 6epeai kaHe 6annactTbik,
afblHAAPAbl TOMEHAETY apKblibl KYMbIC iCTEWTIH MNewTik inTepaid, caHbiH 0,26 6ipnikke
KbICKApPTyAbl *Kopamanganabl. Aya cenapauumsacbiHbiH, TUIMAINIK KepceTkiwTepi ~ 97% pen
aHbIKTanAbl. ANbIHFAH HATUXKeNep CneKanblK OHIMHIH, canacbiH KAMTaMacbli3 eTy XKaHe rMMHOo3eM
OHAIPICIHIH, TEXHONOTUACBIHbIH, TMIMAINIMIH apTTbIPY YLWiH aya cenapaumACbIHbIH, MaHbI34bINbIfbIH

KepceTtes,.

TyliiH ce30ep: ayaHbl 6oy, XiKTey, Naiaansl KOMNOHEHTTEPA] any, TMHO3eMm, crekaHue yaepic,
crek.
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UccnepoBaHMe BO3MOXKHOCTU BO3AYLIHOM cenapauunm cneka Ha
MaBnogapcKom anloMMHUEBOM 3aBOAe

AbukeHoa I'.K., Teepaoxne6os C.A., Aaynetos A.4., AaH4yeHKo WU.C.

TOO Hay4Ho — uccnedosamenbckuli UHXCUHUPUH208bIG yeHmp ERG, Masnodap, KazaxcmaH

AHHOTAUMA
BosgywHas cenapauus MOXET CbirpaTb KAIOYEBYIO POJib B MNPOLECCE CMEeKaHWA WUXTbl B

rMMHO3eMHOM npoussoacTee [1aBAOAAPCKOro aNlOMMHUMEBOrO 3aBoja. Bo Bpemsa cnekaHus
obpasyeTca cnekosas nMblib, KOTOPYD Heobxoanmo 3PGEKTUBHO OTAENATb OT OCHOBHOMO
matepuana, T.K. ee MenKkas ¢pakuua ABAAETCA WUCTOMHMKOM obpa3oBaHua TeBepaol ¢asbl,
BbIHOCMMOM C PacTBOPOM, YTO YBE/NMYMBAET BEJIMYMHY BTOPWYHBIX MOTEPH MO/E3HbIX
KOMMOHEHTOB. Mcnonb3oBaHMe BO3AYLWHOM cenapauvMu MNO3BOAWUT PeWwuUTb 3Ty 3ajaudy,

Moctynuna: 1 Hosbpa 2024 obecneunBas BbICOKYIO CTeneHb pa3geneHus CreKoBOro MNPOAYKTa Ha KPYMHYI0 U Menkyto
PeueHsnposaHue: 11 dekabps 2024 bpakumn, Tem caMbim UHTEHCUOULMPYA AaNbHEMLINIA NPOLLeCcC TMAPOXMMUYECKON NnepepaboTku
MpuHATa B NevaTh: 14 mas 2025 cneka neyeli cnekaHna. OCHOBHOM L@/Ibio AaHHbIX UCCNeA0BaHMIA ABAANOCH CHUXKEHME noTepb

MOE3HbIX KOMMOHEHTOB U3 CMEKa, @ UMEHHO OKCMAO0B aIIOMUHUA U LLLEJIOYU, KOTOPbIe YHOCATCA
BMecTe C TBepaol ¢asol cnuea TpybuyaToro annapata. B aaHHoM paboTe paccmaTpusaeTcs
npouecc npeasapuUTeNbHONM KnaccuduKaLmm CneKkoBoi Mbiiv B BO3AYLIHbIX cenapaTtopax u ee
pasfenbHoe  BblllenauMBaHve. PacluMpeHHbIMW  1abopaTopHbIMKM - UCMbITAHUAMKU  Bbina
onpeaesieHa rpaHuLa pasgeneHns Knaccos cneka (— 0,25 mMm), 4TO MO3BONAET YBEANYUTH
u3BNeyeHne IMHO3eMa ~ Ha 2% U NpeAnosiaraeT CoKpaLleHne KONMYeCcTBa PaboTatoLLmX NeYHbIX
HUTOK Ha 0,26 ea. 3a cHeT CHUKEeHWUA 6anNacTHbIX NOTOKOB, ONpeAesieH ONTUMabHbIN NOKasaTeNb
3¢bdEeKTUBHOCTM BO3AYLWHOW cenapauum ~ Ao 97%. MonyyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT
Ba*KHOCTb BO3AYLWIHOM cenapauuu ana obecneyeHms Kauectsa CNeKoBOro NpPoAyKTa U NoBbiLLeHUnA
3¢ EKTUBHOCTU TEXHONOTUM TIMHO3EMHOTO NMPOU3BOACTBA B LIEJIOM.

Kniouesble cnosa: BO3aywHaa cenapaums, K}'IaCCMd)MKaLI,VIH, ussneyeHne nonesHbIX
KOMMNOHEHTOB, MMNUHO3EM, NpouecC CNeKaHuA, Cnek.
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