KA3AKCTAH PECITYBJIMKACHI
FbIJIBIM K9HE XXOFAPbBI BIJIIM MUHUCTPJIIT

SATBAYEV UNIVERSITY
METAJIJIYPTUA YKOHE KEH BAUBITY UHCTUTYThI

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

MuHepaagbiK
MM KI3aTTapAbl
KellleH/ i ManugajaHy

o 2 (325)

KomniekcHoe Complex
Ucnosib30BaHUE Use of
MyiHepaJibHOTO Mineral
Coipbda Resources
CIOYIP-MAYCBIM 2023 JKbIJIBIHA 4 PET HIBIFA/IbI
APRIL-JUNE 2023 QUARTERLY JOURNAL
AIIPEJIb-UIOHDb 2023 BbIXOAWUT 4 PABABTO/]

YKYPHAJI 1978 KbIJIZIJAH BACTAI LLIbIFA/IbI
JOURNAL HAS BEEN PUBLISHING SINCE 1978
YKYPHAJI U3JIAETCS C 1978 TOJIA

AJIMATBI - 2023



Bac pemakxTop TexHHUKa FRUIBIMAAPHIHBIH JOKTOPHL, ipodeccop Barnayner KEHXKAJIUEB

PCI{aKL{I/IH aJlKacBhl

Tex. reu1. kana. Punat ABJAYJIBAJIMEB, Metamtyprus sxoHe Ken Oafisity nHCTHTYTHI, KasakcraH;

Ph.D, npodeccop Ata AKUWNJI, Cyneiiman JJemupen yauBepcuteri, Mcmapra, Typkus;

Ph.D, mouent Pyxona AIIINPH, Vchaxan TeXHONOTHSUIIBIK YHUBEpcuTeTi, Mchaxan, Upan;

Tex. reu1. Ap., mpodeccop I'peiir BAHKC, Mandectep MeTpomoauTeH YHUBEPCUTETI, ¥ IBIOpPUTAHHUS;

Tex. xxoHe ¢u3.-mart. L. Ap. Banepuit BOJIOAWH, Meramtyprus xone Ken Oaiipity mHCTHTYTHI, KazakcTan;
Tex. ru. Ap., noueHt Hypxamusiaro AU AUK, /[xokbsikapTa MEMIICKETTIK YHUBEPCUTETI, HIOHE3US;

Tex. FuL. Ap.,, npodeccop ¥3ak JKAIIBACBAEB, Corbaes yrusepcureti, Kazakcran;

Xum. reu1. ap. 3yaxaup MAHCYPOB, On-®apabu ateianarsr Kazak ynTTeiK yHHBepcuTeTi, Kasakcran;

Joxkrop Xamayn Moxamman AJIb A33AM, On-Axius AMman yHusepcuteti, Amman 19328, Mopnanus;

Xumus FeUIbIMAAPHIHBIH JoKTOPHI Jlapuca 3EMCKOBA, Xumust nHCTUTYTHL, BiaguBocTtok, Peceii;

Prof. Dr. Heri RETNAWATI, Matemaruka oaHe FbUIbIM (aKynbTeTi, JKOKbIKapTa MEMIICKETTIK YHHBEPCUTETI
(Universitas Negeri Yogyakarta), Uamone3us;

PhD, nontear M/l A3pu Orxyman MUJIUH, Manaii3us reutelM YHEBepcuTeTi, ['exyrop, Mamnait3us;

Ph.D, npodeccop bpa:xxkenapa MULIPA, Byctep [lomurexaukanbk HHCTUTYTH, Byctep, AKIL;

Ph.D, npodeccop dan-Caitex HETUM, ¥iTTHIK 3epTTeY OpTanbirbl, Kanp, Eruner;

Ph.D, nouent, Myxamman HYPA3JIAH, Cynran Unpuc ateianarsl 6inim 6epy yHusepcureri, [lepak, Manaiizus;
Tex.rout.ka., npodeccop Kanait PBICBEKOB, Cor6aes yuusepcuteti, Kazakcras;

Ph.D, npodeccop Cepreiit TAPACOB, Ky ¢pusmkace! xxoHe MaTepuanTany HHCTUTYTHI, ToMCK, Peceii;

Xumus FeUIBIMIApBIHBIH Kauauaatel Asexkcanap KACHKOB, Peceii FeutbiM akageMuscol, AnatuTty, Peceii;
Ph.D, npodeccop Aumurap INEHIEB, XuMusuIbIK TEXHOIOTHS KoHE MeTautyprust yHuBepcuteti, Codust, bonrapus;
TexHMKa FRUIBIMAAPBIHBIH TOKTOPEL, ipodeccop Apman IIAX, Cynran Unpuc Ginim Oepy yHuBepcuTeTi, Manai3us,
JKerexmi FeuteiMu Kpi3MeTkep, okTop Jumun MAXHUIKA, JSW Cement Ltd, Mym0aii, YHIicTaH.

)KayaHTBI X aTH bl

I'yaxaiina KacsiMmoBa

Penakuusi MeKeH Kaiibl:

Mertamtyprus ’oHe KeH 0aibITy HHCTHUTYTHI

050010, Kazakcran PecnyOiukacel, AnMarsl K., [IleBueHKo K-Ci, YoInXxaHOB K-HiH KHbLIBICH, 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@Kkims-imio.kz

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

«MwuHepanIsIK MHKi3aTTapasl KeMIeHAl Maiianany» KypHaIbl FEUIBIMH KYMBICTApIBIH HETI3T1 HOTIKENIEPiH )KapHsiay
vy Kazakcran Pecniy6nmkacs! bimiM xoHe FBRUTBIM MUHUACTIpIIriHiH BisliM jkoHe FBUIBIM CarachlH KAaMTaMachl3 eTy
KOMUTET] YCBIHFaH FBUTBIMU 0aChIIBIMAAP Ti3IMiHE €HT131IreH.

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

Kypuan Kazakcran PecrryOnnkacsiHbIH AKIapar >koHe KOMMYHHUKaNWsi MUHUCTPIIITiHIH balnaHblc, aknapaTTanaplpy skoHe
OyKapaJIblK aKmapatr Kypajigapbl cajJachlHIaFbl MEMJIEKETTIK OaKblUIay KOMUTETIHAE KaiTa TipKeIreH

2016 x. 18 kazargars! Ne 16180-XK Kyauriri

© «Merajutyprus xoHe KeH 0aibITy HHCTUTYThI» AK, 2023


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, Kazakhstan;

Ph.D. Ata AKCIL, Professor of Engineering Faculty, Isparta, Turkey;

Ph.D Rouholah ASHIRI, associate professor of Isfahan University of Technology, Isfahan, Iran;

Dr.Sci.Tech., professor Craig BANKS, Manchester Metropolitan University, United Kingdom;

Dr. Tech., Phys-math. Sci., professor Valeryi VOLODIN, Institute of Metallurgy and Ore Beneficiation, Kazakhstan;
Dr.Sci.Tech., Nurhadiyanto DIDIK, associate professor of Yogyakarta State University, Yogyakarta, Indonesia;
Dr.Sci.Tech., professor Uzak ZHAPBASBAYEYV, Satbayev University, Almaty, Kazakhstan;

Dr.Sci.Chem. Zulhair MANSUROV, professor of Al Farabi Kazakh National University, Kazakhstan;

Dr. Khaldun Mohammad AL AZZAM, Department of Pharmaceutical Sciences, Pharmacological and Diagnostic
Dr.Sci.Chem. Larisa ZEMSKOVA, Institute of Chemistry FEB RAS, Vladivostok, Russia;

Research Center, Faculty of Pharmacy, Al-Ahliyya Amman University, Amman 19328, Jordan;

Prof. Dr. Heri RETNAWATI, Mathematics and Science Faculty, Yogyakarta State University (Universitas Negeri
Yogyakarta), Indonesia;

Ph.D. MD Azree Otuman MIDIN associate professor of University Sains Malaysia, Penang, Malaysia;

Ph.D. Brajendra MISHRA, Professor of Metallurgical & Materials Engineering Department, Colorado, USA;
Ph.D. El-sayed NEGIM, Professor of National Research Centre, Cairo, Egypt;

Ph.D, Muhammad NOORAZLAN, associate professor of Sultan Idris Education University, Perak, Malaysia;
Professor, Dr. Sci. Tech., Kanay RYSBEKOV, Satbayev University, Kazakhstan;

Ph.D Sergei TARASOV professor of Institute of Strength Physics and Materials Science, Tomsk, Russia;
Cand.Chem.Sci. Alexander KASIKQV, professorof Institute of Chemistry Kola Science Centre, Apatity, Russia;
Ph.D Dimitar PESHEV, professor of University of Chemical Technology and Metallurgy, Sofia, Bulgaria;
Dr.Sci.Tech. Arman SHAH, professor of Universiti Pendidikan Sultan Idris, Tanjong Malim, Malaysia;

Lead Scientist, Dr. Dilip MAKHIJA, JSW Cement Ltd, Mumbai, India.

Executive secretary

Gulzhaina Kassymova

Address:

Institute of Metallurgy and Ore Beneficiation

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, 2023


mailto:journal@kims-imio.kz
mailto:product-service@kims-imio.kz

F'maBHBH® penakTop HOKTOp TEXHHUECKUX Hayk, nmpodeccop barnayier KEHKAJIUEB

PCI{aKL{I/IOHHaH KOJJEeTr ! 4.

Kargnnat xummdecknx Hayk Punat ABJAYJIBAJIMEB, Uuctutyt Metamtyprun u O6oramenwst, Kazaxcran;
Ph.D, npodeccop Ata AKUWJI, Vuusepcurer Cyneiimana Jlemuperns, Hcmapra, Typrms;

Ph.D, mouent, Pyxona AIIMPU, Vchaxanckuii TexHOIOTHUECKUH yHUBEpcHTeT, Vcdaxan, Upan;

Hp. tex. 1., mpodeccop I'peiir BAHKC, Manuectepckuii cronuansiid yauBepcuter, Coenuaennoe KoponeBcTso;
Joxrop Texamyeckux u ¢puz.-mart. Hayk Banepuit BOJTOAUH, UuctutyT Metamryprun u Oboramenwst, Kazaxcram;
Hp. tex. H., nouent Hypxagusinto JUJAUK, JI>KOKbIKapTCKUN TOCYyIapCTBEHHBIN YHUBEpcUTeT, HI0HE3HS;

Hp. tex. H., mpodeccop Y3ak IKAIIBACBAEB, KasHUTY umenu K. U. Carnacsa, Anmatsl, Kazaxcras;

Hp. xum. H., npod. 3ynxanp MAHCYPOB, Kazaxckuii HallMOHAIBHBIH yHUBEpCUTET M. AJb-DPapadbu, Kazaxcran;
Joxrop Xaanyn Moxamman AJIb A33AM, Ane-Axnua AMMmaHckuil yHuBepcureT, AMMan 19328, Hopaanus;

Hp. xum. H. Jlapuca SBEMCKOBA, UucturyT xumuu JIBO PAH, Biagusoctok, Poccus;

Ipocdeccop moxrop Xepu PETHABATH, ®akynsreT MaTeMaTHKH U €CTECTBEHHBIX HAayK J[)KOKBIKapTCKOTO
rocynapctBeHHOTO YHHBepcutera (Universitas Negeri Yogyakarta), Uanonesus;

PhD, nontear M/ A3pu Orxyman MUJIUH, Hayursiii Yausepcuter Mamnaiizun, ['enyrop, Manaiizus;

Ph.D, npodeccop bpa:xxkenapa MULIIPA, Byctepckuii momuTeXHIYECKUH HHCTUTYT, BycTep, CILIA;

Ph.D, npodeccop dan-Caiten HET'UM, HanmonansHEIH nccienoBaTenbCKuil neHTp, Kanp, Erumer;

Ph.D, nouent, Myxamman HYPA3JIAH, O6pa3oBarensublii yHuBepcuter Cynrana Mapuca, [lepak, Manaiizus;
K.1.H., mpodeccop Kanaii PBICBEKOB, Satbayev University, Kazaxcran;

Ph.D, npodeccop Cepreit TAPACOB, luctutyT duznku npoyHocTH 1 Marepuanoseaenus, Tomck, Poccns;

Kan. xum. H. Anekcanap KACHKOB, UuctutyT Xxumnu uMeHn TanaHaeBa, Anmatutsl, Poccus;

Ph.D, npodeccop Aumurap IIEHIEB, YHuBepcurer xXuMuueckoii TexHonoruu U Metaunypruu, Codus, bonrapus;
Kan. xum. H., pod. Apman IMAX, [exarormueckuii yausepcuretr Cynrana Unpuca, Tanmkydar Mannm, Manaii3us;
Benyuwmii HayuHblit cotpynauk, goktop dumun MAXHUKA, JSW Cement Ltd, Mymb6au, U us.

OTBeTCTBEHHBIH CeKpeTapsb

I'yaxaiina KacsimoBa

Azpec perakiuu:

Wucturyt Metammyprun u O6oranieHus

050010, Pecnyomuka Kazaxcran, r. Anmarsl, yi. llleBuenko, 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@Kkims-imio.kz
http://kims-imio.com/index.php/main

Kypnan «KommiiekcHOe HCITONB30BaHNE MUHEPATIHHOTO CHIPHS BKIIOUEH B IlepedeHs m31aHui, peKOMEHIyeMBIX
Komuterom no xoHTpOIIIO B chepe oOpa3oBaHus U HayKu MuHHCcTepcTBa 00pa3zoBanus U Hayku PecnyOoimkn Kazaxcran
JUTS Ty OJIMKAITN OCHOBHBIX PE3Y/IbTaTOB HAYYHOH IS TEITbHOCTH.

CobctBennnk: AO «MHCTUTYT METaIITypruil U 0OOTaICHIS»

Kypnan nepepeructpupoBat B Komurere rocy1apcTBEHHOTO KOHTPOIIS B 00JIACTH CBSI3U, HHPOPMATU3ALIUH U CPEACTB
MaccOBOW HHPOPMALTUU
MunucrepcTBa nHGOpMAIMKA M KOMMYyHUKaIu Peciyonuku Kazaxcran
CeugnerenbctBo Ne 16180-XK ot 18 okrsi6ps 2016 1.

© AO «MHCTUTYT METALIypruu 1 oborameHus», 2023


mailto:journal@kims-imio.kz

KomnnekcHoe Ncnonb3osaHme MuHepanbHoro Coipbs. Ne2(325), 2023 ISSN-L 2616-6445, ISSN 2224-5243

= Crossref
DOI: 10.31643/2023/6445.12
Engineering and technology

@creative
commons

Mathematical modeling of sulfuric acid leaching of pyrite cinders after

preliminary chemical activation

1Abikak Ye.B., 'Kenzhaliyev B.K., 2Retnawati H., 'Gladyshev S.V., 3Akcil A.

nstitute of Metallurgy and Ore Beneficiation, Satbayev University, Almaty, Kazakhstan
2Universitas Negeri Yogyakarta, JI. Colombo No.1 Karangmalang Yogyakarta 55281, Indonesia

3Suleyman Demirel University, Isparta, Turkey

*Corresponding author email: abikak.erkezhan@mail.ru

Received: February 24, 2022
Peer-reviewed: 5 April 2022
Accepted: August 19, 2022

ABSTRACT

Pyrite cinders, waste products of pyrite concentrate processing by firing to produce sulfuric acid,
can serve as raw materials for the extraction of precious, ferrous, and non-ferrous metals. The
paper considers the possibilities of obtaining non-ferrous metal concentrate from pyrite cinders
by sulfuric acid leaching. This operation is one of the stages in the integrated technology. To
increase the extraction of non-ferrous metals during leaching, the method of preliminary chemical
activation was used. Chemical activation was carried out in a solution containing 40-120 g/dm?3
NaHCOs at temperatures of 90-230 ° C and a duration of 30-300 minutes. Sulfuric acid leaching of
pyrite cinder after activation was carried out in H,SOa solutions with a concentration of 5-20 % at
a temperature of 60 ° C, duration of 30 minutes, and pulp density of 33 %. To determine the
optimal conditions for the sulfuric acid leaching of pyrite cinders, a mathematical planning method
was used, which allows to assess with a high degree of reliability the influence of the main factors
(temperature, pulp density, the concentration of the solution NaHCOs and duration) and predict
an increase in the efficiency of the process by analyzing the numerical values of the regression
equations. As a result of sulfuric acid leaching of pyrite cinders after preliminary chemical
activation under optimal conditions determined by a mathematical model, the extraction of iron
and non-ferrous metals into a solution is 10-15% higher than without activation.

Keywords: pyrite cinders, non-ferrous metals, model, factor, extraction.
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Introduction

time, pyrite cinders can serve as raw materials for
complex processing with the extraction of precious,

One of the methods of sulfuric acid production ~ ferrous, and non-ferrous metals [[9], [10]]. The
is the firing of pyrite concentrate to produce sulfur ~ development of rational processing technology is

dioxide [[1], [2], [3], [4], [5]].

Production waste - relevant.

pyrite cinders are stored, which creates a large The paper considers the possibilities of
amount of man-made waste and poses a serious  obtaining non-ferrous metal concentrate from

environmental threat [[6], [7], [8]].

At the same  pyrite cinders by sulfuric acid leaching [[11], [12],
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[13]]. This operation is one of the stages in the
integrated technology.

The study of the parameters and indicators of
the process of leaching pyrite cinders was carried
out using the method of mathematical planning of
the experiment and the selection of technologically
significant factors.

The extensive use of mathematical models of
technological processes is explained by the fact that
the model makes it possible to establish in a
phenomenon, subject, or process the main
regularities that are characteristic of them, and to
neglect the secondary, auxiliary features [[14], [15],
[16], [17], [18]]. Development of a mathematical
model of the process is directly related to the
planning of the experiment.

A full factorial experiment [19] has been used to
study the technology of pyrite cinders processing
including preliminary chemical activation and
sulphuric acid leaching. The method of the full
factorial experiment includes consequent stages of
mathematical modeling:

- selection of the optimization parameter and
affecting factors (temperature, pulp density,
NaHCOs; solution concentration, and duration);

- selection of the basic level and interval of
variation for each factor;

- checking the
experimental results;

- construction of a mathematical model with
calculation of regression equation coefficients;

- testing the adequacy of the regression
equation.

Chemical activation of pyrite cinders in a
solution of sodium hydrogen carbonate was
performed in order to increase the efficiency of
sulphuric acid leaching. The use of the given method
of preliminary chemical activation in the processing
of mineral raw materials has a positive effect on the
degree of extraction of useful components [[20],
[21], [22]].

reproducibility of the

The experimental part

X-ray fluorescence analysis was performed on a
Venus 200 wave dispersion spectrometer
(PANalyicalB.V., Holland).

Chemical analysis was performed on an optical
emission spectrometer with inductively coupled
plasma (Optima 8300 DV, PerkinElmer, Waltham,
MA, USA). The random error component is 2.0%.

X-ray phase analysis was performed using D8
Advance (Bruker, Billerica, Massachusetts, USA).

Discussion of results

The subject of the study was the magnetic
fraction of pyrite cinders from the sulphuric acid
production of the Tselinnyy Mining and Chemical
Combine.

Chemical composition of the magnetic fraction
of pyrite cinders wt.%: Na,O 1.4; MgO 0.74; Al,0s
5.69; Si0; 23.22; P,05 1.1; SO36.24; CI70.01; K0 0.44;
Ca0 2.52; Ti0,0.32; Fe;0352.84; Cu0 0.25; Zn0 0.53;
As,03 0.24; Se0; 0.3; BaO 2.4; HgO 0.08; PbO 0.16;
n.n 1.82; precious metal content, g/t: Au 2.69; Ag
19.3

The phase analysis of the magnetic fraction of
the pyrite cinders is shown in Table 1 and Figure 1.

Table 1 — Phase content of the magnetic fraction of
pyrite cinders

Name Formula %
Magemite Fe203 25.1
Hematite Fe203 19.1

Quartz Si02 18.0

Albite Na(AlSizOs) 10.2
Trinatrium

phosphate zinc NasZnaO(P04)3(H20)s 9.5
oxide hydrate
Sodium .
L NaAlsSizO11 6.7
aluminosilicate
Barium ferrite BaFe,04 4.7
Natrozharosite | (Nao.s7(H30)o.33)Fe3(S0a)2(0H)s | 4.2
Dolomite CaMg(COz3)2 2.5

Figure 1 - X-ray diffraction of the magnetic fraction of
pyrite cinders

Chemical activation of pyrite cinders was
performed in a solution containing 40-120 g/dm?
NaHCO; at pulp density from 20 to 80 % and a
working temperature of 90-230 °C using a

— 6
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thermostatically controlled wunit containing 6
autoclaves rotating through the head, with a
working volume of 250 cm?. The activation time was
30-300 minutes.

Sulfuric acid leaching of pyrite cinders after
preliminary chemical activation was performed in
H,S0, solutions with a concentration of 5-20% at a
temperature of 60°C, duration of 30 minutes, and L:
S=3.

Table 2 - Matrix of the complete factor experiment

A matrix of full factor experiment with the
calculation of the main level and interval of variation
was made up (Table 2).

The experiment was performed using the
planning matrix. Each experiment was duplicated
three times during the practical realization of the
planning matrix. The results of Fe;03, CuO, and ZnO
leaching experiments are given in Tables 3, 4, and 5.

Factors
Indicators
X1- temperature, | Xz- conc. . . .
Xs3- duration, min Xs- ratio S:L
°C NaHCOs, g/dm3
Basic level
160 90 180 1:6
Variation interval 70 30 120 1:4
Upper level 230 120 300 1:10
Lower level 90 60 60 1:2
Table 3 - Experimental results for Fe;0sz leaching matrix
Experiment Factor Factor Factor Factor Extract.ed in
Batch solution Yexp si2(Fe)
No. X1 X2 X3 Xa
Fe203, %
1 1 1 1 1 1 6.26 6.17 0.0171
2 -1 1 1 1 6.23 6.17
3 1 -1 1 1 6.02 6.17
2 1 -1 -1 1 1 5.28468 5.06636 0.041493
2 1 1 -1 1 5.033 5.06
3 -1 1 -1 1 4.8814 5.06
3 1 1 -1 -1 1 10.695 10.36 0.453225
2 -1 -1 -1 1 10.8 10.36
3 1 1 1 -1 9.585 10.36
4 1 -1 1 1 -1 4.9 4.62 0.088433
2 1 -1 1 -1 4.67 4.62
3 -1 -1 1 -1 4.31 4.62
5 1 1 1 -1 -1 6.16 5.73 0.253433
2 -1 1 -1 -1 5.87 5.73
3 1 -1 -1 -1 5.18 5.73
6 1 -1 -1 -1 -1 13.05 12.4 0.390633
2 1 1 1 12.43 12.42
3 -1 1 1 11.8 12.42
7 1 1 -1 1 26.0 23.89 2.838933
2 -1 -1 1 1 22.23 23.89
3 1 1 -1 1 22.07 23.89
8 1 -1 1 -1 1 10.65 10.23 0.313433
2 1 -1 -1 1 10.54 10.27
3 -1 -1 -1 1 9.63 10.27
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Table 4 - Test results for CuO leaching matrix

Extracted
Batch Exp(i\ll':\.1ent Fa;:or Fa;:or Fa):or Fa)(:or in soll:u::g: Voo 5 2(Fe)
%

1 1 1 1 1 1 22.72 22.64
2 -1 1 1 1 22.7 22.64 0.0148
3 1 -1 1 1 225 22.64

2 1 -1 -1 1 1 21.35508 21.27
2 1 1 -1 1 21.27 21.27 0.00729
3 -1 1 -1 1 21.18492 21.27

3 1 1 -1 -1 1 17.9192 17.23
2 -1 -1 -1 1 17.23 17.23 0.47497
3 1 1 1 -1 16.5408 17.23

4 1 -1 1 1 -1 8.92 8.74
2 1 -1 1 -1 8.88 8.74 0.07093
3 -1 -1 1 -1 8.44 8.74

5 1 1 1 -1 -1 18.89 18.51
2 -1 1 -1 -1 18.8 18.51 0.32543
3 1 -1 -1 -1 17.86 18.51

6 1 -1 -1 -1 -1 27.96 26.63
2 1 1 1 1 26.63 26.63 1.7689
3 -1 1 1 1 25.3 26.63

7 1 1 -1 1 1 43.05 41
2 -1 -1 1 1 41 41 4.2025
3 1 1 -1 1 38.95 41

8 1 -1 1 -1 1 17.73 16.89
2 1 -1 -1 1 16.89 16.89 0.7056
3 -1 -1 -1 1 16.05 16.89

We calculated the values of regression an effect on the extraction of certain metals were

coefficients, having received experimental data by

i

Y o
Zn , where, Y;-value of optimization

formula b=

parameter in the i-th experiment, N - number of
experiments. Regression equations describing
metals extraction during sulfuric acid leaching of
pyrite cinders were calculated according to obtained
coefficients:
Vre=12.32 + 1.4 x3-1.65%,+1.05x3-7.82x (1)
yzn=-21.62 +1.07x1+0.21x,+0,71x3-11x4 (2)
Ycu=-18.9 + 0.86x; — 0.43%>+2.62x3+ 11.53x4(3)

Factor analysis of the results was conducted, to
determine the intensity of the effect of the factors
under study on the optimization criteria. The effects
of factors x1 — Xs, introduced into the plan at two
levels were determined by formulas for linear
orthogonal plans. Significant factors were
determined for each criterion and ranks which have

drawn up:

- for iron (y1): X1> X3> X2> Xa;

- for zinc (ya) : X1> X3> X2> Xa;

- for copper (y3): X4> X3> X1> Xa.
The analysis of the obtained regression equations
for the extraction process allowed us to conclude
that for iron and zinc extraction the greatest
contribution is made by factor X; - temperature. The
coefficient value defines a quantitative measure of
the effect of the factor. The sign of the coefficient
determines the nature of the effect. The plus sign
shows that the value of the factor X; increases with
an increase in the value of the factor X, while the
minus sign shows that the value of the optimization
parameter decreases. The iron and zinc extraction is
less affected by the ratio L:S. The ratio L:S and
NaHCOs concentration, g/dm3 have the greatest
contribution to effective extraction of copper.
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Table 5 - Test results for ZnO leaching matrix

Extracted
Batch Expel\::)rf\ent Fa)c(tlor Fa)c(:or Fa;§or Factor Xa in soIFuetzitc)’r:' Vero 5 20Fe)
%

1 1 1 1 1 1 22.05 21.0
2 -1 1 1 1 21 21.0 1.1025
3 1 -1 1 1 19.95 21.0

2 1 -1 -1 1 1 23.38 22.2
2 1 1 -1 1 22.27 22.7 1.2321
3 -1 1 -1 1 21.16 22.7

3 1 1 -1 -1 1 12.47 11.8
2 -1 -1 -1 1 11.88 11.8 0.3481
3 1 1 1 -1 11.29 11.8

4 1 -1 1 1 -1 11.6 11.5
2 1 -1 1 -1 11.05 11.05 0.3025
3 -1 -1 1 -1 10.5 11.05

5 1 1 1 -1 -1 8.5 8.1
2 -1 1 -1 -1 8.1 8.1 0.16
3 1 -1 -1 -1 7.7 8.1

6 1 -1 -1 -1 -1 19.95 19
2 1 1 1 1 19 19 0.9025
3 -1 1 1 1 18.05 19

7 1 1 -1 1 1 47.25 45
2 -1 -1 1 1 45 45 5.0625
3 1 1 -1 1 42.75 45

8 1 -1 1 -1 1 13.5 12.9
2 1 -1 -1 1 12.9 12.9 0.36
3 -1 -1 -1 1 12.3 12.9

The results were analyzed using the following
algorithm:

- for each series of parallel experiments, the
arithmetic average of the response function was
calculated;

- for each series of parallel experiments, we
calculated the estimation of dispersion;

- we calculated regression equation coefficients;

- we performed the equation adequacy test
using Fisher's criterion (Fp) and the table test (FT)
the
experiments according to Cochran's criterion Gg;

- we estimated reproducibility of
- we estimated the variance of adequacy.
Calculations according to the above algorithm

are shown in Table 6.

Based on the results of the planning matrix

experiments, the optimum is the preliminary
chemical activation of pyrite cinders in a solution
containing 60 g/dm3 NaHCO;, at a ratio L: S=4 and
temperature 120°C. The best results were obtained
at leaching in 15 % H2S0O4 solution at temperature
60°C after activation of cinders in these conditions.
The extraction in sulphuric acid solution was, %: CuO
43.05; ZnO 47.25, and Fe;03 26.0. Further increase
in concentration does not lead to an increase of
extracted non-ferrous metals in a solution. The
degree of extraction of non-ferrous metals in a
solution is lower on 10-15 % at leaching of pyrite

cinders without chemical activation.
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Table 6 - Results analysis

Regression analysis

- Fe203
criterion

CuO

Zn0O

0 1 _
Equation adequacy Sed"= N_BZYexp e

dispersion
Sad?=4.1515625

1
Sad®= EZ Yexp - Yp

Sad’=3.43

1
Sad2= ﬁz yexp — Yp

Sad’=1.78

Number of degrees of f=3
freedom -

f=3

=3

s2
5,2 250, \where S -
N
dispersion of experience

Repeatability dispersion at the i-th point

$,2=0.54

s2
5,2 =ZTL'where SZ -
dispersion of experience
at the i-th point

$,2=0.94

s2
)2 =ZTl'where S -
dispersion of experience
at the i-th point

$,%=1.18

max(Séd’Sf,)
P™ min (SGZLde,)

Fischer’s criterion Fo= 3.09<Ftab=6.59—

regression equation is

adequate.

max(Séd,S}z,)
P~ min(SédS}z,)

Fp=1.81 <Ftab=6.59 —
regression equation is

adequate.

maX(S;d‘SJZ,)

P min(SédSJZ,)

Fp=1.32 <Ftab=6.59 —
regression equation is

adequate.

2
Geale= Smax
calc=

xs?

Cochran’s criterion Gealc=0,429<Gerit=0,438 —
experiments are

repeatable

2
G _Smax
calc=

xs?

Gcalc=0,434<Gcrit=0,438 -
experiments are
repeatable

2
Gealc= Smax
calc=

xs?

Gcalc=0,436<Gcrit=0,438 -
experiments are

repeatable

Conclusions

To increase the degree of extraction of non-ferrous
metals from pyrite cinders during sulfuric acid leaching,
the method of preliminary chemical activation in
NaHCO; solution was used.

To determine the optimal technological conditions
of the process of sulfuric acid leaching of pyrite cinders,
a mathematical model is constructed.

Based on the results of experiments conducted on
the matrix, regression equations were compiled, which
determined the adequacy of the compiled
mathematical model.

The analysis of the regression equations showed
that for the extraction of iron and zinc, the greatest
contribution is made by the X; factor —temperature, and

for copper, the X; factor — pulp density and X, - the
concentration of NaHCOs, g/dm3.

As a result of preliminary chemical activation during
sulfuric acid leaching of pyrite cinders, the degree of
extraction of non-ferrous metals into the solution

increased by 10-15%.
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ANnpabiH ana Xummanbik 6enceHpipypeH KeniHri NMPUT KyrikTepiHiH,
KYKipTKbILWKbINADI WAiManay yaepiciHiH matemaTuKanbik mogenbaeyi
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TYWIHAEME

MUpUT KyNiKTepi — NUPUT KOHLEHTPATbIH KYKIPT KbIWKbIIbIH aNy apKblibl KyIAipy agicimeH KaiTa
eHAeyAiH KanabikTapbl. Onap acbli, Kapa KaHe TyCTi MeTangapAbl any YWiH wukisat 6onbin
Tabbl1aapl. HyMbiCTa KYKIPT KbIWKbINAbI epiTiHAINeY JAiCIMEH NUPUTTI KYMIKTEH TyCTi meTann
KOHLEHTPATbIH any MYMKiHAir KapacTbipbinfaH. byn onepauua KelweHAi TEXHONOTMAHbIH,
KeseHaepiHiH 6ipi 6onbin Tabblnagbl. EpiTiHainey KesiHAe TyCTi MeTanaapAb! anyabl apTTbipy YWiH

Makana kengi: 24 aknaH 2022 angbiH-ana xumuanbik 6enceHaipy agici KongaHblnagbl. Xumuanoik, 6encengipy 40-120 r/am®
CapanTtamagaH eTTi: 05 cayip 2022 NaHCOs 6ap epitiHaige 90-230 ° C TemnepaTypafa KaHe y3akTbifbl 30-300 MUHYT iwiHae
Kabbinganabl: 19 mameis 2022 Kyprisingi. benceHaipinreHHeH KeMiH NUPUT  KYMIKTEPIH  KYKIPTKbIWKbIAABI  epiTiHainey

KOHUeHTpauusacol 5-20% H,SOs epiTiHainepiHae 60°C Temnepatypasa, y3aKTbifbl 30 MUHYT KaHe
C:}K KatbiHacbl 3:1 KesiHAe Kyprisingi. MUPUTTIK KYRIKTEpAi KYKipTKbIWKbINAbI epiTiHgineyaiH,
OHTalNbl KaFdalNapbiH aHbIKTAy YLWIiH Herisri ¢pakTopnapabiH, (Temnepatypa, C:X KaTblHachl,
NaHCO; epiTiHAICIHIH, KOHLEHTPauMACbl) aCcepiH Kofapbl CeHiMmAinikneH 6Gafanayfa KaHe
perpeccua TeHAeyNepiHiH, CaHAbIK MIHAEPIH Tandal OTbIpbiN, NPOLECC TUIMAINITIHIK, apTyblH
6oKayFa MyMKIHAIK BepeTiH MaTemaTuKaNblK MOAENbAEY dAiCi KONAaHbINAbl. MaTeMaTUKaNbIK,
MOAeNbMeH aHbIKTaNfaH OHTaW/bl KaFfaainapaa angpiH-ana XMMUANbIK benceHaipyaeH KewiH
NUPUT KYMIKTEPIH KYKIPT KbIWKBIIbIMEH epiTiHAINeY HITUXKECIHAE TEMIP MeH TYCTi MeTanaapablH,
epiTiHAire Woifapblnybl 6enceHpipinmereHre KapafaHaa 10-15% kofapbl 6onabl.

TyiiiH ce30ep: NMPUT KyMNiKTepi, TYCTi MeTangap, mogenb, Gbaktop, bein any.
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AHHOTALUMUA

MupuTHbIEe oOrapku, oTxoapl nepepaboTKM MUPUTHOTO KOHLEHTpaTa MeTogom obxura c
Noy4EHNEM CEPHOM KUCNOTbI, MOTYT CNYXKUTb CbipbeM A/ U3BNeYeHUA 6AaropoaHbIX, YePHbIX U
LBETHbIX MeTannoB. B pabote paccMoTpeHbl BO3MOXHOCTU NOJIlyYEeHUs KOHLEHTPaTa LBETHbIX
MEeTa/IIoB M3 MUPUTHBIX OrapKoB CMOCOBOM CEPHOKUCNIOTHOrO BbillieiaunBaHuA. 3Ta onepauus
ABAAETCA OAHMM M3 3TANOB B KOMMNIEKCHOW TEXHONOMMU. [119 NOBbLIWEHWA U3BNAEYEHUA LBETHbIX
MEeTaIoB NP BblWEeNauYnNBaHUN NPUMEHEH METOZA, NPeABapUTEIbHON XMMUYECKON aKTUBALMMN.
XMMMWYECKYIO aKTMBaUMIO NPOBOAM/M B pacTBope, cogepskalwem 40-120 r/am3 NaHCO3 npu

Moctynuna: 24 pespans 2022 Temnepatypax 90-2300C 1 NpPOAOMKUTENBHOCTU 30-300 muHyT. CepHOKMCNOTHOE
PeueHsuposanue: 05 anpens 2022 BbllLENAYMBAHME MMPUTHLIX OrapKOB MOC/Je aKTMBaUMKM npoBogwWaM B pactBopax H2SOs
MpuHaTa 8 nevats: 19 aseycma 2022 KOHLeHTpaLweli 5-20 % npu TemnepaType 600C, NpoaomxuTenbHocTn 30 MUHYT 1 XK:T=3. [lna

onpeaeneHns oNTUMabHbIX YCI0BUI NPOBEAEHNA CEPHOKUCNOTHOTO BbILENAYMBAHUA NMUPUTHBIX
OrapKoB MCMONb30Ba/sM METOA, MATeMaTUYeCKOro NAaHMPOBaHWA MO3BONAIOWMIA C BbICOKOW
CTeneHblo JOCTOBEPHOCTM OLLEHUTb BAUAHME OCHOBHbIX (GaKTOPOB (TemnepaTypbl, OTHOLUEHMUA
:T, KoHueHTpauum pactBopa NaHCO3 npoAoKUTENLHOCTU) U MPOrHO3MPOBATL MOBbLILLEHWE
3bPeKTUBHOCTM npoLecca, aHaAM3UPYA YUCIEHHbIE 3HAYeHWA YpPaBHEHWN perpeccun. B
pesynbTaTe NPOBEAEHUA CEPHOKWUCNOTHOIO BbIWENAYMBAHMA MUPUTHBIX OFapKoB nocne
npeaBapuTeNbHON  XMMUYECKON aKTUBaLMM B  ONTUMANbHLIX YCNOBUAX, ONpeaeNeHHbIX
MaTemaTU4YecKoW MOZAENbIo, NONYYEHO M3BNEYEHWE B PACTBOP Kenesa U LBETHbIX MeTanNoB Ha
10-15 % Bblwe, Yem 6e3 aKTUBaLUUW.

Kniouesbie cnoea: nUpUTHbIE OrapKu, LIBETHblE MeTan/bl, MoAenb, GaKTop, 3BneveHue.
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ABSTRACT

In vivo ADME analysis is costly, laborious and puts animal lives at danger, whereas in silico ADME
analysis is not dangerous, simpler, and quicker. This study will use in silico methodologies from
SwissADME and pkCSM as an integrated online platform for precise and complete predictions to
determine In Silico ADME/T Properties of Artemisinin and its Derivatives. The studied compounds'
structures were converted to canonical SMILES files and then sent to the SwissADME and pkCSM
webserver tools, which provide free access to different properties of compounds. A compound's
ADME/T characteristics are critical for future study and the results obtained will be of beneficial
use for researchers. Additionally, the results of this study give great guidance and show that
chemical alterations to the reference molecule artemisinin can enhance its ADMET capabilities.
The webservers used in this work are free, and several comparison trials show that pkCSM and
SwissADME performed are better than a number of other frequently used methods. The designing
or engineering of a novel drug molecule primarily requires knowledge of the features of ADME/T

of the new drug compound.
Keywords: SwissADME, artemisinin derivatives, ChemDraw, silico prediction, pkCSM.
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Introduction

Artemisinin is a sesquiterpene based lactone
along with a peroxide component [[1], [2]]. It is
obtained from the leafy sections of artemisia annua,
which is a herb and medicinal plant herb that has
been used for ages to cure fever and chills [3].
Artemisinin, also known identified as Qinghaosu,
was the first to be isolated. Dihydroartemisinin
(DHA) was the main derivative to be created by
converting the carbonyl groups to hydroxyl groups
[2]. Others, for instance the more water-soluble
artesunate and the further oil-soluble artemether
and arteether, followed [4]. These compounds were
ten times more effective than artemisinin [2], with
artesunate getting a more beneficial
pharmacokinetic-pharmacodynamic profile [5].

Artemisinins and their derivatives are
preferentially taken up by parasite-infected
erythrocytes and then localized in parasite
membranes such as the mitochondrial, digesting
vacuole, and parasite limiting membrane [[2], [4]].

All versions of medicine have an endoperoxide
bridge (C-O-O-C) that is vital for its anti-malarial
impact, where the molecule itself is stimulated by
iron or heme to create free radicals. The latter free
radicals subsequently alkylate malaria membrane-
associated proteins, killing the parasite [4]. They
have been discovered to be useful versus various
strains of malaria, particularly those resistant to
established gold standard medications. They are
very effective, needing just nanomolar doses in vitro
[4]. They are also fast-acting, with therapeutic ability
as early as 20 hours following treatment.
Furthermore, artemisinins have a comparatively
low-profile toxicity, with the LDso of 4223 mg/kg.
Furthermore, despite the widespread use of the
medicine, there was no indication of neurotoxicity in
neuronal cells or animals at high-level doses [[2],
[4]].

Artemisinin and its derivatives revealed further
characteristics in illnesses other than malaria.
Artesunate, for example, demonstrated anti-cancer
effects as evidenced by its cytotoxic action versus 55
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cancer cell lines via the control of numerous
processes such as the damage of DNA and repair,
apoptosis, as well as proliferation [[6], [7]].
Artesunate inhibited the creation of interleukin (IL)-
1, IL-6, and IL-8 in TNF-stimulated rheumatoid
arthritis fibroblast-like synoviocytes (RA FLS) via the
NF-B and phosphoinositide 3 kinases (PI3K)
pathways [8]. It also has antiviral characteristics,
since artemisinin suppressed the duplication of
human cytomegalovirus (HCMV) [9]. Several of
these pathophysiological routes are also marked in
respiratory illnesses. Hence, artemisinin and its
derivatives might be used to treat respiratory
illnesses as well. Because developing novel
molecules for disease therapy is a difficult
procedure, we provide in the current study a
cheminformatic examination of a sequence of five
artemisinin derivatives (Fig. 2).

The goal of this study is to use SwissADME [10]
and pkCSM [11] webservers to forecast the
physicochemical qualities, drug-likeness properties,
ADME (absorption, distribution, metabolism, and
excretion), and toxicity of five artemisinin
derivatives to understand their pharmacokinetic
behaviour. In addition to being free, the webservers
utilized in this work have undergone several
comparison trials that show that SwissADME and
pkCSM present as well as or improved than
numerous other frequently used techniques [[10],
[11], [12], [13], [14], [15], [16]].

We did the same in silico investigation on the
molecule for comparative reasons with artemisinin
derivatives on which structural alterations were
done. Information on a molecule's ADME/T
characteristics is mostly required in the
development of a novel medicinal compound [[12],
[14], [15]].

Materials and Methods

1.1 Materials

ChemDraw software Professional 16.0 from
Cambridge was wused to drwa structures..
SwissADME from the Swiss Institute of

Bioinformatics and pkCSM from the Biosig Lab
University of Melbourne were utilized as ADMET
prediction servers. SwissADME is a free of charge
web tool for assessing compounds' physicochemical
qualities, pharmacokinetics, drug-likeness, and
medicinal chemistry easiness. It is extensively
utilized due to its simplicity in determining the drug-
likeness profile of compounds by including Lipinski's
rule, which evaluated orally active substances to
determine physicochemical parameters for the high
chance of becoming an oral drug. The pkCSM
technique predicts and optimizes pharmacokinetic
and toxicity properties. The cut-off scanning idea
was extended by pkCSM to create a prediction
simulation of ADME/T characteristics for drug
advance. The pkCSM program performed well in the
outer validation dataset, with an accuracy of a value
of 83.8% in the mutagenicity check. pkCSM has
numerous endpoints, including LDsp, Ames test,
highest daily dosage, and hepatotoxic.

1.2 Methods
Structures of artemisinin derivatives were

generated with ChemDraw Professional 16.0. The
derivatives were subsequently converted into
canonical SMILES (simple molecular-input line-entry
system) format [17] and run using SwissADME and
pkCSM for ADMET Lipinski's so-termed Rule-of-Five
established a link between pharmacokinetic and
physicochemical characteristics [18]. Table 1 shows
the code of each compound's SMILES.

Figure 1 — The chemical structures of artemisinin.
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Figure 2 — The chemical structures of artemisinin and its derivatives

Table 1. The SMILES code of all artemisinin derivatives

No. Derivatives CANONICAL SMILES
Artemisinin CC1CCC2C(C(=0)0C3c24c1ccc(o3)(o04)C)c
2 Artesunate CC1CCC2C(Cc(0C3C24C1CCC(03)(004)C)0Cc(=0)Cccc(=0)o)c
Artemether CC1CCC2C(Cc(0c3c24c1ccc(o3)(oo4)c)oc)c

Arteether (Artemotil) CCOC1C(C2CCC(C3C24C(01)0C(CC3)(004)C)C)C

5 Artemisitene CC1CCC2C(=C)C(=0)0C3C24C1CCC(03)(004)C

[[16], [19], [20], [21], [22], [23]]. For the desired

Results and Discussion molecule to be established and used as a drug, the

subsequent step in the computer-aided drug model

Computational approaches in biology and pipeline to deal with is the pre-clinical optimization.
chemistry are crucial in many fields impacting life, A wide range of in silico techniques (e.g., pkCSM,
notably drug design (computer-aided drug design)  preADMET [24], admetSAR [25]) contribute to the
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Table 2. In silico calculated physicochemical properties of artemisinin and its derivatives

No. | Derivatives | Formula MwW HBD HBA LogP | NRB PSA MR LogS | Violat
ions
1 Artemisinin | CisH220s | 282.336 0 5 2.75 0 53.99 70.38 -3.42 0
2 Artesunate | CigH280s | 384.425 1 8 2.62 0 100.52 | 92.46 -3.08 0
3 Artemether | CisH260s 298.379 0 5 3.19 1 46.15 76.07 -3.85 0
4 Arteether | Ci7H280s | 312.406 0 5 3.50 2 46.15 80.88 -4.10 0
(Artemotil)
5 Artemisitene | CisH200s 280.320 0 5 2.62 0 53.99 69.90 -3.27 0

goal of calculating ADMET parameters from the
molecular structure but change in their
computational methodology.

Physicochemical Parameters

The physicochemical property is a molecular
attribute which affects efficacy, safety, or
metabolism and can be anticipated utilizing
Lipinski's rule of five, Veber's rule, or Muegge's rule.
In this research, we employed Lipinski's rule to
create an orally active medication, which proves the
number of hydrogen bonds acceptor (HBA) of less or
equal to 10, hydrogen bonds donor (HBD) of less or
equal to 5, molecular weight (MW) of less than 500
Da, and Log P of less or equal to 5 [16]. Artemisinin,
as a reference chemical, and its synthesized variants
are uploaded to the SwissADME website one by one
in the standard SMILES format..

Lipophilicity and solubility are the other two
major determinants that are examined for optimal
medication development. Table 2 summarizes the
physicochemical properties of artemisinin and its
derivatives predicted by SwissADME. Table 2
indicates that all compounds match each single
condition of Lipinski's rule of five and hence totally
conform the rule. As a result, all the examined
compounds exhibit a favourable drug-likeness
profile, as they are predicted to be rapidly absorbed
and to have great permeability and bioavailability.

Furthermore, the molecular refractivity of a
drug molecule must not exceed 130 m3.mol? and
must not be less than 40 m3mol? [16]. All
derivatives have a m3.mol? range of 69.90 - 92.46
m3.mol™?. According to the work of Cerqueira and
colleagues, for optimal medication distribution and
absorption, PSA readings must be greater than 140
and less than 20 A, implying that a molecule with
PSA larger than 140 A or less than 20 A is not a
(good) therapeutic candidate. The PSA values of the

complete artemisinin derivatives range from 46.15
to 100.52 A, indicating an excellent therapeutic
profile of druggability. Artesunate has the maximum
PSA value (100.52 A) of the further derivatives,
allowing for stronger interaction with the receptor.

The sum of rotatable bonds (NRB) in a molecule
is a further indicator of its flexibility. When a
medication candidate has more than 9 rotatable
bonds (too flexible), it is projected that it would not
be orally accessible [16]. As a result, artemisinin
derivatives are versatile and are expected to be
bioavailable. Solubility is another important factor
regulating absorption. Many drug development
tasks are substantially facilitated by having a soluble
molecule, particularly the simplicity of handling and
formulation. The compound's solubility is described
as insoluble if it is more negative than -10. It varies
from weakly soluble to very soluble, with a value
ranging from -10 to higher than zero. The weakly
soluble chemicals have values between -10 and -6. A
value more than -6 and less than -4 is considered
somewhat soluble.

The solubility of the compounds varies between
-4 and -2. Values between -2 and 0 are extremely
soluble, whereas values greater than zero are
extremely soluble. Because their solubility values
range between -4 and -2, all artemisinin derivatives
are soluble.

Prediction of ADMET Properties

Because the design and advancement of new
drugs is both laborious and expensive, particularly
when it comes to through an experiment assessing
the compound's pharmacokinetic outline. In fact, a
good computational method can provide the same
information as an experimental result rather than
one that produces the same outcomes as
experimentation. A compound's pharmacokinetic
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Table 3. The pharmacokinetic profile and toxicity prediction of artemisinin and its derivatives

Parameter Artemisinin | Artesunate | Artemether | Arteether (Artemotil) | Artemisite
ne
Absorption
o -3.678 -3.097 -3.927 -3.908 -3.643
Water solubility (log mol/L)
Caco-2 permeability (log Papp, 1.295 0.863 1.311 1.332 1.291
cm/s)
HIA (%) 97.543 72.19 96.855 96.488 97.69
Skin permeability (log Kp) (cm/s) -3.158 -2.735 -2.929 -3.345 -3.161
BioS (from SwissADME) 0.55 0.56 0.55 0.55 0.55
(Bioavailability Score)
Distribution
0.457 0.172 0.611 0.448 0.453
VDss (human) (log L/kg)
BBB permeability (log BB) 0.235 -0.954 0.861 0.253 0.235
BBB perm. (SwissADME) Yes No Yes Yes Yes
Metabolism
No No No No No
CYP2D6
CYP3A4 Yes Yes Yes Yes Yes
Excretion
0.98 0.969 1.031 1.068 1.082
Total clearance
Renal OCT2 substrate No No No No No
Toxicity
Yes No No No Yes
AMES test
Hepatotoxicity No No No No No
Oral rat acute toxicity (LDso, in
2.459 3.112 2.429 2.32 2.449
mol/kg)
profile describes its absorption, distribution, utilized as an in vitro example of the human

metabolism, and excretion (ADME) characteristics.
Through the early phases of drug study, the
chemical chosen as a hit must be noncarcinogenic
and non-hepatotoxic  [[16], [26]]. Toxicity
assessment (ADMET, T for Toxicity) predicts
mutagenicity and carcinogenicity, among other
things. The toxicity endpoints used include Ames
toxicity, hepatotoxicity, and oral rat acute toxicity
(LDso). The lethal dosage (LDso) was selected since its
value and the Globally Harmonized System (GSH)
categorization of chemical toxicity allow for the
prediction of a substance's toxicity degree. Table 3
contains a list of these ADMET options. The ADMET
characteristics of artemisinin and its derivatives
demonstrate that they have strong solubility, which
indicates their good absorption and enhanced
elimination through the urinary system.
The values of human intestinal absorption (HIA) are
extremely high-level, indicating that artemisinin and
all derivatives except artesunate (72.19) have a
more than 95% chance of being absorbed by the
human intestine. The Caco-2 cell line is generally

intestinal mucosa to calculate drug absorption by
assessing the log of the apparent permeability
coefficient (log Papp; log cm/s). A chemical is
considered to have high-level Caco-2 permeability
for the pkCSM webserver if its log Papp value is more
than 0.90 cm/s. Table 3 shows that all artemisinin
and its derivatives have high Caco-2 permeability,
except for artesunate (0.863 cm/s).

The recommended value of skin permeability
(log Kp), which is a significant factor for enhancing
drug effectiveness and is especially relevant in the
creation of transdermal drug administration, is more
than -2.5 cm/h [27]. The calculated log Kp values for
all compounds differ from -2.735 to -3.345 cm/h. As
a result, all artemisinin derivatives are expected to
have high skin penetration. The bioavailability score
of 0.55 shows that all examined compounds have
excellent absorption because they may have greater
than 10% bioavailability in rats [28].

The volume of supply at steady state (VDss) and the
blood-brain barrier (BBB) are two significant factors
to consider when evaluating a drug's capacity to be
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dispersed in the body. The higher the VD, the more
medication is delivered to tissue rather than plasma.
This type is based on the estimate of the steady-
state volume of distribution (VDss). Pires et al.
observed that a chemical has good dispersion if its
VDss value is greater than 0.45 [16]. Except for
artesunate, practically all artemisinin derivatives
have VDss values of 0.45 or greater (0.172).

In terms of the BBB, which determines a drug's
capacity to enter the brain while boosting
effectiveness (fewer adverse effects), a molecule is
capable of moving across the blood-brain barrier
quickly when log BB is greater than 0.3. As a result,
because the log BB values of all examined
derivatives are less than 0.3, they can only cross the
blood - brain barrier marginally [[16], [29]]. Table 3
also includes BBB permeability findings from the
SwissADME website, revealing significant
differences between pkCSM and SwissADME results.

The parameters of excretion (also known as
elimination) consisting of total clearance and OCT2
(organic cation transporter 2) substrate are supplied
in the lower portion of table 3. The OCT2 protein
transporter plays an important role in the renal

overall clearance is directly proportional to renal
0OCT2.

Assessing a suggested compound's transfer by
OCT2 provides significant information about not just
its clearance but also its possible contraindications
[29]. Amazingly, pKCSM predicts that all artemisinin
derivatives are not OCT2 substrates. The toxicity
studies show that all artemisinin derivatives are not
mutagenic, however, they are hepatotoxic.

Conclusions

The major goal of the current study was to
determine the pharmacokinetic profile and toxicity
of five artemisinin derivatives utilizing SwissADME
and pkCSM in silico or computational approaches. A
compound's ADME/T characteristics are critical for
future study, particularly when assessing its
pharmacological actions. The findings of this study
offer outstanding guidelines and determine that
chemical modifications to artemisinin as a reference
compound can enhance its ADMET chracteristics, as
all examined derivatives are expected to have a good

therapeutic profile of druggability as well as being
safe, regardless of some slight weaknesses.

uptake, disposition, and clearance of
pharmacological molecules. This suggests that
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SwissADME :xkaHe pkCSM 6onkay Beb-cepBepnepi: APTEMU3UHUH KdHe
OHbIH, TYbIHAbINAPbIHbIH, in Silico ADME/T KacueTTepiH A9 KoHe XaH-XKaKTbl
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TYWIHAEME

In vivo ADME cbiHafbl KbiMBaT, yaKbITTbl KaXKeT eTehi »KaHe )aHyapnapapblH, emipiHe Kayin
TeHaipeai, an silico ADME cbiHafbl Kayincis, KapamambiM KaHe Kblagamblpak. byn 3eptrey
SwissADME kaHe pkCSM cunuKo agictemenepiHge Artemisinin }KoHe OHbIH, TybIHAbIAPbIHbIH,

Makana kengij: 19 kaymap 2022 . : .
Silico ADME/T KacueTTepiH aHbIKTay YWiH A9/ X3He KaH-XaKTbl 6o/Kampapfa apHasifaH

CapantamagaH etri: 05 cayip 2022 . . . .

bipikTipinreH oHnaiiH nnatdopma peTiHAe naidanaHbinagbl. 3epTTenreH KoCblblCTapablH,

Kabbingavabl: 19 mameiz 2022 . .. .
KypblabiMaapbl KaHoOHAbIK SMILES niwimiHe ayaapbingpl, coaaH KeliH KOCbIIbICTapablH, apTypAi
KacueTTepiHe epKiH KON KeTki3yai KamTamacbi3 eTeTiH SwissADME »kaHe pkCSM Beb-cepsep
KypangapbiHa xibepingi. Kocbinbictbi, ADME/T cunattamanapbl 6onaluak 3eprrey yuwiH ete
MaHbI3Abl XKOHE aNblHFAaH HaTUXKeNep 3epTTeyLlinep ywiH nangansl 6onagpl. COHbIMEH KaTtap, byn

3epTTeYAiH, HaTUKeNepi YIKeH HYCKAy/biK 6epesi aHe apTeMU3UHUH CINTEME MOJIEKYNACbIHbIH,
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XUMUANDBIK e3repictepi oHbiH ADMET MyMKiHAIKTEPiH »KaKcapTa anaTtbiHblH KepceTeai. byn
JKYMbICT@ MavifanaHbinaTblH Beb-cepBepsiep aKpICbl3 KaHe bipHelle CcanbiCTbipy CbIHAKTAPbI
opbiHaanfaH pkCSM skaHe SwissADME 6acka »ui KongaHblnaTbiH 34icTep KaTapblHAH XaKCblpak,
eKeHiH KepceTesi. HaHa [apinik monekynaHbl obanay Hemece obanay, eH, anabIMeH, KaHa
A43pinik kocbinbicTbi, ADME/T epekweniktepin 6inyai Tanan etegi.
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Silico ADME/T apTemMu3snMHuHa U ero npousBogHbIX
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AHHOTALMA

TectupoBaHve ADME in vivo AaBnaeTca AOPOrocToOAWMM, TPYAOEMKUM U NOABEPraeT PUCKY XKU3Hb
JKMBOTHbIX, TOrAa Kak TectupoBaHue ADME in silico 6e3onacHee, npouie u 6bicTpee. B atom
nccnepoBaHny byayT Ucnonb3oBaTbCcA meTogonormu in silico ot SwissADME n pkCSM B Kauectse
WHTErpUpPOBaHHOW OHNAWH-NNATPOPMbI ANA TOUHBIX U BCECTOPOHHMX NPOrHO30B A/19 ONpeAeieHuns
CBOWCTB apTeMM3MHMHA M ero npomssogHbix In Silico ADME/T. CTpyKTypbl uccaesyembix
coeguHeHW 6binn nepeBedeHbl B KaHOHM4Yeckuit dopmat SMILES, a 3atem nepegaHbl B
MHCTpyMeHTbl Beb-cepeepa SwissADME u pkCSM, KoTtopble obecneumnsatoT cBo6OAHbIN JOCTYN K
PasNNYHbIM CBOMCTBAM COeAMHeHMI. Xapaktepuctukm ADME/T coefuHeHus MMeroT peluatouiee
3HayeHWe ana  Oyaylwmx WUCCNefOBaHWW, W NONYYeHHble pesynbTatel OyayT nosesHbl
nccneposatenam. Kpome Toro, pesynbtaTbl 3TOr0 UCCAEA0BaHNUA AAIOT OT/IMYHbIE PEKOMEHAALMUN U
NOKa3bIBalOT, YTO XMMUYECKME U3SMEHEHWA B 3TA/IOHHOI MOIEKY/1Ie apTEMU3UHUHA MOTYT YY4YLLUTD
ero Bo3amoxkHoctu ADMET. Beb-cepBepbl, Ucnosib3yemble B 3TON paboTte, 6ecnnaTHbl, U HECKONbKO
CPaBHUTE/IbHBIX UCMbITaHWI NOKasbiBatoT, 4To pkCSM n SwissADME paboTatoT fiydwle, Yem pag
APYrUX 4acto MCMo/b3yemblX MeToaoB. [1IpOeKTMpoBaHME WM CO3AaHWEe HOBOW MOAEKy/bl
NeKapCTBEHHOTO CPeACTBa B NepBylo ovepedb TpebyeT 3HaHWA ocobeHHocTelr ADME/T HoBoro
NEeKapCTBEHHOro coeAnHEHUA.
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ABSTRACT

Important aspects of increasing the competitiveness of domestic metallurgy and mechanical
engineering are increasing the durability of thermal units and involving non-traditional, cheaper
energy resources in production. One of these resources is carbon waste from the aluminum
industry - electrode scrap and waste from the carbon lining of electrolyzers. The problem with
their use as substitutes for solid fuels (coke coal) in the metallurgical, engineering, and energy
industries is fluorine- and alkali-containing salts that impregnate them, destroying the traditional
lining of thermal units. The development of effective refractories resistant to fluorine- and alkali-
containing corrodents (melts and gases) makes it possible to increase the competitiveness and
efficiency of thermal units both through the use of cheaper energy carriers and by increasing the
duration of their campaign. An important aspect is the simultaneous disposal of hazardous
industrial waste and the reduction of the environmental burden on the ecosphere of the
Republic of Kazakhstan. The basis for the development of new refractory materials resistant to
fluorine- and alkali-containing corrodents is the analysis of the existing raw material base of the
Republic of Kazakhstan and the choice of materials that make it possible to obtain
aluminosilicate refractories with increased chemical resistance. In the work, the phase and
chemical composition of refractory clays and kaolins of the Republic of Kazakhstan were studied,
and their rheological and thermophysical properties were investigated. Selected raw materials
for the development of technology for the production of dense aluminosilicate refractory
products.

Keywords: aluminosilicate refractories, refractory clays, kaolins, chamotte, plasticity, sintering,
open porosity, water absorption.
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Introduction

The most important task of the metallurgical
of the Republic of

and energy complexes

mechanical engineering (12.3% of GDP) [[1], [2]].,
while the metallurgical and machine-building
complex remains energy- and resource-intensive,

Kazakhstan is to increase the competitiveness of
products and industries, with the maximum
possible combination of interests of the Republic,
its regions, and specific joint-stock companies.
Among the main manufacturing industries of
the Republic of Kazakhstan, an important place is
occupied by metallurgy (43.7% of GDP) and

where at least 15% of primary fuel, 35% of
electricity, 40% of fossil raw materials are used.
Reducing costs through the involvement of
secondary resources in the production, and waste
disposal is the most urgent task for the
development of the industry of the Republic of
Kazakhstan.
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Currently, the cost of coke fluctuates around
$550-600/t, and the cost of anthracite is at the level
of $412-418/t at the shipping station [[3], [4]].
Replacing coke with cheaper fuel will improve the
technical and economic performance of thermal
units.

It should also be considered that the expansion
of the use of secondary raw materials, including
carbon-containing ones, is an important factor in
the efficiency of the entire industry of the Republic
of Kazakhstan [[4], [5]]. On the other hand, JSC
"Kazakhstan Electrolysis Plant" (KEP), which is part
of ENRC (Eurasian Natural Resources Corporation)
(Pavlodar), annually generates up to 1,500 tons of
waste carbon refractory lining and up to 25,000
tons of cinders of baked anodes [[6], [7]]. with a
minimum carbon content of 85 wt. % contaminated
with harmful substances from cryolite-alumina
melt. The presence of alkaline cations (Na +, K +)
and fluorine in the waste do not allow storing them
in sludge fields to avoid a negative impact on the
environment. The simplest and most efficient way
to dispose of such wastes is to use them as fuel
instead of expensive and scarce coke in the
metallurgical, engineering, or energy industries,
where fluorine and alkaline salts will also help to
liquefy the slag, saving more on use fluorite slag
modifiers [[8], [9]].

At the same time, the presence of alkali cations
and fluorine anions in the composition of the
melting charge significantly complicates the service
conditions of the aluminosilicate lining of thermal
units.

The solution to this problem can be the
development of the densest (non-porous)
aluminosilicate  refractories, which  requires
researching the raw  material base of
aluminosilicate refractories of the Republic of
Kazakhstan, choosing the most promising raw
materials, and developing technology for dense
refractory products with a maximum mullite
content with high chemical resistance.

The production of aluminosilicate should
include the production of a dense, durable mullite-
containing aggregate (chamotte) with water
absorption of no more than 1%, the preparation of
a binder of plastic clay, and the production of
actually dense products with an open porosity of no
more than 5%.

Raw materials for the production of mullite-
containing refractories can be [[10], [11]]: clays and
kaolin, natural high-alumina raw materials
(bauxites, aluminosilicates), and synthetic materials

(commercial alumina, tabular alumina, fused
corundum, reactive alumina).

At present, deposits of refractory clays, kaolin,
and bauxites are known in the Republic of
Kazakhstan, and it also has the production of
technical alumina [[12], [13]].

The objects of study in this work are three
types of refractory clay raw materials: clays of the
Arkalyk (AG) and Berinsky (BG) deposits and kaolin
of the Alekseevsky (AK) deposits, selected on the
basis of an analysis of the physicochemical and
technological properties of refractory raw materials
the Republic of Kazakhstan.

The Akralyk deposit of refractory clays is
located in the Arkalyk district of the Torgai region,
in the suburbs of the city of Arkalyk. The
characteristic features of the deposit are the
unsustainable thickness of the layers, a sharp
transition from one variety to another, as well as a
predominantly dry type of clay products. Refers to
highly basic raw materials with Al,O3 content up to
48 wt. % per calcined substance and an average
content of coloring oxides (Fe,0s + TiO;) of 4.6 wt.
%. According to the mineral composition, clay is a
polymineral raw material with a predominant
content of kaolinite and gibbsite. The coarsely
dispersed part contains quartz and hematite. Part
of the iron is associated with clayey rocks (mainly
with gibbsite). The deposit is actively developed
and used to produce lumpy refractory chamotte.

The Berlin deposit of refractory clays is located
on the border of the Komsomolsky district of the
Kostanay region and the Troitsky district of the
Chelyabinsk region, 22 km west of the Buskol
railway station. A characteristic feature of the
deposit is a horizontal reservoir deposit of
kaolinite-hydromicaceous  clays of  variable
thickness from 0 to 9 m. It belongs to the main raw
material with an Al203 content of up to 32 wt. %
and an average content of coloring oxides (Fe;Os +
TiO;) of 2.9 wt. %. According to the mineral
composition, clay belongs to the monomineralic
kaolinite-hydromicaceous raw material. Quartz is
presented as an impurity. The birthplace is actively
developed and used to produce both fired fireclay
and plastic binder clays [[14], [15]].

The Alekseevskoye kaolin deposit is located in
the Kokshetau district of the North Kazakhstan
region, 33 km north of the city of Kokshetau,
southeast of the village of Alekseyevka. A
characteristic feature of the deposit is the variable
power of the lenses lying in at various levels, a
smooth transition of color from white to grayish-
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yellowish, as well as a predominantly harsh type of
rocks. Along with crackers, there are also loose
varieties. Refers to a highly basic raw material with
an Al;Os content of up to 44 wt. % and an average
content of coloring oxides (Fe;0s3 + TiOz) 1.1 wt. %.
According to the mineral composition, the raw
material is represented by kaolin, quartz, and
feldspar impurities. The deposit is being developed
and used to obtain enriched kaolin, quartz-kaolinite
mixtures and quartz-feldspar concentrate [[16],
[17]].

The experimental part

The results of assessing the granulometric
composition of clay raw materials by the
sedimentation method according to GOST 21216-
2014 are given in Table 1 and in (figure 1), allow us
to classify Berlin clay as a highly dispersed raw
material with a particle content <0.001 mm of more
than 99%, and Arkalyk clay and Alekseevsky kaolin
as a medium-disperse raw material with a particle
content <0.001 mm of less than 60%.

According to the Okhotin diagram, clay from
the Berlin deposit belongs to the group of plastic
raw materials, clay from the Arkalyk deposit and
kaolin from the Alekseevsky deposit belong to the
group of low-plastic clay raw materials.

Table 1 - Granulometric composition of the studied raw
materials

Raw Content of particles, wt. %, size, mm

material 960" 0.25- | 0.06- | 0.01- | 0.005 <
0.25 0.06 0.01 0.005 0.001 0.001

Arkalyk 7.0 1.8 23.2 9.6 17.7 31.6

clay

Berlinsk 0 0 12.0 5.2 12.4 70.3

clay

Aleksee 5.5 14.5 31.6 7.5 24.4 16.5

vskiy

kaolin

The mineralogical composition of the clay raw
material was evaluated by X-ray phase analysis
performed on a Miniflrex 600 diffractometer (CuKa
radiation, A=1.541862 A, survey interval — 3.00-
60.00°, scanning step — 0.02°). The samples were
taken without heating in an air atmosphere at a
counter speed of 1 deg/min.

Analysis of the obtained data shows that the
phase composition of the Arkalyk clay is
represented mainly by kaolinite, with an admixture
of gibbsite, and quartz and hematite are present as

non-plastic impurities; Berlin clay - kaolinite; quartz,
hydromica, and montmorillonite; Alekseevsky
kaolin - kaolinite; quartz, hydromica and calcium
feldspar.
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Figure 1 — Histogram of distribution of particles by
fractions and raw materials under study
The main technological properties of
aluminosilicate raw  materials to produce

refractories include plasticity, sintering, air and fire
shrinkage, and fire resistance [[18], [19]].

The plastic properties of the studied raw
materials were evaluated by the Atterberg plasticity
number (GOST 21216-2014), which is the difference
in the percentage of water at the upper and lower
limits of plasticity, i.e., at the boundaries of the
transition of clay paste from plastic to fluid and
semi-solid condition. The plastic properties of the
studied clays are given in Table. 2.

Table 2 - Plasticity of the investigated raw materials

Raw Limit The Number | Classification
material fluidity, | border | plasticity | according to
% rolling, GOST 9169-
% 2021
AC 3333 | 2000 | 1333 | Mmoderately
plastic
BC 3341 | 1535 | 1806 | Medium
plastic
AK 2534 | 1201 | 1327 | Moderately
plastic
AC - Arkalyk clay BC — Berlin clay; AK -

Alekseevskiy kaolin

From the analysis of the data in Table 2, it can
be seen that Berlin clay belongs to plastic raw
materials, and Arkalyk clay and Alekseevsky kaolin
belong to moderately plastic raw material.




KomnneKkcHoe Mcnonb3oBaHne MuHepanbHoro Cbipba. No2(325), 2023

ISSN-L 2616-6445, ISSN 2224-5243

In the production of products based on clay raw
materials, drying is the most important
technological factor. The choice of the drying mode
is largely determined by the properties of the mass,
the shapes, and the sizes of the products.

The determination of the sintering properties of
the studied clays was carried out according to GOST
21216-2014. From an average test sample with a
particle size of less than 1 mm, mixed with water to
the state of a working dough, samples were made
in the form of tiles 50 x 50 mm and cubes 25 x 25
mm in a plastic way, dried to an air-dry state, after
which they were fired in a laboratory furnace with
silicate heaters from 1000 to 1550 C with an
interval of 50 C and holding at the final firing
temperature for 2 hours.

Table 3 - Technological properties of the investigated
aluminosilicate raw materials

Properties AC BC AK

Number 14 24 5.0
plasticity
Connectivity, MPa 5.0 5.6 3.5
Binding capacity (%
standard sand) 45 65 -
Sensitivity to drying, Kch 1.95 34 0.55
Air shrinkage, % 14 2.5 0.3
Sintering start temperature, 1350 1200 1350
C
Fire resistance,°C >1720 | 1630 | >1720

In addition, one of the most important

indicators of the quality of refractory clays is fire
resistance, and technological properties - binding
capacity, sensitivity to drying, and air shrinkage
[[20], [21]].

Under certain test conditions, refractoriness
depends only on the chemical composition and

partly on the mineralogical composition, that is, it
characterizes the purity of the raw material under
study. The results of calculating the refractoriness
and some technological properties of the studied
clay raw materials are given in Table. 3.

Conclusions

Features of granulometric (high content of fine
particles), chemical and mineralogical
compositions, as well as the state of the structure
(a disorder of kaolinite) will favorably affect the
sintering of the studied aluminosilicate raw
materials. At the same time, Arkalyk clay can be
recognized as the most promising in the technology
of superdense aluminosilicate refractories as a raw
material to produce fireclay, the monomineral
composition of which and the disorder of kaolinite
will favorably affect both its rheological and
ceramic properties. The high plasticity of Berlin clay
allows it to be used as raw material, both to
produce fireclay and for use as a binder clay.

Thus, according to the totality of the
considered properties, Arkalyk and Berlin clays, as
well as Alekseevsky kaolin, are of practical interest
for the production technologies of aluminosilicate
refractory materials. At the same time, Arkalyk clay
and Alekseevsky kaolin are promising in the
technology of aluminosilicate refractory products
as a raw material to produce fireclay, and Berlin
clay can be wused in the technology of
aluminosilicate refractories as a binder.
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TYAIHAEME

OTaHAbIK MeTanayprua MeH mallmHa »KacayablH 6acekere KabineTTiniriH apTTbipyAblH, MaHbI3Abl
acneKTiNepi ¥blay KOHAbIPFbIAAPbIHbIH, Y3aK Mep3iMAiniriH apTTbipy KaHe eHAipicke gacTyphi
emec, ap3aHblpaK 3Heprua pecypcrapbiH TapTy 6onbin Tabbinagbl. Ocbl pecypcrapAbiH, 6ipi
ANIOMUHUIA  BHEPKaCiBiHiH,  KeMIpTeKTi  KanablKTapbl —  3/EKTPOA  CbIHbIKTapbl  MeH
3NEKTPONU3EPNEPAiH, KOMIPTEKTI KanTamacbiHbIH, KanablkTapbl. Onapabl MeTannyprua, MawmHa
)Kacay JKoHe 3HepreTMKa cananapbliHAA KaTTbl OTbIHHbIH, (KOKC KeMipi) asmacTbipfbiwTapsl
peTiHae naiganaHy maceneci TEPMUANbIK KOHAbIPFbINAPAbIH, ASCTYpAI TecemaepiH 6y3aTbiH,
onapfabl CiHipeTiH ¢Top KaHe cinTi 6ap Ty3gap 6onbin Tabbinaabl. KypambiHaa ¢Top xaHe cinTi
6ap Kopposuafa (6ankbimanap MeH rasgap) Tesimgi, TMimai, OTKa Tesimai maTepuangapabl
93ipney apsaHbipaK 3Heprua TacbiMangaylwbinapgpl nakganaHy apKkblibl 43, ONapablH,
HayKaHbIHbIH, Y3aKTbIFbIH YFAWTy apKblibl 43 Kby KOHAbIPFbINAPbIHLIH, 6acekere KabinerTiniri
MeH TUIMZINIriH apTTbipyFa MYMKIHAIK 6epeai. KayinTi eHAipicTiK KanabikTapabl 6ip mesringe
Kemy »kaHe KasakctaH PecnybnukacbiHblH, 3KocdepacbiHa 3KONOTUANBIK KYKTEMEHi a3auTy
MaHpI34bl acnekT 6osbin Tabblnagbl. KypambiHaa ¢Top XaHe cinTi 6ap KopposuaFra Tesimai KaHa
OTKa TesiMmai matepuangapabl a3ipaeyaiH Herisi KasakcraH PecnybamnKacbiHbIH, KOAAaHbICTafbI
LUMKI3aT 6a3acblH Tangay *KaHe XMMUANbIK TYPAKTbI/bIFbl YKOFAPb! a/IlOMOCUIMKATTbI OTKA Te3imaj
maTepuangapabl anyfa  MyMKiHAIK 6epeTiH MmaTepuangapgbl TaHgay 6onbin  Tabblnagpl.
*ymbicTa KasakctaH PecnybamnkacbiHbIH, OTKa TO3iMAj ca3aapbl MEH KaoAUHAEPiHIH, da3acbl meH
XUMUANBIK Kypambl 3epTTenin, onapAblH, PEeoNoruanblk KaHe TepMoOU3MKanbiK KacueTTepi
3epTTengi. Tbifbl3 aNtOMOCUIMKATTLI OTKA Te3iMmai Bylibimaapapl any TeXHONOMMACHIH »Kacay YLWiH
ipikTenreH wwkisar.

TyiliiH ce30ep: antOMOCUNMKATTbI OTKA TE3iMAi 3aTTap, OTKA Te3iMmAi casfap MeH KaoauHaep,
LIAMOT, NNACTUKANbIK, arIOMepaLLma, albIK KeYeKTINiK, cyapl CiHipy,.
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AHHOTAUMA

BaKHbIMM acneKkTamu MOBbILWEHUA KOHKYPEHTOCMOCOBGHOCTU OTEYECTBEHHOW METannyprun wu
MaLUMHOCTPOEHUSA ABNAETCA MOBbILIEHWE CTOMKOCTM TEMNNOBbIX arperatos M BOBJEYEHWE B
NPOV3BOACTBO HETPAAMLIMOHHBIX, bonee AelwéBbIX aHepropecypcoB. OAHUM U3 TaKUX PECYpcoB
ABNAIOTCA YrNEPOAMCTbIE OTXOAbl aNOMWMHMEBON MNPOMBIWAEHHOCTU — 3/EKTPOAHbIN 60 1
oTX0A4p!l yrnepoaucToli GyTepoBKM 3N1EKTPOM3epoB. Mpobaemoit UX NPUMEHEHWUA B KayecTse
3aMeHuTeNel TBEPAOIO TOM/MBA (YrAs KOKca) B METaiypravyeckoi, MaluMHOCTPOUTENBHON K
JHepreTUyecKom NPOMBILWNEHHOCTAX  ABAAIOTCA nponutbiBatowme  uUx  ¢Top- M
Lweso4ecoaep Kalume Conun, paspyluialowme TPagUUMOHHYIO GyTepoBKY Ten/OoBbIX arperaTos.
Pa3paboTka 3dpdeKTUBHbBIX OrHEYNOpOB, CTOMKUX K BO3AENCTBUIO GTOP- U LLEI0YeCcoaepKaLLMX
KOpPPOAMEHTOB (pacnnaBoB M ra3oB) MO3BOAAET MOBbICUTb KOHKYPEHTOCMOCOBHOCTb K
SKOHOMMYHOCTb TEMIOBbIX arperatoB Kak 3a CY4éT ucnonb3osaHus 6onee Aeluesbix
3HEProHocUTENEN, TaK M 33 CYET MOBLILEHUA ANUTENBHOCTU WX KamnaHuW. HemanosaskHbIM
aCMeKTOM ABNAETCA OAHOBPEMEHHAA YTUAM3AUMA BPELHbIX NPOMBIWIEHHbIX OTXOA40B W
CHUMKEHME 3KOI0rMYECcKoM Harpyskmu Ha akocdepy Pecnybamku KasaxcraH. OcHoBoM pa3paboTku
HOBbIX OFHEYMOPHbIX MaTepUanoB CTOMKUX K BO3AEMCTBUMIO OTOP- W LLENEYECOLEPHKALLMX
KOPPOAMEHTOB, ABAAETCA aHaNM3 CyLeCTBYIOWeEN cbipbeBoi 6asbl Pecnybimkm KasaxctaH u
BbIGOP MaTepuanos, MO3BONAIOWMX MNOAYYUTb ASOMOCUAMKATHLIE OTHEYNOPbl C MOBbILWEHHOM
XMMUYECKOM CTOMKOCTbIO. B paboTe nccnenosaHbl $asoBbiit U XMMUYECKUI COCTaB OFHEYNOPHbIX
TNVH 1M KaonnHoB PK, nccnefnoBaHbl Mx peosiornyeckue v Tenodpusnyeckne cBoncTea. BoibpaHbl
CblpbeBble MaTepuanbl 4NA Pa3paboTKM TEXHONOTUM NPOU3BOACTBA MAOTHBLIX aIFOMOCUIMKATHBIX
OrHEeymnopHbIX U3LENNNA.
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ABSTRACT

The article presents studies of the effect of a complex modified additive on the setting time of
cement paste. The work describes the method of determining the setting time of the cement
paste of standard consistency, the selection of the optimal composition of the additive at
different percentages of its components, allowing accelerating the setting time. In this work, the
authors used a complex modified additive including alkali (caustic soda NaOH), post-alcohol bard
(alcohol production waste), and hardening accelerator (gypsum) in different percentages.
Performed a comparative study of the effect of additives on changes in setting time. The analysis
suggests that the additive in the optimal amount leads to changes in the setting time compared
with the reference sample, but within the standards. It is shown that the combined use in the
composition of a complex modified additive, having well-compatible mechanisms of their
influence on the processes of hydration, setting, and hardening of the cement paste, mutually
complements and enhances the effect of each ingredient of the additive. Increasing the
concentration of the complex modified additive in the cement paste not only affects the
liquefaction process but also reduces the setting time and hardening of the cement paste.
Keywords: cement paste, hardening accelerator, post-alcohol bard, complex modified additive,
setting time.
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Introduction

In modern conditions of development of
construction in Kazakhstan on the background of
rapidly developing technologies, the question is
raised about the introduction of new quickly
recouped technologies, which are based on the
extensive use of local raw materials and new
technical methods in order to obtain
highly efficient materials.

The basis of modern concrete technology is the
creation of  high-quality artificial  stone,
characterized by high dispersion, a small
imperfection, and structural stability. Improvement
in the quality of concrete compositions can be
achieved both by the use of chemical additives, and
when using local components to create a new
generation of concrete, which is a highly relevant
objective of concrete technology. A new generation
of concrete is high-tech, high-quality, multi-
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concrete mixtures and compositions with additives
that preserve the required properties at a service in
all operating conditions. Growing multicomponent
concretes are due to significant systemic effects,
which enables to manage of the structure
formation at all stages of the technology, ensuring
receipt of composites of "directed" quality,
composition, structure, and properties [[1], [2], [3],
(4], [5], [6], [71].

Modern cement concrete is a composite
building material, which can be produced with the
specified characteristics for certain service
conditions by modifying its structure and properties
with various admixtures [[8], [9], [10], [11]]. This
provides the material with durability, performance
reliability, ecological safety, and applicability in any
service conditions [12].

The present economic constraints require
acceleration in the speed of work in the
construction industry. The need for concrete with
sufficient strength at a very early age is in many
situations very important. Such concrete is
obtained through the use of some admixtures such
as water-reducing superplasticizers, set
accelerators, and hardening accelerators. Standards
about admixtures for concrete and mortar
differentiate  between set and hardening
accelerators namely:

— Set accelerator is defined as an admixture
that decreases the initial setting for the transition
of the mix from the plastic to the rigid state.

— Hardening accelerator is defined as an
admixture that increases the rate of development
of early strength in the concrete with or without
affecting the setting time [13].

A wide range of domestic and imported
chemical additives makes it difficult to make a
choice. Concrete manufacturers seek to improve its
properties by modification while reducing the
consumption of cement, reducing energy costs in
the production of reinforced concrete, and
minimizing the cost of additives under stable terms
of their quality. It is quite a challenging task that
can be solved using a variety of waste and
coproducts of many industries as mineral and
chemical modifiers of concrete [[14], [15], [16],
[17], [18]]. Most often, the properties of concrete
are modified by chemical additives. At the same
time, optimal characteristics, such as strength,
workability, and so on are achieved at a certain
critical dose of the chemical modifier, after which
the effect falls off [[19], [20], [21], [22], [23]].

The setting of concrete is identified as the
transition of fresh concrete from the liquid phase to

the solid phase. It is important to identify this
phase change to plan to transport and place
concrete [24].

It is known that the main purpose of plasticizing
additives is to increase workability, which provides
a reduction in energy and labor costs for laying. On
the other hand, the use of such additives allows, by
reducing the water-cement ratio, while maintaining
the given mobility of the mixture, to increase
significantly the strength and durability of products.
In addition, the introduction of plasticizers can
affect the setting time and hardening kinetics of
cement, increase strength, frost resistance, and
water resistance of concrete due to water
reduction, as well as reduce cement consumption
and energy consumption for the production of
concrete, mortars, etc. Therefore, the development
of compositions of modified heavy concretes is
relevant for general construction purposes with
improved technological parameters by using
effective modifying additives.

The composition of the complex modified
additive includes gypsum (hardening accelerator),
alcohol production waste (post-alcohol bard), and
alkali (caustic soda, NaOH) to neutralize the acidity
of post-alcohol bard, this is due to the fact that the
purification is not done well and post-alcohol bard
retains acidity. Thus, the combined use of gypsum,
alkali (caustic soda NaOH), and plasticizer (post-
alcohol bard) improve the physical and mechanical
properties. The post-alcohol bard or sulfite-yeast
bard is a waste product of alcohol production. After
distillery bard is a valuable product, which can be
used in solving the problems of environmental
pollution and obtaining cheap raw materials.

The aim of the study is to develop a complex
modifying additive (CMA) and study its effect on
the physical and mechanical properties of cement
systems.

As part of this study, a set of laboratory tests to
assess the physical and mechanical properties of
experimental samples, followed by a comparative
analysis of changes in the qualitative characteristics
of the cement and the effect of a complex modifier
on it. However, within the framework of this article
the results of the first stage of the study will be
presented, exactly the effect of the variable
composition of CMA on the setting time of the
dough of standard consistency, as well as its effect
on the flow of the mixture.

In order to achieve the goal, the following tasks
were solved:

1. Selection of the optimal composition of the
additive at different percentages of its components
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2. Preparation of samples of variable
composition of additive components in laboratory
conditions

3. Laboratory research of physical and
mechanical properties of experimental samples.

Experimental technique

To conduct research and fulfill the set goal and
objectives we used materials that meet the
requirements and standards.

Cement. Raw materials were taken according to
the geographical location of the factories of
manufacturers, as well as the qualitative indicators
of the material. Portland cement of M400 grade
was used as a binder, due to the availability of this
binder.

Modifying additive. The main component of the
modifying additive is post-alcohol bard - the residue
after the distillation of alcohol from brewers,
ethanol production waste, which meets the
requirements of TU 1110 RK 00393896 0JSC -01-
2003, in amounts of 2.5%, 5.0%, 7.5%, 10%, a
multiple of 2.5%. It is supplied in liquid form by the
manufacturer JSC “Aydabul distillery”.

Hardening accelerator - gypsum which
accelerates the hardening process in amounts of

Table 1 — Composition of compared samples

1%, 1.5%, 2.0%, 2.5% of cement mass, a multiple of
0.5%.

At the first stage, the joint effect of the optimal
composition of CMA on the setting time of the
paste of standard consistency (beginning and end
of setting) was studied, and determined in
accordance with the requirements of GOST 310.3-
76 types of cement. Methods for determining the
normal thickness, timing of setting and volume
change uniformity". The consistency, initial and
final setting of the cement paste were investigated
using a Vica device, as shown in Figure 1. Setting
time of cement paste is one of the most important
parameters of the concrete mixture, as they
determine the further performance properties of
the material.

The setting time test was carried out using six
mixing proportions (17 samples) consisting of
Portland cement, additive, and water. The sample
(Type 1) containing only cement and water was
called the reference sample, while the proportion
of additives was varied as shown in Table 1. The
reference sample (100% Portland cement, which is
equivalent to 350 g and water weight of about 105
g). Consumption of raw materials of mortar
samples (required for measuring the setting time) is
presented in Table 1.

Type of sample Cement, g Gypsum, g Post-alcohol bard, g Caustic soda, g Water, g
Refer;—r\:s: slample 350 i i i 105

Type 2-1 346.5 35 8.75 0.4375 95.8125
Type 2-2 346.5 35 17.5 0.875 86.625
Type 2-3 346.5 35 26.25 1.3125 77.4375
Type 2-4 346.5 35 35 1.75 68.25
Type 3-1 344.75 5.25 8.75 0.4375 95.8125
Type 3-2 344.75 5.25 17.5 0.875 86.625
Type 3-3 344.75 5.25 26.25 1.3125 77.4375
Type 3-4 344.75 5.25 35 1.75 68.25
Type 4-1 343 7 8.75 0.4375 95.8125
Type 4-2 343 7 17.5 0.875 86.625
Type 4-3 343 7 26.25 1.3125 77.4375
Type 4-4 343 7 35 1.75 68.25
Type 5-1 341.25 8.75 8.75 0.4375 95.8125
Type 5-2 341.25 8.75 17.5 0.875 86.625
Type 5-3 341.25 8.75 26.25 1.3125 77.4375
Type 5-4 341.25 8.75 35 1.75 68.25
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Figure 1 — Determination of the setting time of the cement paste on the Vica device

Results and Discussion

On the diagram (figure 2) of the setting times,
the first peak corresponds to the beginning of
setting, the second to the end. The arrangement of
the types of compositions compared in ascending
order from bottom to top, where red corresponds
to type 1 - the control sample (reference sample)
without additives, with respect to which
comparisons are made. Setting the time of cement
paste is one of the indicators that characterize the
manufacturability of the preparation of cement
concrete mixtures. The introduction of additives
can reduce the time between the beginning setting
and the end of the setting. This is of practical
interest, as the introduction of additives - in small
quantities will accelerate the process of making
products.

The choice of additive was determined based
on the main mechanism of their action. Post-
alcohol bard has hydrophilic and hydrophobic
properties. Post-alcohol bard has a plasticizing
effect, which leads to obvious consequences, i.e.
reducing the w/c ratio and maintaining mobility of
the concrete mixture, increasing workability, and
giving strength and durability to structures. This
additive wets the surface of cement particles, thus
providing a decrease in the w/c ratio. The
combined use of a complex additive, which has
well-compatible mechanisms of their influence on
the processes of hydration, setting, and hardening

of the cement mass, mutually complements and
enhances the effect of each ingredient of the
additive.

It may be noted that in the case of the effect of
CMA on the time of setting of cement paste to a
greater extent associated with the dosage. The
effect of the studied compositions may be due to
the presence in their composition gypsum, which
traditionally are hardening of cement setting and
additives that form shells on the cement particles,
preventing the penetration of water for hydration.

According to Table 1, it is the sodium
compounds indicator that changes with changes in
the quantitative indicator of the post-alcohol bard.
Sodium compounds were used in small quantities
(previous studies have revealed the optimal
concentration), exactly in the amount to get a
neutral medium, i.e. to stabilize the hydrogen index
(pH) of the additive. Consequently, the sodium
compound values do not become uneconomical for
cement systems production. The hydrogen index
needs neutral because increased acidity slows
down the setting time of the concrete.

It can be seen from the test results in Figure 1
that not only the setting time is reduced, but also
its end. The complex additive has a coarse effect on
the system, that is, when increasing the dosage
sharply reduces the process of cement setting
compared with samples without additives (Type 1),
and intensifies the hardening of cement in the early
hydration time at the age of 3 and 7 days.
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Figure 2 — Results of testing the setting time of the cement mixture

According to the results (figure 2) of the study
determined the setting time of the compositions
for:

Type 1. The beginning of setting of the cement
mass without additives is 2 h 45 min, and the end
of setting 6 h 10 min.

Type 2-1. When adding the composition with
1.0 % gypsum (by weight of cement of the
standard) and 2.5% additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 1 h 55 min, and the end of setting
time is 5 h 10 min, respectively.

Type 2-2. When adding the composition with
1.0 % gypsum (by weight of cement of the
standard) and 5.0% additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 1 h 30 min and the end of setting
time is 5 h 00 min, respectively.

Type 2-3. When adding the composition with
1.0 % gypsum (by weight of cement of the
standard) and 7.5% additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 1 h 20 min and the end of setting
time is 4 h 50 min, respectively.

Type 2-4. When adding the composition with
1.0 % gypsum (by weight of cement of the
standard) and 10 % additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting is 55 min and the end of setting time is 4 h
30 min, respectively.

Type 3-1. When adding the composition with
1.5 % gypsum (by weight of cement of the
standard) and 2.5 % additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 1 h 15 min and the end of setting
time 4 h 15 min, respectively.
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Type 3-2. The addition of 1.5 % gypsum (by
weight of standard cement) and 5.0% additive
(post-alcohol bard) is introduced into the cement
paste, the beginning of setting time is 55 min and
the end of setting time is 3 h 55 min, respectively.

Type 3-3. When adding the composition with
1.5 % gypsum (by weight of cement of the
standard) and 7.5 % additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 1 h 10 min and the end of setting
time is 4 h 15 min, respectively.

Type 3-4. When adding the composition with
1.5 % gypsum (by weight of cement of the
standard) and 10 % additive (post-alcohol bard) is
introduced into the cement paste, the beginning of
setting time is 40 min and the end of setting time is
3 h 20 min, respectively.

Type 4-1. When adding the composition with
2.0 % gypsum (by weight of cement of the
standard) and 2.5 % of additive (post-alcohol bard)
is introduced into the cement paste, the beginning
of setting time is 1 h 10 min and the end of setting
time is 3 h 50 min, respectively.

Type 4-2. When adding the composition with
2.0% gypsum (by weight of cement of the standard)
and 5.0% of additive (post-alcoholic bard) is
introduced into the cement paste, the beginning
setting time is 50 min and 3 h 20 min for the
beginning and the end of setting time is 3 h 20 min,
respectively.

Type 4-3. When adding the composition with
2.0% gypsum (by weight of cement of the standard)
and 7.5% additive (post-alcohol bard) is introduced
into the cement paste, the beginning of setting
time is 40 min and the end of setting time is 2 h 50
min, respectively.

Type 4-4. When adding the composition with
2.0% gypsum (by weight of cement of the standard)
and 10% additive (post-alcohol bard) is introduced
into the cement paste, the beginning of setting
time is 35 min and the end of setting time is 2 h and
30 min, respectively.

Type 5-1. When adding the composition with
2.5% gypsum (by weight of cement of the standard)
and 2.5% additive (post-alcohol bard) is introduced
into the cement paste, the beginning of setting
time is 1 h 20 min and the end of setting time is 3 h
30 min, respectively.

Type 5-2. When adding the composition with
2.5% gypsum (by weight of cement of the standard)
and 5.0% additive (post-alcohol bard) is introduced
into the cement paste, the beginning of setting

time is 1 h 00 min and the end of setting time is 3 h
00 min, respectively.

Type 5-3. When adding the composition with
2.5% gypsum (by weight of standard cement) and
7.5% masterbatch (post-alcohol bard) is introduced
into the cement paste, the beginning of setting
time is 45 min and the end of setting time is 2 h and
40 min, respectively.

Type 5-4. When adding the composition with
2.5% gypsum (by weight of cement of the standard)
and 10% additive (post-alcohol bard) is introduced
into the cement paste, the beginning of setting
time is 20 min and the end of setting time is 2 h 10
min, respectively.

As can be seen from the results, the maximum
plasticizing effect of the additive in mortar cement
mixture is achieved at a concentration of 5-10%
(post-alcohol bard) and 1.5-2.5% (gypsum) in
relation to the mass of cement at w/c ratio = 0.3.
The introduction of the additive into the mortar
mixture has a plasticizing effect, which allows
reducing the water-cement ratio by 10% as
compared to the control composition. The effect of
plasticizing cement paste is explained by the
adsorption of hydrophobic molecules on the
surface of dispersed cement particles. The setting
time of mortar mixtures significantly depends on
the concentration of the additive in them.
Increasing the additive concentration in the cement
mixture up to 10% (post-alcohol bard) and up to 2.5
% (gypsum) of the cement mass not only affects the
process of liquefaction of the cement mortar, but
reducing the time of setting and hardening of the
cement paste, but also increases the compressive
strength of the cement stone.

Analyzing the graph in Figure 2, the authors
concluded that the additives have a different effect:
with the addition of additives in cement, there is a
beginning of setting at about 20 min - 1 h 55 min,
while in the without additives (Type 1) cement
begins to set after 2 h 45 min. Taking into account it
can be argued that these additives have a higher
efficiency than the without additives (Type 1)
composition. Analyzing the graph in Figure 2, it can
be noted that the additives have the same effect,
but with different efficiencies. With the
introduction of a complex additive setting time is
reduced by up to 30% compared with pure cement.
In this case, obviously, the duration of the cement
paste remains unchanged, as the setting time is
reduced by reducing the time of the end of the
setting. At the same time, the interval between the
beginning and the end of the setting is reduced by

—— 34 ——



KomnnekcHoe Wcnonb3oBaHne MuHepanbHoro Ceipbs. Ne2(325), 2023

ISSN-L 2616-6445, ISSN 2224-5243

40 %. This index is important for dry construction
mixtures, as it enables cement-containing
compositions after hardening with water to keep
plasticized state during adjustable time intervals
depending on additive content and to set quickly
after application, which results in accelerated
speed of construction works.

The question of fast setting is highly topical
because the tendency of reduction of terms of
construction goes at the expense of fast stripping.
Influences of alcohol production  waste
consumption up to = 10% showed the rationality of
this range, i.e. with an increasing quantitative
indicator of post-alcohol bard we do not get the
specified effect. The maximum optimal range was
determined by optimizing the composition. The
additive range was determined by a complex of
studies such as strength, water absorption, and
other indicators that affect the workability of
concrete, so within this article only the indicators of
the setting time are shown.

The amount of the additive introduced was set
from the condition of the greatest effect of
accelerating hardening, as well as obtaining the
maximum increase in the strength of the samples
compared to their counterparts without additives.
The results obtained show that CMA acts as a good
hardening accelerator. Consequently, this additive
can be used as a setting time regulator.

Conclusions

Based on the experimental studies, the
following conclusions can be made that the
complex modifying additive (CMA) has a better
water - reducing effect than the without additive

composition (Type 1). The addition of the additive
(CMA) tended to accelerate both initial and final
setting times. The addition of the additive (CMA)
gave the best results because it delayed the initial
setting time from (1 h 55 min) to (20 min) and the
final setting time from (5 h 10 min) to (2 h 10 min).
According to the results of studies, the authors
concluded that the introduction of additives -
plasticizers (post-alcohol bard) reduces the amount
of water by 35%. Thus, the experiments showed
that when mixing cement paste with CMA there is a
plasticizing effect on cement paste and a significant
reduction of the time at the beginning and end of
the setting time of cement. This is of practical
interest,
accelerate the process of making products.

Studies have shown that the use of gypsum in
combination with sodium compounds and post-
alcohol bard significantly increases the physical and
mechanical properties, creating a synergistic effect.

The use of plasticizers in concrete technology
allows to reduce porosity and increase the strength
of samples. The use of plasticizers in the concrete
mixture significantly increases the resistance and
durability of heavy concrete. Consequently, the use
of a complex modifying additive allows you to
purposefully change the structure of concrete and
thus significantly increase the complexity of
physical and mechanical parameters and durability
of modified concretes.

as the introduction of additives will
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TYWIHAEME

Makanasa LUeMEeHT KaMbIpblHbIH, YCTacy Mep3imiHe KeweHai moauduKauuanaHsaH Kocna
SCepiHiH, HaTUXKeNepi KepceTinreH. MymbicTa KapanaibiM KOHCUCTEHLMAAAFbI KaMblpAblH, ycTacy
Mep3iMiH aHbIKTay a4icTemeci, YCTacy yaKbITbiH yAeTyre MYMKIHAK 6epeTiH KOMMOHEeHTTepAiH,
SPTYPAI NalibI3AbIK KaTbiHACYbIHAQ OHTaMAbI KOCNA KypamblH TaHAAy cunatranfsaH. by xymbicta
aBTOpNap KypamblHAA SPTYPAI Nalbi3AblK KaTblHAcTa CinTi (KaycTukanbik coga NaOH), stun cnupt
OHAIPICIHIH, Kanabifbl (CNMPTTIK KeniHri 6apaa) KaHe KaTyabl petteriw (runc) 6ap KeweHAi
MoaMdULMPAEHTEH KOCNaHbl KONAaHAbl. ¥cTacy MepsiMiHiH, e3repyiHe KocnaHblH, acep
eTeTiHAjriHe canbiCTbipManbl 3epTTey Kacangbl. Tangay HerisiHae OHTalAbl menwepaeri Kkocna
6aKbl1aymeH canbicTbipFaHaa benrini 6ip wekTe ycracy mepsimiHiH e3repyiHe anbin Keneai aeyre
6onagpl. KeweHai moaudpuKaumanaHFaH Kocna KypambiHAA LLEMEHT KamblpblHbIH, KaTatobl MeH
ycTacybl, rMgpatauua ypaictepiHe oacep eTeTiH Kakcbl yinecimgi TeTiktepi 6ap, onapgpl
TONbIKTbIPAAB! KaHe OHAaFbl 9pbip MHIPeAMeHTTIH SpeKeTiH KyweiTeai. LleMeHT KamblipbiHaa
KeleHai moauduUMKaumanaHFaH Kocna MesLepiH apTTbipy CYMbINTY ypaicTepiHe acep eTin KaHa
KOWMaW, CoHAal-aK LEeMeHT MaccacbiHblH, KaTalobl MeH ycTacy mMep3iMiHiH, KbiCKapybliHa anbin
Keneai.

TyliiH ce30ep: LeMeHT Kocnacbl, KaTyAbl VYAETKiW, COuMpTTiK KeWiHri 6apga, KeweHaj
moauduKaumanaHFaH Kocna, ycracy mepsimi.
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AHHOTALUMA

B craTbe npuBeaeHbl Pe3ynbTaTbl BAMAHWUA KOMMIEKCHON moanduuMpoBaHHON A06aBKM Ha
CPOKM CXBaTblBaHWA LEMEHTHOro TecTa. B paboTe onucaHa mMeToAMKa onpefeneHus CPOKOB
CXBaTbIBaHMA TecTa CTaHAAPTHOM KOHCUCTEHLUMM, NOAGOP ONTUMANbHOIO COCTaBa A06aBKM Npu
pasHOM MPOLEHTHOM COOTHOWEHUM €ro KOMMOHEHTOB, MO3BO/IAIOWME YCKOPUTL Bpems
CXBaTblBaHMA. B fAaHHON paboTe aBTOPbl MCMONb30BAIM KOMMAEKCHYIO MOAMPULMPOBAHHYIO
[06aBKy, BKIOYAKOLWMIN B CBOEM COCTaBe LWenoYb (KaycTuueckas coga NaOH), nocnecnvpTtosyto
6apay (oTxoAbl CMMPTOBOrO MNPOWM3BOACTBA) WM peryabtop TBepAeHus (rMnc) B  pasHbIX
NPOLEHTHbIX COOTHOLIEHMAX. BbINOJIHEHO CPaBHUTE/IbHOE UCCef0BaHUE BAUAHMA A06aBKM Ha
M3MEHEHMe BPeMEeHW CXBaTbiBaHWA. AHanAM3 [aeT OCHOBaHME yTBepXaaTb, uTo AobasBKa B
ONTMMANbHOM KO/IMYECTBE MPUBOAMUT K U3MEHEHUAM BPEMEHW CXBATbIBAHUA MO CPABHEHUIO C
3TaNOHHbIM 06pasLom, HO B npegenax Hopm. [MOKa3aHO, YTO COBMECTHOE MCMo/Ib30BaHUE B
COCTaBe KOMMNEKCHOW moauouumMpoBaHHOW f06aBKM, obnagatoweli Xopowo COBMECTUMbIMMU
MEeXaHM3MaMM UX BIMAHWMA Ha NPOLLECCbl rMAPaTaLMmn, CXBaTblBaHWA M TBEPAEHUA LLEMEHTHOM
Maccbl, B3aWMHO [JOMOJNHAET W YCUAMBAET [AEUCTBME KAXKAOr0 WHrpeaveHTa [06aBKU.
YBeneyeHne KOHUEHTPAUUN KOMMNEKCHOM MOANPUUMPOBAHHON A06ABKM B LLEMEHTHYIO CMecb
He TO/MbKO BO34ENCTBYET Ha MPOLECCHI PAa3MMMKEHWs, a TaKKe Ha COKpalleHWs BpemeHu
CXBaTbIBaHMA U TBEPAEHMA LEMEHTHON Macchbl.
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ABSTRACT

Currently, modern manufacturing industries impose special requirements on structural materials such as
aluminum, titanium, and their alloys. Various methods are used to improve the physicomechanical and
corrosion properties of these materials. One of the promising ways to modify the surface in order to give it
multifunctional properties is the treatment of micro-arc oxidation. A distinctive feature of the process is the
formation of the oxide coatings on valve metals because of exposure to micro-arc discharges. At the same
time, coatings with unique properties are formed. However, the effect of the micro-arc oxidation process on
the properties of the base material has been little studied. The purpose of this work is to study the effect of
the micro-arc process, implemented in pulsed mode, on the properties of oxide layers, and the base
material. Modification of the alloy surface was carried out in the anode mode, with small values of the
duration of the anode current pulse. An alkaline electrolyte solution was used as the electrolyte. Studies of
the microhardness of the oxide layer, as well as the metal layer from the interface — oxide layer /metal deep
into the metal, have shown that micro-arc discharges affect not only the properties of the oxide layer but
also structural changes in the thickness of the metal. It is shown that the formed oxide coating is
characterized by high microhardness. The oxide coatings obtained at the duration of the anode current
pulse of 100 pus — 200 us are wear-resistant, the coatings do not collapse, and do not wear to the ground
under the accepted test conditions.

Keywords: valve metals, plasma electrolytic oxidation,
microhardness, transition layer.

microplasma discharges, oxide coating,
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Introduction

Structural materials are widely used in many
industries. Improvement of the physical and
mechanical properties of materials can be carried
out in various ways. The method of plasma spraying
(PS) is used to create multifunctional coatings in
various industries [[1], [2]]. With PS, the coating is
formed by the impact of molten particles on the
surface of the material. As a result, there are
changes in the structure of the surface layers of the
metal, and its mechanical characteristics [[3], [4]].
However, a low adhesive strength of the coating is
observed while using this method. Currently, the
micro-arc oxidation (MAO) method is increasingly

used to modify the surface of various alloys. A
distinctive feature of this process is the formation
of many microplasma discharges on the surface of
the processed material, which have a significant
effect on the properties of the coating [[5], [6], [7]].
The oxide-containing coatings formed during MDO
are characterized by high wear resistance [[8], [9]],
corrosion resistance [[10], [11], [12], [13]], heat
resistance [14]. Biologically active coatings
obtained by this method are also well known [[15],
[16], [17]]. When applying this method, close
attention is paid to the effect of microplasma
discharges on the formed oxide coating. At the
same time, it should be noted that microplasma
discharges can affect the processed material from
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the interface of the oxide layer-metal deep into this
material. It is known that high temperatures of
6000 °C and higher can develop in the area of the
base of the combustion of micro-discharges [[18],
[19]].

The MAO method, which is carried out in pulse
mode, is also energy-saving. At the same time, the
properties of oxide layers in their
physicomechanical and other characteristics are
not inferior to the properties of coatings obtained
under stationary conditions [[20], [21]]. This work
aims to study the effect of the micro-arc process,
implemented in pulsed mode, on the properties of
oxide layers, the base material.

Experimental part

Flat samples made of aluminum alloy AO were
used for the research. The samples were processed
in pulse mode. The duration of the anode current
pulse was: 50 microseconds, 100 microseconds,
150 microseconds, and 200 microseconds. The
frequency of the anode pulses was maintained at
50 Hz. The polarizing voltage was equal to 300 V;
the current density was about 115 A/dm?2
Pretreatment of samples included the following
operations: grinding, degreasing, and drying. Since
the MAO process proceeds with the release of heat,
it is necessary to ensure the cooling of the
electrolyte solution. Various types of cooling are
used for this purpose. In this work, during the
research, the electrolyte in the bath was cooled by
a water cooling jacket (Figure 1). Running cold tap
water flowed through the cooling jacket.

Figure 1 - Electrochemical bath with water cooling jacket

The bath body was used as the cathode, the
anode served as the processed samples. Processing
time 1200 sec. The electrolyte temperature was
maintained within 20 °C — 25 °C. A solution of the
composition was used as an electrolyte solution:
sodium phosphoric acid 2- substituted, 12 aqueous
(40 g/1), sodium tetraborate 10 aqueous (30 g/l),

boric acid (22 g/l), ammonium fluoride (10 g/l). To
prepare the electrolyte solution were used
chemicals of the brand "chemically pure", and
"pure for analysis". Electrolytes were prepared in
distilled water.

The thickness of the oxide coatings was
measured using a NOVOTEST TP-1 thickness gauge
with an NF2 sensor. This work shows the arithmetic
mean value of the coating thickness based on the
results of seven measurements on both sides of the
sample.

The microhardness of the oxide layers and the
transition layer deep into the metal was studied on
a NanoHardness Tester on pre-prepared grinds.
When testing samples with an oxide coating,
indentation of the indenter with a diamond tip
occurred at a load of 20.0 mN. After the load
reached the maximum value, the indenter began to
unload. That is, the load acting on it was gradually
reduced to zero, and it returned to its original
position. The experimental data were processed
based on the measurement results of at least 3
prints obtained under the same experimental
conditions.

To evaluate the tribological characteristics were
obtained the friction quotient curves on the THT-S-
AX0000 tribometer. Conditions for tribological
tests: load 1.0 N; number of revolutions 1000;
linear velocity 2.5 cm/s; temperature 25°C; air
humidity 50%.

Morphological studies were carried out on a
Quanta 200 3D scanning electron microscope. The
porosity of the coatings was determined by the
number of pores per surface unit, and the
planimetry method was used to evaluate their
shapes by processing micrographs of the surface of
oxide coatings [22].

Results and discussion

The structure of the oxide layers formed at
different durations of the anode current pulse is
porous (Figure 2). The pores are predominantly
rounded and oval in shape. The thickness of the
oxide layers is 8.0 microns, 11.0 microns, 20.0
microns, 27.0 microns, obtained respectively at the
duration of the anode current pulse of 50.0
microseconds, 100.0 microseconds, 150.0

microseconds, 200.0 microseconds. The coatings
are dense, evenly distributed in thickness over the
entire surface of the sample.

— 40 ——
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Figure 2 — Microstructure of the surface layer of coatings at different values of the duration of the anode current pulse

Table 1 - Microhardness measurement data for samples processed at different durations of the anode current pulse

Depth along the transverse | Microhardness of the oxide | Depth along the transverse Microhardness of metal,
section, microns layer, MPa section, microns MPa
1. MAQO at the duration of the anode current pulse of 50 microseconds

(the thickness of the oxide layer is 8.0 microns)

0 1523.0 15 1899.0
1622.0 20 1997.0

10 1032.0 25 1936.0
30 1636.0

40 1372.0

2. MAO at the duration of the anode current pulse of 100 microseconds
(the thickness of the oxide layer is 11.0 microns)

0 1894.0 15 1467.0
5 1889.0 20 1470.0
10 1887.0 25 1046.0
30 964.0
40 884.0

3. MAO at the duration of the anode current pulse of 150 microseconds
(the thickness of the oxide layer is 20.0 microns)

0 3776.0 25 1997.0
5 3808.0 30 1689.0
10 4891.0 40 1230.0
15 5330.0 55 978.0
20 2863.0

4. MAO at the duration of the anode current pulse of 200 microseconds
(the thickness of the oxide layer is 27.0 microns)

0 33344.0 30 1914.0
5 30579.0 40 1493.0
10 29661.0 55 1167.0
15 33744.0 60 1004.0

— Y] ——
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The coatings are characterized by a surface
porosity of 6% to 14%. Pores are known to form
because of exposure to microarc discharges [23].
Figure 2 shows that as the result of the thickness of
the coating increases with an increase in the
duration of the anode pulse, some pores become
overgrown, and the coating becomes more
uniform. This trend is in good agreement with the
earlier research conducted by the references [[24],
[25]]. When studying the microhardness of the
transverse section of the treated samples along the
thickness of the coating and from the coating/metal
interface deep into the metal, the effect of micro-
arc discharges was found not only on the properties
of the oxide layers formed but also on structural
changes in the thickness of the metal from the
oxide/metal interface. Table 1 shows the results of
measuring the microhardness of the transverse
section of samples from the zero surface (the oxide
layer) deep into the metal during the processing of
MAO, depending on the duration of the anode
current pulse. For comparison, the microhardness
of an uncoated aluminum sample was
experimentally established, which was 261 MPa.

According to the available model concepts [26],
during the microplasma process, both the coating
and the metal are exposed to temperature.
Structural changes occur in the oxide layer and in
the thickness of the metal. High current densities in
the micro-arc channel lead to phase structural
changes in the surface layers of the metal, to metal
melting. At the same time, a part of the metal can
be ejected through the channel (pore) to the
outside. Then the ejected metal is converted into
oxide and embedded in the coating. With the
termination of the combustion of the micro-
discharge, the oxides formed because of the
process fill the breakdown channel. The pores
become overgrown, their diameter decreases, and
in some cases, they are completely closed by the
products of plasma chemical reactions. The molten
metal at the bottom of the pores undergoes a
crystallization process.

Structural changes also depend on the
thickness of the coating in the oxide layer. The thin
oxide layers are formed at short durations of the
anode pulse. In thin coatings, the cooling rate is
higher, so the structural changes under the
influence of temperature are less. In thicker
coatings, temperature influences act for a longer
time. Significant structural changes occur both in
the oxide layer and in the metal. Comparative
microhardness data (Table 1) confirm this. Thus, at

the duration of the anode current pulse of 200
microseconds, the thickness of the oxide layer is
27.0 microns, and the microhardness is significantly
higher than that of the oxide layer obtained at the
duration of the anode current pulse of 50
microseconds, in which the coating thickness is 8.0
microns.

Part of the heat released because of micro-
discharge penetrates deep into the metal. As a
result, the tension in the metal is removed and the
metal is released. As a result of structural changes
in the aluminum alloy, under the influence of MAO,
its microhardness from the oxide layer/metal
interface deep into the metal is higher than the
microhardness of aluminum not treated with MAO.
As the distance deep into the metal from the oxide
layer/metal interface increases, the microhardness
decreases and eventually will be equal to the
microhardness of the aluminum alloy (Figure 3).

Oxide layer

Epoxy resin

The oxide/metal interface

Figure 3 — Microplate of the sample processed by MAO

In previous studies, the effect of the micro-arc
process on the crystal structure of the metal from
the coating into the depth of the base material was
observed [27]. According to the authors, a bath of
molten metal is formed in the zone of thermal
impact of microarc discharges at the interface of
the metal oxide layer. With the termination of the
micro-discharge, the process of metal
crystallization begins. The metal bath cools down,
while the bulk of the heat is withdrawn deep into
the metal, affecting its structural changes [27].

Studies in the field of mechanics of contact
interactions in the surface layers of rubbing
materials show that the material in these layers
changes its physical state during friction, the
process of wear occurs. Three stages of wear are
known (Figure 4). The first section of the curve
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Figure 5 — Curves of the quotient of friction of coatings obtained at different durations of the anode current pulse:
a - 50 microseconds, b — 100 microseconds, ¢ — 150 microseconds, d — 200 microseconds

(stage 1) represents the initial wear period during
which the rubbing surfaces adapt to each other,
and this stage is called the burn-in stage. At this
stage, there is a high intensity of wear. After the
run-in stage, there comes a stage of steady wear
(stage 1), which has the longest duration. This stage
is characterized by stable friction conditions and
almost constant and relatively low wear intensity.
During its development, wear gradually increases,
which is accompanied by damage to the surface.
Eventually, there is a significant change in the
friction conditions, the intensity of wear increases
sharply and catastrophic wear occurs (stage Ill).

Analysis of the curves of the friction quotient of
oxide layers on aluminum obtained by the MDO
method at different values of the duration of the
anode current pulse shows that there are zones of
run-in of the tribosystem, as well as a period with a
stable friction condition (Figure 5). The oxide layer
obtained at the duration of the anode current pulse
of 50 microseconds is characterized by all stages of
wear up to the wear of the coating (Figure 5 a). For
other coatings, there is no sharp change in the
quotient of friction characteristic of the destruction
of the coating (Figure 5 b, c, d). The coatings don’t
break down and don’t wear to the ground under
the accepted test conditions.

Conclusions

The oxide coatings on aluminum alloy AO were
obtained in the pulse mode of the MAO. It is shown
that structural changes under the influence of
microplasma processes in the oxide layer make it
possible to obtain wear-resistant coatings. When
analyzing the friction quotient curves, it was found
that the oxide coatings obtained at the duration of
the anode current pulse of 100 pus — 200 ps are
wear-resistant, the coatings don't collapse, don't
wear to the ground under the accepted test
conditions. The study of microhardness has shown
that the microplasma process affects structural
changes not only in the oxide layer, but also in the
metal thickness. As a result of the thermal effect
during the combustion of the microarc, an
aluminum layer is formed with excellent physical
and mechanical properties from aluminum that
wasn’t subjected to MAO treatment.
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TYWNIHAEME

Kasipri yakbiTTa 3amaHayu eHAjipic cananapbl aJIOMUHWUIA, TUTAH XKaHE ONapAblH, KOPbITNanapbl CUAKTbI
KYPbINbIMAbIK, MaTepuangapfa epekwe Tanantap Koagpl. byn matepuangapabiH, GU3nKa-MmexaHWKanbiK,
KOPPO3UANBIK KAacMeTTEPIH KAKCapTy YLWIiH apTypAi aaictep KonAdaHblnagabl. Onapfa Ken ¢yHKLMANbI
KacuetTep bepy yWiH BETTi TypNeHAipyAiH NepcnekTUBTI dA4iCTePiHiH, 6ipi — MUKPO A0FanbiK TOTbIKTbIPY
apKbinbl eHAey. lpouecTiH, alpbIKWwa epeKlweniri — MUKPO [ofa PaspAATapbiHbIH, SCepiHEH KnanaH
MeTangapbiHAa oKcuA, KabbiHAapbIHbIH Naiaa 6oybl. byn Kafaanaa epekwe KacueTTepi 6ap xKabbiHAap
naiga 6onagpl. Ananaa, MMKpPO AOFanblK TOTbIFY NPOLLECIHiIH, Heri3ri maTepuangplH, KacueTTepiHe acepi a3
3epTTenreH. Byn XKyMbICTbIH, MaKcaTbl MMMNYALCTIK PeXMMAE »Ky3ere acbipbinaTblH MUKPO AOFaNbIK
npoueciHii, oKkcug, KabaTTapbiHblH, KacMeTTepiHe »aHe Herisri maTepuansa acepiH 3eptrey 60/bin
Tabbinagpl. KopbiTnaHbiH, 6eTiH moauduKauManay aHOL PeXUMIHAE, TOKTbIH, aHOATbIK MMMYAbCI
Y3aKTbIfbIHbIH, a3 M3HZAepiHAe KYPrisingi. INeKkTponuT peTiHAe 3N1eKTPOAUTTIH, CinTini  epiTiHgici
KongaHbinapl. OKcua KabaTbiHbIH MWKPO KaTTblIblFblH, COHAAW — akK MeTann KabaTblHblH, — OKCUA
KabaTbl/meTannablH, iwki GeniriHgeri metann KabaTblH 3epTTey MMKPO AOFa PaspAATapbl TEK OKCUA
KabaTbiHbIH, KacuMeTTepiHe faHa €Mec, COHbIMEH KaTap METaAN KalblHAbIFbIHAAFbI  KYPbINbIMABIK,
e3repictepre e acep eTeTiHAiriH KepceTTi. Ty3ineTiH OKcuA, KabblHbl XOfapbl MUKPO KaTTblIbIKMNEH
cunatranagbl. 100 mkc — 200 MKC TOKTbIH, @HOATbl MMNY/bCIHIH, Y3aKTblfbl Ke3iHA4e anblHFaH OKCUATI
abblHoap To3yfa Te3imai 6onbin Tabblnagbl, KabbliHaap 6y3blAMaigpl, CbIHAKTbIH, KabblagaHFaH
)KafFganblHAA COHbIHA AeliH To36anabl.

TyiiiH ce30ep: BeHTUNbA] MeTanaap, NiasmanblK INEKTPONUTTIK OKCUATEY, MUKPONAa3manblk paspaarap,
OKCUATIK abblH, MUKPOKATTbI/IbIK, aybliCrasbl Kabat
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AHHOTALUMUA

B HacToswee Bpems COBPEeMEeHHble MPOM3BOACTBA MNpeabaBaaloT ocobble TpebosaHuA K
KOHCTPYKLMOHHbIM MaTepuanam, TakuM Kak antoMUHWUIA, TUTAH U UX cnaasbl. s yaydweHus ¢usmko-
MeXaHMYECKMX, KOPPO3UOHHbIX CBOWCTB 3TUX MaTePUasoB MPUMEHAIOT PasinyHble MmeToabl. OgHUM U3
nepcreKkTMBHbIX CNOCO60B MOANPUKALMM MOBEPXHOCTU C LeNbIo MPUAAHMA el MHOMOdYHKLMOHANbHBIX
cBoicTB  fABNAeTcA 06paboTka METOAOM  MMKPOAYrOBOrO  OKCMAMPOBaHWUA.  OTAWuYUTENbHOM
0cobeHHOCTbIO Mpolecca ABAAETCA 06pa3oBaHWE OKCUAHbLIX MOKPLITUIA HA BEHTW/bHbIX METannax B
pesynbTaTe BO34EMCTBMA MUKPOAYrOBbIX Pa3paaoB. Mpu 3Tom 06pasytoTca MOKPLITUA C YHUKANbHBIMM
cBoiictBamu. OAHAKO BAMAHWME MPOLECCa MWKPOAYTOBOrO OKCUAMPOBAHWMA Ha CBOMCTBA OCHOBHOMO

Moctynuna: 14 mapma 2022 maTtepuana usyyeHo mano. Llenbio faHHoM paboTbl ABAAETCA UCCNef0BaHME BAUAHUA MUKPOZAYrOBOro
PeLeH3npoBaHme: 27 utons 2022 npouecca, peasM3yemMoro B MMMNYNbCHOM pPEXMMe, Ha CBOMCTBA OKCUAHbLIX C/0EeB, OCHOBHOrO

MpuHATa B nevatb: 12 ceHmabpsa 2022

matepuana. MoanduKauuio MNOBEPXHOCTU CnsiaBa MPOBOAU/IM B AHOLHOM peEXUME, NpU MasbIx
3HAYEHUAX AIUTENIbHOCTU UMIMY/IbCA aHOAHOTO TOKA. B KauecTse 3/1eKTPOINTa UCNO/Ib30BAM LENOYHON
pacTBOp 3nekTponuTa. MccnepoBaHUa MUKPOTBEPAOCTU OKCUAHOIO C/0A, a TaKXKe CNos MeTanna ot
rpaHuLbl pasgena — OKCUAHbIN cnoit/meTann Braybb MeTansa Nnokasanu, YTo MUKPOAYrosble paspaabl
B/INAIOT HE TONIbKO Ha CBOWMCTBA OKCUAHOIO CNOA, HO U HA CTPYKTYPHblE U3MEHEHUSA TOJLLMHbI MeTasl.
MoKasaHo, 4To cHOPMMPOBAHHOE OKCUAHOE MOKPbITUE XapaKTepPU3YeTCAa BbICOKOW MWMKPOTBEPAOCTbLIO.
OKCMAHbIE NOKPbITUA, NOAYYEHHbIE NPU ANUTENBHOCTU UMNYyAbca aHoaHoro Toka 100 mkc — 200 mKc,
MN3HOCOCTOVKME, NOKPbITUA He Pa3pyLIAloTCsA, He M3HALLMBAKOTCA A0 OCHOBAHMWSA NPW NPUHATBLIX YCI0BUAX
MCMbITaHWUNA.

Knloueeble cnoea: BeHTUNbHble MeTanNbl, MNAa3MEHHOE 3N1EKTPOAUTUYECKOE OKCUAMPOBaHMUe,
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ABSTRACT

In this paper, undoped and Ti-doped V.05 thin films were fabricated and deposited onto glass
substrates using a «doctor blading» method. Then, the effects of Ti-doping on the optical
properties of the thin films were investigated. Titanium doping concentration of 0.25-0.75 at.%
has been investigated. After treatment in air at different temperatures, the obtained films was
characterised by various techniques such as scanning electron microscopy (SEM), X-ray diffraction
(XRD) and photoluminescence (PL). It was found that the as-obtained doped films possessed
thermochromic properties and optical switching characters. According to optical tests, thin linings
of vanadium dioxide alloyed with Ti have optical properties that are effective for application.
Because of their capacity to automatically control interior solar irradiation, lower air-conditioning
energy consumption, and maintain a comfortable internal thermal climate, smart windows have
drawn increased interest in recent years. The doping strategy and integrating with functional
coatings can regulate the properties of obtained V20s films.

Keywords: vanadium pentoxide, nanofilms, doping, smart windows, optical properties.
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Introduction properties of vanadium oxides films used in the

Vanadium dioxide is a material that experiences
a metal-conductor phase transition at a
temperature of 67 °C. This phase transition is a
transition of the first kind with a latent transition
heat of 4190 kJ/mol or 1000 kcal/mol. During such a
transition, both the optical and electrical constants
of the material experience a change. Above a
temperature of 67 °C, the material has metallic
conductivity, at a temperature below 67 °C, the
material has semiconductor properties [[1], [2], [3]].
The conductivity of the material of sunlight, infrared
rays decreases 3-5 times. In connection with the
above-mentioned  properties, scientific and
technical interest in the optical and thermo-optical

production of smart windows is growing [[4], [5]].
After applying vanadium gels to the substrate (by
pulverization or centrifugation) and carrying out
some additional technological operations, it is
possible to obtain  thin films of appropriate
compositions on the surface of the substrate.
Among the modern methods of thin film synthesis
(magnetron sputtering and electron beam
evaporation, laser ablation, decomposition and gas-
phase chemical deposition of organometallic
compounds, anodic, including plasma, oxidation,
etc.), a special place is occupied by liquid-phase
deposition (LPD) methods [[6], [7], [8]]. The
advantages of LPD methods for producing thin films
are as follows. Liquid phase deposition allows films
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to be applied directly to substrates in such simple
ways as immersion, pulverization or centrifugation.
Unlike vacuum methods, in this case, the use of
complex expensive equipment is not required. In
addition, the films can be applied to large surfaces
and substrates of complex shape [[9], [10]]. The
main reason for this increase in interest is the
specifics of the optical properties of vanadium
coating, which is often alloyed with variable valence
metals. That is, these alloy coatings, which are made
on the surfaces of glass windows, have the property
of "regulating" the sun's rays when used to construct
buildings. The mechanism of the "regulatory"
property of such sunlight can be explained by the
following phenomenon [[11], [12], [13]]. During
alloying with some metals, vanadium oxide is
partially filled with d-orbitals and form a complex
chemical structure. Under the influence of this, the
nanoparticle coating applied to the surface of a glass
window forms the properties of metal bonds and the
variability of optical conductors. Under the influence
of a small increase in the temperature that occurs in
the packaging materials when the sun goes down,
the electrons move from the lower d-Orbital to the
higher-energy free orbital, resulting in the formation
of conductive electrons and space in the packaging
structure [[14], [15]].

There is another theory describing this
phenomenon, which is interpreted as follows. When
an electron moves in narrow zones, its kinetic
energy is comparable to the energies of electron-
phonon and interelectronic interactions, which can
lead to the disappearance of the initial metallic state
with the appearance of a dielectric gap in the
electronic spectrum. Thus, it is the specific features
of d and f unfilled electron shells that are the cause
of the unique properties of transition and rare earth
metal compounds, and f-electrons are relatively
highly localized, and the behavior of d-electrons
combines both band and atomic (localized)
properties at the same time [[16], [17], [18]].

The resulting materials - Smart windows - are
gaining popularity due to a wide range of
advantages, such as multifunctionality, matte
covering, light scattering at different angles. Thanks
to the use of unique glazing, heat loss and energy
costs are significantly reduced, glass can be used
simultaneously as curtains or blinds, creating shade
or letting light in sunny and clear weather [19]. By
using of Smart glass for decorative purposes, the
color range and practicality, ease and speed of
modernization with adhesives increase. In general,
the global smart glass market is currently developing
very rapidly and in the next few years the Smart glass

market will only grow, discovering new features and
introducing unique technologies [20].

In the present work, vanadium oxide co-
sputtered with titanium on quartz substrates.
Resulted coatings are the characterstic by X-ray
diffraction (XRD) and scanning electron microscopy
(SEM) techniques. The optical properties of the film
are evaluated by photoluminescence (PL).

Experimental Details

To apply thin films of vanadium and titanium
alloy (V-Ti) to the surface of the matrix layer, the
"doctor blading" method was chosen. Alloying of
vanadium oxide with titanium was carried out from
0.25 % to 0.75 %. The geometric parameters of the
applied films were controlled by the number of
cycles. Each cycle consists of applying a well-mixed
suspension of V-Ti nanoparticles, polyethylene
glycol and distilled water. The alloy (V-Ti) is prepared
using nanoparticle powders, 25 nm in size. The
proportion of V-Ti to polyethylene glycol is 0.96 g.
per 2 ml, respectively. For magnetron sputtering of
thin films, the MAGNA TM-200-1 magnetron
sputtering unit was used. The formation of thin films
on the glass surface by magnetron deposition
proceeded in the mode of operation of the energy
source at direct current. The deposition process was
accompanied by feeding into a chamber with a high
vacuum (2.95-10° millibars) mixtures of working
gases argon (99.95%) and oxygen (99.92%). The
elimination of oxides from the surface of the metal
target was achieved by pre-spraying the vanadium
target material in argon plasma for 15-25 minutes.
The physical atomization of the V-Ti alloy proceeded
by bombarding the surface of a vanadium target
with accelerated ions of sputtering argon gas, the
purity of which was 99.98%, followed by the reaction
of vanadium atoms torn from the target surface with
reactive oxygen gas. The supply of argon and oxygen
gases was carried out through channels of
independent gas intakes with controllers of a mass
gas flow meter. The magnetron's power was 500
watts. The subsequent treatment consists in drying
in an atmosphere of air (bringing to the state of a gel
layer) and heat treatment. Heat treatment consists
of two stages: calcination and annealing. Annealing
of the formed coating at a temperature of 130 °C for
15 minutes reduces the level of cracking of the film.
Annealing of the coating makes it possible to remove
residual and by-product polymer molecules from the
surface, and also improves crystallinity. The
annealing temperature is 500 °C, the duration is 2
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hours. X-ray studies were carried out using a
Panalytical Epsilon 4. Energy-dispersive
spectroscopy (EDS) analysis was performed on the
basis of a MIRA 3 TESCAN scanning probe
microscope with energy dispersive prefixes for
microprobe analysis.

Results And Discussion

The XRD structural analysis spectrum shown in
Figure 1 demonstrates the main peaks related to the
anatase phase, with small inclusions of the rutile
phase. Also, the XRD structural analysis revealed the
orientation of orthorhombic V,0s crystallites
according to the file (JCPDS:00-041-1426) in the
growth directions (101), (301), (011) and (020)
corresponding to 2 theta 26.1°, 32.4°, 34.3°.

Inensty (au.)

W bl “

20 40 &0 a0 100 120
Pos. [°2Th.]

Figure 1- XRD patterns of V20s/TiO2 films

The morphology of the sample obtained by
hydrothermal synthesis of TiO, was studied by
Tessap scanning electron microscopy (Figure 2). A
uniform array of TiO, structures consists of rods with
a diameter of 170-200 nm, directed mainly
perpendicular to the substrate. The remaining peaks
belong according to the card file (JCPDS: 01-078-
1510) to the faces of anatase/rutile TiO, crystals
(110), (101), and (211).

Figure 2 - SEM image of the morphology of the
TiO2/VxOy coating surface.

The study of the morphology of the obtained
samples shows the formation of uniform V,0s/TiO;

coatings with rare inclusions of objects with large
dimensions (relative to the surface) related to
coatings (Figure 3 (a-b)). In Figure 3 (c-d), the film
growth boundary is clearly visible, created to
understand the nature of the coating.

30kV  X5,000 5pm 11 50 SEI

11 50 SEI

R e

d)

Figure 3 - SEM images of the surface morphology of
V20s5/TiO2 nanocomposites

X500
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The figure shows that the section appears with a
sharp protrusion on the surface of the sample. After
applying layers of TiO; nanoparticles to create a
V,05/TiO, nanocomposite, the surface consisted of
microspheres, the average size of which varies from
0.9 to 2 microns (Figure 3 (a, b)).

When applying TiO; thin films in the amount of
5 "doctor blading" cycles, the average particle size
evenly distributed on the sample surface does not
increase (Figure 3 (c, d)).

The study of the morphology of the obtained
samples shows the formation of uniform V,0s/TiO,
coatings with rare inclusions of objects with large
dimensions (relative to the surface) related to
coatings (Figure 3 (a-b)). In Figure 3 (c-d), the film
growth boundary is clearly visible, created to
understand the nature of the coating.

Table 1 - Optical properties of the obtained coatings.

COmp:f”e”ts w IR Solar
Ne the Doping | reflecta | reflectan
. level, % | nce/% ce/%
coating
1 V20s - 27 18
2 V20s +Ti 0.25 31 29
3 V20s+ Ti 0.50 33 34
4 V20s+ Ti 0.75 34 39

Table 1 shows some optical properties (IR and
Solar reflectance) of the samples in order to
determine the possible of practical application of the

obtained coatings. As Table 1 indicates, the coating
that consists of only vanadium pentoxide reflects
only 18.0 % of the sun's rays; when doped with 0.75
% titanium, the percentage of reflection increased to
39.0 %. The properties of reflectance of infrared rays
were also studied. According to the research results,
when alloying titanium pentoxide with 0.25 % to
0.75 %, the degree of reflection of infrared rays
increased from 27.0 % to 34.0 %.

Conclusion

Titanium—vanadium oxide films with various
compositional ratios were prepared by magnetron
sputtering deposition and then the optical and
physico-chemical properties were examined. The
XRD analysis shows the amorphous nature of Ti-
doped nanofilms. SEM images reveal columnar
nanorod, that confirms the nano structure of the
fabricated film. Furthermore, the optical switching
property of obtained TiO,/V«Oy was studied and it
was found that it possessed good thermochromic
properties and optical switching characters.
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TutaHmeH nerupnerreH V>0s HAHOKANTaMacCbIHbIH, ONTUKANDIK, XaHe PpU3MKa-
XUMUANDBIK KacueTTepiH 3epTrey

YAlimbertosa U., 2XumeHec-Kacranepa P., 2Knasuxo-bnanko X.A., *Ymupos b., ‘Ceiitos b.

1Koska AxmeT flcaym aTbiHAaFbl XanblKapasblk KasaK-Typik yHuBepcuteTi, TypkictaH, KasakcTtaH
2Kaauc Yuusepcuterti, Kaguc, Ucnanusa

TYRIHAEME

Byn skymbicTa neripnerbereH V20s kaHe V,0s - TiH, TUTAHMEH /IEripAIeHreH Kocnanapbl *Kacanbin
«OOKTOp 6nenguHr» agicimeH wWbIHbI cybcTpaTTap 6eTiH Kantayfa KongaHapl. AnbiHFaH

KanTamanapablH, OU3MKO-XMMMANBIK, KaHEe ONTUKaNbIK KacueTTepi
NEeHTAOKCUAIH Neripneyge TUTaH
KanTamanapabl CKaHepNenTiH 3NeKTPoHAbl MUKpockonusa (SEM), peHTreHgik andpakuma (XRD)
KoHe ¢doToNOMUHECLEHUMA

Makana kengi: 27 Haypeoi3 2022
CapantamagaH eTTi: 02 mamei3 2022
Kabbinganapl: 14 KeipKyliek 2022

BaHagui
AnblHFaH

3epTTengi.

KoHueHTpauuacel 0,25-0,75 %-gbl  Kypaabl.

(PL) cuaKTbl apTypai aaictepmeH 3epTTengi. JleripneHreH

KanTamanap TEPMOXPOMAbI ¥KaHe ONTUKaNbIK KacueTTepre e eKeHairi aHbikTanabl. ONTUKaNbIK
CblHaKTapfa caiikec, Ti-MeH /ierMpaeHreH BaHaguM AMOKCUAIHIH YK KanTamanapbl TypmbicTa
KONAaHYFa TMIMAI ONTUKANbIK KacueTTepre ue eKeHAiri aHbIKTanapl. O3iHiH TypfbliH yilnep meH
KeHcenep iWwiHaeri KyH cayneciH aBToMaTTbl TYPAE PeTTey, KOAAAHbIIATbIH KOHAMLMOHEPAEPAiH,
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3HEeprua TYTbIHYbIH TOMEHAETY XKIHE iLLKi XKblNy KaFaannapbiH TUIMA] AeHrelae ycTay KabineTiHin,
apKacbliHaa '"cmapT Tepesenepre" COHfFbl KblAAAPbl KbI3bIFYLbINbIKTEI apTTbipyaa. Jlernpney
AdpexKeci KaHe ¢YHKUMOHanAbl KabbiHaapmeH 6ipikTipy, anbiHaTbiH V20s MNieHKanapbiHbIH,
9PTYPAi KacueTTepiH anyfa MyMKIHWINIK BepeTiHi aHbIKTanabl.
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AHHOTAUMUA

B paboTe 6binM U3roTOBAEHbI TOHKME HAHOMOKPbITUSA, COCTOALLME M3 HenernposaHHoro V20s u
NEernposaHHoro ¢ TuTaHom V,0s KoTopble Bbliv HAaHECEHbI HA CTEKNAHHbIE NOA/IOKKU METOA0M
«doctor blading». M3yyeHbl GU3MKO-XMMUYECKME M ONTUHECKME CBOMCTBA MONYHEHHbIX MOKPbLITUN.
Mpu nervpoBaHuMM NEHTAOKCMAA BaHAAMA KOHUEHTpauus TuTaHa coctasnana 0,25-0,75%.
Mony4yeHHble NOKPbLITUA BblIN UCCNef0BaHbI PA3IMYHBIMU METOAAMM, TAKUMM KaK CKaHUpPYLoLWas
3/1EKTPOHHAA MUKpockonua (SEM), peHTreHoBckaa audpakuma (XRD) u poTontommuHecueHums
(PL). YcTaHOBNEHO, YTO NErMPOBaHHbIE MOKPLITUA 06/134a10T TEPMOXPOMHBIMU U ONTUYECKUMMU
cBoiictBamu. COrnacHo ONTUYECKUM UCTbITaHWAM, 6b110 YCTAHOB/IEHO, YTO TOHKME M/IEHKM OKCMAA
BaHaaus, nernposaHHble ¢ Ti, 061agatoT onTUYECKMMMU CcBOMCTBamMM, 3PDEKTUBHbIMU ONA
ncnonb3oBaHuA B 6bITy. Brarogaps cBoeit CNOCOBHOCTU aBTOMATUYECKU PETYIMPOBATL CONHEYHOE
U3Ny4eHne BHYTPU NOMELLEHUI, CHUXKATb SHepronoTpebaeHne KOHAULMOHEPOB M NOAAEPKUBATD
KOMQOPTHbIA BHYTPEHHUI TEnJoBOM KAMmaT, "yMHble OKHa" B nocnegHue rogbl Bbi3blBalOT
NOBbLIWEHHbIA  UHTepec. OnpefeneHo, 4YTO CTpaTerMs NErMpPoBaHMA U MHTErpauma C
GYHKUMOHANBbHBIMW NOKPLITUAMK MOTYT PEry/IMPOBaTb CBOMCTBA NO/yYaeMbIX NAEHOK V20s.
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ABSTRACT

The material composition of sludge deposits from titanium-magnesium production was studied by
chemical, X-ray, and microprobe analysis methods. Studies of the phase composition of the
collector sludge showed that niobium is mainly bound with aluminum and titanium in oxide
compounds. The particles of these compounds are very small and surrounded by the clay and
carbonate component of the sludge collector. The chemical and mechanical activation processes
of the sludge from the titanium-magnesium production sludge collector were executed based on
the data obtained on the material composition. Alkaline leaching of sludge from sludge collector
after preliminary activation was executed. The optimum conditions for the niobium extraction
from the sludge of the sludge dump from the titanium-magnesium production were determined:
sodium hydroxide concentration of 200 g/dm?3, glycerol 5 g/dm3, S:L = 1:10, temperature 95 °C,
leaching process duration - 4 hours. The addition of glycerol during alkaline leaching of sludge
inhibits the transition of hexaniobate into insoluble sodium metaniobate enabling to increase the
niobium extraction by 1.3 times with transfer into the solution of up to 80% of the extracted metal.
Keywords: sludge from the sludge collector, niobium, activation, leaching, sodium hydroxide.
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Introduction

Niobium (Nb) is a rare metal used in high-quality

What sets niobium apart is that it combines a
high level of corrosion resistance with a low weight.

The material is used in coin inserts of all colors,

steel production [1]. It is used in the production of
ferroniobium which accounts for more than 90% of
niobium production. The largest consumers of
niobium are China, North America, and Europe. The
substantial economic growth in emerging markets,
especially the BRIC's economies, and increased use
of niobium in steel production boosted prices for the
metal up to US$32.63/kg in 2007 and further up to
the US $60.00 per kg in 2012. Niobium is expected
by analysts to be in demand in the near term, and
prices for the metal will remain high.

corrosion-resistant evaporation bowls for use in
coating methods, and mold-resistant crucibles for
growing diamonds. Due to its high biocompatibility
level, niobium is also used as an implant material.
The high transition temperature also makes niobium
an ideal material for superconducting cables and
magnets [2].

Niobium belongs to the group of refractory
metals. Refractory metals are metals whose melting
point exceeds the melting point of platinum (1772
°C). The energy that binds individual atoms is
extremely high in refractory metals. Refractory



mailto:z.karshigina@satbayev.university
mailto:n.lokhova@satbayev.university
mailto:a.yessengaziyev@satbayev.university
mailto:pburns@nd.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources 2023; 325(2):53-61

ISSN-L 2616-6445, ISSN 2224-5243

metals are characterized by high melting points
combined with low vapor pressure, high elasticity
modulus, and high thermal stability. Besides,
refractory metals have a low thermal expansion
coefficient. Compared to other refractory metals,
niobium has a relatively low density of only 8.57
g/cm? [3].

High-tech production of tantalum and niobium
implants is planned in East Kazakhstan. Implants
made of tantalum and niobium are considered an
advanced technology in modern dentistry and
orthopedics because of their high biocompatibility.
One of the first enterprises in Kazakhstan that
produced tantalum and niobium is Irtysh Chemical
and Metallurgical Plant. The production is located in
Pervomaisky settlement, Shemonaikha district of
East Kazakhstan region. Irtysh Chemical and
Metallurgical Plant was built in 1956 and it was the
main enterprise in Kazakhstan for the production of
niobium, tantalum, and rare-earth metals [4].

In Ust-Kamenogorsk, East Kazakhstan, Ulba
Metallurgical Plant JSC produces ingots, rolled
products, powders, and niobium pentoxide, as well
as NbTi, and NbZr ingots. However, on export sales
of rare metals, the volume of sales of niobium
products has been decreasing in recent years for
2016 was 52.1 tons, for 2017. - 23.7 tons, for 2018 -
22.9 tons, for 6 months of 2019 - 0.1 tons [5]. It is

most likely due to the shortage of niobium
concentrates, both foreign and domestically
produced.

Chlorination methods for niobium-containing
mineral raw materials are known [[6], [7], [8], [9]].
Ore concentrate is chlorinated with chlorine gas in
the presence of a reducing agent - charcoal or
petcoke. Either briquette charge or ore concentrate
is chlorinated in a salt melt. Besides, ore raw
materials are chlorinated in autoclaves with liquid
carbon tetrachloride or silicon tetrachloride.
However, all of them have a number of
disadvantages inherent to traditional chlorination;
carbon monoxide, phosgene, hydrogen chloride,
and chlorohydrocarbons are still produced.

In the modern hydrometallurgical industry
extraction and sorption are widely used to improve
the quality of raw materials and products and deep
purification of technological solutions [[10],[11]].

Niobium is often a companion of titanium along
with vanadium, zirconium, and hafnium; therefore,
it is present in titanium concentrates obtained from
ilmenite placer and ores [12].

Titanium and magnesium production generates
thousands of tons of solid waste annually. Reserves

of wastes in sludge collectors at Ust-Kamenogorsk
Titanium-Magnesium Plant JSC (UK TMP JSC) alone
amount to 1270 thousand tons. These wastes
contain 0.4 to 2 % of niobium, which is almost
comparable with the content of niobium in industrial
ores of pyrochlore carbonatites [13].

The accumulation of niobium occurs in the
waste of titanium production during titanium-
containing slag chlorination to produce titanium
tetrachloride. It is established that 40-45 % of
niobium from its content in the initial slag goes to
the technical titanium tetrachloride, 50-55 % - into
solid chloride sublimations, and 4-5 % into the
drained melt of the chlorination unit [14].

The niobium content analysis in solid waste of
titanium slag chlorination process for 2005-2007 at
UK TMP JSC showed that the niobium content in the
pulverized slag of the titanium chlorination unit was
from 0.26 to 0.6 %. The subsoil is diluted with water,
the resulting chloride sludge is discharged into the
acid drain and then neutralized with lime milk under
the existing technology.

Analysis of the available scientific and technical
and patent literature shows that most of the studies
have been performed for conditioned niobium-
containing raw materials, while very few studies on
niobium extraction from titanium production waste
have been performed [[15], [16], [17], and there is
no rational technology intended to produce
intermediate products containing and concentrating
niobium compounds in the amounts suitable for
further use for titanium-magnesium production.
Niobium extraction from the collector sludge into
marketable concentrate will enable to extract the
valuable component and dispose multitonnage
waste.

Materials and methods

Materials and equipment are sodium hydrogen
carbonate, purity grade "chemically pure (C.P.)";
sodium hydroxide, purity grade "chemically pure
(C.P.)"; glycerol, laboratory grade; sludge from the
sludge collector of titanium-magnesium production
provided by UK TMP JSC. Contents of the main
sludge components of the titanium production
sludge collector, mass in %: 12.70 TiO; 0.73 Nb,Os;
32.90 Ca0; 2.00 MgO; 3.40 Al;0s; 4.10 SiO; 2.70
Fe,0s; 0.26 MnO; 0.29 V,0s.

IV-6 Vibro distiller (Russia), reactor equipped
with a reflux condenser, ES VELP stirrer (Velp
Scientifica), IKA RW16 stirrer (Germany), Shimadzu

—— 5 ——
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scales (Japan), SNOL drying cabinet (Lithuania),
distiller (Russia).

Experimental method. The necessary amount of
leaching solution was put in the reactor, heated up
to 95 °C, the specified quantity of sludge was
brought in, and stirring was started up. Duration of
pulp activation was 4 hours. The sludge was filtered
at the end of the experiment. The sludge was
washed with hot water to remove sodium
hydroxide, glycerol, and soluble salts. The products
were analyzed for the content of niobium,
vanadium, aluminum, and silicon, the solubility of
which in alkaline solutions is high enough.

Analysis methods: X-ray experimental data were
obtained with the BRUKER D8 ADVANCE device with
copper radiation at an accelerating voltage of 36 kV,
and a current of 25 mA. X-ray fluorescence analysis
was performed with a Venus 200 PANalytical B.V.
(PANalytycal B.V., Holland) spectrometer with wave
dispersion. Chemical analysis of the samples was
performed with an optical emission spectrometer
with inductively coupled plasma Optima 2000 DV
(USA, Perkin Elmer). Mapping of elemental and
phase composition of the samples was executed on
a JXA-8230 electron-probe microanalyzer by JEOL
(Japan). Thermal analysis of the provided sample
was executed using the device of synchronous
thermal analysis - STA 449 F3 Jupiter (Germany).

Results and discussion

The titanium production sludge was crushed,
averaged, and dried before the physical and
chemical studies. The result of the X-ray phase
analysis is presented in Table 1 and Figure 1, where
it is seen that the basis of the sludge is calcium
carbonate, niobium is bound to calcium and
embedded along with titanium in the lattice of
aluminum oxide.

The main feature of thermal analysis is the
possibility to determine small impurities on the
background of the thermal inertness of the main
components. It is seen on the derivatogram of the
sludge sample from the sludge collector (Fig. 2) that
endothermic effects of varying intensity are
manifested on a rather long temperature segment
of 100 - 900 °C on the DTA curve. They developed
against the background of reducing the mass of the
sample. Most likely, the manifestation of
decomposition of various carbonates takes place
here. Pyroaurite (MgeFez(OH)16C03x4H,0), chantite

CaMgs(COs)s, and calcite. For example, the
combination of endothermic effects with extremes
at 203.3 °C, 427 °C, and 820 °C is characteristic of
the manifestation of lamellar pyroaurite with calcite.
MgeFe,[CO3](OH)16x4H,0 is pyroaurite.

Theta

‘oupled TwoThetal

3 3 5 W i
Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1.540602Theta

Figure 1 - Sludge diffractogram

Table 1 - Results of X-ray phase analysis of sludge

Phase Cont
number ent,
in Compound Formula %,
Figure name relati
1 ve.
1 Calcite Ca(CO03) 79.7
Aluminum
2 Niobium Alo.12Nbo.38Tio.s0 6.5
Titanium
3 Aragonite Ca(C0s) 3.9
4 Calcite, . (Mgo.129Cao.871) 31
magnesian (CO3)
5 Fersmite CaNb20s 2.4
Iron(l11)
aluminium
6 titanium oxide FeAlTiOs 2.3
Iron Aluminum
Titanium Oxide
7 Wollastonite-2M CaSiOs 2.1
The weak endothermic effect with the

extremum at 307 °C on the DDTA curve shows
melting of the FeClsimpurity or sublimation of the
HfCl, impurity. The endothermic effect with
extremum at 674.3 °C on the DTA curve shows the
enantiotropic  polymorphic  transformation of
2Ca0si0,. It is mentioned in [18] that "peritectic
equilibrium" is observed in the Al - Nb system at
661.4 °C. The endothermic effect with extremum at
765.8 °C characterizes the melting of CaCl,, KCl,
NdClsimpurities.
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Endothermic effect with extremum at 918.7 °C
shows polymorphic transformation of strontium
carbonate. The weak endothermic effect with
extremum at 1219.4 °C shows the phase transition
of Nb,OsAl,03 impurity. The kink at 1270.4 °C may
show the melting of the sample.
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Figure 2 - Derivatogram of the sludge sample from the
sludge collector (sample size of 0.2 g)

Endothermic effect with extremum at 918.7 °C
manifests the polymorphic transformation of
strontium carbonate. The weak endothermic effect
with extremum at 1219.4 °C shows the phase
transition of Nb,OsAl,Osimpurity. The kink at 1270.4
°C may show the melting of the sample. Thus, the
thermal analysis data confirm the presence of a
niobium-aluminum bond.

Next, the sludge deposit was studied on an
electron-probe microanalyzer. The electron-probe
study was executed in COMPO mode - backscattered
electron imaging of minerals. A peculiarity of the
COMPO image is an increased resolution enabling to
register images of particles with small sizes. Thus,
bright small particles including niobium compounds
became visible at image magnification of 1000 times
(Fig. 3).

Countsfx1 €43

MoK

Figure 3 - COMPO image of the sludge from the sludge
collector and its particle spectrum

Thus, the physicochemical studies of the phase
composition of the sludge collector have shown that
niobium is mainly bound to aluminum and titanium
in oxide compounds. The particles of these
compounds are very small and surrounded by clay
and carbonate component of the sludge collector.

Activation of the sludge from sludge collector
before leaching. The main task of sludge activation
is to release the surface of niobium-containing
particles. It will ensure effective access of the
leaching agent and increase the niobium extraction
degree into the solution.

Aragonite turns into calcite as a result of sludge
activation with sodium hydrogen carbonate solution
at elevated temperature. Chloride ion passes into
the solution and calcite with magnesium forms a
solid solution of (Mgo.03Cao.97)CO5 (Figure 4, Table 2).
The duration of the experiments was 0.5 h, 2 h, 4 h,
and 6 h at 120 °C. The disadvantages of this method
shall be referred to the accumulation of chlorine ion
in the sodium bicarbonate solution during solution
turnover.

Figure 4 - Diffractogram of activated sludge from the
sludge collector
(6 h, 120 °C, 60 g/dm* NaHCO3)

Table 2 - Results of X-ray phase analysis of activated
sludge from sludge collector

Phase Cont
number ents

. Compound
in the name Formula conte
figure 4 nt, %,
t.r.f.

Calcite,
1 magnesian, (Mgo.3Caos?) 50.3
(CO3)
syn

2 Calcite, syn Ca(C0s) 49.7

After activation of sludge from the sludge
collector with sodium bicarbonate solution, the test
object was mechanically activated on a vibrating
scrubber. The effect of the mechanical activation
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duration on the disperse composition of the sludge
from the sludge collector is shown in Table 3. Studies
were executed during 0,5 - 5 min [19].

The crystal lattice deformation of the main
components of the sludge from the sludge collector
was estimated by means of X-ray diffraction analysis.
Diffractograms of the initial and 5 min activated
sludge from the sludge collector in the superposition
are shown in Figure 5. A comparison of
diffractograms showed distortion of the crystal
lattice of calcite and aragonite in the activated
sludge sample from the sludge collector.

Table 3 - Effect of mechanical activation duration on the
disperse composition of sludge

Fraction, mm Los
Activation time

: ’ 0315 | -0.1 | -0.064 | ses,

min *0315 1 01 | 0064 | +0.056 | o

0 26.7 50.5 18.2 3.6 1.0

0.5 17.7 69.1 11.5 0.8 0.9

1.0 17.7 72.1 8.8 0.9 0.5

2.0 16.0 76.2 6.0 0.9 0.9

3.0 13.5 80.1 49.0 0.5 1.0

5.0 7.0 89.3 2.2 0.5 1.0

As follows from the data in Table 3, the share of
large +0.315 and small - 0.1+0.056 mm particles
significantly decrease with an increase in mechanical
activation duration. Probably, the fine particles are
mutually attracted to the formation of agglomerates
during the abrasion of sludge from the sludge
collector. From Fig. 6, it can be seen that there are
also larger particles in the image of the sludge
activated for 5 min besides the fine particles. Note
that the presence of small particles in the image of
activated sludge is a reflection of particles
containing niobium absent in the image of the
original product. Thus, mechanoactivation of sludge
from the sludge collector provides a contact of the
reagent with the surface of niobium-containing
particles which will increase the leaching process
efficiency.

s 0
‘oupled TwoTheta/ Theta) WL=1.540602Theta

3 0
Coupled TwoTheta/ Theta 2Theta (C

Figure 5 - Diffractograms of the initial and activated
sludge from the sludge collector in overlay
(red - original, blue - activated)

Figure 6 - Images of the initial (a) and activated (b)
sludge from the sludge collector

Study of the sludge leaching process with an
alkali solution. It is known [20] that niobium
compounds are soluble not only in strong acids but
also in strong alkali solutions indicating the presence
of marked signs of amphotericity. The niobium
extraction in solution occurs in solutions of caustic
alkalis, due to the formation of water-soluble
niobates with a Na,O/Nb,Os ratio greater than one
[21].

It was found in [22] that the solubility of niobium
oxide increases tens of times in alkaline solutions
containing the five-atom alcohol xylite. It was noted
that the solubility was 3.9 mg/dm3 Nb,Osin a pure
alkaline solution with a sodium hydroxide
concentration of 160 g/dm?3.

It should be noted that preliminary experiments
showed that the use of alkaline solution with sodium
hydroxide content of more than 200 g/dm? in the
presence of glycerol results in the formation of
poorly filterable pulp and requires a large amount of
water to wash the sludge. In this regard, studies on
the niobium extraction in solution were executed

with solutions of 100 and 200 g/dm? NaOH.

From the data in Table 4, it can be seen that
increase in the concentration of alkali in the solution
containing 2 g/dm? of glycerol from 100 to 200
g/dm? has practically no effect on the concentration
of soluble aluminum compounds. At the same time,
the aluminum extraction degree into the solution is
68.7 and 62.4 rel. %, respectively. An increase in the
glycerol content up to 5 g/dm? has little effect on the
extraction degree of aluminum compounds in the
solution (Figure 7).

The concentration of sodium hydroxide and
glycerol has no noticeable effect on the content of
sodium metasilicate in the solution under the

studied conditions of sludge leaching (Table 4).
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Table 4 - Effect of glycerol on the transition of niobium,
vanadium, aluminum, and silicon in alkaline solution
under hydrothermal conditions (S: L = 1:10, 95 °C, 240
min)

Concentrati

onjn Cake Content in the cake. wt. % Concentration in solution,
solution, output, ' mg/dm?
g/dm3 %

NaOH  glycerir| Nb2Os| V20s| AlOs| SiOz | NbOs| V20s| AlOs| SiO;

100 2 64.6 0.375 | 0.126| 1.626 | 2.880| 282 179 1.353 | 1.094

100 5 71.0 0.380 | 0.048| 2.275( 2.230| 301 235 1.157| 1.039

200 2 61.2 0.254 | 0.144| 2.065| 3.567| 378 199 1391 1177

200 5 63.0 0.222 | 0.032| 2.069| 3.180| 386 244 1.187| 1.164

It is known [23] that the solubility of iron oxide
(IT) in sodium hydroxide solution (200-240 g/dm3)
even at 120-220 °C is ~ 0.1 g/dm?. Therefore, the
behavior of iron was not controlled.
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S:L=1:10)

Figure 7 - Dependence of niobium, vanadium,
aluminum, and silicon extraction rates on leaching
solution composition, g/dm?3

The degree of niobium extraction in the solution
is greatly influenced by the concentration of alkali -
by increasing the concentration of caustic soda from
100 to 200 g/dm? the degree of extraction increases
by 1.2-1.3 times. The maximum concentration of
niobium in the solution is 380 mg/dm?3. Glycerol in
this case restrains the transition of hexaniobate
formed during the interaction of alkali with sludge
into insoluble sodium metaniobate.

It is of interest to study the behavior of another
valuable component of sludge - vanadium. Since the
acid properties of vanadium are higher than those of

niobium, the extraction degree into the solution
under the studied conditions reaches 91-95%. The
effect of the solid-to-liquid ratio was studied in the
range 1:(4+12).

Figure 8 shows that an increase in the S: L ratio
and, accordingly, the alkali consumption rate results
in an increase in the degree of niobium transfer into
the solution up to S: L = 1: 10, and with a further
increase in the ratio that becomes practically
constant. Vanadium extraction into the alkaline
solution also increases with the increase of the S: L
ratio. At the same time the vanadium transfer
degree into the solution is higher than niobium.
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Figure 8 - The dependence of the niobium and

vanadium extraction degree on the ratio S: L (NaOH 100
g/dm?3, glycerol 2 g/dm?3, 95 °C, 4 h)

Thus, experimentally it was found that the
optimum conditions for niobium extraction in the
solution of sludge from the sludge collector of
titanium-magnesium production - sodium hydroxide
concentration of 200 g/dm?, glycerol 5 g/dm3, S: L =
1:10, temperature 95 °C, the duration of the
leaching process 4 h.

Conclusions

Physical and chemical properties of sludge
collector wastes were studied. Chemical and X-ray
fluorescence analyses determined the content of
the main components, wt. %: 12.7 TiO; 0.73 Nb,Os;
32.9 Ca0; 2.0 MgO; 3.4 Al,O3; 4.1 SiOy; 2.7 Fey0s3;
0.26 MnO; 0.29 V,0s. X-ray phase analysis showed
the following phase composition: calcite 79.7 %,
aluminum-niobium-biotite-titanium oxide 6.5 %,
aragonite 3.9 %, magnesian calcite 3.1 %, fersmite
2.4 %, iron-aluminum-titanium oxide 2.3 %,
wollastonite 2.1 %. The base of the sludge deposit is
calcium carbonate, with niobium bound to calcium
and embedded along with titanium in the aluminum
oxide lattice.
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Thermal analysis confirmed the presence of
calcite, pyroaurite, calcium, potassium chlorides,
and niobium bond with aluminum.

It was found that aragonite transforms into
calcite when the sludge is activated with sodium
hydrocarbonate solution at elevated temperatures.
Chloride ion passes into the solution, and calcite
with  magnesium forms a solid solution of
(Mg0.03Ca0.97)CO0:s. It was determined that with an
increase in mechanical activation duration the
proportion of large +0.315 and small -0.1+0.056 mm
particles significantly decreases. Probably, the fine
particles are mutually attracted to the formation of
agglomerates during sludge abrasion.The process of
sludge leaching by alkali solution was studied. If
the caustic soda concentration is increased from

100 to 200 g/dm?3, the extraction degree of niobium
increases 1.2-1.3 times, and the

maximum  concentration of niobium in the
solution reaches 380 mg/dm3. Glycerol in this case
restrains the transition of hexaniobate formed
during the interaction of alkali with sludge into
insoluble sodium metaniobate. The extraction of
vanadium in the alkaline solution also increases with
the increase in the S: L ratio. At the same time, the
degree of vanadium transition into solution is higher
than that of niobium.

The optimum conditions for the niobium
extraction from the titanium-magnesium production
sludge - sodium hydroxide concentration 200 g/dm3,
glycerol 5 g/dm3, S: L = 1:10, temperature 95 °C,
leaching process duration 4 h.
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! Ynbrapakosa A.A., 'Kapuwbifa 3.5., /loxosa H.T., ! EceHrasues A.M., 26epHc IN.C.

1 «Memannypeus xaHe KeH 6alibimy uHcmumymel» AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH
2 Homp-fam yHusepcumemi, «Typakmel aHepaus opmaneisl» AKLL, Caym-beHd, AKLL

TYWIHAEME

XUMUANBIK, PEHTreHAIK KaHe MMKPO3OHATHbI Tanzay o4icTepiMmeH TUTaH-MarHuMin eHAIpICiHiH
LWAAMMXKMHAFbILW  WOTIHAINEPIHIH, 3aTTblK Kypambl 3epTrengi. LUnamxuHasbiw WeriHAICIHIH,

daszanblKk  KypamblH

3epTTey

HWOBWIN  HerisiHEH aNlOMMHUI  KSHE TWUTAHHbIH, OKCUATI

KOCbI/1bICTapblHa KOCbINATbIHAbIFbIH Kepcerri. Byn KocbiibIcTapablH, 69!1LLIEKTEpi eTe KilukeHTaln
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JKOHE LUNAMMKMHAFBILW LWeTiHAiCIHIH, ca3abl }KaHe KapbOoHATTbl KOMNOHEHTIMEH KopLanfaH. 3aTTbiK
Kypambl 6OMbIHIWA anblHFaH AepeKkTep HerisiHAe TUTaHOMArHWi eHAIPICIHIH, LWAaMXUHAFbIW
WeriHAINepiHiH, XUMUANBIK KIHE MEXaHWKanblk GenceHAipy npouecTepi Ky3ere acbipbingbl.

ANnpblH ana 6enceHAipyfeH KeMiH LWnaMKMHaFbIW LWeriHAICIH CinTini waimanay Kyprisingi.
TUTaHOMArHUIM eHAIPICIHIH, WAAMMKUHAFbIW WAAMbIHAH HUOBWUIAT anyablH, OHTaWAbI WapTTapbl
6enrineHai: HaTpUit rIMAPOKCUAIHIH, KoHUeHTpaumackl 200 r/am?, ranuepud 5 1/ am3, T:X = 1:10,
Temnepatypa 95 °c, walimanay NpoueciHiH, y3aKTbifbl 4 cafaT. Lnamabl cinTimeH wanmanay
Ke3iHAe MULEPUH KOCY FreKCaHMOBATTbIH, epiMENTIH HaTpMit MeTaHMOoBaTbiHa aybICybIH TEXenai,
6yn HMObUIAj any aspexkeciH 1,3 ecere apTTbipbin, anbiHaTbiH MeTanabl 80% - fa AeliH epiTiHaire
aybICTbIpyFa MYMKIHAIK bepeai.

TyiiiH ce30ep: WwnamxunHarbIW WeriHAici, HNobui, benceHaipy, Wanmanay, HaTPUN TMAPOKCHAI.

Asmopnap mypanel aKknapam:
TexHUKa FolabiMOapbIHbIK KAHOUOAMbI, HemeKwi FolabiMu Kbi3memkep, «Memannypaus #aHe

Ynemapakosa Anmazyns AmMuposHa

KeH 6alieimy uHcmumymol» AK, Cambaee yHusepcumemi, LLles4eHko Kew., 29/133, Aamamel,

KaszakcmaH. E-mail: a.ultarakova@satbayev.university

PhD OoKkmopebl, MemeKwi folabiMUu Kbi3MemKep,
uHcmumymei» AK, Cambaee yHusepcumemi, LLlesyeHxo kew., 29/133, Anmamel, KazakcmaH. E-

Kapuwelira 3aype balimackbi3bl

«Memannypausa xaHe KeH 6alibimy

mail: z.karshigina@satbayev.university

Afa fblabimu Kbiamemkep, «Memannypeusa waHe KeH 6alibimy uHcmumymel» AK, Camb6aes

Jloxoea HuHa leopauesHa yHuUsepcumemi,

Llleg4eHKO

Keuw., 29/133, Anmamel, KazakcmakH. E-mail:

n.lokhova@satbayev.university



https://doi.org/10.31643/2023/6445.18
mailto:z.karshigina@satbayev.university
mailto:n.lokhova@satbayev.university

Complex Use of Mineral Resources 2023; 325(2):53-61 ISSN-L 2616-6445, ISSN 2224-5243

PhD dokmopel, Kiwi Felneimu Kbidamemkep, «Memannypaus 1aHe KeH balisimy uHcmumymeoi» AK,

EceHza3ues Asamam Mypamosu4 Cambaes yHusepcumemi, LllesyeHko kew., 29/133, Aamamei, KaszakcmaH. E-mail:

a.yessengaziyev@satbayev.university

A3aMamMmblK #3HE IKOM02UAMbIK UHHEHEPUSA HIHE Hep mypasbl FelabiMOap npogeccopsl, Homp

Mumep C bepHc - [amoarel Typakmel 3Hepaua opmanbifbiHblH Oupekmopsl, Caym-beHO, AKL. E-mail:

pburns@nd.edu; O

UccnepgoBaHuAa No ruapomeTannypruieckoim nepepaborke ocagka
LWWAaMOHaKoNUTeNs TMTaHOMarHMeBoro NPou3BoOACTBA C U3B/IeYEHUEM
HMobusa B pacTesop

! Ynbrapakosa A.A., 'Kapwbifa 3.6., /loxosa H.I., 1 Ecenrasues A.M., 2BepHc N.C.

1AO «MHcmumym memannypeuu u ob6ozaweHus», Satbayev University, Aamamel, KazaxcmaH
2 YHusepcumem Homp-Aam, «LjeHmp ycmolivugoli sHepeemuku» CLUA, Caym-beHd, CLUA

AHHOTAUMA

M3yyeH BELLECTBEHHDBIN COCTaB OCAAKOB LWNAMOHAKOMUTENEN TUTAHOMArHMEBOrO NPOU3BOACTBA
MEeTOAaMM1 XMMUYECKOTO, PEHTTEHOBCKOrO M MMKPO30HA,0BOr0 aHanu3a. Mccnesosanus Gasosoro
COCTaBa OCafiKa WAAaMOHaKONUTENsA NOKa3asno, YTo HMOBMIi CBA3aH B OCHOBHOM C aJlOMUHUEM U
TUTAaHOM B OKCUAHbIE COeAMHeHMUA. YacTuupl 3TUX COeAMHEHUI OYEeHb MENKWUE U OKPYMKEHbI
TMMHUCTON UM KapbOHATHOW COCTaBAAOWEN OCajKa LNamoHakonutens. Ha ocHoBaHUM

Mocrynuna: 29 anpens 2022 MOMYYEHHbIX AaHHbIX MO BELLECTBEHHOMY COCTaBy, OCYLLECTBAEHEHbI MPOLLECChl XMMMUYECKOMN K

PeueHsnposaHue: 31 agzycma 2022

MeXaHW4ecKoM dKTMUBauun oOcCadKa WaAamMoOHaKonnuTena TUTAaHOMAarHueeoro npousBoACTBa.

MpuHATa B NeyaTb: 06 okmabps 2022

MpoBeaeH LWenoyHoe BbIWEeNAaYMBaAHME OCafKa LUIAMOHAKONWUTENA nocie npeaBapuTesbHoN
aKTMBaLMKW. YCTaHOB/IEHbI ONTUMa/IbHbIE YC0BUA U3BNEYEHUA HMODOMA 13 Waama WaamooTsana
TUTaHOMArHMeBoro NPOM3BOACTBA: KOHLEHTPaLMa ruapokemaa Hatpus 200 r/ams, ravuepuHa 5
r/om3, T:K = 1:10, temnepatypa 95 °C, NPOAO/IKUTENIBHOCTb MPOLECCa BbllLeaumBaHmna 4 y.
[obasBneHne ravuepuvHa nNpu  WENOYHOM BbIWENAYMBAHMKM WAAama WMHIMBUpyeT nepexops,
rekcaHnobata B HepacTBOPUMBIN MeTaHMObaT HaTpuA, YTO MO3BONAET YBENUYWUTb CTEneHb
n3BnevyeHuna HMobus B 1,3 pasa c nepeBoom B pacTeop f0 80 % n3Bnekaemoro meTanna.

Knioyeeble cn06a: 0CafoK LWNAMOHAKOMUTENA, HWOGWMIA, aKTMBaumsA, BbllesaunBaHus,
rMAPOKCHMAA HaTPUA.
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Extraction of gold from low-sulfide gold-bearing ores by beneficiating method
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ABSTRACT

Research results on the study of the material composition of low-sulfide gold-bearing ore from the
East Kazakhstan deposit are presented. The main non-metallic minerals of the original sample and
beneficiation products include quartz, chlorite (clinochlore), carbonates (calcite and dolomite).
Pyrite is present predominantly in the form of cubic crystals, sometimes in the form of clusters.
The grain size is from 0.03 to 0.40.5 mm, the size of the clusters reaches several mm. Iron oxides
(goethite, hydrogoethite) were formed on pyrite, possibly magnetite and ilmenite. The assay test
found that the test sample contains 6.04 g/t Au and 7.9 g/t Ag. The content of sulfide minerals is
11.81%. A significant part of gold (85.51%) is in a finely disseminated state in sulfides, as well as in
rock-forming minerals 1.22%. The paper presents the results of laboratory studies of the gold- ore
beneficiation ability using gravity concentration processes. Gravity enrichment tests were
performed on laboratory equipment: Knelson KS-MD 3 centrifugal concentrator, SKO-05
concentration table, and a two-chamber diaphragm jig (OML TsNIGRI type (jig of Central
Geological Research Institute for Nonferrous and Precious Metals)). The obtained results of ore
beneficiation on the concentration table show the possibility of obtaining a gravity concentrate
with a gold grade of 48.9 g/t with a gold recovery of 40.08%. When separating the gravity
concentrate on a jig, the gold extraction was 31.6% at a content of 51.4 g/t. It was found that that
according to a single-stage beneficiation scheme in a centrifugal concentrator, a gold-bearing
concentrate with a gold content of 58.3 g/t was obtained with a recovery of 80.6%. The
dependence of the gold extraction and its content in the gravity concentrate on the output at the
Knelson centrifugal concentrator is shown. The results of ore flotation beneficiation show the
possibility of obtaining waste grade flotation tailings with a gold grade of 0.8 g/t. The extraction of
gold into the combined concentrate, with a gold content of 49.7 g/t, is 88.88%.

Key words: gold-bearing low-sulfide ore, mineral composition, phase composition, gravitational
beneficiation, gold extraction, concentrate, tailings, oxidizing agent.
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Introduction

minerals. Gold-pyrite and gold-arsenic ores and their
concentrates take pride of place among sulfide gold-
bearing raw materials. The reserves of such ores are

At present, gold-bearing ores classified as  continuously replenished with new promising

“refractory” are involved

in

processing. The  objects. One of these objects is the additionally

“refractoriness” of ores is explained by the fine  explored sulfide gold-bearing ores of the East
dissemination of gold in sulfides and rock - forming Kazakhstan deposit.
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In order to avoid losses of coarse gold (more
than 200 um) during the processing of gold-bearing
ore, the scheme includes gravity concentrate
production processing using such equipment as
classifying screens, jigs, concentration tables,
centrifugal concentrators before flotation [[1], [2],
[3]]. The existing process flow schemes for the
processing of gold-bearing ores include the
production of gravity concentrates and tailings.
Centrifugal concentrators (Knelson, ltomak) are
used to extract fine and thin gold.

Data shows [[4], [5], [6]] that due to poor,
refractory and technogenic raw materials, it is
possible to increase the mineral resource base of
gold, which can be achieved as a result of increasing
the efficiency of processing technology and the
completeness of extraction of a valuable
component. A significant part of noble metals in
sulfide ores is concentrated in a finely dispersed
phase. Free and sulfide-bound gold is efficiently
recovered by gravity methods.

The combination of jigging and centrifugal
gravitational enrichment technologies allows for
separating minerals with a small difference in
density. The authors proposed an ore processing
scheme using a Knelson concentrator at a lower pulp
feed rate and lower pressure to ensure higher
accuracy (instead of 1000 g/min at 25 kPa, the feed
was 400 g/min at 12 kPa). The total extraction of
gravitational gold was 61.85 % with content in the
concentrate of 1037.04 g/t [[7], [8], [9]]. In the
course of investigations, it was also decided to work
out a variant of the experiment on gravitational
enrichment using alternative parameters taking into
account the results of the above mentioned
experiment.

The paper [10] presents the results of
benefecation of various types of raw materials:
sulfide ores of the Balakhchino deposit. The content
of sulfides in ores exceeds 10%, gold is mostly finely
disseminated in sulfides. It is known [[11], [12], [13],
[14]] that gold is extracted from weathered ores by
leaching, therefore, the use of gravity concentration
at the head of the process flow scheme will make it
possible to extract coarse gold and thereby reduce
its losses and increase the productivity of the
cyanidation process.

In order to achieve the best results in the
processing of refractory sulfide gold-bearing ores, it
is necessary to study their material composition and,
based on the results obtained, develop a technology
for obtaining gold-bearing concentrate, taking into
account modern technological solutions [[15], [16],
[17], [18]].

During gravitational enrichment, coarse, film-
coated gold gets into the concentrate; however, its
further extraction from the concentrate requires the
use of special methods [19]. Based on previously
published data [20], the authors selected the
optimal conditions for extracting gold from low-
sulfide gold-bearing ore by combining the processes
of gravity and flotation beneficiation.

One of the promising technologies for
processing gold-bearing raw materials is the choice
of an efficient leaching system using oxidizing
agents, which does not require large material costs
[[19], [21], [22]]. It is most difficult to extract
dispersed gold from sulfide minerals, especially with
a finely disseminated structure of ores. In order to
intensify the process of refractory ores oxidation
and increase the extraction of gold, the laboratory
staff proposed to perform combined oxidation. In
this case, it is possible to ensure high rates of gold
recovery during subsequent cyanidation using a
chlorine-containing oxidizing agent for the oxidation
of sulfide fragments. Previous studies have shown
the use of various chemical additives, oxidizers, and
an activator reagent [[2], [22]] including
biooxidation [23] to intensify the cyanidation
process by dissolving films of compounds that
passivate the metal surface.

Employees of the “Institute of Metallurgy and
Ore Beneficiation” JSC special hydrometallurgy
methods laboratory named after Beisembaev B.B.
performed work, which resulted in the selection of
technological equipment for extracting gold from
gold ore into gravity concentrate. Development of a
highly efficient technology for extracting gold from
finely dispersed gold-bearing raw materials using a
pressure generator for pulp microaeration on a
column flotation machine of the apparatus and an
algorithm for calculating its design parameters in
order to implement the technology for efficient
flotation of fine particles and emulsion impurities of
gold-bearing raw materials. One of the new and
effective methods created on the basis of the
physical action on the flotation process, which
makes it possible to achieve simultaneously high
recovery and selectivity in the separation of finely
dispersed components with increased specific
productivity of the apparatus. The structure and
principle of operation of this column flotation
machine are characterized by the possibility of
simultaneously obtaining finely dispersed bubbles
and using them at an increased speed of the
downward pulp flow, which provides a higher
specific productivity of the pulsating layer of the
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column compared to pneumatic flotation machines
currently used.

Dispersion elements in the column body, fixed
on the aeration fittings provide the formation of
microbubbles while air supplies under pressure. A
vortex pulp flow aeration fitting is mounted in the
bottom cone of the installation column with the
inclusion of a reagent tank for the injection of basic
and additional reagents [[24], [25], [26], [27], [28]].

The purpose of the work is to study the material
composition of the gold-bearing ore of the East
Kazakhstan deposit, and conduct research on the
gravity and flotation enrichment of low-sulfide ore
and the choice of technological equipment for
obtaining gravity and flotation concentrate, to study
the extraction of gold from ore, gravity and flotation
concentrate and beneficiation tailings using
pressure pulp microaeration generator.

Experimental part

The fundamental possibility of the investigated
initial size material beneficiation was studied on
Knelson KS-MD 3 centrifugal separators [[4], [7]], as
well as on the SKO-05 concentration table and a two-
chamber diaphragm laboratory OML type (TsNIGRI)
jig.

The extraction of gold into the combined
concentrate was 40.08% at 60% fineness of the
0.074 + 0 mm class on the concentration table.
When separating the gravity concentrate on a jigging
machine, the extraction of gold amounted to 31.6%.
While testing the ore sample on the Knelson
concentrator, standard production technological
parameters were initially worked out: centrifugal
acceleration of 60 G; flow rate of fluidizing water 3.5
I/min.; solid productivity 0.5-0.6 kg/min; excess
pressure of fluidizing water 15 kPa; the solids
content in the pulp fed to gravity separation is 25-
30%.

When enriching ore with an 85% size of -1.7 + 0
mm class on a 3-inch Knelson centrifugal
concentrator, the recovery was 66.0%. 90% size ore
of -0.071 mm class was beneficiated also using
Knelson centrifugal concentrate according to a one-
stage scheme. In addition to increasing the grinding
fineness of the supplied raw materials, the following
technological parameters were also worked out:
centrifugal acceleration 60 G; flow rate of fluidizing
water is 1.75 |/min., productivity of solid is 0.3
kg/min.; excess pressure of fluidizing water is 15 kPa;

the solids content in the pulp fed to gravity
separation is 25-30%.

The results obtained showed that after grinding
the ore in a ball mill to 90% fineness of the -0.071
mm class and with a centrifugal acceleration of 60 G
(Table 1), the extraction of gold into the gravity
concentrate increased to 80.6% with 8.3 product
yield.

Table 1. Results of laboratory experiments of gravitational
benefication of an ore sample at a 90% fineness of -0.071
mm class

Product Yield Content Extraction
name g % Au, g/ton Au, %
Concentrate 166 8.3 58.3 80.6
Tailings 1834 | 91.7 1.27 194
Total: 2000 | 100 6.03 100.0

The gold content averaged 58.3 g/ton in
concentrate and 1.27 g/ton in tailings. The
estimated content (according to the balance) of gold
in the ore is 6.03 g/toBeneficiationion at standard
parameters made it possible to achieve almost the
same recovery (80.1%) but at the expense of a
higher concentrate yield of 12.5%. The gold content
in the concentrate was only 40 g/t.

Thus, from the considered processes, the best
performance when grinding ore to a fineness of
90.0% of the class -0.071 + 0 mm was obtained on
the Knelson concentrator with the preservation of
such parameters as centrifugal acceleration 60 G,
fluidizing water pressure 15 kPa, but with a
simultaneous decrease in the pulp feed rate
(capacity for solids 0.3 kg/min, the flow rate of
fluidizing water 1.75 |/min).

The results of chemical and X-ray phase analysis
of the ore indicate the presence of a small amount
of pyrite in the ore.

An experiment on the original ore was set up to
develop a flotation concentrate for
hydrometallurgical research. Staged flotation (Table
2) was performed in a closed cycle: | main flotation
— at the 80—-85% grinding size of the -0.074+0 mm
class, Il main flotation — at 90-95% of the -0.044+0
mm class. Total flotation time is 40 min,
consumption of reagents amounts to 75 g/ton
copper sulphate, 290 g/ton butyl xanthate, T-92 -
130.

—— g4 ——
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Table 2 - Results of flotation beneficiation of ore from the
East Kazakhstan deposit

Product Yield, Gold Extraction,
% content, %
g/ton
Concentrate 8.33 57.5 75.17
1+2
Concentrate 3.07 28.5 13.71
3
United 114 49.7 88.88
concentrate
Flotation 88.6 0.8 11.12
tailings
TOTAL 100.0 6.37 100.0

The results of staged flotation ore enrichment
show the possibility of obtaining dump gold flotation
tailings with a gold grade of 0.8 g/ton. The extraction
of gold into the combined concentrate, with a gold
content of 49.7 g/ton, is 88.88%. The beneficiation
products were sent for hydrometallurgical research.

The experiment in the flotation column required
the process of at least 90 kg of initial ore, crushed to
minus 0.071 mm 80% - taking into account the
working volume of the column 360 | and the solids
content of 25% in the pulp. The ore raw materials
pulp obtained was loaded using slurry pumps in the
open upper part of the column.

As a result of the experiment at a pressure in the
pressure generator of 2.0 atm., the concentrate
yield was 7.0% with a gold content of 8.0 g/ton,
which gives 66.7% recovery. Increasing the pressure
to 4.0 atm. contributed to an increase in the
concentrate yield up to 8.6%, while the gold content
was 7.22 g/ton, and already 73.9% was extracted
into the concentrate. The mass vyield of the
concentrate reached 9.0% at a pressure of 6.0 atm.
in the pressure generator dispersion system and
with a gold content of 8.12 g/ton, the extraction
increased to 87.0%.

Subsequent options with pressure increase up
to 8.0 and 10.0 atm. led to the increase in the mass
yield of concentrates to 12.1-14.65%, while the gold
content decreased to 5.42 and 4.28 g/t, respectively.
This also led to a decrease in recovery to 78.1% at
8.0 atm. and 74.6% at 10.0 atm. The diagram in
Figure 9 shows the dependence of the recovery and
quality indicators of gold concentrates, on the
parameters of the pressure generator, and the
pressure in the disperser system. As a result of the
experiment at a pressure in the pressure generator

of 2.0 atm., the concentrate yield was 7.0% with a
gold content of 8.0 g/t, which gives a recovery of
66.7%. Increasing the pressure to 4.0 atm.
contributed to an increase in the concentrate yield
up to 8.6%, while the gold content was 7.22 g/t, and
already 73.9% was extracted into the concentrate.

Table 3 —Results of experiments on flotation beneficiation
in a column unit under different pressure conditions.

Pressure
tor Name of Au Au
genera Yield, % | Conten Extrac
parameters, products .
t, g/ton | tion, %
pressure, atm

Concent 7.0 80| 667

rate

2.0 .
Tailings 93.0 0.3 33.2
Total 100.0 0.84 | 100.0
Concent 86| 722| 739

rate

4.0 -
Tailings 91.4 0.24 26.1
Total 100.0 0.84 | 100.0
Concent 90| 812| 870

rate

6.0 .
Tailings 91.0 0.12 13.0
Total 100.0 0.84 | 100.0
Concent 121 542 781

rate

8.0 .
Tailings 87.9 0.21 22.0
Total 100.0 0.84 | 100.0
concent |\ 65| a28| 746

rate
10.0 Tailings | 8535 | 0.25| 254
Total 100.0 0.84 | 100.0

At a pressure of 6.0 atm. in the dispersion
system of the pressure generator, the mass yield of
the concentrate reached 9.0%, and with a gold
content of 8.12 g/t, the extraction increased to
87.0%. Subsequent options with an increase in
pressure to 8.0 and 10.0 atm., led to an increase in
the mass yield of concentrates to 12.1-14.65%, while
the gold content decreased to 5.42 and 4.28 g/t,
respectively. (Figure 1).

This also led to a decrease in extraction to 78.1%
at 8.0 atm. and 74.6% at 10.0 atm. The diagram in
Figure 1 shows the dependence of the extraction
and quality indicators of gold concentrates, on the
parameters of the pressure generator - the pressure
in the disperser system.
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Figure 1 - The dependence of the extraction and
quality of concentrates on the air pressure in the
dispersion system.

Results and discussion

A sample of sulfide ore from the East Kazakhstan
deposit was used as a feedstock during the research.
In preparation for the research, the entire sample
was crushed in stages to a particle size of -25+0 mm,
cut, mixed, and reduced in accordance with the
standard method of sampling (sampling) for
technological research and study of the material
composition.

Samples are mainly represented by quartz
(54.7%), calcite, and dolomite.

The chemical composition of the studied ore
sample is represented by the following components,
%: 4.27 Fe; 0.952 total; 0.010As; 0.072 Zn; 0.016 Cu;
6.4 g/t Au; 7.9 g/t Ag. The other components were
determined by X-ray fluorescence and X-ray phase
analysis: the ore is represented by oxides that are
part of the rock-forming components, the main of
which is silica (54.7%) and alumina (10.8). Calcite
(12%) and clinochlore (11.2%) are also present,
dolomite (6.3%), and albite (5.0%) are present in
small amounts.

The products of the gravitational beneficiation
of the ore — concentrate, and tailings — were
analyzed by atomic adsorption and assay methods.

Mineralogical analysis of an ore sample with an
initial fineness of 89% class 10 microns (-0.01 mm)
was performed to find the looks of gold. The
polished section (&2 = 25 mm, sub-sample weight =
10-15 grams) formed from this material was studied
with Axio Scope.A1l optical microscope.

As a result, 36 gold particles were found, of
which: 30 particles in free form - 83.33%, Au size
from 0.5 to 18.8 mkm, gold; 4 particles in intergrown
with waste rock - 11.11%, with parameters - Au from
0.7 to 7.4 mkm (Figure 1);

2 facts of the gold particles occurrence in waste
rock with thin phenocrysts of arsenopyrite particles

in it - 5.56%, the size range of gold particles is within:
Au from 0.5 to 6.8 mkm. The particle size is within:
Au (0.5-18.8mkm), i.e. ultrafine (0.1-1.0 mkm) finely
dispersed gold (1.0-10.0 mkm) and visible pulverized
gold (10.0-50.0 mkm), (“nuggets” according to
Petrovskaya's classification).

Au-1.1x1.T-mkm

%

oprre A7, 4%10.5-mkm

# Au-11.1x18.8-mkm

4

Figure 2 - Free gold particles in polystyrene

Au-4.6x11.8-mkm

i

-Au-10.1x12.1-mkm

Figure 3 below shows the occurrence of gold
particle “inclusions” in grains of waste rock with thin
arsenopyrite phenocrysts in it.

v AUOT0.5:80+5.7-mkm

Auv

v
—Auf®

Figure 3 - The fact of the occurrence of gold particles
in grains of waste rock with thin arsenopyrite
phenocrysts in it

The gold deportment, the nature of gold’s
relationship with ore and non-metallic components,
and assessment of its disclosure during grinding
were determined through a phase (rational) analysis
of a head ore sample, crushed to 95% fineness of the
-0.071 mm class (Table 3).

The phase analysis technique included a number
of operations. The 1st operation is the
determination of free gold and gold in open
aggregates — cyanidated gold. The 2nd operation is
treatment of the first cyanidation tailings with a
solution of hydrochloric acid in the presence of tin
chloride to dissolve iron oxide films on gold particles.
The 3rd operation is the determination of gold
covered with films. The 4th operation is welding of
the tails of the second cyanidation in aqua regia. The
content of finely dispersed gold in waste rock was
determined in the residue after parting. The amount
of gold associated with sulfides was determined
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from the difference in the contents in the tails of the
second cyanidation and the parting tails.

Table 3 - Results of phase analysis for gold of a crushed
head ore sample with a size of 95% of the class -0.071 mm

Gold distribution
Gold deportment
P g/ ton %

Free and in the form of 5.02 85.51
intergrown
Associated with acid 0.12 1.46
soluble minerals
(carbonates, hydroxides,
chlorites, etc.)
Associated with sulfides 0.97 11.81
Finely disseminated in rock- 0.10 1.22
forming minerals
Total in the sample 6.21 100.0
(according to balance)

It is shown that the content of free gold and gold
in open intergrown (cyanidated gold) is 85.51% in
total. Gold grains are dendritic, octahedral, and
needle-shaped. The sizes of gold grains range from
0.025 mm to 0.05 mm, dominated by 0.025-0.075
mm. The presence of finely disseminated gold in
sulfides is one of the main reasons why gold is
extracted from minerals with difficulties. 11.81% of
gold is associated with sulfides, 1.46% is associated
with acid-soluble compounds, and 1.22% is with
rock-forming minerals.

Based on the results of rational analysis, it can
be stated that rather high rates of gold dissolution
up to 90% of the extracted gold should be expected
during the cyanidation of ore.

The data of X-ray phase analysis of the sample
showed that the total content of pyrite is 1.8%. The
main rock-forming mineral is quartz, 54.7%. The
content of albite, a mineral of the plagioclase group,
is about 5%.

Conclusions

The study of the material composition found
that the calculated gold content in the test sample is
6.04 g/t, silver 7.9 g/t. Gold is found in the form of
very small grains in sulfides (pyrite, arsenopyrite), as
well as in a finely disseminated state in silicate
minerals. The ore is characterized by a

multicomponent mineral with a
predominance of pyrite.

The mineralogical and X-ray phase analysis of
the sample showed that the main ore part is
represented by pyrite, and quartz as rock-forming
minerals. The rational analysis found that gold is
distributed in the studied ore, crushed to a fineness
of 95.0% of the class 0.071 + 0 mm, as follows:
85.51% intergrown, 11.81% gold
associated with sulfides, 1.46%associated with acid-
soluble compounds, 1.22% in rock-forming minerals.

When enriched in a centrifugal concentrator, a
gold-bearing concentrate was obtained with a gold
content of 58.3 g/t with the extraction of 80.6%, and
the loss of gold with the tailings of the centrifugal
separator is 19.4% with a content of 1.27 g/t.

Centrifugal gravity separators, and in particular
the Knelson concentrator, have proven to be a very
effective circuit element in the technological chains
of modern enterprises processing precious metal
ores and sands. In this regard, the most preferable is
the use of gravity technologies for extracting gold
using gravity equipment that can provide a high
degree of concentration of valuable components,
the safety of the process, and a favorable state of
the environment.

The obtained results of ore beneficiation on the
concentration table show the possibility of obtaining
a gravity concentrate with a gold grade of 48.9 g/t
with a recovery of 40.08%. The tailings of the
concentration table with a gold content of 3.8 g/t
can be directed to additional extraction of gold by
the flotation method.

When separating the gravity concentrate on a
jig, the extraction of gold was 31.6%, with a content
of 51.4 g/t. Based on the results of gravity
beneficiation of ore in a centrifugal separator, it was
found that the optimal size of grinding is 90% of -
0.071 + 0 mm class.

Thus, based on the results obtained, it can be
concluded that the Knelson centrifugal concentrator
using of optimized operating mode is the best
equipment for obtaining gravity concentrates from
the ore of the East Kazakhstan deposit.

The head ore of the East Kazakhstan deposit is
enriched by flotation quite effectively. The
experiment on the head ore benefication with a
particle size of 80% 0.074 mm is resulted with a
flotation concentrate with a gold grade of 49.7 g/t

composition

free and in
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with a yield of 11.4% and a recovery of 88.88%. The
gold content in the flotation tailings was 0.8 g/t.
The results of the experiments showed that the
most optimal parameter of the pressure generator
in terms of pressure supplied to the dispersion
system is 6.0 atm. A further increase in pressure
promotes intensive transfer of waste rock into
concentrates, which significantly increases the mass
yield, but at the same time reduces the gold content
in them. The 6.0 atm. indicator allows for achieving
the optimal balance in terms of mass yield and
content of the noble metal in the concentrate.
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A3 cynbdmAaTi KeHAEepAEH KbiCbiMAbl MUKPOaspaLuA reHepaTopbliH KONAaHy
apKbiaibl 6albITy }KONbIMEH anTbiH any

Toktap ., Maromepgos [1.P., KoiixkaHoBa A.K., A6abingaes H.H., bakpaesa A.H.

«Memannypaus waHe KeH 6alieimy uHcmumymel» AK, Cambaes yHusepcumemi, Aamamel, Kazakcmat

TYWIHAEME

LUbifbic Ka3aKCcTaH KeH OpHbIHbIH, KypaMbliHA@ KYKIpTi a3 anTbliH 6ap KeHHiH, 3aTTbiK KypambiH

3epTTey boiblHLWA 3epTTey HaTUKeNepi KenTipinreH. bactankbl cbiHama MeH 6alibITy eHIMAEepPiHiH,

Herisri KeHCi3 MMHepanaapbl KBapL, XN0PUT (KAMHOXI0P), KapboHaTTap (KasbUUT KaHe A0S0MUT)

60sbin Tabblnagpl. MUPKUT HeriziHeH Tekwe Tapi3ai KpucTangap TypiHAe, Keige knactepnep

TypiHae 6onagpl. OaHaepain, menwepi 0,03-TeH 0,40,5 mm-re AeliH, KnactepnepaiH, menwepi

bipHewe MM-re KeTeai. Temip OKcMATEPi (reTUT, TMAPOreTUT) MUPMUT, MYMKIH MarHeTuUT KaHe

WUNbMEHUT apKblNbl Ty3iireH. CbiHamasblK TangaymeH 3epTTeneTiH cbiHamaga 6,04 r/T Au skaHe 7,9

r/T Ag 6ap ekeHgiri aHbikTanabl. Cynbduarti muHepangaphbiH, menwepi 11,81% kypaigpl.

Makana kengi: 08 maycoim 2022
CapantamagaH eTTi: 22 mameiz 2022

KabbingaHabl: 06 KazaH 2022
OTbIpbIM,

ANTbIHHbIH, egayip 6eniri (85,51%) cynbduarepae, coHaan-ak 1,22% Tay XbIHbICTapbIH KYPanTbiH
MWHEpaN[apaa KyKa KantanfaH Kyige. Xymbicta rpaButaumanbiK 6aibiTy npouectepid KongaHa
KypambiHAa antbiHbl 6ap KeHAi 6aibiTygbl 3epTxaHanblK 3epTTey Hatuxkenepi

YCbIHbINFaH. [paBuTaumanbik H6alibiTy 6oMbIHILIA CbiHAKTap 3epTxXaHanblK KababikTa: knelson KC-

M/, 3 opTanbIKTaH Tenkiw KoHueHTpaTopbiHAaa, CKO-05 KOHLEHTPaUMANbIK YCTeNiHOEe KaHe eKi

Kamepasbl auadparmanbik wery malwmnHacbiHaa (SHUTPU AMJT Tuni) eTkizinai. KoHUeHTpaumanbIK

ycTenae KeHai 6anbITyabiH anbiHFaH HaTuxenepi 40,08 % anTbiH any KesiHae KypambiHaa 48,9 r/T

anTbiH 6ap rpaBUTALMANLIK KOHLEHTpaT any MyMKiHAIriH KepceTteai. Llery malmHacbiHAa

rpaBUTaLMANDIK KOHUEHTpaT BeniHreHae, KypambiHaa 51,4 r/T 6onfaH Kesge antbiH any 31,6%

Kypagpl. Bip caTbiibl 6alibiTy cxemacbl 60MbIHWA OpTafAaH Tenkiw KoHueHTpatopaa 80,6% any

KesiHge KypamblHAa 58,3 /T antbiH 6ap KOHLEHTPAT a/ibiHFaHbl aHbIKTaAAbl. ANTbIH ally MEH OHbIH,

rpaBUTaULUANDbIK KOHUEHTPATTafbl KYPamMbiHbIH, Knelson OpTanblKTaH TenkKiw KOHUEHTPATOpPbIHbIH

LWbIFYbIHAH Tayenainiri kepcetinreH. KeHai paotaumanbik 6aitbiTy HaTUXenepi KkypambiHaa 0,8 /T

anTbiH 6ap ¢aoTauMAHbIH, anTbiH 6OMbIHWA YWIHAI KAnAbIKTapblH any MYMKIHAIr Typansl

KepceTesj, KypambiHaa 49,7 r/T antbiH 6onfaH Ke3ae ANTbiHAbI BiPIKTIPIIreH KOHLEHTPaTKa any

88,88% - Abl Kypaiapl.

TyiiiHOi ce30ep: KypambiHAA anTbiHbl 6ap a3 cynbdUATI KEH, MUHEpanabl Kypambl, ¢asanbik

KYPambl, rpaBUTaumAbIK 6aibITy, anTbiH any, KOHLEHTPAT, KafablKTap, TOTbIKTbIPFbILL
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U3BneueHune 30/10Ta U3 ManocynbGuAaHbIX 3010TOCOAEPKALLMUX PYA METOAO0M

oborawieHna ¢ UCNoNb30BaHMEM HAMOPHOro reHepPaTopPa MMKpPOoaspPaLUm Nyabnbl

Tokrap ., Maromegos [.P., KoixkaHoBa A.K., A6abinagaes H.H., bakpaesa A.H.

AO «MHcmumym memannypauu u obozaweHusA», Satbayev University, Aamamei, KazaxcmaH

Moctynuna: 08 utoHAa 2022
PeueH3nposaHue: 22 agzycma 2022
MpwuHATa B neyaTb: 06 okmAbpsa 2022

AHHOTALMUA

MpvBeaeHbl pesynbTaTbl UCCNEA0BAHMI NO U3YYEHUIO BELLECTBEHHOIO COCTaBa ManocynbduaHom
30/10TOCOAEPKALLEN PYAbl MECTOPOXKAeHUA BocToyHoro KasaxctaHa. OCHOBHbIMU HepyAHbIMU
MUHepanamm UCXo4HOM NPobbl M NPOAYKTOB 060raLLleHUn ABAAIOTCA KBAPLL, XJI0PUT (KNMHOXNOP),
Kap6oHaTbl (KanbuuT U A0NOMUT). MIUPUT NPUCYTCTBYET NPEUMYLLECTBEHHO B BUAE KPWUCTaNN0B
Kybuueckoli Gopmbl, MHOrAa B BUAe cKonneHuin. Pasmep 3epeH ot 0,03 go 0,40,5 mm, pasmep
CKONNEHWUWA JOCTUraeT HECKONbKMX MM. OKCuabl enesa (retut, rugporetut) obpasosBanncb no
ANPUTY, BO3MOXKHO MArHeTUTy " WUAbMEHUTY. |-|p06VIprIM adHa/IM30M YCTaHOB/IEHO, 4YTO B
nccnepyemont npobe cogeputca 6,04 r/t Aun 7,9 r/T Ag. CopeprkaHue cybduaHbIX MUHEepanos
coctasnsetr 11,81 %. 3HauuTenbHaa 4acTb 30/10T7a (85,51 %) HaxoAUTCA B TOHKOBKPAMAEHHOM
cocTosHUM B cynbduMaax, a TakKe B nopogoobpasyowmx muHepanax 1,22 %. B paborte
npeacTaBNeHbl Pe3ynbTaTbl 1abOPATOPHbIX UCCAe0BaHUI 060raTUMOCTM 3010TOCOAEP KALLEN
pyZ4bl C UCNONb30BaHWMEM NPOLLECCOB FPaBUTALMOHHOrO oboraleHus. TecTbl No rpaBUTaLMOHHOMY
oboralieHno nposeaeHbl Ha NabopaTopHOM 060PYAOBAHMMN: LLEHTPOBEXHOM KOHLLEHTpaTope
Knelson KC-MJ, 3, KoHueHTpauuoHHom cTtone CKO-05 u asyxkamepHoW Aauadparmosoi
0OTCago4HOM MawuHbl (Tuna OMJ1T UHWUIPU). NMonyyeHHble pesynbTaTbl oboralieHusa pyapl Ha
KOHLEHTPALMOHHOM  CTONE  MOKa3blBAalOT  BO3MOMHOCTb  MOJYYEHWUA  FPaBMTALMOHHOIO
KOHLeHTpaTa ¢ coaep*aHuem 30s10T1a 48,9 r/T npu ussnedveHnm 3onota 40,08 %. MNpu sBblaeneHnn
rPaBMUTALMOHHOTO KOHLEHTPATA Ha OTCaA04HOW MallMHE M3BJeYeHUe 30/10Ta cocTasmno 31,6 %
npu copepxaHun 51,4 r/T. YCTaHOBAEHO, YTO MO OAHOCTaAManbHOW cxeme oboralieHvs Ha
LEeHTPOBOEKHOM KOHLLeHTpaTope MoJlydeH 30/10TOCOAEPIKALLMIA KOHLLEHTPAT C coaeprKaHuem
30n0Ta 58,3 r/T npu ussnevyeHun 80,6 %. MoKasaHa 3aBUCMMOCTb M3BJEYEHWUA 30/10Ta U €ro
COAEPKAHNA B rPAaBUTALLUOHHOM KOHLIEHTpaTE OT BbIXOAA Ha LEHTPOOEKHOM KOHLLeHTpaTope
Knelson. PesynbtaThl ¢noTaumMoHHOro oboraweHnsa pyabl MNOKasbiBalOT O BO3MOMKHOCTU
MoNly4YeHUs OTBa/IbHbIX MO 30/10Ty XBOCTOB GA0TaLMM C coaepKaHuem 3osota 0,8 r/T. U3sneyeHne
30/10Ta B 06'beAMHEHHbIN KOHLEHTPAT, Npy coaepaHum 3o10Ta 49,7 r/T coctasnser 88,88 %.

Knrodeabie cno8a: 30n10TOCOAEPKALLAA ManocynbGpuaHan pyaa, MUHepanbHblii coctas, Ga3oBbii
coCTaB, rpaBuUTaLMoOHHOE oboralleHue, U3BneveHme 3010Ta, KOHLEHTPAT, XBOCTbl, OKUCAUTESb.
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Assessment of the stability of the underworked sides and ledges of the
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ABSTRACT
As known, the main methods of developing solid minerals are open and underground methods.
However, an analysis of the world’s practice of developing deposits of solid minerals also indicates
the widespread use of the combined method of development in the last 50-60 years. Combined
development of deposits at domestic and foreign mining enterprises is used due to the variable
depth of deposits, which is typical mainly for deposits of steep and inclined fall. The essence of the
combined development is that the upper horizons are developed in an open way, and the lower
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Accepted: October 06, 2022

ones are developed underground. In such deposits, the following scheme has become
widespread: the initial development of the upper section of the deposit by a shallow quarry (up to
a depth of 80-100 m, sometimes more), then the construction of an underground mine, carried
out in parallel with the completion of the quarry reserves. When opening sub-quarry reserves
subject to underground mining, the resulting quarry space can be used. The penetration of vertical
and inclined opening workings, tunnels, and exits from the berm sides or directly from the bottom
of the quarry has become widespread. In parallel mining of reserves by open and underground
methods, the joint use of transport workings is widely used for the delivery of ore mass from the
quarry and underground mine, the placement of an underground crushing complex, auxiliary, and
repair facilities in the quarry itself. In addition, the method of refining sub-quarry reserves with
the opening of the underground part outside the quarry space has been widely used. After the end
of open-pit mining, underground horizons are opened by capital mining workings (vertical, inclined
shafts, tunnels).

Keywords: combined development, vertical mine roadways, shafts, underground reserves, open
pit, side, slope.
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Introduction

Depending on the depth of the deposit, reserves
lying below the quarry are most often opened by
Vertical and inclined barrels that pass outside the
quarry and are used for mining, unloading and lifting
people, and ventilation. The advantage of these
opening schemes is to significantly reduce the
construction time of the underground mine and
reduce capital costs by reducing the length of the
main and auxiliary underground workings.

A fairly large practical experience of mining

enterprises in Kazakhstan, Russia, and far abroad
shows the widespread use of a combined method of
mining solid mineral deposits using vertical mine
trunks to open the underground part of the field [[1],
[2]].

In addition, M. Khudey, M. Radosavlevich, and S.
Vuynich studied the selection of the location of the
vertical trunk using multimodel analysis in the
Velenye region of Slovenia [[3], [4]].

Attention was paid to the work of researchers
Qing Yu, Jinrong Ma, Hideki Shimada, and Takashi
Sasaki, which provides a quantitative analysis of the
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model of the impact of mining operations on the
stability of the mine shaft [[3], [5]].

Experimental part

There are many specific engineering and
geomechanical tasks that affect the efficiency of
using combined excavation. Let's try to highlight the
tasks that interest us, which are directly related to
the choice of location and location of the main
opening workings — in our case, vertical trunks.

The tasks that form the scientific and
methodological basis for solving the scientific and
technical problem of choosing a safe place for laying
vertical trunks during combined digging include [6]:

1. Selection of the method of field discovery,
taking into account the specifics of mixed
development. In contrast to the traditional
underground method of development of deposits,
the peculiarity of choosing a safe scheme of opening
during mixed development is the presence of open
pit space and a displacement zone of rocks in contact
with the quarry, that is, the fact of the emergence of
a new factor of Man-Made influence. It is known
that zones of sliding and falling rocks are formed
around the quarry space, within which it is not
allowed to place the main opening workings and
carry out other works without applying the
measures provided for in the safety rules.

2. Determination of the size of the rock
displacement zone around the contour of the quarry,
extending from the surface of the earth to the final
depth of the quarry. This is one of the most
important tasks, the solution of which directly
depends on the choice of the location of vertical
trunks.

3. Determination of the maximum depth of the
quarry, where the contour coefficient of the trench
is equal to the boundary coefficient of the trench.
This parameter, first of all, serves to assess the
possibility of an underground transition from an
open method of development and determines the
boundaries of this transition. On the other hand, this
task is directly related to the discovery of the field,
the order of depth and location of vertical trunks, as
well as the process of formation, the geomechanical
state and the dimensions of the area adjacent to the
contour of the quarry, within which the construction
of trunks is not allowed [7].

4. Assessment of the stability of the slope of the
quarry side, study of the features of the development
of deformations on the slope and slope of the quarry,
the influence of the slope on the distribution and
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value of stresses along the contour of the quarry in
the conditions of transition to underground mining.
In the context of the transition to underground
development, this process becomes more complex
and develops according to an unknown pattern,
depending on the conditions of rock formation and
the technology of underground development. Any
changes in the stress-deformable state of rocks lead
to a change in the geomechanical state of the zone
of the quarry near the contour, which depends on
the choice of the location of vertical trunks. The
Basic Laws of these deformations can be predicted
with sufficient accuracy on the basis of well-known
methods and recommendations before choosing the
location of the trunk.

5. A complex of engineering and geological
surveys on the basis of Visual Studies and
instrumental measurements on the study of the
terrain, the structure of the Earth's surface, the
presence of methods of transport routes (railways,
highways), geological irregularities, reservoirs, and
aquifers, etc. in order to assess and establish the
possibility of constructing the mouth of vertical
trunks. It is possible to determine possible areas of
surface deformation by means of movement zones.
This makes it possible to make a decision on the
placement of surface and underground hydraulic
structures. The actual angles of movement may be
smaller than those designed, so for safety reasons,
ground structures are located at a certain distance
from the traffic zone. This distance is called a
security berm, which is regulated by safety
regulations.

Taking into account the displacement of rocks, it
is important to establish the boundaries of rock
sliding along the entire depth of the quarry in order
to determine the area of possible location of pits on
the surface. To do this, it is important to know the
mechanisms and patterns of its formation, methods
for calculating and evaluating the stability of slopes
and slopes, and its impact on the process of falling
(sliding) rocks along the contour of the quarry, etc.
[8].

To determine the location of vertical trunks on
the surface of the Earth, it is important to establish
the boundaries of rock slides along the contour of
the quarry in the combined method. Knowledge of
the mechanisms and patterns of their formation,
methods of determining and evaluating the stability
of slopes, bevels, their influence on the process of
falling (sliding) rocks along the contour of the quarry,
etc. is of great importance [9].
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In connection with the need to switch to mixed
geotechnologies in the conditions of one of the
fields in the Republic of Kazakhstan "Ushkatyn-3",
researchers of Karaganda State Technical University
(KarSTU) conducted scientific and experimental
studies to justify the size of the trunk (vertical
position of the trunk during the transition to
underground development). The purpose of this
study was to identify a safe zone. For this purpose,
in the southern and northern parts of the Ushkatyn-
3 quarry, work was carried out to calculate the
stability of the slopes and sides of the quarry, the
result of which was to determine the value of the
location of the vertical mine shaft at the edge of the
quarry [10].

Discussion of results

Scientific works of many outstanding scientists
such as V.V. Rzhevsky, N.V. Melnikov, K.N.
Trubetsky, G.L. Fisenko, E. Shemyakin, S.G.
Avershin, S.I. Popov, M.N. Mashanov, I.I. Popov, R.P.
Okatov, P.S. Shpakov, F.K. Nizametdinova, G.G.
Poklada, V.N. Dolgonosova, and others are devoted
to the study of the stability of the sides of quarries
and slopes.

In the course of this work, P.S. Shpakov's
calculation classification of the geomechanical line
model was used to determine the position of the
vertical trunk during the transition to the quarry. It
allows us to assess the stability of the quarry side
when using the quantitative and analytical methods
([11], [12], [13]].

Figure 1 shows the scheme of displacement and
collapse of rocks along the contour of the quarry
after open-pit processing.

The essence of the research on the stability of
slopes and slopes in the quarry to justify mixed
development is that the designation of the sliding
surface and boundaries of rocks along slopes and
bevels opens up opportunities for determining the
safe location of vertical trunks, taking into account
the sliding factor of rocks. The figure shows the
location of the mine shaft outside the rock
displacement zone.

An approach based on the assumption that a
collapse prism or sliding prism is formed in the
massifs of beeches and beeches is widely used to
assess the stability of the sides of quarries and
beeches. As an example, we will consider the
essence of a number of methods presented in the
works [[14], [15]].
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!}114 Mine shaft
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Figure 1 — Mountain range movement scheme

So, in the work [[15], [16]], the conditions for the
stability of slopes with this approach are presented
as follows:

5Si > 5Ti (1)

where 3Si is the sum of the holding forces on the
weakest surface of the prism;

3Ti is the sum of the shear forces on the same
surface.

The slope stability fund coefficient is as follows:

n=3Si/5Ti (2)

n =1 the surface is called the threshold or sliding
surface. Rock shear resistance is determined as
follows:

T=Tp0ntgp (3)

where 1pis the adhesion of rocks;

on-normal voltage to the shear site;

T is the tangential voltage acting in the shear
zone;

¢ is the internal friction angle.

In the case of a flat task, taking into account the
dependence (1) is obtained:

2Ti=fcp 2ZNi L tcp (4)
where INiis the sum of normal (retaining) forces
on the sliding surface;

— 7y ——



KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipbs. Ne2(325), 2023

tsr-the average value of the coefficient of
friction and adhesion on the entire sliding surface;

L-the length of the sliding Surface (line in a flat
task).

fep = tgepcp (5)

To calculate the stability of the slope, use the
calculation scheme shown in Figure 2, which shows
the slope scheme with a round cylindrical sliding
surface. An array of rocks bounded by the surface of
the ABC and the circular cylindrical sliding surface of
the AS1 and the constant vertical bare height of the
rocks of the SS1 is divided into vertical strips A of the
same width. As points of application of the mass of
Qi strips, their average height is conditionally
selected. By decomposing the mass of the Qi bands
into tangents and normal components on the sliding
surfaces, you get Ti and Ni.

8
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Figure 2 - Calculation of stability slope schemes using a
circular cylindrical sliding surface

After the transformations, the slope stability
fund formula (6) is obtained:

"= fepENiLTcp (6)
2T;

In the upper part of the slope, there is a vertical
segment of the slide line SS 1. This surface (tear line)
is formed under the influence of tensile stresses
hrt/2. It is recommended to determine this value by
the dependence proposed by G.L. Fisenko [16]:

2

hep = %ctg (n/4—%) (7)

In the conditions of the ushkatyn-3 field,
scientific and experimental work was carried out to
determine the rational location of vertical mine
shafts using these methods. For this field, the
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weighted average value of the rock strength
coefficient on the M.M. Protodiakonov scale was 10.
Taking into account the strata of rocks, the following
angles of Motion are assumed: 6 = 65; p = 50; f1 =
50. For the southern and northern parts of this
quarry, stability calculations were performed for the
geomechanical model of the uneven slope of the
qguarry side, as a result of which the location of the
barrel was determined [[17], [18]].

Calculations were made for 5 sections that
characterize the southern and northern parts of the
ushkatyn-IIl quarry. The calculation of the stability of
rocks in the quarry was made according to known
methods. All methods take into account the physical
and mechanical properties of rocks and the depth of
development. Studies were conducted to determine
the location of the vertical trunk under the condition
of sliding of the Rock line. Below are the sliding
zones laid out on the cross-section 1-1 of one of the
five slices [19] (Figure 3).

";180—'
T. /
— |/
/.
[
L]
i / ‘5\”/7

Figure 3 - 1-1 sliding zone by cross-section

5 lines of rock displacement zones were
obtained by conducting profile lines in sections.

The following safe distances were determined
by the calculations: 180 m; 165 m; 115 m; 0 m; -100
m.

By connecting the points of origin of the lines
from movement to the surface of the Earth [20], a
zone was finally obtained, within which it was not
recommended to place a vertical trunk (Figure 4).
The entire area located outside this zone is
characterized by the integrity of an array of rocks
that have not been affected by mining operations in
the quarry. Inside this zone, located outside the
contact zone of the quarry, the array is unstable, and
the location of the trunk in it can lead to severe
deformation and destruction of the trunk.

The mine shaft must be located outside the area
shown in the figure. This method allows us to
determine the safest place for the construction of
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Figure 4 — Rock displacement zone in the northern part of the ushkatyn-3 quarry

vertical trunks in the combined technology of
mineral deposit development under the conditions
of displacement of massif rocks in the contact zone
of the quarry.

Conclusions

When choosing the place of placement of
trunks, it is necessary to provide for the possibility of
surface treatment during underground work.
Leaving protective centers near the trunk, if such a
decision is made, will allow maintaining the stability
and integrity of the array directly near the trunk, but
no more. But the condition of the slopes and pits of
the quarry may change. Carrying out underground
mining operations in the impact zone of the quarry

causes a redistribution of stresses in the treated
massif and significantly changes the stability of the
slopes and the surrounding area of rock
displacement.
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TYWIHAEME

Benrini 6onfaHgal, KaTTbl Nangansl Kasbanapabl UrepyaiH Herisri Tacingepi alwbIK *KaHe Kep acTbl
Tacingepi 6onbin Tabblnagpl. Ananpa, KaTTbl nakigansl Kasbanap KeH OpblHAAPbIH UrepyaiH
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KEH OpbIHAAPbIHbIH, ©3repMeti TepeHairiHe 6ainaHbICTbl KOnAaHblNaAbl, Byn HerisiHeH TiK KaHe
Kenbey Kynay KeH opblHAAPbIHA TaH. Apanac KasyAblH, MaHi-KOFapfbl AEHTreMKUeKTep allblK,
TYpAE, an TOMEHri AeHreyKMeKTep Kep acTblHAa Kasbin anbiHagpl. MyHAal KeH opblHAApPbIHAA
HerisiHeH Keneci cxema Tapangbl: KeH OPHbIHbIH, KOfapfbl GeniriH TepeH emec KapbepmeH
6actankbl urepy (kerge 80-100 m TepeHAikke AeMiH), cofaH KeliH KapbepaiH, KopaapbiH
OHAiIPYMEH KaTap Xep acTbl KeHilWiHiH KypblibICbl. }Kep acTbl Urepyre KataTblH Kapbep acTbiHAAFbI
KOp/lapAbl awy KesiHAe nanga 6onfaH Kapbepnik KeHiCTiK naiganaHbliybl MyMKiH. Bepm
bopTTapblHaH Hemece TiKenen KapbepgiH TybiHeH TiK KaHe Kenbey awbinaTblH KasbanapaaH,
WTONbHANAPAAH, Ky/lamanapfaH YHriney KeH, TapanfaH. Kopnapabl awblk XaHe »ep acTbl
TacinaepimeH Katap eHaey KesiHAe KapbepeH KaHe Kep acTbl KeHiliHEH KeH MacCcacblH LWbIFapy,
JKep acTbl yCaKTay KelleHiH, KapbepaiH, e3iH4e KOCa/Kbl YKaHe KeHAey LapyalblablKTapbiH
OpHaNacTbipy YWiH Kenik KasbanapbiH bGipnecin nanpganaHy KeHiHeH KongaHblnagpl. COHbIMeH
KaTap, Kapbep acTblHAAFbl KOpAapAbl Kapbep/ik KeHICTiKTiH WeriHeH TbiC ep acTbl 6eniriH
aWyMeH aAKTay aAici KeHiHeH KoMAaHbinAbl. ALWbIK Tay-KeH XKYMbICTapbl anKTa/ffaHHAH KeliH
JKepacTbl FOPWM3OHTTapbl Kypaeni Tay-keH KasbanapbimeH (TiK, Kenbey oOKnaHAapMeH,
LITONbHANAPMEH, Fre3eHKaNapMeH) alwbinagpl.

TyliiH ce3dep: apanac urepy, Tik Kasbanap, oKnaH, Kapbep acTbiHA4AFbI KOPAap, Kapbep, epHey,
Kuaber.
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AHHOTALMUA

Kak W“3BEeCTHO OCHOBHbIMM Crocob6amm paspaboTKu TBEPAbIX NONE3HbIX MCKOMAEMbIX ABAAIOTCA
OTKPbLITbI M NoA3emHbld  cnocobbl. OfHaKo, aHannM3 MUPOBOWM MPAKTUKM  pa3paboTku
MEeCTOPOXKAEHUI TBEPAbIX MONE3HbIX MCKOMAeMbIX YKa3blBaeT TaKKe Ha LUMPOKOE NpUMeHeHue B
nocneaHue 50-60 net Kom6MHMpPOBaHHOrO cnocoba paspaboTku. KombuHMpoBaHHasn pa3paboTka
MECTOPOXKAEHWUIA Ha OTEYECTBEHHbIX M  3apybexHbiXx TOPHOAO06bLIBAIOWMX NPEAnpPUATUAX
NPUMEHAETCA B CBA3W C NepeMeHYMBOM ryBUHON 3aneraHua MeCTOPOXKAEHUM, YTO XapaKTepHO B
OCHOBHOM AN 3aNeXel KPpyToro WM HaKAOHHOro nageHusa. CylHOCTb KOMBWHMPOBaHHOM
pa3paboTKM 3aKNOYaeTCs B TOM, UYTO BEPXHME TOPU3OHTHI Pa3pabaTbiBAOTCA OTKPbLITbIM
cnocobom, a HUKHME NoA3EeMHbIM. Ha TakKMX MeCTOPOXKAEHUAX pacnpoCcTpaHeHUe MOAYYMno B
OCHOBHOM Cneaylolas Cxema: MepBOHayaNbHaa oOTPaboTKa BEpXHEero Yy4vyacTka 3a/exu
Herny6oKknm Kapbepom (fo rybuHbl 80-100 m MHoraa 6onee), 3aTem CTPOUTENBCTBO NOA3EMHOTO
PYAHWMKA, OCYLLECTBNSEMOE MapannenbHO ¢ AopaboTKoM 3anacosB Kapbepa. Mpu BCKpbITUM
NOAKApPbepHbIX 3anacos, MOA/ENKaLWMX MNOoA3EeMHOM pa3paboTKe, MOMET WCNoaAb30BaTbCA
o0bpa3oBaBlLeecs KapbepHOe NPOCTPaHCTBO. Bosbluoe pacnpocTpaHeHue NonyyYuna NPoxoaKa c
6epm 6OPTOB UM HENOCPEACTBEHHO CO AHA Kapbepa BEPTUKANbHbIX M HAK/IOHHbIX BCKPbIBAKOLLLMX
BbIpaboToK, WTONEH, cbe3noB. Mpu napannenbHol oTpaboTKe 3aNacoB OTKPbITbIM U MOA3EMHbIM
cnocobamu LIMPOKO NMPUMEHSAETCA COBMECTHOE WMCMOJ/Ib30BAaHUE TPAHCMOPTHbIX BbIPaboTOK Ans
BblJAQYM PYAHOM Maccbl M3 Kapbepa W MOA3EMHOr0 PYyAHWKA, pasmelleHUs MoA3eMHOro
APOBUNBHOTO KOMNNEKCa, BCMOMOraTe/IbHOro M PEMOHTHOIO X03ANCTB B CaMOM Kapbepe. Kpome
TOro, WMPOKOEe NpUMEHEHME NoAYyYn cnocob fopaboTKM NOAKapbePHbIX 3aNacoB CO BCKPbITUEM
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I'IO,D,3eMHOl‘;1 4YaCTW BHe NpeaenoB KapbepHOro NPOCTPaHCTBa. [locne OKOHYaHMA OTKPbITbIX FOPHbIX
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Anchor bolt of rock massif in coal mines to decrease soil rock heaving
of the workings
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ABSTRACT

During the maintenance of workings, the effects of soil rock heaving, caused by plastic deformation

and extrusion into the excavation cavity under the action of the rock pressure, are usually

eliminated. The identified patterns of change in the stress-strain state of coal-rock massifs

(displacements, stresses, cracking zones), depending on the main mining-geological and mining-
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schemes for decreasing soil rock heaving of mine workings to increase the stability of preparatory
mine workings have been developed. The development and improvement of existing technologies
of effective and safe stiffening of near-soil rocks at conducting mine workings on flat and inclined
coal seams were substantiated. The modelling of the SSS shows that both side-rock and ground
deformations are predominantly influenced by side anchorage which results in reduction of the
effective deformations in the rocks surrounding the working and in a decrease of gas release from
the coal massif. It is established that the deformations and stresses both side and in-soil rocks in
the excavation are influenced by side anchors rather than near-soil ones.

Keywords: mine workings, study of deformation processes, anchor parameters, geomechanical
processes, anchor bolt, manifestations of rock pressure.
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Introduction
contours of workings and increase of soil rocks

In coal mines, the rocks in the immediate vicinity
of the workings are weakened by cracking and
plastic deformation, which leads to the formation of
inelastic deformations around the workings, in
which one can observe the restribution of the
stresses, and the stress zone is moved into the rock
mass [[1], [2], [3]]. Zones of increased and decreased
stresses (support pressure zone) are formed in the
rock mass surrounding the preparatory working
(Figure 1).

For different mining conditions, mining
development schemes and stages of working
existence, rock heaving processes are different and
this determines ways to control this phenomenon.
The most often used is periodic undermining of soil
rocks, which leads to disturbance of the equilibrium
state of the system "bolt - zone of destroyed rocks",
growth of rocks deformation intensity on the

displacement.

The extraction of swelled rock reduces the
passive back pressure on the ground by only 50-60
kN/m of the working. It is necessary to compensate

1 - preparatory working; 2 - natural stress zone;
3 - support pressure zone; 4 - decreased stress zone

Figure 1 - Stress distribution around the preparatory
working



https://creativecommons.org/licenses/by-nc-nd/4.0/

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbsi. Ne2(325), 2023

ISSN-L 2616-6445, ISSN 2224-5243

the back pressure of the excavated rock after
undermining in order to ensure a stable condition of
the working soil [3]. It is known that the higher the
rock back pressure, the lower the rock displacement
value, and the mechanical back pressure value is
three orders of magnitude below the forces acting
on the undermined zone perimeter. The mechanical
support in mine workings at "Yuzhnodonbasskaya"
mine No. 3, where the power train was located, was
provided with the metal ropes with the help of
which a distributed load of 0,03 MPa was set
between the legs of the bolt and the soil of the mine
working; this helped to reduce by 57 % the
squeezing of the working ground [[3], [4]].

In order to compensate the back pressure of the
extracted rocks, progressive technological solutions
using dispersed purposeful load to increase the
effect of counteracting the extrusion of soil rocks are
required. One of them is conducting preparatory
workings with strengthening of host rocks by the
system of rod and cable (rope) anchoring bolts which
are set for a particular working taking into account
mining and geological conditions of development,
character of interaction with rock massif at given
loads and deformation rates.

In case of insignificant difference in strength
parameters of the top, sides and soil, the
deformation of rocks along the whole working
perimeter occurs in conditions of full compression,
while the tangential component of the stress tensor
grows with its size increasing, and the shifts of
contours increase. It is necessary to distinguish soil
heaving, which is caused by the stress-strain state
(SSS) of the whole rock mass around the working,
from rock squeezing from under the pillars, which
play the role of dies.

Heaving is most intense on the soil side of coal
seams in preparatory workings. Soil layers covered
by heavings are 2 - 5 m thick, and the thicker the
weak rock layers, the more intense the heavings are
[[5], [6], [71, [8], [9], [10]].

In preparatory workings, which are in the zone
of cleaning operations influence (80 - 100 m), as the
longwall face approaches the studied area, the
growth of heaving intensity is noted up to a certain
maximum. As the longwall face moves away (100 -
120 m), the intensity of heaving gradually decreases,
asymptotically approaching to a certain constant
value. In single workings, the heaving intensity tends
to be monotonic and fades with time.

The sizes of coal pillars have a significant
influence on the heaving: the smaller the pillar, the
higher the heaving intensity. Increasing the width of

pillars and protecting preparatory workings with
rock strips reduces the heaving intensity, which lasts
for 1 or 3 months. This regularity is widely used for
wide workings with one-sided or two-sided rocking
[5].

The classification criteria for heaving are rather
subjective, due to the multifactorial nature of the
phenomenon and are based on the intensity of its

manifestation: "weak", "medium", "strong".
The experimental part

The decreasing of soil heaving in mine workings
can be achieved by creating zones of decreased
stress in the sides, by anchoring the top rocks with
steel-polymer anchor bolts of increased load-
carrying capacity. This increases the support area of
the roof on the sides of the working and decreases
the specific pressure on the soil. The area of
maximum support pressure in this case is shifted
from the edge of the massif by the length
determined value, incline and density of the near-
soil anchors.

The distribution of stresses along the working
contour in a 5 m claystone layer is shown in Figure 2.
An unstable rock zone is formed around the working,
mainly in the roof and soil, but also on the sides in
the lower part of the sides of the working contour.
The maximum value of normal stresses occurs in the
rightmost anchor of the working top at the place of
its anchoring, and the maximum longitudinal stress
occurs in the anchor located on the right-side
surface of the working (first from the bottom)
(Figure 2).

1 - highly unstable zone; 2 - unstable zone; 3 - unstable
zone; 4 - medium stability zone; at the minimum point
the zone is stable

Figure 2 - Distribution of normal (a) and longitudinal (b)
stresses in a 5 m thick claystone layer

We have established the dependences of stress
changes in zones 1, 2, 3 on anchor length for the
claystone layer:
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o(l) =-1,4-1-8,8(1 zone),
o(l)=-2,4-1-209(2 zone), (1)
o(l) =-3,5-1—32,9(3 zone).

The calculations of the SSS using Flac program
[11] for different mining conditions of coal seams in
Karaganda basin showed that the greatest effect of
strengthening influence was obtained in rectangular
cross-section of mine workings with side walls roof
anchoring under combined scheme with their
installation so that the upper side (usually, deep)
anchor was located in the support pressure zone
behind the workings contour in host rock. Such
installation makes it possible to shift the peak of rock
pressure deep into the massif beyond the zone of
spreading deformation (destroyed rocks) in the zone
of working influence. The lower deep anchor is
placed in such a way as to create enclosing (isolating)
zone preventing side soil rock spreading and
extrusion into the working cavity (Figure 3). The
results of SSS modeling show that the deformations
and stresses in both side rocks and soil rocks are
predominantly influenced by side anchors rather
than near-soil ones, leading to reduction of the
effective deformations in the rocks surrounding the
working and decreasing of gas release from the coal-
bearing massif.

0.00e+000
9.60e-004
1.92e-003
2.88e-003
3.84e-003
.80e-003
.76e-003
6.72e-003
7.68e-003
8.64e-003

9.60e-003

Figure 3 - Deformation pattern with displacement scales
and strain distribution in the soil rock with 5 m upper
side anchors and 5 m near-soil anchors

The evaluation of the required thickness of the
strengthened rock layer in the soil, using the anchors
installed in the soil to form supporting blocks to
support the bearing vault of the working, is
determined according to the method of Prof. P.M.
Tsimbarevich. The depth of spreading of the heaving
zone depending on the volume weight of soil and
side rocks (o t/m3) and working height (h, m) are
determined using a nomogram (Figure 4) [[6], [7],
(81, [9], [10]].

40 3330 ftm3

h;m 1

2 i 15 20 25
Volume weight of sol rocks, U’

Spreading depth of swelling zone, m

Figure 4 - Nomogram for determining spreading depth of
heaving zones in the working soil depending on the
influencing factors

In clay preparatory workings of the Karaganda
coal basin when layered claystones and siltstones
are deposited in the soil, three stages of
deformation processes are distinguished:
stratification along the layering surface without
fracture of layered rocks (Figure 5, a); fracture of
layered rocks under the workings into blocks in the
form of multi-joint arches (Figure 5,b); destruction
of soil under the workings sides with their squeezing
into the workings (Figure 5,c). The character of
stresses changes in the roof and decreasing of the
soil friction intensity when strengthening the
working contours with the steel-polymer anchorage
(Figure 6) [[12], [13], [14], [15], [16], [17], [18]].

1 - cavity of the mine workings; 2 - soil deformations zone;
3 - deformations of heaving of mine workings; 4 - depth
of delayering of mine workings; 5 — Py =2kgH - vertical
component of rock pressure; 6 — Pu - horizontal
component of rock pressure; 7 - inelastic deformations
zone; 8 - distraction deformations; 9 - distraction zone;

a - rock extrusion deformations; b - zone subject to
extrusion deformations; c - extrusion deformations

Figure 5 - Stages of deformation processes: a -
delayering, b - fracture of stratified rocks, c - fracture of
rocks in the sides of the working
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4 y 6

5

4,5 - direction and magnitude of maximum deformation
zone movement deep into the rock mass; 6 — decreased
deformation zone in the working soil

Figure 6 - Stress distribution pattern during
strengthening of steel-polymer anchoring circuits

The general established regularity is that as the
volume weight value of top roof grows, the
spreading depth of the frost heave in the working
soil decreases, while an increase in the side rock
density and working height leads to an increase in
the spreading depth of the heaving zone.

Discussion of results

The established patterns of stress-strain state
change of coal-rock massifs (displacements,
stresses, zones of delayering and cracking),
depending on the main mining and geological-
mining engineering factors allowed to determine the
optimal parameters of soil rock anchoring. The
technological schemes of heaving decreasing of soil
rocks of mine workings are used in mines of
Karaganda coal basin to increase the stability of
preparatory mine workings. At the expense of
effective and safe fastening of near-surface rocks
when conducting mine workings on flat and inclined
coal seams. The deformations and stresses both
sides and in the soil rocks in the working are
predominantly influenced by side anchors rather
than near-soil ones. The schemes for anchoring the
rock massif of the immediate soil are discussed
below.

Near-soil anchors (Figure 7) are sunk into the soil
along the faces of the mine in slanted boreholes at
an angle of 20 to 40°. Their length is determined by
the technical possibility of drilling (1.6; 2.4 and 2.9
m). The anchors are placed crosswise (at right
angles) into the soil layers [[11], [19]].

The borehole has a larger diameter from the
mouth to half of its depth and is not filled with a filler
(Figure 7.b). This is necessary to unload the side rock

in this area and then fill the 28 mm diameter
borehole up to the face.

Figure 7 - Soil anchoring installation (a) and borehole
design (b)

During the working for the next tunneling cycle,
the boreholes are drilled in rows into the roof 1 and
sides 2 of the excavation. The length, diameter and
angles of the boreholes are determined by the work
passport, as well as the size of the holes in the metal
supports. The anchoring starts with the first row of
six roof bolts 3 (2.4 m long) and four side glass fibre
anchors 4 (1.8 m long). As the installation
progresses, a second row of five roof steel-polymer
anchors 5 (2.4 m long) is installed. Metal net 6 is pre-
installed under the strips. Before excavation, before
the start of cleaning works and after determining the
thickness of the heaving layer, inclined steel-
polymer anchors 7 (2,4 m long) are placed at a 30 -
45° angle to the rock stratum; as they are fastened
in blast holes, cavities form rock blocks around the
anchors, which are bound together by the cohesive
forces of the rocks. As a result, a supporting dome
(strengthening contour) 8 is created to reduce
compressive forces from the sides of the excavation.
To ensure the relief of soil from stresses, the
boreholes 9 for anchor installation are drilled to the
depth of 1.0-1.2 m with a diameter twice as big. This
will disturb the integrity of the friable layer and slow
down (exclude) the development of longitudinal and
transverse bending of the layers. The rock layers cut
through by the slot are relieved from horizontal
stresses. In order to increase the carrying capacity
and to ensure the suppleness of the anchor support
elements, a cone spacer 10 is installed. Due to the
support pressure ahead of the face, anchors are
installed in the ground with irreducible advance of
the working face by a value exceeding the length of
the zone of advance support pressure by 1,5-2,0
times [[5], [6], [20]].

The length of the anchors to be installed in the
working soil is determined according to an empirical
formula:
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L=—""'m (2)

where K, is an empirical coefficient (for the
Karaganda coal basin it is 6.75);

B is the width of the excavation, m;

I1- value of soil heaving, m;

P is the compressive strength of the soil, MPa.

It is recommended that the spacing of the on-
soil anchors should be double the number of arches
of metal arch anchor per 1 metre of working.

Conclusions

The identified patterns of change in the stress-
strain state of coal massifs (displacements, stresses,
cracking zones), depending on the main mining-

geological and mining-technical factors will allow to
establish the optimal parameters of ground
mountings, technological scheme for reducing frost
heaving of rocks of mine workings to increase the
stability of preparatory mine workings. There are
substantiated development and improvement of the
existing technologies of the effective and safe
ground support during mine workings on the flat and
inclined coal is established that the
deformations and stresses both lateral and in-soil
rocks in the working are influenced by lateral
anchors rather than near-surface ones.

seams. It
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Kas6anapaafbl TONbIPaK, XbIHbICbIHbIH, KONCYbIH TOMEHAETY YLiH Kemip
LIaXTaNapblHbIH Tay-KeH MacCUBiH aHKepAiK 6ekity

AemuH B.®., }ypos B.B.

«36inKac CarblHO8 ameIHOaFbl KaparaHObl MexHUKAsbIK yHU8epcumemi» KOMMepPUUAIbIK eMEC AKUUOHEPSIbIK KOFaMbl,
KaparaHosi, KazakcmaH

TYWIHAEME

MaipganaHy npoueciHae Kasbanapabl ycTay KesiHAe, 94eTTe, KOHTYP/bIK Tay KbICbIMbIHbIH,
acepiHeH on1apapl Ka3ba KybICbIHA CbIFbIM, MAACTUKaNbIK AedbopMmaumanap KesiHge naaa 6onatbiH
TOMbIPAK, bIHbICTAPbIHbIH, WAFbINbICYbIHbIH, CanAapbliH O BGOWbIHLIA XYMbICTap Kyprisineai.
Heriari Tay-KeH-reonoruanbiK KaHe Tay-KeH TeXHWKanblK ¢akTopnapbiHa 6alinaHbICTbl Kemip-
JKbIHbIC MACCUMBTEPiHIH, (bIFbiCyNap, KepHeynep, ’KapblKwak Ty3iny almakTapbl) KepHeysi-

Makana kengi: 18 cayip 2022
CapantamagaH eTTi: 04 winde 2022
KabbingaHabl: 10 kazaH 2022

AedopmaumanaHFaH Kal-KyniHiH e3repyiHiH aHbIKTaNFaH 3aHAbI1bIKTapbl TOMbIPAK XbIHbICTAPbIH
6eKiTyaiH oHTalNbl NnapameTpaepiH 6enrineyre MyMKiHAIK 6epegi. Tay-KeH KasbanapblH }Kymcak,
KaHe Kenbey Kemip KabaTTapbIHAA KYPridy KesiHAe, KOHTYPFa aKblH ¥KbIHbICTAapAbl TUIMA| KaHe

Kayincis 6ekiTyaiH, KOoN4aHbICTafbl TEXHOOMMANAPbLIH 33ip/ey KaHe XKeTingipy HerisgenreH.

Kocbimlia  KyH

CanblfblH

mogenbaey, 6yiip  KbiHbICTapAafbl, COHAANM-aK  ToMblpak,

MblIHbICTapblHAAFbI ,a,ed)opmau,wﬂnap MeH KepHeynepae Xep acTbl emecC, XaHamMma aHKep 6acbim

60/laTbIH,D,bIFbI H

Kepceteai, 6yn

OHAIPICTI  KOpLUafaH ’KblHbICTapAaFbl  KONAAHbICTAfbl

AedbopmaumanapapiH, ToMeHaeyiHe KaHe KeMIp XbIHbICTapblHaH ra3 WblFapyaplH, TomeHaeyiHe
aKenepj. bynipnik kaHe Tay XblHblCTapblHAAfbl AedopmaLmanapbl MEH KepHeynepiHae Kasbaaa
TOMbIpak emec, byiipnik aHkep 6ap ekeHAiri aHbIKTan4bl.

TyiiiH ce3dep: Tay-KeH Ka3banapbl, aedopmaumanbik npouectepai 3epTrey, 6ekity napameTpaepi,

reomexaHUKanblK
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TEXHO/IOTUANIK CXemasiap

Aemopnap mypanel aknapam:

AemuH Bnadumup ®edoposuy
MeXHUKAsbIK

TexHUKa fblabiMOapbIHbIH, 00KMopbl, npogeccop, «36inKac CarbiHO8 ameiHOAFbl KaparaHObI
yHUsepcumemi» KOMMEPUUASbLIK emMeC aKYUOHepsbiK KoFamol, KaparaHObi,

KazakcmaH. E-mail: viadfdemin@mail.ru

TexHUKQ FblabiMOapbiHbIH KaHOudamel, «3d6inKac CarblHO8 ambiHOaFbl KaparaHObl MexXHUKAsbIK

Mypoe Bumanuii Baadumupoeuy

yHUsepcumemi» KOMMEpPUUAAbIK eMeC GaKUUOHEP/bIK KOFaMel «oFapel mMamemamuka»

KagheopaceiHbiH 0oyeHmi m.a., KaparaHosl, Kazakcman. E-mail: zhurvitv@yandex.ru

—— g4 ——


https://doi.org/10.31643/2023/6445.21

KomnnekcHoe Vicnonb3oBaHne MuHepanbHoro Coipbsi. Ne2(325), 2023 ISSN-L 2616-6445, ISSN 2224-5243

AHKepHOe Kpen/ieHue ropHoOro MaccuBa Yro/iHbiX LWAXT ANA CHUXKEHUA NyYeHUs
nopoga, Nnousbl BbIpaboToK

OemuH B.®., }ypos B.B.

Hexkommepyeckoe akyuoHepHoe obwecmeso «KapazaHOuHcKul mexHuveckuli yHugepcumem umeHu Abblakaca CazuHoea»,
KapazaHda, KazaxcmaH

AHHOTAUMA

Mpu noaaepaHum BblpaGOTOK B npouecce a3KcnayaTauMu, Kak npasnao, NposoaAaTca paﬁOTbI no
YCTpaHeHuto I'IOCne,CI,CTBMﬁ nyyeHMa nopos no4sbl, BO3HUKaWOWeEro npu nnacTu4yeckmnx
,qed)opmau,mx C BblaaBMBaHUEM UX B MONOCTb BblpaﬁOTKVI nona ,El,el’lCTBVIeM KOHTYPHOIO ropHoro
haBneHnAa. BbiABNEHHble 3aKOHOMEPHOCTU U3MEHEeHUsA HaI'Ipﬂ)KeHHO-,CI,eCI)OpMMpOBaHHOI’O
COCTOAHUA yrne-nopogHbIX MmaccnuBoB (CMeLIJ,eHMﬁ, Hal’lpﬂ)'KeHVIl‘/ll, 30H TpeUJ,VIH006p33OBaHVIﬂ), B
3aBUCMMOCTU OT OCHOBHbIX TOPHO-TeoNorn4ecknx M ropHOTEXHUYECKUX d)aKTOpOB no3BoNAT

Moctynuna: 18 anpena 2022 YyCTaHaB/NMBATb ONTMMasbHble MapameTpbl  KpenaeHus nopos nousbl  pa3paboTaHbl
PeueHsnposanue: 04 utona 2022 TEXHONIOTMYECKUE CXEMbI CHUMKEHWA NYYEeHUA NOPOA, MOYBbI FOPHbLIX BbIPABOTOK ANA NOBbILLEHWUA
MNpwuHATa B nevaTtb: 10 okmAbpa 2022 YCTOMUYMBOCTM  MOATOTOBUTE/IbHBIX  TOPHbIX  BblpaboTok. Ob6ocHOBaHa paspabotka w

COBEPLUEHCTBOBAHME CYLLECTBYHOLWMX TEXHONOTMI 3bPeKTUBHOrO M 6e30MacHOro KpenneHus
NPUKOHTYPHbIX NOPOZ, NPU NPOBEAEHUMN FOPHBIX BbIPABOTOK HA NONOTMX U HAKNOHHbBIX YrONbHbIX
nnactax. Mogenvposanua HOC cBMAETENbCTBYET O TOM, YTO Ha AedopMaLMn U HANPANKEHWUA B
60KOBbIX MOPOAAX, TaK U B NOPOAAX NOYBbI MPEVMYyLLECTBEHHOE OKa3blBalOT HE NPUMNOYBEHHbIE, @
60oKoBblE aHKepa, NPUBOAALIMX K YMEHbLUEHWUIO AelcTylownUX Aedopmauunii B8 nopogax,
OKpY)KaloWmX BbIpabOTKY M CHUXKEHWIO Ta30BbIAENEHUA U3  Yr1enopogHOro  MaccuBa.
YCTaHOB/IEHO, YTO Ha AedopmMaumu M HanpsKeHUs Kak GOKOBbIX, TaK M B NOpoAax MouBbl B
BblpabOTKe OKa3bIBalOT He MPUMOYBEHHbIE, @ BOKOBbIE aHKepa.

Knrouesbie cnoea: ropHble BbIpaboTKM, uccnegoBaHue AepOPMALMOHHBIX MPOLLECCoB,
napameTpbl KpenaeHus, reomexaHU4yeckue MpoLecchl, aHKepHas Kpenb, NPOABAEHUA TOPHOro
[aBNEHNA, TEXHONOTUYECKME CXEMDI.
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ABSTRACT

The article provides a brief overview of the problems of copper production in Kazakhstan. It is
shown that the main current problem of copper-smelting production is the involvement of low-
grade ores of complex mineral composition. Existing technologies are focused on the processing
of ore with higher copper content, accordingly, it is necessary to adjust the existing enrichment
and smelting technologies. To determine the mineral composition of some samples of promising
copper-bearing ores of the Republic of Kazakhstan, an X-ray phase analysis was carried out. The
identification and quantitative calculation of the mineral content were carried out using the
DIFFRAC.EVA and DIFFRAC.TOPAS programs. It was shown that the main copper-bearing minerals
in the samples are: chalcopyrite, bornite, chalcosiderite - group 1; malachite, lapis lazuli,
atacamite, pseudomalachite, brochantite - group 2. The waste rock is represented by the
following minerals: quartz, muscovite (mica), chlorite (layered silicate), albite (feldspar), pyrite,
calcite, sodalite (feldspathoid), and gypsum. Based on the analysis, the mineral composition of
the studied samples was established and a conclusion was made about the dominant nature of
the ore. It is shown that in three samples the predominant nature of the ore is sulfide, in one
sample it is oxide. The obtained results of the mineral composition and nature of the ore allow us
to make practical recommendations on the most effective scheme for ore enrichment and
further processing.

Keywords: Material science, composite, material engineering, design, biocomposite.
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Introduction

According to the data International Copper
Study Group (ICSG) the deficit of copper in the
world market amounted to 415 thousand tons in
2020 vy, the deficit was already 439 thousand tons
in 2021, and now this figure continues to grow [1].
Kazakhstan has huge reserves of copper ore and
ranks seventh in the world in terms of copper
production, 92% of which is exported abroad. The
main industrial types of ores are cuprous
sandstones (71%) and porphyry copper (24%) [2].

The Republic of Kazakhstan has extensive
copper reserves of more than 35 million tons (70%
of which are in the Zhezkazgan region), which is
4.7% of the world's reserves, and allows Kazakhstan
to take 6th place in the world, after Chile, Australia,
Peru, Mexico and the USA [2].

Copper in the composition of copper ore can be
present in various minerals. Most often, copper is
in the form of sulfur compounds: copper pyrite or
chalcopyrite CuFeS;, chalcocite Cu,S, covelitte Cus;
can occur in the form of oxides: cuprite Cu0,
tenorite CuO; or be part of hydrocarbonates:
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malachite CuCOs; e Cu(OH),, azurite 2CuCOs e

CU(OH)z.
The waste rock of the ores consists of pyrite
FeS,, quartz Si0;, magnesium and calcium

carbonates (MgC0s; and CaCOs), as well as various
silicates containing Al,0;, CaO, MgO, and iron
oxides along with Si0,.

The degree of opening of the mineral grain,
and, consequently, the efficiency of subsequent
enrichment will be determined by the mineral
composition.

Copper is the most important resource for the
development of the economy of Kazakhstan, with
about 80% of refined copper being exported.
Demand for refined copper is expected to increase
in the near future, by about 2.2% annually. Copper
is exported in the form of copper concentrate,
copper ore, refined copper, and copper alloys [3].

According to the official website of KazMinerals
PLC [3], the company produced 144 thousand tons
of copper in 2016, 259 thousand tons in 2017, and
295 thousand tons in 2018. The company intends to
continue to increase copper production by
attracting new resources, optimizing technology,
and recycling waste [4].

The increase in production is expected due to
the expansion of existing mines, the development
of new sections of existing deposits, and the
construction of additional processing facilities. So,
for example, the quarry at the Konyrat mine has
already covered the entire ore body, so it can
develop through the development of the sides
(now - the eastern one, the ore from which with a
copper content of 0.3% should be enough for 13
years, then the question will be raised about the
development of the western sides) [5].

It should be noted that these numbers refer
only to explored ores that are theoretically suitable
for processing, i.e. balance sheet. According to
official calculations, copper ores on the balance
sheet will be enough for about another 30 years of
development. There are more than 100 copper
deposits on the state balance sheet, the ores of
which can theoretically be processed using the
technologies currently used, but the total number
of copper deposits is about 8 thousand.

The main problem of copper production is that
poorer ores are involved in processing, and this is a
global trend. In 2007 the average copper content in
the ore was 1.22% according to the Kazakhmys
Corporation LLP, in 2017 this number decreased to

0.93% [2]. For example, the promising Bozshakol
copper mine has an average copper grade of just
0.35% and the development of this deposit is a
priority.

Given these circumstances, the process of
enrichment of copper ore is a key factor that
determines both the technology and the cost of
cathode copper in general.

Another problem is the fact that the raw
materials that are currently mined at the deposits
are of worse quality or differ significantly in mineral
and elemental composition from the raw materials
for which processing technologies have been
developed. At some factories of Kazakhmys
Corporation LLP, they worked with ore, the copper
content of which was at least 1.08%, and in the
second decade of the 21st century, the copper
content in active deposits decreased to 0.7-0.8%.

Thus, despite the fact that Kazakhstan has large
reserves of copper, most of it is found in low-grade
ores (less than 0.5% copper content), which were
previously considered “waste” rock.

Taking into account the above problems, it can
be unequivocally stated that in order to select the
optimal beneficiation technology, it is necessary to
have accurate knowledge of the mineral
composition of the ore. In addition, the mineral
composition of copper ore determines the
composition of slags during smelting into matte and
conversion, affects the durability of the lining, and
determines the technical and economic parameters
of the process. In other words, knowledge of the
mineral composition of copper ore is the starting
point for the selection and optimization of copper
production technology in general.

Recently, the study of the mineral composition
of ore by the multimodal microscopy methods has
gained popularity, i.e. combination of optical and
electron microscopy [[6], [7], [8], [9]]. Using the
optical characteristics of minerals (color,
reflectance, and refraction coefficients) in
combination with the intensity of electronic peaks
obtained from various phases, it is possible to
obtain a complex picture that allows one to identify
the mineral composition of the ore in sufficient
detail.

However, this method requires a sufficiently
large amount of time for analysis, depending on the
professional level of the expert and the quality of
the sample surface. Therefore, the method of
powder X-ray diffraction remains the most
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common, objective, and accurate method for
identifying the mineral and phase composition of
the ore.

Experimental part

The purpose of this study was to study the
mineral composition of the presented copper-
bearing samples to determine the nature of the
ore. As objects of analysis, copper ores of various
deposits and copper concentrates were used:

- ore copper sample No. 868

- ore copper sample No. 745

- copper concentrate, sample No. 688

- copper concentrate, sample No. 681

X-ray phase analysis was carried out on a D2
PHASER X-ray diffractometer with the following
technical characteristics:

- Anode material: standard sealed X-ray tube:
CuKa

- Reflected X-ray Detector: LYNXEYE Solid State
Position Sensitive Detector.

- Focus size - 0.4 x 12 mm;

- Nominal operating mode of the X-ray source:
30 kV/10 mA;

- Vertical Theta/Theta goniometer, radius 140
mm;

- Scan method 0s/6d related

- Range of scanning angles 28: from 3 to 80°;

- scan step 0.010

- scan step time 5 seconds

The following conditions were chosen for taking
the diffractogram:

- voltage 30 kW;

-current 10 mA;

- sample rotation - 15 revolutions per minute
(allows to obtain more complete data on the
composition of the sample);

- shooting range 40.4° - 80.6°;

- shooting step - 0.02°;

- shooting delay time - 1 second.

Taking into account the selected shooting
parameters, obtaining one diffraction pattern takes
67 minutes.

Discussion of results.
After the analysis, the following diffraction

patterns (Fig. 1-4) [[10], [11]] of the samples were
obtained.
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Figure 1 - Diffraction pattern of sample 681

Identification and quantitative calculation of
the content of minerals were carried out in
DIFFRAC.EVA DIFFRAC.TOPAS
applications.

and software

The results of the phase composition of the
samples obtained by X-ray phase diffractometry are
presented in Table 1 [12].

During the X-ray phase analysis, the following
minerals were found:

- sulfide copper minerals - chalcopyrite, bornite,
chalcosiderite;

- oxidized copper minerals - malachite, azurite,
atacamite, pseudomalachite, brochantite;

- other minerals - quartz, muscovite (mica),
chlorite (layered silicate), albite (feldspar), pyrite,
calcite, sodalite (feldspathoid), gypsum [13].
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Figure 2 - Diffraction pattern of sample 688
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Figure 4 - Diffraction pattern of sample 868

Table 1 - Mineral composition of the studied samples

Mineral Phase content in the sample, %

phase 868 | 745 | 688 | 681

Albite 349 | 215 | 116 | 10.1
Atakamite - 1.7 2.2 -

Bornite 4.6 1.1 1.4 16.8
Brochantite | - - 9.1 -

Digenite 2.2 11 2.0 5.2

Dioptase - 0.8 0.6 -

Quartz 28.1 | 28.4 | 16.6 | 24.4
Clinochlore 13.8 | 12,5 | 5.3 3.2

Covellite - - 2.0 1.6
Maghemite | 1.6 - - -

Malachite 1.2 3.0 - 2.7

Marcasite - - - 5.5

Muscovite 8.1 154 | 6.3 | 3.0
Nantokite - - 1.1 | 11.0
Pyrite - 9.9 3.0 | 9.6
Pseudomalachite 2.9 - 0.6 | -
Tennantite 0.4 - 0.2 | 1.6
Chalcanthite - - 11 | -
Chalcopyrite 2.2 4.7 15 | 54

To determine the nature of the ore, it is
necessary to summarize the X-ray phase analysis
data in accordance with Table 2 [14].

Table 2 - Constituent minerals of oxidized and sulfide ore

Group

copper Constituent minerals

minerals
Cuprite, tenorite, malachite,

Oxidized pseudomalachite, azurite, atacamite,
chrysocolla, dioptase, chalcanthite, etc.
Chalcopyrite, cubanite, bornite,

Sulfide chalcocite, covellite, digenite,
tennantite, etc.

Comparison of the data of the PDF method and
the Table 2 data allow us to conclude on the
dominant character (oxidized or sulfide) of each of
the presented samples (Table 3) [15].

Table 3 - Data on the nature of the mineral components
of the presented samples.

Sample

number Gr-oup of copper X-ray phase analysis, %
minerals

868 Oxidized 2.08
Sulfide 5.63

745 Oxidized 2.99
Sulfide 5.17

688 Oxidized 28.50
Sulfide 6.29

681 Oxidized 1.89
Sulfide 29.9

The obtained results of X-ray phase analysis are
new because the copper-containing ores and
concentrates presented for analysis have not been
studied before. Summarizing the data obtained, we
can say that the mineral base is represented by
characteristic copper-containing minerals that were
previously studied and well described [[9], [11],
[14], [16]].
consists of obtaining the quantitative mineral

The originality of the data obtained

composition of the studied samples, which, taking
into account the latest literature data [[17], [18],
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[19] [201]], allows us to determine the most optimal
method of enrichment.

Conclusion

It can be concluded that the copper mineral
components are dominant and, based on this,
subsequently recommend a scheme for ore
dressing and subsequent redistribution. Based on
it was found that the studied

promising ores have the most effective scheme of

the analysis,

research and further processing and require the
development of research in order to create an
effective environmentally safe technology for deep
processing. Thus, it can be assumed that a thorough
study of the structure of ore minerals and a number
of physico-chemical properties is necessary.
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TYWIHAEME

Makanaga KaszakctaHgafbl MbIC ©HAIPICiHIH MacenenepiHe KbiCKalwa WOy »Kacangbl. Mbic

6ankbITy eHaipiciHaeri Herisri Macene Kypaeni MuHepanabl Kypampaasbl Kefel KeHpepai TapTty

60nbIn Taﬁblﬂa,ﬂ,bl. KonpaHbictasbl TEeXHO/I0rnANap MbiC KYpaMbl aHafypP/IbIM XKOfapbl KeHaj KaﬁTa

eHaeyre bGarbiTTanfaH, an KOAZAHbICTafbl 6albiTy aHe GanKbITy TEXHONOrUANAPbIH Ty3eTy

KaeT. KypambiHaa Mbic 6ap nepcnekTuBasbl KeHAEPAiH, Kenbip cblHamanapbiHbiH, MUHEpangbl

Makana kengi: 21 mayceim 2022
CapantamagaH eTTi: 29 winde 2022
Kabbinganabl: 12 kazaH 2022

KYPaMbIH aHbIKTay YLWiH peHTreH-dasanblk Tangay Kyprisingi. MuHepanaapablH, KypamblH
aHbIKTay »aHe caHAaplk ecentey DIFFRAC.EVA xaHe DIFFRAC.TOPAS 6afmapnamanapbiHaa
Kyprisingi. CblHamanapgafbl KypambiHAA Mbic 6ap Herisri MmyuHepangap: XanbKonuput, 6OpHWUT,

XanbKocMaepuT — 1 Ton; ManaxuT, Aanuc nNasyau, aTakamuT, NCeBAOManaxuT, 6poLWaHTMT — 2 Ton.

Boc bliHbICTapaa Keneci muHepangap 6ap — KBapu, MYCKOBMT (caoga), xnoput (Kabattbl

CUNUKAT), anbbuT (Jana Wwnatbl), NUPUT, KanbumT, coganut (benbawnatona), runc. HyprisinreH

Tangay HerisiHge 3epTTenreH CbiHamanapabld, MUHEpPanabl Kypambl aHbIKTaNApl KoHE KeHHiH

AOMUHAHTTbI CUNaTbl Typasbl KOPbITbIHAbI Xacangbl. Yw cbiHaMaga KeHHiH, bacbim cunathl

cynbduaTi, 6ip cblHamMaZa — OKCUATI eKeHAiri KepceTinreH. KeHHiH MUHepanabl Kypambl MeH

cMnaTbiHaH anblHFaH HaTUXKeNep KeHai 6aibiTyapblH, KoHe ofAaH dpi eHAeyAiH TMiMAi cxemachbl

Typasibl NPaKTUKabIK YCbIHLICTAP XacayFa MyMKIHAIK 6epesi.
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UccnepoBaHMe MUHEpPaNbHOrO COCTaBa NePCNeKTUBHbIX MeAHbIX PyA,
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AHHOTAUMA

B cTaTbe npoBeseH KpaTkuii 0630op Npobnem nponsBoacTBa Meau B KasaxcraHe. MokasaHo, uTo
OCHOBHOW Tekyliell npobaemoit mefennaBUAbHOTO NPOU3BOACTBA  ABAAETCA BOBAEYEHUE
6eHbIX P4, CI0KHOTO MUHEPanbHOro coctasa. CyLLecTByioLMe TEXHONOMMM OPUEHTMPOBAHbI Ha
nepepaboTky pyapl c¢ 6onee BbICOKMM cOAepaHMe Menu, COOTBETCTBEHHO, Heobxoauma
KOPPEKTUPOBKA CYLLECTBYIOWMX TEXHONOTMIN oboralieHusa W BbiNAaBku. [nAa onpeneneHus

Noctynuna: 21 utoHa 2022 MWHEPaNbHOrO COCTaBa HEKOTOPbIX MPo6 MNepcnekTUBHbLIX Meabcogepawmx pyg PK 6bin
PeueHsnpoBaHwue: 29 utona 2022 nposeaeH peHTreHo-$a3oBbIl aHanus. NaeHTUOUKALMA U KONMYECTBEHHDIM pacyeT coaepiKaHus
MpuHATa B neyatb: 12 okmabpsa 2022 MWHepanos nposoaniock B nporpammax DIFFRAC.EVA n DIFFRAC.TOPAS. bbino nokasaHo, Yto

OCHOBHbIMM MEAbCOAEPHKALMMN MUHEPANaMKU B Npobax ABNAOTCA: XaNbKONUPUT, GOPHUT,
XanbKocuaepuT — 1 rpynna; manaxut, NasypuT, aTakamuT, NCEBAOMANAXUT, 6poWaHTUT — 2
rpynna. MycTas nopofa NpeacTaBieHa CAefyloWuMM MUHepanamm — KBapl, MYCKOBUT (cnioga),
XN0OPUT  (CNOWUCTbIM  cuaMKat), anbbuT (NONeBoi WNaT), MUPWUT, KanbLMUT, COAANUT
(benbawnartomna), runc. Ha ocHoBaHWM NPOBeAEHHOrO aHaAMn3a BblN YCTAaHOBNEH MUHEPA/IbHbIN
COCTaB M3y4YeHHbIX NPo6 1 cAenaH BbIBOA O AOMWHAHTHOM XapakTepe pyApl. MokasaHo, uTo B
Tpex npobax npeobnagatowmnin xapaktep pyabl — cynbGuAHbIA, B 0AHON npobe - OKCUAOHBIN.
MonyyeHHble pes3ynbTaTbl MUHEPaNbHOIO COCTaBa M  XapaKTepa pyAbl MNO3BOAAKT CAenatb
NpaKkTU4Yeckne pekomeHgauum o Haubonee 3bdeKTUBHOM cxeme oboraweHus pyabl u
JanbHeliwewn nepepaboTke.
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