KA3AKCTAH PECITYBJIMKACHI
BIJIIM KoHE F'bIJIbLIM MUHUCTPJIIT]

SATBAYEV UNIVERSITY
METAJIJIYPTUS YKOHE KEH BAWUBITY UHCTUTYThI

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

MuHepaJJibIK
MM KI3aTTapAbl
KellleH/ i ManugajaHy

w4 (319) ——=

KommniekcHoe Complex
Ucnosib30BaHUE Use of
MyiHepaJibHOTO Mineral
Coipbda Resources
KA3AH - 2)KEJITOKCAH 2021 JKbIJIBIHA 4 PET HIBIFAZIBI
OCTOBER - DECEMBER 2021 QUARTERLY JOURNAL
OKTADBPD - AEKABPD 2021 BbIXOAWUT 4 PABABTO/]

YKYPHAJI 1978 KbUJIJIAH BACTATI LIBIFA/IBI
JOURNAL HAS BEEN PUBLISHING SINCE 1978
YKYPHAJI U3ZIAETCS C 1978 TOJIA

AJIMATbBI 2021



Bac pemakTop TeXHHKA FRUIBIMIAPBIHBIH H0KTOPHI, Ipodeccop barnayaer KEHKAJIUEB

Pemaxmnusg aixkacbl

Tex. rout. kana. Punar ABAYJIBAJIMEB, Metannyprus xone KeH OaiibiTy uHCTHTYTHI, KasakcraH;

Ph.D, mpodeccop Ata AKUWNJI, Cyneiiman [lemupen yauBepcuterti, Mcnapra, Typkus;

Ph.D, mouent Pyxoaa AIIINPH, Vchaxan TexHOTOTHIIBIK yHUBepcuTeTi, Mcdaxan, Upan;

Tex. ¥bul. ap.,, npodeccop I'peiir BAHKC, Manuecrep MeTpononuTeH yHUBEpcUTeTi, ¥IbI0pUTaHus;

Tex. xone ¢u3.-mar. reul. 1p. Banepuit BOJIOJUH, Metannyprus xoHe Ken 6aiibiTy nHCTHTYTHI, Kazakcran;

Tex. reut. ap., moueHt Hypxagusaaro AU IUK, J[)oKkbskapTa MEMIICKETTIK YHUBEPCHUTETI, HAOHE3US;

Tex. UL Op.,, mpodeccop ¥3ak JKAIIBACBAEB, Corbace yuuBepcureti, Kazakcran;

Xumust FeuTbIMIapeIHEIH TokTophl Jlapuca SEMCKOBA, Xumust nHCTHTYTHL, BianuBocTtok, Peceli;

Xumus FeUIBIMAApBIHBIH KanauaaTel AJiekcanap KACHUKOB, Peceil reutbiM akaneMusicbl, AnaTuTh, Peceit;

Xum. reut. z1p. 3yaxaup MAHCYPOB, On-®apabu ateinnarsl Kasak ynTTeik yHuBepcureTi, Kasakcran;

PhD, noniear M/l A3pu Orxyman MUJINH, Manaii3us FeUTEIM YHUBEpCHTETI, [ enyrop, Manaii3us;

Ph.D, mpodeccop Bpaskenapa MUILIPA, Byctep [Tomurexaukanbik nHCTHTYTH, Byctep, AKII;

Ph.D, npodeccop dan-Caiiex HEI'MM, ¥ n1ThIK 3epTTEy OpTaibirsl, Kaup, Eruner;

Ph.D, nouent, Myxamman HYPA3JIAH, Cynran Uapuc ateinaarst 6inim 6epy yHusepcureri, [lepak, Manaiizus;
Tex. reu1. 1p. AHaToauiit HUKOJIAEB, HanomaTtepuanaapasl 3epTTey opTaiblFsl, AnatuTh, Peceif;

Tex.rour.xaH., mpodeccop Kanaii PBICBEKOB, Cor6aeB yauBepcureti, Kazakcran;

Ph.D, mpodeccop Jumurtap INEIIEB, XuMuAIEIK TEXHOJIOTHS XKoHE MeTaLTyprust yHuBepcuteti, Codus, bonrapws;
Ph.D, npodeccop Cepreii TAPACOB, Ky ¢pusukace! xoHe MaTeprualiTany HHCTUTYTHI, ToMck, Peceii;

PFA axagemuri, npodeccop Banentun YUAHTYPUSI, Mockey, Peceii;

TexHuKa FRUIBIMIAPBIHBIH JOKTOPEL, ipodeccop Apman LHIAX, Cynran Wapuc 6inim 6epy yHuBepcureti, Manai3usi.

)Kayal'ITLI X aTIl bl

I'ynxaiina KacbeimoBa

Pepaknusi MeKeH Jkalbl:
MeTamuryprus )oHe KeH 0abITy HHCTHTYTHI

050010, Kazakcran PecriyOimkacel, AmTMarsl K.,

IlIeBueHKO K-Ci, YOIUXaHOB K-HiH KUBLUILICEL, 29/133,

Fax. +7 (727) 298-45-03, Tel. +7-(727) 298-45-02, +7 (727) 298-45-19
E mail: journal@kims-imio.kz, product-service@kims-imio.kz
www.Kims-imio.kz

«MuHepaIIbIK MIMKi3aTTap bl KEIICH I Maiaaaany» KyPHAIbI FEUIBIMHU KYMBITAPIBIH HETI3r HOTHIKEIEPIH XKapHusiay
yurin Kazakcran PecyOmukacs! biniM koHe FBUTBIM MHHUCTIPIITiHIH BilliM jkoHE FRUTBIM CaTachIHIAFbl OaKbLIAY
KOMUTETI YCBIHFaH FBUIBIMU OACBUIBIMAAP Ti3IMiHE CHTI31IIII.

MeHnik neci: «MeTaJuryprus skoHe KeH 0aibITy HHCTUTYTB AK

XKypnan Kazaxcran PecrryOimkachbiHBIH AKIapaT *oHe KOMMYHHKAIMS MUHUCTPJIIriHIH baiinansic, aknapartanasipy
JKOHE OYKapasblK aKlapar Kypajjapbl calachIHIAaFbl MEMJICKETTIK OaKpliiay KOMUTETIH/IE KalTa TipKeJITreH

2016 x. 18 kazanmarsr Ne 16180-)K Kyauiri

© «MeTtamnyprus *oHe KeH 0aiibiTy HHCTUTYThI» AK, 2021


mailto:journal@kims-imio.kz
http://www.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. Larisa ZEMSKOVA, Institute of Chemistry FEB RAS, Vladivostok, Russia;

Cand.Chem.Sci. Alexander KASIKOQV, professor of Institute of Chemistry Kola Science Centre, Apatity, Russia;
Dr.Sci.Chem. Zulhair MANSUROQV, professor of Al Farabi Kazakh National University, Kazakhstan;

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;
Dr. of Tech. Sci. Anatoliy NIKOLAEV, Nanomaterials Research Centre Kola Science Centre, Apatity, Russia;
Professor, Dr. Sci. Tech., Kanay RYSBEKOV, Satbayev University, Kazakhstan;

Ph.D Dimitar PESHEV, professor of University of Chemical Technology and Metallurgy, Sofia, Bulgaria;

Ph.D Sergei TARASQV professor of Institute of Strength Physics and Materials Science, Tomsk, Russia;
Academician of Russian Academy of Science Valentin CHANTURIYA, Moscow, Russia;

Dr.Sci.Tech. Arman SHAH, professor of Universiti Pendidikan Sultan Idris, Tanjong Malim, Malaysia.

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
www.kims-imio.kz

The Journal has been included in the list of issues approved by the Control Committee in the Sphere of
Education and Science of Republic Kazakhstan, Education and Science Ministry for
publication of scientific research results (dissertations).

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-X since October 18, 2016

© “Institute of Metallurgy and Ore Beneficiation” JSC, 2021


http://kims-imio.kz/en/information-about-editorial-board-s-members/301-larisa-alekseevna-zemskova.html
mailto:journal@kims-imio.kz
mailto:product-service@kims-imio.kz
http://www.kims-imio.kz/

F'naBHBIH penakToOp [IOKTOp TEXHHUECKUX Hayk, mpodeccop barmayirer KEHKAJIUEB

PeHaKHI/IOHHaﬂ KOJJNEerHu 4.

Kannnnat xummnueckux Hayk Punat ABJYJIBAJIMEB, Uncturyr Metamnyprun n O6oramenus, Kasaxcras;

Ph.D, npodeccop Ara AKUHMJI, Vuusepcurer Cyneiimana [emupens, Vcnapta, Typrms;

Ph.D, nouent, Pyxona AILIMPH, Vchaxanckuii TexHonmornueckuii yausepcurer, Vicdaxan, Upan;

Op. tex. H., mpodeccop I'peiir BAHKC, Mandecrepckuii ctonmmunblii yausepcuteT, CoennaerHoe KopoeBcTBo;
Jokrop Texandeckux u ¢pu3.-mar. Hayk Banepuiit BOJIOAWH, UactutyT Metamryprun u O6oramenns, Kazaxcras;
Hp. Tex. H., noueHT Hypxagusiuro IUJAHNK, [[>xoKbIKapTCKUN TOCyJapCTBEHHbIN YHUBEpCcUTET, IHAOHE3 NS,

Op. tex. 1., mpodeccop Y3ak KKAIIBACBAEB, KasHUTY umenu K. U. CatnaeBa, Anmarsl, Kasaxcran;

Hp. xum. H. Jlapuca BEMCKOBA, Uucturyt xumuu JIBO PAH, Bnaguocrok, Poccus;

Kan. xum. H. Anexcannp KACHKOB, NUuctutyt xumun nmenn TaHnaHaeBa, Anatutsl, Poccus;

Op. xum. H., ipod. Jyaxanp MAHCYPOB, Kazaxckuii HallmoHaIbHEIN yHEBEpcUTeT UM. Anb-Dapadu, KazaxcraH;
PhD, noniear M1 A3pu Orxyman MUJIUH, Hayunsiii YauBepcurer Manaiizuy, ['enyrop, Manait3us;

Ph.D, npodeccop bpamxenapa MUIIPA, Bycrepckuii nonurexuudeckuit tHCTUTYT, Byctep, CILIA;

Ph.D, npodeccop dab-Caiiem HEI'MM, HannonasbHbI#H UcclienoBaTeabckuii ieHTp, Kaup, Eruner;

Ph.D, nouent, Myxammag HYPA3JIAH, O6pa3oBarensHeiii yHuBepcuteT Cynrana Unpuca, [lepak, Manaii3us;,
Hp. tex. H. Anaroauniit HUKOJIAEB, Llentp uccrnenoBanus HaHoMarepuanoB, Anatutel, Poccus;

K.t.1., mpodeccop Kanait PBICBEKOB, Satbayev University, Kazaxcran;

Ph.D, mpodeccop Aumurtap IIEIIEB, YHuBepcuTeT XUMHYECKOH TeXHONIOTHH U MeTautyprun, Codus, bonrapus;
Ph.D, npodeccop Cepreii TAPACOB, UHcTuTyT GU3NKH IPOYHOCTH U MaTepuanoBeaeHus, ToMck, Poccus;
Axanemuk PAH, npodeccop Baaenrun YAHTYPUS, Mockga, Poccus;

Kan. xum. 1., npod. Apman IMAX, [Tenarornyeckuii yausepcutet Cynrana Unpuca, Tanmkyar Mannm, Manaiizus.

OTBEeTCTBEHHBH CeEKpeTapsb

I'yaxaiina KacsimoBa

AZlpec pelaKuuu:

HuctutyT Metamnypruu u Ob6orameHus

050010, Peciyomuka Kazaxcran, T. AmMmarsl,

yi. llleBuenko, yr. yin. Banmuxanosa, 29/133,

Fax. +7 (727) 298-45-03, Tel. +7 (727) 298-45-02, +7 (727) 298-45-19
E mail: journal@kims-imio.kz, product-service@kims-imio.kz
www.kims-imio.kz

Kypnan «KomrekcHOe HCIIOIB30BAHNE MUHEPATBHOTO CHIPBS BKIIFOUEH B [lepeueHp HayUHBIX N3JaHNUH, PEKOMEHIYEMBIX
Komurerom 1o koHTpOImo B chepe oOpa3oBanus 1 Hayku MuHHCTEpCTBa 00pa3oBaHus 1 Hayku Pecybinkn Kasaxcran
(KKCOH MOH PK) st my0auKkaiyyu OCHOBHBIX pe3yJIbTaTOB HAYYHOW ESTEIbHOCTH.

Cob6crBennnk: AO «MHCTHTYT MeTayuTypruu U 000TaleHns»

Kypnan nepepeructpupoBa B KoMmuteTe rocyapCTBEHHOTO KOHTPOJIS B 00JIaCT U CBS3H,
MHPOPMATH3AINH U CPEICTB MaCCOBOH MH(pOpMAINN
MunucrepcTBa nHGOpMAIMK M KOMMYHUKaIu Peciyonmuku Kazaxcran
CeupnerennpctBo Ne 16180-K ot 18 okrsi6ps 2016 1.

© AO «MHCTHTYT MeTaTypruu B oborameHus», 2021


mailto:journal@kims-imio.kz
http://www.kims-imio.kz/

Kommrercroe McmonpsoBarue Munepansaoro Cripba. Ned (319), 2021

ISSN-L 2616-6445, ISSN 2224-5243

[==
g4 Crossref

@creative
commons

DOI: 10.31643/2021/6445.34

Kaolinite clays as a source of raw materials for the aluminum industry of the
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ABSTRACT

Kaolinite clays can serve as an additional source of alumina in the Republic of Kazakhstan. The most
promising is the Alekseevsky kaolinite deposit. To obtain high-quality kaolinite and quartzite products, it is
necessary to develop special enrichment techniques, since no satisfactory results were achieved when using
standard methods of gravitational enrichment of kaolinites. The paper presents the results of studies of the
effect of preliminary chemical activation during the processing of kaolinite clays of the Alekseevsky deposit.
Previously, the method of preliminary chemical activation of raw materials in a solution of sodium
bicarbonate has proven itself well in the processing of various mineral raw materials. It was determined that
during the preliminary chemical activation in a solution of sodium bicarbonate, changes occurred in the
phase composition of the kaolinite fraction: the content of muscovite decreased almost twice; the phase of
sodium aluminosilicate was formed. The dependence of the yield of Al,Os in the kaolinite fraction on the
temperature of chemical activation, duration, and the ratio of L:S and the concentration of the sodium
bicarbonate solution during chemical activation. The optimal mode of preliminary chemical activation of
kaolinite clay of the Alekseevsky deposit has been established: the temperature is 150 °C, the duration is
120 minutes and the concentration of sodium bicarbonate solution is 120 g/dm3. A basic technological
scheme is proposed for the processing of kaolinite clays.

Keywords: kaolinite, quartzite, silicon module, chemical activation, chemical enrichment, product vyield,

technology.
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Introduction

The Republic of Kazakhstan has no bauxite
deposits that are suitable for direct processing by
the Bayer process.

The constant decline in the production of high-
quality bauxite is an impartial basis for the use of
alternative alumina-containing raw materials;
however, high operating costs, energy intensity,
and low efficiency of the known methods of mining,
enrichment, and processing of such raw materials
restrain their use in production.

The world production of alumina is based
mainly on the processing of high-quality bauxite by
the Bayer method [1-4]. According to this method,
the processing involves bauxite with a flint modulus
of more than 7 units.

Geological exploration in Kazakhstan has
identified various types of aluminum raw materials
such as bauxite, nepheline syenite, alunite, and
iron-aluminum ore. Only bauxite is used
industrially. Bauxite deposits and ore occurrences
are grouped in several bauxite-ore regions: West
Torgaysky, East Torgaysky, Central Torgaysky,
Mugodzharsky, Tselinogradsky, Ekibastuzsky, and
Prichimkentsky, differing in geological and
morphological features and the scale of
mineralization. Commercial deposits are known in
the first three regions [5].
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The structure of Aluminum of Kazakhstan JSC
includes the Pavlodar Aluminum Smelter (PAS)
which is the only alumina producer in the Republic
of Kazakhstan with an annual capacity of 1,500,000
tons of Al;0s, and the Kazakhstan Electrolysis Plant
which produces about 250,000 tons of aluminum in
ingots per year. The raw materials used by PAS are
mainly low-quality bauxites of the
Krasnooktyabrsky deposit, which are located in the
Kostanay region, with a low flint modulus and an
increased content of iron and carbonates [6, 7].

Currently, the Krasnooktyabrsky deposit has
reserves of about 80 million tons of bauxite. Mining
is performed at the Ayatsky and Krasnogorsky
bauxite mines.

At the beginning of 2021, the total bauxite
reserves of the Ayatsky mine and the Krasnogorsky
mine were 29.194 million tons and 47.094 million
tons, respectively [8-11].

Thus, the available bauxite reserves can be
enough for PAS to be operated at the existing
capacities for no more than 15 years; given that the
bauxite processing technology includes the
redistribution of the release of ferrous sand in the
amount of 10-12% of the total mass, the period of
supply of raw materials will be further reduced.
Since the remaining bauxite deposits in Kazakhstan
do not have sufficient reserves, it is necessary to
switch to alternative sources of aluminum raw
materials.

The world practice has experience in the
industrial processing of nepheline raw materials in
the Russian Federation: Leningrad region, Pikalevo;
Krasnoyarsk Krai, Achinsk Alumina Refinery. These
enterprises are currently working unstable due to
the difficulties in sales of silicate products. The
Republic of Kazakhstan has the Kubasadyrskoye
deposit, one of the largest deposits of nepheline
syenite in the world, located in the Kostanay region
and having total forecast resources of up to 1.7
billion tons.

One of the leading places in alternative raw
materials sources of alumina belongs to kaolinite
ores. The world volume of kaolinite ores is
estimated at 16 billion tons [12]. Modern mining
and processing of kaolinite raw materials have an
established infrastructure, are provided with raw
materials and in the future can be adapted to the
production of alumina and by-products. Currently,
kaolin is mined in the USA, UK, China, Ukraine,
Russia, Kazakhstan, the Arab Republic of Egypt, etc.
[13].

There are some studies performed to extract
alumina from kaolinite by high-temperature firing

and effective separation of alumina and silica
minerals.

Work [14] is aimed at studying the effect of
thermal reactions of kaolin at different sintering
temperatures on the mechanisms of phase
transformation and microstructural changes, the
mechanism of self-decomposition, as well as the
efficiency of extracting aluminum oxide from
kaolinite using the lime-agglomeration process.

Agglomerates were obtained at temperatures
between 800°C and 1400°C, then subjected to a
leaching process (S:L = 1:5) with sodium carbonate
solution (120 g/dm?3); the final productive solutions
contained alumina.

It was found that 1360°C is an optimal sintering
temperature for the induction of a solid-phase
reaction between clay and carbonate components,
which results in maximum alumina recovery equal
to 80.49%. Under optimal sintering conditions,
kaolinite was dehydroxylated and converted to
metakaolinite, while calcite was decomposed to
calcium oxide. The new phases formed have
reacted to form calcium aluminates, which are
considered to be highly efficient and generating
precursor phases in the recovery of alumina.

The article [15] describes the process of
extracting alumina from aluminum slag using a safe
alkaline sintering process.

Aluminum slag which causes numerous disposal
problems is a useful resource for extracting
alumina.

For slag grinding, aluminum nitride (AIN)
decomposition, and salt removal, an experimental
unit was developed. Then, the desalted slag was
calcined with NaOH and leached under optimal
conditions, and the kinetics of dissolution of
aluminum oxide and silica was evaluated.

The leach residue was used to produce the
mineral ettringite (CagAl2(S04)3(0OH)12:26H,0) with
calcium-based compounds (including CaO and
CaS0,) to avoid problems associated with solid
waste disposal during the leaching process.

Aluminum hydroxide Al(OH)s precipitated after
carbonization was calcined at 900°C for 2 hours to
obtain y-alumina.

It is noted that the activation temperature
equal to 1000°C; Na,O/Al,0; molar ratio equal to
1.4; leaching temperature equal to 60°C, process
time equal to 40 minutes and liquid/solid ratio in
leaching (ml/g) equal to 25/1 are optimal for 86.7%
alumina recovery with a purity of more than 98%.
The results of studying the leaching kinetics showed
that the dissolution of aluminum oxide and silicon
dioxide is controlled by the process of diffusion of

— 6
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layers with an apparent activation energy of
11.4010 k) mol™* and 2.0556 kJ mol?, respectively.

The work [16] studied the effect of different
calcination  temperatures on the phase
transformation of minerals in coal gangue and
optimal conditions for alkaline leaching of coal
waste after calcination. Based on the results, the
following conclusions were drawn.

Phase transformation of kaolinite during high-
temperature roasting occurs as follows: kaolinite
(A/S = 0.85) > metakaolin (A/S = 0.85) = spinel
(A/S = 1.13) > mullite (A/S = 2.55), where A/S is the
weight percentage of alumina to silica. Phase
transformation releases the active silica mineral
which can be dissolved in an alkaline solution and
separated from the desilicate residue.

The optimum calcination temperature of coal
gangue should be maintained at the level of 1050 +
50°C. Lower calcination temperatures will result in
the incomplete release of the active mineral silica
and the formation of the cristobalite phase instead
of active silica formed at high calcination
temperatures.

Under conditions of desiliconization with an
alkali concentration of 90 g-L! and solid content of
320 gL't the optimum leaching temperature is
85°C and the leaching time is 60-80 minutes. The
modulus of the resulted sodium silicate solution
can reach 1.1, the ratio of aluminum oxide to silicon
dioxide in the desilicated residue is 1.6-1.7, and the
Na,O content is about 4-5%.

In the Republic of Kazakhstan and near the city
of Kokshetau, the Alekseyevskoye kaolinite deposit
developed by Arai Pro LLP is the most promising. At
the deposit, the balance kaolin reserves of
categories B, C;, and C, are 13.665, 67.228, and
174.261 million tons, respectively. The average
stripping ratio is not more than 1 m3/t.

At present, Arai Pro extracts about 300
thousand tons of raw kaolin, which is exported to
the Russian Federation. The relatively high content
of REE reaching 1% is one of the advantages of the
kaolinite of the Alekseyevsky deposit, where the
bulk is represented by erbium.

We are developing a technology for complex
waste-free processing of kaolinite from the
Alekseyevsky  deposit to obtain  alumina
concentrate, a wide range of popular kaolinite
products for use in the production of fine ceramics,
pharmaceuticals, cosmetics, and high-purity quartz
products.

To create a cost-effective technology for the
processing of kaolinite clays, the proposed method
provides for the operation of preliminary chemical

activation of the feedstock at the head of the
process. It will allow, with further gravitational
enrichment, to effectively isolate high-quality
kaolinite and quartz products and significantly
reduce the flow of materials supplied for sintering.
Preliminary chemical activation is a key operation
of the proposed technology. It enables not only to
increase the efficiency of gravity concentration but
also has a positive effect on further hydrochemical
processing. When developing the technology in the
research, it was taken into account that the optimal
modes of preliminary chemical activation and
processing depend on the characteristics of the
feedstock.

The purpose of the research was to increase
the efficiency of the complex processing of kaolinite
clays in Kazakhstan due to the preliminary chemical
activation of clay in a sodium bicarbonate solution.

Experimental part

The research used X-ray fluorescence, chemical,
X-ray phase, and thermal analyzes. X-ray
fluorescence analysis was performed on a Venus
200 wave dispersion spectrometer (PANalyical B.V.,
Holland).

Samples were chemically analyzed using
Optima 2000 DV, an optical emission spectrometer
with inductively coupled plasma (USA, Perkin
Elmer). Semi-quantitative X-ray phase analysis was
performed on a D8 Advance (BRUKER)
diffractometer using copper Cu—Ka radiation at an
accelerating voltage of 36 kV and a current of 25
mA. Thermal analysis was performed on STA 449 F3
Jupiter, a synchronous thermal analysis instrument.
The results obtained from the STA 449 F3 Jupiter
were processed using the NETZSCH Proteus
software.

Discussion of the results

A representative sample of a kaolinite clay from
the Alekseyevsky deposit, provided by Arai Pro LLP
and corresponding to the company standard
101240014515-01-2019 was the initial product for
the research.

The appearance of a sample of kaolinite clay is
loose whitish sand with a density of 2.06 g/cm?3,
bulk density 1.36 kg/cm?, pH 7.7, with an average
grain size of 2 mm. Chemical composition of the
kaolinite clay sample from the Alekseyevsky deposit
(Wt %)I A|203 26.9; SiOz 56.6,‘ F8203 0.537,‘ Nazo
0.07; SOs; 0.028; KO 1.31; LOI: 14.555, silicon

— 7
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module (us) 0.47. The silicon modulus (us) is
determined by the mass ratio of Al,05:SiO..

X-ray phase analysis of a sample of kaolinite
clay indicates the presence of the following
minerals (wt %): kaolinite 31.1; quartz 67.5 and
muscovite 1.1.

Figures 1 and 2 show the results of thermal
analysis of a sample of kaolinite clay from the
Alekseyevskoye deposit.
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Figure 1 - Heating curves of a kaolinite clay sample from
the Alekseyevskoye deposit
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Figure 2 - Cooling curves of a kaolinite clay sample from
the Alekseyevskoye deposit

The DTA curve showed an intense endothermic

effect with maximum development at 167.8°C. An

even more intense endothermic effect with
maximum development at 566.6°C was also noted.
On its ascending branch, one more endothermic
effect with an extremum at 575°C was noted. They
are developed against the background of an
intensive decrease in the weight of the sample,
which can be seen from the course of the curve. In
addition to endothermic effects, strong and weak
exothermic effects with peaks at 993.8°C and
647.2°C, respectively, were recorded. Additional
endothermic effects with extrema at 172.2°C, 539.8
°C, 555.9°C, 649.3°C can be noted on the dDTA
curve.

Kaolinite or hydrated halloysite (endellite, a
kaolin group mineral) is the main phase of the
sample. Its manifestation is associated with
endothermic effects (-)167.8°C, (-)566.6°C, and
exothermic effect is (+)993.8°C. The endothermic
effect with an extremum at 575°C on the DTA curve
and endothermic effects with extrema at 539.8°C,
555.9°C on the dDTA curve can be a manifestation
of the dehydration of aluminum hydroxides, may
be boehmite, diaspora with various degrees of
grinding. In addition, the combination of the
endothermic effect with an extremum at 167.8°C
and the exothermic effect with a peak at 993.8°C
on the DTA curve can be a manifestation of the clay
mineral  allophane  (mAI,03nSiOzpH,0).  The
combination of the endothermic effect with an
extremum at 167.8°C and an exothermic effect with
a peak at 647.2°C can be interpreted as a
manifestation of the opal SiO;nH,0. In
superposition, in the temperature range of 500 -
600°C, the decomposition of the siderite impurity is
also possible. These effects may be due to the
polymorphic transformation 2Ca0SiO,.

Sieve analysis of a representative sample of
kaolinite clay from the Alekseyevskoye deposit was
performed (table 1).

Table 1 - Chemical composition of various fractions of the kaolinite clay sample from the Alekseyevskoye deposit

Content, %

Size Yield, % | Na,0 | AL,O; | S0, | Fe,0; | cao | Tio, | sos | k0 | Lol uSi
+0.05 51.97 | 0.03 | 2347 | 60.85 | 069 |048 |25 [009 [0.61 |11.28 |0.386
20.05+0. 02 4469 | 0.068 | 29.89 | 46.65 | 0597 | 0.19 [0.79 |0.028 |1.31 |20.477 |0.641
20+ 10 um 3.05 | 009 | 32.07 | 4809 | 0631 |0.313[057 023 |148 |16.526 |0.667
~10 um 029 | 0.176 | 30.35 | 4659 | 0689 | 0.24 (053 |0.26 |1.39 |19.775 |0.651
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For further research, a fine fraction with a
particle size of 0.05 mm was isolated by washing
with running water at room temperature.

Chemical composition of fine clay fraction (wt
%): Al,Os; 31.2; SiO, 51.6; Fe,03; 0.53; CaO 0.43;
Na,O 0.095; MgO 0.2; SOz 0.02; K0 1.5; TiO; 1.05;
Cl~ 0.02; Lol: 13.355; pg 0.6. Content of rare earth
elements: Ce 0.44376; Dy 0.00056; Er 0.19488; Eu
0.00298; Gd 0.01049; Ho 0.00125; La 0.00623; Lu
0.00008; Nd 0.00023; Pr 0.02006; Sc 0.00229; Sm
0.00547; Tb 0.00710; Tm 0.00191; Y 0.00048; Yb
0.00034; SREM 0.69811. The fines yield was 41.4%.

The phase composition of the fine fraction is
presented (wt %) by kaolinite 63.2; quartz 21.6 and
muscovite 15.3.

The chemical composition of the coarse
fraction + 0.05 mm is as follows, wt%: Al,O3; 7.65;
SiO; 65.5; Fe;05 0.68; CaO 0.29; Na,O 0.031; MgO
0.08; SOs3 0.05; K,0 0.39; TiO, 0.9; CI” 0.016; Lol:
24.413; s 0.12. Content of rare earth elements: Ce
0.65758; Dy 0.00043; Er 0.09495; Eu 0.00195; Gd
0.01485; Ho 0.00076; La 0.00638; Lu 0.00004; Nd
0.00051; Pr 0.02981; Sc 0.00131; Sm 0.0002; Tb
0.00349; Tm 0.00188; Y 0.00253; Yb 0.00018; SREM
0.81686.

The phase composition of the coarse clay
fraction is represented by 100% quartz. To
determine the optimal conditions for the
preliminary chemical activation of kaolinite clay,
the process was performed in a solution containing
40+120 g/dm3 NaHCOs; at a L:S ratio of 2+10.0 and
temperatures of 90+230°C using a thermostated
unit with 6 autoclaves rotating through the head
with a working volume of 250 cm? (Figure 3); the
activation duration was 30+300 minutes. The
maximum content of sodium bicarbonate in the
solution was 120 g/dm3, taking into account its
solubility limit. The initial weight of a kaolinite clay
sample was 25.0 g.

X-ray phase analysis of the kaolinite fraction of
clay after chemical activation under optimal
conditions is represented by kaolinite 54.8%, quartz
28.0%, muscovite 8.0%, sodium aluminosilicate
5.5%, and magnetite 3.7%. The analysis of the
results showed that after preliminary chemical
activation of the clay:

- the yield of kaolinite fraction increased from
48.03% to 76.39%;

- dispersion increased, the class yield was 0.02
microns (increased from 3.34 to 11.7%);

- the yield of Al,O3; in the kaolinite fraction
increased by 30.6%. The yield of Al,O3 in the quartz
fraction was only 5.67% after activation.
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1 - thermostat; 2 — autoclaves; 3 — electric motor;
4 — shaft; 5 — control thermometer; 6 -
thermocouple;

7 — thermal sensor; 8 — starter; 9 — reducer; 10 —
bed

Figure 3 - Thermostated unit with autoclaves

Thus, as a result of preliminary chemical
activation, there was a significant increase in the
yield of Al,Os3 in the kaolinite fraction, which will
make it possible to efficiently process them using
integrated technology to obtain alumina, alumina
concentrate and cement.

The amount of alumina concentrate sent for
autonomous processing for alumina and cement is
determined from the region's demand for
commercial Portland cement. The remaining
alumina concentrate is sent to the dilution of high-
iron red mud to ensure optimal performance of the
After preliminary chemical activation, the clay was
divided into small (kaolinite) and large (quartz)
fractions, and the yield of Al,Os; in the kaolinite
fraction was determined.

Studies on the release of Al,Os; into the
kaolinite fraction after preliminary chemical
activation, depending on temperature, duration, L:S
ratio, the concentration of NaHCOs; solution,
showed that the yield increases with increasing
duration, the concentration of NaHCOs solution and
practically does not depend on a L:S ratio. A
temperature of 150°C, a duration of 120 minutes,
and a concentration of NaHCOs solution of 120
g/dm? should be considered the optimal mode for
preliminary chemical activation of kaolinite clay.
Under these conditions, the yield of the kaolinite
fraction was 76.39%.

The basic process flow diagram of complex
processing of kaolinite ore was developed (Figure

4).
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Figure 4 - Basic process flow diagram of complex processing of kaolinite ore

Conclusions

The effect of preliminary chemical activation of
kaolinite clays from the Alekseyevsky deposit of the
Republic of Kazakhstan in a sodium bicarbonate
solution on the qualitative separation of kaolinite
and quartz fractions was studied. The yield of the
kaolinite fraction after clay activation increased
from 48.03% to 76.39%.

As a result of activation, the phase composition
of the kaolinite fraction has changed: the
percentage of the kaolinite fraction decreased; new
phases of muscovite and sodium aluminosilicate

appeared; the amount of quartz increased. A
decrease in the content of a chemically stable
fraction of kaolinite in clay will increase the
efficiency of processing when extracting Al,O:s.
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KaonuHutTi casgap KasakcraH Pecny61uKacbIHbIH, allOMUHUIA canacbl YLiH

WKKi3aT Ke3i
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TYRIHAEME

KasaKkcTaH PecnybimKacbiHaa ca3banwbiKTbl anyablH, KOCbIMIIA Ke3i KaoAWHUTTI cazgap 60aybl MyMKIH.
ANnekceeB KaONMHUT KeH OpPHbl eH, nepcnekTuBanbl 6oabin Tabblnaabl. HoFapbl cananbl KAOJUHUT KaHe
KBAapUWUT eHiMAepiH any yuwiH 6alibiTygblH, apHaWbl  9A4ICTEPIH »Ky3ere acbipy KaKeT, OWTKeHi
KaO/NIMHUTTEPAi rpaBUTaLMANbIK 6albITyablH CTaHAAPTTbI d4iCTepiH KONAaHFaH Ke3fde KaHafaTTaHap/bIK,
H3TUXKenepre KON XeTKi3inreH Kok. ymbicTa AnekceeB KeH OpHbIHbIH, KAOAWHUTTI ca3gapblH eHaeyae
anablH-ana XMMUANbIK BenceHaipyaiH, acepiH 3epTTey HaTUKeNepi KenTipinreH. BypbiH WWKI3aTTbl HAaTPUA
rmapokapboHaThbl epiTiHAiCiHAe anAbliH-afa XMMUANBIK BenceHaipy aaici apTypai MMHepangbl WMKI3aTTbl
eHAeyAe 63iH XaKCcbl KepceTTi. HaTpuii ruapokapboHaThl epiTiHgiciHAe anaplH-ana XMMUANbIK benceHaipy
Ke3iHAe KaoNMHUT PPaKUMACbIHbIH, ha3anblk KypambiHaa e3repicTep 60nFaHAbIFbl aHbIKTaNAbl: MYyCKOBUT
Me/iLepi eKi ece asailgbl; HATPUI aNtOMOCUIMKATbIHLIH, dasackl navaa 6ongbl. Al2O3 -TbiH, KAOAUHUTTI
bpakumara WbIFbIMbIHBIH XMMUAABLIK BenceHaipy TemnepatypacbiHa, y3aKTbifbiHa, K:T KaTblHACcbIHA KaHe
XUMUANLIK 6enceHaipy KesiHaeri HaTpuii rMApPoKapboHaThl epiTiHAICIHIH KOHUEHTPauMACbIHA Tayenainiri
3epTTengi. AnekceeB KeH OpPHbIHAAFbI KAONMHUT CasblH anAplH-ana XMMUANbIK benceHaipyaiH, oHTanbl
pexumi aHbIKTangbl, onap: temnepatypa 150 °C, y3aKkTbifbl 120 MUHYT XaHe HaTpuii 6GukapboHaTbl
epiTiHAiCiHIH KoHueHTpaumacskl 120 r/am®. KaonuHWT GanwbiKTapblH ©HAEYAiH Herisri TeXHONOTMANbIK,
CXeMacbl YCbIHbINADI.

TyiiiH ce30ep: KaONVHUT, KBAPLMUT, KPEMHUI MOAYNI, XUMUANBIK BenceHaipy, Xumuanbik 6aibiTy, eHim
LW bIFbIMbI, TEXHOOTUA.
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KaonuHuUTOoBbIE FUHbI KaK UCTOYHUK CbipbA ANA aNlOMUHNEBOMU oTpacnun

Pecnybaunku KasaxcraH
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AHHOTALMUA

B KayecTBe AOMNONHUTENBHOOIO UCTOYHWMKA ANA MONYYEHWUA rAMHO3ema B Pecnybnuke KasaxctaH moryt
CNYKUTb KAOZIMHUTOBbIE TUHbI. Hanbonee nepcneKkTUBHbIM ABAAETCA ANEKCEEBCKOE MeCTOpOXAeHue
KaoNMHUTOB. [NA MNOSYyYEeHUA BbICOKOKAYECTBEHHOW KaO/JIMHUTOBOW W KBAapLUMUTOBOM MPOAYKLMMU
HeobxogMma paspaboTka cneuuanbHbiXx NpUEeMOB 0b6OralleHnA, TaK Kak Mpu  UCNOAb30BaHUU
CTaHAAPTHbIX NPUEMOB rPaBUTALMOHHOrO 0BOralLeHNA MUH He BblIN AOCTUTHYTbI YA0BAETBOPUTE/IbHbBIE
pesynbTaTbl. B paboTe npuseaeHbl pesynbTaTbl UCCAEA0BAHUIA BANAHUA NPeaBapUTENbHON XMMUYECKO
aKTMBaLMM Npu nepepaboTKe KAONMHMUTOBbIX FMH ANEKCEEBCKOrO MECTOpOXAeHuAa. PaHee cnocob
npeaBapuTeNbHON XMMUYECKOW aKTMBaLMKM CbipbA B pacTBope ruapokapboHata HaTpUA XOpoLio
3apekomeHgoBan ceba npu nepepaboTKe PasMUHOTO MUHEpPaNbHOro cbipba. OnpeaeneHo, YTo npwu
npoBefeHNM MpeaBapUTE/IbHON XMMWYECKOM aKTMBauuMM B pacTBope rMApoKapboHata HaTpusa
Npou3oLWAN M3MeHeHUA B (a3oBOM COCTaBe KaOAMHUTOBOM ¢paKuMu: NpaKTMYecKM B ABa pasa
YMEHbLUMNOCL COoAepKaHWe MyCKoBuTa; obpasosanacb ¢dasa antomocunukaTa HaTpua. MccneposaHa
3aBMCMMOCTb Bbixoga ALO3 B Kao/MHWUTOBYIO ¢paKkLMio OT TemnepaTypbl XMMWUYECKOW aKTUBaLum,
NPOAOMKNUTENBHOCTU, OTHOWEHUU XK:T U KOHLEHTPaUuK pacTBopa ruapokapboHaTa HaTpuA. YcTaHOBNEH
ONTUMAJ/IbHBIN PEXUM MPOBEAEHUA NPeaBapUTeNbHON XMMUYECKON aKTUBALMM KAaOAMHUTOBOWM TWHBLI
ANeKceeBCKOro MecTopoxaeHusa: Temnepatypa 150 °C, npoAomKuTenbHOCTb 120 MUHYT U KOHLLEHTpauua
pactBopa rugpokapboHata HaTpua 120 r/am. MpeanoxeHa NPUHLMNMANbHAA TEXHONOTMYECKaA CXema
nepepaboTKn KAONNHUTOBBIX FNH.
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ABSTRACT

Many factors affect the quality of produced anodes: composition and grade of raw materials, recipe,
technology, operating parameters, the granulometric composition of charge materials etc. The most
significant influence is from the last factor. The article provides research results on the effect of fine
fractions on the quality of anodes. The research object is charge of different granulometric composition
used to produce anodes at the Kazakhstan Electrolysis plant in Pavlodar. Six types of anode mass with
different granulometric composition were prepared for the experiment. The anode mass was made of
petroleum coke, pitch, recycled anodes, and dust from filters and grinder produced during coke treatment.
Several properties of the specimens were studied. In total, six specimens were made and, specimen Ne 4
drew particular attention. Its granulometric composition is as following: coarse fractions — 25 %, medium
fractions — 20%, fine fractions (grinder dust) — 50 %, and filter dust — 5 %. The results showed that some
specifications of anodes, like gas permeability and apparent density that affect anode consumption, are
improved as the fineness of dust grinding. For instance, the addition of dust fraction in the charge increases
anode density from 1.542 to 1.639 kilogram per cubic decimeters and decreases gas permeability from 1.01
to 0.78 nPm. In addition, the presence of dust fraction minimizes the porosity of the anode block. The
results of the investigation help adjust the optimal recipe of anode mass to obtain high-quality anodes.
Keywords: anode mass, production of baked anodes, gas permeability, density, granulometric composition,
fine fraction.
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Introduction

There are special requirements for an

aluminium electrolyzer:

Burnt anodes in an aluminium electrolyzer
supply current and participate in the
electrochemical process by being burned in formed
oxygen. Therefore, one of the main specifications
of anodes used as reducing agents during
electrolysis of cryolite-alumina melts is the
consumption rate.

The relevant literature review showed that
increase in anodes density causes a decrease in gas
permeability. Consequently, the consumption rate
of anodes is reduced during electrolysis of cryolite-
alumina melts [1-4].

Anode mass and burnt anodes are made of
coal pitches, petroleum coke, and stubs (remnants
of anodes) mixed with a recipe. “Green” anode
blocks are then formed out of the mixture and are
calcinated to produce burnt anode blocks.

- as a physical object that must withstand
mechanical stress at high temperatures and supply
high electrical conductivity;

- as a chemically active electrode that
undergoes chemical and electrochemical oxidation
during electrolysis, it must resist advanced chemical
influences.

These requirements could be satisfied if the
electrodes’ structure is built with principles of
composite materials, i.e. framework made of coke
grain (filler) and binding component (matrix) from
coal pitch. According to the theory of composite
materials, end-product — composite exceeds by
properties both its constituents [4].

Nevertheless, compositional properties of the
structure determine some peculiarities of anode’s
work under conditions of electrolysis of cryolite-
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alumina melt.
are as following:

1. Due to the different chemical properties of a
coke made of fillers and a coke made of binding
material, their oxidation occurs at different rates.
This leads to uneven (selective) anode oxidation
and shedding off some parts of the filler.

2. Uncompensated shrinkage of matrix’s
materials during burning causes the formation of
many defects (microcracks, pores, bundles) in the
structure of coke made of a binding component.
This, in turn, triggers mechanical shedding of coke
particles.

During the development of an anode mass
recipe, one should consider including coke as a filler
with a strictly regulated value of reactivity.
Appropriate calculation of granulometric
composition requires steps like taking into
consideration dense packing of grains to prevent
high porosity of anode and infiltration of oxidation
products into intraporous space.

One of the main tasks of technology is to
regulate purposefully the structure and properties
of raw materials to reduce uncompensated
shrinkage. It is possible to achieve desirable results
by varying granulometric composition, filling the
matrix with a fine dusty fraction, using high
temperature pitch and coke with low thermal

The most significant peculiarities

expansion coefficient values and changing
technological parameters of burnt anode
production.

Studying the packing of aggregate grains on
geometrical models that consist of homogeneous
spheres makes it possible to understand that a
minimum quantity of spheres in a unit of volume is
achieved when centres match cubic lattice nodes.
Meanwhile, a maximum amount of spheres
happens by rhombohedral packing. If empty spaces
are filled with spheres with corresponding
diameters, theoretically, it is feasible to obtain a
filling factor infinitely close to one. Using materials
of several fractions such as coarse, medium, and
dust helps achieve maximum packing.

Literature review showed that granulometric
composition significantly affects the quality of a
produced anode. An increase of coarse fraction
content leads to a decrease in electrical resistance
and anode shrinkage during burning. On the other
hand, an increase in dust fraction quantity
improves anode blocks' mechanical strength and
density. Intermediate fractions of coke charge
mainly crumble during electrochemical anode
oxidation and their amount is regulated [1-6].

It is possible, to sum up, a relation between
different components of an anode mass recipe:

—  Maximum packing (minimum porosity) is
achieved in a system developed according to a
relatively balanced straightforward principle, when
material from the granular composition has a small
size enough to ensure intergranular space. At the
same time, the porosity of coarse grains has its
influence [6-9].

— Gas permeability of anode material is
significantly reduced as fineness and dust content
are increased [10].

—  Resistance to thermal shock grows if the
granular composition has a high percentage of
coarse fractions.

A fine fraction in an anode structure affects the
“elasticity” of the charge. That property improves
compression resistance [11]. For all mentioned
reasons, adjustment of optimal granulometric
composition significant.

Experimental part

An object of research is a charge with different
granular composition used for anode production at
the Kazakhstan electrolysis plant. Table 1
represents a granulometric composition of the
charge.

Table 1 — Granulometric composition of the charge

Sample Granulometric composition, %
number | Coarse Medium | Fine fraction
fraction | fraction Grinder | Filter
dust dust
1 37 40 15 8
2 25 40 25 10
3 30 30 30 10
4 25 20 50 5
5 40 20 22 18
6 40 23 22 15

Equipment used for the research: RDC-161
bench-scale anode production unit; BF12S anode
baking furnace; equipment for determination of
anode blocks gas permeability; pycnometer.

Six batches of anode mass with different
granulometric compositions were prepared for the
experiment (Table 1). The fraction classes that were
selected are coarse (-14 + 6.3 mm), medium (-6.3 +
0.25 mm), fine fractions (-0.25+0.08 mm), and coke
filter dust (-0.074 mm). The coarse fraction
consisted of snuff; other fractions were made of
coke.

— 14 ——
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Determination of reactivity to carbon dioxide.
Two test samples with a diameter of (50+1) mm
and a length of (60+1) mm were prepared. The
samples were dried at (120+5) °C within 12 hours
and cooled to room temperature. The initial mass
of each test samples was measured by weighing
each core (mg) to an accuracy of +0.1 g. Then, the
muffle furnace was heated to (960+2) °C. The
temperature was stabilized by keeping it in the
furnace at least for 60 minutes; after, that, the test
samples were placed inside. The gaseous flow of
carbon dioxide was supplied, and the rate was set
at 200 litres per hour through an alumina tube.
Mentioned parameters were kept within 7 hours,
and the samples were cooled by switching off the
gaseous flow. As soon as the furnace temperature
cooled to lower than 550 °C, remnants of the test
samples (core) and produced dust were taken out,
cooled to room temperature, and weighed to an
accuracy of £0.1 g. Each remaining test sample was
placed in a separate camera of tripping apparatus
with 50 steel balls and was left to turn over for 20
minutes to remove any loose particles. As soon as
turning over finished, the camera’s content was
emptied into a 4 mm sieve, balls were taken out,
and remnants of the samples (core) were weighed
to an accuracy of £0.1 g.

Determination of anode density in xylene by
pycnometric method. Cylindrical specimens of
anode mass 50 mm high and 30 mm in diameter
were ground up to a particle size of 63 um, dried in
the furnace at 120°C + 2°C for 8 hours, and cooled
with silica gel in a drying cabinet. A dry clean
pycnometer without a stopper with 5 g + 0.1 g of
that specimen was placed in a degassing container.
Xylene was added drop by drop inside the
pycnometer until the content was covered by it to a
maximum of 20 mm. After that, the pycnometer
was put in a thermostat and heated to a
temperature of 25 + 0.05 °C. As soon as all water
was removed, the pycnometer reached test
temperature; it was taken out, thoroughly dried
and weighed. The experiment was repeated three
times with every recipe.

The equation determines density p of burned
anode expressed in grams per millilitre:

m,
V — m4_(mo +m3)
P (1)
where V — pycnometer volume, ml;
m, — a mass of clean, dry,
pychometer, g;

p:

empty

px — xylene density, g/ml;

ms — sample mass, g;

ms — a mass of pycnometer with a sample
and xylene, g.

Density calculation of sample Ne 1:

24.3
p= ,5_ 58815 (25+243) 1.418,
1.21
23.8
p= o5 58.315—(25+238) =1.388,
121
25
p= ,5_ 59515~ (25+25) 1.458.
1.21

Similarly,
determined.

Determination of gas permeability. Calculation
of gas permeability of the anodes is done using
data from measurements:

densities of other samples were

Mo (2)

where mo— initial mass the test sample (core), g;
m; — a mass of the remaining test sample
(core) after tripping, g.
Calculation of gas permeability of burnt anodes
prepared with different compositions:

W per b1y = B2 X100 = 1.9

W ek b2 = 2220 X100 = 1.73
W pcr b3y = 22202 X100 = 1.83,
W ek pay = 2222 4100 = 0.78
W rcr (P5) 23'22;22'951 x100=1.2
W rcr pey = 2637295 %100 = 1.58.

Results and discussion

The results of the experiment showed that
granulometric composition affects the density of
anodes significantly. It seems thatan increase of
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Table 2 — Density of anodes with different granulometric compositions

Sample Density 1, kg/dm? Density 2, kg/dm?® | Density 3, kg/dm? Mean value, kg/dm?
number

1 1.418 1.388 1.458 1.421

2 1.307 1.388 1.400 1.365

3 1.458 1.488 1.517 1.487

4 1.633 1.587 6.88 1.639

5 1.517 1.587 1.476 1.526

6 1.418 1.388 1.310 1.373

30

35 40 45

Fine fraction content

Figure 1 — Plot relationship between anode density and fine fraction content

fine fractions contents increase density of the
anode.

Table 2 shows the result of the experiments
raletd to determination of anode density in xylene
by pycnometric method.

Table 3 represents the obtained data from the
experiment related to gas permeability of the
anodes.

Table 3 - Gas permeability of burnt anodes with
different coke granular compositions

Sample Gas
Samples mass, g permeability,

nPm

Sample Ne 1 25 1.9
Sample Ne 2 23 1.73
Sample Ne 3 27.3 1.83
Sample Ne 4 21.3 0.78
Sample Ne 5 23.23 1.2
Sample Ne 6 26.33 1.58

Based on the calculated values, the plot that
represents the dependence of gas permeability on
the content of a fine fraction was drawn. The
experiment results revealed that an increase of fine
fraction content leads to a significant decrease in
anode gas permeability.

Gas permeability

40 45 50 55 60

Fine fraction content

Figure 2 — Plot relationship between anode gas
permeability and fine fraction content

The results showed that the highest density
value has a test sample Ne 4 (with the highest
content of fine fractions). Figures 1 and 2
represent the tendency that an increase in fine
fraction content reduces anodes’ gas permeability.
Further increase in fine fraction content is
unacceptable. According to production experience,
there is an upper limit of fine fraction content
above which deterioration of mechanical properties
is observed. The mentioned limit is determined by
fineness of applied dust as well [4-5]. High content
of fine fractions and dust reduces coarse fraction
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Table 4 — Specification of burned anodes

Present granulometric Density, Gas Suggested granulometric | Density, Gas
composition of charge kg/dm? permeability, composition of charge kg/dm? permeability,
nPm nPm
Coarse fraction Coarse fraction (-14 + 3.5
(-14 +3.5mm)-26% mm) — 25 %
Medium fraction (-3.5 +
Medium fraction 0.25mm)—-20%
(-3.5+0.25mm) -35% 1.542 1.01 1.639 0.78
Fine fraction
Fine fraction (-0.25 +0.0 mm) — 50 %
(-0.25+0.0 mm) — 39% Filter dust
(-0.074 mm <) — 5%

content

Granulometric

Thus, according to the proposed method for
producing anode mass, adding an extra fraction of
coke — filter dust caught from filters to existing

fractions.

Developed recipe will increase anode density
from 1,542 kg/dm3 to 1,639 kg/dm?3 and reduce gas
permeability from 1,01 to 0,78 nPm.

in anode frame that
weakening of cohesion between particles. As a
result, anodes may undergo deformation after
molding or during burning [3, 5].

composition of
production of higher quality anode masses was
chosen based on the research results (Table 4).

in turn causes Conclusions

The influence of fine fraction content on the
quality of produced anodes was studied
experimentally. An increase of anode density was
observed as more fine fractions were added to the
charge recipe. Moreover, gas permeability was
reduced with the addition of fine particles. Gas
permeability affects the consumption of anodes
during electrolysis of cryolite-alumina melt.

A better option of granulometric composition
of coke for production of higher quality anodes at
JSC Kazakhstan electrolysis plant was suggested.
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LLIMXTaHbIH, rPaHy/1I0MEeTPUANDIK KYPaMbIHbIH, KYWAipinreH aHoA canacblHa acepiH

3epTTey

AKkukaesa A.C.

UHHosayusAnbiK Eypasusa yHusepcumemi, [asnodap, KazakcmaH

Makana kengi: 04 mameip 2021
CapantamagaH eTTi: 23 winge 2021
KabbingaHabl: 04 kazaH 2021

TYWNIHAEME

ANbIHaTbIH aHOATbIH, canacbiHa KenTereH dbakTopaap acep eTesi, 0ap: WMWKI3aTTbIH, canacbl, peLenTypa,
TEXHONOTUA, PEXUMAIK NapameTpsiep, LUMXTaHbIH, FPAHYIOMETPUANbIK KypamMbl  KaHe T.6. OnapaplH,
iWiHAe LWKWXTaHbIH, rPaHYNOMETPUANbIK Kypambl €H Herisri opblH anagpl. byn makanaga ycak
dpakumanapablH, aHOA canacbiHa SCePiH 3epTTey HITUXKeNepi KenTipinreH. 3epTrey obbeKTici KasakcTaH
371eKTPO/IM3 3aybITbiHAAFbI (MaBNOAAP K.) SPTYPAi FPaHYNOMETPUANDBIK Kypamaafbl lWnxTa 6onabl. 3epTrey
YKYMbICTapbl YLWiH 3pTYpAi rPaHyNOMETPUANBIK Kypamabl aHOL MaccacblHblH, 6 NapTUACHl AaibiHAANAbI.
AHOATbI MaccaHbl AailblHAAY YLLIH MyHal KOKCi, NeKTep, iCTeH LWbIKKAH aHOA, KanablKTapbl }KaHe KOKCTbI
ycaTy KesiHge naiga 6onfaH GunbTpaeri KOKC WaH4apbl MeH AvipMeHAeri ycak KOKCTep KONAaHbINAbI.
3epTtTeynep bapbicbiHAa OCbl YATiNepaiH Kelbip KacueTTepi 3epTTensi. JanbliHAanfaH yArinepaiH iwiHex
rPaHyNIOMETPUANBIK KypPambl KenecinepaeH TypaTbiH: ipi dpakumacel — 25 %, opTawa dpakumacsl — 20 %,
Kiwiripim ¢ppakumace! (anipmengeri ycak Kokctep) -50 % skaHe ¢unbTpiepgeri ycak 6enwekrep — 5 %
6onatbiH N2 4 yarire epekwe maH bepingi. 3epTreynep HaTUMKeciHAe, aHOA OHAIPICIHIH LUKKi3aTbiHA
KOKCTbIH, KilLKeHTalt (ycak) benwekTepiH KOCKaHAA, OHbIH, WbIFbIHbIHA 9Cep eTeTiH Kelbip KacueTTepiHin;
TbIfbI3AbIFbl MEH ra3eTKI3riwTiriHii, e3repreHi 6aiikangbl. LLUaH-To3aHAbIK GpaKuMaHbl KOCKaH Ke3ge,
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aHOATbIH, ThifbI3Ablfbl 1,542 Kr/am? —TeH 1,639 Kr/am® pgeiiH ofapblnafaHbl, an raseTkisriwTiriHib, 1,01-
neH 0,78 nPm peiiiH TemeHaereHi 6alikangbl. COHbIMEH KaTap LWMKi3aTKa LWaH-TO3aHAbIK GpaKumaHbI
KOCKAH Ke3ge aHop, O/I0KTapbiHbIH, KeyeKTiniKTepi TemeHaenai. 3epTreynep HITWXKeCi camanbl aHog
OHAipY YWiH, aHOA MaccacbiHbIH, OHTaNNbI peuenTypacbiH TaH4ayFa MYMKIHAIK bepeai.

TyliiH ce30ep: aHOATbI Macca, KYMAipiAreH aHoA, eHAIPicCi, ra3eTKi3rilWTiK, TbIFbI3AbIK, TPAHYNOMETPUANDIK

Kypam, ycaK ppakums.
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UccnepoBaHue BANAHUA TPAHYIOMETPUYECKOrO COCTaBa LWMXTbl HA Ka4yecTBo

060XKXKeHHbIX daHOA 0B

Akukaesa A.C.

UHosayuoHHbIl Espa3sulickuli yHusepcumem, lMasnodap, KasaxcmaH

MNoctynuna: 04 mas 2021

AHHOTALMUA

Ha KayecTBO Nony4yaemMbIx aHOAOB BAUAIOT MHOTUE GaKTOpPbI: COCTaB M Ka4yecTBO CbipbeBbIX MAaTEPUANOB,
peuenTypa, TEXHONOMMA, PEXUMHbIE NapaMeTpbl, FPaHY/IOMETPUYECKUIA COCTaB LMXTOBbIX MaTePManos u
T.40. Ocoboe mMecTo cpean HUX 3aHUMAET T[PaAHYNOMETPUYECKMIN COCTaB WWXTbl. B JaHHOWM cTaTbe
npeacTasieHbl pesynbTaTbl UCCNEA0BAHMA BAMAHUA TOHKOM GpakumMM Ha KavyecTBO aHoAoB. O6beKTOM
MccneaoBaHUA ABAANOCH LWKMXTA PA3IMYHOINO MPaHY/IOMETPUYECKOrO COCTaBa AN NOMYYEHUA aHOAOB Ha
6a3e K33 (KasaxcTaHCKuiA 31eKTPOAU3HBIN 3aBog, r.Masnogap). Ana akcnepumeHTa 6bian NPUroTOBAEHbI

PeueHsuposanye: 23 urona 2021 6 MapTMin aHOLHOM MacCbl C PasHbIM rPaHy/NOMETPUYECKMM coCTaBam. [NA NPUroTOBJEHUA aHOLHOM
MpuHATa B NevaTb: 04 okmaAbpsa 2021 Maccbl MCMO/b30BasUCh HEDTAHOM KOKC, NeK, 0BOpOTHble aHOAbl M Mblib C GUALTPOB M MEbHULbI,

KOTOpble 06pasytoTcsA NpU U3MeNbYEHUI KOKca. Bblno onpeaeneHo 1 nccnefoBaHo HEKOTOPble CBOWCTBA
3TUX 06pasuoB. M3 nNpurotoBneHHbIX WecTu nNpob ocoboe BHUMaHwWe npusnekno npoba Ne 4, rae
coflepaHue KpynHow ¢pakumii — 25 %, cpeaHeir — 20 %, menkow (menbHW4YHas nbinb) -50 % wu
dunbTpoBan nbinb -5 %. Pe3ynbTaTbl MOKasbiBalOT, YTO C yBE/JMYEHUEM TOHWHbI MOMOAA MbLIU
YNYYLIAOTCA HEeKOTOpble XapaKTEepPUCTUKM aHoZa, B YaCTHOCTM rasoMpPOHMLAEMOCTb WM Kaxyliasca
NNOTHOCTb, KOTOPblE BAWAIOT Ha pacxoh aHoAoB. Tak, npu fobasneHwUit nbinesow Gppakumii B LWKXTY,
NNOTHOCTb aHOA0B yBennumnsaetca oT 1,542 ao 1,639 kr/gm3, a rasonpoHULaemocTb cHuskaetca ot 1,01
£o 0,78 nPm. Tak e pobasneHue nbiieBoi GpakuMit MUHUMU3UPYET NOPUCTOCTb aHOAHOTO 6/10Ka.
Pe3ynbTaTbl UCCNEf0BaHWA NO3BOAOT NOA06PaTh 601ee ONTUMabHYIO PELENTYPY aHOAHON Macchl, ANA
nony4yeHuns 6onee KaYeCTBEHHOIO aHOAA.

Knioueeble cn08a: aHoAHasA Macca, NPOWM3BOACTBO OBOMKEHHbIX aHOAOB, ra30NPOHMLAEMOCTb,

NNOTHOCTb, FpaHy}'IOMeTpMHECKVIl‘/‘I COCTaB, TOHKaA d)paKLlMﬂ.
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ABSTRACT

The article describes a number of new fundamental knowledge about mechanisms of degradation processes
occurring in photoactive perovskite materials based on complex lead halides and solar cells based on them,
modern methods and approaches to increasing the operational stability of perovskite photovoltaic devices
are considered. The revealed paths of degradation processes occurring in complex metal halides (lead and
tin) under the influence of light and elevated temperatures are important for further developments in the
field of creating highly efficient and stable perovskite solar cells of a new generation. The investigated
models of degradation are described both under the action of moisture and as a result of radiation
ionization processes. The importance of solving the Dexter-Varley paradox, which takes into account the
competition between the processes of displacement of 1SO states, as well as the delocalization of the
resulting hole in the valence band, is emphasized. It was shown that by changing the force of pressure of
the tape on the perovskite film, it was possible to achieve the maximum values of the light conversion
efficiency of about 12.7%. It was found that the presence of charge carriers in the form of polarons can
significantly affect the assessment of the degradation efficiency towards its increase. The data obtained can
radically change the traditional ideas about the efficiency of photochemical reactions.
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Introduction

The development of hybrid complex lead
halides with a perovskite structure is the most
promising area of research in the field of creating a
new generation of thin-film phototransformers. The
modern approach to the processing of mineral raw
materials should be based on the use of effective
technological methods that ensure the integrated
use of raw materials and the environmental
friendliness of the processing process [1]. These
materials demonstrate impressive optoelectronic
properties, and solar cells based on them — record
growth rates of light conversion efficiency. A
significant disadvantage of hybrid perovskites is
their low resistance to various external (oxygen,
moisture) and internal (electric field, temperature,
light) factors. It should be emphasized that the
influence of external factors is the least dangerous

for these materials, which is eliminated by isolating
the photoactive layer of the solar battery with
special encapsulating materials. The same approach
of PSC stabilization by encapsulation is practically
not applicable to protect devices from the influence
of internal factors. In this regard, the researchers
are faced with the task of finding ways to prevent
the degradation of perovskite materials caused by
internal factors. Various approaches have been
proposed for the stabilization of devices based on
complex lead halides, from optimizing the chemical
composition of perovskite films by introducing
modifying additives into the perovskite layer to
optimizing the architecture of perovskite solar cells.
However, for the targeted development of effective
approaches to improving the stability of perovskite
systems and solar batteries based on them, a
deeper understanding of the processes of
photochemical and thermal degradation of various
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types of complex metal halides is necessary. At the
same time, to obtain reliable data, it is necessary to
study the degradation processes of perovskite
materials under strictly controlled conditions in an
inert atmosphere.

The problem of stability of perovskite solar
cells. For the production of efficient and at the
same time cheap solar panels based on perovskites,
it is necessary that the solar panels have long-term
operational stability. To date, the warranty period
of silicon solar cells is 20-25 years. If the efficiency
of a perovskite solar battery is reduced by 1% every
year, then in 20 years it will degrade by 20%, which
is quite an acceptable indicator in the field of
photovoltaics [2]. Just like organic solar panels,
devices based on perovskite materials have
significant stability problems. This is due both to
the true instability of the perovskite material itself,
and to external factors that have a detrimental
effect on the device as a whole.

External factors contributing to the
degradation of perovskite materials. Despite the
enormous advantages of perovskite solar cells over
other photo-converters, these types of devices,
unfortunately, are still far from practical
implementation. The main problem is the
extremely low stability of complex lead halides.
Halide (especially iodide) complexes of lead are
rapidly destroyed under conditions of elevated
temperatures, as well as under the influence of
moisture and oxygen in the air [3,4]. In addition,
perovskite materials based on lead halides are
characterized by low photochemical and
electrochemical stability [5,6]. In real-world
operating conditions, the efficiency of solar cells
based on MAPbI; drops to almost zero in just a few
hours, which makes it impractical to use them in
practice.

Experimental part

Degradation effects in perovskites. The
problem of degradation of solar cells based on
organic-inorganic perovskites is very acute in two
respects. First, like every salt, the interaction with
moisture is very significant here. Secondly, the ionic
nature of the lattice and the large value of the
Madelung energy open up specific pathways for
photochemical reactions. Let us briefly consider
these two features. In the infusiona hypothetical
scheme of the influence of moisture on the
decomposition of perovskite has now been
elucidated (see Figure 1).

Figure 1 shows that when one water molecule
interacts with n "molecules" of perovskite, one
water molecule and one Pbl, molecule are
separated in several successive stages. This scheme
goes back to the Grothaos mechanism [7], so that
the molecules HI and CHsNH; are still isolated along
the path of the complete reaction.

Figure 1 - Possible decomposition pathway of hybrid
halide perovskites in the presence of water

One water molecule is required to initiate this
process, with the decomposition being driven by
the phase changes of both hydrogen iodide (soluble
in water) and the methylammonia (both volatile
and soluble in water) [8].

Apparently, it is still not clear how to change
the composition of perovskite to reduce
degradation under the influence of moisture, both
in the presence and in the absence of
photoexcitation of the material.

It is necessary, however, to keep in mind that
there are other (without moisture) channels of
degradation of perovskite under the influence of
radiation. One such path is indicated in [9], who
believes that after the generation of a hole on the
iodine ion, this hole migrates to the surface, after
which it is on the surface that the reaction of
neutral iodine with one of the surface negative
iodine ions occurs. This position is the originator of
a whole sequence of reactions, resulting in the
disintegration of the perovskite structure. However,
when analyzing this scheme, an extremely
important circumstance is not taken into account:
the passage of the reaction between neutral iodine
and a negatively charged iodine ion is prevented by
the delocalization of the hole, which in the zone
scheme is the neutral iodine atom. Taking into
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account this circumstance requires a special
analysis (namely, the resolution of the Dexter-
Varley paradox), which is particularly clearly
manifested in the problems of subthreshold defect
formation and has been studied since the late 50s
of the XX century. In our recent work on the
ionization-stimulated degradation of perovskite,
this problem was studied in some detail [10].
Indeed (Fig. 2), if a photon tears an electron from
any nodal atom of an iodine ion, this means the
simultaneous manifestation of two circumstances:
first, if we proceed from the band structure, the
ionization of iodine means the appearance of a hole
in the valence band; second, from the point of view
of crystal chemistry, the neutralization of iodine
immediately leads to the elimination of a potential
Modelung pit for it (the depth of this pit was
calculated earlier (see Table 1).

Table 1 - Calculatedproperties properties of four hybrid
lead halide perovskites from density functional theory
functional theory

Cation | D,D | a,nm | AP, uC Erot, kJ | Edip,
/cm? / mol kJ/mol

NHa 0 0.621 | 8 0.3 0

CHsNH | 2.29 | 0.629 38 13 4.6

3

CFsNHs | 6.58 | 0.635 | 48 21.4 42

NH2CH | 0.21 0.634 | 63 139 0.03

NH2

Note. The electron polarization of the lattice (AP) and
the rotational barrier energy (Erot) were calculated by
PBESot in VASP. The nearest neighbor dipole
interaction (Edip) was estimated from the point dipole
calculation (source: [8]).

After the elimination of the Modelung pit,
the neutral iodine atom appears on the hump of
the crystal potential and tends to slide into the
neighboring internode.

R
Figure 2 - The formation of dynamic Coulomb instability
in the I-sublattice of perovskite [10]

This takes a time of ™+ = 5 - 10-14 s.
However, the hole is localized at the node also
during the finite time t.. If Teis much less than t+,
then the Dexter displacement of the iodine atom in
the internode does not have time to occur, so there
will be no defect formation (degradation).
However, the situation is much subtler: the motion
of the hole is a quantum process, which means that
there are both faster and slower cases of
delocalization of the hole (for te is the average
value). Therefore, to find the probability of
displacement of iodine atoms in the internode,
despite the competition of hole delocalization, it is
necessary to do a quantum calculation. This gives
for the probability of displacement of internode
ions the probability of the following type: n = exp (-
T+/ Te). The estimation of the value of te is possible
on the basis of the uncertainty ratio: T = h/AEv,
where AEv is the width of the valence band formed
from the P states of iodine. For the parameters of
perovskite (CHs; — NHs)Pbls, the characteristic value
of the probability of displacement of the iodine
atom in the internode is n = 10-4, which means that
after ionization of the iodine ion, one of 10,000
ionization changes-this determines the degradation
ability of the crystal. Obviously, it is by a factor of
this order that the entire Schumann scheme is
reduced.

Encapsulation as an effective method of
protecting the photoactive layer of solar cells from
external factors. Encapsulation is a technology for
protecting solar cell components from the influence
of aggressive environments (O,, H,0) by using an
impermeable capsule. Typically, thin plates of glass
and epoxy glue are used for encapsulation, which
hardens under the influence of ultraviolet light
(Figure 3) [11-13]. Han and colleagues investigated
two different methods of encapsulation of
perovskite solar cells. [14]. The first method was to
use a UV-curable adhesive between the top silver
electrode of the device and a regular slide. In the
second method, a technique was used in which the
insulation of the active layer was carried out using a
special glass "lid", in the niche of which a desiccant
was located, which acts as an adsorbent of
moisture, in the case of its penetration through the
epoxy glue [15].

This approach has further improved the
efficiency and stability of the devices. Figure 3.
Schematic illustration of perovskite solar cell
encapsulation. However, such types of
encapsulation are unlikely to be applied on an
industrial scale. For perovskite solar cells, the
protection methods used for organic solar cells
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Figure 3 - Schematic illustration of perovskite solar cell
encapsulation

manufactured by roll technologies can be very
effective. In 2009, Krebs et al. developed a
technology for the production of fully encapsulated
flexible polymer solar cells [16].

The substrate in  such batteries is
polyethyleneterephthalate (PET), and the
encapsulation was carried out by laminating a thin
film of 25 microns of the same PET with an acrylic
adhesive applied. As a result, this technique has led
to a significant increase in the stability of devices in
real-world operating conditions of solar panels. The
disadvantage of the developed method was the
degradation of the manufactured devices in the
places of the roll cut. But this problem is easily
eliminated by treating the edges with a special
sealant. Another interesting and inexpensive way to
increase the stability of devices by encapsulation
was to use a copper tape instead of the usual
sputtered top electrodes.

The conductive copper adhesive tape is pasted
over the photoactive layer using a conventional
glass rod. By varying the pressure force of the tape
on the perovskite film, it was possible to achieve
the maximum values of the light conversion
efficiency of about 12.7%. Devices obtained by this
method also showed higher stability in air
compared to devices with sputtered electrodes.
However, it is worth emphasizing that

encapsulation protects the active layer of a
perovskite solar cell only from the effects of
aggressive environments, but cannot prevent the
influence of internal factors such as electric field,
elevated temperature, and sunlight. Therefore, the
study of the influence of these factors on the
stability of perovskite solar cells requires serious
and detailed consideration.

Conclusions

The article describes in detail the degradation
models (both under the influence of moisture and
as a result of radiation ionization processes). The
role of solving the Dexter-Varley paradox (taking
into account the competition between the
processes of ISO state displacement and
delocalization of the resulting hole in the valence
band) is emphasized; it is shown that the latter
circumstance can radically change the ideas about
the efficiency of photochemical reactions. It should
be noted in this connection that the existence of
charge carriers in the form of polarons can have a
significant impact on the assessment of the
efficiency of degradation in the direction of its
increase.

The publications of recent years not only reflect
the state and problems, but also reasonable hopes
that the future of alternative energy sources lies
with perovskite-based cells.
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TYRIHAEME

Makanasa Kypaeni KopfacblH ranoreHMATEpi MeH onapfa HerisgenreH KyH Hartapeanapbl HerisiHae
$OTOaKTMBTI NEPOBCKUAT MaTepuangapbiHaa 6onaTblH Aerpajauma NpoLecTepiHiH  MexaHusmaepi
Typanbl 6ipkatap »aHa ipreni 6inim KenTipinreH. MepoBCKUTTIK GOTOINEKTPAIK KOHABIPFbINAPAbIH,
JKYMbIC TYPaKTbI/bIfbIH apTTbIPyAblH, 3aMaHayu a4icTepi MeH Tacingepi KapacTbipbliaFaH. Kapblk neH
YKOFapbl TemnepaTypaHbIH acepiHeH MeTanaapablH, KelleHai ranoreHuaTepiHae (KopFacbiH MeH Kanaibl)
JKYPETiH Jerpagauma nNpouecTepiHiH aHbIKTanfaH onaapbl XaHa OyblHABIK KOFapbl THMIMAI KaHe
TYPaKTbl KyH BaTapeanapblH Kypy CanacblHAa *KaHa 3epTreynepdi ofaH api AambITy YWiH MaHbI3abl.
blapipayabiH, 3epTTenreH MofenbAepi bINfangplH, acepi  KesiHAe Ae, pagvauuanbik  MoHAany
npouecTepiHiH, HaTUXKeci apKblibl aa cypettenedi. ISO KylnepiHiH OpbIH aybICTbipy npouecTepi
apacblHaafbl  GaceKenecTikTi, COHAal-aK BaNeHTTIK [AuanasoHblHA@ naiga  6onfaH  TECIKTIH,
[eNoKanmn3aumAcbiH eckepeTiH [lekcTep-Bapan napafoKebiH WeLyAiH, MaHbI3abliblfbiHa Haca Hasap
aypapbinagpl. MepoBCKUT MIEHKafFa TaCnaHblIH, KbICIM KYLLiH ©3repTy apKbl/ibl XKapblK KOHBEPCUACBIHbIH,
MOK -HiH, Makcumanapl MaHiHe wamameH 12,7 % xeTtyre 6onaTtbiHAbIFbI KepceTingi. MonsapoH TypiHgeri
3apAg TacbiMmangaywbliapabiH, 601ybl OHbIH, *KOFapblaayblHa Kapai Aerpagauma Tvimainirin 6aranayra
aWTapAbiKTall acep eTyi MYMKIH eKeHairi aHbiKTanapl. A/bIHFAH  ManimetrTep  GOTOXMMUANDIK,
peaKkuuanapabiH TUIMAINIT Typanbl 4aCTYpAi uaeanapapl Tybereini esrepte anaabl.

TyiiiH ce30ep: NepOBCKUT MaTepPUaNAapbl, Aerpagaumanblik NPoLecTep, MHKaNCcyAauma.
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AHHOTALMA

B ctaTbe onucaH pAg HOBbIX GYHAAMEHTANbHbLIX 3HAHMIN O MexaHW3max AerpagalmOoHHbIX NPOLECCOB,
npoTeKaWwmx B (OTOAKTUBHBLIX MEPOBCKUTHLIX MaTepuanax Ha OCHOBE KOMM/EKCHbIX raforeHnaos
CBMHLA W CONHeYHbIX 6aTapesx. Ha vx OCHOBE, pPacCMOTPEHbl COBPEMEHHbIe METoAbl M Moaxoapl K
NOBLIWEHNIO  3KCMAYaTaUMOHHOW  CTaBUNbHOCTM  MEPOBCKUTHbIX  HOTOBONLTAUYECKUX  YCTPOMCTB.
BblfiBNEHHbIE NYTU AErpajaLMOHHbIX MPOLECCOB, MPOTEKAOLWMX B KOMMIEKCHbIX raloreHnaax MeTanios
(cBuHLa M onoBa) noA AeNCTBMEM CBETA M MOBBILWEHHbIX TEMMNEPATYP, UMEIOT BaXKHOe 3HauyeHue Ans
banbHerwux pas3paboToK B 06/1acTM cO34aHUA BbICOKOIOPEKTUBHBIX U CTabUAbHBIX NEPOBCKUTHbLIX
CONHeYHbIX 6aTapeil HOBOro MoKoneHusa. MccnenoBaHHble MOAENM Aerpajauuu OnMucaHbl Kak nog
AeicTBMEM BNarv, Tak v B pesy/ibTaTe NPOLECCOB PaAMaLMOHHON MOHKU3aUMK. NoauEpKMBAETCA 3HaYeHNe
peweHus napagoKkca [ekctepa-Bapau, rae yuuTbiBaeTCA KOHKYPEHUMA MeXAy MpPoLeccaMmy CMeLLeHus
1SO-cOCTOAHMIA, a TaKXKe AenoKanusaumsa obpasyloweinca AbipKM B BaNeHTHOM 30He. [MoKasaHo, yTo
M3MEHAA CUNY [3BNEHWUA NIEHTbl HA MEPOBCKUTHYIO MNAEHKY, MOMHO Obl10 AOCTUYL MAKCUMANbHBIX
3HaueHu apdeKkTMBHOCTM Npeobpa3oBaHmA cBeTa 0KoMo 12,7 %. YCTaHOBNEHO, YTO HaNMuMe HocuTenen
3apAga B BMAE MONAPOHOB MOMKET CYLLECTBEHHO MOBAMATH Ha OLEHKY 3GPEeKTMBHOCTM Aerpajaumun B
CTOPOHY ee yBesnnyeHus. MonyyeHHble AaHHblIE MOTYT KOPEHHbIM 06Pa3oM M3MEHWUTb TPAAMLMOHHbIE
npeacTasneHnn 06 apdekTUBHOCTU GOTOXMMUYECKUX peaKLmiA.
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ABSTRACT

Work aimed at diversification of production through the additional extraction of associated useful
components at uranium mines. The peculiarity of the work carried out is the additional processing of spent
uranium mines at the existing ones using the existing production infrastructure for the extraction of
associated useful components. The technology of underground leaching is well developed for uranium
deposits. The leaching of associated useful components differs from the leaching of uranium only in the
reagents used, and they are fundamentally similar to the method of underground-borehole leaching. Even if
there are associated components in the uranium-bearing sands with a content of less than 1 g/t, up to 0.1
g/t production can be profitable. The use of ready-made infrastructure of uranium mines on spent blocks of
deposits allows us to expect positive economic profitability in the future.
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Introduction

Today, sodium cyanide is the main reagent in
the industrial hydrometallurgical process for
extracting gold from ores.

Increasing requirements for environmental
protection, especially in relation to the in situ
leaching method, determine the relevance of the
search for less toxic reagents - gold solvents. One of
these reagents can be solutions containing active
chlorine, both in the form of free halogen and in
the form of hypochlorites. In this work, studies
have been carried out on core samples obtained
during the drilling of an exploration well at the
Semizbay uranium deposit.

Literature review

Leaching of ores in situ, that is, by the PV
method, excludes any ore preparation and imposes

high environmental requirements, therefore, the
use of cyanides in underground leaching is
practically excluded. In the case of mining placer
deposits containing large, hardly soluble in cyanides
gold, the use of cyanides is also ineffective in the
technological aspect.

In this regard, chlorine, iodine and
bromine-containing reagents, which are
environmentally safer than cyanide reagents, can
be used as leaching agents. In the case of using the
in situ leaching method, capital costs can be
reduced by 2-4 times, therefore, the in situ leaching
process can be cost effective with a higher chlorine
consumption, with a duration of mining of ore
deposits of several months, as well as when mining
poor off-balance ores [1].

It is important to emphasize that in situ
leaching of gold is carried out without cyanide,
using hydrochloride technology, which makes it
possible to ensure the environmental safety of the
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work. Potassium and sodium hypochlorite obtained
by electrolysis and gaseous chlorine are used as a
solvent in the Ural deposits. [2].

In work [3], the results of studies on the
leaching of gold from crushed ore to a size of -
12 + 0 mm are given. The use of sodium acetate
as a chemical additive in leaching gold on bottle
dough from crushed ore to a particle size of -12
+ 0 mm increases gold recovery by ~ 4% and
improves the kinetics of gold dissolution.

According to the method [4], the efficiency
of leaching both gold and silver is achieved by the
fact that at the first stage of gold extraction, a weak
chlorine solution (0.2-0.7%) is used, having a pH>
1.8, and at the second stage, a weak solution
sodium thiosulfate (0.2-0.7%), having a pH of 7.5-
8.5. Oxidation and dissolution of gold thus proceeds
in a weakly acidic medium at a high oxidation
potential (> 1200 mV). At the same time, sulfides,
oxides, carbonate minerals, feldspars, organic
compounds are exposed, which contributes to both
the most complete gold recovery and an increase in
the filtration permeability of the formation, in
particular, due to the dissolution of carbonate
cement. There is also no swelling of clays, which is
characteristic of the alkaline medium, which is
distinguished by the cyanide method.

Simultaneously with the leaching of gold,
silver is oxidized and re-precipitated in the form of
chloride, which facilitates its leaching with
thiosulfate at the subsequent stage of mining.

The novelty of the proposed method
consists in regulating the concentration of chlorine
in the solution so that pH> 3 is maintained in the
evacuated solution. This ensures the purity of the
productive solution from the presence of iron,
aluminum, zinc, copper due to their hydrolysis and
reprecipitation in the formation. The oxidation
potential in this mode remains high enough and
ensures the retention of gold in solution.

When leaching ore from the Tas-Yuryakh
deposit under normal conditions (T = 20 ° C), with
agitating the ore with chlorine water, a productive
solution was obtained with pH = 6 and EMF = 1230
mV. At the same time, the degree of gold extraction
was 98%. The productive solution was then treated
with ammonia, as a result of which only traces of
chlorine were found in it, while the pH increased
and the redox potential decreased.

From productive gold-bearing solutions,
gold was almost completely precipitated by
cementation on zinc powder.

The method [5] includes preparing a
leaching solution of hydrochloric acid and feeding it

into the ore. The novelty is that immediately before
feeding into the ore, the hydrochloric acid solution
is neutralized by adding a solution of commercial
alkaline sodium or potassium hypochlorite to it.
Used sodium hypochlorite (TU-6-15-746-87) or
obtained by electrolysis. A solution of sodium
hypochlorite (TU-6-15-746-87) is served in an
amount of 0.6 volumes with 1-4 volumes of
hydrochloric acid solution.

The aim of the invention is to increase the
efficiency of gold extraction, reduce the acidity of
the process, ensure the selectivity of the process
and eliminate the dangers associated with the
preparation and use of chlorine water and the
transition to arsenic solution.

This goal is achieved by the fact that gold
leaching is carried out without preliminary
acidification and washing of arsenic and iron with a
neutral solution prepared immediately before
feeding into the ore from commercial alkaline
sodium hypochlorite (for example, sodium
hypochlorite TU 6-15-746-87) and hydrochloric acid
solution, with the following ratio of ingredients, g /I
by volume.

A solution of sodium hypochlorite alkaline
TU 6-15-746-87 (sodium hypochlorite 30-40) is
served in an amount of 0.6 volumes with 1-4
volumes of hydrochloric acid solution.

As it was found experimentally, the
decrease in the leaching efficiency with acidic
chlorine chloride solutions (according to the
prototype), when going into an iron solution, is due
to the low redox potential of the medium: + 700-
800 mV, which does not ensure the stability of
complex gold ions (AuCly) The decrease in
efficiency is also due to the sedimentation of gold
by iron.

The efficiency of leaching according to the
proposed method is ensured by the fact that the
neutralization of the acid solution with an alkaline
solution of hypochlorite is carried out immediately
before feeding into the ore. Atomic chlorine, which
is released when mixing solutions and did not have
time to combine into a Cl. molecule, is very
aggressive towards gold. Excess acid is neutralized
with alkali from a commercial solution of alkaline
hypochlorite.

In order to increase the recovery of gold in
the method [6], leaching is carried out with a
solution of hydrochloric or sulfuric acid with the
addition of hypochlorite at the following ratio: 0.1 n
HCl + (0.02-0.1) n NaClO, prepared immediately
before its injection into the ore. Preliminary
acidification of ores is carried out until the level of
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iron concentration in the output solution decreases
below 600 mg/I.

In order to increase gold recovery and
eliminate the dangers associated with the
preparation and use of chlorine water, the
following solutions are used for leaching:

0,1n HCl + (0,02-0,10) n NaClO.

pH of the medium is 1.3-2.5, Eh = from
+900 to +1300 mV.

In the claimed composition, HCl can be
replaced by H,SO4 and other acids.

A method for extracting gold from ores,
including preliminary acidification of ore with an
acid solution, preparation of a leach solution and
leaching with an acid solution containing active
chlorine in the form of Cl,, differs in that, in order
to increase gold recovery, reduce the consumption
of chemical reagents and eliminate and using
chlorine water, the preparation of the leaching
solution is carried out immediately before its
injection into the ore, while hypochlorite is added
to the acid solution at a pH of 1.3-2.5, Eh from +900
to +1300 mV.

The use of aqueous solutions of chlorine for
the opening and leaching of gold
(hydrochlorination) is becoming more widespread
in the practice of enrichment of refractory ores and
concentrates [7-13].

In [14], the leaching of the concentrate was
carried out for 10 hours at a ratio of S: L = 1:10 and
a current density on the electrodes of 50 A / m2. As
a result of the experiments, it was found that the
rational concentration of NaCl salt in the solution is
250 g / dm3, since a subsequent increase in its
concentration to 300 g / dm3 leads to a slight (by
1.1%) increase in gold recovery from 34.6% to 35.
7%. A flotation gold-bearing concentrate with a size
class of 74 um, containing 60-65% arsenopyrite
and 52.5 g / t gold, was used as the test product.

In [15], an alternative non-cyanide method of
gold leaching from oxidized ores of the Malmyzh
deposit (Khabarovsk Territory) was investigated.
The initial gold content in the ore is 0.8-0.95 g / t.
The initial gold content in the ore is 0.8-0.95 g / t.
The solution was prepared by electrolysis of a
sodium chloride (NaCl) solution with a
concentration of 20 g /| with the addition of 0.1 N
hydrochloric acid (HCI). The optimal conditions for
obtaining a solution with the maximum
concentration of active chlorine required for gold
leaching have been determined. A study of gold
extraction by agitation with preliminary action on
the pulp by preoxidation and cavitation
(ultrasound) was carried out. Analysis of samples of

the liquid phase of the pulp for gold was carried out
using atomic absorption spectroscopy. Direct
hypochlorite leaching resulted in 23.0% gold
recovery in 4 hours and 72.7% in 24 hours. After
preoxidation  followed by leaching  with
hypochlorite, gold recovery was 80.2% and 98.8% in
4 and 24 hours, respectively. After ultrasonic
treatment, the yield of gold in the liquid phase of
the pulp was 36.7-66.5% for 4 hours of agitation.
The process of re-precipitation of the extracted
gold into the solid phase and a decrease in its yield
during prolonged agitation after preliminary
ultrasonic treatment of both the initial hypochlorite
and the pulp were revealed. Re-precipitation occurs
due to the transition of the pH of the medium to
the neutral region. Consequently, the process of
extracting gold with a chloride-hypochlorite
solution must take place in an acidic environment.

Experimental part

Based on the analysis of scientific sources, a
chlorine-containing solution of the following
composition was selected for experimental work on
the leaching of associated useful components:

Ca (ClO)2 + HCly (hydrochloric acid with
calcium hypochlorite), pH = 3.00.

Laboratory experimental work on agitational
leaching was carried out on samples of core
material from ores of the "Semizbay" deposit from
the supra-ore, ore and sub-ore intervals.

After agitational leaching of ores, the
productive solutions were analyzed to determine
the concentration of associated elements by the
atomic absorption method and are presented in
Table 1.

According to the data obtained, the highest
yield of components into solution was achieved in
the ore interval. Iron concentration - 514.80
mg/dm?3, aluminum - 148.81 mg/dm3, scandium -
0.068 mg/dm?, lanthanum - 0.23 mg/dm?.

Recovery of (Au) in

technological samples.

gold pooled

Studies to determine the content of gold in
technological samples were carried out in the
laboratory "Technologies for the hydrocarbon and
mining and metallurgical sectors and related
service industries" of JSC "IMiO" in Almaty.
Analyzes in solutions were performed according to
the method (MVI reg. No. KZ 07.00.01996-2014) on
a Varian AA240 atomic absorption spectrometer
and the assay method was used to determine gold
in core samples. The results of analyzes of
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Table 1 - Concentration of accompanying elements of technological solutions

No. No. Fe ol Al La, s, Leaching sc.JIution Rock interval
samples mg/dm3 mg/dm3 mg/dm3 mg/dm3 concentratlon, g/l

1 AP-4-1(C) 27,79 20,74 0,063 0,00095
2 AP-5-1(C) 71,84 71,98 0,10 0,047 12 Supra-sternum interval
3 AP-6-1(C) 514,80 50,34 0,14 0,031
4 AP-4-2(C) 243,98 72,82 0,13 0,046
5 AP-5-2(C) 446,79 148,81 0,23 0,068 24 Ore interval
6 AP-6-2(C) 133,79 38,48 0,077 0,021
7 AP-4-3(C) 1,19 0,64 0,0081 0,00088
8 AP-5-3(C) 0,02 14,26 0,035 0,0013 48 Breast interval
9 AP-6-3(C) 0,020 2,26 0,023 0,0014

Table 2 - The result of the chemical analysis of
prefabricated core samples by the assay method for gold

No. No. Au Interval
samples g/t
1 A-6-1(C) 0,34 Supra-
sternum
2 A-6-2(C) 0,34 Ore
3 A-6-3(C) 0,34 Breast

Table 3 - Comparison of gold recovery from ore samples
at different concentrations

No. Au Leaching solution
No. | sample 3 .
s mg/dm concentration, g /|
1 A6- 0,006 12 (Supra-sternum)
1(9) '
2 A-6- 0,0167 24 (Ore interval)
2(C) '
3 A6- 0,046 48 (Breast spacing)
3(€) '
Mrndc

8000

2000

200 1425

technological samples for gold are presented in
Tables 2 and 3.

The results of X-ray phase analysis are shown in
Figure 1. In the range from 800 to 2050 nm, the
decomposition  spectrum  exhibits  pronounced
fluctuations of the main peaks of uranium - U, iron-Fe,
copper-Cu, manganese-Mn, zinc-Zn. Also in the
decomposition spectrum there are vibrations of rare
earth elements such as osmium-Os, rhenium-Re,
neodymium-Nd, actinium-Ac, scandium-Sc, cesium-Ce,
bismuth-Bi, etc. It is worth noting that the
decomposition spectra contain spectral lines of
mercury-Hg and implicit vibrations of gold-Au.

With the formation of uranium ores in chemical
composition, sulfide minerals arise along with which
mercury is formed, since they are genetically related in
chemical nature. Mercury, in turn, forms compounds
with gold in the amalgamation reaction. Therefore, the
presence of implicit reflections of gold and pronounced
spectra of mercury indicates the probable finding of
gold.

Figure 1 - Results of X-ray phase analysis of a core sample
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Figure 2 - The degree of extraction of Au during
agitational leaching with a CaClO solution with the
introduction of oxidants at various concentrations

The Au recovery is shown in Figure 2. The
result obtained characterizes a solution of the
composition HCI + CaClO + H,0 with a
concentration of 48 g/l as more effective for Au
than a solution with a concentration of 24 g/l and
12 g/I. The recovery of Au at a concentration of 48
g/l reached 67%.

Conclusions
The laboratory and experimental work on

agitational leaching on samples of core material
from ores of the Semizbay deposit of the supra-ore,

ore and sub-ore intervals showed that a chlorine-
containing solution of the composition Ca (ClO),+
HCl(¢) (hydrochloric acid with calcium hypochlorite)
at pH =3.00.

The highest gold yield
achieved in the under-ore interval. The gold
recovery rate is 67%. The highest vyield of
accompanying components is observed in the ore
interval. The concentration of iron - 514.80
mg/dm3, aluminum - 148.81 mg/dm3, scandium -
0.068 mg/dm?3, lanthanum - 0.23 mg/dm?3, which is
possibly a consequence of the effect of acid
treatment in the extraction of uranium.

into solution was

To date, the use of the method of leaching with
calcium  hypochlorite in combination with
hydrochloric acid has not found application in
industry for the extraction of gold on an industrial
scale. In this work, the experiments were carried
out directly on the ore material and the result was
achieved allowing the application of this method on
an industrial scale.

Thus, in-situ leaching of spent uranium deposits
for the extraction of associated useful components
is a promising area of research.
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YpaH KeH opblHAapbiHbIH, NaiiganaHblIFaH KeHAEepiHeH inecne nanganbi
KOMMNOHEHTTEPAI 6HAIPY MaKcaTbiHAa KypambliHAa Xa0p 6ap waiimanamntbiH
epiTiHainepai naiganaHyabiH Kneweri

1 Dyicebaesa T. C., 2Ap6ys A. C.

Lan-®apabu amoiHOarsl Kazak ¥ammelk yHusepcumemi, Aamamel, Kazakcmax
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TYRIHAEME

ymbic ypaH KeHilwTepiHAe inecne naWfanbl KOMMNOHEHTTEPAi KocbiMwa any ecebiHeH eHAipicTi

apTapanTaHablpyFa bafbiTTanFaH. MyprisineTiH XyMbICTbIH, epeKLeniri inecne naigansl KOMNOHEHTTEPAI

Makana kengi: 06 mameip 2021
CapanTtamagaH etti: 07 mayceim 2021
KabbingaHapl: 06 kKazaH 2021

OHAIpY YWiH KONAAHbICTafbl OHAIPICTIK MHPPaKYPbIIbIMAbLI MaiganaHa OTbIPbIN, KYMbIC icTen TypfaH
ypaH KeHiwTepiHae navaanaHbinFaH O610KTapApl KOCbIMIWIA KalTa eHaeyaeH Typagbl. MKepacTbl
LaiManay TeXHONOrMAChI YPaH KeH OpbIHAAPbI YLUIH XaKCbl AamblFaH. lnecne naiigansl KOMNOHEHTTepAi

Wwamanay ypaHapl WamanayfaH KoM4aHbiNaTblH peareHTTep 6GoMbiHIWIA faHa epeKkweneHeai KaHe
0/1ap Kep acTbl — YHFbIMaibIK Walmanay agicimeH Tyberenni ykcac. KypambiHaa < 1 r/t 6ap inecne
KomnoHeHTTep 6onca ga, 0,1 r/T geliH eHAipic yHemai 601ybl MyMKiH. KeH OpbiHAapPbIHbIH,

nanganaHblnFaH

610KTapbIHAA

YpaH KeHiWwTepiHiH AalblH  MHPPAKYPbINbIMbIH - NalganaHyaaH
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KeneleKTe OH 3KOHOMMKA/IbIK PeHTabenbainikTi KyTyre MyMKiHAiK bepeai.

TyliiH ce30ep: ypaH KeHilwTepi, inecne 6afanbl meTanaap, inecne naiigansl KOMMOHEHTTEP, ep acTbl
YHFbLIAN Waimanay, eHimai epiTiHgj, xnopAbl epiTiHainep.
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ABSTRACT

After the appearance of pitting corrosion, the corrosion rate reaches very high values, which leads
to a deterioration in the quality of the product in a short time. It may happen that the pitting does
not continue its penetrating effect: if there are no necessary conditions for its growth, a pitting of
greater activity is not formed, which will absorb all the current supplied from the area surrounding
the cathode. Results of potenciodynamic investigations of four Ni-base alloys are presented. The
tests were conducted in 1 percent sulphuric acid, containing 0.2 percent chlorides at temperature
353K. Gravimetric test, performed in the same conditions, revealed excellent properties of alloy
signed A3. Pitting corrosion of alloy A4 at the test conditions after long exposure at 353K was
observed and was confirmed by the applied tests. The multiple anodic polarization (MAP) method
is proposed to control alloys’ susceptibility to pitting corrosion.

Keywords: pitting, alloy, anodic polarization.
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Introduction

High performance nickel alloys have been
applied during the years at critical zones of flue gas
desulphurization (FGD) units. Among them alloys Al
and A2 have a number years of proven service, alloy
A3 is the newest one with superior corrosion
resistance and nitrogen enhanced alloy A4 presents.
acidic corrosion resistance with reduced cost [l -3].
The composition of the alloys is shown in table I.

Table 1 - Composition of investigated alloys

Ni Cr Mo W |Si C Fe
(A1) | 57,5 | 15,85 | 16,15 | 3,6 | 0,05 | 0,004 | 5,70
(A2) | 66,6 | 15,75 | 15,70 | - 0,04 | 0,003 | 1,10
(A3) | 59,0 | 22,50 | 15,90 | - 0,02 | 0,002 | 0,23
(Ad4) | 31,0 | 26,60 | 6,30 | - 0,04 | 0,008 | bal

There has been short expelience with
alloy A3 FGD applications mainly in the USA but
not much has been reported on alloy A4. Nickel
super alloys have been used for lime / limestone
FGD systems not only for scrubbers but also at
critical locations with more aggressive
environments, such as out let ducts, repeaters,
stacks and dampers Failure of an alloy occurs
usually due to pitting corrosion, but also general
corrosion, crevice corrosion, erosion n- corrosion
or stress corrosion cracking may be involved.

Lately there has been some doubt
emphasized on the differences of alloys
properties when laboratoly tests and field FGD
practice has been considered. It was also stated
that in diluted sulfuric-hydrochloric acid mixtures
the resistance of alloys depends on the ratio of
both acids. The high Mo alloy Al has been
announced to be usually superior to alloy C-22 in
such an environment [4-7].
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Experimental part

The alloy samples were supplied by one of the
world best producer of Ni-base alloys and used in
delively condition for tests. They had plate shapes.
At least 2 samples having dimensions 35 x 100 mm
were used for corrosion tests. The exposure was
carried out in 1 % H,SO4 (pH 1) solution at 353+2K.
The test solution and the elevated exposure
temperature simulated corrosion conditions of
absorber upper zones, outlet ducts, reheat mixing
zones and stacks in FGD plants. The solution formula
was chosen from a number of electrolytes used for
laboratory experiments simulating chosen FGD
conditions. The polarizations were carried out using
GAMRY INSTRUMENTS card for DC electrochemical
measurements. Passive properties of alloys were
checked by means of potentiokinetic standard
anodic polarization (SAP). Resistance of alloys
against pitting corrosion was investigated by means
of cyclic polarization (CP) and five anodic
polarizations finished with return polarization (MAP).
Fifteen minutes break was used after each single
anodic polarization within MAP had been finished.
Each anodic polarization started from the corrosion
potential. The potential scan rate was 10 mV/60s. A
saturated calomel electrode was used as a
reference.

The anodic polarization was performed from the
corrosion potential until the current density
achieved a value of about | mA/cm? for CP at that
point the polarization direction was reversed. A
reversed polarization was finished when the current
density was close to the zero value. The weight loss
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was determined after corrosion exposure carried
out in glass vessels with air coolers situated in a sand
bath. A scale on alloy A4 was removed by boiling in
an alkaline solution with zinc dust. A weight change
checked with unexposed sample showed no
necessity for corrections. Pitting corrosion
photographs of alloy A4 were taken using an optical
microscope [8-10].

Results and discussion

From the SAP carried out at 353 K (figure 1, a-
d) one can deduce that both Al and A2 alloys
behaviour was similar at these conditions and their
passive state current was higher compared to alloy
A3. At the end of the return polarization the
potential of alloy A3 and alloy A4 was much more
noble than the corrosion potential and this must be
connected with the character of passive films. Such
phenomena were not registered in the case of Al and
A2 alloys [11-13].

After MAP a high corrosion current was
registered for alloy A4. Nearly no change of alloy Al
cyclic polarization curves was found after MAP (Fig.2
A, B). Circular small pits in the case of alloy A4 were
observed after the test. The breakdown of the
passive film occurs during the dynamic process of its
growing. The pit formation depends probably on
different phases in the alloy, like on the composition
and morphology of the passive film. No pit was
displayed when the alloy A4 sample was kept in the,
transpassive state for the time equivalent to the
MAP testperiod.
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Figure 1 - Potentiokinetic anodic polarization of Ni-alloys:a-Al, b-A2,c-A3,d-A4
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Figure 2 - Multiple potentiokinetic polarization (MAP) of Ni-alloys: a - A1, b - A4

Gravimetric test results after an exposureat 298
K gives an impression about good performance of
alloy A4 in comparison with others. This has been
confirmed after 21 days of exposure at 353 K
because alloy A4 seems to be better than Al and
A2 alloys.

Nevertheless, when a yellow deposit was
removed from the alloy A4 sample after 280 days
of exposure the lowest durability of that alloy was
demonstrated. Alloy A3 is least sensitive to the
acidic solution in all gravimetric tests.

Alloy Al Is less susceptible to dissolution than
alloy A2. The passive layer durability was
controlled during long term corrosion exposure in
the test solution at 353 K. No pitting corrosion was
observed for high Mo alloys (Al, A2, A3) due to
their high pitting resistance equivalent.

Pitting corrosion was observed with the naked
eye on the surface of alloy A4 after 280'days of
exposure [14-15]. It is obvious that the nitrogen
content is no thigh enough to balance lower
concentration of molybdenum in this alloy. The
passive layer formed is not resistant enough to
the environment, possibly due to passive film
composition or defects.

The problem has to be studied more for an
explanation. Mainly small diameter pits at the
alloy surface could be seen, sometimes with
caverns under the passivelayer.

Conclusions

The alloy 59 proved its best corrosion
resistance compared to C-276, C4 and 31 alloys in
1% sulfuric-hydrochloric (0,2%Cl-) acid solution
simulating a chosen FGD environment at 353 K.

In such an environment pitting corrosion of
alloy 31 occurs after a quite longincubingtime.
Alloy 31 demonstrates a high tendency to
passivation in the test environment forming a
protective layer with high dielectric propelties.
Nevertheless, the passive film cannot survive for

a long time without a breakdown in the
testconditions. The multiple potentiokinetic
anodic  polarization  finished with  cyclic

polarization (MAP) can be applied to find the
sensivity of an alloy to pitting corrosion. There are
limitations when short tests like cyclic polarization
are applied to predict pitting corrosion of high
performance nickel alloys.
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TyTiH rasgapbiHga Ni-Cr-Mo ywTik KopbiTnanapAabiH, HYKTeNiK Koppo3usafa

Te3impainiriH 6aranay
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TYWNIHAEME

Hykrenix xoppo3us maiina GoiraHHaH KeHiH KOPPO3Us ©Te >KBULAAM XKYpendi, OyI eHIM camachbIHBIH
KbICKa Mep3iMje HamlapiayblHa oKenleai. IINTTHHT e3iHIH eHy opeKeTiH KeJeci jkarnmaitmapaa
JKaJIFaCTBIPMaybl MYMKIH: OHBIH ©CyiHE KaXKeTTi skarJaiiinap 6oaMaraHa KaToATa KOpIIaraH aiiMaKTaH
KeJIeTiH OapIbIK TOKTHI CIHIpPeTIiH yJIKeH OenceHnunik maiina 6ommaiinst. XKymeicta Ni Herisinzgeri Topt
KOPBITIIAHBIH MOTCHIUOAMHAMHKAIBIK 3epTTeyNepiHiH HoTmxkenepi kentipinren. CeHakrap 0,2%
XJIOpUATEH TYpaThiH 1% KkykipT KermmkeuisiHaa 353K temneparypana sxyprisingi. Con skarfaiinapaa
JKYPTi3UIreH rpaBUMETPUSUIBIK ChIHAKTap A3 KOPBITIACHIHBIH OTE XKaKChl KacueTTepin kopceTTi. 353K-
Jie y3aK OKYpPri3iIreH cbIHaKTapia A4 KOPBITIIACHIHBIH HYKTENIK KOPPO3MACHI OalKalibl KoHE
KOJIIaHBUIFAH ChIHAKTApMEH pacTaiabl. KopbIThamapibslH HYKTENIK KOPPO3MsFa Ce3IMTaIABIFbIH
GakpuTay YIIiH Kem aHOATHI mossipusanst (MAP) omici YCBIHBUIABL.
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OueHKa yCTOMYMBOCTU K NUTTUHTY TPOMHbIX cnaasos Ni-Cr-Mo B cpege

AbIMOBDbIX ra3oB
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AHHOTAUMUA

Mocne nNosBAeHMA TOYEYHOW KOPPO3MM CKOPOCTb KOPPO3UM AOCTUrAaeT OYEeHb BbICOKMX 3HAYEHWI, YTO B
KOPOTKME CPOKM MPUBOAMT K YXYALIEHMIO KadecTBa M3aenua. MOXET CAyuuTbCA TaK, YTO MUTTUHT He
NPOAO/HKUT CBOE NPOHMKAlOLLEe AeNCTBME: €CAN HET HEOBXOAVMbIX YC/I0BUI /1A €ro PocTa, He obpasyercs
NUTTUHT GONbLIEN aKTMBHOCTM, KOTOPbLIM MOMIOTUT BECb TOK, MOAABaeMblid U3 06/1acTH, OKpyXKatoLwe
KaToa. MNpeacTasieHbl Pe3ynbTaThl NOTEHLMOAMHAMUYECKMX UCCEA0BaHUIA YETbIpEX CNAaBOB Ha OCHOBE
Ni. McnbiTaHna NnpoBoauAnch B 1-NpoLEeHTHOM CepHOW KUCaoTe, coaepKalleit 0,2 npoueHTa X10puaos, npm
Temnepatype 353 K. paBMMETpUUYECKME WCMbITaHUA, NPOBEAEHHbIE B TEX KE YC/0BMAX, NOKa3anu
OT/IMYHbIE CBOWCTBA CNaBa, noanucaHHoro A3. Habntoganach TodeyHas Kopposums cnaasa A4 B ycioBusax
UCNbITaHWIA NoCne AAUTENbHOW BblAEPKKM npu 353 K v 6bina noaTteepaeHa NPUMEHEHHbIMM
ucnbiTaHnaAMK. TpeasioKeH MeToA, MHOMKECTBEHHOM aHoaHoi nonapusaumu (MAP) ana KoHTpons
BOCMPUMMUMBOCTM CMAABOB K TOYEUHOI KOPPO3nMK.

KntoueBble €10Ba: MUTUHT, CN/IaB, aHOAHAA NOAApU3aLma.
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ABSTRACT

Numerous experimental and field studies have established that during the development of oil and gas fields,
there are deformations of rocks that occur due to changes in reservoir pressure. It is established that with a
drop in reservoir pressure, the volume of the pore space of the formation decreases due to the elastic expansion
of the rock grains and an increase in compressive forces transmitted to the skeleton from the masses of the
overlying rocks. As a result, there is a change in the deformation processes in the porous medium, accompanied
by a decrease in its porosity and permeability, and a more significant change, compared with the porosity of the
formation, is the permeability under one and the same pressure change. The manifestation of these anomalies
in reservoir conditions, which cause nonlinear effects, can significantly affect the entire process of reservoir
development and lead to various qualitative and quantitative discrepancies between the observed facts and the
indicators that were calculated.

Keywords: horizontal wells, productive formation, drilling, horizontal trunk.

Jalalov Garib Esak ogly

Information about authors:
Doctor of Technical Sciences, Professor. Head of the Laboratory of " Hydro-gas Dynamics of Reservoir Systems

"of the Oil and Gas Institute, National Academy of Sciences of Azerbaijan. Azerbaijan city of Baku

Kunayeva Gaukhar Yermekovna

PhD student, Caspian State University of Technology and Engineering named after Sh. Yesenova, Aktau,
Kazakhstan ORCID ID: 0000-0002-5005-3819 E-mail: g_a_e_jack@mail.ru

Bayamirova Ryskol Ymarovna

Candidate of technical sciences, Caspian state university of technologies and engineering named after S.

Yessenov, ORCID ID: 0000-0003-1588-3144

Introduction

The search for ways to solve the problem of
meeting the public's need to increase the
productivity of each of the drilled wells has always
been in many directions, starting from the correct
choice of the well laying point, preserving and
improving the permeability of rocks in the bottom-
hole zone of the wellbore, developing methods of
influencing the productive reservoir itself,
creating effective oil-displacing agents and methods
for regulating their movement through productive
reservoirs, etc.

Each direction, as well as their rational
combination, gave a technical effect in the form of
an increase in well productivity, but in many cases

this increase was insufficient to ensure an
economically acceptable profitability of the
methods used.

As is known, the main directions of

intensification of the development of oil and gas
fields are to increase the pressure gradient in the

reservoir using the most intensive methods of
maintaining reservoir pressure, as well as to reduce
filtration resistances in the bottom-hole zones of
production and injection wells.

Along with such methods as "hydraulic
fracturing" and various physico-chemical methods
of processing bottom-hole zones of wells, the
"method of reducing filtration resistances" in
bottom-hole zones of wells by drilling with an
increased surface of opening the productive
reservoir has great opportunities. Such wells
include inclined-directional (NNS), horizontal (GS)
and branched-horizontal wells (CSG).

For a long time, the idea of increasing the
productivity of wells by significantly increasing the
contact area of the borehole with the rocks of the
productive formation did not receive its
development. The first attempts to implement it
were made in the former USSR back in 1937 at the
Yarega field [1]. However, the pre-war situation and
the lack of appropriate technical means and
technologies, which caused the high cost of drilling



mailto:g_a_e_jack@mail.ru
mailto:g_a_e_jack@mail.ru
https://creativecommons.org/licenses/by-nc-nd/3.0/

Complex Use of Mineral Resources. Volume 4, Issue 319, 2021

ISSN-L 2616-6445, ISSN 2224-5243

horizontal wells, led to the suspension of work in
this direction. The discovery of highly productive
fields in Western Siberia has again reduced interest
in the development of deposits by horizontal wells,
which was resumed in the 50s of the last century.

However, the global trend observed in recent
decades of a significant increase in the share of
proven oil reserves in low-yield reservoirs, the
development of which by vertical wells is obviously
unprofitable, has again brought to the fore the
need for practical implementation of ensuring a
large area of contact between the wellbore and the
productive reservoir.

Currently, the development of oil and gas fields
using inclined and horizontal wells is relevant and is
considered one of the most important recent
achievements in the oil and gas industry. Horizontal
drilling, in the world practice of oil and gas
production, has become a standard technology and
is considered an important method of increasing oil
and gas production. In this regard, there is an
increased interest in the study of issues related to
the use of horizontal and branched-horizontal wells

in the development of natural hydrocarbon
deposits all over the world.
Horizontal wells are wused in depleted

productive formations, as well as in fields with
difficult-to-recover oil reserves, when widespread
methods of developing oil and gas fields do not
allow achieving a high level of oil production. The
development of oil fields by horizontal wells is a
new version of the technology for increasing
productivity, as well as a new method of
development, gradually replacing the methods of
operation by vertical wells. However, at present,
methods for predicting production, designing and
optimizing systems for developing deposits opened
by horizontal and branched-horizontal wells are not
sufficiently developed.

Currently, horizontal well drilling is successfully
used in most oil-producing countries of the world. It
has received special development in the USA,
Canada, France, Denmark, Norway and other
countries.

A horizontal shaft running along the productive
horizon for tens and hundreds of meters connects
with each other the areas of heterogeneous, low-
permeable, poorly drained, cavernous and
fractured sections of the formation that were not
previously involved in development. This technique
not only increases the filtration rate in the inter-
well space, but also increases the degree of
reservoir coverage, increasing the final oil recovery.
Most often, horizontal trunks are used when

cutting the side trunk. The cutting of the side trunk
is this new life of a low-yield well.

Currently, production workers and scientists
have accumulated a huge statistical material based
on the experience of working horizontal wells at
various fields. The length of the horizontal section
of wells varies from 100-200 m to 1.4 km and
depends on the skill of the drilling company and the
equipment used. The practice of directional drilling
of horizontal wells is currently owned by several
drilling foreign companies (Gorvel, Exxon, Amoko,
Philips, etc.) and enterprises in the former USSR.

Therefore, the process of creating and rapidly
improving the technique and technology of drilling
horizontal wells, which led to a sharp decrease in
their cost, cannot be considered spontaneous, but
should be considered as a natural consequence of
the need that has arisen. Demand, as always,
caused supply and, in turn, stimulated the
development of research on the quantitative
refinement of known and identification of new
opportunities for using wells with horizontal
sections of the trunk of various lengths and shapes.

A huge number of publications devoted to the
study of various operational parameters of
horizontal wells have appeared. To date, a
significantly higher productivity of horizontal wells
compared to vertical wells, with other equal
conditions, is a fact proven theoretically and
confirmed by practice.

Based on the conducted research and
accumulated practical experience, it is now
generally accepted that the greatest effect from
using the capabilities of horizontal wells can be
useful at operational facilities with the following
characteristics [2]:

- sub-gas objects and objects with plantar

water; - collectors with vertical fracturing;

- deposits of high-viscosity oils and bitumen,;

- offshore and hard-to-reach productive zones;

- during the operation of gas deposits;

- when using methods to increase oil recovery,

especially thermal methods;

- at the viscosity of oil (L>10 MPa.c);

- low-efficiency mode of  reservoir

development; - the effective thickness of the

formation is at least 3m;

- low permeability of collectors (k < 0.1 mm?2);

- large residual recoverable reserves.

Experimental part and discussion of results

In accordance with the chronology of the study
of this issue, we will first review the works
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published in the former USSR on the topic related
to horizontal wells.

A wide range of studies is devoted to the study
of various operational parameters of HS. A number
of theoretical and experimental works are devoted
to the issues of steady and unsteady fluid inflow to
horizontal wells. Let's focus on some of the results
of the main studies.

One of the first works on determining the
productivity of horizontal oil wells is the work of I.
A. Charny on the inflow of incompressible fluid to a
horizontal trunk, asymmetrically located relative to
the supply circuits with distances Rk1, Rk2 and
contour pressures Pkl, Pk2, respectively. Under the
conditions that the distance from the well to the
reservoir boundary H is greater than or equal to the
thickness h, i.e. H > h. For the case when the
horizontal trunk is located symmetrically to the
power supply circuit, I. A. Charny obtained the
following expression for determining the flow rate
of the HS:

21k (Pi—P;)

T B "

Where k is the reservoir permeability, Pk, Pc is
the pressure on the supply circuit and at the
bottom of the well; u is the oil viscosity; H is the
distance from the well to the reservoir boundary; h
is the thickness of the reservoir; Rc is the radius of
the well.

Later, A.M. Pirverdyan studied a similar problem
for the case when one of the boundaries is closec
(impenetrable), for example, at Rk = Rk1, and the
pressure Pk2 is set at the second boundary Rk =
Rk2. Taking into account this condition, the oil
inflow to the horizontal trunk is presented in the
form:

2wk (Pg—Pc)
0=7—2 @
2m 1, 2
i +ln2nRCT2°n1_COSﬂ(2ah—Rc)

Where a is the distance from the axis of the
horizontal trunk to the roof or the sole of the
formation. With a symmetrical arrangement of the
horizontal trunk in thickness a=h/2.

The theoretical studies of I. A. Charny anc
A.M. Pirverdyan are devoted to the issues of fluic
inflow to horizontal wells of infinite length in layers
of finite thickness. If we use these formulas to
determine the flow rate of horizontal wells of finite
length, the result will be underestimated, and the
error at different well lengths and reservoir
thicknesses cannot be strictly determined. In

addition, the obtained formulas are suitable only
for a band-shaped deposit.

The possibility of obtaining a solution to the oil
inflow by dividing the flow into two zones in the
horizontal and vertical planes is also used in the
work of S. D. Joshi. With a symmetrical
arrangement of the horizontal barrel in thickness,
the formula for determining the flow rate is
proposed as:

2mkhAP

Q= , (3)
AZ-(Ly/2)?)
s ln<A+7JLT s
r/2 Ly "2Rc

Where B is the volume coefficient of oil; Lr is
the length of the horizontal section of the trunk; Lr
h and Lr /20.9 R. A is the half of the major axis of
the ellipse taken as the shape of the drainage zone
by a horizontal well determined by the formula:

0,5
L1 1 (2Rp\?*
A‘?[E+\/Z+(T)] : (4)

For Lrh, the formula of G. I. Renald and J. M.
Dupug, which has the form, is more accurate for
determining the oil flow rate:

2mkhAP
5
uB[cosh‘l(X)+L£ln h ] ! (5)

r 2TRc

Q:

where X=24A/Lr

In the works of 3.S. Aliev et al.,, formulas for
determining the flow rate of an oil horizontal well
that has completely opened up strip-shaped
homogeneous isotropic and anisotropic formations
are proposed. According to this method, it is
assumed that the filtration region consists of two
zones, in the first of which the layer thickness is
considered a function of the radius, i.e. h=h(r) and
varies according to the parabola. Under the
accepted conditions, the oil flow rate of a
horizontal well that has opened an isotropic
reservoir is proposed to be determined by the
formula [ 4-6]:

kL,AP 1
Q= 6)
B _ 2R¢ , 2Rc],Rg—(h—2Rg)” (
Kk [1 YR L ] 2h
If the horizontal borehole is located

asymmetrically in thickness, the well flow rate will
be determined by the sum of the flow rates from
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the upper and lower zones, according to the
formula:

Q= kl:gl’ |hiRelng e (:1“:;1:)Thzz{h2+Rclnh;°Rc :(:2‘:‘;20) (7)

where hl = (h-h2) is Rc-the thickness of the
formation of the i — th zone minus the radius of the
well. Accordingly, for an anisotropic reservoir,
taking into account the anisotropy parameter, the
oil flow rate is determined by the formula:

_ 2kLAP 1
T IREN
[ﬁhi(ﬁhﬁRcln

Q

e @

RC+19hi Rc+19hi

where v is the anisatropy parameter

determined from the equality: 9=V(k_ver/k_pore).

The problem of fluid flow to a well of finite
length in an unlimited space and to a well
arbitrarily located in a half-space, as well as to a
system of similar wells, was solved by P. Ya.
Polubarinova-Kochina. The results of these studies
are valid only for the case when the reservoir
capacity is many times greater than the length of
the borehole, otherwise the obtained formulas
cannot be used.

The problem of the steady flow of liquid to
horizontal and inclined wells was also solved
experimentally. The greatest interest in this
direction is the work of V. I. Shurov, which was
carried out on an electrolytic model [3]. The
processing of the experimental results is based on
the Dupuy formula, in the denominator of which
the term is introduced in the form of an additional
parameter “C”, which characterizes the value of the
hydrodynamic perfection of the well. The value of
the parameter " C " is determined by comparing the
flow rates of horizontal and inclined wells with the
flow rates of vertical wells for different values of
lengths, diameters of wells, reservoir capacities and
angles of inclination of trunks in the formation. The
value of the parameter " C " has a negative value.
This indicates that the flow rate of inclined and
horizontal wells, all other things being equal, is
higher than the flow rate of vertical wells. The
results are summarized in tables, on the basis of
which graphs are constructed. However, a strict
analytical dependence was not obtained. Each
specific case requires its own table or series of
graphs, on the basis of which calculations can be
made. This is the main drawback of V. I. Shurov's
work.

The formulas obtained by V. P. Merkulov are
semi-empirical. They do not require the use of any
graphs or tables to calculate the debits [4].
However, there are certain limits of applicability
found on the basis of experimental data. It is
impossible to judge the errors of calculations
carried out according to the proposed formulas
within unspecified limits.

In the works of American researchers, results
similar to the results of the works of V. |. Shurov
and V. P. Merkulov were obtained, although they
were carried out much later. In the work of Yu. P.
Borisov et al. [5, 6] for homogeneous and layered
formations, when the permeability in the vertical
direction is zero, and in the horizontal direction
K=const, under a rigid water pressure regime,
analytical dependences are obtained for
determining the flow of liquid to single horizontal
wells of finite length, to inclined and multi-hole
wells and to their systems in circular and strip
deposits.

When solving these problems, the method of
filtration resistances is used. A comparison of the
calculation results with the results of electrolytic
modeling showed a satisfactory coincidence. In
addition, [7] a general hydrodynamic theory of the
inflow of a homogeneous liquid in a horizontal
infinite reservoir of constant thickness is proposed.
In the solution, the method of constructing the
Newtonian potential of a point source acting in a
reservoir of limited thickness was used. However,
the solutions obtained in a strict analytical
formulation are very complex and difficult to use
even taking into account the capabilities of
computer technology. The lack of numerical results
for exact formulas did not allow us to assess the
reliability of the proposed approximate solutions.

In the work of G. A. Razumov, a study of
horizontal wells of finite length and their radial
systems in the conditions of an aquifer pressure
reservoir of limited capacity with a rectilinear
supply circuit is presented [8]. When the
approximate calculation formulas are derived, the
theoretical linear flow with a constant intensity
along the length q is replaced by a “filter” having
the shape of the equipotential closest to the well in
the form of an ellipsoid of rotation. This method is
used for horizontal wells by P. Ya. Polubarinova-
Kochina, and before it was used by N. K. Girinsky —
for vertical well [9]. The transition from an
imaginary equapotential filter to a real tubular well
with a radius r=rc can be performed by equating
the areas of the water intake surface of an ellipsoid
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with a small semi-axis “b” and a cylinder of equal
length b=1.415 rc.

The issues of fluid inflow to a horizontal
perfect well, taking into account the influence of
the supply circuit, the permeability of the reservoir
sole, the location of the filter relative to its roof and
the non-stationary filtration, are studied in the
works of M. A. Huseynzade. In the work it is
indicated that, in relation to horizontal wells, the
anisotropy of the formation should be taken into
account [10]. The fact is that, as a rule, the vertical
permeability is less than the horizontal one. And if
for vertical perfect wells the anisotropy of the
reservoir has absolutely no effect on the inflow,
then for horizontal wells the influence of anisotropy
becomes very significant. It is qualitatively clear
that the anisotropy of the formation reduces the
efficiency of its longitudinal opening. On the basis
of what has been said in this work, studies of the
flow of liquid to longitudinal (inclined, horizontal)
wells along the reservoir under various filtration
modes have been carried out.

The lack of accurate analytical solutions
significantly complicates the task of establishing the
applicability of existing approximate solutions in
various conditions.

With this in mind, the paper [11] offers an exact
analytical solution to the equation of three-
dimensional fluid filtration for determining the
productivity of horizontal wells. It is assumed that a
limited band-shaped reservoir with an arbitrary
thickness, homogeneous in permeability, is opened
by a horizontal well with a filter length n and is
operated with a constant flow rate g evenly
distributed along this length. The roof and the sole
of the formation are considered impenetrable. The
reservoir under study has a power supply circuit, on
which a constant pressure is maintained. In
addition, it is assumed that the well can be
replaced by a linear source located along its axis. A
finite integral Fourier transform is applied to solve
the problem. According to the obtained formulas,
multivariate calculations were performed for the
symmetrical and asymmetric placement of a
horizontal well. At the same time, the influence on
the filtration resistance of the place, degree and
symmetry of the opening by a horizontal well of a
homogeneous reservoir, according to reservoir
properties, was studied. Further, the same problem
is generalized to take into account the anisotropy
of the reservoir in terms of permeability [12].

The issues of operation of horizontal wells with
gas inflow are investigated in [13]. In this work, it is
indicated that with the same depression on the

reservoir, the flow rates of horizontal wells are
several times higher than the productivity of
vertical ones due to the increased interval of gas
inflow. Therefore, for the most accurate
justification of the technological mode of operation
of horizontal wells, it is necessary to take into
account the quadratic law of gas filtration,
otherwise significant errors may occur in
determining their performance indicators.

Next, an  approximate  method for
schematizing the process of gas inflow to wells is
considered. At the same time, in the bottom-hole
zone of a horizontal well, a hyperbolic or parabolic
dependence between the thickness of the
formation and the distance from the well is taken
and the equation of one-dimensional nonlinear gas
filtration in a reservoir with a variable thickness is
used, and plane-parallel filtration is considered
outside this zone. This method of schematization of
the gas inflow to the horizontal shaft under the
conditions of the quadratic filtration law allows us
to obtain simple analytical solutions to problems
related to the determination of well performance
indicators. Comparison of the results of calculations
using the proposed method with the results of
numerical modeling of three-dimensional non-
stationary gas filtration showed their fairly good
convergence. It was shown, in particular, that the
determination of the well flow rate using the
proposed approach can be carried out with an error
not exceeding 4%.

Recently, a significant number of works
related to the exploitation of fields, mainly oil, by
horizontal wells have been published abroad.

In these publications, most of the authors used
the results and conclusions obtained by Soviet
scientists Yu. P. Borisov, V. P. Pilatovsky, etc.
Among such works are the studies of D. K. Bodu, S.
D. Dojoshi, J. Comba, A. S. Ode, D. Sparmin, R.
Hagen, F. E. Kuchuk, A. E. Roza, R. Ragavan, D. E.
Wilkinson, E. Ozkan, etc., [14, 15, 16] who proposed
various methods of analytical and numerical
solutions to problems of two - and three-
dimensional unsteady filtration of compressible
fluid to determine the productivity and
interpretation of the results of the study of
horizontal wells.

The paper [14] presents an analytical solution
to the problems of pressure drop and recovery in a
horizontal well. The three-dimensional equation of
motion is solved by the method of integral
transformations. For small, intermediate and large
time values, where there are rectilinear sections on
the pressure change curves, simplified formulas for
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pressure are given. The validity of the method is
demonstrated by comparing the results of
numerical modeling with a similar analytical
solution. The method recommended for the
analysis of pressure drop and recovery is illustrated
by practical examples. The method allows you to
determine the characteristics of the reservoir,
including permeability, skin factor and distance to
the boundaries.

The study of special flow regimes in the
process of an unsteady inflow to a horizontal well
has been the object of a significant number of
works in the modern literature. For example, this
was done in for the Bombay field [17], where
simultaneously measuring the pressure drop and
flow rate made it possible to identify the modes of
pseudo-radial flow at an early and late time, as well
as linear flow during the transition period [18].

The analysis of these successive flow modes
allows us to estimate the permeability of the
anisotropic reservoir and the skin factor. The
refined parameters obtained for the field example
are compared with the results of extensive
conventional studies for the same horizontal well
[19].

The detected good agreement for horizontal
permeability increases the confidence level for
parameters such as vertical permeability and the
actual skin factor.

In a mathematical model is given for
calculating the pressure in an infinitely conducting
horizontal well. At the same time, the following
assumptions are made: the reservoir is horizontal,
homogeneous and has a constant horizontal and
vertical permeability, the product enters through al)
well represented by an I-linear source, the filtration
mode is unsteady, the reservoir is limited by upper
and lower impermeable boundaries, the pressure?)
at an infinitely remote distance from the well
remains constant and equal to the initial value. The
analytical  solution is found using the
"instantaneous source theory" and the green
function.

The work is devoted to the analysis of
pressure recovery for horizontal wells in a real
fractured formation [20]. A combination of
analytical and numerical methods was used to
conduct a consistent interpretation of the results of
the well analysis, taking into account the possible
double porosity of the reservoir [21].

In a method is given for interpreting the
results of a study of horizontal wells in an unsteady
mode (using the example of the Prudhoe Bay field
in the USA). The complex geometry of the flow in a

horizontal well makes it difficult to analyze pressure
recovery curves (KVD). The peculiarity lies in the
fact that it is impossible to determine the
parameters based on pressure and flow rate data
for a short study time. It is necessary to get an
inflow to the face and achieve an inflow under
pressure, and then remove the KVD, which will
allow you to determine the parameters accurately.

The work presents the results and a
representative data set of a non-stationary study of
a horizontal well on the area of the Austin Chalk
field (USA). The data set shows the possibility of
radial flow in an early period of time, strongly
distorted by the storage effect (accumulation of
fluid in the wellbore). This is followed by a well-
developed period of linear inflow. The data are
interpreted in terms of a pseudo-stationary model
with double porosity and the range of changes in
the permeability of cracks, the volume of pores and
the value of the flow coefficient are determined
[22, 23].

The partial differential equation describing
the filtration of a liquid in a porous medium to a
horizontal well is very complex. In its solution for
the deposit is proposed. The solution is obtained by
the method of separating variables. The slow
convergence of the obtained solution is overcome
by using certain simplifying formulas. A complex
solution is reduced to a form that is convenient for
calculating productivity. The form of the expression
obtained for it is identical to the well-known
expression for a vertical well.

Simple formulas are proposed for determining
two parameters:

a geometric factor associated with anisotropy in
permeability, the location of the well and the
relative size of the drained volume;

the skin factor caused by the incompleteness of the
opening and related to the length of the well.

A fairly general solution is obtained, which is
still not accurate, for the most common cases the
error does not exceed 3%.

Provides an analysis of pressure changes in a
horizontal well or a branch of a vertical well in
comparison with a vertical crack that completely
opens the deposit. Two types of boundary
conditions at the well are considered: constant
inflow and infinite conductivity. Analytical
expressions and dependencies for the pseudo-
skinfactor are obtained.

It is indicated in that the analysis of pressure
recovery curves in a well with a horizontal trunk in
an unsteady mode should be carried out taking into
account the measured inflow profiles, which makes
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it possible to estimate the effective length of the
horizontal trunk and specify the parameters
characterizing the reservoir properties. A specific
field example demonstrates the difficulties that
arise when interpreting data on pressure recovery
in an unsteady mode in a well with a horizontal
trunk under constant boundary conditions.

It should be noted that in addition to the
above-mentioned articles by foreign authors, thee
are still many works in Western oil journals devot:
to solving both direct and inverse problems relat:
to horizontal wells [24].

Later, various researchers (V. G. Griguletsky, o
A. Nikitin, A. P. Telkov, V. D. Lysenko, S. D. Joshi,
M. Giger, etc.), based on various inflow mode
obtained and proposed fairly simple analytic
expressions for estimating the flow rates of singe
HS located in the center of homogeneous laye
with elliptical, circular and semi-distinct supg
circuits.

In the works [25] of M. N. Veliyev, the issues e
fluid inflow to the GS battery in the thre
dimensional region are considered. For the ca
when the number of wells in the battery
arbitrary, the problem is solved in an exz
formulation and analytical dependencies a
obtained in a very convenient form for conducti
hydrodynamic calculations. The interference e
vertical and horizontal wells was studied. T
problem is solved: when vertical and horizont
wells are operated simultaneously in the reservo
The influence of the distance between wells on t
productivity of wells has been studied.

In our review, we touched only on the mce
important, in our opinion, studies.

Summing up the review done, we can note tl
following:

- horizontal wells are the most interesting tog
discussed in the oil industry these days and ha
certain advantages over vertical wells, in terms e
such parameters as crossing with a large number
faults, the efficiency of reservoir coverage ai
accelerating the increase in oil production;

- the productivity of a horizontal well
homogeneous non-fractured formations with
single-phase filtration is higher than the
productivity of a vertical well that has completely
opened this formation, if the length of the
horizontal trunk is greater than

h= ) (9)

where h is the thickness of the formation, m;
and, respectively, the horizontal and vertical
permeability of the formation, microns;

- horizontal wells drilled in a homogeneous
naturally fractured formation with a fairly high
conductivity of the crack system do not provide
increased oil recovery and even accelerated reserve
extraction;

- horizontal wells are able to provide increased
final oil recovery when implementing a linear
flooding mode, as well as in the case of a ring-
shaped flooding;

-in the conditions of the manifestation of the
effect of the formation of water or gas cones,
horizontal wells provide much higher accumulated
production (at least 3-4 times).

- in multiphase systems, the equations for the
productivity coefficients of horizontal and vertical
wells can only be used to estimate the ratio of
these coefficients;

- in homogeneous reservoirs operating at
depletion, horizontal wells in low-permeable
reservoirs provide both higher flow rates and a
significant increase in oil recovery, and in high-
permeable wells, a significant increase in oil
extraction with a moderate increase in final oil
recovery;

- increased productivity at the same rate of
selection allows one to maintain a reduced
depression on the reservoir, contributing to a
decrease in water or gas production, as well as
significantly reduce the loss of gas condensate from
gas in the near-water zone at gas condensate fields;

- in reservoirs with natural vertical fracturing,
the recoverable volume of oil increases with the
increase in the length of the horizontal trunk in the
direction perpendicular to the orientation of the
crack system, while reducing the duration of
operation;

- reducing the length of the horizontal trunk or
its location parallel to the crack system leads to a
more significant reduction in oil recovery with a
decrease in the permeability of the fractured rock
skeleton;

- when developing homogeneous reservoirs by
flooding with horizontal production and injection
wells, oil production is noticeably accelerated.
Throughout the entire period of operation, the
accumulated oil production is always greater than
during the development of vertical wells, but the
water content of the products is higher. Therefore,
the profitability of using this method of
development may depend on additional costs.
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Even this far from complete list of the results of
hydrodynamic studies of fluid inflow to horizontal
wells indicates that the use of horizontal wells is
not only a means of increasing well productivity,
but can be an important component of new field
development systems (especially low-productivity
ones), which allows significantly increasing the final
oil recovery coefficients and reducing the time of
field development.

Therefore, it is no accident that in recent years
dozens of patents have been protected in the USA,
Russia, Canada and other countries for systems for
the development of hydrocarbon-containing
deposits using both their own capabilities of
horizontal wells and in combination with traditional
methods of influencing formations (flooding,
thermal methods, wave action, etc. physical and
chemical methods). A comparative analysis, on
average, of the economic indicators of the
construction and operation of horizontal and
vertical wells revealed that:

- GP debits increased from 2.5 (Russia) to 3-4

times (USA, Canada);

- the cost of construction is from 1.1-1.3
(USA, Canada) to 2 times (Russia) and
higher;

- technological efficiency ranges from 50%
(Russia) to 90% (USA, Canada);

- the profit rate from the introduction of HS
was 50% (Russia), 160% (USA), 186%
(Canada).

To date, more than 26,000 GS have been drilled
in the world, more than 1300 in Russia, including
half of them in Tatarstan and Bashkortostan. In
Kazakhstan, drilling and development of GS is a
promising direction and there are several fields
where GS have been drilled.

More than 30 deposits containing industrial oil
reserves have been identified on the Mangyshlak

Peninsula [26]. The largest of them-Uzen contains
75% of all oil reserves of the peninsula. The field
was discovered in December 1961, and has been in
industrial development since 1965. 25 productive
horizons (I-XXV) have been identified in the field
section. Productive horizons are represented by
frequent interbedding of sand-siltstone and clay
layers.

The horizons of the I-XII Cretaceous age are
gas-bearing, the XIlI-XVIII horizons of the Upper and
Middle Jurassic age represent the main (>90%)
floor of the oil and gas potential of the field. In
some areas, the XIX-XXV horizons of the Lower
Jurassic age are oil and gas-bearing.

The effective oil-saturated thickness of the
horizons (layers) varies within 7-22m. The viscosity
of oil is <10 MPa s, the values of permeability vary
widely from 0.01-2 mm?2. Collectors are of the pore
type. Qil reserves are 1.054 billion tons [27]. More
than 60% of the initial balance oil reserves are
concentrated in low-permeable reservoirs and
belong to the category of hard-to-recover (table 1).
The accumulated production is more than 300
million tons. Despite the long development time of
the field, the degree of use of reserves does not
exceed the value of 0.32.

Thus, it is established that the fields of the
Atyrau region and the low-permeable oil zones of
the Uzen field are promising objects for drilling
horizontal wells [28, 29].

It should be noted that in the conditions of
modern scientific and technological progress, when
the technical possibility of drilling deep and ultra-
deep wells has increased, there is a real possibility
of involving deposits lying at great depths in the
development. This leads to the urgent need for a
comprehensive study of the flow processes of
reservoir fluids and the construction of

Table 1 - The list of operational objects of deposits recommended for the introduction of horizontal wells

Initial
Effective thickness, Dismemberment Permeability, balance sheet
Deposit m Kr mkm? reserves,
thousand tons
h Gran. Kp | wounds. K Gran. wounds.
XMl 7,8 6,3 0,194 More than 60% of 225,5
9,1 0,247 the initial balance 426,5
hmin >3 oil reserves are
Kb>3 concentrated in
X1V 18 m -
low-permeability (K
< 0.1 mkm2)
reservoirs
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computational schemes for the development of
deep-lying reservoirs (characterized by high
reservoir pressures, fracturing and deformability),
taking into account changes in physical properties.

However, in deep-lying reservoirs, a change in the
intra-pore pressure during operation often leads to
the fact that the difference between the mountain

and non-pore pressures reaches values sufficient to
deform the skeleton of many rocks, reduce the
number and diameter of open pores, which leads to
a significant change in the capacitance and filtration
characteristics of reservoir rocks [30].

Naturally, it should be expected that under
these conditions, the nature of the flow of fluids to
horizontal wells will differ for such in reservoirs
lying at shallow depths. In this regard, there is a
need to develop modeling of filtration processes in
the conditions of development by horizontal wells
of deep-lying deposits composed of fractured and
deformable rocks.

A list of works devoted to the use of horizontal
wells in the development of oil and gas fields can
be found in [31].

Conclusions

Thus, it is established that the fields of the
Atyrau region and the low-permeable oil zones of
the Uzen field are promising objects for drilling
horizontal wells.

A mathematical model and its solution for
steady-state liquid filtration to CSG in a deformable
porous proposed,
substantiated and implemented. The analysis of the

medium are scientifically
derived dependence showed that the flow rate of a
well in a deformable formation is less, respectively,
than the flow rate of a well draining a non
deformable formation (a=0) with the
pressure drops and other equal characteristics of
the formation. The rate of growth of the well flow

same

rate slows down for multi-barrel horizontal wells,
with an increase in the number of trunks.
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ABSTRACT

The work studies mineralogical and geochemical features of the Jurassic coals of the Shubarkol deposit. The
samples were examined using the method of scanning electron microscopy (SEM-EDX) Hitachi S-3400N, which
was carried out at the Uranium Geology Research and Development Center at the Department of Geoecology
and Geochemistry of TPU. Coal geochemistry was studied by instrumental neutron activation analysis (INAA) at
the nuclear geochemical laboratory of the Department of Geoecology and Geochemistry of National Research
Tomsk Polytechnic University (TPU). The choice of this object of study was determined by the tasks of research
including the study of the patterns of accumulation of abnormal concentrations of REE, the effect of various
factors of the geological environment on the levels of their accumulation in coals, as well as the conditions of
its concentration and forms of occurrence in coals to expand the mineral resource base of Kazakhstan for rare
earth elements. According to the results of scanning microscopic analysis, aluminosilicates, sulfides and
sulfates with inclusions of microparticles of rare and rare earth elements were found in the composition of the
Shubarkol deposit coals. According to the INNA results, abnormal concentrations of Sc, Ta, Nb, Hf, Zr, Ba, Sr, Ce
and REE were found. Weathering processes led mainly to the loss and redistribution of REE in the coal seams
of the Shubarkol deposit, which in turn led to increasing the content of rare earth elements from the bottom
up the section. As a result of the action of multiple processes, increased concentrations of rare earth metals,
mainly of the yttrium group, were formed. The absence of negative europium anomaly was determined, which
confirms the original rocks composition peculiarity. The maximum contents of rare-earth metals are confined
to weathered coals; for the medium-heavy group (Nd, PM, Sm, Eu), they are almost a hundredfold higher than
the clarke in the upper continental crust. The tenfold excess of the clarke for elements from Gd to Lu was
found in clayey sandstones and siltstones; for the rest of the rocks of the deposit the excess over the clarke is
significantly lower. It was found that the coals of the deposit belong to the H-type and L-type of REE
distribution. During the formation of oxidized H-type coals, clayey matter of terrigenous ash predominated as a
carrier of REE, while unoxidized L-type coals were formed with the introduction of REE into the coal
accumulation basin mainly in the composition of clay minerals and LREE-phosphates. Here the main source of
REE was apparently the weathering crust over acidic rocks.

Keywords: coal, Shubarkol, rare earth elements, mineralogy, geochemistry.
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Introduction of the total world reserves. Despite declining the

share of coal in the global energy balance, the

Explored coal reserves in Kazakhstan (according ~ demand for this type of fuel in the world market
to the BP Review of the World Energy statistics, ~ Will remain stable for a long time to come. In this
June 2020) amount to 34 billion tons, which is 4%  regard, it is planned to introduce a number of
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innovative projects in the coal industry. In order to
develop the coal industry, to take systemic
measures to support the industry, as well as to
implement new projects, the Roadmap of
developing the coal industry of the Republic of
Kazakhstan for 2019-2021 was developed and
approved. According to it, it is necessary to pay
special attention to coals containing industrial
concentrations of rare and trace elements such as
germanium, gallium, yttrium, tungsten, and others.
Some of them are toxic - mercury, arsenic,
antimony, beryllium and others. Some of them are
toxic, such as mercury, arsenic, antimony, beryllium
and others. Comprehensive use of coal and
associated minerals increases profitability of
developing coal deposits and contributes to solving
a number of environmental problems. At present,
reliable estimate of the average content of rare
earth elements in coals for most of the coal basins
and deposits of Kazakhstan needs to be clarified
using up-to-date research methods. In the
countries with developed economies (USA, Europe,
Australia, China), the rare metal composition in
organic matter has been partially estimated and
published in numerous editions, where it has been
shown that waste of the coal use can also contain
high, in some cases industrially significant
concentrations of impurity elements (Zharov, 2004,
Seredin, 2006; Yudovich, 2006, Dai et al, 2010,
2011, 2019 and others).

Coals are considered the main sources of Ge
(the Pavlovskoye deposit, the Spetsugli site is the
largest one in Russia). In China, germanium and
lithium are extracted on an industrial scale from
coal. Attempts are being made to extract individual
chemical elements (U, Au, Al, Ga, Sc) from coals and
their wastes. However, the efficiency of recovery
techniques is not high. One of the main reasons for
this is the lack of information on the forms of
finding elements in coals and their combustion
products. Nevertheless, it has been proven that in a
number of cases individual coal seams or even
deposits can be considered as a potential complex
source of rare, rare-earth and noble metals
(Seredin, 2003, Arbuzov S.l.,, 2008, etc.). But at
present, there is still no sufficient geological
information of the accumulation of rare earth
metals in coal seams, of the forms of their
occurrence and the mechanisms of concentration
of these elements in the coals of Kazakhstan. In this
regard, this work is very relevant, since here there
arepresented the results of studying the content of
chemical elements, their mineral form in the coals
of the Shubarkol deposit.

Previous studies [1, 2] have shown that the
deposit contains significant contents of Ba, Zr, Sr, U,
Rb, Th, Co, Fe, Zn, Ce and Sc. Studying the
distribution of REEs and the form of their
occurrence can provide important information for
understanding in what environment of coal
formation they appeared, as well as with what
diagenetic and epigenetic processes they are
associated. Minerals in coals are usually formed
due to the influx of the terrigenous material,
ground and sea water, fallout of volcanic ash,
intrusion of volcanic rocks [3-6]. As some
researchers point out [3, 6, 7], igneous rocks are
one of the main geological factors that can cause
ncreasing the content of REE and satellite elements
in coals.

Experimental part

Within the framework of studying coals and
enclosing rocks of the Shubarkol deposit for the
content of satellite elements and REE, studies were
carried out using instrumental neutron activation
analysis (INAA) at National Research Tomsk
Polytechnic University (TPU) and inductively
coupled plasma at the Institute of Mineralogy,
Geochemistry and Crystal Chemistry of Rare
elements (IMGRE-Moscow), the total number of
samples was 45. The samples of the Central and
Western sections of the field were taken by the
bulk method, the sampling interval was kept within
15-35 m. The rocks of the western wing of the
Central section were sampled by the point method.
The rocks of the Western section were sampled by
the core method, the sampling interval was kept
within 5-20 m. Using the primary samples,
briquettes of2cm*3cm were made for scanning
electron microscopy. The forms of occurrence of
minerals in coal samples were stuudied using SEM-
EDX at the IISEC "Uranium Geology". The chemical
content of coal was determined by the INAA
method at the nuclear-geochemical laboratory of
the Department of Geoecology and Geochemistry
(TPU) (analyst A.F. Sudyko).

Discussing the results

Based on the results of scanning microscopic
analysis, various micro-mineral impurities were
found in the composition of the Shubarkol deposit
coals. These are mainly aluminosilicates, sulfides
and sulfates with inclusions of microparticles of
rare and rare-earth elements, and according to the
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results of INAA, abnormal concentrations of Sc, Ta,
Nb, Hf, Zr, Ba, Sr, Ce and REE were found.

The specific features of the analytics of
lanthanides by the INAA method have identified a
group of studied elements in detail: La, Ce, Sm, Eu,
Tb, Yb, Lu. Their average contents in the Shubarkol
deposit coals were estimated based on 45 samples.

The average content of lanthanides in run-of-
mine coals of the deposit are lower (approximately
2 times) than the clarke ones. The analysis of the
distribution maps in the Western and Central areas
of the field of a group of studied elements in detail
havw shown that the elements have a different
degree of concentration over the area. Attention is
drawn to the spatial discrepancy in the
concentrations of the elements. The maximum
concentrations within the lower clarke contents of
La, Ce and Sm are found in the coals of both areas,
mainly in the Western area: Tb, Yb, Lu and Nd
mainly in the Central area. This fact can indicate
both the difference in the sources of input and
different mechanisms of the concentration of
lanthanides in coals.

Above the “coal clarke” (ytterbium is
somewhat lower) are their contents, as well as the
number of the above-considered elements, in
oxidized coals. Moreover, the La-Yb ratio is
noticeably higher than in ordinary coals. This is
explained by the peculiarities of the geochemical
specialization of the framing rocks, the conditions
of peat accumulation and coal formation. It was
found that the average La-Yb ratio for the coals of
the deposit is higher than for the post-Archean
Australian shales (PAAS) and corresponds to that
for sandstones according to [8].

The maximum concentrations of elements
found in private coal samples are 205 ppm for La,
644 ppm for Ce, 227 ppm for Sm, 79 ppm for Eu,
and 97 ppm for Th, for Yb 358 ppm, for Lu 59 ppm.
In coal ash, the content of the total of rare earth
elements in some samples can reach 2-3% with the
sharp predominance of light lanthanides.

Coal oxidation processes affecting the
distribution of REE are manifested in the Western
area of the deposit in the near-roof part of the
oxidized coal seam.

Oxidation of coal is accompanied by the
formation of regenerated humic acids that interact
with  elements and contribute to their
redistribution. It was found that redistribution of
lanthanides over the site in the section is uneven.
There is a general tendency expressed in increasing
the content of rare earth elements from the
bottom upward along the section.

It has been established that weathering
processes within the Shubarkol deposit have mainly
led to the loss and redistribution of REE in coal
seams. They are most significant for heavy
lanthanides that are relatively mobile under
hypergene conditions. The maximum accumulation
took place under the mudstone screen, i.e. in the
upper part of the section, the coals underwent a
"cerium" phase of weathering: the relative contents
of lanthanum and cerium decreased, in turn, the
contents of yttrium and "heavy" REE increased. As a
result of the multiple processes action, increased
concentrations of rare earth elements, mainly of
the yttrium group, were formed.

The combined concentration and separation
of lanthanides in coals are most clearly manifested
in the normalized distribution curves (Figure 1).
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Figure 1 — Pattern of REE distribution in enclosing rocks

The nature of the REE distribution curves in
the coals of the Shubarkol deposit normalized to
chondrite according to [8], shows that the negative
europium anomaly characteristic of most
sedimentary rocks is not pronounced. The nature of
the distribution curve for coals (Figure 2) is similar
to that for the coal-bearing rocks (Figure 1) of the
deposit.
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Figure 2 — Pattern of REE distribution in coals
(in brackets there are the sampling intervals)

The average spectra of the lanthanides of
the Shubarkol deposit normalized according to the
chondrite standard [8] are in general characterized
by the normal type of distribution.

The lutetium peak is clearly visible in Figure
2. Such peaks are characteristic of the Kuzbass coals
and some coals of Australia and the USA.

The absence of the europium minimum can
be associated with both the reducing conditions of
coal accumulation and the peculiarities of the initial
substrate composition. The absence of the
europium minimum was noted for some coals of
Canada, Far East, and Kuzbass. According to [8], the
absence of a negative europium anomaly in well-
mixed sedimentary deposits can be explained by
only one factor: the feature of the original rocks
composition.

With the general increasing the contents up
the section, the nature of the distribution curves of
rare earth metals with a relative depletion in
lanthanum and cerium and enrichment in elements
from samarium to lutetium, clearly shows the
weathering processes in the upper part of the coal
seam with relative enrichment in the groups of
medium and heavy rare earth elements.

The maximum REE contents are confined to
weathered coals; for the medium-heavy group (Nd,
PM, Sm, Eu) they are almost a hundredfold higher
than the clarke in the upper continental crust. The
tenfold excess of clarke for elements from
gadolinium to lutetium was found in clayey
sandstones and siltstones; for other varieties of
rocks of the deposit, the excess over clarke is
significantly lower (Figure 3).

Analyzing the obtained graphs of the average
content of rare earth elements in coals
normalization to the average content in coals of the
world and according to the method of V.V. Seredin
[9], the oxidized Shubarkol coals can be classified as
H-type coals of the REE distribution.

The formation of H-type coals of the
Shubarkol deposit with near-clarke REE contents
was dominated by the clayey matter of terrigenous
ash as the carrier of REE, while the formation of
metalliferous coals with record levels of REE
accumulation took place upon prolonged discharge
of carbonic water into the peat bog with elevated
contents of heavy lanthanides with the following
organic REE binding by the peat matter.

Lateral variability of the types of REE
distribution and the level of their concentrations
occur within the Shubarkol deposit. This indicates
significant spatial variations in the nature of the
processes that determine the REE geochemistry in
coals. In unoxidized coals, normalized La/Yb>1 and
therefore, the type of REE distribution differs
significantly from oxidized weathered coals and
belongs to the L-type that differs in relative
enrichment with light lanthanides. Association of
light REEs with clay matter and the presence of
micromineral REE-containing phosphates
(monazite, goyacite, gorseixite) in coals make it
possible to associate the L-type formation with the
input of REE into the coal accumulation basin
mainly in the composition of clay minerals and
LREE-phosphates. The main source of REEs was
apparently the weathering crust over acidic rocks.

Based on the literature data, phosphates
concentrating light lanthanides are considered to
be the predominant mineral form of REE in coals
[10]. Phosphates and carbonates enriched with
yttrium and heavy lanthanides are much less
common, despite their high contents in coals.
However, according to [9, 10], this form is not
primary, since a transformation from the organic to
the phosphate form occurred in diagenesis.
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Figure 3 — REE distribution spectra in well No. 1
(a), 2(6), 3(c) normalized to chondrite (Taylor, McLenan)

High-resolution electron microscopy studies
of the coals of the deposit under study revealed
only a few micron-sized minerals containing REE.
Kularit was identified in a sample of oxidized coal
(Figure 4a). A cone-shaped particle is located in an
aluminosilicate matrix. Its size is about 5 microns.

In a sample of oxidized coal there was found
a differentiated micromineral phase of siderophilic
Fe and individual REE-Nd in quantities not
exceeding the first percent (Figure 4b).

The established extremely small REE minerals
precipitates and the peculiarities of their
composition allow assuming the authigenic nature
of their formation. The formation of the bulk of
authigenic minerals occurred in the process of
maturation of brown coal and its transformation
into stone. In mature coals of the Carboniferous
stage, the role of mineral phases increases due to
metals released during coalification caused by the
loss of carboxyl, hydroxyl, and other functional
groups, authigenic minerals are formed.

According to [11], some of the REEs during
metamorphism remains in the composition of
organometallic complexes in organic matter
forming complex aluminum-sulfate-silico-
phosphate compounds with different rare metal
spectra.

The conditions for the accumulation of REEs
in coals, like most other trace elements, are still
poorly studied.

The analysis of studying geochemistry of the
Shubarkol coal deposit allows identifying the main
source of REE input into the coal-bearing deposits.
This is a complex of folded framing rocks. The
predominant importance of the folded framing
rocks composition in the accumulation of
lanthanides in coals is emphasized by all specialists
involved in the coal geochemistry of REEs [12].

The role of framing is also visible in studying
modern peatlands [13]. For the Shubarkol deposit,
the contribution of the Kokchetav uplift in the
north and northwest, the Kaptyadyr, Arganatinsk
and Ulutau mountains in the west, which compose
the chain of the Kokchetav-North Tien Shan fold
system and the Central Kazakhstan (Devonian)
volcano-eastern plutonic belt massifs of alkaline-
granitoid composition are characteristic. Significant
massifs of alkaline rocks in the composition of the
folded framing probably caused the formation of
positive europium anomalies in coals and coal-
bearing rocks, which are clearly visible throughout
the coal-bearing section.
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Figure 4 a — kularit, b — complex differentiated
micromineral phase Fe-Nd

In this case, the mechanism of transferring
the matter from the listed sources and the
accumulation of rare earths in coals in the form of
clastogene material ensures the accumulation of
background concentrations of impurity elements in
coals.

Weathering of rocks in the warm, humid
Jurassic climate also caused transition of elements
to the dissolved state and their transfer in aqueous
solutions. Carbonate rocks in the framing structures
caused the formation of carbonate and
hydrocarbonate waters of varying degrees of
alkalinity. The degree of saturation of terrigenous
ash with REEs is in direct proportion to the chemical
composition of the areas fed by the clastic material
of the ancient peat bog. The sharp predominance
of coals in the geochemical spectrum indicates the
important role of the clastogene component in the
accumulation of light lanthanides. Probably, the
important role of ultramafic rocks in the framing
structures ensured the enrichment of groundwater,
suspended matter, and more coarse detrital
material with europium. This explains the increased
content of this element in the coal-bearing rocks
and coals and the absence of the characteristic
europium minimum on the normalized curves.

The analysis of the graphs allows concluding
that the distribution of REEs formed in the process
of peat accumulation, with the removal of cerium
and lanthanum characteristic of atmospheric
weathering processes, was superimposed on the
processes of weathering the coals; increasing the
content of rare earth elements in coals in the
oxidation zone was caused not by the introduction

of elements into the coal seam but by changing its
ash content due to the loss of organic matter as a
result of coal oxidation to carbon dioxide, water-
soluble humic substances and other mobile
compounds, which is also observed in other coal
basins (Minussinsky, Kuznetsky and other deposits
of Siberia).

Conclusions

Based on the results of scanning microscopic
analysis, various micromineral inclusions were
found in the composition of the Shubarkol deposit
coals: aluminosilicates, sulfides and sulfates with
inclusions of microparticles of rare and rare earth
elements, and according to the results of INAA,
abnormal concentrations of Sc, Ta, Nb, Hf, Zr, Ba,
Sr, Ce and REE.

It was found that redistribution of
lanthanides over the site in the section is uneven.
Within  the Shubarkol deposit, weathering
processes resulted mainly in the loss and
redistribution of REE in coal seams, which led to
increasing the content of rare earth elements from
the bottom upward along the section. The
maximum accumulation took place under the
mudstone screen, i.e. in the upper part of the
section; the coals underwent the "cerium" phase of
weathering: relative contents of lanthanum and
cerium decreased, the contents of yttrium and
"heavy" rare earth metals in turn increased. As a
result of the multiple processes action, increased
concentrations of rare earth metals, mainly of the
yttrium group, were formed. The absence of
negative europium anomaly at this deposit was
determined, which confirms peculiarity of the
composition of the original rocks.

The maximum contents of rare-earth metals
are confined to weathered coals; for the medium-
heavy group (Nd, PM, Sm, Eu), they are almost a
hundredfold higher than the clarke in the upper
continental crust. The tenfold excess of clarke for
elements from gadolinium to lutetium was found in
clayey sandstones and siltstones; for other varieties
of rocks of the deposit, the excess over clarke was
significantly lower.

When studying the normalized average
content of REE distribution in coals, it was found
that the coals of the deposit belong to the H-type
and L-type. During the formation of oxidized H-type

coals, clayey matter of terrigenous ash
predominated as the carrier of REE, while
unoxidized L-type coals were formed with
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introducing REE into the coal accumulation basin
mainly in the composition of clay minerals and
LREE-phosphates. Here the main source of REE was
apparently the weathering crust over acidic rocks.

An electron microscope revealed single
micron-sized rare-earth minerals. Kularit was
determined in a sample of oxidized coal: a cone-
shaped particle with the size of about 5 microns
was located in the aluminosilicate matrix. In a
sample of oxidized coal in quantities not exceeding
the first percent, a differentiated micromineral
phase of siderophilic Fe and individual REE-Nd was
found.

The established extremely small precipitates
of REE minerals and the peculiarities of their
composition allow assuming the authigenic nature
of their formation.

Acknowledgements. This research was
funded by the Science Committee of the Ministry of
Education and Science of the Republic of
Kazakhstan (Grant No. AP08052608,).

Conflict of interests. On behalf of all the
authors, the corresponding author declares that thata
is no conflict of interests.

Cite this article as: Amangeldykyzy A., Kopobayeva A.N., Askarova N. S., Ozhigin D.S., Portnov V.S. (2021). Study of rare
earth elements in the coals of the Shubarkol deposit. Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a = Complex Use of
Mineral Resources. Volume 4, Issue 319, pp. 48-56. https://doi.org/10.31643/2021/6445.40

LLly6apKen KeH OpHbIHbIH KeMipsiepiHAeri CUpeK XKep 3NeMeHTTEPIH 3epTTey
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TYAIHOEME
Makanaga Wybapken KeH

OpHbIHbIH,  topa

KOMIPIHiH,  MWHEPaNOrUANbIK,  YKIHE T[eOXUMUANDIK

epekwenikTepi 3eptrenreH. Yarinep TMNY-Aafbl re0sKONOrMA KaHe reoxumua KadeapacbiHa KapacTbl,

«YpaH reonorusacbl» X3fBO-aa »kyprisinreH Hitachi s-3400n ckaHepnenTiH 371eKTPOHAbl MWMKPOCKOMNUA

(SEM-EDX) aaiciH

KO/1iJaHa OTblpbin

3epTrengi. Kemip reoxumuacbl TOMCK yATTbIK 3epTTey

NOAWUTEXHUKANbIK yHuBepcuteTiHiK, (TMNY) reoskonorns KaHe reoxumusa KadeapacbiHblH, ALPOMbIK-

reoXMMMANbIK, 3epTXaHacbiHAa acnanTblK HeWTPOHAbIK-6enceHaipy apkblibl Tangay (AHAT) aagicimeH

3eptrengi. Ocbl 3epTTey OOBEKTICIH TaHAay reosoruabIK OpPTaHblH, 3PTYP/I daKTopAapbiHbIH, 0NaPAbIH,

KemipZie JKMHaKTany peHrevnepiHe acep eTyiHiH CUMpeK Ke3geceTiH 3/1eMeHTTepiHiH, aHoManbai

Makana kengi: 01 winde 2021
CapantamagaH eTTi: 20 mamsi3 2021
KabbingaHapl: 13 kazaH 2021

602y  HblCaHAAPbIH

MWKPOCKOMUANBIK, Tangay Hatuxkenepi
cynbbuatep

ANNIOMOCUNUNKATTap,

3epTTeyai

LUOFbIPAAHYbIHbIH, KUHAKTaNy 3aHAbUIbIKTaPbiH, COHAAN-aK OHbIH, LIOFbIPAAHYbI LWAPTTAPbIH KaHEe CUpeK
KesgeceTiH anemeHTTep 60MbiHWa Ka3aKcTaHHbIH, MUHEpanAblK-LUMKI3aT 6a3acbiH KEHENTy ylWiH Kemipae

KaMTUTbIH  3epTTey MiHAeTTepiMeH aiKplHAanapl. CKaHepneyui
6oiblHWa LLy6apken KeH OpHbl KeMipiHiH KypamblHAd
MeH cynbdatrap CUpPEK KIHe CUPEK Kep  3N1eMeHTTepi

MWKpPOBBNLLEKTEPIHIH KOCbIHAbINApbIMeH Tabbinapl. AHAT HaTuxkenepi 6oibiHwa Sc, Ta, Nb, Hf, Zr, Ba, Sr,

Ce ’K9He CMpeK Xep 3NeMeHTTEpPiHIH aHOManAbl KOHLEeHTpauMAanapbl aHbIkTanabl. Yriny ypaictepiHin,

acepiHeH LLly6apKken KeH OpHbIHbIH, KEMip KabaTTapblHAA CUPEK YKep dNEMEHTTEPIHIH, XKOFaNaTbIHbl KaHe

KalTa 6eniHeTiHi aHbIKTanapl, 6yn e3 KeseriHae KeHilw 6oOVbIHIIA TOMEHHEH KOFapbl Kapaill CUPEK XKep

3/1eMEHTTEPI KYPaMmblHbIH, Y/faloblHa aKenai. KentereH npouectepaid, H3TUXKeciHAe CMpeK KesdeceTiH

MeTanfaapablH, HerisiHeH UTTPUIA TOBbIHbIH, }KOFapbl KOHLEHTpaumAcbl naiga 6ongpl. Tepic eyponuiinik

QHOMa/IMA aHbIKTaAMagbl, 6yn 6acTanKkpl Tay KbIHbICTapbl KYPamblHbIH, epeKLeniriH pactaigbl. Cupek

KesgeceTiH MeTanaapAablH H, Kern Mesilwepi YrinreH KemipiepmeH LWeKTeareH, opratlua ayblp Ton ywid (Nd,

PM, Sm, Eu) onap »ofapfbl KOHTUHEHTa/IbAbl KbIPTbICTafbl KAAPKTaH y3 ece acaabl. Gd-geH Lu-fa aeniHri

anemeHTTEp YUJiH KNapKTapAblH OH ece apTybl Ca3Adbl KYMTAaCTap MeH aneBpoauntTepie aHblKTasnfaH, KNapK

KYpPamblHaH aiiTap/blKTail TomeH. KeH opblHAApbIHbIH Kemipi CHI-HiH, H-TuniHe kaHe L-TuniHe »KaTaTbliHbI

aHbIKTangpl.

ToTbIKKaH H-tunTi

Kemipai Kanbintactblpy KesiHae CHK3 Tacbimangaywbicbl peTiHAe

TeppureHai Kyngid, casgbl 3aTbl 6acbim 6ongpl, an L-TunTi KbiwKbligaHbaraH Kemipnep HerisiHeH cas

MUHepangapbl meH LREE ¢docdatrapbiHbiH, KypamblHAA Kemip KuHay bacceliHiHe CH eHrisy apKpibl

naipga 6onabl. MyHzafbl CHI-HiH, Herisri Kesi KbIWKbIN KblHbICTapAaFbl yrinreH KabblkTapbl 6onfaH

CUAKTDI.
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AHHOTALMUA

B paboTe M3yyeHbl MMHEpPaNorMyeckme U reoxMmmyeckme ocobeHHOCTU PCKUX yrnei MecTopoXKAEHUs
LLly6apkonb. O6pasubl MCCNEfOBaNUCL C WMCNO/Ab30BAaHMEM METOAQ CKAHMPYIOWEN 3NEKTPOHHOMN
muKpockonuu (SEM-EDX) Hitachi S-3400N, KoTopas nposoaunace 8 MUHOL, «YpaHoBasa reonorna» npu
Kadeape reoskonorum u reoxumumn TMY. Feoxumusa yrnei usyyeHa METOAOM WMHCTPYMEHTANbHOTO
HEMTPOHHO-aKTMBaLUMOHHOrO aHanunsa (MHAA) B agepHO-reoxummudeckoi nabopatopum Kadeapbl
reosKoNorMm u reoxumum HaumoHanbHOro UccnefoBaTeNbCKOro  TOMCKOTO  MOJIMTEXHUYECKOTO
yHusepcuteta (TMY). Bbibop AaHHOTO 06beEKTa M3yyeHMs OMNpPeaensnca 3agaqyamu UCCNedOBaHWUM,
BK/IOYAIOWMMU M3y4YeHUE 3aKOHOMEPHOCTEW HAKOMNEHWA B HUX aHOMAsbHbIX KOHLEHTpauuit P33,
BMAHUA Pa3NNYHbIX GAKTOPOB reo/NorMyeckon cpedpl Ha YPOBHM HAKOMIEHUA UX B YIAAX, a TaKke
YCNOBWIA €r0 KOHLEHTPUPOBaHUA U GOPM HaXOXKAEHUA B YIAX ANA PACLUIMPEHUA MUHEpPasbHO-CbipbeBOM
6a3bl  KasaxctaHa No  pegkosemenbHbIM — 3nemMeHTam.  [lo pesynbTaTam  CKaHUpYOLWero
MWKPOCKOMWUYECKOTO aHanu3a B cocTtaBe yrneit LUy6apKoNbCKOro MECTOpPOXAeHUS OBHapysKeHbl
antoMocunnKaTbl, cynbduabl U cynbdatbl C BKAIOYEHUAMU MUKPOYACTUL, PEAKUX U peaKo3emMesbHbIX
anemeHToB. Mo pesynbtatam MHHA 6binn 06HapyKeHbl aHOMabHble KOHUeHTpauwmm Sc, Ta, Nb, Hf, Zr, Ba,
Sr, Ce u P33. Mpoueccbl BbIBETPUBAHUA NPUBENM NPEUMYLLECTBEHHO K MOTepe U nepepacnpeseneHuto
P33 B yronbHbix naacrax LLy6apKoAbCKOro MECTOPOMKAEHWUA, YTO MPUBENO K YBEINYEHUIO COAEPIKAHMUA
pefKo3emMenbHbIX 3/1EMEHTOB CHW3Y BBepX MO paspesdy. B pesynbrate AeNCTBUA MHOMKECTBEHHbIX
npoueccoB  chopMMPOBANNCL  MOBbILIEHHbIE KOHL,eHTpaLmu peaKo3emenbHbIX  MeTassios,
NPenmyLLecTBeHHO, UTTpMeBol rpynnbl. OnpeaeneHo OTCYTCTBME OTpULATENbHOM eBPONUEeBOM
aHOMasIMK, YTO NOATBEPNKAAET 0COBEHHOCTb COCTaBa MCXOAHbIX Nopos. MaKcMmanbHble copepiKaHusa
peaKo3emMeNbHbIX METANI0B NPUYPOYEHDI K BbIBETPEIbIM YIAAM, AN cpeaHen-Taxenon rpynnbl (Nd, PM,
Sm, Eu) OHM NPAKTUYECKM CTOKPATHO MNPEBbLIWAT KNAPK B BEPXHEN KOHTUHEHTA/NbHOW Kope.
[ecAaTuKpaTHble NpeBbIWeHWUA KNapKoB ANs 3nemeHToB oT Gd fo Lu BbifB/AEHbl B MMUHWU3UMPOBAHHbIX
necyaHWKax W aneBpoNIMTAX, ANA OCTa/ibHbIX Pa3HOCTEN MOPOJ MECTOPONKAEHWA NPEeBbIEHUA Hag
KNapKOM CYLLEeCTBEHHO HWKe. YCTAaHOBNEHO, YTO YIIM MECTOPOXAEHUA OTHOcATCA K H-tuny u L-tuny
pacnpegeneHus P33. Mpu GopMMpoBaHUM OKUCAEHHDBIX yraen H-Tuna npeob6aasano ravMHUCTOE BELECTBO
TEPPUreHHON 30/1bl Kak HocuTenb P33, Toraa Kak HeokucneHHble yrav  L-Tuna ¢dopmwuposanuch ¢
npueHocom P33 B 6acceiiH yrneHakonneHus B OCHOBHOM B COCTaBe FMHUCTbIX MuHepanosB U LREE-
docdaTtoB. OCHOBHbIM UCTOYHMKOM P33, 3a4eCb NO-BUAMMOMY, ABAANUCH KOPbI BbIBETPUBAHMA MO KUCIbIM
nopogam.
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ABSTRACT

The article presents the results of laboratory studies on ore flotation of copper-molybdenum deposits in the
East Kazakhstan region of Kazakhstan using a combined reagent. It is required to use new beneficiation
methods and flotation reagents to increase the efficiency of flotation of ore minerals to improve the
processing of finely disseminated ores. The problem can be solved by using a combination of different
collectors. The objective of the research is to increase the recovery of copper and molybdenum during
flotation of copper-molybdenum ore using a combined reagent. The studied ore sample contains 0.42%
copper; 0.009% molybdenum. A combination of sodium butyl xanthate, TS-100 thionocarbamate, and
reaflot in a ratio, in %: 15: 3: 1, was used as a combined flotation reagent. The combined flotation reagent
was preliminarily passed through an ultrasonic homogenizer JY96-1IN to obtain a reagent microemulsion
before flotation. The optimum dispersion time for the combined flotation reagent is 60 seconds. At the
same time, 99.4% are microemulsion particles with a particle size of fewer than 3.7 microns. The use of a
combined reagent microemulsion increases the extraction of copper into the copper-molybdenum
concentrate by 3.69%, and the extraction of molybdenum by 6.05%. The copper content in the copper-
molybdenum concentrate increases by 1.26%. The copper content in the flotation tailings decreases from
0.07 to 0.056%. The consumption of the combined reagent is reduced by 15% in comparison with the basic
butyl xanthate.
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Introduction

It becomes required to improve the reagent
modes of beneficiation of copper-bearing ores, the
use of additives and reagent compositions, and the
use of modernized equipment, as the deposits are
depleted, and the need arises to involve poor,
finely disseminated ores in the processing. It is
required to use new beneficiation methods and
flotation reagents to increase the efficiency of

flotation of ore minerals to improve the processing
of finely disseminated ores. Particular difficulties
are associated with the processing of the slurry part
of the crushed ore, which is usually enriched with
non-ferrous, rare, and noble metals [1-5].
Improving the efficiency of flotation can be
achieved by using a combination of different
collectors [6-10]. The modern practice of using
collectors in the flotation of sulfide ores in most
cases involves the combined use of xanthate and
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aerofloats. The use of aerofloats in addition to
xanthogenates enables not only to improve the
quality of the obtained sulfide concentrates due to
the more selective action of aerofloats, but also to
increase the recovery of metals due to the ability of
aerofloats to efficiently float fine particles.

Scientists conduct researches to create new
dialkyldithiophosphates. The flotation properties of
dialkyldithiophosphates and reagents containing
them can be significantly influenced by the strong
surface-active properties of dialkyl-
dithiophosphates. This was established in the study
of surface-active properties in the series of
dialkyldithiophosphates with a hydrocarbon chain
length Cs-Cra. Dialkyldithiophosphate Cio
corresponds to the maximum recovery of sulfides
(11, 12].

Thus, the problem of finding more effective
reagents for the flotation of non-ferrous metals
from mineral raw materials is still urgent.

Experimental part

Modern research and analytical equipment
were used in the study. Chemical analysis of ore
samples and concentration products was
performed on an Optima 2000 DV optical emission
spectrometer with inductively coupled plasma. X-
ray fluorescence analysis was performed on a
Venus 200 PANalyical B.V spectrometer. We used
X-ray phase analysis on a D8 ADVANCE X-ray
diffractometer to study the material composition of
the ore; spectral analysis on a ThermoNicoletAvatar
370 FTIR Spectrometer; electron-probe
microanalysis on a JEOL JXA-8230 electron scanning
microscope.

The following technological equipment was
used: jaw crusher DMD160/100; ball mill 40ML-
000PS; flotation machines FML; photometric
sedimentometer FSKh-6K; ultrasonic homogenizer
JY96-IIN; laser particle analyzer Winner 2000E;
mechanical eraser MM-1.

Copper-molybdenum ore of Kazakhstani
deposit and combined flotation reagent were used
as objects of research. The combined flotation
reagent is a mixture of sodium butyl xanthate,
thionocarbamate, and reaflot.

The original ore was crushed for research in a
laboratory jaw crusher to a size of =2.5 + 0 mm and
ground in a laboratory ball mill to 94% of a class of -
0.074 mm. A sieve analysis on a set of wire sieves
with square holes corresponding to a standard
scale was performed to determine the particle size
distribution of crushed and milled ore. The weighed

amount of ore was 0.5 kg. Copper and molybdenum
content and distribution were determined in each
size class. Dispersion analysis was performed on the
crushed ore using an FSKh-6K photometric
sedimentometer.

Flotation studies were performed on laboratory
flotation machines with a volume of 3 chambers;
1.0; 0.5 dm?. The weight of the ore sample was 1
kg. The experiments were performed in open and
closed cycles. The flotation scheme included
grinding, main flotation, control, and three cleaning
operations of the collective copper-molybdenum
concentrate. We used 7 weighed portions of ore, 1
kg each in the experiment to achieve a stable
distribution of the returned products.

Lime was fed into the grinding process to
create a pH of the medium equal to 8.0-9.0; sodium
sulfide for the sulfidization of minerals.

The main collective copper-molybdenum
flotation was performed for 1020 seconds, the
control one for 480 seconds, and the following
reagents were used in the basic mode as a collector
- sodium butyl xanthogenate; foaming agent - T-92.
The liquid glass was added to all of the rewashing
treatments to depress the minerals in the waste
rock. The total consumption of the basic reagents
used is: lime (medium regulator) - up to pH 8.0-9.0;
sodium sulfide (sulfidizer) - 200 g/t; sodium butyl
xanthate (collector) - 180 g/t; liquid glass
(depressor) - 150 g/t; T-92 (foaming agent) - 120
g/t. Lime and sodium sulphide were fed into the
process of grinding ore into a ball mill. Sodium butyl
xanthate and T-92 were fed to the main and control
copper-molybdenum flotation. The liquid glass was
fed for cleaning collective copper-molybdenum
concentrate.

It was fed into the main and control flotation
instead of the basic collector of sodium butyl
xanthate during flotation processing of ore using a
combined flotation reagent. The combined
flotation reagent was a mixture of sodium butyl
xanthate, TS-100 thionocarbamate, and reaflot in a
ratio of 15: 3: 1. The combined flotation reagent
before flotation was passed through a JY96-IIN
ultrasonic homogenizer to obtain a microemulsion.
The optimum particle size of the microemulsion for
the best ore flotation was determined on a
Winner2000E laser particle analyzer.

The mineral slurry was placed in a flotation
chamber after grinding in a ball mill in the presence
of sodium sulfide and adjusting the pH (by adding
lime) to 8.0-9.0. Sodium butyl xanthate (or
combined flotation agent) and foaming agent T-92
were added to it. The mineral slurry was stirred for
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60 seconds without air supply at a rotor speed of
1500 rpm. Flotation treatment of the pulp was
performed after atmospheric air supply (3.3
dm3/min) according to the applied beneficiation
scheme. Liquid glass was added to the first refining
of the collective copper-molybdenum concentrate
to depress the waste rock.

Results and discussion

The authors of the article have experience in
the development and testing of beneficiation
schemes using various modified reagents (foaming
agents, collectors, depressants) and additional
equipment for intensifying flotation processes. A
modified foaming agent (MFA) has been developed,
used in the form of a microemulsion obtained in a
water-air microemulsion generator. The optimum
composition of MFA particles was selected on the
PhotocorCompact particle size analyzer: the
average particle size of microbubbles is 38 microns,
the content (fraction) of these particles is 65.8%. In
this case, MFA molecules become compact due to
intramolecular interactions, due to which they are
more efficiently fixed on the surface of small
particles of useful components and improve
combined microflotation.

The results of experimental studies of collectors
from the «class of dialkyldithiophosphates
(aerofloat) show that their combined use with
xanthogenates in many cases provides an increase
in metal recovery by 2-3% [13, 14]. The most
effective flotation of minerals that do not have
natural hydrophobicity is observed in the optimal
ratio.

Mineralogical analysis shows that copper
minerals in the ore under study are represented
mainly by chalcopyrite, chalcocyte and covellite are
present in smaller amounts. The main molybdenum
mineral is molybdenite. The ore contains pyrite,
magnetite, and, to a lesser extent, hematite and
ilmenite. In addition, the ore contains a small
amount of rutile, galena, sphalerite. The results of
the mineralogical analysis are presented in Table 1.

Chalcopyrite exists independently mainly in the
form of xenomorphic grains or is associated with
pyrite and is unevenly disseminated in vein
minerals, sometimes located in the form of veins.
Dispersed chalcopyrite grain size varies from 0.001
to 1 mm. Chalcopyrite grain size in veins and nests
is generally more than 0.01 mm. Molybdenite is
mainly disseminated in quartz in the form of
lamellar single crystals or their aggregates. It is

found in calcite, quartz-calcite, and quartz veins.
This mineral also forms nests and placers in zones
of alteration with potash feldspar.

Table 1 - Results of mineralogical analysis of the initial
sample of copper-molybdenum ore

Mineral name Content, %
Chalcopyrite 1.05
Covellin 0.01
Kholkozin 0.01
Pyrite 0.4
Molybdenite 0.014
Sphalerite 0.04
Galena 0.016
Magnetite 2.1
Hematite 0.1
lImenite 0.2
Rutile 0.2
Ti-Fe rutile 0.1
Quartz 20.6
Sodium feldspar 26.0
Calcium Sodium Feldspar 16.0
Potassium feldspar 7.0
Potassium microplagioclase 3.0
Chromite 13.0
Sericite 4.0
Biotite 2.0
Epidote 2.0
Calcite 1.4
Titanite 0.6
Apatite,  wollastonite, and 0.16
others

Rock-forming minerals are represented by
sodium feldspar, quartz, calcium-sodium feldspar,
chlorite, and, to a lesser extent, potassium feldspar,
sericite, potassium microplagioclase are present. In
addition, there is a small amount of biotite,
epidote, calcite, wollastonite, titanite, and apatite.

The studied sample of copper-molybdenum ore
contains 0.42% Cu; 0.009% Mo; 0.55% S; 5.1% Fe;
0.012% Pb; 0.025% Zn; 0.001% As; 0.02 g/t Au; 2.1
g/t Ag; 2,92 % K,0; 2,93 % Na20; 4,8 % Ca0; 14,8 %
Al,Os3; 61,5 % SiOz; 2,8 % MgO according to the
results of chemical analysis.

Phase analysis of initial ore for copper and
molybdenum is performed. The results of the
analysis showed that the content of primary copper
sulfides (chalcopyrite CuFeS;) in the ore is 95.5%;
secondary copper sulfides (chalcocite CusS,
covellite CuS) - 2.1%; in the form of copper oxides -
2.4%. The content of molybdenum in the original
ore in the sulfide form (molybdenite MoS,) is 96%;
in oxidized form - 4.0%.
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An X-ray phase analysis of an ore sample was
performed. The diaphragms of the samples were
made on a D8 Advance apparatus (Bruker), a-Cu,
tube voltage 40/40. The processing of the obtained
data of diffraction patterns and the calculation of
interplanar distances were performed using the
EVA software. The results of the X-ray phase
analysis are presented in Table 2.

Table 2 - Results of X-ray phase analysis of the initial
sample of copper-molybdenum ore

Compound Name, Formula S-Q
Quartz, syn SiO2 35.1
Albite, calcian, ordered,
(Na,Ca)Al(Si,Al)s0s 19.7
Clinochlore-2Mlib,

MgsAl(SizAl)O10(OH)s 14.0
Anorthite, sodian, intermediate,

(Ca, Na)(Si, Al)aOs 13.9
Glagolevite,

NaMge(SizAl)O10(OH,0)s-H20 4.4
Graphite, syn, C 3.0
Ferrierite,

(Na,K,Mg)2(Si,Al)18036-9H.0 2.9
Nepheline, potassian, syn, (K,
Na)AISiO4 2.4
Illite-2M1 (NR),

(K,H30)AIl,SizAlO10(OH)2 23
Muscovite-1M, syn,

KAI2SisAlO10(OH)2 2.0

X-ray phase analysis showed that the main
rock-forming minerals in the ore are quartz, albite,
clinochlore, etc. X-ray fluorescence analysis of the
original ore was performed on a Venus 200
PANalyical B.V. (PANalytycal B.V., Holland). The
analysis showed that the main valuable component
in the original ore sample is copper, the content of
which is 0.462%. The bulk is oxygen - 49.958%,
silicon - 23.856%, aluminum - 7.27%, iron - 3.975%,
calcium - 2.683%.

A sample of the original ore was analyzed on a
JXA-8230 electron probe microanalyzer from JEOL.
Polished sections were scanned with fixation of ore
and rock-forming minerals with the determination
of their composition (Figure 1).

Microscopic examination showed that copper
minerals account for about one percent and are
represented by chalcopyrite. The sizes of ore
minerals range from thousandths to 0.04-0.07 mm
in cross-section. They are found in the form of free
grains, but more often in the form of inclusions in
nonmetallic minerals.

001

wuninle | Bedg

Figure 1 - Dispersions of chalcopyrite in quartz

The granulometric composition of the crushed
ore has been determined. The ore was crushed on a
laboratory jaw crusher to a size of -2.5 + 0 mm.
Further, the ore was ground in a ball mill to a size of
95% of the class -0.071 mm. A set of wire sieves
with square holes corresponding to the standard
scale was used for sieving. The content and
distribution of copper and molybdenum were
determined in each size class. The data are
presented in Table 3. It was shown that most of the
copper and molybdenum in this grinding (75-77%)
is distributed in the +50 um and -20 um classes. The
size class of +50 pm contains 29.08 % copper and
37.93 % molybdenum; the -20 um size class
contains 44.9 % copper and 37.7 % molybdenum.

Table 3 - Granulometric composition and distribution of
copper and molybdenum by size classes in crushed ore

Size Outp Content, % Distribution,

class, ut% %
microns Cu Mo Cu Mo
+71 19.0 0.39 0.015 | 19.5 28.3
-71+450 12.1 0.3 0.008 | 9.58 9.63
-50+40 11.9 0.37 0.01 11.6 11.8
-40+30 2.93 0.44 0.01 3.40 2.92
-30+20 10.7 0.39 0.009 | 11.0 9.58
-20+10 23.6 0.41 0.011 | 25.6 25.9
-10+0 19.7 0.37 0.006 | 19.3 11.8
Initial ore | 100 0.38 0.010 | 100 100
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Dispersion analysis of crushed ore was
performed on an  FSKh-6K  photometric
sedimentometer, which is designed to measure the
particle size distribution of powders and
suspensions with a particle size of fewer than 300
microns.

The results of the dispersion analysis of crushed
copper-molybdenum ore are shown in Figure 2.

Ore was crushed to a flotation size of 92% of
class -0.074 mm for analysis of variance. The results
of the dispersion analysis show that the largest part
of the initial sample of crushed ore is the size
classes of 15-20 microns and 60-70 microns.

The following parameters of flotation of
copper-molybdenum ore were worked out: degree
of grinding of ore, consumption of sodium butyl
xanthate, consumption of foaming agent T-92.

Integr./%  Particle mass distribution by size Diff. / %/pm
100 5
90 4
80 4
70 |

60 4
50+
40 2
30
20
10 4
0

T
20

Particle size / pm

1.0

Figure 2 - Dispersion analysis of a sample of crushed
copper-molybdenum ore at FSKh-6K

Optimal conditions for flotation are: grinding of
94% ore of class -0.074 mm, Na,S - 200 g/t; pH 8-9;
consumption of butyl xanthate in bulk flotation 160
g/t; T-92 90 g/t; liquid glass in the cleaning of
collective copper-molybdenum concentrate 150
g/t. A collective copper-molybdenum concentrate
was obtained, in the optimal basic mode, in an
open cycle, with a copper content of 16.87% at
76.35% recovery and with a molybdenum content
of 0.42% at 78.82% recovery.

The reagent mode of flotation of copper-
molybdenum ore with the use of a combined
reagent, which is a mixture of sodium butyl
xanthate, thionocarbamate, and reaflot in the ratio,
in %: 15: 3: 1, has been worked out. Microemulsion
of combined flotation agent obtained in JY96-IIN
ultrasonic  homogenizer allows to improve
hydrophobization of slurry particles of copper and

molybdenum minerals. The bubbles of the foaming
agent in this case are better fixed on the surface of
the floating minerals, which leads to an increase in
the technological parameters of flotation.

The optimal dispersion time and particle size of
the combined reagent microemulsion were
selected using a Winner 2000E laser particle
analyzer. Figure 3 shows the results of measuring
the emulsion particles of the combined reagent.
The optimal dispersion time for the combined
reagent solution with a concentration
corresponding to the flow rate in flotation is 1 min.
At the same time, 99.4% are particles with a
particle size of fewer than 3.7 microns.
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Figure 3 - Particle distribution of the combined
reagent obtained on Winner 2000E
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Laboratory studies on flotation concentration
of ore from a copper-molybdenum deposit in the
East Kazakhstan region of Kazakhstan in a closed
cycle with the use of a combined flotation reagent
in comparison with the basic regime were
performed. The results of the flotation of the
collective copper-molybdenum cycle are shown in
Figure 4.

90

85

80

75

Extraction of Mo

Extraction of Cu

B The basic mode

B Combined reagent

Figure 4 - Results of collective flotation of copper-
molybdenum ore in a closed cycle
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The presented data show that the use of
dispersed microemulsion of combined reagent
increases, compared with the basic mode,
extraction of copper in the collective copper-
molybdenum concentrate by 3.69%, extraction of
molybdenum by 6.05%. The copper content in the
copper-molybdenum concentrate increases by
1.26%, from 16.8 to 18.06%. The copper content in
the flotation tailings decreases from 0.07 to
0.056%. At the same time, the consumption of the
combined reagent is 15% less than sodium butyl
xanthate.

Thus, the research results show that the use of
the combined reagent is promising for the
processing of copper-molybdenum ores.

Conclusions

The effect of the combined flotation reagent on
the ore flotation of the copper-molybdenum
deposit in the East Kazakhstan region of Kazakhstan
has been studied. The combined reagent is a
mixture of sodium butyl xanthate,
thionocarbamate, and reaflot in a ratio, in %: 15: 3:
1. The combined reagent was supplied to the
flotation in the form of a microemulsion obtained
on an ultrasonic homogenizer JY96-IIN.

The optimal dispersion time of the combined
flotation reagent is 60 sec. At the same time, 99.4%
are microemulsion particles with a particle size of
fewer than 3.7 microns.

Copper-molybdenum  concentrate with a
copper content of 16.8%, molybdenum 0.40%, and
recovery of 80.98% and 82.69%, respectively, was
obtained in the optimum basic closed-cycle mode.
The use of a microemulsion of a combined reagent
increases the extraction of copper into the copper-
molybdenum concentrate by 3.69%, the extraction
of molybdenum by 6.05%. The copper content in
the copper-molybdenum concentrate increases by
1.26%. The copper content in flotation tailings
decreases from 0.07 to 0.056%. The consumption
of the combined reagent, in comparison with the
basic butyl xanthate, is reduced by 15%.
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TYRIHAEME

Makanaga KypamaacTblpblifaH peareHTTi KongaHa oTbipbin, LUbifbic KasaKcTaH KeHOPHbIHbIH, MbiC-
MOAnBAEH KeHiH dnoTaumanay 6oibiHWA 3epTXaHanblK 3epTTeynepain, HaTuKenepi baaHaanfaH. ¥cak
cenneni KeHaepai eHAey YWiH KeH MuHepangapblH GaoTauuanayablb, TUIMAININH  apTTbipyFa
MYMKIHAIK 6epeTiH 6anbITyAblH *KaHa TICINAEPiH KaHe KaHa GNoTaumMANbIK peareHTTepAi KoaaaHy
KaxeT. byn npobnemaHbl apTyp/i KUHaFbIWTAPAbIH, YWNECIMAI KOCNAcbiH KONAAHY apKblibl Lellyre
6onaapl. 3epTTeyaiH, MakcaTbl - KypamAacTblpblifaH peareHTTi KoNZaHa oTbipbin MblC-MOAnbaeH
KeHiH dnoTaumanaysa mbic neH monnbaeHai 6enin any AepekeciH apTTbipy. 3epTTeNreH KeH yaricinae
MbICTbIH, yneci 0,42%; monnbaeHHiH yneci 0,009% Kypanabl. KypamaacTbipbiifaH daotopeareHT
peTiHae HaTpuit 6yTUA KcaHToreHatbiHbiH, TC-100 TMOHOKapbamaTTbiH, KaHe peadnottbi 15: 3: 1
KaTblHaCbIHAAFbl KOCMAchbl KONAAHbINAbI. DnoTaumuanayablH, anabliHAQ peareHTTiH MUKPO3MYIbCUACHIH
any ywiH KypamaactbipbinfaH peareHT JY96-1IN mapKanbl yabTpaablbbICTbIK rOMOreH1M3aTop apKblibl
oTKi3ingi. KypamaacTbipbiifaH GA0TaUMUANbIK peareHTTi OHTalbl biAblpaTy (AMcnepraumanay) yakbiTbl
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60 cekyHA. byn »Kafmaga MUKpoamynbceua GenwwekTtepiHii 99,4%-HblH, ipiniri 3,7 MKM acnawnabl.
KypamaacTbipblifaH peareHTTiH, MWKPO3MY/AbCUACBIH KOAZAHY MbIC-MOMBAEH KOHLLEHTpaTbiHa
MmbIcTbl 6enin any pgspexeciH 3,69%-fa, monubaeHai - 6,05%-fa apTTbipadbl. Mbic-monnbaeH
KOHLLeHTPaTbIHAAFbl MbICTbIH, yneci 1,26% -fa apTagbl. ®noTauuanblk KangplKTaFbl MbICTbiH, yaeci 0,07-
neH 0,056%-fa peiiiH TemeHgelhai. KypampaacTblpblifaH peareHTTiH LWbIFbIHbl 6asanbik  6yTun
KCaHTOreHaTbIMeH CanblCTbipFaHaa 15%-Fa TomeHaenaj.

TyiiH ce3paep: dnotauma, mbic-MoAnbaeH KeHi, GNoTauMANbIK peareHT, biablpaTy (avcneprauusnay),
KOHLLeHTpaT, 6enin any.
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O BO3MOXHOCTU nepepaboTKu megHO-MoAN6AeHOBOI pyabl C
npMMeHeHnem KoOMbMHUPoBaHHOro paoTopeareHTa

CemywkuHa J1.B., A6abikuposa I. XK., Typbic6ekos [.K., Hap6ekosa C.M., Kanabi6aesa X.A.

Satbayev University, AO «MHcmumym memansypauu u obozaweHusA», Aamamesl, KazaxcmaH
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MpuHATa B neyatb: 15 okmabpsa 2021

AHHOTALMUA

B crtatbe npeacTaBieHbl pe3ynbTaTbl NabOPATOPHLIX MCCNefoBaHM no daoTtaumuM pyasl MeaHo-
MONNBAEHOBOrO MecTopoXaeHus BocTouyHo-KasaxctaHcko obnact KasaxctaHa € npuMeHeHuem
KOMBUHMPOBAHHOIO peareHTa. [na nosbiweHna 3GPeKTUBHOCTU NepepaboTKM TOHKOBKPaNAEHHbIX pya,
HEeobXxoaMMO NpUMeHeHMe HOBbIX cnocoboB oboraweHnn, GNOTALMOHHBIX PeareHToB, NO3BONAIOLLMUX
noBbICUTb 3GDEKTUBHOCTL GIOTALMM PYAHbIX MUHEPANoB. PeweHne Npobaembl MOXKeT 6biTb AOCTUTHYTO
NPUMEHEHNEM COYETAHUA Pa3/UYHbIX cobupaTeneit. Llenblo uccneposaHWin ABAAETCA NOBbIWEHWE
M3BNEeYEeHUA mMeau M monubaeHa npu dnaoTauumm MefHO-MOAMBAEHOBOM pyapl C NPUMEHEHUEM
KOMBUHWpPOBAHHOrO peareHTa. B uccneayemoit npobe pyapl copepxkutcs 0,42 % meam; 0,009 %
monubaeHa. B KauyectBe KOMBUHMpOBaHHOro ¢oTopeareHTa nNpuMeHeHa KombuHauusa 6yTunosoro
KCaHTOreHaTa HaTpusa, TMOHOKapbamata TC-100 u peadpnota B cooTHoweHUn: 15:3:1. KombUHUPOBaHHbIN
dnoTopeareHT npeaBapuTenbHO nepes  dnoTaumen ANA  NONYYEHMA MUKPOIMYNbCUM  peareHTa
NPoONycKanu yepes ynbTpasByKoBon romoreHmsaTop JY96-IIN. OnTMmanbHoe Bpemsa AMCeprupoBaHuUs
KOMBUHMpPOBAHHOro GAOTAaLUMOHHOrO peareHTa cocTasasnet 60 cek. Mpu 3Tom 99,4 % COCTaBAAOT YaCTULbI
MWKPO3IMY/IbCUN  KPYMHOCTbIO MeHee 3,7 MKM. [pMMeHeHue MWUKPO3IMY/IbCUM KOMBUHMPOBAHHOIO
peareHTa NoBblWaeT U3BNeYeHne mean B MeAHO-MONMBAEHOBbIM KOHLEHTpAT Ha 3,69 %, ussneyeHue
monunbaeHa Ha 6,05 %. CogepkaHne meam B MegHO-MOANB64EHOBOM KOHLEHTpaTe noBblwaeTca Ha 1,26
%. CopepaHue meam B xBocTax gpaotaummn ymeHolaetcs ¢ 0,07 go 0,056 %. Pacxog KOMBUHMPOBAHHOIO
peareHTa, No cpaBHeHMIo ¢ 6a30BbIM BYTUNOBLIM KCAHTOrEHAaTOM yMeHbLaeTca Ha 15 %.

Kniouesble cnosa: ¢pnoTaums, megHo-monmbaeHosas pyaa, daotopeareHt, gucnepraums, KOHLEHTparT,
n3BneyeHue.
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ABSTRACT

Uranyl ions sorption of by interpolymer system consisting of polyacrylic acid hydrogel (hPAA) and
polyethyleneimine hydrogel (hPEl) has been studied. Rate of uranyl ions extraction by the initial
polymers and interpolymer system hPAA-hPEI, polymeric chain binding rate and dynamic exchange
capacity of initial polymers and interpolymer system hPAA-hPEI were calculated. Based on obtained
outcomes it was found that area of maximum rate of uranyl ions extraction is within the ratios of
67%hPAA:33%hPEl and 33%hPAA:67%hPEl. Maximum uranyl ions extraction rate after 48 hours of
hydrogels remote interaction was 90.0 %, when polymeric chain binding rate was 9.1 % and dynamic
exchange capacity was 1.14 mmol/g. Rate of uranyl ions extraction by the initial polymer hydrogels 100
% hPAA and 100 % hPEIl was 68.0 % and 52.0%. Obtained outcomes showed changes of initial polymeric
hydrogels sorption properties in intergel system leading to functional groups obtaining higher reactive
ability, which makes it possible to use them for further development of highly efficient uranyl ions
extraction sorption technology.

Keywords: hydrogels, interpolymer systems, sorption, polyacrylic acid, polyethylenimine, uranyl ion.
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Introduction

cheaper and produce individual

elements [1-3].

high-purity

Rare-earth elements are used in multiple

areas of contemporary engineering: radio
electronics, instrumentation, nuclear science,
machinery, chemical industry, metallurgy etc.,

which is why production and consumption of these
elements is continuously growing worldwide. Rare-
earth element containing ores extraction is often
complicated by their radioactivity which is caused
by them containing uranium, thorium and their
half-life products. There is development of
traditional raw material processing technologies as
well as search for new ones in order to make
mining of rare-earth elements containing ores

Due to this fact, the issue of rare-earth
elements separation from radioactive elements,
particularly uranium, is of high importance
nowadays [4-6].

Uranium can be removed from solutions by
sorption, extraction and other methods. Sorption
methods are more preferred nowadays than
extraction ones. Sorption methods are more eco-
friendly and have fewer technological cycles than
extraction technologies [7-9].

Unfortunately, currently developed ion
exchange resins cannot be widely applied; also, not
all salt and metal ions have complementary
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polymeric sorbents. Due to composition diversity of
solutions extracted from different deposits it is
difficult to study sorption process in model
solutions and develop effective sorbents. Use of
interpolymer systems allows highly efficient mass
extraction of various elements’ anions and cations
[10-12].

Due to this, the objective of our research was
to study depth of uranyl ions sorption during their
interaction with interpolymer systems and
prospects of using these interpolymer systems for
uranium extraction from product solutions.

Experimental part

Equipment. Sorbent mass was determined by
weighing at electronic analytical scales MSE125P-
100-DO Sartorius Cubis (Germany).

Materials. The research was performed in
water environment and in solution of hexaqua
uranyl nitrate (UO»?* concentration = 100 mg/l) as
well as polyacrylic acid and polyethylenimine
hydrogels. Polyacrylic acid hydrogels were
synthesized in presence of linking agent N, N -
methylen-bis-acrylamide and red-ox system K,S,0s
— Na;S,03 in water environment. Polyethylenimine
hydrogels were synthesized with N, N -
dimethylformamide solvent in presence of linking
agent epichlorhydrin. Synthesized PAA and PEl
hydrogels were crushed into small fractions of
250<d<425 um. Hydrogel swelling rates were anpaa)
=10,36 g/g, aner) = 8,36 g/8.

Intergel couple of polyacrylic acid hydrogel
and polyethylenimine hydrogel (hPAA-hPEI) was
combined for research purposes.

Experiment. Experiments were done at
room temperature. PAA and PEl were taken in dry
state. Study of the intergel systems was done as
follows: each hydrogel in dry state was placed in
separate polypropylene cages. Then polypropylene
cages with dry hydrogels were placed in glasses
with water and hexaqua uranyl nitrate solutions.

Research of individual polymeric hydrogels
sorption properties was done as follows:

1) Estimated amount of each hydrogel in
dry state was placed into polypropylene cages.

2) Uranyl ions sorption by individual PAA
and PEl hydrogels was done for 48 hours. During
this period aliquots were taken for further
determination of uranyl ions concentration.

The procedure of studying intergel system
sorption abilities is the same as that of studying
individual polymer hydrogels.

Uranyl ions determination procedure.
Measurement of uranium mass concentration was
done by volumetric titanium-phosphate-vanadate
method based on red-ox properties of uranium (IV)
and uranium (VI) and its reduction and oxidation
reactions.

Uranyl ions extraction (sorption) rate was
calculated according to the formula:

— Cin(;cres * 100%, (1)

in

where Ci, — uranyl ions initial concentration in

solution, mg/l; Cres uranyl ions residual
concentration in solution, mg/I.
Total polymer chain binding rate was

calculated according to the formula:

6 ==L % 100%, (2)
where vsor — amount of sorbed uranyl ions, mole
(calculated as Vsor- m/M, where m — mass of sorbed
uranyl ion, g, M - molecular mass of uranyl ion,
g/mole); v — polymer weighed portion (calculated
as v - m/M, where m — mass of PAA and PEI
polymers, g, M - molecular mass of mass of PAA
and PEl polymers, g/mole, if two hydrogels are
present in the solution, this is calculated as
summed amount of each of them), mole.

Dynamic exchange capacity of individual
hydrogels and intergel system was calculated
according to the formula:

Q= 3)

’
Msorbent

where vsor — amount of sorbed uranyl ions, mole
(calculated as vsor- m/M, where m — mass of sorbed
uranyl ion, g, M - molecular mass of uranyl ion,
g/mole); m — polymer weighed portion (if two
hydrogels are present in the solution, this is
calculated as summed weight of each of them), g.

Results discussion

Previously performed studies [10-12] have
shown that almost all interpolymer systems based
on acidic (polyacrylic and polymethacrylic acids)
and basic (poly-4-vinylpyridine and poly-2-methyl-
5-pyridine) lightly cross-linked polymeric hydrogels
display higher activity than their initial components.
It was also found that polymer ratios which provide
higher ions sorption differ significantly depending
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on nature of acidic and basic hydrogels and nature
of rare-earth metals.

These results were obtained after studying
sorption of lanthanum, cerium, dysprosium,
neodymium, samarium and erbium by intergel
systems. Influence of initial hydrogel state on
sorption process was also found. Depending on
what gel is used for intergel couple formation (dry,
swollen or partially swollen) there can be different
hydrogel ratios in intergel systems with high
sorption capacity and rare-earth metal ions
sorption rate.

However, no work was done to define optimal
conditions for maximum sorption and ions
selectivity in case of using intergel systems for
uranyl ions extraction.

Main feature of intergel systems is absence of
direct contact between polymer hydrogels in
solution. In other words, this can be called a distant
interaction of hydrogels. The general outline of
intergel system is given at Figure 1.

@
[ 1)
[
e \
\ \\, \
\ \

| : ) 4

oo o
\

1 - polyacid, 2 — polybase, 3 — membrane,
4 - solution
Figure 1 — Intergel system outline

The following chemical reactions occur

during distant hydrogel interaction:

1) Dissociation of —COOH - groups of
internode links:
~COOH - COO™"H*-> —COO0™ + H* (4)

It should be considered that first there is ionization
with formation of ion couples, which later partially
dissociate into separate ions.

2) Atom of nitrogen in pyridine ring is
ionized and partially dissociated:

=N + H,0 = =NH*... OH" > =NH*+ OH~  (5)

3) Then atom of nitrogen also interacts with
proton separated from carboxylic group:

=N + H* > =NH* (6)

4) H* and OH ions appearing as a result of
functional groups interaction with water molecules
form water molecules (true for equimolar
concentration of protons and hydroxyl ions):

H*+ OH™ > H,0 (7)

According to equation 4, carboxylic groups
are dissociated into carboxylate anions and protons
depends on dissociation rate. As a result of proton
adjoining by heteroatoms of nitrogen, total amount
of hydrogen atoms in solution decreases, which
leads to further dissociation of other (previously
non-dissociated) functional carboxylic groups. This
happens due to Le Chatelier principle because of
equilibrium shift to the right (towards proton
formation).

These interactions lead to uncompensated
like-charged functional groups formation at
internode links of both hydrogels (acidic and basic);
these groups bounce off each other according to
laws of electrostatics and lead to macromolecular
coil expansion. The end result of these electrostatic
interactions is significant swelling of polymer
macromolecules.

,

n (U, % “u—100% hPAA
109 e 83% hPAA-17% hPEI
A 67% hPAA-33% hPEI
—v—50% hPAA-50% hPEI
o < 33% hPAA-67% hPEI
A > 17% hPAA-83% hPEI

4 100% hPEI

0 10 20 30 40
hPAA: hPEI, mol.%:mol.%

Figure 2 — Dependence of uranyl ions extraction rate by
hPAA-hPEI intergel system over time

5% e  Th

Figure 2 shows dependence of uranyl ions
extraction rate by initial hydrogels and hPAA-hPEI
intergel system over time. As the figure suggests,
intergel system has increased uranyl ions extraction
rate over time. It should be noted that polymeric
macromolecules switching to highly ionized state
due to hydrogels mutual activation during their
remote interaction leads to significantly increased
uranyl ions extraction rate with polymeric
hydrogels in intergel couples in comparison with
initial hydrogels. Most of uranyl ions are sorbed by
initial PAA hydrogel and intergel systems through




Complex Use of Mineral Resources. Volume 4, Issue 319, 2021

ISSN-L 2616-6445, ISSN 2224-5243

48-hour interaction with salt solutions. Highest
uranyl ions extraction rate is observed in intergel
system within 67%hPAA:33%hPEI and
33%hPAA:67%hPEl ratios 48 hours later and is
90,0%. Uranyl ions extraction rate by initial polymer
hydrogels - 100%hPAA and 100%hPEl is 68,0% and
52,0%, respectively. Initial PEl hydrogel provides
only slight increase of sorption rate over time,
however, hPEl (even with low sorption activity
towards uranyl ions) actively participates in initial
PAA hydrogel activation, which can be seen better
within 67%hPAA:33%hPEl and 33%hPAA:67%hPEI
ratios.

hPAA: hPEI, mol.%:mol.%

Figure 3 — Dependence of uranyl ions extraction rate by
hPAA-hPEI intergel system on hydrogel molar ratio over
time

Figure 3 shows dependence of uranyl ions
extraction rate by initial hydrogels and hPAA-hPEI
intergel system on hydrogel molar ratio over time.

As the figure suggests, the highest uranyl ions
sorption occurs within 67%hPAA:33%hPEl and
33%hPAA:67%hPEl ratios. The highest uranyl ions
extraction rate after 48 hours of distant hydrogel
interaction is 90,0%. Primary reason for such high
extraction rate is high polymeric structures
ionization due to their mutual activation.

Table 1 shows polymeric chain binding rates
(in relation to uranyl ions) by initial polymers and
hPAA-hPEI intergel systems over time. The most
intensive uranyl ions binding by initial polymers and
intergel systems occurs within 48 hours. High
degree of polymeric chain binding in relation to
uranyl ions is observed at 67%hPAA:33%hPEI and
33%hPAA:67%hPElI components ratios and is 9,1 %.
This suggests high macromolecules ionization rate
due to mutual activation of PAA and PEIl polymers.
Individual PAA and PEI polymeric chain binding rate
in relation to uranyl ions over 48 hours is 6,8 % and
5,3 %, respectively.

Table 2 shows dynamic exchange capacity (in
relation to uranyl ions) by initial hydrogels and
hPAA-hPEI intergel systems over time. Obtained
data suggest that polymeric hydrogels mutual
activation in intergel couples leads to significant
increase of exchange capacity values in comparison
with initial PEI hydrogel. This is the most distinctive
after 48 hours of remote interaction. Intergel
system reaches maximum values of dynamic
exchange capacity within the ratios of
67%hPAA:33%hPEl and 33%hPAA:67%hPEI after 48
hours of remote interaction and is 1.14 mmol/g.

Table 1 — Polymeric chain binding rates (in relation to uranyl ions) by initial hydrogels and hPAA-hPEI intergel systems

over time, %

Polymer chain binding rate ( in relation to uranyl ions), %

Tt h 0,5 2,5 4,5 8,5 24 28 32 48
100%hPAA 0,3 1,3 2,3 2,8 6,3 6,8 6,8 6,8
83% hPAA:17% hPEI 0,3 0,4 2,6 2,8 6,1 6,8 6,7 7,8
67% hPAA:33% hPEI 0,3 0,4 2,8 2,9 4,3 5,7 5,7 7,7
50% hPAA:50% hPEI 0,4 2,3 4,2 4,6 6,3 6,9 7,3 91
33% hPAA:67% hPEI 0,0 0,5 2,4 2,4 4,6 5,2 5,8 5,7
17% hPAA:83% hPEI 0,6 0,7 1,7 2,6 4,1 4,7 53 8,0
100%hPElI 0,0 0,1 0,1 2,1 4,0 5,2 4,9 53
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Table 2 — Dynamic exchange capacity (in relation to uranyl ions) by initial hydrogels and hPAA-hPEI intergel systems

over time, %

T, h 0,5 2,5 4,5 8,5 24 28 32 48
100%hPAA 0,04 0,18 0,32 0,38 0,87 0,95 0,95 0,95
83% hPAA:17% hpel | 904 0,05 0,35 0,38 0,81 0,92 0,89 1,04
67% hPAA:33% hpEl | 004 0,05 0,37 0,38 0,56 0,73 0,73 0,99
50% hPAA:50% hpel | 0:0° 0,29 0,52 0,57 0,78 0,86 0,92 1,14
33% hPAA:67% hpEl | 900 0,06 0,29 0,29 0,56 0,62 0,71 0,69
17% hPAA:83% hpel | 907 0,08 0,20 0,31 0,47 0,54 0,62 0,93
100%hPEl 0,01 0,01 0,01 0,12 0,45 0,58 0,56 0,60

Conclusion switch to highly ionized state which leads to

Based on obtained results it was found that the
highest uranyl ions sorption by interpolymer
system occurs at 67%hPAA:33%hPEI and
33%hPAA:67%hPElI components ratio. The highest
uranyl ions extraction rate after 48 hours of distant
hydrogel interaction is 90,0%, where polymeric
chain binding rate is 9,1% and dynamic exchange
capacity is 1,14 mmole/g. Uranyl ions extraction
rate by individual polymer hydrogels - 100%hPAA
and 100%hPEI - is 68,0% and 52,0%, respectively.
Due to mutual hydrogel activation during their
distant interaction polymeric macromolecules

significant increase of uranyl ions extraction rate in
comparison with initial polymers. Obtained
outcomes suggest that interpolymer systems can
be used for highly efficient sorption technology of
extracting uranyl ions and other elements from
commercial solutions as well as for concentration,
separation of different ions from water solutions
for performing technological, environmental and
other objectives.
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MHTEPNOAUMEPNI KyMenepain, ypaHun noHaapbiHa copbuusackl 3epTrengi. bactankbl noavmepnep meH

NAKr-M3Ur vHTepnonvumepni KylhenepiHib, ypaHun uvoHgapblH 6eny aaspekeci, noavmep TisberiHiH,

6alinaHblCy AdpEXKeci )KaHe TUIMA] AMHAMMKANbIK aIMacy CUbIMAbIbIFbI ecenTengi. AnbiHFaH HaTUXenep

HerisiHae

VMHTEepNonMMepni  Xyhenepaid

YypaHWn  MOHAapblHa  MaKcMmangbl  copbumackl
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67%MNAK:33%MIUr xaHe 33%MAKr:67%MIUr KaTbiHacTapbliHAa 6onaTbiHbl aHbIKTaNAbl. TMaporenaepaix,
KalbIKTaH ©3apa apeKeTTecyiHiH 48 cafaTblHaH KeliH ypaHUA MOHA4APbIH MaKkcumanapl 6eny gapexeci
90,0 %, nonMmepniK TisbeKTiH, bainaHbicy aspexeci 9,1 % KoHe AMHAMMKANbIK aAMacy CUbIMAbI/bIFbI —
1,14 mmonb/r 6ongbl. 100 % MAKr skaHe 100 % MIUr xeke nosmmepnik rmaporengepimeH ypaHun
MoHpapblH  Beny papexeci caikeciHwe 68,0 % aHe 52,0 % Kypaabl. AfblHFaH HaTUXenep
MHTEpNoOAUMEpPAi XKyihenepaeri 6actankbl NOAMMEPANIK FMAPOrenfepaiH, CopbuMAnbiK KacueTTepiHiH,
e3repeTiHiH, AFHW QYHKUMOHANAb! TONTapAablH, peakumaFa Tycy KabineTi aHaFyp/ibiMm apTaTbiHbIH KOPCETTI.
Byn onapabl ypaHuUA WMOHAApbIH GenyaiH, Kofapbl TMIMAI COPOUMANBIK TEXHONOMMACBIH ¥Kacay YLUiH
KOoNgaHyFa MyMKIHAIK 6epeai.

TyliiHn ce30ep: rupporengep, WHTEPNOAMMEPAI  Kyilenep, copbuua, MOAMAKPUA  KbIWKbIAbI,
NONNITUNEHUMUH, YPAHUA UOHBI.
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Oco6eHHOCTU U3BNEYEHUA MOHOB YPaHW/Ia UHTEPNOSIMMEPHOM CUCTEMOM HA
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AHHOTAUMA

N3yyeHa copbuma WOHOB ypaHMNA WHTEPNONAMMEPHON CUCTEMOW, COCTOALWLeW W3  ruaporena
noavakpunosoi kucnotbl (rMAK) u rugporens nonmatuneHnmuHa (rl3U). Bblanm paccumTaHbl CTeneHb
M3BNEYEHUSA MOHOB ypaHMNa UCXOA4HbIMU MOAMMEPAMWU U UHTepnoAnMepHon cuctemon rMAK-rMan,
cTeneHb CBA3bIBAHUA NOAMMEPHOW LENU U AMHAMUYECcKas 0BMEeHHaa eMKOCTb UCXOAHbIX NOANMEpPOoB U
MHTepnonnmepHoi cuctemsl rMAK-rM3N. Ha ocHoBe nosnyyYeHHbIX pe3ynbTaToB 6bla0 YCTaHOBAEHO, YTO
Hanbosbluan cTeneHb copbLMM MOHOB ypaHUNa UHTEPNOANMEPHOW CUCTEMOW NPOUCXOAMT B npeaenax
cooTHoweHnin 67%rMAK:33%rM3U n 33%rMAK:67%rM3N. MakcMmanbHaa CTeneHb U3BNEYEHUA WOHOB
ypaHuaa no ucreyeHunn 48 4acos AUCTAHLMOHHOIO B3aMMOAENCTBUA ruaporeneit coctasuaa 90,0 %, npu
KOTOPOI CTeNeHb CBA3bIBAHUA NONUMEPHOW Lenu cocTasuna 9,1 % 1 guHamuyeckas 06MEHHas eMKOCTb
— 1,14 mmonb/r. CTeneHb W3BNEYEHUA UOHOB YPaHWNA UHANBUAYANbHBIMW NOSMMEPHBIMU TMAPOreNAMU
100%rMAK 1 100%rM3W coctaBuna 68,0 % 1 52,0 % cooTBeTcTBEHHO. [loNy4YeHHbIe pe3yabTaTbl NOKa3anun
M3MEHEHUA COPOLMOHHBIX CBOMCTB UCXOAHbIX NONMMEPHbIX MMAPOrenein B MHTEPNONMMEPHOW CUCTEME,
npusBogAwMe K TOMy, 4TO  QyHKUMOHanbHble  rpynnbl  npeobpetatoT  6osee  BbICOKYHO
PeakUMOHHOCNOCOBHOCTb, YTO NPEfOCTAaBAAET BO3MOMHOCTb WX MPUMEHEHUA ANA MOCAeayloLwen
pa3paboTKku BbICOKO3IPDEKTUBHOM COPOLMOHHON TEXHONOTUM U3BNIEYEHWNA MOHOB YpaHWAa.
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ABSTRACT

The use of hydrochloric acid for processing aluminum-containing raw materials has a number of advantages
over other acids, which include: easy decomposition of aluminum compounds with the transfer of aluminum
into solution; low solubility of silica in HCI, the possibility of complete separation of the solid residue without
significant losses of acid, etc. The paper considers the possibility of using the method for processing ash and
slag dumps accumulated in large volumes in the country. Based on the thermodynamic analysis of reactions
of interaction between ash components and hydrochloric acid, the behavior of aluminum, iron and
nonferrous metal compounds during leaching is studied. It was shown that the preliminary roasting of ash
with calcium chloride provides a high extraction of aluminum in the solution from the cinder. Based on
experimental studies, the influence of time, temperature and acid consumption on the degree of aluminum
extraction into the solution has been established. At optimal conditions of leaching conducted at S:L=1:3, T
=60 2C, T = 60 min extraction of aluminum in a solution as chloride amounted to 99.92 %. At the same time
the extraction of silica in solid sediment due to the maximum transfer of impurities in the solution was 99.8
%. The mechanism of the leaching process is proposed. The values of activation energy and the order of the
reaction, indicating the complex 3-step character of the reactions, have been calculated. It is established that
the limiting stage during leaching is the dissolution of anorthite.

Keywords: carbon black, leaching, hydrochloric acid, process mechanism, time, temperature, extraction,
activation energy.
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Introduction

In Kazakhstan, the annual output of ash and slag
waste is about 19 million tons. To date, more than 300
million tons of waste has been accumulated in ash

Ash is the largest type of waste produced by large
thermal power plants and steel mills as a result of coal
combustion. More than 100 million tons of ash are
produced in the U.S. each year. Annual ash output by
developed country is, in million tons: India - 112, China -
100, Germany -40 and UK - 1511, 2, 3].

In the Russian Federation there are more than 170
coal-fired thermal power plants, which burn 650 million
tons of coal with the formation of 300 million tons of ash
annually. More than 20 thousand km? of land plots are
alienated for ash and slag waste storage in Russia, where
1.3-1.5 billion tons of ash are located [4].

dumps [5]. In one major megalopolis in Kazakhstan,
Almaty, more than 2 million tons of ash and slag waste
have been accumulated as a result of three thermal
power plants. Only during one heating season about 600
thousand tons of ash waste is added to the accumulated
volumes of ash from coal combustion. The generated
ash dumps have taken vast areas out of land use and
have a negative impact on the environment (pollution of
soil, air, groundwater).

The relevance and significance of the issues under
consideration are enhanced with the fact that there is
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no rational technology for ash processing. Significance
of researches in the direction of development of highly
efficient technology for ash processing consists in
solving two key problems - ecological and technological.
Solution of the first problem comes to involving the
accumulated and current ash and slag wastes in
processing and liberating large territories, and reducing
the burden on the environment by reducing the volume
of ash and its fine dispersion by the wind (20-40 p).
Solution of the second problem ensures the use of ash
as an additional source of raw materials with complex
extraction of valuable metals with high added value.

The existing methods of ash processing [6, 7] allow
extracting small amounts of valuable components. At
the same time, according to the material composition
ash can be considered as an independent complex raw
material for the extraction of a whole range of metals [8,
9, 10]. Ashes compare favorably with conventional
mineral deposits, they are located on the surface and do
not require large expenses for extraction.

Positive research results [11, 12] allowed us to
formulate a general concept of technology for the
processing of ash of different chemical and
mineralogical composition. Of particular interest is the
application of the technology for the utilization of ash
from small boiler plants, located within the boundaries
of large cities and megacities.

The proposed technology can become an
alternative for the production of alumina, silicaand REM
in countries where there are no bauxite deposits
suitable for the production of alumina by the Bayer
method and no natural sources for the production of
pure silica and REM.

This paper presents the results of studies of the
interaction of cinder components during its leaching
with hydrochloric acid together with calcium chloride.
Based on thermodynamic analysis of reactions of
interaction between the components of the cinder with
hydrochloric acid, the behavior of aluminum, iron and
nonferrous metal compounds in the leaching process
has been studied.

As a result of experimental studies, regularities of
aluminum compounds dissolution during hydrochloric
acid leaching depending on time, temperature, and
hydrochloric acid consumption have been established.
Optimal parameters of the leaching process providing
maximum aluminum extraction into the solution as its
chloride 99.92 % and high silica extraction into solid
commercial sediment - 99.8 % have been determined.

Research methods

The main methodological principle for studying
the mechanism of ash leaching with hydrochloric

acid is the thermodynamic approach to the
description of cinder leaching, which provides
reliable  determination of qualitative and
quantitative characteristics of the formed complex
composition solid (cinder) and liquid solutions of
hydrochloric acid leaching.

Determination of the influence of hydrochloric
acid consumption, temperature and time on the
completeness of silica extraction into the
commercial product in the form of precipitate and
the maximum extraction of aluminum, nonferrous
metals, REM and other associated elements in the
solution was based on experimental results.

For the experiments a firing result, obtained
under optimal burning conditions (T=1100 2, CaCl,
consumption was twice higher than the required
from stoichiometry for mullite decomposition, t=60
min) of non-magnetic ash fraction together with
calcium chloride, was used. The non-magnetic
fraction of ash was obtained by magnetic separation
of ash from a thermal power plant in Almaty [12].

The elemental and phase composition of solid
and liquid products of cinder leaching with
hydrochloric acid was performed using a D8 Advance
analyzer (Bruker), a-Cu, tube voltage 40 kV, current
40 mA. Processing of the obtained data of the
diffraction patterns and calculation of the
interplanar distances were performed using the EVA
software. Sample interpretation and phase search
were performed by Search/match using the PDF-2
powder diffractometer database.

In order to clarify and obtain reliable results of
the phase composition of the initial cinder and leach
products the X-ray diffractometric analysis on
diffractometer DRON-3 with CuCa-radiation, B-filter
was additionally performed. The diffractogram
conditions: U=35 kV; 1=20 mA; 06-20; detector 2
deg/min. X-ray phase analysis on a semi-quantitative
basis was performed on powder sample
diffractograms using the method of equal weights
and artificial mixtures. Quantitative ratios of
crystalline phases were determined. Interpretation
of the diffractograms was performed using the data
from the ICDD: Powder Diffraction File (PDF2) and
diffractograms of clean minerals. For the main
phases the calculation of the content was carried
out.

The total number of experiments (3k=9) was
determined based on the influence of two
parameters on the required parameters, each of
which was set in three levels: S:L = 1:2; 1:3; 1:4 and
temperature - 40, 60, 80 2C. 30 % HCI hydrochloric
acid was used in the experiments. Initial weight of
cinder in all experiments was 243 g. Time of cinder
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leaching was 60 minutes. For each experiment by
results of elemental composition of the received
products the material balance was calculated, their
data were used for a choice and substantiation of
optimum parameters of process.

The technique of carrying out of experiments
consisted in the following. The 243 g of crushed char
was loaded into a glass flask and concentrated
hydrochloric acid was added to it in the specified
qguantity S:L. The beaker with the contents was then
placed on a thermostat and leaching was started
using an agitator. The stirrer speed was 300 rpm. The
thermostat was used to set the desired leaching
temperature.

After the required time the suspension was
filtered and the solid sediment was separated from
the productive solution. The solid sediment (cake)
after washing with water (pH=5-7) and drying was
sent for chemical and X-ray phase analysis.

Productive solution was analyzed for aluminum,
calcium, iron, nonferrous metals and REM.
Composition of washing solution was determined by
the difference of loaded and received materials
based on the material balance of each experiment.

Under the conditions of the established
optimum regimes the experience of leaching of slag
with hydrochloric acid was carried out on an
enlarged laboratory scale. The methodology of the
experiment was as follows. Source materials (cinder
and HCI) were continuously fed for leaching. HCI-
acid consumption was 4 I/h. The consumption of
cinder was 0.8 kg/h. The leaching time was 60
minutes. The slurry obtained after the set leaching
time was continuously discharged from the reactor
through the overflow into a laboratory batch filter.
The solid precipitate (cake) after leaching was
filtered and after washing with water was sent for
drying. The total amount of cinder subjected to
leaching - 1091,38 g. The received products of
leaching - a solution and cake, were subjected to the
elemental and phase analysis.

On the basis of the received results, the material
balance of enlarged-balance leaching of cinder
under the conditions of an optimum mode of
conducting process: S:L=1:3, T=60 2C and 1=60 min
was made up.

Results and discussion

The complete elemental composition of the
initial cinder obtained under optimal firing
conditions is presented in Table 1.

The phase composition of the cinder subjected
to leaching is presented in Table 2.

Table 1 - Elemental composition of the cinder

Elements Content, %
Al 9,87
Si 19,7
Ca 25,7
Fe 0,8
02 22,7
cl 19,5
(Cu + Zn + Ni), ppm: 298,0
Cu 22,0
Zn 221,0
Ni 55,0
2REM, ppm: 74,0
Sc 29,0
Y 45,0

Table 2 - Results of semi-quantitative X-ray phase analysis
of the cinder

Name of phase Formula Concentration,
%

Gehlenite Ca2Al(SiAl)O7 | 25,68

Anorthite CaAl>Si>0s 5,34

Pseudowollastonite | CaSiOs 30,13

Hematite Fe203 0,64

Other 38,21

Taking into account the established phase
composition of the cinder, the mechanism of its
leaching process with hydrochloric acid can be
represented by reactions:

Ca,Al(SiAl)O;+10HCI=2AICI3+Si0,+2CaCl+5H,0, (1)
CaAl,Si,0s+8HCI=2AICI3+2Si0,+CaCl>+4H,0, (2)

CaSiO3+2HCI=Si0,+CaCl,+H,0, (3)
Fe,0s3+ 6HCI = 2FeCl; + 3H,0, (4)
Cu,0 + 2HCI = 2CuCl + H,0, (5)

NiO + 2HCI = NiCl, + H,0, (6)
ZnO + 2HCI = ZnCl, + H,0. (7)
g 2
3
‘3. 4
3 &

— 74 ——
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Figure 1 - The dependence of the Gibbs free energy
on temperature for reactions (1) - (7)

The temperature dependence of the Gibbs free
energy loss for reactions (1) - (7) is shown in Fig. 1.

We can see that the probability of reactions of
interaction of gehlenite and anorthite with
hydrochloric acid in the temperature range
298...373 K, providing the transition of aluminum in
the solution as its chloride, is almost impossible
because of the positive values of the Gibbs free
energy of reactions (1), (2). There is a high
probability of wollastonite decomposition by
hydrochloric acid in reaction (3) with the formation
of calcium chloride and quartz. The formation of a
free amount of CaCl, seems not crucial, as it is
recycled and returns to the head of the technology -
to the process of burning ash.

High negative values of the Gibbs free energy of
reactions (4) - (7) indicate the possibility of iron and
non-ferrous metals transfer in the form of their
chlorides into the solution. The established
regularities show that according to thermodynamic
calculations the transfer of aluminum from its
readily soluble compounds (gelenite, anorthite) into
the solution by leaching the cinder with hydrochloric
acid is not possible. At the same time, the results of
experimental studies fully confirm the possibility of
high aluminum extraction into solution from the
cinder. The observed pattern indicates a complex
mechanism of the cinder leaching process with
hydrochloric acid and can be interpreted by the
results of the experiments.

Glass with a carbon black and IIC1

Leaching device

Figure 2 - Laboratory equipment for leaching

The cinder leaching with hydrochloric acid was
carried out using laboratory equipment, the general
view of which is shown in Fig. 2.

Fig.3 shows products of cinder leaching with
hydrochloric acid obtained under optimum
conditions of leaching: T:L=1:4; T=60 2C; t=60 min.

Prodweh e (dark preen)
and washine whition (ereea)

Sediment (1 2ke)

Figure 3 - Products of cinder leaching with
hydrochloric acid (S:L=1:4; T=60 2C; t=60 min)

Dependence of aluminum extraction into
solution on leaching time and process temperature
is shown in Fig. 4.

100

90

80

70

&0

50

Extraction of &1 in solution, %

40
10 20 30 40 50 &0 70

T, min

T=20 ®T=40 ®T=50 & T=80

Figure 4 - Dependence of aluminum extraction into
solution on leaching time and temperature

It can be seen from fig.4 that aluminium
recovery into solution during initial stage of leaching
- during leaching time increase from 20 to 40
minutes - significantly increases in temperature
change from 20 to 80 9C. A further increase in the
leaching time has little effect on the aluminum
extraction in solution. The maximum aluminum
extraction into solution is reached at 60 minutes.

180

3 3.5 4 4.5

Expenditure HCI
®T=40 W T=50 A T=80

Figure 5 - Dependence of the aluminum content in
the solution on the HCI flow rate (S:L) and temperature
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An increase in temperature in this area has only an
insignificant influence on aluminum extraction into
solution.

The dependence of aluminum content in
solution on HCI consumption and temperature is
shown in Fig. 5.

It is easy to see that the influence of the HCI
consumption on the solubility of aluminum from the
cinder is more significant than the temperature. If
the ratio T:L=1:4, the increase in temperature from
40 to 602C has no significant effect on the transfer
of aluminum into solution. This is also confirmed by
the dependence of aluminum recovery into solution,
which at T:L=1:4, in the temperature variation
interval from 60 to 80 2C does not change, and
remains practically on the same level ~99,96 %

(Fig.6).

é

5:3’

Eatraction of Al in solution, %
E i
in a
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E xpenditure HCI

T=40 @ T=50 @ T=BD

Figure 6 - Dependence of aluminum extraction into
solution on the dependence of HCI (S:L) and temperature

SiO, content in the sediment at S:L=1:2 and
temperature 40 2C, is ~ 98,8 % (Fig.7), which
indicates a weak dissolution of silica in HCI and its
maximum concentration in the solid sediment. A
sharp increase in silica content in the precipitate
from 98 to 99.5 % at 40°C is observed when the T:L
ratio increases from 2 to 4. At T:L=1:4 the increase in
temperature from 60 to 80 2C has only a small effect
on the increase in silica content in the sediment,
from 99.6% to 99.7%.

Sith content in the s

Expenditure HCI
eT=60C WT=40C AT=80C

Figure 7 - Dependence of silica content in sediment
on the HCl flow rate (S:L) and temperature

The maximum silica extraction into sediment
~99.9 % is reached at S:L=3, and remains constant at
this level regardless of further temperature increase,
as it can be seen in Fig.8.
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Figure 8 - Dependence of silica extraction on the HCI
flow rate (S:L) and temperature

Determination of kinetic parameters of
the leaching process

To determine the kinetic parameters of the
cinder leaching process with hydrochloric acid,
experimental data on the dependence of aluminum
extraction degree in the solution on temperature,
duration and concentration of hydrochloric acid
were used (Fig. 4, 5). Based on these data, using the
known kinetic equations and the Arrhenius equation
[13], the values of apparent activation energy and
the order of reactions were calculated.

dC/dt=K(T)-C", (8)
K(T) = A-exp(—Ea / RT), (9)

where: K - reaction rate constant;

C - concentration of the reactant;

n - order of reaction;

A - pre-exponential multiplier or frequency
factor of the constant characteristic of this reaction;

Ea - activation energy;

R - universal gas constant, R = 8.31 J/K-mol.

Determination of the activation energy (Ea) was
carried out for the standard concentration of the
reagent (30 % HCI) for four temperatures (20, 40, 60
and 80 oC).

After transforming equation (9) we can obtain
expressions for determining the activation energy:

Lgk=LgA+Ea/2,3 T,
Ea=2,3-tga.

(10)
(11)

The dependence of the logarithm of the reaction
rate constant on 1/T is shown in Fig. 9.
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Figure 9 - Dependence of the rate constant of the
reaction of dissolution of cinder dissolution by
hydrochloric acid from inverse temperature

On fig. 9 it is possible to allocate 3 sites that
testifies to change of character of interaction
between reacting components. For each area by the
slope tangent (11) was determined the value of
apparent activation energy: at 20 C - 83.4 kJ/mol, at
40 °C-53.12 kl/mol, at 60 oC - 32.34 kJ/mol.

Bauxite leaching is caused by the step nature of
dissolution and strongly depends on the duration of
the process. In the initial period, when there is
enough reagent, there is a simultaneous dissolution
of all the components of bauxite and the speed of
the entire process is determined by the rate of the
chemical reaction. At 40 2C and leaching duration of
20 minutes the wollastonite (reaction (3)), hematite
by reaction (4) and nonferrous oxides by reactions
(5) - (7) are dissolved completely. A further increase
in time up to 40 min leads to the dissolution of
helenite and anorthite by reactions (1) and (2). This
begins to form amorphous silicon dioxide, which is
present in the form of silicic acid, makes it difficult
to supply the reagent (HCI) to the reaction zone. The
process moves into the mixed region. A further
increase in the leaching time leads to an increase in
the amount of amorphous silica, indicating that the
process proceeds in the diffusion region. At this
stage, the main source of aluminum in the solution
is helenite, while anorthite still remains in the solid
residue. Consequently, the limiting reaction of the
cinder leaching process is the dissolution of
anorthite by reaction (2).

To determine the order of reaction for the
reagent (HCl), we used experimentally obtained
dependences of aluminum content in the solution
on the leaching duration at different concentrations
of hydrochloric acid and constant temperature (Fig.
5). For two concentrations of reagent under
condition of identical technological regimes,
equation (8) can be written in the form [14]:

dT;z/de = (Cl/Cz)n. (12)

By logarithmizing equation (8), we can obtain an
expression to calculate the order of the reaction:

n = Lg(dty/ dts) / Lg(C1/ Co). (13)

Using equations (8) and (13), we determined the
values of the reaction order. It was found that the
kinetics of the process is significantly affected by the
consumption of hydrochloric acid. At low values of
HCI consumption (S:L=1:2) and temperature 602°C,
the index of reaction order is fractional (n = 0.57),
which corresponds to the kinetic region. When the
HCl flow rate increases to S:L=1:4, the reaction order
value, n = 1, which indicates that the reaction (2)
proceeds in the diffusion mode.

On the basis of the received results optimum
parameters of process of cinder leaching by
hydrochloric acid have been determined:

- hydrochloric acid consumption, S:L - 1:3;

- HCl concentration - 30 %;

- Leaching temperature - 60 °C;

- Extraction of aluminum in the solution - more
than 99.0%;

- silica yield (precipitate) - more than 25% of the
weight of the cinder;

- silica content in the sediment - more than

99.7%;

- extraction of silica in the sediment - more than
99,0%.

Material balance of enlarged-laboratory

leaching of sludge (1091.38 g) with hydrochloric acid
obtained under conditions of optimal process
parameters is shown in Table 3.

Table 3 — Material balance of the process of leaching pellet with hydrochloric acid under optimal conditions. S:L = 1:3;

T=602C; t=60min

Name g % Al SiO2 Ca Fe
Uploaded | Il 1 | I i I 1l i | Il 1]
Initial 1091.38 22.44 | 66.98 | 6.07 | 100.00 | 286.24 | 26.23 | 100.00 | 338.07 | 30.65 | 100.00 | 5.40 | 0.49 | 100.00
deposit

Hydrochloric | 3771.66 77.56

acid
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Total: 4863.04 | 100.00 | 66.98 100.00 | 286.24 100.00 | 338.07 100.00 | 5.40 100.00
Received
Precipitate 287.23 4.35 0.05 | 0.02 0.08 | 285.67 | 99.46 99.8 0.20 0.07 0.06 | 0.05 | 0.02 1.00
Solution 4575.81 95.65 | 66.93 | 1.46 99.92 0.57 0.01 0.2 | 337.87 7.38 99.94 | 534 | 0.12 99.00
Total: 4863.04 | 100.00 | 66.98 100.00 | 286.24 100.00 | 338.07 100.00 | 5.40 100.00
] HCI Mpoune
| 1] 1} | Il 1] I 1] 11}
144.99 13.29 100.00 249.70 22.64 8.64
1131.50 30.00 100.00 2640.16 70.00 91.36
144.99 100.00 1131.50 100.00 2889.86 100.00
1.25 0.43 0.04
144.99 3.17 100.00 1131.50 24.73 100.00 2888.61 63.13 99.96
373.22 100.00 1131.50 100.00 2889.86 100.00

| — quantity, g; Il — content, %; Il — distribution, %

The yield of silica in the form of precipitate was
~26% of the weight of the cinder in the charge. The
chemical composition of the pure silica obtained
was, % (wt.): 99,5 SiO,; 0,02 Al; 0,07 Ca; 0,02 Fe.

The composition of the obtained mother liquor,
g/l: 16.68 Al; 0.14 SiO,; 84.21 Ca; 1.33 Fe; 281.9 HCl;
0.004 Cu; 0.037 Zn; 0.001 Ni; 0.012 2REM; others.

High aluminum extraction into the solution was
achieved - 99.92 %.

Extraction of silica into solid commercial product
-99.8 %.

Conclusions

Based on the thermodynamic analysis of the
reactions of interaction between the components of
the cinder with hydrochloric acid, the behavior of
aluminum, iron and non-ferrous metal compounds
in the leaching process was studied.

As a result of experimental studies, regularities
of aluminum compounds dissolution during
hydrochloric acid leaching have been established
depending on time, temperature, and hydrochloric
acid consumption. Optimal parameters of leaching
process providing maximum aluminum recovery into
solution in a form of its chloride 99.92 % and high

silica recovery into solid commercial sediment - 99.8
% have been determined.

The mechanism of pre-burned ash leaching in
hydrochloric acid has been established. It is shown,
that the process speed is limited by anorthite
dissolution and leaching of ash by hydrochloric acid
proceeds stepwise in 3 stages in the temperature
interval: at temperatures 20-40 2C - in the kinetic
region (Ea = 83.4 kJ/mol, n = 0.57), at 40-60 2C - in
the intermediate region (Ea = 53.12 kJ/mol), at 60-
80 oC - in the diffusion region (Ea =32.34 kiJ/mol, n =
1).
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ANnpabliH ana KyuaipinreH Kyagi Ty3 KbiWKbI/IbIMEH LWWAliManay MexaHU3MiH 3epTrey

Docmyxamepos H.K., ongac6aii E.E., Japyew f.C., ApfbiH A.D., KypmaHceiitoB M.b

Camb6aes yHusepcumemi, Anmamel, Kasakcma
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TYWIHAEME

KypambiHAa antoMuHWi  Gap  WKKI3aTTbl eHAey YWiH Ty3 KblWKpIbIH - NaganaHy 6acka
KbILWKbINAIPMEH CanbICTbipFaHaa bipkaTap apTbIKLLUbIIbIKTapFa Ue, 01 apTbIKWbINbIKTapFa MbliHanapabl
aTKbi3yFa  6onafbl:  aNlOMMHUIA  KOCBINBICTAPbIHbIH,  epiTiHAire  aybicbin  blAblpayblHbIH,
KapanalribimapinbiFbl;  HCl-ga  KpemHesemHiH, epiriwTiriHif, - TemeH 60/ybl,  KbIWKbIAgbl  Ken
WbIFbIHAAMAM KaTTbl KangblKTbl TONbIK 6enin any MymKiHairi »aHe T.6. Mymbicta pecnybnuka
ayMafblHA@ Y/IKEH Kenemae KUHAKTaNfaH Kyn-KOX YWiHANepiH KailTa eHaey TaciniH KonaaHy
MYMKIHAiM  KapacTbipbiFaH. Kyn KOMMNOHEHTTepi MeH Ty3 KplWKbUIbIHBIH, ©3apa apekeTTecy
peakuMANapblH TEPMOAMHAMUKANBIK Tanaay HerisiHge waimanay KesiHae antoMUHUIA, TEMIP KaHe
TYCTi MeTangap KOCbUIbICTapbiHbIH, apeKeTTepi (Tapanybl) 3eptrengi. Kynai Kanbuuin xnopugimeH
angblH-ana Kyrnaipy apKblibl antoMUHUIAIH epiTiHaire ofapbl aspexege 6eniHyi KamTamachi3
eTineai. Taxipubenik 3epTTeynep HerisiHae epiTiHAire antoMuMHuingi 6enin any gsperkeciHe KblWKbIA
LIBbIFbIHbIHBIH, YaKbITTbIH, TemnepaTypaHbliH, acepi aHbikTanapl. LLaimanayabl KyprisyaiH, oHTannbl
pexumi KafganbiHaa T:H = 1:3, T = 60 2C, T = 60 MWUH. aNtoMUHUIAIH XN0pna TYpiHAe epiTiHaire 6eniHyi
99,92% Kypaabl. byn peTte Kocnanapabl epiTiHaire 6apbiHWa MakcMManapl aybiCTblpy HITUXKECIHAE
KpemHesemai KaTtTbl TyHbaFa 6enin any 99,8% 6ongpl. HymbicTa warmanay npoueciHii, mexaHu3mi
YCbIHbINAbI. BenceHaipy aHeprusacbiHbIH, MIHAEPI KaHe peakumAnapablH Kypaeni 3 caTblinbl CUNATbIH
KepceTeTiH peakuus TapTibi ecenTenai. AHOPTUT epireH Kesge LlWaliManaydblH, LWeKTi Ke3eHi
60naTbIHAbIFbI @HbIKTaNAbI.

TyWiH ce3pep: KyNiHAj, Waiimanay, Ty3 Kbl Kbl/bl, MPOLLECTiH, MEXaHU3MI, YaKbIT, Temnepatypa, 6enin
any, akTUBTEHAiPY SHEPTUACHI.

Aocmyxamedos HypnaH Kanuesuy

Asmopnap mypanel aKnapam:
T.F.K., npogpeccop, Satbayev University, 050013, Aamamesi, Camnaes kew. 22, KazakcmaH. ORCID ID:
0000-0002-1210-4363, E-mail: nurdos@bk.ru, n.dosmukhamedov@satbayev.university

}ondacbali Epycan EceHbaliynbl

JHokmopaHm, Satbayev University, 050013, Aamamel, Camnaes Kew. 22, KazakcmaH. ORCID ID: 0000-
0002-9925-4435, E-mail: zhte@mail.ru

Aapyew fanamam CyamaHbeKynol

JokmopaHm, Satbayev University, 050013, Aamamei, Camnaes Kew. 22, KazakcmaH. ORCID ID: 0000-
0001-6739-1569, E-mail: gdaruesh@mail.ru

ApfbiH Alidap 860inmanikynbl

JokmopaHm, Satbayev University, 050013, Anmamei, Camnaes Kew. 22, KazakcmaH. ORCID ID: 0000-
0001-5001-4687, E-mail: aidarargyn@gmail.com

Kypmarceiimoe Mypam BaybipyaHynel

PhD, ara folneimu Kbiamemeep, Satbayev University, 050013, Anmamel, Camnaes Kew. 22, KazaKkcmaH.
ORCID ID: 0000-0001-5008-2866, E-mail: murat.kmb@mail.ru

UccnepoBaHMe mexaHU3Mma BbilleslauMBaHUA NpeaBapUTeNbHO
060XX>KeHHOM 30/1bl CONAHOU KUCNOTOM

Docmyxamepgos H.K., longac6aii E.E., Qapyew I'.C., AprbiH A.A., KypmaHceiitoB M.B.

Satbayev University, Almaty, Kazakhstan

Moctynuna: 17 masa 2021
PeueHsnpoBaHue: 03 ceHmabpsa 2021
MpuHATa B Neyatb: 22 okmAbpsa 2021

AHHOTALMUA

Ncnonb3oBaHWe CONAHOM KUCAOTbl ANA NepepaboTKM antOMUHUIA COLEPIKALLETO CbipbA WMEET pag,
NPenMyLLECTB MO CPABHEHUIO C APYITMMWU KMUCAOTaMM, K KOTOPbIM MOXHO OTHECTU: MPOCTOTY Pa3NoXKeHMUs
COeAUHEHUI aNtOMUHUA C NepeBoAOM a/IlOMUHUA B PACTBOP; HU3KYIO PacTBOPUMOCTb KpemHesema B HCl,
BO3MOXHOCTb NOJIHOrO OTAe/IeHWA TBEPAOro OCTaTKa 6e3 cyLLecTBEHHbIX NOTEPb KMCAOTLI U Ap. B paboTe
paccMoTpeHa BO3MOXHOCTb MpUMeHeHua cnocoba Ana nepepaboTKM  30/10WWNAKOBbIX OTBasOB,
HaKOMJIEHHbIX B 6O/bWNX 06beMax Ha Tepputopum pecnybavkn. Ha ocHOBaHWM TEPMOLUHAMMUYECKOTO
aHa/M3a peakunii B3aMMoAenCcTBMA MeX 4y KOMMOHEHTaMM 30/1bl C CONAHOM KMCNOTOM U3yYeHO noBeaeHne
COEAMHEHUIN aNlOMUHUA, Kenesa W LBETHbIX MeTajNoB Mpu  BbillenayMBaHuM. [lOKasaHo, 4To
npeagapuTenbHblit 06XKUM 30/1bl C XNOPUAOM KanbLua obecneynsaeT BbICOKOE U3BNEYEHWE aIOMUHUA B
pacTBop 13 orapka. Ha 0CHOBaHWM 3KCNEePUMEHTa/IbHbIX UCCIeA0BaHUI YCTAHOB/IEHO BAUAHUE BPEMEHU,
TEMMepaTypbl M pacxoda KUCAOTbl Ha CTeMeHb W3B/AEYEHWA aNIOMUHMA B pactBop. B ycnosuax
ONTUMAJIbHOTO pPeXKMMA BeAeHuUA Bblwenaunsanma T:X K =1:3, T =60 2C, Tt = 60 MUH. U3BN€YEHNE AIIOMUHNA
B pacTBoOp B BMUAE Xx1opuaa coctasuno 99,92 %. MNpu aTom n3BneveHMe KpeMHesema B TBEPAbIA 0CafoK 3a
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CYeT MaKCMMaibHOTo NepeBoaa Npumeceit B pactBop coctasuno 99,8 %. MpeanoxeH mexaHn3m npouecca
BbllenaunBaHmA. PaccumtaHbl 3HAUYEHWA IHEPrUM aKTUBALMW WM MOPAAOK PEeaKLMW, yKasbiBalowme Ha
CNOXKHBIW 3-X CTYNeHYaTblil XapaKTep NPOTeKaHUA peaKLuuit. YCTaHOBIEHO, YTO IMMUTUPYIOLLEN CTaauneit
npw BblLLENAYMBAHUN ABNAETCA PACTBOPEHNE aHOPTUTA.

KnioueBble cnoBa: orapok, BbIleNauynBaHUE, CONAHAA KWUCNOTA, MeXaHU3M npouecca, Bpems,
Temneparypa, U3BJeYeHne, SHePra akTUBaLMK.
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ABSTRACT

The Basic Oxygen Furnace steel making process produces BOF slag (LD slag) at a rate of about 125 kg/t. The
LD slag contains about 18% Fe in wustite and dicalcium ferrite and about 45% CaO. These minerals are an
excellent source of alternative flux material for the steel industry. Through slag modification and in-depth
characterization studies, investigations were carried out to develop a material that could be utilized as an
alternative flux material. Detailed characterization studies were conducted using SEM-EPMA and XRD to
identify the changes in the crystal structure, phase distribution, grain size and liberation size of minerals. The
grain size of phases was found to be between 10-150 pm for normally cooled slag and 20-250 um for slowly
cooled slag. It was also shown that slow cooling promotes the formation of an additional phase which is
essentially the dicalcium silicate phase (C.S) with some amounts of FeO and MgO in the crystal lattice. Overall,
it was observed that about 50% of the LD slag could be recovered as alternative flux material containing
approximately 30% CaO and 30% Fe content. This alternative flux material is an excellent source of material
for use in steel industries because of its low melting slag formation.

Keywords: LD slag, characterization, hybrid flux, cooling rate, microstructure.
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Introduction

The ferrous metallurgical slag mostly consists of
granulated BF slag and Steel slag cooled in the air,
known as Linz Donawitz (LD) or Basic Oxygen
Furnace (BOF) Slag. The distribution of BF slag and
Steel slag is about 58% and 42% respectively. The
specific rate of generation of LD slag from steel
making process is about 125 kg/ton [1-4].

The LD slag tapped out of the converter may
sometimes contain up to 25% metallic iron, which
needs to be recovered to minimize metal losses [5].
The non-magnetic LD slag has useful mineral phases
like dicalcium silicate (CS), tricalcium silicate (CsS),
dicalcium alumino ferrite, magnesio-wustite and
some amount of free lime [5]. It has also been
reported that LD slag may contain some amount of
periclase, Mn cordierite and glass content [6].

The non-metallic LD slag has a basicity of greater
than 3 in view of higher CaO content which goes as
high as 50% in some cases. The CaO is present in the
form of dicalcium and tricalcium silicate and free
lime. Since free lime tends to stabilize in the
presence of water, it gets converted to portlandite
Ca(OH); which ultimately results in volumetric
instability and expansion of the slag or any structure
made out of the non-metallic slag [7]. The expansion
is associated with the cracking of the structures over
some time. The expansion is also caused due to the
presence of free MgO (periclase) which is the cause
of delayed expansion and cracking [8-9].

Many literatures report that using LD slag as a
flux material improves the iron ore sintering
efficiency, and this is because of the east melt
formation during the sintering process. In addition,
the iron oxide present in non-metallic LD slag also
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adds to the iron burden, thereby reducing the
specific consumption of iron ore [10-11]. The
constraint, however, is because of the high
phosphorus content of LD slag which restricts its
usage in iron ore sintering [12].

Extensive research has been done over the last
40 years on stabilizing LD slag to make it suitable for
civil engineering applications. Research has also
been done in recycling and reuses applications
within the steel industry [13-16].

It is reported that the use of non-metallic LD slag
in Bhilai Steel Plant, India, was discontinued due to
the higher content of Phosphor and Sulphur [17].
The phosphorus removal from LD slag is a much-
researched topic and, several studies have been
carried out on this subject [18-23].

The bulk utilization of LD slag through CO,
sequestration has also been attempted and it is
reported that about 6-11% of the CO, generated
from LD converter can be sequestrated using LD slag
[24].

The research work available so far suggests that
not much research has been done on the recovery
of hybrid flux material, which contains both lime and
iron oxide. Therefore, this research work focuses on
the objective to develop enablers for synthesizing a
material that is a hybrid material containing lime and
iron oxide and has excellent slag met properties
when used in the iron making process.

The research work presented in this paper is
attempts to develop enablers through preliminary
modification and characterization studies of
modified slag.

The modification of crystal structure promotes
grain growth and segregation of elements in various,
thereby providing an opportunity to separate iron
and calcium ferrite-based phases as hybrid
materials. The detailed characterization studies
were carried out to reveal the grain size, crystal
structure, elemental distribution in various phases
and the degree of liberation. The studies were
conducted for two different cooling. The standard
industrial practice of cooling in 3 hours and an
extended period of 6 hours were chosen for
revealing the changes in the above characteristics.

Materials and Methods

LD Slag. The LD slag used for various
experiments was obtained from Tata Steel Ltd
(Jamshedpur, India). As explained in the preceding
section, the slag treatment process at Tata Steel Ltd,
Jamshedpur, consists of crushing the material up to

6mm, followed by metal recovery. The non-metallic
slag generated after the recovery of metallic iron
was taken for conducting the experiments since this
is a significant area of concern. The non-metallic slag
size 0-6mm comprises substantial chunk of the total
slag volume generated during steel making in LD
converters.

Characterization. The chemistry of LD slag non-
metallic rejects taken for research studies was
performed Using-Inductively coupled plasma
spectroscopy (ICP-MS). Figure 1 presented below
shows the total composition of LD slag

The as-received LD slag was subjected to particle
size distribution to understand the distribution of
various oxide phases in different size classes. Table
1 presents the data obtained on particle size
distribution that was carried out using sieve analysis.

The particle size distribution data suggests that
the distribution of iron oxide is relatively more in
coarser fractions than the finer fractions. This
indicates that the relative size of wustite grains is
more than the CS and C3S grains. The weight
retained on various sieves from coarse to fine size is
presented in Table 1. The d50 particle size of the slag
is about 1.1mm.

The particle size distribution also suggests that
hydrated phases are more in the more acceptable
size classes, which is evident from the higher loss on
ignition content (LOI). The coarser size classes show
relatively lower LOI% while the same is as high as
16% for the finest size class of -0.075mm. Therefore,
it can be concluded from this that the free lime and
MgO content disintegrate during crushing and
reports to the acceptable size class where it
hydrated in the presence of water when the slag is
cooled.

As discussed earlier, a grade wise distribution of
Fe suggests that the particles that the coarser
particles are rich in iron content while the finer
particles are lower in iron content. The grindability
of the iron-rich wustite and ferrite is a possible
reason behind the preferential segregation of iron
grains. The rationale put here for the difference in
the grade of coarse and fine particles also agrees
with few research works conducted on studying the
of grindability of steel slag. The work done by Wang
et al. [25] also found similar results when studying
the cementitious property of steel slag powder
based on their size. In this study, XRD studies were
conducted with fine and coarse fractions of steel
slag, and it was observed that coarse particles
contained more of RO phase and wustite phase
while the finer fractions contained more CsS and CS.
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LD slag 0-6mm Chemical Composition
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Figure 1 - Chemistry of as-received LD slag

Table 1 - Sieve analysis of as-received LD slag

Size(mm) Wt% | Fe(T)% | FeO% | Si0:% | Ca0% | ALO:% | Mg0% | P% | LOI%
-10+6 13.8 17.88 18.06 | 14.96 | 4545 2.54 4.75 1.34 4.5
6+3 18.6 20.92 20.64 | 14.03 | 4457 3.38 4.54 1.34 3.8
3+1 22.2 21.01 20.64 15.3 43.62 2.79 4.06 1.36 4.1
-1+0.5 4.9 20.53 2649 | 1595 | 40.84 2.73 5.12 1.36 43

-0.5+0.25 25.1 16.67 12.77 15.4 43.9 2.48 5.55 1.42 8.9

-0.25+0.15 4.1 14.52 12.9 1504 | 43.25 2.11 6.39 148 | 111

-015+0.1 33 15.43 11.87 | 1415 | 44.15 2.28 5.22 16 136

-0.1+0.075 33 15.44 1032 | 13.67 43.2 2.66 5.2 162 | 146
-0.075 4.7 11.94 7.22 13.87 | 43.56 3.38 6.01 165 | 17.4
Total 100 18.38 1701 | 1490 | 43.96 2.76 4.93 140 | 6.88

Modification of LD slag through controlled
cooling rate. The LD slag was modified in two ways:

1. Re-melting and cooling in the crucible for 3
hours followed by cooling in the atmosphere

2. Re-melting and cooling in the crucible for 6
hours followed by cooling in the atmosphere.

The re-melting of the solid slag was carried out
in a graphite crucible in a furnace capable of

achieving a temperature of 1800°C. The solid slag
sample was melted by heating at a rate of 6-8
°C/minute. The slag sample was melted entirely over
5 hours.

After melting the slag sample, the same was
allowed to cool as per the cooling pattern
mentioned above. The graph depicting the cooling
rate of the melted slag samples is shown in Figure 2.
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The slag cooled over 3 hours was named as
typically cooled slag and the slag cooled over 6 hours
was called as slowly cooled slag.

Coolng raie of Standand and Slow Covled shag

Figure 2 - Cooling rate of LD slag for 3 hours and 6 hours
of the cooling period

Results and Discussion

Elemental Mapping of Normal Cooled Slag. The
LD slag was characterized using SEM-EDS and the
preliminary images and the mapping of various
elements as shown in Figure 3. Table 2 presented
below gives the pointwise mapping of various
elements. The SEM image distinguishes various
phases in terms of different shades of black, white
and grey colour.

Figure 3 - SEM image of as-received LD slag showing
different phases marked with numbers

Odd metal droplets are also seen in the SEM
image, which is very fine in size, which suggests that
these metal droplets are entrapped in the slag
matrix. The EDS elemental mapping shows darker
black phases, which are calcium silicate phases
having lower atomic mass. The metal oxide phases
containing FeOx, MgOx and MnOx are identified as
lighter phases. The magnification of the microscope

clearly distinguishes various phases and it can be
seen that the size of the crystal of various phases is
of the order of only a few um.

Figure 4 presented below shows the XRD image
of the as-received LD slag. The XRD analysis to
identify the phases confirmed the findings of SEM
analysis. The primary phases present include
dicalcium silicate, tricalcium silicate, wustite,
calcium ferrite and magnesio ferrite phase. The
presence of these phases was also confirmed from
the XRD analysis.

The SEM elemental mapping image and the
composition suggest that the light phase combines
calcium ferrite and the RO phase. The SEM
elemental mapping shows the composition of
various phases, and it is observed from the data that
the dicalcium silicate phase also contains about 4-
6% P,0s. Similarly, the tricalcium silicate phase also
includes P,Os but is considerably lower than the
dicalcium silicate phase. The elemental mapping
results suggest about 2% presence of P,Os in the C3S
phase. Further, when looking at the data of light
phases such as magnesio ferrite and calcium ferrite,
it is observed that the proportion of phosphorus
distribution is much lower in these phases and only
about 0.3% P,0s maximum is observed in these
phases. The elemental mapping data also suggests
that the calcium ferrite phase contains a
considerable amount of Al,Os, which goes up to 6%
in most cases. The C3S phase containing a higher
amount of phosphorus more significant is unstable
beyond 2% is P,0s and dissociates into C,S and CaO.
Thus it is seen that CsS includes only up to 2% P,0s.
This theory has also been supported in few
published literature works [26].

.
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Figure 4 - X-ray diffraction image of as-received LD slag

The phase quantification was done using image
scanning software, and the same was corroborated
with the results of chemical analysis and XRD
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Table 2 - Elemental mapping of various phases corresponding to Figure 3

Mineral 1 2 3 4 5 6 7 8 9 10
Sio, 24.78 0.00 0.02 0.55 1.30 0.00 0.00 28.32 27.64 21.70
ALO, 0.98 0.01 0.02 6.25 6.30 0.02 0.01 0.12 1.25 0.70
MgOo 0.17 14.29 12.18 0.98 0.83 0.46 0.49 0.00 0.02 0.04
Na,0 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.00
Tio, 0.82 0.00 0.07 7.90 8.69 0.00 0.01 0.32 0.37 0.29
Ca0 63.51 9.24 10.48 48.93 49.18 58.82 58.89 65.81 65.66 72.02
K,0 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
FeO 4.20 74.59 75.23 35.11 33.21 39.91 39.78 0.84 0.83 3.21
MnO 0.05 1.86 1.99 0.05 0.19 0.78 0.79 0.00 0.03 0.22
PO, 531 0.00 0.01 0.21 0.29 0.01 0.00 4,57 4.18 1.55
Phase Ca-Si-0 Fe-Mg-O Fe-Mg-O Ca-Fe-Al-O Ca-Fe-Al-O Fe-Ca-O Fe-CaO Ca-Si-0 Ca-Si-0 Ca-Si-0

Table 3 - Quantification of various phases in Normal
Cooled LD slag

Phase quantification from XRD corroborated from
Dicalcium Silicate (2Ca0.Si0z) 35.0%
Tricalcium Silicate (3Ca0.Si02) 17.2%
Magnesio Wustite (Feo.7Mgo.3)O 20.1%
Dicalcium ferrate (CazFe20s) 14.5%
Dicalcium Alumino ferrate(Caz(Al1.3Feo.7)Os) 7.1%
Lime (CaO) 6.1%

studies. Table 3 presented below shows the
guantification of various phases that are present in
normally cooled LD slag.

The mineral modal analysis was carried out
using SEM to understand the grain size of various
phases and evaluate a separation size of phases
based on their liberation size, which depends on the
presence of various phases in different size classes.
The images of SEM taken for the steel slag sample
subjected to modal analysis is shown in Figure 5,
along with the elemental mapping of the sample.

The elemental mapping shows the
concentration of the element in different grains
present, and it also shows the relative grain size of
different phases. Figure 6 shown above was
captured for estimating the liberation size of various

phases. The grains were compared on a relative
scale of 200 um, as shown in Figure 6. Based on the
available results, it is seen that the grain size of iron-
bearing crystals range from 25-150 um, with most of
the crystals being in the coarser range. Similarly, the
image taken for mapping of calcium phase shows a
crystal size of such phases in the range of 50-300 pum.

Figure 5 - SEM image of as-received LD slag for
modal analysis

Comparative results on grain size, crystal
structure and phases of Slow and Normal Cooled
Slag. Figure 7, shown below, is the SEM image of the
LD slag cooled under a slow cooling rate in the
furnace.
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Figure 6 - Elemental mapping and liberation size analysis
of as-received LD slag

It is seen from the image and Table 4 that the
point 1 and 2 which was determined to contain
100% metallic Fe is much larger compared to the
metallic Fe that was present in the LD slag that was
cooled under standard cooling rate. It is also seen
that the phases dicalcium ferrite and the calcium
alumino ferrite are much larger compared to the
same under standard cooling rates. Similarly, the
grain size of the dicalcium silicate phase is large. The
significant difference, however, was the presence of
two more phases which were identified through
elemental mapping. These phases are primarily the
dicalcium silicate phases which have formed a solid
solution with iron and magnesium. This data
suggests that the slower cooling rates promote the

Table 4 - Elemental mapping corresponding to Figure 7

crystallization of new phases, and, the grain growth
of the phases is also seen under slower cooling rates.

Figure 7 - SEM image of slowly cooled slag

The additional phase of Ca-Si-Fe-Mg-O contains
almost the same distribution of iron as seen in the
calcium ferrite phase. The composition of this new
phase shows about 35% FeO. The slowly cooled slag
shows a higher distribution of iron content in this
phase and is about 41% compared to 35% in
standard cooled slag. The formation of this new
phase opens the possibility of recovering iron values
simultaneously with calcium minerals as a hybrid
flux material.

The SEM image of the two types of slags was
taken for capturing the data on liberation size and
the grain size of individual phases. The images as
shown below in Figures 8 and 9 indicate that the
grain size of separate phases under a slow cooling
rate is relatively more than that under standard
cooling conditions.

Mineral 1 2 3 5 7 8 9 11 12
SiO: 0.03 0.06 18.19 8.56 1.77 2.00 21.01 24.35 21.36 19.16
Al0s 0.00 0.03 0.91 0.02 4.50 4.24 0.7 1.95 1.06 0.51
MgOo 0.01 0.00 3.96 0.32 0.48 0.44 0.08 0.15 0.15 3.07
Na:0 0.02 0.00 0 0.03 0.00 0.00 0.00 0.00 0.00 0
TiO: 0.01 0.03 0.39 0.09 9.47 8.37 0.35 0.45 1.94 0.42
Cao 0.00 0.00 40.08 21.46 41.49 43.11 71.21 65.97 64.38 43.65
K20 0.00 0.00 0.03 0.00 0.01 0.00 0.01 0.04 0.06 0.02
FeO 99.89 | 99.88 34.50 68.24 41.57 41.35 243 2.07 3.07 32.12
MnO 0.02 0.00 0.31 1.26 0.08 0.10 0.26 0.05 0.03 0.16
P20s 0.01 0.00 0.76 0.04 0.63 0.49 1.98 4.97 7.92 0.88
Name Fe Fe Ca-Si-Mg-Fe-O Ca-Fe-Si-O Ca-Fe-Al-O Ca-Fe-Al-O | Ca-Si-O | Ca-Si-O | Ca-Si-O Fe-Mg-Ca-Si-O

86 ——
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Figure 9 - SEM image of normally cooled slag

The Table 5 shows the data pertaining to the
grain sizes of various phases for slags cooled under
normal and slow cooling rates.

Table 5 - Grain size of crystals in slow and normal cooled
slag

Standard Slow
cooling rate cooling
Phase rate
(3 hours)
(6 hours)
Grain Size (um)
Dark-coloured C,S
10-150 50-150
and CsS phase
Light-coloured Iron
: 10-100 20-150
bearing phase

Table 5 shows the data obtained with SEM-EDS
and corroborated with XRD studies. The results
suggest that the slowly cooled slag contains an
additional phase of dicalcium silicate with a high
amount of Fe and Mg content, and the total content
of this phase is about 6.2%.

The XRD image presented in Figure 10 below
suggests that a new phase containing dicalcium
silicate primarily with iron and magnesium oxide
emerges when the slag is cooled slowly. It is also
seen that the C3S phase in slowly cooled slag is
comparatively lower than standard cooled slag.

Further, the peak intensity in the case of slowly
cooled slag also indicates the changes in
concentration of individual phases. Higher peak
intensity for many phases in slowly cooled slag
implies that the mineral phases become richer in
grade with the significant mineral. Further, the XRD
results of a new phase are also corroborated by the
SEM elemental mapping, which shows a new phase
containing Fe-Mg-Ca-Si-O elements.
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Figure 10 - XRD image of slowly cooled slag showing a
new phase

The phase-wise distribution of various phases as
calculated from SEM and XRD data is presented in
Table 6 below.

It is seen from the results that the individual
phases like dicalcium ferrite, tricalcium ferrite and
calcium ferrite have all reduced by a smaller
proportion and a new phase composed of Fe-Mg-Ca-
Si-O has emerged, which is about 6.1% in total.

Therefore, as confirmed by the characterization
studies, the basis for separating iron-rich minerals
from the slag should be to slowly cool the slag
slowly, thereby allowing maximum time for
crystallization and growth of phases. The cooling
rate is an essential parameter in grain size control
[27-28]. A slower cooling rate helps migrate more
calcium minerals to the iron-bearing phase of
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calcium ferrite and more iron in the calcium
bearing phase Ca-Si-Fe-Mg-O.

Tables 7 and 8 presented below show various
phases’ distribution in LD slag cooled under standard
and slow cooling rates.

The mineral liberation analysis of normal and
slow cooled slag is shown in Figures 11 and 12.

The graph indicates that the liberation of the C,S
and CsS phase from iron-bearing phase is much
better in the case of slowly cooled slag especially at
the coarser size (0.25-0.5mm). The degree of
liberation at this size for standard cooled slag is
about 50%, while the same value for slowly cooled
slag is about 75%. The liberation of these phases at
other size classes is marginally better for slowly
cooled slag. The degree of liberation is defined as
the number of particles in a size class that is at least
80% liberated from each other.

By the above explanation, it can be inferred that
in size range of -0.05mm, the grains with at least 80%
degree of liberation are presently more than 90% in
standard cooled slag. Similarly, for the case of 0.25-
0.50mm size range in standard cooled slag, the

grains with a degree of liberation greater than 80%
are present only 50%. This means that the grain size
in this size range has 50% non-liberated grains,
which have a degree of liberation of less than 80%.

Figures 13 and 14 below show the cumulative
weighted average liberation of 0-0.5mm LD slag for
normal cooled and slow cooling conditions.

The significant difference between the two
cases can be seen in the weighted average liberation
of 0.5-0.25mm size class. The standard cooled slag
shows only about 18% liberation, while the slowly
cooled slag indicates approximately 27% liberation.
The cumulative liberation of slowly cooled slag,
80.9%, is mostly the result of higher liberation in 0.5-
0.25mm fraction, and almost 80% of this difference
is coming from this size class. The size class 0.25-
0.10mm contributes about 1% to the difference in
cumulative liberation. The data indicates that the
slowly cooled slag can be efficiently separated at the
same grind size compared to standard cooled slag.
The difference in liberation by 10% will improve the
yield and the grade of concentrate.

Table 6 - Phase quantification of Slow Cooled and Standard Cooled slag

Phase quantification from XRD corroborated from Chemical analysis Wt%
Slow
Normal
Phase Cooled Cooled

Dicalcium Silicate (2Ca0.SiOz) with Phosphate phase 35.0 32.7
Tricalcium Silicate (3Ca0.Si02) with Phosphate phase 17.2 16.5
Magnesio Wustite (Feo.7Mgo.3)O 20.1 18.5
Dicalcium ferrate (CazFe20s) 14.5 13.4
Dicalcium Alumino ferrate(Caz(Al1.3Feo.7)Os) 7.1 6.6
Lime (Ca0) 6.1 6.1
Dicalcium silicate with Fe-Mg Nil 6.2

Table 7 - Distribution of various phases as a function of size class in normally cooled slag

Size Wt%
fraction(mm) C,S &CsS Mg-Fe-O Ca-Fe-O Ca-Fe-Al-0
0.25-0.5 58 24 10 8
0.10-0.25 62 21 11 6
0.05-0.10 65 15 14 6
-0.05 67 14 12 7
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Table 8 - Distribution of various phases as a function of size class in slowly cooled slag

Wit%
Size fraction ’
(mm) .
C,S &CsS Mg-Fe-O Ca-Fe-O Ca-Fe-Al-O Ca-Si-Fe-Mg-O

0.25-0.5 58 20 10 6 6
0.10-0.25 59 19 11 5 6
0.05-0.10 61 18 11 4 6
-0.05 62 17 12 4 5

Mineral Liberation analysis of Normal ooled LD Slag (0. Smm)
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Figure 11 - Mineral liberation analysis of normally cooled slag at 0.5mm grind size
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Figure 12 - Degree of liberation of slowly cooled slag at 0.5mm
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Figure 13 - Cumulative degree of liberation of normally cooled slag at 0.5mm size
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Slow Cooled Slag - Degree of Liberation (-0.5mm)
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Figure 14 - Cumulative degree of liberation of slowly cooled slag at 0.5mm size

Conclusions

The present research work focused on
developing enablers and characterization of
material to develop a hybrid material containing
both lime and iron oxide. The hybrid material is an
excellent source of material for the iron and steel
industry since it helps in easy melt formation during
the process.

A research gap exists in the area of slag
modification through control on cooling rate. In this
process, any segregation in the elemental
distribution of phases would result in the
concentration of elements. Based on the
characterization and detailed experimental studies
and analysis of results, the following conclusions are
drawn.

1. The as-received LD slag (also referred to as
Normally cooled slag), which is cooled in 3 hours in
industrial practice is different from the slowly cooled
slag in respect to its crystal size and mineral
liberation. The grain size of various grains in
normally cooled slag was between 10-150 pum while
the same for slowly cooled slag was 20-250 pum
indicating that the slow cooling has resulted in grain
growth and better liberation.

2. The liberation analysis indicated that at
0.5mm grind size the cumulative liberation of
normally cooled slag was 69.2%, while 80.9%, for
slowly cooled slag.

3. It was also shown that slow cooling
promotes the formation of an additional phase
which is essentially the dicalcium silicate phase (C5S),
with some amounts of FeO and MgO in the crystal
lattice. This additional phase constituted about 6.2%
in slowly cooled slag.

4. The results also confirm that with slow
cooling, there is an increased concentration of
phosphorus phase in calcium silicate phase C,;S and
CsS. The phosphorus concentration was up to 8% in
slowly cooled slag against 5% in normally cooled
slag.
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FMbpuAaTi KoXKaamanbiK matepuanabl any ywiH J1I4-KoXAblH,

MUKPOKYPbIIbIMbIH moauduKaumuanay

L3Aunun M., 12Pagengpa K.P.

FbinbIMu -UHHOBAYUANMBIK 3epmmeyep akademuscsl, [azuabad, YHOicmaH

2CSIR-¥Yammelk memannypaus 3epmxaHacel, xamweodnyp, YHOicmaH
33epmmey xaHe aszipney 6enimi, Tata Steel Ltd, Axcamwednyp, YHOicmaH

Makana kengi: 03 mamei3 2021
CapantamagaH eTTi: 26 KbipKyliek 2021
KabbingaHabl: 26 KazaH 2021

TYWIHAEME

Bonat eHaipy npoueciHae oTTeri newiHAe WhiFbiMbl WamameH 125 Kr / T 60n1aTblH KOHBEPTEPAIK KOXK
(N4- koxk) Tysineai. 14-KOXK KypambIHAAFbI BIOCTUT NeH eKi Kanbumiini depputre wamameH 18% Fe
KoHe WwamameH 45% CaO 6ap. byn muHepangap 6onat eHepKacibi ywiH 6anama KoKaamanapablH,
(dntocTepain) Tamawa Kesi 6onbin Tabbinagpl. Koxapl moavdukaumanay KaHe TepeH, 3epTreysiep
apkblabl Banama KoxAamanblk MaTepuan peTiHAe KongaHyFa 6onaTblH MaTepuangbl a3ipney
boibIHWa 3epTTeynep XKyprisingi. Kpuctann KypbiabiMbiHbIH, $asanbik TapanyapiH, TYMipLWiKTepaiH,
MenLWwepiHiH, e3repyiH aHbIKTay ywiH SEM-EPMA aHe XRD KemerimeH cunatramanapfa erkem-
Terxkenni 3epTrey XKyprisingi. Pasanapgarbl TYRipWwikTepAin, Meawepi KanbiNTbl CANKbIHAATBIIFAH KOX
ywiH 10 -HaH 150 MKM -re AeWliH aHe 6any caNKbIHAATbINATLIH KOX YLWiH 20 -AaH 250 MKM -re aeiH
60naTbIHAbIFbI aHbIKTaNAbl. Basy cankpiHAATy Kpuctangplk Topga FeO meH MgO-HbiH, benrini
menwepnepi 6ap eki Kanbumitni cunukat dasacbl 601biN TabblNaTbiH KocbiMla ¢asaHblH, nanaa
6onybiHa bikNan eTeTiHi ge KepceTingi. Mannol anfaHaa, J1-KOXbIHbIH, WamameH 50% -bl WamameH
30% CaO kaHe 30% Fe 6ap 6anama KoxAamanblK MaTepuan peTiHAe asblHybl MYMKIH eKeHAiri
anTbnaabl. byn 6anama Kokgama 6anky TemnepaTtypacbl TOMEH KO Ty3yiHe GainaHbicTbl 6onat
eHepKacibiHae KonaaHyFa apHaFaH Tamalla maTepuman Kesi 60/1bin Tabbliaabl.

Tyiiin ce3dep: J[-KoX, cunatTama, rMbpuAaTi KoKAama (GAKc), CankpiHAATY KblNAAMAbIFbI,
MUKPOKYPbINbIM.
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Moagudurkauma MUKpPOCTPYKTYpbI J1-winaka gna nonyyeHna rubpugHoro

dnrocosoro matepuana
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MNoctynuna: 03 ageycma 2021
PeueH3npoBaHue: 26 ceHmabpsa 2021

AHHOTALMUA

B npouecce Npou3BOACTBa CTaAu B KMCIOPOAHOM neun obpasyeTcs KOHBepTEpHbIW Wwnak (J14-wnak) c
pacxogom oKkono 125 kr/T. NIJ-wnak coaepskut okono 18% Fe B BIOCTUTE M ABYXKaNnbLMEBOM deppuUTe M
oKono 45% CaO. 3T MuHepanbl SABAAIOTCA OT/IMYHBIM WCTOYHMKOM anbTepHaTMBHbIX ¢tocoB ANA
CTanenuTeliHo NPOMbILWAEHHOCTU. MocpeacTBom moandUKaLMK WAaKa U yraybaeHHbIX UCCnesoBaHuUi,
6b1n1 NpoBeaeHbl 06cneaoBaHUA aNA Pa3paboTKM MaTepuana, KOTopbli MOXHO 6b110 6bl UCNO/Ib30BaTL B
KayecTBe anbTepHaTUBHOro ¢GtocoBoro matepuana. MoapobHble MCCnefoBaHUA XapaKTepuUCTUK Gblin
nposeAeHbl ¢ ucnonbsosaHem SEM-EPMA un XRD pna BbiABNEHUSA M3MEHEHUW B KPUCTANINYECKOMU
CTPYKTYpe, $a30BOM pacnpeneneHuu, pasmepe 3epeH. bbino obHapyxeHo, y4To pasmep 3epHa ¢as
coctasnsAeT ot 10 go 150 MKM Ans HOpMasibHO OX/1aXKAaeMoro Wwnaka v ot 20 go 250 MKm ans megneHHo




Complex Use of Mineral Resources. Volume 4, Issue 319, 2021 ISSN-L 2616-6445, ISSN 2224-5243

MpuHATa B NeyaTtb: 26 okmabpa 2021 OXNAaKAAEMOro LWNaka. TakkKe MNOKas3aHo, YTO MepJ/iIeHHOe OxnaxAeHwe cnocobcTsyeT 06pasoBaHUiO
[0NoAHUTENbHOW $asbl, KOTOpaa NO CyLEeCcTBY NpeacTaBafeT cobolt dasy AByXKaNbLMEBOro CUAMKaTa C
HeKoTopbiMU KonnvecTBamm FeO n MgO B KpucTannnyeckol peletke. B Lenom otmeyeHo, 4to okono 50%
NA-wnaka moxeT 6bITb M3BNEYEHO B KayecTBe asibTePHATMBHOTO $G/Il0COBOr0 MaTepuana, CoaepKallero
npumepHo 30% CaO u 30% Fe. 3TOT anbTepHaTMBHbIA GAOC M3-3a 06PA3OBAHMUA LWINAKOB C HWU3KOMN
TEMNepaTypoli NNaBNEHWUA ABNAETCA OT/IUYHBIM UCTOYHMKOM MaTepuana [ANA MUCNONb30BaHUA B
CTaNenuTenHOn NPOMbILNEHHOCTH.
Kniouesble cnosa: J1-lwnaK, XapaKTepucTuka, rubpuaHbli  GAOC, CKOPOCTb  OX/NaXAeHus,
MWKPOCTPYKTYpa.
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