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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics
to be accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and
the Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of geology and technical sciences in the
Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of geology and engineering sciences to our community.

Kaszaxcman Pecnyonuxacer ¥immoix evlivim akademusicol « KP ¥F'A Xabapnapuol. 'eonozus scane
MEXHUKATILIK bLILIMOAP Cepusichbly &bliblMu dcypHanvinvly Web of Science-miy orcayananzan
nycxacvl Emerging Sources Citation Index-me unoexcmenyee Kabvli0aH2anblH xXabapiatiowl.
Byn unoexcmeny 6apvicvinoa Clarivate Analytics komnanuscol sHcypHanowvl ooaw api the Science
Citation Index Expanded, the Social Sciences Citation Index occone the Arts & Humanities
Citation Index-xe Kabwi10ay macenecin Kapacmwipyoa. Webof Science 3epmmeywinep,
aemopnap, 6acnawsliap Men mekemenepee KOHmeHm mepeHoici Men canacvld ycviHaovl. KP
¥I'A Xabapnapul. I'eonocus sxcane mexHukaivlk ulavimoap cepuscel Emerging Sources Citation
Index-ke enyi 6i30iy K02aMOACMbIK YULiH eH 63eKmi Jcate Dedenoi 2eo0eusl HCaHe MEXHUKANbIK
EbLILIMOAP OOUBIHUA KOHMEHMKE A0aAN0bIEbIMbI30bL DI0Ipeo.

HAH PK coobwaem, umo nayunwiii scypran « Mzeecmusi HAH PK. Cepusi ceonoeuu u mexHu14eckux
HayK» ObL1 npuHsam 0151 unoexcuposarus 6 Emerging Sources Citation Index, o6noénennoti epcuu
Web of Science. CoOepacanue 8 5mom uHOEKCUPOBAHUU HAXOOUMCS 8 CIAOUU PACCMOMPEHUS
komnanueu Clarivate Analytics ona danvneuuezo npunamus sxcypuana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem kavecmgeo u 2enyoumy KoHmemwma O ucciedogameiel, asmopos,
uzoameneu u yupescoenuu. Bxnouenue Mzeecmus HAH PK. Cepus ceonocuu u mexHuieckux
Hayk 6 Emerging Sources Citation Index oemoncmpupyem Hauty npusepiceHHOCmb K Haubonee
AKMyanbHOMY U GIUAMENbHOMY KOHMEHmMY N0 2€0102UU U MEeXHUYeCKUM HAyKam OJisl Hauile2o
coobwecmaa.



Bbac pexakrop

KYPBIHOB Mypat KypbiHy/bl, XUMHs FBUIBIMIAAPBIHBIH JTOKTOpHL, mpodeccop, KP ¥FTA
akamemuri, Kazakcran PecmyOnmkacekl ¥YnTTeik FeutbiM akaneMusichiHBIH Tpe3uneHTi, AK «/1.B.
COKONBbCKHUI aThIHIAFBl OTBHIH, KaTAIN3 KOHE 3JICKTPOXUMMSI HHCTUTYTBIHBIHY 0ac AMPEKTOpPbI (AMarsl,
Kazakcran) H = 4

PenaxkunuaablK alKa:

ABCAJIBIKOB BbaxbiT Hapuk6aiiyiibl, TeXHHUKa FEUIBIMAAPBIHBIH JOKTOPHI, Tpodeccop, KP ¥FA
JKayanTsl XaTIIBICH], A.b. BeKTypoB aThIHAAFBI XUMHUSI FHUTBIMIAPBI MHCTUTYTH (AnmaThl, Kazakctan) H=
5

I9BCAMETOB Moauaic Kyabicyabl (6ac pegakTopnablH oOpbIHOAcaphl), Te€0JIOrHs-MHUHEpaTOrus
FBUIBIMIAPBIHBIH  JOKTOPBI, mnpodeccop, KP ¥FA akamemuri, «Y.M. AxmencaduHa aTbIHIAFbI
THIPOTEOJIOTHS KOHE F€OIKOJIOTHsI HHCTUTYTBIHBIR» TUpeKTophl (AnMatsl, Kazakcran) H = 2

KOJITAEB Tepoii Koaraiiyasl (0ac pemakTopablH OpbIHOAcapbl), TI'€OJIOTHs-MHUHEPAIOTHS
FBUIBIMIAPBIHBIH 1OKTOPHI, nipodeccop, K.M. CarnaeB ThIHOAFbl Te0JI0THs FHUIBIMAAPHl HHCTUTYTHIHBIH
nupekTopsl (Amvatel, Kazakcran) H=2

CHOY Ipumen, Ph.D, xayeiMuacteipbutFad nmpodeccop, Hebpacka yauBepeurteTiHiH Cy FBUTBIMIAPEI
3epTxaHachIiHbIH qupekTops! (Hebopacka mrarsr, AKII) H = 32

3EJIBTMAH Peiimap, Ph.D, Ttaburn tapux mypaxalbiHbIH JKep Typaisl FeUIBIMAAp OeiiMiHe
NETPOJIOTHSI KOHE Taijanbsl Kaz0amap KEeH OpbIHIApbl callaChIHIAFbl 3EepTTEYJIep/iH IKETeKIIici
(JIonnon, Aurnus) H =37

MMAH®WJIOB Muxani bopucoBu4, TeXHHKa FRUTBIMIAPBIHBIH JOKTOPBI, HaHCH yHUBEpCHTETIHIH
npodeccopsl (Haucu, ®pannus) H=15

HIEH ITun, Ph.D, KpiTali Te0I0rdsTbIK KOFAMBIHBIH Tay T€0JOTHSCH KOMUTETI JUPEKTOPBIHBIH OPBIH-
Oacapbsl, AMEpUKaH/IBIK YKOHOMHKAJBIK Te0JIorTap KaybIMIacTHIFBIHBIH MyTieci (Ilekun, Kprrait) H = 25

OUIHIEP Axcean, Ph.D, [Ipe3neH TeXHUKaIBIK YHUBEPCUTETIHIH KaybIMIACTHIPBUTFAH MPO(ECcCCopsI
(Apesnen, bepmun) H = 6

KOHTOPOBHUY Anekceii IMHIbEBHY, TEOJOTHA-MUHEPAJOTHA FHUIBIMIAPBIHBIH JIOKTOPHI,
npopeccop, PFA akagemuri, A.A. Tpodumyka aTbIHIAFbl MYHal-Ta3 TEOJIOTHSICHI KOHE Teopu3nKa
nHctuTyThl (HoBOoCcHOUpck, Peceit) H = 19

ATABEKOB Buaaaumup EHoxoBuY, XUMUS FEUIBIMAAPBIHBIH TOKTOPEI, benapycs ¥FA akanemuri,
JKana maTepuaniap XuMUsICbl HHCTUTYTHIHBIH KYpMeTTi nupextopsl (Munck, benapycs) H = 13

KATAJIMH Credan, Ph.D, [Ipe3nen TeXHUKANBIK yHUBEPCUTETIHIH KaybIMIAACTBHIPbUIFAaH
npodeccopst (pesnen, bepnun) H = 20

CEUTMYPATOBA Dieonopa IOcynmoBHa, TeoorHs-MHHEPATOTHs FHUIBIMAAPBIHBIH JIOKTOPEI,
npodeccop, KP ¥FA xoppecnonment-mymreci, K.M. CarmaeB arbiHmarsl |eoflorust FHUIBIMIAPHI
WHCTUTYTHI 3€pTXaHaCBIHBIH MeHrepytrici (Anmatsl, Kazakcran) H=11

CAFBIHTAEB Kanaii, Ph.D, kaysimaacteipsuiran npodeccop, Hazapoaes ynusepcureri (Hyp-
Cyiran, Kazakcran) H =11

®PATTUHMH ITaouio, Ph.D, bukokk Musian yHUBEPCUTETI KaybIMIACTHIPBUIFaH Mpodeccopbl
(Munan, Uramus) H =28

«KP ¥T'A Xa0apaapsl. ['eos10rus :x9He TEXHUKAJIBIK FhLIBIMIAP CEPUICHD).
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menmrikreymri: «Kazakcran PecrryOnukachlHBIH ¥ ATTHIK FRUTBIM akageMusickl»y PKB (Anmartsr K.).
Kazakcran PecmyOmukachiHBIH AKMapar >kKoHe KOFaMIIBIK JaMy MHHHCTPIITIHIH AKmapat
xomuretiaae 29.07.2020 x. 6epinren Ne KZ39VPY 00025420 mep3imMaik 6achUTBIM TipKeyiHe KOHBLUTY
Typaibl KyaJliK. TaKbIPBINTHIK OaFBITHI: 2€0.102Usl, MYHAU JHCIHe 2a30bl OHOeYOIH XUMUSLIbIK
MEXHOA02USLNAPBL, MYHAT XUMUACHL, MEMALOAPObL ALY HCIHE OAAPObIH KOCLIHObLIAPIHBIY MEXHONOUSLCDL.
Mep3iMaiTiri: )KbUTBIHA 6 PET.
Tupaxst: 300 gana.
Penaxmmsaeie Meker-xkaier: 050010, Anmvartsr K., [lleBuenko ker., 28, 219 6eir., Ten.: 272-13-19 http://
www.geolog-technical.kz/index.php/en/

© Kazakcran PecriyOnukachbiHbiH Y JITTHIK FBUTBIM aKajaeMuschl, 2023

TunorpadustHeIH MekeH-Kaitbl: «ApyHa» XK, Anvars! k., Mypar6aes kerr., 75.
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I'naBHBIM pexakTop
KYPUHOB Mypar KypuHoBu4, T0OKTOp XUMHYECKUX HaYyK, Ipodeccop, akagemuk HAH PK,
npe3naeHT HammonansHo# akagemun Hayk PecniyOonuku KasaxcraH, renepanbhelid aupekrop AO
«MHCTUTYT TOTUMBA, KaTanu3a u anekTpoxumuu uM. J[.B. Cokxonbckoro» (Anmatsl, Kazaxcran) H = 4
PenakuumoHHass KoOJJerHs:
ABCAJIBIKOB BaxwpiT Hapuk6aeBu4, TOKTOp TEXHHYECKHUX HaAyK, Mpodeccop, OTBETCTBEHHBIH
cexperapp HAH PK, Uncturyr xumudecknx nayk um. A.b. bekrypoBa (Anmarsl, Kazaxcran) H = §
ABCAMETOB Manuc KyabicoBud, (3aMECTUTEINb TJIABHOTO PEAAKTOPA), TOKTOP TCOJOTOMHUHE pa
JO-TUYECKUX Hayk, mpogeccop, akaaemuk HAH PK, npupekrop HWHCTUTyTa THAPOrE€ONOTHH H
reodkosioruu uM. Y.M. Axmencaduna (Anmatel, Kazaxcran) H =2
JKOJITAEB I'epoii KosaraeBu4, (3aMeCcTUTENb TVIABHOTO PEIAaKTOPa), TOKTOP T€OJIOTOMHHEPATIO-TH
YecKuX Hayk, mpodeccop, mupektop MuctuTyTa Teonormdeckux Hayk uMm. K.M. CarmaeBa (AmmaTsl,
Kazaxcran) H=2
CHOY [Ipumen, Ph.D, acconumpoBanHblii npodeccop, aupekrop Jlaboparopuu BOAHBIX HayK
yauBep-cutera Hebpacku (mrat HeOpacka, CLLIA) H = 32
3EJIBTMAH Peiimap, Ph.D, pykoBoauTenb ucciaeJoBaHU B 00JaCTH METPOJIOTUH U MECTOPOXKICHUN
TMOJIE3HBIX MCKomaeMbix B Otaene Hayk o 3emiie Myses ecrectBeHHor ucropuu (Jloumon, Anrnms) H =
37
IMAH®NJIOB Muxani BopucoBud, 10KTOp TEXHUIECKUX HAYK, Ipodeccop YauBepcurera Hancu
(Hancu, ®pannnsg) H=15
IIEH IMMun, Ph.D, 3amectutens paupekropa Komwmrtera mo ropHoii reonmorum Kwuraiickoro
T€0JIOTHYECKOTr0 00IECTBa, YIeH AMEPHKaHCKOHM acconuanny 3koHoMuueckux reosyioroB (Ileknn, Kurait)
H=25
OUIIEP Axcean, acconuupoBaHHbI Tpodeccop, Ph.D, TexHmuecknii ynmBepcuteT JlpesmeH
(Upe3nen, bepana) H=6
KOHTOPOBHUY Auiekceii DMHIbeBHY, JOKTOP I'€OJIOr0O-MHHEPAIOTHYECKUX HayK, mpodeccop,
akagemMuk PAH, Muctutyt HedterazoBoil reonmoruu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19
ATABEKOB Buaaaumup EnokoBHM4Y, 10KTOp XuMuyeckux Hayk, akagemuk HAH Bbenapycu,
MTOYETHBIN nupekTop MHCTUTYTa XUMUK HOBBIX MaTepraioB (Munck, benapycs) H = 13
KATAJIUH Credan, Ph.D, accommnpoBanusiii mpodeccop, Texunuecknit yauepcuteT (IpesneH,
bepnun) H =20
CEHUTMYPATOBA Daeonopa FOcynoBHa, 10KTOp Ieo0ro-MHHEpaIornieckux HayK, npodeccop,
uynen-koppecnonaeHT HAH PK, 3aBenyromas nabopatopun MuctuTyTa reojorndeckux Hayk um. K.
CarmaeBa (Anmatel, Kazaxcran) H=11
CATI'HHTAEB Kanaii, Ph.D, acconmmupoBanusiii mpodeccop, Hazapbaer yausepcurer (Hypceynran,
Kazaxcran) H= 11
®PATTUHMU IMaouo, Ph.D, accormnpoBanuslii mpodeccop, Munanckuii yauBepcureT BUKOKk
(Munan, Utanus) H = 28

«H3Bectuss HAH PK. Cepus reoioruu u TeXHHYeCKMX HAYK».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
CobcTBenHuk: Pecrybnukanckoe odmecTBeHHOe 00benuHenue «HarmonansHast akaaeMust HayK
Pecny6nuku Kazaxcran» (T. AJIMarsl).
CBHIETENBCTBO O MOCTAHOBKE HA y4eT MEpUOAMYECKOro neyarHoro m3nanus B Komutere mudopmannu
Munucrepctsa nHGopManuu u o01iecTBeHHOTo pa3BuTHs Pecryonmku Kazaxcran Ne KZ39VPY 00025420,
BeiganHoe 29.07.2020 r.
Temaruueckasi HaIpPaBIEHHOCTb: 2€0102Us, XUMUYECKUe MeXHONo2UY nepepabomku Hedpmu u 2asa,
Hegmexumus, mexHoN0SUY U3GeHEeHUSI MEMANN08 U UX COeOeHEeHU].
IlepuonngyHOCTE: 6 pa3 B rof.
Tupax: 300 3K3eMIIIIpOB.
Anpec penakiuu: 050010, . Anmarsl, yi. llleByenko, 28, od. 219, ten.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© HauwnonanpHas akagemusi Hayk PecryOnuku Kaszaxcran, 2023

Anpec tunorpaguu: UIT «Apynay», . Anmartsl, yin. MypaTOaeBa,
75. 4



Editorial chief
ZHURINOY Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president
of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4
Editorial board:

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of
NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H = 5§
ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and
mineralogical sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of
hydrogeology and hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEYV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences,
Nebraska University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth
sciences section of the museum of natural history (London, England) H = 37

PANFILOYV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor,
academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk,
Russia) H=19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary
director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H = 20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor,
corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named
after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H = 11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H =28
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© National Academy of Sciences of the Republic of Kazakhstan, 2023
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© V.M. Shevko!, A.M. Nurpeisova'’, D.K. Aitkylov%, A.A. Joldassov>, 2023
'M.Auezov South Kazakhstan university, Shymkent, Kazakhstan;
2National Center on Complex Processing of Mineral Raw Materials of the Republic of Kazakhstan, Almaty,
Kazakhstan;
3Satbayev University, Almaty, Kazakhstan.
E-mail: aigerim_nurpeis@mail.ru

THERMODYNAMIC PREDICTION AND EXPERIMENTAL PRODUCTION OF SILICON
ALLOYS FROM TAILINGS LEACHING OF OXIDIZED COPPER ORE ALMALY

Nurpeisova Aigerim Muratbaevna — Master of Technical Sciences, doctoral student of the departmentof Metallurgy of
M. Auezov University of South Kazakhstan. Shymkent, Kazakhstan

E-mail: aigerim_nurpeis@mail.ru, https://orcid.org/0000-0001-8494-7872;

Shevko Viktor Mikhailovich — Doctor of Technical Sciences. Professor. Head of the Department of Metallurgy of
M.Auezov South Kazakhstan University. Shymkent, Kazakhstan

E-mail: shevkovm@mail.ru, https://orcid.org/0000-0002-9814-6248;

Aitkulov Dosmurat Kyzylbievich — Doctor of Technical Sciences. Professor. Director of the National Research Center for
Integrated Processing of Mineral Raw Materials of the Republic of Kazakhstan, Almaty, Kazakhstan

E-mail: aitkulov_dk@mail.ru, https://orcid.org/0000-0003-2571-6710;

Joldassov Aidos Abdisalimovich — Master of technical science, Satbayev University, Almaty, Kazakhstan

E-mail: jaydos@mail.ru, https://orcid.org/0000-0002-4740-2352.

Abstract. The article presents the results of studies on the production of silicon-containing ferroalloys
from the tailings of sulfuric acid leaching of oxidized copper ore from the Almaly deposit. The studies were
carried out by the method of thermodynamic modeling using the HSC — 6.0 rototable second-order planning
complex (Box — Hunter plan) and electric charge melting in an arc single-electrode furnace. The influence of
temperature, carbon, and charge composition on the production of siliceous alloys was determined. It was
found that under equilibrium conditions from the tailings in the temperature range 1903—in the presence of 52—
66 % carbon and 24 % iron, it is possible to form ferrosillicoaluminium grade FeSi45A10 at 1753-1875°C and
34-66% carbon ferrosillium grade FeSi45, and in the temperature range 1796-1950°C, 3466 % carbon Fe-Si-
Al ligature containing 2,0-7,5 Al and 45,9—47,5 % Si. During electric melting of charges containing 52-54 %
tailings, 25-28 % coke and 20-21% steel chips of ferrosillium grade FeSi45 (41,3 % Siand 1,3 % Al) and
ferrosillicoaluminium grade FeSi45A10 (43,4 % Siand 7,4 % Al) with extractions to the alloy up to 79,8 %
Siand 50,8 % Al.

Keywords: oxidized copper ore, leaching tailings, thermodynamic prediction, electric melting,
ferrosilicon, ferrosilicoaluminium, Fe-Si-Al ligature

© B.M. llleko', A.M. Hypnencosa'*, JI.LK. Aiitkynos?, A.A. ’Koanacos®, 2023
'M. Oyesosarsinarsl OnTycTik Kasakcran yrusepcuteti, LlsiMkenT, Kazakcran;
’Kaszakcral Pecry0nIuKachIHBIH MUHEPAJIIBIK IIMKI3aTThl KEMIEH I KaliTa OHJIey KOHIH/IET] YITTBIK
optanbiFel, AnMmaThl, KazakcraH;
3Cor0aeB ynusepcuTeTi, AnMarsl, Kasaxcras.
E-mail: aigerim_nurpeis@mail.ru

AJIMAJIBI TOTBIKKAH MBIC KEHIH ITAVTMAJIAY KAJJBIKTAPBIHAH KPEMHUAJII
KOPBITHAJIAP/JbI TOKIPUBEJII AJTIY )KOHE TEPMO/JMHAMUKAJIBIK BOJIZKAY

HypneiicoBa Aiirepim MypaT6aeBHa — TexHKKa FhUIBIMAAPBIHBIH MarucTpi, M. Oye3oB atbiaarsl OHTycTik Kasakcran
YHUBepCUTETiHIH MeTtamnyprus xadeapacbiHbiH 1okTopanThl. [lIsiMkenT, KazakcTtan

E-mail: aigerim nurpeis@mail.ru, https://orcid.org/0000-0001-8494-7872;

IleBko BukTop MuxammoBuy — TexHUKa FRUIBIMAAPEIHBIH JOKTOPHI, Tpodeccop, OrTYCTiK KazakcTan yHHBepCHTETIHIH
Mertamnyprus kadenpacsHbIH MeHrepyirici. M. Oye3os. llIsMkenT, Kazakcran

E-mail: shevkovm@mail.ru, https://orcid.org/0000-0002-9814-6248;

AiitkyaoB Jocmypar KeizbuidaeBny — TexHHKa FRUIBIMAApPBIHBIH JOKTOpBI, npodeccop, Kazakcran PecmyOmukacs
MuHepanabIK IUKI3aTThl KEIIeH 1 KaiiTa eHAeyIiH YATTHIK 3€pTTeY OPTAIBIFBIHBIH JUPEKTOPhI, AMatel, Kasakcran
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E-mail: aitkulov_dk@mail.ru, https://orcid.org/0000-0003-2571-6710;
KoangacoB Aiinoc AdaucannmoBud — TexHuKa FhUIBIMIAPBIHBIH Maructpi. CotbaeB ynuBepcuteti, Anmatsl, Kasakcran
E-mail: jaydos@mail.ru, https://orcid.org/0000-0002-4740-2352.

AnHoTanus. Makanana AMalibl KeH OPHBIHBIH KYKIPT KBIITKBUIABI CUITICI3ACH I PY KaJIIBIKTaphIHAH
TOTBIKKAH MBIC KEHIH ally >KeHIHAET1 3epTTeynepain HoTmxkenepi kenripineai.3eprreynep HSC — 6,0 exinmri
peTTi poTOTabeINb I JKocTapiiay KemeHiH (00Ke — XaHTep KOCIAaphl) )KOHE TOFABI Oip 3JIEKTPOATHI MEIITET1
3apSATH JIEKTPMEH OaNKBITY apKbUIBI TEPMOAMHAMHKAIBIK MOIEIBACY OIICIMEH Kyprizunmi.Kpemunit
KOPBITIIAJIAPBIH allyFa TeMIepaTypaHblH, KOMIPTEKTiH, 3apsAAThIH KYPaMbIHBIH 9Cepi aHBIKTaIbL. Tene-TeHaik
xarpaiiiaga 1903-1950°C teMneparypa quana3zoHbIHIAFbl KalgbIKTapaan 52-66 % xemipreri sxone 24 %
Temip Gomran kesge ®C45A10 mapkansl deppocwukoamomuanii 1753-1875°C xone 34-66 % dC45
MapKajbl KeMipTeri (eppoCHUIMAiHIH maiaa 00dysl MYMKIH €KEHJIri, al Temreparypa aiMarbiga 1796-
1950°C, 34-66 % Fe-Si-Al xemipreri Kypamel Oap aurarypa 2.0-7.5 Al xone 45.9-47.5 % Si GonaTbiHbI
anbIKTanabl. Kypamerama 52—-54 % xangsikrap, 25-28 % kokc xoHe 20-21 % Oonat xankaimapst PC45 (41,3
% Si xone 1,3% Al) mapkansl peppocrmnunuii sxone @C45A10 (43,4 % Si xone 7,4 % Al) mapkansl
(heppOCHITHKOATIOMIHNN 0ap MNKIKYpaMabl 3JIEKTPMEH OaJIKbITY Ke3inae Kopbitnara 79,8 % Si xxone 50,8
% Al netiin Gemineni.

Tyiiin ce3aep: TOTHIKKaH KeH, TEPMOJWHAMUKAIBIK MOJICIJIEY, MEKTPIi OANKBITY, (GeppOCHUITUIINH,
(heppOoCHITNKOATIOMUHU I
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AHHoTauus. B ctatee npuBoasSTCA pe3yIbTaThl HCCIEIOBAHU 0 MOTYYESHUIO KPEMHHUICOAEpKaINX
(eppocTIaBoB 13 XBOCTOB CEPHOKUCIOTHOTO BBIILEIAYNBAHIS OKHCICHHOW MEIHOM PyIbl MECTOPOXKACHUS
Anmansl. MccneanoBanus NpoBOIMWINCh METOJOM TEPMOJMHAMUUECKOIO MOJICJIMPOBAHMUS C UCIIOJIb30BAaHUEM
kommiekca HSC — 6,0 potoToTabGenpHOr0 miaHWpoOBaHMs BTOpOTo mopsiaka (mwiaH bokca — Xantepa) u
SJIEKTPOIUIAaBKOW IIMXTa B AYTOBOM OJHOAJIEKTpOAHOW meun. Omnpenensioch BIMSHUE TeMIepaTaTyphl,
yriepoja, cocTaBa ILIMXTbl Ha IIOJIy4Y€HHE KPEMHHUCTHIX CIUIABOB. BbIJIO HaWIEHO, YTO B PaBHOBECHBIX
YCIIOBHSAX M3 XBOCTOB B TeMIeparypHoM uaTepsane 1903-1950°C B npucyrcteuu 5266 % yraepona u 24 %
JKele3a BO3MOKHO o0pasoBanue peppocuumukoamomunms mapku ®C45A10 npu 1753-1875°C u 34-66 %
yriaepoaa peppocummnmii mapku ®C45, a B remnepatyprom o6mactu 1796-1950°C, 34-66 % yrnepona Fe-
Si—Al nurarypa ¢ conepxanuem 2,0-7,5 Al u 45,9-47.5 % Si. [Ipu snekTporiaBke MUXT, COAEpKaInX 52—
54 % xBocTOB, 25-28 % Kokca u 20-21 % cTanbpHOH CTpyKKH, onydeH ¢peppocmunuuii Mapku OC45 (41,3
% Siu 1,3% Al) u peppocmnukoamomuauii Mapku @C45A10 (43,4 % Si u 7,4 % Al) npu u3BieueHnn B
crias 10 79,8 % Siu 50,8 % Al

KiroueBble ci10Ba: OKHCICHHAs MeEZIHAas pyJa, XBOCThl BBIIIEIAYMBAHUSA, TEPMOJUMHAMHUUYECKOE
MIPOTHO3UPOBAHME, IEKTPOILIaBKa, peppocuanuunii, peppocunukoanoMunuii, Fe-Si-Al nurarypa

Introduction
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According to the National Center for Integrated Processing of Mineral Raw Materials at the end of the
last century, over the past 2025 years, the share of hard-to-enrich ores has increased by~3 times, accounting
for 45 % of the total mass of enriched mineral raw materials (Poly vyany'j al 1995: 18). This category includes
oxidized and mixed copper ores, whose reserves in Kazakhstan amount to at least 1 billion tons (Zharmenov
et al., 2019: 630). For the processing of such a category of ores, their preliminary sulfidation with various
substances is proposed (Mitrofanov et al., 1984: 216; Bekturganov et al., 1989: 211; Shevko et al., 2014: 287,
Zharmenov et al., 2015: 1; Ory'ngozhin et al., 2020: 4) and then (after sulfidation) use for flotation enrichment.
A combined chloride-electrothermal method of processing oxidized and mixed ores to produce ferrosilicon
and cathode copper is described in the literature (Kushakova et al., 2010: 31; Robinson et al., 2003: 24). In
hydrometallurgy technology, leaching processes are characterized by a significant variety of raw materials
(Zharmenov et al., 2015: 1; Ory'ngozhin et al., 2020: 4; Kushakova et al., 2010: 31). Heap leaching, in
particular, is used to extract copper from oxidized and mixed ores (Kushakova et al., 2010: 31; Robinson et
al., 2003:2 4). However, the most widespread technology for this category of ores is "Heap leaching —SX-EW"
(Robinson et al., 2003: 24; ProcessSX/EW//MiningMag 1994: 256; Jenkins et al., Cobre'99 conference,
Jenkins 1964: 1094). According to the data of the International Copper Study Group (International Copper
Study Group ICSG), the share of commercial copper obtained by this method in 2016 amounted to 16 % of
the total world production (Zharmenov et al., 2019: 630). In Kazakhstan, the "Heap leaching —SX-EW"
technology has been implemented since 2008 at the Konurad, Almaly, Aktogay, Ayak-Kojan and a number of
other fields (Zharmenov et al., 2019: 630) , Kushakova et al., 2013: 343 ). In 2019, this technology produced
~ 50 thousand tons of copper in Kazakhstan (= 12 % of the total amount of copper produced) (Zharmenov et
al., 2019: 630). Despite the rather high extraction of copper from the ore into a copper solution (80—82 %),
this method involves the extraction of only copper from the ore. At the same time, the non-metallic component
(98-98.5 % of the ore mass) is not used. Therefore, the degree of integrated use of the raw materials of the
"Heap leaching —-SX-EW" technology is low.

This paper presents the results of studies on the production of ferroalloys from the leaching tailings
(TL) of oxidized ores of the Almaly deposit, which contained mass.%: 73,4 % SiO», 16.3 % AlOs, 3.1 K0,
2.4 % Ca0. 1.1 % MgO. 21 % Fe;03, 0.07 Cu. Coke mass content, %: 86,4 C, 4,3 SiO», 1.3 CaO, 0.5 MgO,
1.9 Al,O3, 2.0 Fe03,0.7 S, 1.0 H,0O, 1.2 other, and steel chips 98,7 % Fe, 0.2 %C, 1.1 % other(Si, Mn, Al)

Materials and basic methods

The research was carried out by the method of thermodynamic modeling using the HSC — 6.0
software package based on the Gibbs minimum energy principle (Roin, 2022). Based on the algorithm
developed at M. Auezov SKU, we calculated the equilibrium degree of the distribution of elements and the
concentration of elements in the alloy (Shevko et al., 2019: 1501). The method of thermodynamic modeling
was combined with rotatable planning of the second plan (the Box-Hunter plan) (Axnazarova et al., 1985: 327)
with the derivation of regression equations (Inkov et al., 2003) by constructing volumetric and planar images
of the behavior of Si, Al and metals in an alloy (Ochkov al., 2009: 512).

Electric melting of TL was carried out on the installation shown in Figure 1. The installation consisted
of a single-electrode single-phase electric furnace, a furnace transformer TDJF-1002 with adjustable power, a
short network and current and voltage monitoring devices.

I

I-Installation sketch, II-photo of an electric furnace
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1 - the electrode; 2- clip; 3-cap; 4 - lining; 5 - furnace casing; 6 - coke; 7 - crucible; 8-the mechanism of moving the
electrode, 9 - the tire; 10- transformer
Figure I- installation for electric melting of copper oxide ore leaching tails

The lining of the electric furnace is chromomagnesite, the base is carbon graphite. Graphite electrode
with a diameter of —7 cm. The melting was carried out in a graphite crucible (with an internal diameter of 9
cm and a height of 2 cm). The crucible was installed on a graphite plate. The space between the crucible and
the lining was filled with graphite carbon-graphite dust. The lid of the furnace, made of refractory material,
was sliding. The vertical movement of the electrode was carried out by a mechanical screw mechanism. The
maximum movement of the electrode was 50 cm. The short network-the section from the furnace to the
transformer, was made of aluminum tires (1.5x4.5cm). The lower tire was connected to the carbon-graphite
block using three copper studs.the upper busbar was connected to the graphite electrode using a flexible copper
cable. Rated power of the furnace transformer to 56. The voltage and current on the low side were controlled
by a voltmeter and an ammeter of the brands respectively TENGEN 4216 GB/T7676-1998, CHNT 4226
(China) (accuracy class 1.5) Before melting, the leaching tails were granulated with 2-3 % bentonite clay,
dried at150-160 °C, and then fired at 600—700 °C. The fired pellets had a diameter of 1-1.5 cm. Coke was also
crushed to a fraction of 1-1.5 cm. The size of the steel chips did not exceed 1 cm. The furnace was heated for
3-3.5 hours by an arc at a current of 400—500A and a voltage of 40—50 V. Then the first batch of charge was
loaded (600700 g). It was melted for 5—7 minutes. After that, 2 more portions of the charge were loaded with
an interval of 68 minutes. The total duration of the melting was 35—45 minutes. During melting, the current
strength was 500-600 A. the voltage is 20—30V. After melting, the crucible was cooled in the furnace for 3—4
hours, removed from the furnace, cooled for another 3—3.5 hours in the air. Then the crucible was broken. The
contents of the crucible were sorted into alloy and residue.

The elemental composition of the alloy was determined by SEM analysis using a scanning electron
microscope of the brand JSM-6490LV (Japan). The degree of extraction of silicon and aluminum in the alloy
was determined by the ratio of the mass of the metal in the alloy to the mass of the metal in the charge.

Results

Figure 2 shows the effect of temperature on the equilibrium quantitative (kg) distribution of silicon
and aluminum in the TL (100 kg) Fe (24 kg) — C (34-66 kg).
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Figure 2 - influence of temperature and carbon on the equilibrium (kg) quantitative distribution of silicon-containing
substances

It can be seen that in the technological field 1200-2000 °Cthe main products of the interaction of SiO»
tails with carbon are FeSi, FesSis, Si, SiC and SiO,. Increasing the amount of carbon does not lead to a
significant change in the formation of FeSi (Table 1), but increases the formation of silicon and reduces the
formation of SiC and SiO,.

Table I — Influence of temperature and carbon on the quantitative (kg) distribution of silicon-containing substances
| Substance | Carbon,% | Temperature’C
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1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1900 | 2000
FeSi 34 0,67 | 4,62 | 1961 | 32,43 | 3494 | 3500 | 36,38 | 36,06
66 0,75 | 524 | 21,19 | 31,46 | 32,66 | 33,65 | 33,96 | 33,76
Si 34 0,01 | 008 |074 |275 |39 |666 | 1255 | 12,38
66 0,01 | 0,17 | 1,56 | 547 | 821 | 12,85 | 1620 | 17,76
SiC 34 0,00 |000 |000 | 741 |1284 |941 | 021 | 0,00
66 0,00 |000 |000 |734 |705 | 149 |000 |O0,00
SiOg 34 0,00 | 000 |007 | 1,02 |342 |566 | 773 |9,53
66 0,00 |000 |008 |071 | 1,12 | 1,61 |237 |23,05
FesSi 34 047 | 2.15 195 | 043 |0.13 |00l |000 | 0.00
66 0.16 | 074 |055 |0.10 |002 |000 | 000 |O0.00

A noticeable formation ofFeSiis noted atT >1300°C, Si —> 1400°C,SiO, and SiC > 1500°C. Aluminum
in the system under consideration begins to recover at a temperature of more than 1700°C. With an increase in

carbon, the amount of aluminum formed increases markedly (Table 2)

Table 2 — Influence of temperature and carbon on the quantitative (kg.0) formation of aluminum

Carbon, % Temperature °C
1700 1800 1900 2000
0,02 0,17 1,23 3,75
0,02 0,41 3,59 7.80

Further studies were carried out by the method of rotatable planning of the second order (the Box-
Hunter plan). The temperature and the amount of carbon (Carbon, % of the weight of the enrichment tailings)
were used as independent factors. Optimization parameters are the degree of extraction of silicon and
aluminum into the alloy dsiaioy) and Gaiiloy), %o concentration of silicon and aluminum in the alloy — Csiaiioy)

and Cajaioy). Table 3 shows the plan and results of the study.

Table 3 — Plan of research and their results for obtaining ferroalloy from copper ore leaching tailings

Ne Variables Technological parameters

Coded view Natural form

X1 Xo T, °C carbon, % OSi(alloy), % OAlGlloy), % | Csi(alloy).% CAl(alloy),%
1 ¥ ¥ 1921 | 613 38,0 48,3 475 75
2 + - 1921 | 387 74,8 26,2 46,3 43
3 - + 1779 61,3 67,6 3,9 44,6 0,4
4 - - 1779 38,7 56,1 2,0 40,8 0,3
5 1,414 0 1950 50 84,2 52,3 46,4 7,2
6 1414 |0 1750 | 50 51,8 32 40,8 0,2
7 0 1,414 | 1850 | 66 79,1 22,4 48,0 4,5
8 0 1,414 | 1850 | 34 64,8 55 43,9 1,3
9 0 0 1850 50 70,0 11,9 46,6 1,7
10 0 0 1850 50 69,7 12,1 47,8 1,6
11 0 0 1850 50 69,5 12,3 46,8 1,9
12 0 0 1850 50 71,1 12,1 47,5 1,8
13 0 0 1850 50 71,3 12,5 47,9 1,5

Based on Table 3 , the following adequate regression equations are obtained:

Usialloy) = -694,91-0,7T-1,458C+1,5-10T?+1,03-10> C* 4,98-105-T-C:
QAlGalioy) =+5248,03-5,6:T-11,69-C+1,49-10*T?+5,1-103-C*+6,3- T - C:
Csi@lioy) = -1358,05+1,43-T+2,14-C-3,6-10*T%-5,3-10-C>-8,1-10*T-C.
Cal@alioy) = 668,069-0,702-T-2,1-C+1,8:10*T?+4,35:10-C?*+9,49-10*T-C

The adequacy of the equations was determined by the Fisher criterion (F), the values of which are shown in Table (4)

(1
2
3)
4

Table 4 — Values of the Fisher criterion

Fisher 's Criterion

Equations

Oisi(alloyy=f(T,C)

OAl(alloy= f(T,C)

Csi(alloy) = f(T, €)

Cal(alloy). = f(T,¢)

Calculated

6,476

4,856

1,054

6,029

Tabular

6,59

6,59

6,59

6,59

Forallequations, theFriterionistabular™F is the calculation criterion. Hence all the equations are adequate.
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Discussion

Volumetric and planar images of the dependences of technological parameters on the temperature of
the amount of carbon are shown in Figure 3. It can be seen that a high degree of silicon extraction into the
alloy (>80 %) is noted atT>1850 °C. More than 50 % of aluminum is extracted into the alloy only at 1915 °C.
The concentration of silicon in the alloy varies from 37 % (at1750 °C) to 48 % (T=1850-1905 °C), aluminum
from 5 % (at 1865 °C) to 11 % (at 1950 °C)

Figure 4 shows the combined information on the effect of temperature and carbon on the technological
parameters of obtaining ferroalloy from the leaching tailings of oxidized copper ores.

When constructing the diagram, it was assumed that the minimum degree of transition of silicon to the
alloy should be more than 65 %, the concentration of Siin ferrosilicon -41-47 %, the concentration of
aluminum in ferrosillicoaluminium-=>7,5 %, and silicon in it >47,5 %. Figure 4 shows that in the temperature
range of1750-1950 °C and 34-66 % carbon, ferrosilicon grade FS45, ferrosilicoaluminium and Fe-Si-Al
ligature can be formed from the leaching tails. More over, the maximum extraction of silicon into the alloy is
95.0 % and aluminum 69.8 % (point €). The maximum silicon content in the alloy —48.6 % is noted at 1878°C
and 59,3 % carbon (point M), and aluminum — 11.0%, — at1950 °C and 66 % carbon (point ¢).

Tables 5 and 6 provide information on the technological parameters for the formation of ferroalloys of
various types.
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Figure 3 — graphical representation of the effect of temperature and amount of carbon on the degree of extraction of silicon in alloy
(A), aluminum in alloy (B), silicon content in alloy (C), aluminum in alloy (D)
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Figure 4-combined information on the influence of temperature and carbon on the technological parameters of obtaining ferroalloy
from tailings
Lines ab - asialloy = 65 %, dfand be - Calaloy = 2 %, ml - Catalioy = 7,5 %, Cd - esaloy = 47 %, zK - Csialloy= 41 %

Table 5 — Values of technological parameters in the boundary areas of Figure X.

Points in the drawing I | T, °C carbon,% | Osialloy), %0 | OAllloy), % | Csialloy), %o Calalloy), %

a 1753 66,0 65,0 2,0 43,0 0,9

b 1796 68,0 68,2 1,3 45,9 2,0

c 1817,0 71,1 71,1 12,4 47,0 2,0

d 1860,3 71,3 71,3 13,5 47,0 1,8

f 1875 68,0 68,0 9,9 44,9 2,0

n 1850 60,0 65,0 5,0 44,0 1,5

m 1903 66.0 88.6 42.6 47.5 7.5

e 1950 66.0 95.0 69.8 45.9 11.0

1 1950 524 85.2 51.3 46.7 7.5

k 1800 34.0 574 2.1 41.0 0.1

z 1750 51.0 54.3 20.1 41.0 0.1

X 1950 34,0 774 34,3 45,2 5,3

Table 6 — Characteristics of ferroalloys in technological fields Figures T
The area in the | mel bmlixfdc abcdfn kzpan kzy
figure 3
Characteristics Ferrosilicoalumini | Fe-Si-Al Ferrosilicon | Ferrosilicon  Grade | Substandard
of ferroalloys um grade FeSi45 | ligature with 2- | FeSi45 FeSi45 Extraction | ferrosilicon
Al 2,75% Al content Si<65%) (Si<41%)

It follows from Tables 5 and 6 that to obtain ferrosilicoaluminium grade FS45A10, a temperature
0f1903-1950 °Cand 52,4-66,0 % carbon is required (while the extraction of Si and Al into the alloy is 85.2—
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95.0 % and 42.6-69.8 %, respectively. In the abcdfn region (at1753—1875°C and 34-66 % carbon), ferrosilicon
of the FS45 brand is formed with the extraction of 60.0-71.3 % silicon into it. In the kzpan region, ferrosilicon
of the FS45 grade is also formed (at 1750-1850°C and 34-54,3 % carbon ). However, the degree of silicon
extraction into the alloy is only 51-60 %. A large field in Figure 4 occupies the bmixfdc region, in which a Fe-
Si-Al ligature is formed with a content of 2—7.5 % Al and 44-48,6 % Si. Electric melting of the leaching tails
was carried out with two charge compositions (Table 7).

Table 7 - Charge compositions for electric tailings melting

Charge Ne Composition of the charge, %
Leachingtails Coke Steel
shavings
1 54 25 21
2 52 28 20

Figure 5-shows samples of the production of ferroalloys

I Alloy melting charge No. II Alloy melting charge No.

Figure 5 - photos of ferroalloys smelted from the leaching tailings of oxidized ore from the Almaly
deposit

The ferroalloy obtained during the melting of the first charge contained 41,3 % Si, 1,3 % Al, 1.0 % C,
54.9 % Fe, 1,5 % (3 Mn, Al, Ca, Ti, Cz). According to [GOST 1415-93. Ferrosilicij 2011], this alloy can be
attributed to ferrosilicon grade FeSi45. Ferroalloy, the second melting contained 43,4 % Si, 7,4 % Al, 47,3 %
Fe, 0,7 %Mn, 0,3 % Ti, 0.3 % Ca, 0.9 % C, 0.3 % others. According to (Ferrosilikoalyuminij 2013), it belongs
to ferrosilicoaluminium grade FeSi45A10.

The degree of silicon extraction into the alloy from the first charge was 75.8 % and from the second
79.8 %. Aluminum from the first charge turned into an alloy by 15.9 % and from the second 50.8 %.

Conclusion

Based on the results obtained for the production of ferroalloys from the tailings of sulfuric acid
leaching of the oxidized copper ore of Almaly , the following conclusions can be drawn

1. Under equilibrium conditions, the formation of ferrosillicoaluminium grade FeSi45A10 is possible
from tailings in the temperature range1903—-1950°C in the presence of 52-66 % carbon and 24 % iron. At
1753-1875°C and 34-66 % carbon, ferrosillium grade FeSi45 is formed, and in the temperature range 1796—
1950°C, 34-66 % carbon Fe-Si-Al ligature with a content of 2.0-7.5 Al and 45.9-47.5 % Si.

2. For electric melting of charges containing 52—54 % tailings, 25-28 % coke and 20-21 % steel chips.
The resulting ferrosillium has a grade of FeSi45 (41.3 % Si and 1.3 % Al), and ferrosillicoaluminium has a
grade of FeSi45A10 (43.4 % Si and 7.4 % Al).75,8-79,8 % Si and 70-50,8 % Al are extracted into the alloy.
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