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I 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 Pecnyonuxacol ¥nmmoix eoinvim akademusicol «KP ¥£A Xabapnapei. ['eonoeus scone
MEXHUKAIBIK bLIBIMOAD CEePUsChly blIbIMU JCypHAIbiHbiY Web of Science-miy oicanananzan
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvli xabapiaiiovl.
Byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol scypHanowvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index osicone the Arts & Humanities
Citation Index-xe xabwvioay macenecin xapacmoipyoa. Webof Science szepmmeyuiinep,
asmopnap, bacnawvliap MeH meKemenepze KOHmMeHm mepenoici MeH canacvih ycuvihaovl. KP
¥F'A Xabapnapwi. 'eonozus scone mexnuxanvly eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yuiik ey 03eKmi Jicane 6e0eNdi 2e0102Usl HCIHE MEXHUKATBIK
ELILIMOAp OOUbIHUA KOHMEHMKE A0a0blebIMbl30bl OLI0IPEOi.

HAH PK coobwaem, umo nayunwiii sicypran «zeecmuss HAH PK. Cepust eeonocuu u mexHuueckux
Hayk» 6vL1 npunam 0 undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uHOEeKCUpO8aHUU HAXOOUMCS 8 CMAaOUull paccmMompeHus
xomnanueu Clarivate Analytics ons danvueiueco npunsmus sicypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem xavecmeo u enyOuHy KOHmMeHmMa Ol UCCledosamenel, asmopos,
uzoamenei u yupescoenuu. Brmouenue Hzeecmus HAH PK. Cepus ceonoeuu u mexHuieckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nawty npugepiceHHocms K Haubonee
AKMYanbHOMY U GIUAMENbHOMY KOHMEHMY NO 2e0N02UU U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmsa.



Bac penakrop

KYPBIHOB Mypar KypbiHYJIbI, XUMHUS FBUIBIMIAPBIHBIH TOKTOpBI, Tpodeccop, KP ¥FA
akanemuri, Ka3zakcran PecnyOmukackl YarTeik FwutbiM  akagemusichiHbIH mpesuneHTi, AK «/1.B.
CoOKONBCKHI aTBIHAAFBI OTHIH, KaTaln3 jKOHE MEKTPOXUMHS HHCTUTYTBIHBIH» 0ac TUPEKTOpHI (AJIMATHI,
Kazakcran) H =4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukaiiyabl, TeXHUKa FRUIBIMIApBIHEIH JTOKTOpHI, podeccop, KP ¥FA

JKayanThl XaTIbIChl, A.b. BekTypoB aTbIHAaFBI XUMUS FBUTBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnakunusaablK ajka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), T€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemnri, «Y.M. Axmencaduna aTbIHAAFBI
THIIPOTCOIOTHS KOHE T€OIKOOTH MHCTUTYTHIHBIHY) TUPEeKTophl (AnMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcCAPhI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH JOKTOPHI, mpodeccop, K.M. CaTmnaeB ThIHIAFBI T€ONIOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektopsl (Anmarsl, Kazakcran) H=2

CHOY [Ipuuen, Ph.D, kaybiMaacteipbutran npogeccop, Hebpacka yuuBepcuteTinid Cy FhUIBIMIAPDI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminjae
TIETPOJIOTHS XKOHE Taiiiasbl Ka30aap KeH OpBIHAAPBI CalachIHAAFEl 3epTTeyIepain kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®UJIOB Muxaua BopucoBud, TeXHUKa FRUIBIMIAPBIHBIH JOKTOPEI, Hancn yHHBepcHuTeTIHIH
npodeccopsl (Hancu, @panrms) H=15

HIEH IMun, Ph.D, KeITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMEpHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToirbiHbIH Mytieci (ITexun, Kpitait) H = 25

OUIIEP Axkcean, Ph.D, [/IpesneH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMAACTHIPBLUIFAH Ipodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, T€OJOTUS-MHHEPAIOTNs FHUIBIMAAPLIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpodumyka arblHIaFbl MyHai-ra3 TeOJIOTHSCHI JKoHEe reodusuka
nHcTuTyTH (HOoBOCHOMpCK, Peceit) H = 19

ATABEKOB Baanuvup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH J10KTOpHI, benapycs ¥FA akanemuri,
YKana matepuanap XUMHACHI MHCTUTYTBIHBIH KYPMETTi aupektopsl (Munck, berapycs) H =13

KATAJUIUH Credan, Ph.D, J/[pe3neH TeXHUKaJIBIK yHUBEPCUTETIHIH KaybIMaCTBIPBUIFaH Podeccopbl
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoioris-MHHEPANOTHS FHUTBIMIAPHIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.J. Carnaes arsiaaarsl [ €0m0Tus FRUTBIMIAPEI HHCTUTYTHI
3epTXaHachIHbIH MeHrepyiici (Anmarsl, Kazakcran) H=11

CATYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcureti (Hyp-
Cyurran, Kazakcran) H =11

DOPATTUHMU IMaouo, Ph.D, bukokk Munian yHHBEpCUTETI KaybIMAACTHIPBIIFAH mpodeccopsl (MmumaH,
Uranus) H = 28
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I'naBHBIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOp XMMHUYECKHX HayK, mpodeccop, axagemuk HAH PK,
npesuseHT HanmonanpHoi akagemun Hayk PecryGnmkm Kasaxcran, reHepanbHblii pupextop AO
«MHCTUTYT TOTUIMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBIIi cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpodeccop, OTBETCTBEHHBIN

cexperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHasg KodJgerus:

ABCAMETOB Masuc KyapicoBud, (3aMeCTUTEINb ITTABHOTO PEAKTOPA), JOKTOP I'€0JIOTOMHUHEPAIIO-
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V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2
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Kazaxcran) H=2

CHOY Jpuuen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOTHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIEI0BaHIH B 00JIACTH IIETPOJIOTHU  MECTOPOXKIACHHI
M0JIe3HBIX CKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKNX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®dpannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEepUKaHCKOW acconmanuy skonomudeckux reoioros (ITexun, Kurait) H = 25

OUIIEP Axkceab, accouunpoBaHHBIA mpodeccop, Ph.D, TexHmueckmit yHuBepcurer [pesneH
(dpesnen, bepnun) H=6

KOHTOPOBUY Aunekceli DMUIbeBHY, TOKTOP TI'eOJIOTO-MHHEPAIOTHIECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akageMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XUMHUU HOBBIX MarepuaiioB (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuuposanusiii mpodeccop, Texuuueckuit yausepcuret (pesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecnionneHT HAH PK, 3aBenyromas naGoparopun MHcTHTyTa Teonormdecknx Hayk um. K.
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Ye.Ye. Akylbekov'*, V.M. Shevko!, D.K. Aitkulov?, G.E. Karataeva'
M. Auezov South Kazakhstan National University, Shymkent, Kazakhstan; *National
Center on complex processing of mineral raw materials of the Republic

of Kazakhstan, Almaty, Kazakhstan. E-
mail: e.akylbekov@bk.ru

RECYCLING OF CHRYSOTILE-ASBESTOS PRODUCTION WASTE WITH
EXTRACTING MAGNESIUM AND OBTAINING A FERROALLOY AND
CALCIUM SILICATES

Abstract. The article considers the results of studies on the processing of a
chrysotileasbestos production waste by a pyrometallurgical method. The studies
included thermodynamic modeling using the HSC-6.0 software package, based on the
minimum Gibbs energy principle, together with the second-order rotatable designs
(Box-Hunter plans), as well as electric melting of the waste in a single-electrode arc
furnace. Based on the results of the research, it was found that, in equilibrium conditions,
92-98% of magnesium is distilled off from the waste in the presence of 31.8-33.9% of
calcium carbide at a temperature of 1725-1883 °C and a pressure of 0.1 bar, 80-85% of
CaO turn into calcium silicates (mainly into 2Ca0O-SiO,); only 8.7-12.5% of silicon is
extracted in FS25 grade ferrosilicon; a decrease in pressure from 0.1 to 0.01 bar makes
it possible to reduce the temperature of complete distillation of magnesium to 1600°C,
and the transition of calcium to calcium silicates to 1300°C; at the electric melting of
the chrysotile-asbestos waste at the presence of coke and steel shavings, a FS25 grade
ferroalloy is formed with the extraction of 74-85% of silicon in the alloy and >94% of
magnesium in a gas phase.

Key words: chrysotile-asbestos, pyrometallurgy, waste, thermodynamics,
ferroalloy, magnesium, silicates.

E.E. AkbLioexos'*, B.M. llleeko!, JI.K. AiiTky;0B2, I'.E. Kaparaepa!

M. Oye3oB ateiHgarbl OHTYCTIK Kasakcran yHuepcuteTi, LlbiMkent, Kazakcras;

ZKaszakcran PecryOanKachIHbIH MUHEPAJIIBIK IIHKI3aTThI KEIICH 1 KaiiTa OHICY
JKOHIHJIET1 VIITTBIK OpTalbIFbl, AaMatsl, Kazakcran. E-mail:
e.akylbekov@bk.ru
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ACBECT XPU30THJI KAJIIBIKTAPBIH KAWTA OHJIEY MATHUI
AJIATBIH OHJIIPIC )KOHE ®EPPOKOPBITIIA MEH KAJILIIWIT
CHJINKATTAPBIH AJTY

AHHOTAIHA. Makanana XpHU30THII-acOecT OH/IIPiCiHIH KaJIIBIKTapbIH
MUPOMETAIUTYPIHSIIBIK SAICTICH OHACY Il 3epTTey HOTHXKeNepl KenTipiiare. 3epTreyiep
I'u60C sHEPrUsCHIHBIH MUHUMAIT B! puHIHITIHE Herizaenred HSC-6.0 6arnapiaMaibik
KEIIEHIH KOJIZJaHa OTBIPHIT, TEPMOJUHAMUKAIIBIK MOJIENBICY OIICIMEH CKIiHII PEeTTi
poToTabenpai kocmapiaymeH (6okc-XaHTep KOCIaphl), COHAAM-aK Oip SJIEKTPOITHI
JOFAJIBI TICITE KAIABIKTAPABI ICKTPMEH OANKBITY apKbUIBI KYPri3uidi. 3epTreynep
HOTIDKECIHIE: TeMe-TeHMIK JKargaiibiHma Kannbikrapman 1725-1883°C  kesinme
31,833,9% kanbiuit kapouaiHiH KaThicybIMeH xoHe 0,1 6ap KpicbiMaa 92—-98% marauit
anbrHanel, 80-85% CaO kamprmii cunmkartapbiHa (HerizineH 2Ca0 - SiO,) aFsIHIBI
eHimre ayeicagp;; ®©C25 wMapkansl ¢eppocununuii Tek 8,7-12,5%-ra aybicafbl.
Kpemumnii; kpiceiMubiH 0,1-1en 0,01 Gapra aeiiiH TeMeHIEyl MarHUWAl TOJBIK ainay
temneparypacbid 1600°C neifin, an KanbUMAAIH KaJbLUHA CHIMKATTaphIHA ayBICYBIH
1300°C peliiH TeMeHAETyre MYMKIHIIK Oepesli; KaJlJbIKTapAbl KOKC oHE OojaT
JKaHKaJIApBIHBIH KaTbICYBIMEH 3JIEKTpPMEH OankpITy KesiHzme ra3 ¢azaceiHa 74-85%
KpeMHUH xoHe 94% Maruauii ainy apkeuisl C25 Mapkaibl heppoKophITHa TY31Ie.

Tyiiin ce3aep: xpu3oTni-acoecT, MUPOMETATUTYPIHs, KAIABIKTAp, TEPMOAMHAMUKA,
(heppOoKOpHBITIIA, MATHHIA, CHITUKATTAP.

E.E. AxbL10exoB'*, B.M. llleBko!, /I.LK. AiiTky0B2, I'.E. Kaparaesa!

"TOxH0-Kazaxcranckuii yauBepcureT umeHn M. Ayasosa, IlIeivkent, Kasaxcran;
’HanmoHambHbIH HEHTP M0 KOMIUICKCHOW TepepaboTKe MUHEPaIbHOTO

ceipbst PecyOnuku Kazaxcran, Anvatel, Kasaxcran. E-mail:
e.akylbekov@bk.ru

HEPEPABOTKA OTXOA0B XPU30THUJI ACBECTOBOI'O
NPOU3BOJACTBA C U3BJIEYEHUEM MATHUA U ITIOJTYYEHUEM
®EPPOCIIVIABA U CUJIMKATOB KAJIBIIUA

AHHOTamusi. B cTaThe NPUBOAATCS pPe3yIAbTAaThl HCCICAOBAHHMHA IEPEpadOTKH
OTXOJIOB XPH30THII-acOECTOBOTO IMPOU3BOJICTBA MHUPOMETAIUTYPIHUSCKHM METOJIOM.
UccnenoBanus NpPOBOJWIMCH METOJIOM TEPMOJUHAMHUYECKOTO MOJISITHPOBAHUS C
KCIONb30BaHUuEM mporpaMMmHoro kommiekca HSC-6.0, ocHOBaHHOrO Ha IPHUHIIMIIE
MUHUMYMa 3Hepruu ['nb6ca COBMECTHO ¢ pOTOTAOENBHBIM IUIAHUPOBAHUEM BTOPOTO
nmopsinka (mwiaH  bokca-XaHTepa), a Takke OJIGKTPOIUIAaBKOM  OTXOJOB B
OJTHOBJIEKTPOAHOHN JAYroBOU meuu. B pe3ynbTare UCClIeJOBaHUN YCTaHOBIICHO, YTO: B
PaBHOBECHBIX YCIIOBHSX M3 OTXOA0B B mpucytcTBuu 31,8-33,9% kapOuga KampIus mpu
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1725-1883°C u ganenuu 0,1 6ap npoucxogut otronka 92—98% marnus, nepexon 80—
85% CaO B cunmmkatel Kamblus (mpemmymiectBeHHO B 2Ca0-Si0,) B MOTOYHBIN
npoaykt; ¢eppocwnunuii Mapku DPC25 mepexomut Tombko 8,7-12,5% kpemHuS;
ymenbienue aasienns oT 0,1 go 0,01 Gap mo3BoIsSET CHU3UTH TEMIIEPATYPY TOTHOM
otrouku Maraus 10 1600°C, a mepexoaa KanbIns B CHIIUKATH Kabiws 70 1300°C; npu
JNIEKTPOIUIAaBKE OTXOJOB B TMPHUCYTCTBHH KOKCA W CTAIBHON CTPYKKH OOpasyercs
¢deppocmnaB mapku OC25 ¢ u3Bneuennem B criaB 74—-85% kpemuans u >94% maraus B
ra3oByto (a3y.

KaroueBbie cjoBa: XPHU30THII-acOecCT, MUPOMETAILTYPTHs, OTXO/IBI,
TepMOJMHAMHUKA, ()eppOCILIaB, MATHHM, CHITUKATHI.

Introduction. The main components of the chrysotile-asbestos waste (CAW) are
MgO (41-50%) and SiO, (30-37%). In addition, the waste contains 2.6-3.8% of ALOs,
1.2-1.4% of Fe,0s, 2.3-2.4% of Y K,O+Na,0O, 1.1-1.4% of CaO, 0,8-1.4% of ZnO,
1.01.2% of PbO, as well asinsignificant quantities of substances containing sulfur,
chlorine, fluorine, manganese (Figure 1).

|L.'|ln- i gk 1T er.l.-.-l.'l:l'

Element o F | Na| Mg | Al Si | S K | Ca|Mn | Fe |Zn| Pb

Content, % |46,63|1,25(0,74|27,61|1,25|16,77|0,6|0,15| 1,22 { 0,64 | 0,27 | 0,85 | 1,1 | 0,93
Figure 1 — Results of SEM analysis of the Kostanay Minerals JSC chrysotile-asbestos waste

According to the data of The National Center for Comprehensive Processing of
Mineral Raw Materials of the Republic of Kazakhstan, these wastes also contain
0.20.3% of NiO. In accordance with (Production and turnover of the commodity item
HS 2524 “Asbestos”), annually JSC “Kostanay Minerals” mines 5 million tons of
chrysotileasbestos; 92% of this quantity (4.6 million tons) is wasted that leads to the
annual loss of 1.16 m. t. of magnesium, 0.73 m. t. of silicon, 45.0 ths. t. of zinc, 42.0 ths.
t. of lead, 9.0 ths. t. of nickel on average. There are known methods for processing
chrysotile asbestos waste using acid leaching (Shayakhmetova et al., 2019: 3;
Kobzhasov et al., 2009: 5; Wang et al., 2006; Baysanov et al., 2018: 11; Dikanbayeva
et al., 2021: 7) to obtain only one element: silicon (Jafarov, 2003: 8), magnesium
(Baigenzhenov et al., 2014: 36; Bedelova et al., 2015: 5; Kobzhasov et al., 2009: 5;
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Foresti et al., 2009: 10). However the CAW processing should be comprehensive to
extract not only magnesium and silicon, but also non-ferrous metals.

The authors (Utkin, 2004: 442; Aueshov et al., 2020: 1215) suggest several thermal
methods for extracting magnesium from magnesite and dolomite, which are based on
the following reactions:

MgO + C = Mgy +CO; (1) 2MgO + Si = 2Mg + SiOx; (2) 3MgO +
CaC:z = 3Mg + CaO + 2CO; (3) 3MgO + Al = 3Mgy + ALOs;  (4)
2MgO + 2Ca0 + Si0, = 2Mg, + (2Ca0)-Si0, + 2CO; (5)
2MgO + 2Ca0 + FeSi, + ALO; = 2Mg,+H(2Ca0)-SiO, Al,Os+FeSi. (6)

The effect of temperature on AG® of these reactions is shown in Table 1.
Table 1 — Effect of temperature on AG® (kcal)* of some reactions of obtaining magnesium

Temperature, °C
Reaction

1300 | 1400 | 1480 | 1600 | 1800 | 1846 1853 1900 1903 2000
1 157,9 | 128,7 | 82,3 | 70,7 | 13,2 0,0 -20 -15,3 -16,2 -43.7
2 183,7 | 159,2 | 142,1 | 116,3 | 73,8 63,6 62,2 52,4 51,9 31,0
3 357,61 292,2 | 279,8 | 162,3 | 33,7 4.4 0,0 -30,1 -32,0 -93,7
4 51,9 | 22,6 | 0,0 | -35,6 | -93,0 | -105,4 | -107,6 -121,6 | -122,4 -149,9
5 6,1 0,0 -6,5 | -16,2 | -31,9 | -35,5 -36 -39,7 -40,3 -47,6
6 0,0 | -27,6 | -52,7 | -904 |- -167,8 | -169.,8 -184,7 | -185,7 -215,9

153,4

*The calculation was performed using the HSC-6 software package (the Equilibrium Compositions
subprogram) (Roine, 2002)

It can be seen that at normal atmospheric pressure silicon does not reduce magnesium
up to 2000°C. The temperature of the beginning of the formation of gaseous magnesium
is 1300°C for reaction 6 and 1853 °C for reaction 3. In accordance with the Le Chatelier
principle, to reduce the temperature of the reactions, they should be carried out at a low
residual pressure. For example, in the silicothermic production of magnesium using
ferrosilicon, the residual pressure is 2.5-4 kPa (Overview of Chrysotile Asbestos in
Kazakhstan).

Industrial technologies allow you to produce magnesium from raw materials
containing MgO or MgO and CaO. Chrysotile-asbestos industrial waste products, in
addition to MgO, contain a significant amount of SiO,and an insignificant amount of
CaO. Therefore, it is necessary to develop a technology for the extraction of magnesium
from CAW, taking into account the presence of silica in it. The purpose of this work was
to provide a thermodynamic and experimental substantiation of a technology that allows
one to extract magnesium from CAW and convert silicon either into marketable products
or into artificial raw materials for manufacturing some end products.
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Methods and materials. The research techniques included thermodynamic
modeling of the process and experimental electric smelting of the CAW in an ore-
thermal furnace.

Thermodynamic modeling of the obtaining gaseous magnesium from the CAW was
implemented using the HSC-6 Chemistry software package developed by the Finnish
metallurgical company Outokumpu [Roine, 2002]. Calculation of the equilibrium
conditions by the HSC-6 program is based on the principle of minimum Gibbs energy,
taking into account the activities of substances (subprogram Equilibrium Compositions).
The error of calculations by the HSC-6 software package is no more than 2-4%.

The modeling was carried out using the second-order rotatable planning
(Akhnazarova et al., 1985: 327; Shevko et al., 2021: 9) with the construction of
volumetric and planar images of technological parameters (Ochkov, 2009: 512; Udalov,
2012: 187).

1 — furnace casing, 2 — chromium magnesite lining, 3 — carbon graphite hearth, 4 — graphite crucible, 5 —
carbon graphite chips, 6 — transformer TDZhF-1002, 7 — graphite electrode, 8 —bottom current lead,9-12
— control ammeters and voltmeters, 13 — electrode movement mechanism, 14 — flexible part of the short
network, 15 — furnace cover
I — general view, II — sketch of the furnace with nodes
Figure 2 — Laboratory installation with a single-electrode arc furnace

The electric melting of the CAW was conducted in a single-electrode arc furnace
(Figure 2). The bottom electrode was made of a graphite block, and the top electrode
(d=3cm) was made from graphite. A graphite crucible (d=6cm, h=12cm) was placed on
the hearth. The space between the crucible and the chromium-magnesite lining was
filled with graphite chips. The process was carried out in an air atmosphere. Before the
melting, the crucible was heated by an arc for 20-25 min. After the heating, the first
portion of a charge (200 g) was loaded into the crucible. It was melted for 5-6 min, and
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then the rest of the charge (200 g) was loaded and melted for 25-30 min. During the
melting period, the current strength was 250-400A; the voltage was 25-30V. Electricity
to the furnace was supplied by a TDZhF-1002 transformer. The required power was
maintained by a terristor regulator. The current strength was controlled with a Tangen
4216 ammeter (accuracy class 1.5), and the voltage was controlled with a Chint 42L6
voltmeter (accuracy class 1.5). After the end of the electric smelting, the furnace was
cooled for 6 hours. The graphite crucible was removed from the furnace and broken.
The analysis of initial raw materials andresulting ferroalloys was carried out using a
scanning electron microscope (SEM) JSM-6490LM (Japan); the SEM analysis error is
<1%. The silicon content in the alloys was determined using an atomic absorption
spectrometer ContrAA-300 (Germany) and also by pycnometric methods according to
State Standard 22524-77.

When conducting the research, we used not only pure substances (CaO, SiO,, CaC,),
but also a chrysotile asbestos waste containing, wt. %: 47 MgO, 43 SiO,, 5.7 Fe,0s, 2
FeO, 1.5 ALO;, 0.5 CaO, 0.3 NiO; coke contained 86% of C, 4.9% of SiO,, 2.7% of
AlLO;, 1.8% of Ca0, 0.9% of Fe,0s, 0.8% of MgO, 1.1% of H,O, 0.7% of S, 0.4% -
others; the concentration of iron in the steel shavings was 98% (the rest: C, Si, Mn).
Technical calcium carbide contained 62% of CaC,, 37% of CaO and 11% of impurities.

Results and discussion. In contrast to the known methods, we studied the possibility
of obtaining gaseous magnesium from the CAW using iron, carbon and calcium carbide
with simultaneous producing iron silicides, belite and calcium aluminosilicate.

Reactions in question:

6MgO + 2CaC: + Si02 = 6Mge + (2Ca0)-SiO: + 4CO; (7)
6MgO + 2CaC, + SiO, + ALO; = 6Mg + (2Ca0)-Si0, ALO; + 4CO; (8)
3MgO + CaC, + SiO, = 3Mg, + Ca0-Si0, + 2CO; (9) MgO + 2Si0: + Fe + 5C =
FeSi2 + Mg + 5CO; (10) MgO + SiO, + Fe + 3C = FeSi + Mg + 3CO; (11)
MgO + SiO: + 3Fe + 3C = FesSi + Mg + 3CO; (12)

MgO + 6Si0; + Fe;04 + 17C = FeSi, + Mg, + 17CO. (13)
The data in Table 2 show the effect of temperature on AG® of reactions (7-13) of

formation of ferroalloys, belite, calcium aluminosilicate and gaseous magnesium from
the CAW.

Table 2 — Effect of temperature on AG® (kcal) of reactions (7-13).

Reaction Temperature, °C

1300 | 1400 | 1437 | 1600 | 1622 | 1640 | 1688 | 1710 | 1713 | 1729 | 1800 | 1900

7 570 |436,9(392,4|171,3 | 1412 | 117,8| 539 | 255 | 5.9 0 | -929 |-
2238

8 |544,8(412,0|363,1| 1483 1198 95,6 | 32,7 | 3,1 0 | 32,7 -112,8 |-
2422

9 63,8 | 481 267|170 138 | 112 | 42 | 0 | -08 | 2,9 | -13.8 | -29,0
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10 365,1(270,1234,8| 81,7 | 61,6 | 43,5 0 -20,7 | -23,5| -38,7 | -103,5 |-
194,9
11 [219,7]157,5|1352] 263 | 124 | 0 | -309| 45,1 | -47,1 | -57.4 | -103.2 |-
167,3
12 184,71 122,41 100,5| 10,2 0 -8,2 | -29,6/ -39,1 | -40,2 | -46,1 | -72,1 | 97,8
13 397,9(107,6| O |- - - - - - - - -1302
469,7 |530,6 | 5774 |715,4 | 776,7 | 785,0 | 829,4 | 1026,6

As it follows from Table 2, at normal pressure, the beginning of the simultaneous
formation of gaseous magnesium and iron silicides in the presence of iron, magnetite
and carbon occurs in a temperature area of 1437-1688°C, that is, at a lower temperature
in comparison with the formation of silicates and calcium aluminosilicate (1710-
1729°C). The thermodynamic modeling of the interaction in the CAW-C-Fe systems
allowed us to establish that in order to extract §7% of magnesium into gas, the required
temperature and pressure are 1514-1700°C and 0.01-0.0036 bar, respectively; at a
temperature of 1200°C and a pressure of 0.001 bar, the extraction degree of silicon into
an alloy is maximum (80.33%); regardless of the pressure, the resulting ferrosilicon
contains 3133% of silicon.

This article contains the results of studies of the simultaneous formation of gaseous
magnesium, silicates, calcium aluminate, and iron silicides from the CAW in the
presence of calcium carbide, as well as the experimental results of obtaining a ferroalloy
from the CAW in the presence of carbon and iron and distillation ofmagnesium into a
gas phase.

At the first stage, studies were carried out to obtain a ferroalloy from the CAW. The
charge used for electric melting included 60% of CAW, 22% of coke, and 18% of steel
shavings (the composition of the charge was calculated to obtain FS25 grade
ferrosilicon). Photographs of the resulting ferroalloys are represented in Figure 3, and
the SEM analysis results of the ferroalloys are shown in Figure 4.

I-1T — lump ferroalloy, III — crushed ferroalloy
Figure 3 — Photographs of the ferroalloy produced from CAW
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1] 1 1 3 i £ ] T 3 ]
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Element Al Si Ti Mn Fe
Content, % 1,21 29,25 0,45 0,31 68,78

Figure 4 - Results of the SEM analysis of the ferroalloy

Pycnometric research of the resulting ferroalloys showed that their density is
5.186.43 g/cm’. These ferroalloys can be attributed to FS25 grade ferrosilicon [20].
During the electric melting, from 74 to 83% of silicon is extracted into the alloy, and
more than 94% of magnesium is extracted into a gas phase. Nickel containing in the
CAW in quantity of 96% is also recovered into the alloy. The nickel content in the alloy
was 0.23-0.32%. The relatively low extraction degree of silicon into the alloy is due to
its transition into a gas phase as SiO(g) with the subsequent formation of micro silica.
This is largely due to the fact that when using high-conductivity steel chips, the melting
is carried out in the conditions of a high position of the electrodes, formation of an arc
discharge in the furnace and the hot top. In a case of formation of a low-volatility silicon-
containing product in the electric furnace, the silicon loss with the gas phase can be
reduced. For this purpose, the second stage of the researchwas obtaining calcium silicate
(belite (2Ca0)-Si0,) from the CAW according to reaction 7. This compound can be
used for manufacturing cement clinker.

The temperature and pressure effect on the formation of (2Ca0)-SiO, and gaseous
magnesium in a 6Mg0O-2CaC,-SiO, system is represented in Figure 5.
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I —pressure of 0.1 bar, II — pressure of 0.01 bar
Figure 5 — Effect of temperature and pressure on the quantitative distribution of
substances in a 6MgO-2CaC,-Si0O, system

The temperature of 1% formation of Mg and (2Ca0)-SiO; at a pressure of 0.1 bar
is 1230 and 1318°C, respectively. At 1700°C, 98% of magnesium passes into a gaseous
state and 89.3% of calcium — into (2Ca0)-SiO.. Calcium carbide in the system
completely reacted at a temperature of >1700°C. Reducing the pressure to 0.01 bar
lowersthe temperature of >90% transition degree of calcium in (2Ca0)-SiO; (91.7%) to
1500 °C. In this case, 99.8% of Mg passes into the gas.

The next step was to study the effect of temperature and calcium carbide on the
extraction degree of magnesium from the CAW in the gas (Owgeas), %0), calcium in
calcium silicates (Ocagin, %0), silicon in the ferroalloy (osi, %) and on the concentration
of silicon in the alloy (Csiay, %) at a pressure of 0.1 bar. In view of the fact that the
chrysotile-asbestos waste contains a small amount of CaO (p. 1), to obtain (2Ca0)-SiO,,
it is necessary additionally introduce calcium oxide into the charge. The charge used for
the study (taking into account the additional input of CaO) contained, %: 47 MgO, 37.7
Si0,, 5.7 Fe;0s, 2 FeO, 1.5 Al,O;, 39 Ca0. The amount of calcium carbide was changed
from 25 to 35% of the CAW mass.

Figure 6 represents the effect of temperature and the amount of calcium carbide on
the technological parameters of the process under study. It should be noted that due to
the presence of iron oxides in the CAW, part of the silicon in the system under
consideration passes in the ferroalloy as iron silicides.

100 100 - 2 45 3 30 4
40 25
o 80 95 25 35
=60 =90 =30 35 £20
g =) 3 25 =
k! 785 13 220 =15
= = A % 35
%040 L§ 80 K {(5) 0’10
20 75 5 25 ’s
(O 70 0 0
1400 1600 1800 1500 1700 1900 1600 1800 1600 1800
T, °C T,°C T, °C T, °C

1 — oMg(eas), 2 — Olcagsin, 3 — Oisican, 4 — Csia
The numbers near the lines — the amount of calcium carbide, % of the CAW mass
Figure 6 — The effect of temperature and calcium carbide

ONOMg(gas), OlCa(sil), OlSi(al), CSi(ml)

As it follows from Figure 6, an increase in the amount of calcium carbide from

25 to 35% leads to an increase in Owg(gas), Oisiql, Csienand a decrease in dcagiy. In view of
the ambiguity of the calcium carbide effect on the technological parameters, it is
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necessary to determine the conditions under which Omg(eas) and dicasinwill be maximum,
and osiay— minimum. For this reason, furtherstudies were carried out using the
secondorder rotatable designs followed by graphical optimization of the process
parameters. The experiment planning matrix and the results are shown in Table 3.

Table 3 — The planning matrix and results on the effect of temperature (T, °C) and the amount of calcium
carbide (CC, %) on the technological parameters

. o
Variables Technological s 8 g
Ne Code kind Natural kind paramete Z 2
X Xa T,°C | CC, % OlMg(gas) Olcasily Olsial) Csiqa
1 + + 33 1857 94,4 83,2 94 24,4 2
2 - + 27 1857 89,7 88,0 19,0 47,7 é’
3 + - 33 1643 82,3 90,7 42 12,8
4 - - 27 1643 70,3 92,8 13,0 324
5 [ 1414 0 35 1750 | 91,5 86,8 4,0 11,3 5 &
6 |-1414 0 25 1750 66,6 91,0 15,8 47,1 -
7 0 1,414 | 30 1900 | 97,5 74,2 17,5 47,0
8 0 -1,414 30 1600 71,2 39,9 7,9 222
9 0 0 30 1750 88,9 89,0 10,9 23,6 E’
10 0 0 30 1750 88,0 91,0 10,0 254 S
11 0 0 30 1750 85,0 92,5 10,5 25,0
12 0 0 30 1750 89,3 91,6 9,6 26,8
13 0 0 30 1750 86,5 89,5 91 26,0
Based on the data in Table 3, the following adequate regression equations were obtained:
Omg(ens) = -1470,45+1,34-T+19,32-CC-3,17-10*-T%-0,11-CC*-5,68-10-3T-CC; 14
Ocany = -318,04+0,158-T+20,57-CC-3,14-10°-T%-0,309-CC-2,1-10°-T-CC; (15)
sy = 145,21-11,6-10°-T-6,98-CC-3,06- 10-T>*15-CC>-6,23-10* T-CC; (16)
Csiw= 697,46-0,388-T-18,348-CC-1,04-10*-T>+0,433-CC*-2,88-10*-T-CC; (17)

Using equations 14-17, according to the method [16-19], volumetric and planar
images of the temperature and calcium carbide effect on the technological parameters
were constructed. Judging by Figure 7(A), Omgeasfrom 95 to 98% (point a) can be
reached in a temperature range of 1675-1900°C and 31.6-35% of calcium carbide. The
transition degree of Ca in calcium silicates in this area does not exceed 85%. It becomes
high (>90%) if the amount of calcium carbide is less than 31.6-28% (Figure 7 (B)). A
side process in the production of 2Ca0O-SiO; is the formation of iron silicides, silicon
and silicon carbide (Figure 5). A noticeable (from 15 to 25%) degree of silicon extraction
into the alloy is observed in a temperature area of 1600-1837°C and 28.7-35% of carbide
calcium (Figure 7(C)). The silicon concentration in the ferroalloy at a constant
temperature increases with an increase in the amount of calcium carbide and is 50-70%
at a temperature of 1600-1746°C and 31.6-35% of calcium carbide (Figure 7 (D), area
fom). With increasing the temperature, the silicon content in the alloy decreases, for
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example, <20% in a temperature range xyzt (1769-1900 °C and 25-32.5% of calcium
carbide).
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I i, T

A, B, C —0mg(eas), Ocagsi), asian; D — Csigal)
Figure 7 — Volumetric (I) and planar (II) images of the temperature and calcium carbide effect on the
technological parameters of interaction in the CAW-calcium carbide system
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at a pressure of 0.1 bar
To determine the optimal conditions for the extraction of magnesium in gas, and
calcium in silicates (temperature, amount of calcium carbide), we combined the
information about these processes in one figure (Figure 8).
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Figure 8 — Combined information on the effect of temperature and calcium carbide

0N Olmg(gas), OlCa(sil) and CSl(al)

Optimum conditions were determined forog(gsy>95% and ocasinfrom 80 to 85%. The
area acd corresponding to these conditions is shown in Figure 8. The is o lines Cs; = 41,
29 and 21%, which make it possible to determine the conditions for the formation of
graded ferrosilicon, are also plotted in the same figure (FS45 — area anm, FS25 — area
ebcd). Table 4 represents the technological parameters in the shaded area.

Table 4 — Technological parameters of Figure 8

Point in Calcium Grade of
figure8 T.°C carbide, % |ty % | Ocaein, % Osia, %o Csiayy % | ferrosilicon
a 1725 33,93 95,0 80,0 17,9 46,7 FS45
n 1750 33,75 97,22 80,0 16,1 41,0 FS45
b 1833 33,43 98,28 80,0 12,5 29,0 FS25
c 1883 32,87 95,0 80,0 8,7 21,0 FS25
d 1825 31,85 95,0 84,7 9,1 21,0 FS25
e 1787 32,08 95,0 84,9 9,5 29,0 FS25
m 1735 33,25 95,0 84,4 15,8 41,0 FS45

The purpose of the work was to maximize the magnesium distillation and to achieve
the maximum extraction of calcium and silicon in 2Ca0-SiO, and CaO-SiO, with the
simultaneous minimum extraction of silicon into ferroalloy. These conditions are met in
the region bede, in which Omg(eas) = 95.0-98.28%, dicagsiy = 80-85%. In this case, the main
part of silicon also passes into calcium silicates, and only 8.7-12.5% is extracted into
the ferroalloy. The ferrosilicon formed in this region at 1787-1883°C contains 21-29%
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of Si and, according to (Technical conditions 0820-011-14513884-2013), corresponds
to FS25 ferrosilicon. The residue after the distillation of magnesium consists mainly of
2Ca0-Si0,, Ca0-SiO; (Table 5).

Table 5 — Phase composition of the residue (%) after the interaction of CAW with 33% of CaC,

Content,%
L°C 2Ca0-SiO: CaO-SiO, SiO, CaO MgO CaGC, ALOs
1700 82,29 5,41 <0,1 7,87 2,94 abs. 1,43
1800 82,59 4,36 <0,1 10,26 1,60 abs. 1,47
1900 82,04 3,57 <0,1 12,22 1,14 abs. 1,49
2000 79,24 3,01 <0,1 14,33 0,89 abs. 1,52

It should be noted that the optimum temperature of magnesium distillation
andcalcium silicates formation depends on the pressure. So, if the pressure is reduced to
0.01 bar, then the magnesium complete distillation temperature decreases to 1600°C,
and the high total transition degree ofcalcium and silicon into calcium silicates in the
form of 2Ca0-SiO, and CaO-SiO; also decreases to 1300°C (figures 9, 10).
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Figure 9 — Effect of temperature and pressure on the equilibrium calcium extraction degree
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Figure 10 — Effect of temperature and pressure on the equilibrium silicon extraction degree

The practical implementation of the proposed process for obtaining magnesium and
calcium silicate from the chrysotile asbestos waste can be carried out in a vacuum
furnace for the continuous production of magnesium, described in (Aueshov et al., 2020:
3).

Conclusion. Based on the results obtained at the processing of the chrysotileasbestos
industrial waste, the following conclusions can be drawn:

- under equilibrium conditions, in the presence of 31.8-33.9% of calcium carbide
at a temperature of 1725-1883 °C and a pressure of 0.1 bar, 92-98% of magnesium is
distilled off from the CAW, 80-85% of CaO is extracted into calcium silicates (mainly
in 2Ca0-Si0,), and only 8.7-12.5% of silicon passes into the by-product — FS25 grade
ferrosilicon;

- decreasing the pressure from 0.1 to 0.01 bar allows you to reduce the
temperature of complete distillation of magnesium from the chrysotile-asbestos waste
to 1600°C,
and the transition temperature of calcium into silicates to 1300 °C;

- the result of the electric smelting of the waste in the presence of coke and steel
shavings isFS25 ferrosilicon; in this case, 74-85% of silicon and >94% of magnesium
are extracted into gas and alloy, respectively.
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