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ABSTRACT

The article presents the results of an experimental study on the processing of wastes from
chrysotile-asbestos production at Kostanay Minerals JSC. An electrothermal technology for the
extraction of magnesium and siliceous ferroalloy from the chrysotile-asbestos wastes is
proposed. The influence of the amount of coke and steel shavings on the technological
parameters of the obtained alloys is determined. The results of derivatographic and SEM
analyses of the chrysotile-asbestos waste samples are presented. The studies included planning
experiments using the second-order rotatable designs (Box-Hunter plans), graphical optimization
of technological parameters, and electric melting of a charge in a graphite crucible using a single-
electrode arc furnace. Adequate regression equations were obtained explaining the effect of the
amount of coke and steel shavings added to the chrysotile-asbestos waste on the extraction
degree of silicon into the alloy and the silicon concentration in the alloy. By the electric melting
of the charge, high-quality FS25 grade ferrosilicon with a silicon content of 24.4-29.2% and FS45
grade ferrosilicon with a silicon content of 41.6-45% were obtained. It was established that FS45
grade ferrosilicon with the extraction degree of silicon into the alloy from 75 to 85.4% is formed
in the presence of 33.6-38% of coke and 16-20.8% of steel shavings. FS25 grade ferrosilicon is
formed in the presence of 30-38% of coke and 29.4-40% of steel shavings; the extraction degree
of silicon is 68.6-73.8%.
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Introduction

asbestos are extracted annually at Kostanay
Minerals JSC [2].

Kazakhstan is among the top three leaders in
the world in the extraction and processing of
chrysotile ores. In accordance with [1], the
Zhetikara deposit located in the Kostanay region
ranks fifth in the world in terms of chrysotile-
asbestos reserves. Chrysotile-asbestos production
from ores of this deposit is organized at Kostanay
Minerals JSC. Up to 5 million tons of chrysotile-

When enriching 1 ton of the chrysotile-asbestos
ore by the dry gravity method [3], 0.92 tons of
wastes are formed, which contain 39.45-40.25% of
MgO, 36.0-38.67% of SiO,, 2.8-4.89% of Fe;0s,
1.98-3.18% of FeO, 1.03-1.31% of Al,03, 0.16-0.24%
of NiO, 0.025-0.77% of Cr,0s, 0.75-1.96% of CaO,
0.3-0.46% of CO,, 0.12-0.48 of SO3, 11.48-13.67% of
loss on ignition, 0.1-0.15% of others (TiO,, MnO,
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K20, NaxO) [[4], [5], [6]]. Thus, the main
components in the wastes are MgO and SiO; [[7],
[8], [9]]. 1.16 million tons of magnesium, 0.73
million tons of silicon, and 9.0 thousand tons of
nickel are annually lost at Kostanay Minerals JSC.
There are some methods of chrysotile-asbestos
waste processing using acid leaching [[10], [11]].
The disadvantage of these methods is their multi-
stage. For example, according to [10], the
production of magnesium from serpentinite
includes grinding the waste, leaching with HCI,
separating the solution from the precipitate,
purifying and concentrating the solution, obtaining
synthetic carnallite, its multi-stage dehydration to
obtain magnesium chloride raw materials for
electrolysis, electrolysis to obtain magnesium and
chlorine. We propose an electrothermal technology
for magnesium and siliceous ferroalloy production
from chrysotile-asbestos wastes with fewer stages
compared to the hydrometallurgical method.

Initial materials. Research Methodology

According to [[12], [13]], chrysotile-asbestos
wastes contain serpentine (3Mg0*2Si0,*2H,0) —
57%, talc (3MgO*4Si0,*H,0) — 17%, brucite
(Mg(OH)2) — 9%, forsterite (Mg,SiOs) — 6-7%,
magnesium, and iron oxides (MgO, FeO, Fe;03) — 8-
9%. DTA and SEM analyses of a chrysotile-asbestos
waste sample, performed with using a
derivatograph Q-1500D (DEMO) and a scanning
electron microscope, are shown in Figures 1 and 2.
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Figure 1 — Derivatogram of the chrysotile-asbestos waste

It is seen that the weight loss of the chrysotile-
asbestos waste is 12.5%. According to the SEM
analysis, the initial waste sample contained 46.0%
of MgO, 35.8% of Si0,, 2.4% of Al,O3, 0.9% of NaO,
1.5% of K0, 0.9% of CaO, 1.2% of Fe,0s, 1.4% of
Zn0, 1.0% of PbO, 0.3% of MnO, 10% of others. For
melting, the chrysotile-asbestos waste sample was
used calcined at 800°C for 30 minutes; its
composition was 50% of MgO, 38.9% of SiO,, 2.7%
of Al,03, 1% of Na;0, 1.6% of K;0, 1% of Ca0, 1.3%
of Fe;0s, 1.5% of ZnO, 1.1% of PbO, 0.3% of NiO,
and 0.1% of Cr,0s3. Coke was used produced on the
West Siberian Metallurgical Plant and contained
88.2% of solid carbon, 1.5% of volatiles, 1.2% of S,
9.1% of ash (including 4.5% of SiO,, 2.3% of Al,O;,
1.5% of Fe;0;, 0.5 of 5 (CaO and MgO0), 0.1% of
others. Steel shavings contained 98.2% of Fe, 1.1%
of C, 0.3% of Si, 0.2% of Mn, and 0.2% of others.

Spectrum 1

Electronic image
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Figure 2- SEM analysis of the chrysotile-asbestos waste
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The studies included electric melting using a
single-electrode arc furnace, shown in Figure 3.

1 - furnace shell, 2 — chromium-magnesite lining,
3 — coal-graphite hearth, 4 — graphite crucible,
5 — coal-graphite layer, 6 — transformer TDZF-1002,
7 — graphite electrode, 8 — lower current lead,
9-12 — control ammeters and voltmeters,
13 — electrode movement mechanism, 14 — flexible part
of a low-voltage circuit, 15 — furnace cover
| —melting the charge, Il — furnace with transformer

Figure 3 — Single-electrode arc furnace

The electric melting of the charge was carried
out in a single-electrode arc furnace (up to 15 kVA
power) lined with chromium-magnesite bricks. The
bottom electrode was made of a graphite block. A
graphite crucible (d = 6 cm, h = 12 cm) was placed
on the hearth. The furnace in the upper part was
closed with a removable cover with holes for
placing a graphite electrode with a diameter of 3
cm and a gas outlet. The crucible was preliminarily
heated by electric arc for 20-25 min. After that, the
first portion of the charge (200-250 g) was loaded
into the crucible. It was melted for 3-6 minutes.
Then, every 4-6 minutes, 200-250 g portions of the
charge were loaded in the crucible. During 1
experiment, 1500-2000 g of the charge was melted.
Occasionally, the temperature at the outlet of gases
from the furnace was measured with a GM2200
pyrometer and the temperature of the outer
graphite crucible surface at the reaction zone level
was measured with a tungsten-rhenium
thermocouple. The temperature under the furnace
cover during the melting period was 900-1050°C,
and the temperature by the crucible wall was 1750-
1850°C. During the melting period, the current
strength was 350-400A, and the voltage was 30-
35V. Electricity was supplied to the furnace from
transformer TDZF-1002. The required power was
maintained by a thyristor regulator. After the
electric melting, the furnace was cooled for 6-7
hours. The graphite crucible was removed from the

furnace and broken. The resulting ferroalloy was
weighed and analyzed by the atomic absorption
method on the AAS-1 instrument (Germany) to
determine the metals’ content. The ferroalloy
density was determined by the pycnometer
method according to [14]. Then, based on the
density according to [15], the silicon content in the
alloy was determined. Some alloys were analyzed
by means of a scanning microscope (ASS-1N).

To determine the optimal parameters of the
process, the second-order rotatable designs (Box-
Hunter plans) were used [16]. To establish the
regression equations for changing the optimization
parameters, the technique [17] was used, and to
construct the volumetric and horizontal images of
the optimization parameters, the technique [18]
was used. The optimal parameters were
determined by combining the horizontal images in
one figure. This method was described by us in
articles [[19], [20], [21], [22]].

Research results

Table 1 shows the planning matrix and research
results. During the research, the effect of the coke
(K) and steel shavings (St) amount (in % of the
chrysotile-asbestos waste weight) on the extraction
degree of silicon into the alloy (as) and the silicon
concentration in the alloy (Cs;, %) was studied.

Table 1 - Planning matrix and research results

Variables Technological
Coded view Natural view parameters
Ne
X1 X2 Coke, Shjfleislgs, GCsi,% | asi, %
% %
1 + + 43.7 36.5 21.0 | 56.6
2 - + 323 36.5 26.3 | 70.9
3 + - 43.7 19.5 37.0 | 69.3
4 - - 32.3 19.5 39.0 | 73.0
5 ]141 0 46 28 25.6 | 57.9
6 141 0 30 28 30.8 | 69.7
0 1.41 38 40 27.5 | 78.0
0 -1.41 38 16 453 | 76.2
9 0 0 38 28 343 | 79.5
10 0 0 38 28 35.0 | 79.8
11 0 0 38 28 34.6 | 80.0
12 0 0 38 28 354 | 80.4
13 0 0 38 28 35.8 | 80.6
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Using the data from Table 1, we found the
regression equations according to the method [17]:
aSi=-361.43+22.47-K+3.65t-0.272-K*-

0.03-5t?+3.6:K-St; (1)
CSi=-1313.17+8.999-K-0.392-St-
0.116-K*+0.004-5t>-0.017-K-St. (2)

Based on equations 1 and 2, according to [18],
the volumetric and horizontal images of aSi and
Csialioy)=f(K, St) were constructed (Figure 4).

et
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| - volumetric image, Il - planar image

Figure 4 — Effect of coke and steel shavings on the
extraction degree of silicon into the alloy (A) and the
silicon concentration in the alloy (B)

It can be seen that the surface of aSi(alloy) =
f(K, St) has an extremal view with a maximum
(asi=84.5%) at 37.0% of coke and 26.5% of steel
shavings. The extremal view of the surface is due to
the fact that at 36-38% excess coke (when aSi(alloy)
decreases), the electrical conductivity of the
furnace bath increases. To maintain the required
current, the electrodes together with the arc are
moved to the upper horizons of the bath. The
reaction zone also moves up. The throat is heated,
and the filter layer of the charge decreases. As a
result, the loss of silicon with gaseous SiO increases
and aSi(alloy) decreases. It is seen that aSi varies
from 45 to 84.5% (x and y points). aSi(alloy) from
64.6 to 84.5% is achieved at 30-37.0% of coke and
30-40% of steel shavings (shaded area of Figure 4

(I)). The silicon concentration in the alloy varies
from 23.4 to 45.1%. FS45 grade ferrosilicon was
formed at a small amount (<22%) of steel shavings
in a large range of coke (from 32 to 42.5% of coke
(shaded area of Figure 4 (ll)). In the case of 30-46%
of coke and and increased amount of steel shavings
(from 23 to 40%), FS25 grade ferrosilicon was
formed (shaded area of Figure 4 (B)).

To determine the optimal conditions, the
planar asiand Csi images were combined (Figure 5).
The values of technological parameters at the
boundary points of the obtained ferroalloys are
shown in Table 2.
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Figure 5 — Combined information about asiand Cs;

Table 2 — Technological parameters at the points of
Figure 5

Point Technological parameter

FigI:re Coke, |Steel shavings, as, % Cs %
5 % %
t 32.3 16.8 70.0 41.0
a 33.6 18.7 75.0 41.0
b 38.0 20.6 79.0 41.0
d 38.0 16.0 76.6 45.0
e 34.4 16.0 75.0 44,7
f 32.5 16.0 70.0 41.4
u 30.0 29.4 69.4 29.0
K 30.0 40.0 68.6 32.4
n 30.9 40.0 70.0 34.1
z 34.4 40.0 75.3 25.9
X 36.2 40.0 75.0 25.4
y 36.2 35.6 76.7 29.0
m 32.2 32.5 75.0 29.0
h 30.3 30.4 70.0 29.0

In view of the fact that when the amount of
coke is >36-38%, the right side of the Figure 5
surface is practically the same as the left (with a
large amount of coke), it is advisable to consider
the left side of the figure.




Complex Use of Mineral Resources. 2023; 327(4):74-81

ISSN-L 2616-6445, ISSN 2224-5243

Based on Figure 5 and Table 2, it is possible to
determine the optimal technological parameters
for obtaining ferrosilicon of FS45 and FS25 grades
[23] with different extraction of Si into the alloy. So,
for asi>75%, FS45 with Csi= 41-45% is formed in the
region abde (33.69-36.2% of coke and 16-20.8% of
steel shavings). For as from 70 to 75%, FS45
ferrosilicon with Csi = 41-44.7% is formed in the
region ftac at 32.3-34.4% of coke and 16-18.7% of
steel shavings. FS25 ferrosilicon with aSi(alloy)
275% and Csi = 26.7-29% is formed in the region
mzxy at 32.2-38% of coke and 32.5-40% of steel
shavings. FS25 ferrosilicon is also formed in the
region hnzm. However, in this area, as; decreases to
70%. In this case, the amount of coke can be
changed from 30.3 to 34.4% and the number of
steel shavings from 30.4 to 40%.

Figure 6 shows the ferroalloys obtained from
two charge compositions: 1% charge — 58% of
chrysotile waste, 22% of steel shavings, and 20% of
coke; 2" charge — 63% of chrysotile waste, 23% of
coke, and 14% of steel shavings.

| — ferroalloy obtained from the 1%t charge, Il — ferroalloy
obtained from the 2" charge

Figure 6 — Photos of resulting ferroalloys

The silicon content in the alloy was determined
based on its density (P, g/cm?) by the pycnometric
method according to the equation:

Csi= 252.405-101.849*P+18.209*P2-1.213*P3[15] (3)

Density of the first ferroalloy was 6.4 g/cm?,
and dencity of the second one — 5.47 g/cm3. The
silicon content in the first alloy was:

CSi=252.405-101.849-6.4+18.209-6.42--1.213-6.43 =
24.4% (4)

and in the second alloy:

CSi=252.405-101.849-5.47+18.209-5.472--
1.213-5.473 = 41.6% (5)

The SEM analysis of the first alloy is represented
in Figure 7.

1 2 3 4 5 6 7 8 9
Full scale 4161 imps. Cursor 0.000 keV|
Il
Element Al Si Ti Mn Fe
Weight % 1.21 29.25 0.45 0.31 68.78

| - spectrogram, Il - elemental composition
Figure 7 — SEM-analysis of the alloy

It is seen that the alloy produced from the first
charge composition contains 29.2% of silicon.
Judging by the silicon content, in accordance with
[23], the produced alloys correspond to ferrosilicon
of FS25 and FS45 grades. The obtained ferroalloys
do not contain magnesium. The extraction degree
of magnesium into the gas phase was at least 92-
98%. The rest of magnesium (2-8%) passed into the
slag. For the condensation of magnesium from the
gas phase, it is
Magneterm method [24].

recommended to use the

Conclusion

The results obtained during the electric melting
of chrysotile-asbestos waste allow us to draw the
following conclusions:

- FS45 grade ferrosilicon with the silicon
extraction degree from 75 to 85.4% is formed in the
presence of 33.6-38% of coke and 16-20.8% of steel
shavings;

- FS25 grade ferrosilicon with the silicon
extraction degree from 68.6 to 73.8% is formed in
the presence of 30-38% of coke and 29.4-40% of
steel shavings;

- the main amount of magnesium (92-98%)
passes into the gas phase; the resulting ferroalloys
do not contain magnesium.
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deppoKopbiTna any KaHe ras pasacbiHa MarH1Mi any apKbiibl Xpusotun-acbecr
OHAiPICiHIH, KanAbIKTapblH 3N1EKTPOTEPMUANDbIK 6HAeY

'Akbin6ekos E.E., 'Llesko B.M., 2Aiitkynos A.K. *Kaparaesa I.E.

1M.3ye308 ameiHOarbi ORmycmik KazakcmaH yHusepcumemi, LLibimkeHm, KazakcmaH
2KazakcmaH Pecny6auKacbiHblH MUHepanobiK WuKizammel KeweHOi Kalima eHoey #eHiHOe2i ynmmelK opmansifel, Aamamel, Kazakcmax

TYWIHAEME

Makanaga «KoctaHait muHepangapbl» AK Xpu30oTun-acbecT eHAiPICiHiH, KanabIKTapblH KanTa
eHAey OoMbIHWA 3KCNEPUMEHTTIK 3epTTeynepaiH, HaTukenepi KentipinreH. XpusoTun-acbect
OHAIPICIHIH,  KaNablKTapblHAaH  MarHWA  MeH  KpeMHWiAi  $eppoKopbITiaHbl  anyablH,
SN1IEKTPOTEPMUANBLIK TEXHONOIMMACHI YCbIHbINADI. AnblHFaH KOpbITNanapAblH, TEeXHONOTMUANDbIK
napameTpsiepiHe KOKC NeH 60/1aT KOHKanapbl Me/LWEpPiHiH 3cepi aHbIKTanabl. Xpusotun-acbect
OHAIPICIHIH,  KanabIKTapblH TangayaplH,  AepuBaTOrpammacbl MeH pacTp/iblK  3NEKTPOHAbI

Makana kengi: 23 kapawa 2022 MMKPOCKOMMACHI YCbIHbIAFAH. 3epTTeynep eKiHwWi peTTi aHanamans! skocnapaapapl (bokc-XaHtep
CapantamagaH eTTi: 24 kaHmap 2023 JKOCMapbl)  KO/MZaHa  OTbIpbIM,  3KCMEPUMEHTTEPAI  Kocmapnay  aAiciMeH  Kyprisingj,
Kabbnganapl: 22 aknaH 2023 TEXHONOTUANBIK, NapameTpnepai rpaduKkanblk OHTaMNaHAbIPY KaHe 6ip 31eKTpoATbl AoFasbl

neLwTi KongaHa oTbipbin, rPaduTTi TUrenbae 3NEKTP 6anKbITy. XpU30TUA-achbecT KanaplKTapbiHbIH,
MaccacblHaH KPEMHUIMAI KOpbITNafa any [9PEeXeciHe KoHe KPeMHWI KOopbITnacbiHAafbl
KOHLLEHTpaLMAFa KOKC NeH 6onaT OoHKanapbl MenwepiHiH, acep eTyiHiH, 6apabap perpeccus
TeHaeynepi anbiHApl. LLMXTaHbl 3aneKTpMeH 6anKpITy apKblibl KypamblHaa 24,4-29,2% KpemHuii
6ap ®C25 mapkanbl cypbInTbl Ppeppocunuumii kaHe 41,6-45% kpemuuiti 6ap ®C4A5 mapKanb
deppocuanumnin anbiHapl. PC45 mapkansl Peppocuanumin ofaH ety aspexeci 75-teH 85,4% - fa
Aenin Si 33,6-38% KoOKc kaHe 16-20,8% 60s1aT »KOHKANapbIHbIH, KaTbicybiMeH Tysineai. $C25
MapKanbl Peppocnnnumii, ofaH ety gapexeci 68,6-73,8% kKpemHuii 30-38% KoKc KaHe 29,4-40%
6onaT OHKanapbl KesiHae Tysineai.

TyiiiH ce30ep: Xpu30TUN-acbecT KanablKTapbl, KOKC, 601aT XOHKanapbl, aiHaiMasbl }ocnapnay,
3neKTp 6anKkbITy, foFa newi, peppocunnumin
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AHHOTALUMUA

B cTaTbe NpUBOAATCA pe3ynbTaTbl IKCNEPUMEHTA/IbHLIX UCCIef0BaHUA No nepepaboTke 0TXOL0B
xpusotun-acbectosoro npoussogctBa AO  «KocraHaiickue — MuHepanbi».  MNpeanoxkeHa
3/71EeKTPOTEPMMYECKAn TEXHONOTUA U3BNEYEHUA MArHUA U KPEMHUCTOTO GbeppocniaBa U3 OTXOA0B
Xpn30Tua-acbectoBoro npovssoAcTsa. OnpeaeneHbl BAUAHWE KOAMYECTBA KOKCA M CTanbHOM

CTPY)KKM HQ  TEXHO/MIOTMYEeCcKMe  napameTpbl  MOJIYYEHHbIX  CMIaBOB. MpepacTasneHsbl
JepuBaTorpamma W pacTpoBas 3/NEKTPOHHAA MMUKPOCKOMMA aHanM3a Npob OTX0[0B XPU3OTUA-
Moctynuna: 23 HoAbps 2022 acbectoBoro  Npov3BOACTBA. WccnepoBaHmAa  MpoBOAMAUCL  METOAOM MAAHMPOBAHMA
PeueHsnpoBaHwue: 24 aHeapa 2023 3KCMEPUMEHTOB C MCNOAb30BaHMEM poTOTabenbHbiX NAaHOB BTOPOro nopsgka (nnaH Bokca-
MpuHATa B nevatb: 22 ¢espasnsa 2023 XaHTepa) C wccnegyowen rpaduyeckor ONTUMM3aUMEN TEXHONOTMYECKMX MNapameTpos

M 3N1EKTPONNABKOW LUNXTbl B rPAadUTOBOM TUI/IE C UCNOIb30BAaHUEM OLHO3/EKTPOAHON AyroBov
neuu. MonyyeHbl afieKBaTHble YpaBHEHWA Perpeccuii BAMAHMA KOAMYECTBA KOKCA WU CTasibHOWM
CTPY!KKM OT Maccbl XpU30TuUA-acbeCcToBbIX OTXOA0B HA CTeNEeHb U3BNEYEHUA KPeMHUA B CNaB U
KOHLLEHTPaLMIo B CNaBe KpeMHUA. INeKTPONIABKOM WMXTbI MOy4eH COPTOBOW heppocuanLuii
mapok ®C25 c cogepxaHnem KpemHua 24,4-29,2% wn ®C4A5 c copepxaHnem Kpemuua 41,6-
45%. ©eppocnnnumii mapku ®C45 co cTeneHbto nepexoaa B Hero ot 75 Ao 85,4% Si obpasyetca B
npucytcteum 33,6-38% Kokca u 16-20,8% cTanbHOM CTPYKKU. Peppocunnumii mapkm dC25 co
cTeneHblo nepexoga B Hero 68,6-73,8% Kpemuusa obpasyetcs npu 30-38% Kokca u 29,4-40%
CTa/IbHOW CTPYXKKMK.

Kniouyeeble cnoea: xpu3oTui-acbecToBble OTXOAbl, KOKC, CTa/ibHas CTPY)Ka, poToTabesnbHoe
NAaHWPOBaHMWe, 3NEKTPONIABKa, Ayrosas neub, GeppoCcUIMLMii.
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