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ABSTRACT

Flotation beneficiation of the Shalkiya deposit high-silicon sulfide ore, containing 4-6% of 3 Pb and
Zn, is ineffective, with the extraction of <80% of zinc and <60% of lead into the concentrate and
the formation of up to 0.93 t of tailings per 1 ton of the ore. The paper presents the results of
experimental studies on the processing of a mixture of the Shalkiya ore and its beneficiation
tailings by electric smelting in the presence of coke, steel cuttings and magnetite concentrate,
which acts as a sulfide oxidizer and iron supplier. The effect of coke and the iron replacement
degree in magnetite concentrate with iron in steel cuttings on the silicon extraction in the alloy
and its content in the alloy was studied using the method of planning experiments and their
optimization. It was established that from 75 to 82.8% of silicon is extracted from the mixture into
the silicon-containing alloy. The silicon content in the alloy varies from 30 to 44.2%. The formation
of FeSi45 grade ferrosilicon, containing 41-47.7% of silicon, occurs during the smelting of the
mixture of ore and tailings with a ratio of 1:1 in the presence of 26.8-33.0% of coke and the
replacement of iron from magnetite concentrate with iron from steel cuttings from 19.4 to 97%.
The sublimates formed during the electric smelting contain 25.2% of Zn and 11.7% of Pb. They are
9.4 times richer in 3Zn and Pb compared to the base mixture.

Keywords: sulfide ore, beneficiation tailings, lead-zinc ore, electric smelting, zinc sublimate,
ferrosilicon.
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Introduction

Lead-zinc ores are divided into three classes
according to their lead and zinc content: rich,
containing >7% >Pb and Zn, ordinary - YPb and Zn =
4-7%, and poor - 3Pb and Zn = 2-4%. Based on the
total reserves of zinc and lead, the ores are divided
into rich (2-10 million tons), medium (0.5-2 million
tons), and poor (<0.5 million tons) [1]. Based on this,
the Shalkiya deposit sulfide ore with the total zinc
and lead reserves of 5-8 million tons and containing
4.1-6% of 3 Zn and Pb belongs to the category of rich
with ordinary content [[2], [3]]. Ores of this category
are mainly processed by hydrometallurgical method:

beneficiation, roasting, leaching of the resulting
cinder and then producing cathode zinc [[4], [5], [6],
[71]. Even though at least 90% of zinc-containing ores
are processed using the hydrometallurgical method,
taking into account flotation, and all of its stages are
constantly being improved (from flotation to
producing cathode zinc) [[8], [9], [10]], this method
is associated with the formation of beneficiation
tailings, and, as a rule, with an insufficiently high
degree of zinc extraction into concentrate. The latter
circumstance is quite often connected with the fact
that in the process of ore crushing and grinding it is
not possible to obtain relatively homogeneous
grains of ore minerals, which differ in their



https://doi.org/10.31643/2025/6445.31
mailto:mahanbetova@bk.ru
mailto:shevkovm@mail.ru
mailto:mahanbetova@bk.ru
mailto:sunstroke_91@mail.ru
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources. 2025; 334(3):91-98

ISSN-L 2616-6445, ISSN 2224-5243

properties from the minerals of gangue; existing
technologies and reagent regimes do not allow
effectively process such ores and obtain required
indicators [[11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24]].

For this reason, the flotation beneficiation of the
Shalkiya ore is characterized by low indicators. Thus,
70-77% of Zn (on average 73.5%) is extracted into
the zinc concentrate with a content of 56% of Zn,
and 49-56% of Pb (on average 52.5%) is extracted
into the lead concentrate with a content of 45% of
Pb. With an average content of 3.8% of Zn in the ore,
the zinc concentrate mass formed from 1 ton of the
ore is 1:0.038-:0.735/0.56=0.0498 tons. With a
concentration of 1.3% of Pb in the ore, the lead
concentrate mass is 1-0.013-0.525/0.45=0.015 tons.
The beneficiation tailings mass per 1 ton of the ore
is 1-(0.0498+0.015)=0.93 tons. The number of
tailings during the 8 years of the Shalkiya ore
beneficiation is approximately 3 million tons.
Therefore, the development of new, low-waste
technologies for processing the Shalkiya ore and its
beneficiation tailings is currently relevant. A
distinctive feature of the Shalkiya ore and its tailings
is a significant (40-60%) content of SiO, [[25], [26]].
Based on this, modern technology for processing the
ore and tailings should provide for high zinc and lead
extraction, and production of commercial silicon-
containing products. By this, the authors of this
paper propose a joint electrothermal processing of
the Shalkiya ore and tailings with the extraction of
zinc and lead into the gas phase and the production
of silicon-containing ferroalloys. To obtain gaseous
zinc, lead and silicon ferroalloy, the authors [27]
propose the electric smelting of the mixture of ore
and tailings in the presence of Fe30s4 with the
implementation of the following reactions:

ZnS + Fe304+ 8C + 3Si0, = Zng + 3FeSi + SO, + 8CO; (1)
PbS + Fe304+ C + 3Si0, = Pbg + 3FeSi + SO, +8C0O;  (2)
FeS;+ FesO4+ 6C + 3Si0, = 3FeSi + 250, + 6CO.  (3)

The effect of temperature on AG® and AH° of
reactions 1-3 is shown in Figure 1 (the calculation
was performed using the Equilibrium Compositions
module of the HCS-10 software package [28]).

It can be seen that as the temperature increases,
the reactions’ equilibrium shifts to the right. The
dependences of AG®=f(T) for the reactions 1, 2, and
3, respectively, have the form:

AG°=2228.1-1.619T; (4)
AG°=2166.1-1.569T; (5)
AG°=2592.6-1.727T. (6)
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Figure 1- Effect of temperature on AG° (a) and AH® (8) for
reduction of Zn, Pb and Fe from sulfides

Based on the equations 4-6, it was determined
(by AG®=0) that the first reaction becomes possible
at a temperature of >1376.10C, the second at a
temperature of >1380.60C, and the third at a
temperature of >1501.20C. All the reactions under
consideration are classified as endothermic. A more
energy-consuming reaction is the interaction of
pyrite with quartzite, FesOs and carbon. The
observed maximum on the dependence AH®=f(T) is
associated with the melting of FeSi. Earlier [[27],
[29]] the authors published the results of a complete
thermodynamic analysis of the formation of silicon-
containing ferroalloys from the mixture of the
Shalkiya ore and its beneficiation tailings and
exploratory (preliminary) electrothermal smelting of
silicon-containing alloys from the mixture.

This paper presents the results of experimental
studies on the optimization of obtaining silicon-
containing alloys from the mixture of the Shalkiya
ore and its beneficiation tailings.

Experimental part

The electric smelting of the mixture of the
Shalkiya ore and its beneficiation tailings (SHOT)
with a mass ratio of 1:1 was carried out using a
single-electrode arc furnace with a maximum power
of 15 kV-A. The melting was carried out in a graphite
crucible with a height of 12 cm and an internal
diameter of 8 cm. The setup diagram and the
experimental methodology were described by the
authors earlier in [29].

The resulting alloy and sublimate were analyzed
by SEM microscopy (a scanning electron microscope
JSM-6490LV), gravimetric method. The content of
lead and zinc was determined by the polarographic
method according to [30]. The content of Si in the
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alloy (Csialoy) Was determined by its density (D,
g/cm?3) by the formula (7):

Csi(alloy)=252.405-101.848D+18.209D-1.243D*  (7)

The silicon extraction degree in the alloy
(oysifalioy)) Was determined by the ratio of the silicon
mass in the alloy to the silicon mass in the charge.
The studies were carried out by the method of
mathematical planning of experiments using the
second-order rotatable plans (Box-Hunter plan)
[[31], [32]]. Based on the obtained experimental
data, the regression equations were found for the
effect of the coke amount (C, % of the SHOT mass)
and the iron replacement degree in the magnetite
concentrate with iron in the steel cuttings (y, %) on
Qsifalioy) and Csialioy). The adequacy of the regression
equations was checked by the Fisher’s criterion, the
significance of the equation coefficients was
checked by the Student’s criterion. The
experimental error did not exceed 5%. Based on the
regression equations, 3D and planar images of the
coke and y effect on Qiaioy) and Csiaioy) Were
constructed.

Results and Discussion

The process was optimized by superimposing
horizontal images asiaiioy) =f(K, ¥) and Csigaioy)= f(K, V).

The chemical composition of the Shalkiya ore
and its beneficiation tailings is shown in Table 1.

Table 1- Chemical composition of the Shalkiya ore and its
beneficiation tailings, %

s Content, %
I
>
% E Ly L o on
8E 2 glag|8 3] <
N T 2315 53858
Ore 5.211.0 |4.050.2/19.5 [10.1/6.40.3 |0.4 |2.5
Tailings|2.5/0.8 |3.160.1{17.06|8.9 |{2.20.5 |0.6 |3.2
Mixture| 3.810.9 |3.4/55.318.41|9.5 |{4.90.4 |0.5 2.8

The ore and coke were used in 1-1.5 cm fractions.
The beneficiation tailings were pelletized together
with bentonite clay to 1-1.5 cm and dried at 150-
160°C for 30 minutes. The magnetite concentrate
obtained from the copper ore flotation tailings at the
Balkhash plant was used as a raw material
containing Fe;04 and the following, by mass %: 86.0
of Fe304; 10.76 of SiO,; 2.0 of Ca0; 1.4 of Al,0Os; 0.3
of MnO; 0.3 of K;0; 0.2 of Na,O; 0.4 of Mg0O; 0.017
of ZnO; 0.1 of PbO. The ash content in the coke was

13.0%, volatiles — 1.1%, moisture — 0.8%, S — 0.7%,
and C — 84.5%. The steel cuttings contained 97.31%
of Fe, 1.8% of C, 0.4% of Si, 0.2% of Mn, and 0.1% of
Al

Table 2 shows the matrix of the experiments and
their results.

Table 2- Matrix of the experiments on the electric
smelting of the Shalkiya ore and tailings mixture and their
results

# Variables Output parameter
Coded Natural O(si(alioy), % |  Cisi(alloy), %6
X1 Xz2|C, % |y, % |Exp. | Calc. | Exp. | Calc.
1 + - 31.5| 15 [73.4]72.97| 39.2 |39.08
2 + + 31.5| 85 (49.0(78.86| 42 |42.09
3 - - 24.5| 15 |58.1|58.06|34.58|34.57
4 - + |24.5| 85 |73.5|73.76| 37.5 |38.09
511414 0 33 | 50 |82.0|82.36| 44.4 |44.52
6 (-1.414 0 23 | 50 |68.4|68.21| 39.1 |35.51
7 0 1.414 | 28 | 100|74.3{74.17| 38.1 |37.71
8 0 |-1.414| 28 | 0 |58.6| 58.9 | 33.2 |33.11
9 0 0 28 | 50 |78.0| 77.0 | 41.3 |41.48
10 0 0 28 | 50 |76.5| 77.0 | 42 |41.48
11 0 0 28 | 50 |76.0| 77.0 | 41.1 |41.48
12 0 0 28 | 50 |77.5| 77.0 | 41.8 |41.48
13 0 0 28 | 50 |77.0| 77.0 | 41.2 |41.48

Based on the data in Table 2, the following
regression equations were obtained:

Qsialloy) =-64.204+1.141 y+63.428-101-C-42.694-10
4y?-69.877-103-C>-0.02-C-y; (8)

Csifalloy)=15.6+32.276-10%y-58.36-C-24.767-10° y*-
10.204-10*Cy. (9)

Then, using the equations 8-9, 3D and planar
images of siaioy)=f(C, v) and Csianoy)=f(C, v) were
constructed, shown in Figures 2-3.

It follows from Figure 2 that the minimum
silicon extraction degree in the alloy is 45%, and the
maximum is 82.8%. sialioy) from 75 to 82.8% occurs
in the presence of 15.0-33% of coke and 14.8-99.6%
of v, Qsigaloy) from 80 up to 82.3% occurs in the
presence of 22.6-33% of coke and 31.5-81.0% of y.
At a constant value of y, an increase in the amount
of coke increases the silicon extraction in the alloy.
The silicon concentration in the alloy varies from 30
to 44.2%. Moreover, the formation of FeSi45 grade
ferrosilicon (41-44.7% of Si) occurs in the presence
of 26.8-33% of coke and 19.4-97.2% of y. At a
constant value of y, an increase in the amount of
coke increases the silicon concentration in the alloy.
The low silicon extraction degree in the alloy in the
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absence of steel cuttings is associated with the foam
formation during the magnetite reduction.
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Figure 2- Effect of coke and iron replacement degree in
the magnetite concentrate with iron in the steel cuttings
on the silicon extraction degree in the alloy
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Figure 3- Effect of coke and iron replacement degree in
the magnetite concentrate with iron in the steel cuttings
on the silicon concentration in the alloy

Figure 4 shows a combined image picture of the
dependence asialioy)=f(C, y) and Csigaioy)=f(C, y). Table
3 shows values of technological parameters in two
areas, in the first area Csjaioy)=41-44.7% and
Osialloy)=75.1-82.6%, in the second area
Ol(si(alioy)=80.0-82.6% and Csialioy)=42.6-44.7%.
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Figure 4- Combined image of the dependence
siatioy)=f(C, v) and Csigalioy)=F(C, v)

Table 3- Values of technological parameters at the
boundary points of two areas: 1 — with Csi(lloy)291.0% and
2 — with asialioy)280%

Point in Technological parameters
Figure 4 | Coke, % Y, % Qsi(alioy)y % | Csifalioy), %
a 29.6 71.3 80.0 42.6
b 33.0 81.0 80.0 43.3
c 33.0 56.6 82.3 44.7
d 33.0 31.5 80.0 43.0
m 26.8 62.5 75.8 41.0
n 33.0 97.2 75.1 41.0
f 33.0 19.4 75.7 41.0

Figure 5 shows photos of ferroalloys smelted
from ore and tailing mixtures with varying degrees
of iron replacement in magnetite concentrate with
iron in steel cuttings.

I —33% of coke, y=20.0%; Il — 28.5% of coke, y=75%
Figure 5- Photos of smelted ferroalloys
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Figure 6 shows the SEM analysis of the alloy at
v=20%; Figure 7 shows the sublimates collected on
the electric holder.

2 4 6 8 10 12 14 1
Full scale 11364 imp. Cursor 0.000 keV

Element| Si Fe | Al [Mg| P | S |[Ca|O | C

Content,

% 41.28(47.82(2.40(0.24|0.25|1.02|1.91|3.95|1.13
(4

Figure 6- SEM analysis of the alloy

Spectrum 1

2 4 6 8 10 12 14 16

Full scale 11124 imp. Cursor 0.000 keV

Element Zn | Pb [Fe| Si | S|Ca| K| Al|Mg| C | O

C""f/e"t 25.2/11.7/0.4|12.1/1.1|0.4|0.7]0.1| 1.1]16.5|30.7
, 0

Figure 7- SEM analysis of the sublimates

The alloy containing 41.28% of silicon does not
contain zinc or lead. In terms of silicon content, the
alloy can be classified as FeSi45 grade ferrosilicon
[33]. In the sublimates, into which 98.8% of Zn and
97.8% of Pb pass, the zinc content was 25.2% and
the lead content was 11.7%. That is, the sublimates
are a polymetallic concentrate, in which the zinc
content is 8.1 times higher than in the base mixture,
and the 3 Zn and Pb is 9.4 times higher.

Conclusions

Based on the results obtained during the electric
smelting of the mixture of ore and beneficiation
tailings with coke, magnetite concentrate, and steel
cuttings, the following conclusions can be drawn:

A high (75-82.8%) degree of silicon extraction in
the alloy occurs when the mixture is smelted in the
presence of 15-33% of coke and with 14.6-91.9% of
iron replacement in the magnetite concentrate with
iron in the steel cuttings.

The silicon concentration in the alloy varies from
30 to 44.2%. Moreover, the formation of FeSi45
grade ferrosilicon (41-44.7% of Si) occurs in the
presence of 26.8-33% of coke and 19.4-97.2% of y.

The main part of zinc (98.8%) and lead (97.81%)
is extracted from the mixture into the sublimates,
which contain 25.2% of Zn and 11.7% of Pb. The zinc
concentration in the sublimates is 8.1 times higher
than that in the base mixture, the zinc and lead sum
concentration is 9.4 times higher.
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OpTawa KpemHuini peppocunuuum any ywin LWankua cynbdpuaTi KEHi MeH OHbIH,
6aibITy KangblKTapbiH BipikTipin anekTpmeH 6anKbiTyabl OHTaNAHAIPY

! Wesko B.M., ! MaxaH6etoBa B.A., 2Aittkynos [.K.,  bBagukosa A.

1 M.9ye3z08 ameiHAarel OHMycmik KazakcmaH yHusepcumemi, LLbimkeHm, KasakcmaH
2 KazakcmaH Pecriy6uKaceiHbIH, MUHepanoblk Wukizammel keweHOi Kalima eHoey #eHiHoeai yammebik opmansirsl, Aamamel, KazakcmaH

TYRIHAEME

KypambiHaa 4-6% 5 Pb xaHe Zn 6ap Lankua KeH OpHbIHbIH, CybOUATI OFapbl KPEMHUIAT KEHIH
dnotaumansik, 6anbiTy H6apbicbiHaa <80% Mblpbil neH <60% KOpfacbiHAbl KOHLLEHTPaTbIH any
TUIMCi3 »KoHe 1 TOHHA KeHre lwakkaHpa 0,93 T-fa peliH Kanablk Tysineai. Makanaga Wankua
KEHiHiH, 3N1eKTPAIK BanKpITy KOCNACbIH XaHe OHbl 6albiTy KanablKTapbliH KOKC, 6onaT yriHainepi
oHe cynbpuaTepai TOTLIKTHIPFBIW KaHE TeMip KeTKi3ywi KbI3MeTiH aTKapaTblH MarHeTut
KOHLLEHTPATbIHbIH, KaTbICYbIMEH OHAEYAIH TaXipubenik 3epTreynepiHiH, HaTUKenepi bepinreH.

Makana kengj: 22 mamoip 2024 Toxipubenepai socnapnay )aHe onapAbl OHTaWNaHAbIPY SiCIH KOALaHa OTbIPbIN, KPEMHUMAIH,
CapanTamagaH eTTi: 3 winde 2024 KOPbITNafa a/blHyblHAa KOKCTbIH, 9Cepi K9HE MarHeTUT KOHLEHTpaTbiHAafbl Temipai 6onat
Kabbinpanabl: 17 winde 2024 yriHainepiHaeri TemipmeH anMacTbipy ASpexeci KoHe OHAafbl OCbl 3/EMEHTTIH Kypambl

3epTTengi. KocnagaH KpeMHUAAiH 75-TeH 82,8%-fa AeiiH KpeMHUidi 6ap KOpbITNafa anblHaTbIHbI
aHblKTangapl. KopbiTnagafbl KpeMHuUii menwepi 30-aaH 44,2%-fa aeiiin esrepai. KypambiHaa 41-
47,7% KkpemHuiti 6ap FeSi45 mapkanbl deppocunnumingiy, Tysinyi 26,8-33,0% KOKC KaTbiCbIHAA
oHe 1:1 KeH MeH OHblH, 6albITbiNFaH KangplK KOCNacbiH OankpITKAHAQ KOHEe MarHeTuT
KOHLLEHTPATbIHbIH, TeMipiH 6onat yriHainepimeH 19,4-TeH 97%-fa AeliH anmacTbipFaHaa nanga
60naabl. INEKTPAiK BanKpITy KesiHae Ty3ineTiH BO3roHAap KypambiHaa 25,2% Zn xaHe 11,7% Pb
60onaabl. Onap 6actankpl KOCMamMeH canbiCTbipFaHaa YZn xaHe Pb-fa 9,4 ece 6ai.

TyiiiH ce30ep: cynbduATi KeH, 6albITy KanabIKTapbl, KOPFACbIH-MbIPbILL KEeHi, 3N1eKTPAiK 6anKkbITy,
MbIPbIL BO3rOHbI, GeppoCUNULNNA.
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dnoTaumoHHoe oboralleHne cynbOGUAHON BbICOKOKPEMHUCTOW pyabl MecTopoxKaeHus Lankus,
copepKawel 4-6% Y Pb n Zn npoucxoant He 3dDEKTUBHO C U3BJIEYEHMEM B KOHLEHTPaT <80%
LMHKA M <60% cBUHUa M obpa3oBaHnem Ha 1 T pyabl go 0,93 T xBocToB. B cTaTbe npuBoaATCA
pe3ynbTaTbl 3KCMEePUMEHTaIbHbIX MCCNeA0BaHUI NepepaboTKM 3/M1EeKTPONIaBKoW cmecu pyapbl

Noctynuna: 22 mas 2024 LLIafiKMA U XBOCTOB ee 06OralleHns B NPUCYTCTBUM KOKCA, CTa/IbHOM CTPYKKM U MarHeTUTOBOrO
PeueHsuposanwe: 3 utos1a 2024 KOHLLEHTPaTa, BbIMO/HAIOLLETO PO/b OKUCAUTENs CyNbdUAOB M MOCTaBLIMKA Xene3a. MeTogom
NpuHaTa B nevatb: 17 ukons 2024 NNaHMPOBAHMA IKCNEPUMEHTOB M MX ONTUMM3ALMEN UCCNeA0BaHO BAUAHME KOKCa U CTeneHu

3aMeHbl Kenes3a MarHeTUTOBOrO KOHLLEHTpaTa Ha efe30 CTa/lbHOM CTPYXKM Ha u3BNneveHune
KPeMHWA B CN/JaB W COAEp)KaHWe B HEM 3TOro 3/leMeHTa. YCTaHOBJEHO, YTO M3 CMecu B
KpemHuitcoaepKalmii cnnas ussnekaetca ot 75 ao 82,8% kpemHua. CoaepKaHue KpemHus B
cnnas usmensaetca ot 30 Ao 44,2 %. ObpasoBaHue deppocunmuma mapku FeSid5, copepralero
41-47,7% KpemHuUA NPOUCXOLMT MpPW NaBKe CMecUu pyabl U XBOCTOB C OTHOoweHuem 1:1 B
npucytcteumn 26,8-33,0% KOKCa M 3aMEHOW Kesnesa MarHeTUTOBOrO KOHLEHTPaTa Ha Keneso
CTafNbHOM CTPYKKM OT 19,4 10 97%. Bo3roHbl, 06pa3oBaHHble NpK 31EKTPONNaBKe coaepaT 25,2%
Zn v 11,7% Pb. OHu 6oraye no YZn u Pb B cpaBHEeHWM C UCXOLHON cmecbio B 9,4 pasa.
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