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ABSTRACT

The article provides the findings of both theoretical and experimental investigations aimed at identifying the optimal process parameters that maximize the extraction of
silicon and non-ferrous metals from a mixture of sulfide ore and sulfuric acid leaching cakes of vanadium-containing quartzites. This process results in the production of
a ferroalloy and sublimates enriched with zinc and lead. Utilizing a method of computer thermodynamic modelling to predict the minimization of Gibbs free energy, the
effect of the quantities of coke and steel chips on the silicon extraction into the ferroalloy and zinc and lead into the sublimates was analysed. The optimal processing
parameters for the ore and cake mixture through electric smelting were established using the second-order rotatable designs (Box-Hunter Design) within a single-electrode
arc furnace. Under equilibrium conditions in the examined system, with 18% steel chips and an augmentation of coke from 20 to 25%, the silicon extraction degree into
the alloy escalates from 62.95% to 70.98%. With 23% coke and a variation in steel chips quantity from 6% to 30%, the silicon extraction degree into the alloy increases
by 13.79%, from 59.97% to 73.76%. Ferrosilicon of the FeSi45 grade — yielding the extraction degree of 64.2% to 73.1% Si — is formed in the presence of 8.8% to 19.3%
steel chips and 18.0% to 26.0% coke, while the FeSi50 grade — yielding the extraction degree of 62.5% to 67.3% — is achieved with 6.0% to 11% steel chips and 18% to
26% coke. During the electric smelting of a mixture comprising 12% magnetite concentrate and 22% coke, three grades of ferrosilicon were produced: FeSi25 (with 30%
steel chips), FeSi45 (with 18% steel chips), yielding the silicon extraction degree of 72.4% to 80.6%, and FeSi50 (with 6% steel chips) with the silicon extraction degree

of 69.3% to 74.5%. Furthermore, 98.2% to 98.6% of these metals are extracted into sublimates containing 25.2% zinc and 13.7% lead.
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INTRODUCTION

Kazakhstan has several large deposits of silica-containing ores, including
quartzites from the Balasauskandyk, Kurumsak, and Dzhebagly deposits.
However, using this raw material for ferrosilicon production is impractical since
these ores are complex and contain, in addition to 72.5% SiO: and 0.8-1.2% V,0s,
about 0.3% molybdenum, 0.2-0.5% uranium, and 0.05-0.15% rare earth metals [1].
Various methods are used for processing this category of ores, mainly associated
with metal extraction through acid (autoclave, tank, or heap) or alkaline leaching,
followed by extracting valuable components from the solution [2-6]. Combined
methods are also used, incorporating different techniques, such as sulfuric acid and
alkaline leaching, a pyro-hydrometallurgical method, and the chlorine method [7-
14]. Despite its efficiency, the hydrometallurgical processing of ores inevitably
results in the formation of significant amounts of wastes (up to 85-90% of the
initial raw material mass) in the form of leaching cakes. These cakes contain up to
80% SiO2, 15-16% C, and 0.08-0.1% V. The presence of silica and carbon in the
cakes presents a fundamental opportunity to use these wastes in producing silicon-
containing ferroalloys as a substitute for quartzite and a partial replacement for
carbonaceous reductants [15].

At M. Auezov South Kazakhstan University, in collaboration with the National
Center for Complex Processing of Mineral Raw Materials of the Republic of
Kazakhstan, work is underway to develop a technology for the comprehensive
processing of sulfide lead-zinc ores using a novel method that eliminates
concentrate production and roasting [16-18]. This technology allows for the
simultaneous production of zinc concentrate (23.5-34.0% Zn and 9.15-15.2% Pb)
and standard-grade silicon-containing ferroalloys. The SiO: content in the sulfide
ore used is 40-47%. The grade of ferrosilicon obtained from it does not exceed
FeSi45 (41-44% Si). The ferrosilicon grade can be increased if the charge contains
a higher SiO: content. To achieve this, the raw material in the charge must include
more of this oxide. It is assumed that using a charge with a higher SiO: content,
following the chemical kinetics equation V=K-S-C» [19] (in this case,
V=K-S(carbon)-C» (SiO:), where V is the reaction rate, K is the rate constant,

S(carbon) is the surface area of carbon particles, and C SiO: is the concentration
of SiO; in the reaction zone), will increase the rate of ferrosilicon formation.

This article presents the results of theoretical and experimental studies aimed at
determining the optimal process parameters that ensure maximum silicon
extraction into the alloy from a mixture of lead-zinc sulfide ore and leaching cakes
of vanadium-containing quartzites, with the production of ferroalloy and the
extraction of zinc and lead into sublimates.

MATERIAL AND METHODS

The research used a mixture of sulfide lead-zinc ore from the Shalkiya deposit and
a leaching cake of vanadium-containing quartzites of the Balasauskandyk deposit
in a 1:1 ratio. The chemical composition of the materials used in the study is as
follows:

- Sulfide ore of the Shalkiya deposit (hereinafter referred to as SO), wt.%: 46.3
SiO:, 12.4 CaO, 8.1 MgO, 7 CaSOs, 6.9 Al:Os, 5.9 ZnS, 3.6 FeS, 2.8 FeO, 2.7
Fes0a, 2.6 Fe,03, 1.5 PbS, 0.2 TiO:;

- Leaching cake of vanadium-containing quartzites of the Balasauskandyk deposit
(hereinafter referred to as LC), wt.%: 72.5 SiO2, 19 C, 3.00 H20, 1.5 CaO, 1.4
Fezos, 1.3 A1203, 0.7 MgO, 0.15 BaO, 0.15 VzOs;

- Magnetite concentrate of LLP “Iron Concentrate Company” (hereinafter referred
to as MC), wt.%: 85.9 Fe;04, 9 SiO,, 2 CaO, 1.4 Al:Os, 0.4 MgO, 0.4 PbO, 0.3
MnO, 0.3 K20, 0.2 Na:0, 0.2 ZnO;

- Coke, wt.%: 86.3 C, 4.9 SiO2, 2.2 Fe203, 1.8 ALOs, 1.5 Ca0, 0.4 MgO, 1.1 H:0,
1 CHs, 0.8 CaS;

- Steel chips of carbon steel (hereinafter referred to as SC), wt.%: 94.33 Fe, 1.67
C, 1.67 Si, 1.33 Mn, 0.67 Cr, 0.33 Al.

The HSC-6.0 software package, developed by Outokumpu (Finland), was used for
thermodynamic prediction of ferrosilicon production and zinc and lead extraction.
The equilibrium composition of the studied systems was calculated using the
Equilibrium Compositions module included in the HSC-6.0 [20]. The algorithm
for calculating the equilibrium distribution of elements was developed by
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specialists from Metallurgy Department of M. Auezov South Kazakhstan
University [21]. Thermodynamic modeling was carried out in the temperature
range of 500 to 2000°C at a pressure of 1 bar.

The optimization of electric smelting parameters was conducted using the method
of second-order rotatable designs (Box-Hunter Design) [22, 23]. This method
allows for developing adequate mathematical models [24] describing the
dependence of optimization parameters on independent factors with a relatively
small number of experiments. For a two-factor experiment, the number of trials
(N) is calculated using the formula:

N=2k+2xk+2k+1, 0

where k is the number of independent factors, 2k is the number of trials in the core
of the plan, 2k is the number of star-point trials (where the star-point value o is
determined by the expression +0=2k/4), and 2k+1 is the number of trials at the
center of the plan. For the planned two-factor experimental series, the number of
trials was:

N=22+2x242x2+1=13. 7

The confidence limit for determining the adequacy of the regression equations was
95%. Using the MathCAD software [24, 26], the obtained equations enabled the
creation of three-dimensional and planar models that illustrate the relationship
between process parameters and independent factors. The optimal process
parameters were identified by overlaying planar optimization parameter images.
Experiments on smelting the SO and LC mixture were conducted in a single-
electrode arc furnace.

The laboratory single-electrode arc furnace had a chromium-magnesite lining and
a bottom made of a carbon-graphite block. A graphite crucible (6 cm in diameter,
16 cm in height) was placed on the graphite block. The space between the crucible
and the lining was filled with graphite granules (fraction size 0.1-0.3 cm) to
improve thermal insulation and ensure uniform temperature distribution. The upper
current conductor, made of a graphite electrode (3 cm in diameter), was connected
to a mechanical positioning system. A single-phase furnace transformer TDJF-
1002 supplied power to the furnace with a thyristor power regulator. The furnace
was covered with a removable refractory lid from the top.

Before smelting, the furnace was preheated by an arc for 35-40 minutes at a 35-40
V voltage and a 200-400 A current. Then, the first charge batch (200-250 g) was
loaded into the furnace. After smelting, subsequent charge batches were added and
melted at intervals of 7-12 minutes. The total smelting duration, at a voltage of 25-
35V and a current of 300-450 A, was 40-45 minutes from the moment of charge
loading. After smelting, the crucible with the products was cooled in the furnace
for 3-3.5 hours and then in the air for 2-3 hours. The cooled crucible was broken
apart, separating the products into alloy and slag.

The composition of raw materials and smelting products was analyzed using the
following methods: Atomic Absorption Spectroscopy (AAS-1, Germany),
Scanning Electron Microscopy with Energy Dispersive Analysis (JSM-6490LV
with INSAEnergy, Japan). Silicon content in the alloy was determined according
to State Standard 13230.1-93 [27] and by measuring the ferrosilicon density. The
silicon extraction degree in the alloy (aSi (alloy), %) was calculated as the ratio of
silicon mass transferred to the metal phase to the silicon mass in the charge.

The zinc extraction degree into sublimates (%) was calculated using the formula:

@, = Gzn(charge)=Gzn(alloy)—Gzn(slag) .100 (3)
Zn GZn(cha'rge)

where: Gzn(cnarge) Gzn(attoy) Gzn(siag) @re the masses of zinc in the charge, alloy,
and slag, respectively.

A similar formula was used to calculate the degree of lead extraction into
sublimates.

RESULTS AND DISCUSSION

Initially, the optimal equilibrium conditions for obtaining a silicon-containing
alloy and the sublimation of Zn and Pb from the SO-LC-MC-coke-SC system
(SO:LC=1:1) were determined. Magnetite concentrate (MC) was partially used to
replace the iron from steel chips and enhance the extraction of zinc and lead into
the gas from sulfide ore. So, AG°=0 for the reduction of zinc from ZnS in the

presence of Fe304, calculated using the Reaction Equations module of the HSC-
6.0 software [20], for the reaction:

ZnS+Fe;0,+2C=2Zn(gas)+3Fe+2CO+S0,; 4

is observed at 1205.8 °C, whereas AG°=0 for the reduction of zinc in the absence
of Fe;0,, according to the reaction:

ZnS+C=Zn(gas)+CS;; (5)

occurs only at a temperature of 1619.7 °C.

Fig. 1 illustrates the effect of temperature on the equilibrium distribution (a, %) of
silicon in the system at 12% MC, 23% coke, and 18% SC. It can be seen that FeSi
formation begins at 1300°C. The maximum silicon extraction degree into the
elemental state (19.8%) occurs at 1800°C. The decrease in the silicon extraction in
FeSi and in its elemental state is associated with an increased degree of silicon
transition into gaseous SiO (19.4% at 1800°C and 45.7% at 2200°C). In the system,
silicon also partially forms the following compounds: Fe;Si, FeSi,, FeSi, 3, FesSis,
VSi,, CrSi.
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Fig. 1 Effect of Temperature on the Equilibrium Distribution of Silicon

Fig. 2 shows that zinc transitions into the gas at temperatures above 900°C. At
>1700°C, this transition exceeds 99%. A noticeable transition of lead into the gas
occurs at temperatures above 1200°C, reaching a maximum (96.64%) at 2000°C.
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Fig.2 Effect of temperature on the equilibrium distribution of Zinc (A) and Lead
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Fig. 3 illustrates the extraction degrees of elements into the alloy and the gas phase.
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Fig. 3 Effect of Temperature on the Extraction Degree of Elements into the Alloy
(A) and the Gas Phase (B)

The highest silicon extraction degree into the alloy (69.08%) — as the sum of its
extraction into Si and iron silicides — occurs at 1800°C. At this temperature, the
zinc extraction into the alloy is 0.29%, lead is 23.08%, and vanadium is nearly
100%. Zinc is extracted into the gas more completely than lead. Aluminum begins
to reduce at 1800°C. At 2000°C, the aluminum reduction degree and its transition
into the alloy reaches 30.8%. All vanadium transfers into the alloy at temperatures
>1800°C.

Table 1 presents the elemental concentrations in the alloy. The maximum silicon
content in the alloy (39.79%) is observed at 1800°C (close to the lower Si
concentration in ferrosilicon of the FeSi45 grade (41%).

Table 1 Effect of Temperature on the Elemental Composition of the Alloy, %

Temperature, °C
Elements

1400 | 1500 | 1600 |1700 | 1800 | 1900 |2000 |2100 | 2200
Al 0 0 0 0.02 | 013 | 053 | 1.6 | 3.2 | 295
Fe 90.36 |77.05 [65.35 | 60.8 |59.05 |59.44 [60.09 |62.01 | 62.9
Pb 2.04 | 148 [ 094 | 055 | 032 |0.19 |0.11 | 0.07 | 0.05
Si 6.09 [20.32 [32.78 |37.82 [39.79 [39.23 |37.68 |34.26 |33.67
\Y 0.14 | 0.12 | 0.1 |[0.08 | 0.09 | 0.09 |0.09 [0.09 | 0.1
Zn 0.5 | 016 | 0.05 [ 0.02 |0.01 |0.01 0 0 0

A study was conducted on the effect of temperature and coke on the silicon
extraction into the alloy (in the form of Si and iron silicides) — aSi(alloy), as well
as on its concentration in the alloy — CSi (alloy) (Fig. 4). In this series of
experiments, the composition included: steel chips (SC) — 18%, magnetite
concentrate (MC) — 12%, coke content varied from 20% to 25% of the total mass
of ore and cake mixture.
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Fig. 4 Effect of Temperature and Coke on Silicon Extraction into the Alloy (A)
and Silicon Concentration in the Alloy (B)
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As the coke content increases, aSi(alloy) rises from 62.95% to 70.98% at 1800°C.
The silicon concentration in the alloy also increases from 37.95% to 41%. The

decrease in the extraction degree and concentration of this element in the alloy at
temperatures >1800°C is associated with the formation of gaseous SiO, into which,
for example, at 1900°C, 23.6-32.29% of silicon is extracted.

Table 2 and Table 3 present the effect of temperature and coke content on the
extraction of zinc and lead into the gas phase.

Table 2 Effect of Temperature and Coke on the Zinc Extraction into the Gas Phase

Coke Temperature, °C
quantity,
9,  |800{900/1000|1100|1200{1300{1400|1500|1600(1700/1800|1900|2000

20 0.020.29|1.98(9.47 31.8265.7487.4596.3698.8499.5299.7599.8599.90
25 0.02|0.26|1.78|8.7130.4564.4086.5996.0298.7099.4899.6999.8099.87

Table 3 Effect of Temperature and Coke on the Lead Extraction into the Gas Phase

Coke Temperature, °C
guantity,
% 900{1000{1100|1200{1300{1400|1500{1600(1700|1800|1900|2000

20 0.03|0.15|0.57|1.67|3.76|8.36 |21.00}42.43|63.84(79.14/88.43(92.99
25 0.03|0.14|0.55|1.56 |3.42 | 7.44 18.55|37.86(60.96(75.35|85.25(91.28

Table 2 and Table 3 show that the quantity of coke almost does not affect the zinc
extraction into the gas. On the contrary, up to 2000°C, an increase in coke quantity
reduces the lead extraction into the gas. In the 1000-2000°C temperature range,
zinc is extracted more efficiently than lead.

When studying the effect of steel chips (SC) content from 6% to 30% on
equilibrium process parameters, the coke content was 23%, and magnetite
concentrate (MC) was 12%. The research results are presented in Fig. 5.
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Fig. 5 Effect of Temperature and Steel Chips on Silicon Extraction (A) and Silicon
Concentration (B) in the Alloy

Fig. 5 shows that changes in steel chips (SC) quantity significantly affect process
parameters. The silicon extraction into the alloy increases by 13.79% as SC content
rises, and the silicon concentration in the alloy decreases by 13.88%. The
maximum silicon extraction into the alloy (73.76%) is observed at 1800°C and
30% SC, whereas the highest silicon concentration in the alloy (44.06%) is
achieved at 6% SC. The zinc extraction into the gas phase changes insignificantly
with increasing SC quantity (Table 4). Regardless of the SC quantity, the zinc
extraction exceeds 99% at temperatures >1700°C. The lead extraction degree
decreases as the SC content in the charge increases; for example, at 1900°C, it
drops from 82.0% to 75.4% (Table 5).

Table 4 Effect of Temperature and Steel Chips on the Zinc Extraction into the Gas
Phase

Steel chips Temperature, °C

quantity, % |1300|1400 | 1500 | 1600 | 1700 | 1800 | 1900 | 2000 | 2100 | 2200
6 64.4186.8|959(99.1|99.7|99.8(99.8|99.9|99.9|100.0
30 64.9 [ 86.9|96.3|98.8|99.5(99.7(99.8]99.9|99.9|99.9
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Table 5 Effect of Temperature and Steel Chips on the Lead Extraction into the Gas Table 7 Experimental Design Matrix and Results
Phase Variables Process parameters
Steel chips Temperature, °C No|_Coded kind Natural kingaSi(alloy) aSi(alloy) |- ¢;.pyo) | CSicalloy),
quantity, % | 1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1900 | 2000 | 2100 | 2200 7 | x2 |T°CBC.o Stugled, CalCl;/'afEd studied, 9 Ca'CL;/'afed
6 21|43 [84[188]489]727]820][875(029][0959 5 . - -
1 -1 -1 |1658.5 95| 473 48.1 36.0 36.8
30 13|30 | 73 |19.6|40.2 (598|754 (854|909 |94.4 95
2| +1 -1 |1941.5) 9 57.5 58.5 44.0 43.8
3] -1 | +1 |16585(265 629 622 322 3238
Increasing SC content reduces the silicon transition into SiOg and SiC (Fig. 6). At 4] +1 | +1 19415265 70.0 69.5 35.2 34.8
6% SC and 2000°C, the silicon transition into SiOg is 42.8%, whereas at 30% SC, 5| 1.414 0 2000 | 18 63.4 63.1 377 38.2
it decreases to 27.8%. The silicon transition into SiC at 1700°C decreases from
24.15% to <0.1%. 6]-1414 0 1600 | 18 50.6 50.6 32.8 31.9
7 0 1.414| 1800 | 30 70.3 71.2 34.5 344
8 0 -14141 1800 | 6 54.6 53.4 44.0 43.7
50 ¢ A 30T B 9| o 0 | 1800 18| 60.0 60.1 39.8 39.7
w0 | 6 25 | 6 0/ 0 0 |1800| 18| 595 60.1 39.2 39.7
im 18 £ 20 ¢ 11| o0 0 |1800| 18| 605 60.1 40.2 39.7
o] 00 gas | 12l o | 0 [1800]18]| 598 | 601 39.6 39.7
Z20 + < 13| 0 0 |1800| 18| 60.7 60.1 39.7 39.7
3 g
°1 'l /ﬁ_
30
0 ‘ ‘ 0 Based on the data from Table 7, the following regression equations were obtained:
1500 1700 190?1.11‘ o 1500 1700 1900 )
Temperature, °C Temperature, °C 0Sialloy)=-287.596+0,334-T+1.35-SC-8.09-10°-T?+0.015-SC?>6.44-10*-T-SC;  (6)

Numbers on the lines — Steel chips quantity, %
Fig.6 Effect of Temperature and Steel Chips on Silicon Extraction into SiOg (A) CSiaiy=-393.27+0.453T+1.655C-1.16-10*-T%4.49-103-SC%1.03- 10> T-SC.  (7)
and SiC (B)

Using these equations, 3D and planar visualizations of the effect of temperature

An increase in SC content enhances the silicon extraction from SiO: into FeSi. This and steel chips (SC) on the process parameters were generated using the MathCAD
process reduces the quantity of SiO: available for forming gaseous SiO, lowering software [26] (Fig. 7).
the silicon transition from SiO: to SiO.
The decrease in the silicon transition into SiC with increasing iron content in the
charge is because iron can break down SiC according to the reaction: A
mFe+nSiC=FemSin+nC [28-32]. The AG®° calculation, performed using the | 1l
Reaction Equations module of the HSC-6.0, showed that at 1700°C, the Gibbs free
energy for the reaction: Fe+SiC=FeSi+C is -22.2 kJ, while for the reaction:
S5Fe+3SiC=Fe5Si3+3C AG°=-90.3 kJ. The thermodynamic calculations confirm
that as the Fe/Si ratio increases, the likelihood of SiC decomposition also increases.
Given the opposing effects of SC content on the silicon extraction into the alloy
and its concentration in the alloy, the determination of optimal equilibrium process
parameters for temperature and SC content was conducted using the method of
second-order rotatable designs. During these experiments, the coke (23%) and
magnetite concentrate (12%) contents remained constant, and the SO:LC ratio was
1:1. The effect of temperature and steel chips on aSi(alloy) and CSi(alloy) was
studied within the variable ranges shown in Table 6. The experimental design
matrix and results are presented in Table 7.

Steel chips, %

1600 1700 1800 1900 2000
Temperature, °C

Table 6 Factor Levels and Variation Ranges for Studying the Effect of B
Temperature and Steel Chips on the Interaction of Shalkiya Ore and Leaching | 1l
Cakes of Vanadium-Containing Quartzites 30 EEARR

Natural form

T, °C SC, %

Basic level 0 1800 18
Variation range A 1415 8.5

Upper level +1 1941.5 26.5

Lower level 1 16585 95 NI
Upper star-point +1.414 2000 30 . : :
Lower star-point -1.414 1600 6

Variables Coded designation

Csialloy), %

35 Lagsg | /)

34033 T w2 | a g
1600 1700 1800 1900 2000
Temperature, °C

| — 3D Model, Il — Horizontal Section
Fig. 7 Effect of Temperature and Steel Chips on Silicon Extraction (A) and Silicon
Concentration (B) in the Alloy
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Fig. 7 shows that 70-72.8% silicon extraction degree occurs in the 1760-2000°C
temperature range with 27-30% SC.

Fig. 8 presents a combined view of the effect of temperature and SC quantity on
process parameters. It shows that in the temperature range of 1728-2000°C, with
6-16.3% SC, a ferroalloy corresponds to ferrosilicon of the FeSi45 grade, with a
silicon extraction degree of 50.2-61%.
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Fig.8 Combined Information on the Effect of Temperature and Steel Chips on
aSi(alloy) and CSi(alloy)

The experimental determination of optimal process parameters for producing
ferroalloy from the mixture of SO and LC was conducted via electric smelting
using the second-order rotatable designs method. Initially, the experiments were
carried out with a charge that did not contain magnetite concentrate. The effect of
SC and coke quantity on aSi(alloy) and CSi(alloy) was studied within the variable
ranges shown in Table 8. At the same time, the experimental design matrix and

results are presented in Table 9.

Table 8 Factor Levels and Variation Ranges for Studying the Effect of Coke and
Steel Chips on the Smelting of Shalkiya Ore and Leaching Cakes of Vanadium-

Containing Quartzites

[13] 0 | o

|18 [22 | 730 72.1 429 | 420 |

CSiaitoy)=31.25-0.139-SC+1.655-C-1.137-102-SC?3.16-10*-SC*1.05-10-SC-C

Variables Coded designation Natural form
SC, % *C, %
Basic level 0 18 22
Variation range A 35 35
Upper level +1 26.5 24.8
Lower level -1 95 19.2
Upper star-point +1.414 30 26
Lower star-point -1.414 6 18
*) C — Coke quantity
Table 9 Experimental Design Matrix and Results
Variables Process parameters
Coded Natural . . . .
Ne kind Kind aSt(al{oy) aSi(alloy) CSt(al{oy), CSi(alloy),
sC. | ¢ studied, | calculated, | studied, | calculated
X1 | X2 % % % % % , %
1|1 -1 95 [19.2 | 65.0 65.4 46.3 46.8
2 |+1 | -1 |265 |19.2 | 765 76.6 36.5 34.7
3 |-1 |+1 |95 |248 | 650 65.7 48.1 48.4
4 |+1 | +1 |[265 248 | 783 78.6 35.8 339
5 1414 | 0 30 |22 81.2 81.1 28.7 31.0
6 1.414| 0 6 22 64.7 64.1 50.6 49.8
710 1414 | 18 |26 72.0 714 41.0 41.8
8 | 0 f1414| 18 |18 70.0 69.8 40.6 41.2
910 0 18 | 22 713 721 41.2 42.0
10| O 0 18 | 22 71.8 721 41.0 42.0
11| 0 0 18 |22 72.0 72.1 42.0 42.0
12| 0 0 18 |22 72.2 721 43.0 42.0

Based on the data from Table 9, the following regression equations were obtained:

0Silioy=18.95+0.167-SC+3.91-C+3.46-10°-SC?-9.18-102-C?+1.89-102-SC-C (8)

©)

For the accepted confidence level of optimization parameters (>95%), the Fisher
criterion table value is 6.59 [33]. The calculated Fisher criterion values for
Equations 8 and 9 are 1.37 and 5.44, respectively. Since the calculated Fisher
values are lower than the table value, Equations 8 and 9 are considered adequate.
3D models and horizontal response surfaces were generated using these regression
equations to illustrate the effect of steel chips and coke content on the process
parameters.
Fig. 9 shows that the degree of silicon extraction into the alloy ranged from 62.6%
to 81.6%. A high extraction degree (80-81.6%) was observed at 28.5-30% SC and
20.2-26% coke. The silicon concentration in the alloy ranged from 30.3% to
50.0%.
To determine the optimal parameters for SO and LC electric smelting, geometric
optimization was performed by overlaying graphical images of response surface
cross-sections (Fig. 10). The resulting visualization indicates that during electric
smelting, ferrosilicon of two grades, FeSi45 and FeSi50, was formed (Table 10).
Fig. 10 and Table 10 show that in the absence of magnetite concentrate,
ferrosilicon of the FeSi45 grade is formed at 8.8-19.3% SC and 18.0-26.0% coke.
The silicon extraction degree for ferrosilicon of the FeSi45 grade was 64.2-73.1%.
Ferrosilicon of the FeSi50 grade, with the silicon extraction degree of 62.5-67.3%,
is formed at 6.0-11% SC and 18-26% coke.
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Table 10 Process parameters of the areas in Fig. 10 corresponding to the obtained
alloy grades

Area |(Steel chips, % Coke,% |aSi(alloy), %, Csi(alloy), %|Alloy gradg
abcd 6.0-11 18.0-26.0 62.5-67.3 47.0-50.0 FeSi50
befc 8.8-19.3 18.0-26.0 64.2-73.1 41.0-47.0 FeSi45

In the second stage of electric smelting, experiments were conducted in the
presence of magnetite concentrate, 12% of the total mass of ore and cake. Fig. 11
presents the research results. (The shaded area marks the silicon concentration
boundaries.)
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Fig. 11 Effect of Coke and Steel Chips on Silicon Concentration in the Alloy
During Ore and Cake Smelting in the Presence of Magnetite Concentrate
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It is evident that at a constant coke quantity, an increase in SC reduces the silicon
concentration in the alloy. The dependence CSi(alloy) = f(coke) at a continuous
SC quantity exhibits an extremal character — increasing coke content beyond 22%
leads to a decrease in CSi(alloy) due to the enhanced formation of gaseous SiO.
Photographs of the smelted alloys are shown in Fig. 12.

44-48% Si

23-25% Si

52-54% Si
Quantity of Raw Material as a Percentage of SO and LC Mass:
1) steel chips — 30%, coke — 22%; 2) steel chips — 18%, coke — 22%;
3) steel chips — 6%, coke — 22%

Fig. 12 Photographs of Alloys Obtained from the Ore and Cake Mixture in the
Presence of Magnetite Concentrate

It is evident that, depending on the quantity of SC, different grades of ferrosilicon
are formed: FeSi25 at 30% SC, FeSi45 at 18% SC, and FeSi50 at 6% SC. A SEM

analysis of the alloy containing 45.7% Si, smelted from the second charge, is
shown in Fig. 13.

CnekTp 1

2 4 B g 10 12

MonHaa wkana 836 wWean. Kypoop: 0.000 (=]
Elements Si Al S Ca Fe C
Wt.% 45.7 1.7 0.6 1.6 48.0 2.4

Fig. 13 SEM Analysis of the Alloy

It should be noted that when smelting the ore and cake mixture in the presence of
magnetite concentrate (MC), the silicon extraction degree into ferrosilicon of the
FeSi45 grade increases from 72.4% to 80% as steel chips content rises from 6% to
30%. For ferrosilicon of the FeSi50 grade, the silicon extraction degree increases
from 69.3% to 74.5%. These values are significantly lower in the absence of MC
(64-73% for FeSi45 and 62-67% for FeSi50).

A comparison of the silicon extraction into ferrosilicon of the FeSi45 grade,
obtained from thermodynamic modeling and electric smelting (Figs. 7, 8, and
smelting in the presence of magnetite), shows that the silicon extraction degree in
electric smelting is 19-22% higher. This discrepancy is because thermodynamic
modeling does not account for a solid charge bed in the electric furnace, which
retains gaseous SiO. Therefore, silicon extraction into ferrosilicon is significantly
higher when smelting with a charge bed.
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Fig. 14 shows the sublimates deposited on the electrode holder and their SEM
analysis. They contain 25.2% zinc and 13.7% lead, respectively, which were
extracted from the sublimates at 98.6% and 98.2%.

The obtained results on the combined electric-thermal processing of sulfide ore
and leaching cakes of vanadium-containing quartzites can also be applied to the
processing of other sulfide zinc-containing ores with a high SiO- content, such as
the primary sulfide ore of the Zhairem deposit, which contains 3.5% Zn, 0.85%
Pb, and 50% SiO: [34-36].

2. Yu.l. Sukharnikov, D.K. Aitkulov, S.V. Ermishin, N.M. Seidakhmetova: CIS
Iron and Steel Review, 26, 2023, 17-21. https://doi.org/10.17580/cisisr.2023.02.03
3. N.M. Komekova, Kozlov V.A., K.M. Smirnov, R.A. Shayakhmetova, K.N.
Nesterov: Metallurgist, 60, 2017, 1186-1190.
https://doi.org/10.1007/s11015-017-0427-7

4. N.M. Komekova, V.A. Kozlov, R.A. Shayakhmetova: Research journal of
pharmaceutical, biological and chemicall sciences, 2, 2016, 1973-1982.

5. K.V. Goncharov, D.Yu. Kashekov, A.S. Atmadzhidi, T.V. Olyunina, G.B.
Sadykhov: In: Modernization and innovative development of the fuel and energy
complex, Saint Petersburg: Research Center MashinoStroyenie, 3, 2020, 35-37.
https://doi.org/10.26160/2618-8953-2019-3-35-37

6. V.A. Kozlov, T.Yu. Surkova, S.B. Yulussov, M.N. Kvyatkovskaya: Reports
of national academy of sciences of the Republic of Kazakhstan, 2, 2012, 42-47.

7. T.A.Chepushtanova, S.B. Yulussov, O.S. Baigenzhenov, A.T. Khabiyev, Y.S.
Merkibayev, B. Mishra: Engineering Journal of Satbayev University, 146(1), 2024,
15-22. https://doi.org/10.51301/ejsu.2024.i1.03

8. S. Liu, W. Xue, L. Wang: Metals, 11(8), 2021, 1301.
https://doi.org/10.3390/met11081301

9. Hong-Yi Li, Hai-Xing Fang, Kang Wang, Wang Zhou, Zhao Yang, Xiao-Man
Yan, Wen-Sun Ge, Qian-Wen Li, Bing Xie: Hydrometallurgy, 156, 2015, 124-135.

Fig. 14 Photograph and SEM Analysis of Sublimates

CONCLUSION

Based on the theoretical and experimental studies on the possibility of producing
ferrosilicon and zinc- and lead-containing sublimates from the mixture of sulfide
zinc ore and leaching cake of vanadium-containing quartzites, the following
conclusions were drawn:

1. Under equilibrium conditions:

- In the ore—cake — magnetite concentrate — coke — steel chips system, increasing
the coke quantity from 20% to 25% raises the silicon extraction degree into the
alloy from 62.95% to 70.98%.

- Increasing the steel chips quantity from 6% to 30% enhances the silicon
extraction degree into the alloy from 50.17% to 73.76% at 1800°C, while
simultaneously reducing the silicon concentration in the alloy from 48.13% to
33.93%.

Ferrosilicon of the FeSi45 grade is formed at 1728-2000°C with 6-16.3% steel
chips.

2. The optimal parameters for producing ferrosilicon of the FeSi45 grade in an arc
furnace, with the silicon extraction degree of 64.2-73.1%, from the mixture of the
Shalkiya ore and leaching cake, are 8.8-19.3% steel chips and 18.0-26.0% coke.
Ferrosilicon of the FeSi50 grade, with the silicon extraction degree of 62.5-67.3%,
is formed at 6.0-11% steel chips and 18-26% coke.

3. Electric smelting of the ore—leaching cake mixture in the presence of 12%
magnetite concentrate and 22% coke produces ferrosilicon of different grades:
FeSi25 containing 23-25% Si (at 30% steel chips), FeSi45 containing 44-48% Si
(at 18% steel chips), and FeSi50 containing 52-54% Si (at 6% steel chips). For
FeSi45 production, the silicon extraction degree was 72.4-80.6%, and for FeSi50,
it was 69.3-74.5%.

4. The sublimates formed during electric smelting of the ore—leaching cake mixture
contain 25.2% zinc and 13.7% lead. The extraction of zinc and lead into the
sublimates was 98.6% and 98.2%, respectively.

5. The results obtained on ferrosilicon smelting using leaching cakes of vanadium-
containing quartzites can be applied to processing other sulfide zinc-bearing
silicon-containing ores, such as those from the Zhairem deposit.

Acknowledgements: This research is funded by the Industrial Development
Committee of the Ministry of Industry and Infrastructure Development of the
Republic of Kazakhstan (Grant Ne. BR19777171).

REFERENCES

1. N.M. Komekova, V.A. Kozlov, M.Zh Zhurinov: Reports of the national
academy of sciences of the Republic of Kazakhstan, 6(310), 2016, 62-69.

Elements Zn Pb Si S Mg
Wit.% 25.2 13.7 22.3 1.9 2.1

Elements Ca K Fe C [¢] https://doi.org/10.1016/j.hydromet.2015.06.003
Wt.% 1.8 1.7 1.63 3.0 29.6

10. R.R Moskalyk, A.M Alfantazi: Minerals Engineering, 16(9), 2003, 793-805.
https://doi.org/10.1016/S0892-6875(03)00213-9.

11. K. Zou, J. Xiao, G. Liang, W. Huang, W. Xiong: Metals, 11(9), 2021, 1342.
https://doi.org/10.3390/met11091342

12. Y. Han, S. Kim, B. Go, S. Lee, S. Park, H.-S. Jeon: Powder Technology, 391,
2021, 282-291. https://doi.org/10.1016/j.powtec.2021.06.024

13. B. Yang, J. He, G. Zhang, J. Guo: Extracting vanadium pentoxide from
minerals and composite materials containing vanadium, In: Vanadium: Extraction,
Manufacturing and  Applications,  Elsevier, 2021, pp. 227-242.
https://doi.org/10.1016/B978-0-12-818898-9.00009-7

14. M. Li, B. Liu, S. Zheng, S. Wang, H. Du, D.B. Dreisinger, Y. Zhang: Journal
of Cleaner Production, 149, 2017, 206-217.
https://doi.org/10.1016/j.jclepro.2017.02.093

15. A.D. Badikova, V. M. Shevko, D. K. Aitkulov: Metallurgical Research &
Technology, 122 (1), 2025, 115. https://doi.org/10.1051/metal/2024107

16. V. Shevko, B. Makhanbetova, D. Aitkulov, A. Badikova: Periodica
Polytechnica Chemical Engineering, 68(1), 2024, 124-132.
https://doi.org/10.3311/PPch.22114

17. B. Makhanbetova, V. Shevko, D. Aitkulov: Journal of Applied Science and
Engineering, 28(1), 2025, 175-182.
https://doi.org/10.6180/jase.202501_28(1).0017

18. V. Shevko, B. Makhanbetova, D. Aitkulov, A. Badikova, D. Amanov:
Minerals, 14(8), 2024, 819. https://doi.org/10.3390/min14080819

19. F Khabashi: Osnovy prikladnoy metallurgii [Fundamentals of Applied
Metallurgy], Metallurgy, Moscow, 1975 (in Russian).

20. A. Roine, HSC Chemistry Software, Metso Outotec, Pori 2021, Accessed:
12.02. 2024. Available at: www.mogroup.com/hsc

21. V.M. Shevko, G.M. Serzhanov, G.E. Karataeva, D. Amanov: Calculation of
the equilibrium distribution of elements in relation to the software package HSC-
5.1. Computer program. Certificate of the Republic of Kazakhstan #1501
(29.01.2019) (in Russian).

22. G. M.Grinfeld, A. V.Moiseev: Metody optimizatsii eksperimentov v
khimicheskoy tekhnologii [Methods for optimizing experiments in chemical
technology]. FSBEI HPE KnAGTU, Komsomolsk-on-Amur, 2014 (in Russian).
23. S.L. Akhnazarova, V.V. Kafarov: Metody optimizatsii eksperimentov v
khimicheskoy tekhnologii [Methods for optimizing experiments in chemical
technology], Higher School, Moscow, 1985 (in Russian).

24. AM. Inkov, T. Tapalov, U.U. Umbetov, V. Hu Wen Tsen, K.T. Akhmetova,
E.T. Dyakova: Optimization methods, SKSU, Shymkent, 2003.

25. V.Shevko, Y. Afimin, G. Karatayeva, A.Badikova, T. lbrayev: Acta
Metallurgica Slovaca, 27(1), 2020, 23-27. https://doi.org/10.36547/ams.27.1.745
26. V.F. Ochkov: Mathcad 14 for students, engineers and designers, BHV-
Petersburg, Saint Petersburg, 2007 (in Russian).

27. State Standard 13230.1-93. Ferrosilicon. Methods for Determining Silicon.
Standards Publishing House, Moscow, 2001 (in Russian).

28. A.l. Stroganov, M.A. Ryss: Production of steel and ferroalloys, Alliance,
Moscow, 2017) (in Russian).



https://doi.org/10.17580/cisisr.2023.02.03
https://doi.org/10.1007/s11015-017-0427-7
https://doi.org/10.26160/2618-8953-2019-3-35-37
https://doi.org/10.51301/ejsu.2024.i1.03
https://doi.org/10.3390/met11081301
https://doi.org/10.1016/j.hydromet.2015.06.003
https://doi.org/10.1016/S0892-6875(03)00213-9
https://doi.org/10.3390/met11091342
https://doi.org/10.1016/j.powtec.2021.06.024
https://doi.org/10.1016/B978-0-12-818898-9.00009-7
https://doi.org/10.1016/j.jclepro.2017.02.093
https://doi.org/10.1051/metal/2024107
https://doi.org/10.3311/PPch.22114
https://doi.org/10.6180/jase.202501_28(1).0017
https://doi.org/10.3390/min14080819
http://www.mogroup.com/hsc
https://doi.org/10.36547/ams.27.1.745

Viktor Shevko et al. in Acta Metallurgica Slovaca

29. H.Li, Q. Peng, Y. Wang: In: Proceedings of the 3rd International Conference
on Mechatronics and Information Technology (ICMIT 2016), 2016, pp. 786-790.
https://doi.org/10.2991/icmit-16.2016.142

30. V.I. Bondar, L.I. Tarasyuk, .M. Kostirya: Reporter of the Priazovskyi State
Technical University. Section: Technical Sciences, 39, 2020, 36-45.
https://doi.org/10.31498/2225-6733.39.2019.201041

31. B.S. Terry, O.S. Chinyamakobvu: Journal of Materials Science, 28(6), 1993,
779-784. https://doi.org/10.1007/BF00356431

32. K. Edalati, F. Akhlaghi, M. Nili-Ahmadabadi: Journal of Materials Processing
Technology, 160(2), 2005 183-187.
https://doi.org/10.1016/j.jmatprotec.2004.06.007

33. G.l.Maltsev: Chemical technology. Mathematical modeling and optimization
of parameters, Infra-Engineering, Moscow, Vologda, 2024, (in Russian).

34. M. Yerbolat, M. Yesmurat, A. Asyylbek: Acta Metallurgica Slovaca, 30(1),
2024, 29-33. https://doi.org/10.36547/ams.30.1.1998

35. T.A. Chepushtanova, Y.S. Merkibayev, O.S. Baigenzhenov, B. Mishra: Non-
Ferrous Metals, 54(1), 2023, 3-10. https://doi.org/10.17580/nfm.2023.01.01

36. B.B.Beisembaev, B.K. Kenzhaliev, V.1. Gorkun, O.Yu. Govndovskaya, M.M.
Ignatiev: Deep processing of lead-zinc ores and industrial products with the
production of products of increased marketability, Bylym, Almaty, 2002.
https://doi.org/10.31643/2002-2019.006



https://doi.org/10.2991/icmit-16.2016.142
https://doi.org/10.31498/2225-6733.39.2019.201041
https://doi.org/10.1007/BF00356431
https://doi.org/10.1016/j.jmatprotec.2004.06.007
https://doi.org/10.36547/ams.30.1.1998
https://doi.org/10.17580/nfm.2023.01.01
https://doi.org/10.31643/2002-2019.006

