
Cite this article as: Shevko, V., Aitkulov, D., Badikova, A. "Comprehensive Processing of Vanadium-Containing Black Shale Tailings", Periodica Polytechnica 
Chemical Engineering, 66(4), pp. 617–628, 2022. https://doi.org/10.3311/PPch.20050

https://doi.org/10.3311/PPch.20050
Creative Commons Attribution b |617

Periodica Polytechnica Chemical Engineering, 66(4), pp. 617–628, 2022

Comprehensive Processing of Vanadium-Containing Black 
Shale Tailings

Viktor Shevko1, Dosmurat Aitkulov2, Alexandra Badikova1*

1	Department of Metallurgy, Higher School of Chemical Engineering and Biotechnology, Mukhtar Auezov South Kazakhstan 
University, Tauke Khan avenue 5, 160012 Shymkent, Kazakhstan

2	National Center on Complex Processing of Mineral Raw Materials of the Republic of Kazakhstan, Zhandosov st. 67, 
050036 Almaty, Kazakhstan

*	Corresponding author, e-mail: sunstroke_91@mail.ru

Received: 23 February 2022, Accepted: 09 May 2022, Published online: 23 June 2022

Abstract

This article examines results of the thermodynamic modeling of interaction of the briquetted tailings obtained at hydrometallurgical 

leaching of the vanadium-containing quartzites (black shales) with carbon and iron, determination of Si, V, Fe, C equilibrium distribution 

and optimal conditions for the formation of various grades of ferrosilicon, as well as the electric melting to produce silicon alloys. 

The research techniques were the method of thermodynamic modeling using the HSC-6.0 software package (Outokumpu), the second-

order rotatable designs (Box-Hunter plans) and electrofusion in an arc furnace. It was established that an increase in the amount of 

iron from 11 to 39% makes it possible to increase the extraction degree of silicon into an alloy up to 72–73% in the temperature of 

1800–2000 °C, in the process the silicon concentration in the alloy decreases from 57–65.7 to 40.5–40.9%; FS45-grade ferrosilicon at 

the extraction degree of silicon in the alloy of 70–72.6% can be formed in the temperature of 1750–2000 °C in the presence of 29–39% 

Fe, FS50 ferrosilicon is formed at 25.5–35.0% Fe and 1870–2000 °C, and FS65 ferrosilicon – in the temperature of 1895–2000 °C in 

the presence of 11–12.7% Fe. The FS45-grade ferrosilicon was formed during electric smelting of a charge containing 57% of the 

briquettes, 21% of coke, 22% of steel chips, and the FS50-grade ferrosilicon – using a charge consisting of 61% of the briquettes, 22% 

of coke and 17% of steel chips; the silicon extraction degree into the alloys is 73–79%.
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1 Introduction
The BalaSauyskandyk uranium-vanadium black shale 
deposit, located in the northwestern part of the Karatau 
ridge, is one of the five largest vanadium-containing 
deposits in the world (in 2014 its reserves amounted to 
70  million tons)  [1]. The vanadium-containing quartz-
ite (black shales) is proposed to use as a flux in the pro-
duction of high-carbon ferrochrome, and also as a charge 
component in the production of ferrosilicochrome to 
obtain a complex alloy containing chromium, vanadium 
and silicon  [2]. It  was proved that the vanadium-con-
taining quartzites can be used as a flux at manufactur-
ing yellow phosphorus to produce ferrophosphorus con-
taining 4–6% vanadium [3]. In metallurgy, acid leaching 
of non-ferrous metals from various raw materials has 
become widespread. The effectiveness of this method 

has been proven in the extraction of copper from oxide 
copper ores  [4], zinc from sulfide ores  [5], and vana-
dium raw materials  [6–9]. So, on the basis of this, sev-
eral methods for processing the quartzite to extract vana-
dium have been proposed, involving roasting, sulfuric 
acid leaching of the cinder, and hydrolysis of the result-
ing solution  [10]; acid leaching followed by sorption of 
vanadium  [11]; roasting, leaching with a soda solution, 
filtering the resulting solution and its subsequent electro-
chemical treatment [12]; two-stage leaching (sulfuric acid 
oxidation and autoclave leaching) followed by sorption 
of vanadium [13, 14]; direct extraction with preliminary 
sulfatization [15]. Combinations of pyrometallurgical and 
hydrometallurgical methods to produce pure vanadium 
are also known [16].

https://doi.org/10.3311/PPch.20050
https://doi.org/10.3311/PPch.20050
mailto:sunstroke_91@mail.ru


618|Shevko et al.
Period. Polytech. Chem. Eng., 66(4), pp. 617–628, 2022

The National Center for Complex Processing of Mineral 
Raw Materials of the Republic of Kazakhstan has devel-
oped a technology for sulfuric acid autoclave leaching of 
vanadium-containing quartzites (the Big Karatau black 
shales) in the presence of elemental sulfur. The extraction 
degrees from the quartzites are: vanadium – 85%, molyb-
denum – 80%, uranium – 99%, REE – 75% [17, 18].

The methods described above do not provide the com-
prehensive processing of vanadium-containing quartzites 
(black shales). To comprehensively process this type of a 
raw material, we have proposed a technology for processing 
of the tailings formed at the leaching the BalaSauyskandyk 
vanadium-containing quartzites (black shales) and pro-
ducing various grades of ferrosilicon from them. A simi-
lar technology was developed by us for processing of some 
siliceous ores and industrial wastes [19, 20].

This article contains the results of the thermodynamic 
modeling of interaction of the briquetted tailings obtained 
at hydrometallurgical processing of the BalaSauyskandyk 
vanadium-containing quartzites (VQLT) with carbon and 
iron, determination of Si, V, Fe, C equilibrium distribution 
and optimal conditions for the formation of various grades 
of ferrosilicon, as well as the electric melting of the VQLT 
briquettes to produce silicon alloys. 

2 Research methodology, initial materials
The main words in the title start with capital letter, arti-
cles and conjunctions with lowercase letters. The research 
techniques included thermodynamic modeling (the full 
thermodynamic analysis) and electric smelting of the 
VQLT in an arc furnace.

The thermodynamic modeling was carried out by means 
of a multifunctional software package Outokumpu based 
on the ∆G0→min principle  [21] using the Equilibrium 
Compositions subprogram of the HSC-6.0 complex. 
The  equilibrium parameters of thermodynamic systems 
were determined by solving a mathematical task con-
nected with determination of an extremum, taking into 
account all restrictions and using the Lagrangian functions 
and Newton's method of successive approximations [22]. 
The HSC-6.0 software package presents the initial infor-
mation in the form of a quantitative (kg) distribution of 
substances in the system under study. Determination of 
the equilibrium distribution degree of any elements (α, %) 
in the resulting products was carried out in accordance 
with the algorithm developed in Mukhtar Auezov South 
Kazakhstan University [23]. 

The electric smelting of a charge containing the VQLT 
briquettes was implemented using an installation, the 
main element of which was a single-phase single-elec-
trode electric arc furnace (Fig. 1). 

A graphite crucible with a diameter of 90  mm and 
a  height of 250  mm was installed on a graphite hearth 
in the furnace. A diameter of a graphite electrode was 
70 mm. The furnace in its upper part has an opening lid 
with a hole with a diameter of 12 cm for inserting the elec-
trode. The furnace was equipped with a screw-type device 
for supporting and moving the electrode. Energy was sup-
plied from a TDZhF-1002 furnace transformer, which was 
equipped with a terrristor regulator. The maximum power 
of the transformer is 56 kV A. 

(a)

(b)

Fig. 1 A single-electrode electric arc furnace, (a) a sketch of the 
furnace, 1 – electrode; 2 – clamp; 3 – lid; 4 – lining; 5 – furnace casing; 
6 – coke; 7 – crucible; 8 – mechanism for moving the electrode, 9 – bus; 

10 – transformer, (b) a photo of the furnace
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A short network was made in the form of aluminium 
buses (1.5 × 4.5 cm) and a flexible part (from the bus to the 
electrode). The aluminum busbar of the short network was 
attached to the graphite hearth by means of three copper 
studs. The current and voltage were controlled by means 
of ammeters and voltmeters installed on the transformer 
panel and the electric furnace panel (ammeter – TENGEN 
42L6GB/T7676-1998, voltmeter – CHNT 4226-China). 
The temperature under the furnace roof was measured 
with a TPP-0679 886 thermocouple and recorded with a 
METAKON RS-485 instrument.

The VQLT chemical composition was the following, 
mass  %: SiO2 – 72.5, Al2O3 – 1.25, CaO – 0.94, TiO2 – 
0.55, V2O5 – 0.4, MgO – 0.24, Fegen – 0.99, SO2gen – 0.95, 
Na – 0.093, K – 0.056, Cu – 0.008, Pb – 0.008, Zn – 0.002, 
W – 0.05, Ni – 0.017, Co < 0.01, Mn – 0.005, U – 0.001, 
As < 0.01, Cd < 0.01, Bi < 0.01, others. According to the 
conclusion of the central analytical laboratory "A-Mega 
Trading", the carbon content in the VQLT, determined by 
the gravimetric method, was 21.18%. The size of the bri-
quettes was 0.5–1.5 m. The steel chips contained 97.6% of 
Fe, 1.9% of C, 0.5% of Si, Mn. The length of the chip strip 
was 0.5–1 cm; its width was 0.2–0.4 cm. The coke used 
contained C –85.4%, SiO2 – 4.8%, Fe2O3 – 2.5%, Al2O3 – 
1.9%, CaO – 1.6%, MgO – 0.4%, S – 0.7%, H2O – 1.2%, 
others – 1.5% (the coke fraction: 0.5–1 cm). The weight of 
the charge was 1.5–1.8 kg.

The first portion of the charge (500–600 g) was loaded 
into the heated furnace. After its melting for 8–10 min, the 
second portion was loaded, and then, after another 7–10 min, 

the last portion of the charge was loaded. The total melting 
time was 40–50 min. During the melting period, the voltage 
was 20–25 V, and the current strength was 500–600 A. After 
the end of melting, the crucible was removed from the fur-
nace with tongs and cooled for 2–3 hours. Then it was bro-
ken. Some fragments of the melting process are shown in 
Fig. 2. The resulting alloy was photographed, weighed, and 
analyzed using a JSM-6490LV scanning electron micro-
scope (Japan) including INCA Energy energy-dispersive 
microanalysis and HKL-Basic structural analysis systems. 
The metals' extraction degrees into the alloy αMe(al) were 
determined using the expression:

�Me al al Me al ch Me chG C G C� � � � � �� � ��� ���100 	 (1)

where Gal , Gch – mass of the ferroalloy and the charge, kg, 
respectively; CMe(al) , CMe(ch) – concentration of a metal in the 
alloy and in the charge, %, respectively.

3 Research results
Fig. 3 shows the effect of temperature and amount of iron 
on the equilibrium quantitative (kg) distribution of sub-
stances in the VQLT – nFe – C system when the carbon 
content is 32% of the VQLT mass (taking into account its 
content in the VQLT – 21.18%).

The received data show that the resulting silicon-con-
taining products are Fe3Si, Fe5Si3 , FeSi, FeSi2 , FeSi2.33 , SiC, 
SiOg , and Si. The main ones are FeSi, Si, SiOg , SiC, Fe3Si. 
Iron and silicon are reduced with the formation of CO. If 
0.1%, is taken as the temperature of the beginning of the for-
mation of the substance, then for Fe3Si it is 1250–1280 °С, 

(a) (c) (c)

Fig. 2 Fragments of electric smelting the VQLT-containing charge, (a) beginning of the melting, (b) end of the melting, (c) crucible during its cooling
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3 The temperature and iron amount effect on the equilibrium quantitative distribution of substances in the VQLT-nFe-C system at a pressure of 
1 bar, (а) general distribution, 11% Fe, (b) silicon-containing substances, 11% Fe, (c) general distribution, 17% Fe,  

(d) silicon-containing substances, 17% Fe, (e) general distribution, 22% Fe, (f) silicon-containing substances, 22% Fe,  
(g) general distribution, 39% Fe, (h) silicon-containing substances, 39% Fe
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FeSi 1260–1290 °С, FeSi2-1515–1530 °С, Si-1360–1380 °С, 
SiC-1600–1610  °С, SiOg-1470–1500  °С. The maximum 
degree of silicon extraction in Fe3Si is observed at 1500–
1600  °С, FeSi-1800–1900  °С, FeSi2-1700–1800  °С, SiC-
1600–1700 °С, SiOg-1470–1500 °С and Si-1800–1900 °С.

The effect of temperature and iron amount on the sili-
con equilibrium distribution degree (α, %) is represented 
in Fig. 4. As follows from Fig. 4, the complete reduction 
of SiO2 occurs at 1800 °C. The formation of SiC is char-
acterized by a maximum at 1600–1700  °C. Moreover, 
with an increase in the amount of iron from 11 to 39%, 
the extraction degree of silicon into SiC decreases from 
44.42% to 1.22%. This is explained by the fact that iron is 
able to destroy SiC [24, 25]:

SiC Fe FeSi C;� � � 	 (2)

SiC Fe Fe Si FeSi.
3

� � �4 	 (3)

The extraction degree of silicon into the undesirable 
gaseous oxide SiOg also decreases with increasing the 
iron content in the charge. So, at 1800 °С and 11% of iron 
αSi(SiOg) = 40.7%, and at 39%, αSi(SiOg) decreases to 26.39%. 
The  observed phenomenon can be explained by the fol-
lowing reaction:

2SiO Fe FeSi SiO ;
g 2
� � � 	 (4)

∆G0 of this reaction at 1800 °C is 88.95 kJ (Table 1). 
An increase in the iron amount promotes the formation 

of FeSi. So, if the extraction degree of silicon into FeSi at 
1900 °С and 11% of Fe was 13.99%, then at 39% of Fe it 
increases to 47.42%.

In addition, an increase in the amount of iron has a posi-
tive effect on the total extraction of silicon into the alloy in 
the form of Si, iron silicides, and silicon carbide (Table 2).

(a) (b)

(c) (d)

Fig. 4 The temperature and iron amount effect on the equilibrium silicon distribution degree in the VQLT-nFe-C system at a pressure of 1 bar,  
(a) 11% Fe, (b) 17% Fe, (c) 22% Fe, (d) 39% Fe
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In a temperature range of 1000–2200  °C, vanadium 
was completely reduced and passed into the alloy. At a 
temperature above 1300 °C, phosphorus completely trans-
forms into gaseous P2 (Fig.  5). As follows from Fig.  5, 
to 1300  °С, an increase in the amount of iron causes 
a decrease in the conversion degree of phosphorus to Р2(g) .

The effect of temperature and iron on the silicon and 
vanadium concentrations in the alloy is represented in 
Fig. 6. It can be seen that the silicon and vanadium con-
centrations in the alloy naturally decrease with an increase 
in the amount of iron. In the temperature interval of 1800–
2000 °C, the silicon concentration in the alloy can reach 
57.2–67.8% at 11% of iron and 40.6–40.9% at 39% of iron. 
The vanadium concentration at 2000 °C is 0.61% for 11% 
of Fe and 0.33% for 39% of Fe.

To develop a mathematical thermodynamic model of the 
process under study and determine the temperature and 
iron effect on the silicon extraction degree in the alloy and 
the silicon content in it, further studies were implemented 
by means of the second-order rotatable planning. Tables 3 
and 4 contain matrices of the studies and their results. 

Table 1 ∆G0 (kJ), ∆Н0 (kJ) and lgK for the SiOg–Fe interaction reaction*

Parameter
Temperature, °C

1300 1400 1500 1600 1700 1800 1900 2000

∆Н0 −765.46 −762.75 −688.12 −698.00 −694.24 −680.04 −675.15 −670.28

∆G0 −238.99 −205.65 −176.24 −147.01 −117.69 −88.95 −60.56 −32.38

lgK 7.937 6.421 5.193 4.100 3.116 2.242 1.456 0.744

* The calculation was performed using the Reaction Equations subprogram of the HSC-6.0 software package [21]

Table 2 Influence of temperature and iron amount on the extraction 
degree of silicon in the alloy, %

Iron amount, %
Temperature, °С

1800 1850 1900 1950 2000

11 57.71 58.24 59.71 60.75 63.83

17 61.99 94.63 64.26 65.39 66.53

22 65.07 66.61 57.21 66.87 68.06

39 72.43 73.60 72.93 73.30 73.42

Fig. 5 Effect of temperature and iron on the transition degree of phosphorus 
to gaseous P2 , the numbers near the lines – the amount of iron, %

(a)

(b)

Fig. 6 Effect of temperature and iron on the silicon (a) and vanadium (b) 
content in the alloy, the numbers near the lines – the amount of iron, %
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Based on the results shown in Tables 3 and 4, the fol-
lowing adequate regression equations were obtained:

�
Si

Fe

Fe

al T T� �
�

�

� � � � � � � �

� �

�

�

237 61 0 278 1 81 6 72 10

1 52 10

6 2

2 2

. . . .

. �� � � ��
3 2 10

4
. ;T Fe

 (5)
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Then, according to  [26,  27], volumetric and planar 
images of the dependences αSi(al) = f(T, Fe), СSi(al) = f(T, Fe) 
were constructed (Figs. 7 and 8). As follows from Fig. 7, 
αSi(al)  ≥  70% can be achieved in the temperature inter-
val of 1800–1900 °C and 25.3–39% of iron (shaded area 
of Fig. 7 (b)). In the system under study, it is possible to 
obtain three grades of ferrosilicon (Fig. 8). The FS45 and 
FS50 grades of ferrosilicon can be form in the tempera-
ture area of 1600–2000 °C. However, FS45 ferrosilicon is 
formed in the presence of 32.2–21.8% of iron, and FS65 – 
in the presence of 21.8–15.6% of iron. FS65-grade ferrosil-
icon is formed at a higher temperature and a small amount 
of iron (Т = 1893–2000 °С, Fe = 11–12.8%).

Table 3 The planning matrix and results of studying the effect of 
temperature (T, °С) and iron amount (Fe, % of the VQLT mass) on the 

total extraction degree of silicon in the alloy

№

Variables

αSi(al) , %Code kind Natural kind

Х1 Х2 Т, °С Fe, %

1 −1 −1 1829 15.1 62.4

2 +1 −1 1971 15.1 65.0

3 −1 +1 1829 34.9 70.3

4 +1 +1 1971 34.9 72.0

5 +1.414 0 2000 25.0 70.1

6 −1.414 0 1800 25.0 67.2

7 0 +1.414 1900 39.0 72.8

8 0 −1.414 1900 11.0 59.9

9 0 0 1900 25.0 65.3

10 0 0 1900 25.0 64.0

11 0 0 1900 25.0 64.8

12 0 0 1900 25.0 63.9

13 0 0 1900 25.0 63.2

Table 4 The planning matrix and results of studying the effect of 
temperature (T, °С) and iron amount (Fe, % of the VQLT mass) on the 

silicon concentration in the alloy

№

Variables

СSi(al) , %Code kind Natural kind

Х1 Х2 Т, °С Fe, %

1 −1 −1 1658.2 15.1 56.6

2 +1 −1 1941.8 15.1 60.3

3 −1 +1 1658.2 34.9 39.7

4 +1 +1 1941.8 34.9 45.1

5 +1.414 0 2000.0 25.0 52.6

6 −1.414 0 1600.0 25.0 43.1

7 0 +1.414 1800.0 39.0 41.0

8 0 −1.414 1800.0 11.0 60.3

9 0 0 1800.0 25.0 48.0

10 0 0 1800.0 25.0 48.6

11 0 0 1800.0 25.0 48.3

12 0 0 1800.0 25.0 49.0

13 0 0 1800.0 25.0 47.3

(a)

(b)

Fig. 7 Effect of temperature and iron on the extraction degree of silicon 
in the alloy, (a) volumetric image, (b) horizontal section
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Figs. 7 and 8 show that changing in the amount of iron 
at constant temperature leads to the opposite behavior of 
the parameters αSi(al) and CSi(al) . If αSi(al) increases, then CSi(al) 
decreases. Conversely, with decrease in αSi(al) , CSi(al) growths.

To select the optimal values of temperature and 
iron amount, which provide a certain grade of ferro-
silicon, we combined two images – αSi(al)  =  f(T, Fe) and 
СSi(al) = f(T, Fe) – in one plane (Fig. 9).

In Fig.  9, the area albce is the FS45 formation area, 
the hecm region is the FS50 formation area, and the xty 
region is the FS65 one. If we accept αSi(al)  ≥  70%, then 
it is possible to determine the conditions for formation 
of FS45 and FS50. So FS45 is formed in the flbcd area, 
FS50 – in the mdc area.

Under the condition αSi(al) ≥ 65%, ferrosilicon FS45 can 
be formed in the albce area, and ferrosilicon FS50 in the 
oedcmk area.

The formation of FS65 occurs in a narrow high-tem-
perature xty area. In this case, the extraction degree of sil-
icon into the alloy is only 59.8–62.5%. The technological 
parameters at the boundary points during the formation of 
different grades of ferrosilicon are shown in Table 5.

Judging by the data of Table 5, if αSi(al) ≥ 70%, then the 
temperature and iron amount necessary for formation of 
FS45 ferrosilicon should be 1785–2000 °C and 29-39% of 

Table 5 Values of technological parameters at the boundary points of 
Fig. 9

Points in 
Fig. 9

Technological parameters

Temperature, °С Fe, % αSi(al) , % СSi(al) , %

a 1750 35.3 68.8 41.0

b 2000 39.0 72.6 45.8

c 2000 35.0 72.4 47.0

d 1870 29.0 70.0 47.0

e 1750 25.3 65.5 47.0

h 1750 19.0 61.8 52.0

k 1817 20.7 65.0 52.0

l 1810 39.0 70.8 41.0

m 2000 25.5 70.0 52.0

o 1750 24.7 65.0 47.5

r 2000 16.2 65.0 59.7

f 1785 370. 70.0 41.0

t 2000 12.7 62.5 63.0

x 1895 11.0 59.8 63.0

y 2000 11.0 61.1 65.1

(a)

(b)

Fig. 8 Effect of temperature and iron on the silicon concentration in the 
alloy, (a) volumetric image, (b) horizontal section,  

blue - FS45, green - FS50, red - FS65

Fig. 9 Combined information on the effect of temperature and iron on 
the technological parameters of the VQLT melting
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the VQLT mass, respectively (in this case αSi(al) is 70.0–
72.6%, and СSi(al) is 41.0–47.0%). The formation of FS50 
ferrosilicon, at the condition that αSi(al)  ≥  70%, occurs at 
1870–2000 °C and 25.5–35.0% of iron (in this case, αSi(al) 
is 70.0–72.4%, and СSi(al) is 47.0–52.0%). If  we accept 
αSi(al)  ≥  65%, then FS45 is formed at 1750–2000  °С and 
25.3–39.0% of Fe, and FS50 is formed in the same tem-
perature interval – 1750–2000 °С and the iron amount of 
20.7–35.0%. The formation of FS65 grade (for αSi(al) = 59.8–
62.5%) occurs in the temperature area of 1895–2000 °С and 
11.0–12.7% of Fe. Despite the fact that the equilibrium car-
bon content in this alloy (during its formation) is 1.9–7.7%, 
and this parameter does not meet the requirements of State 
Standard 1415-93  [28], the alloy can be considered as a 
standard based on the properties of the SiC contained in it. 
It is known that alloys containing more than 23.18% of sil-
icon are in equilibrium with silicon carbide [29]. The sol-
ubility of SiC in a ferroalloy increases with increasing 
temperature. When pouring ferrosilicon into a ladle, the 
temperature of the alloy decreases and the SiC solubility 
also decreases. This leads to the precipitation of solid SiC 
particles during the cooling of the alloy in the ladle and 
a significant decrease in the carbon content in the alloy. 
For  this reason, industrial ferrosilicon actually contains 
a small amount of carbon (no more than 1%) [24, 30].

Experimental electro smelting of VQLT was carried out 
using two charge compositions:

1.	 67% of VQLT, 11% of coke, 22% of steel shavings;
2.	71% of VQLT, 12% of coke, 17% of steel shavings.

Photographs of the ferroalloys are shown in Fig. 10, and 
their SEM analyses in Fig. 11 and in Tables 6 and 7.

(a)

(b)

Fig. 10 Photographs of the ferroalloys produced,  
(a) 2nd smelting, (b) 3rd melting

Table 6 SEM analyses of the ferroalloys' samples according to 
Fig. 11 (a) 2nd smelting (amounts in %)

C Al Si S Ca O Ti V Fe

37.47 2.59 44.11 0.26 0.58 5.86 0.62 0.42 51.09

Table 7 SEM analyses of the ferroalloys' samples according to 
Fig. 11 (b) 4th smelting (amounts in %)

C Al Si Ca Ti O V Cr Fe Ni

16.51 1.69 54.83 0.34 0.47 3.43 0.4 0.31 41.53 0.34

(b)

Fig. 11 SEM analyses of the ferroalloys' samples, (a) 2nd smelting,  
(b) 4th smelting (Original SEM images are in Russian)

(a)
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It can be seen from Fig. 11 and from Tables 6 and 7 that, 
in addition to metals, the alloys contain carbon and oxy-
gen; their presence is owing to the fact that under the con-
ditions of electric smelting the charge in a crucible, a fairly 
complete separation of the alloy from slag and unreacted 
charge, including coke, did not occur. (In Fig.  11 and 
in Tables 6 and 7, coke particles appear as black areas). 
To establish the true metals' content, it is necessary to take 
into account the slagging of a part of silicon with oxygen 
and the presence of the charge coke in the alloy. The sili-
con concentration, for example, in 100 g of the alloy in this 
case is calculated according to the expression:

C
C C

C C C

p p

p p p

Si

Si O

C O O

A Si

M O

A Si

M O

�
� �

� � � �

� � � �

� � � � � �

2

2

100

	 (7)

where:
CSi(p) , CO(p) , CC(p) – concentrations of silicon, oxygen and car-
bon in the alloy according to the SEM analysis, shares of 1; 

C pO

A Si

M O
� � �

2

 – the mass of silicon bound to oxygen in the 

alloy; A  Si and M  O2 – the atomic silicon mass and the 
molecular oxygen mass.

In our case, the silicon content in the 1st ferroalloy will be:

C
Si
�

� �
� � � �

� �
25 00 5 86 28 32

100 37 47 5 86 5 86 28 32
100 38 56

. .

. . .
. %,   (8)

for the 2nd ferroalloy:

C
Si
�

� �
� � � �

� �
43 90 3 43 28 32

100 16 51 3 43 3 43 28 32
100 53 07

. .

. . .
. %.    (9)

In terms of silicon content, the first ferroalloy prac-
tically corresponds to FS45 grade ferrosilicon  [28], in 
which the silicon concentration is 39–47%, and the second 
one – to FS50 grade ferrosilicon (Si = 47–52%). The sec-
ond alloy, in addition to 53.07% of Si, also contains 43.15% 
of Fe, 1.75% of Al, 0.52% of V, 0.49% of Ti, 0.35% of Ni, 
0.35% of Ca, 0.32% of Cr. The extraction degree of silicon 
into the alloy during the first electric melting was 73.8%, 
and during the second one was 79.8%.

From a comparison of the results of thermodynamic 
modeling (TDM) and experimental melting (Fig.  9, 
Table  5), it can be seen that during electric melting, the 
degree of silicon extraction into the alloy is greater by 
79.8 − 72.4 = 7.4%. This is due to the fact that during elec-
tric melting, the losses of silicon with gaseous SiO, are 
reduced, due to the presence of a grate in the furnace. 

Therefore, when switching from TDM to the practical 
implementation of the technology for obtaining ferroalloys 
from other silica-containing raw materials, a higher degree 
of silicon extraction into the alloy should be expected.

The smelting of ferroalloys from vanadium quartzite 
leaching tails containing 19–22% carbon can significantly 
(2.5–3  times) reduce coke consumption and reduce the 
cost of the product by 4–6%. Vanadium-doped ferroalloy 
increases its cost. Preliminary calculations show that the 
payback period of the technology is 3–3.5 years.

4 Conclusion
The results of studies on the interaction of the briquet-
ted tailings obtained at the hydrometallurgical process-
ing the BalaSauyskandyk deposit vanadium-containing 
quartzites (black shales) with carbon in the presence of 
iron allow us to draw the following conclusions:

1.	 In equilibrium conditions:
•	 the temperature of the beginning of SiO2 recovery 

from briquettes occurs at a temperature >1250 °С 
with the formation of FeSi2 , FeSi, Fe5Si3 , Fe3Si, 
FeSi2.33 , SiOg , SiC, Si;

•	 an increase in the amount of iron from 11 to 39% 
promotes to increase the silicon extraction degree 
in the alloy up to 72–73% in the temperature range 
1800–2000 °C, while the silicon concentration in 
the alloy decreases from 57–65.7 to 40.5–40.9%;

•	 FS45 ferrosilicon at the silicon extraction degree 
in the alloy of 70–72.6% can be formed in the tem-
perature interval of 1750–2000 °C in the presence 
of 29–39% of Fe; FS50 grade – at 25.5–35.0% of 
Fe at 1870–2000 °С, and FS65 grade – in the tem-
perature range of 1895–2000 °С in the presence of 
11–12.7% of Fe.

2.	When electric smelting the VQLT briquettes:
•	 FS45 ferrosilicon is formed from a charge con-

taining 57% of the briquettes, 21% of coke, 22% 
of steel shavings, and FS50 ferrosilicon is formed 
in a case of using a charge consisting of 61% of 
the briquettes, 22% of coke and 17% of steel shav-
ings; the extraction degree of silicon into alloys 
is 73–79%.

3.	 During the transition from thermodynamic modeling 
(TDM) to the practical implementation of obtaining 
ferroalloys from silica-containing raw materials, an 
increase in the degree of silicon extraction into the 
alloy should be expected.
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