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Abstract. The issues of energy saving in pyrometallurgical production during processing of mineral raw materials in 

ore-thermal furnaces are particularly important for the development of new energy-efficient technologies. The reduc-

tion of the specific power consumption during melting at different stages of heating and melting of charge materials 

when modeling is related to obtaining kinetic curves in the process of kyanite concentrate regeneration in polythermal 

conditions. Based on practical data of carbo-thermal reduction the mathematical modeling of reduction processes from 

alumosilicic raw materials – kyanite was carried out. In this work, the nonisothermal method based on a constant rate 

of charge heating (i.e. a linear dependence between time and temperature) was used for the reduction of kyanite charge, 

which saves electrical energy. The experiments were carried out on a high-temperature unit with a heater placed in  

a carbon-graphite crucible. Based on the obtained kinetic dependences of nonisothermal heating of enriched kyanite 

concentrates in plasma heating conditions we obtained a number of kinetic anamorphoses of the linear form which 

point to the possibility of describing the reaction rate using the modified Kolmogorov – Erofeev equation for given 

heating conditions and within a narrow temperature range. The complex of mathematical modeling makes it possible 

to create a control algorithm of technological process of reduction of kyanite concentrate to a metallized state within 

the specified temperature range for the full flow of reaction exchange and to reduce the specific power consumption by  

15-20 %. With the help of the received kinetic dependences, taking into account the thermodynamics of processes and 

current state of the art it is possible to create a universal thermal unit for the optimal carbothermal reduction of charge 

to a metallized state (alloy) with minimum power inputs compared to existing technologies. 
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Introduction. Energy saving in production during processing of metallurgical and anthropo-

genic raw materials is paramount for solving both local [1, 2], and global environmental problems 

[3, 4]. So the development of new technologies based on fundamental scientific approaches is of 

great practical importance for the strategic energy-efficient development of the metallurgical in-

dustry [5-7]. The development strategy for ferrous and non-ferrous metallurgy of the Russian Feder-

ation until 2030 includes a large complex of measures for energy saving and the reduction of specific 

energy intensity of products, resource intensity, and emissions of harmful substances. The national 

mining and metallurgical complex [8-10] has already taken a number of measures to improve the 

energy efficiency of production. However, shortages of some resources or partial inaccessibility lead 

to significant economic and industrial problems [11-13] and risks [14-16], as well as to the reduced 

efficiency in the use of fuel and energy resources, sometimes complete losses in the supply of enter-

prises [17-19].  
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The production of aluminum silicon alloys, the most popular type of aluminum alloys, requires 

the organization of primary aluminum production in electrolysis cells, while the production of silicon 

requires the carbothermic method of reduction from quartz raw materials in ore-thermal furnaces  

[20-22]. In the production of primary aluminum, only alumina is used as an aluminum-containing 

raw material, and in Russia there are significant difficulties in providing enterprises with their own 

raw materials due to a shortage of high quality bauxite [23, 24]. The shortage of alumina for electro-

lytic production, which has developed as a result of the shutdown of some plants and the reduction in 

the share of exports for political reasons, leads to a search for innovative, energy-saving technologies 

for aluminum and aluminum silicon alloy production from alternative raw materials, which could be 

kyanite [25, 26]. After the reduction of unprofitable capacity and the mothballing of several plants 

with obsolete electrolysis cells, raw material shortages amount to approximately 45 % of all alumina 

production in the Russian Federation [27-29].  

Systematic research is being conducted using aluminum and silicon industries wastes [10-15] in 

order to provide new types of aluminum-containing raw materials [30, 31]. Ore reserves of aluminum-

silicon raw materials are studied as well in order to use them in processing [31, 32]. The end products 

of these technologies satisfy only a certain narrow demand of the industries due to the specific prop-

erties of the raw material and technological solutions. However, these studies are not focused on one 

of the promising areas, the direct production of aluminum silicon alloys, containing aluminum and 

silicon oxides by means of carbothermic reduction. 

At present, the use of kyanite ores in various branches of industry is a highly topical issue due 

to the considerable number of reserves and simplicity of their development [33] in the Urals [36] and 

Keivy [34, 35] Mountains. Besides the production of refractories and ceramics, this type of raw ma-

terials can be used for production of alumina and silicon oxide after beneficiation and separation of 

the concentrate [37-39]. However, calculations show that the technology of kyanite disintegration is 

economically unprofitable in current conditions of traditional alumina production by the method of 

Bayer-sintering [40, 41]. 

Several attempts to study kyanite ores of the Kola Peninsula were made during the 20th century. 

The first study carried out by V.S.Artamonov, P.A.Borisov, and N.A.Volotovskaya dates back to 

1929. The Mekhanobr Institute received preliminary data on beneficiation of kyanite-quartz material 

in 1939. All-Russian Aluminium-Magnesium Institute tested kyanite ore to produce kyanite concen-

trate by the flotation method in industrial conditions in 1949. In parallel, the geological aspects of 

kyanite deposits were studied, and 27 deposits were identified. A preliminary assessment of ore re-

serves showed 966 million tons located at depths of up to 100 m. The total volume of the deposits 

was 11 billion tons. Favorable geological conditions of ore occurrence make it possible to develop 

them by open-pit mining with high performance. 

In this regard, the studies on the issues of direct reduction of the kyanite charge for the production 

of hypereutectic aluminum silicon alloys are of high scientific and practical interest (28 % of silicon 

in the final alloy). There are studies on the carbothermal reduction of alumina for production of alu-

minum [42-45]. Thus, calculations of technical and economic indicators in the work [43] confirmed 

the promising nature of this technology. The environmental analysis carried out in this work indicates 

a low ecological impact by the production of aluminum and its alloys compared to the current pro-

duction. The analysis of the literature shows that methods of direct processing of charge materials 

[41, 46] without the use of fluorine-containing and carcinogenic substances (as in the electrolysis of 

molten salts according to Hall – Eru method) are promising, which is certainly a favorable positive 

factor. On the other hand, the carbothermal method of aluminum production had many difficulties in 

the implementation of the technological process in the 1970s and 1980s due to the formation of car-

bide compounds. The presence of these compounds reduces aluminum yield and with an increase of 

silicon content the production process was more active from the thermodynamic point of view. The 

low level of technology, insufficient study of the issues associated with reduction of charge, and the 

use of inadequate thermal aggregates could not have created the conditions for a wide distribution of 

industrial carbothermal production of aluminum. 
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Despite the existing scientific background and practical experience in the studies of the reduction 

of aluminosilicate charges, the issues of the direct reduction of the charge to the metallized state 

remain unresolved. There are no data on the kinetics and mechanism of interaction in the Si-Al-O-C 

system, which is an important technological factor and scientific justification for the implementation 

of the carbothermal process of aluminum silicon alloy production from kyanite concentrates or simi-

lar charge materials. The solution of this problem is especially important for improving the energy 

efficiency of the production of basic aluminum alloys. 

Methods. Metallurgical processes based on the reduction of metals from their compounds by 

carbon and carbon-containing materials take place in ore-thermal furnaces at elevated temperatures 

and have high energy losses (part of the heat is waste, partly spent in the assembly units and on the 

reduction of impurity elements and incorrectly composed charge material). In the course of this work 

we considered a method that allows us to study more extensively the chemistry of the carbothermal 

reduction of kyanite charge materials when producing aluminum silicon alloy and eliminate energy 

losses in the metallurgical process. A non-isothermal method was used for the reduction of the kyanite 

charge in this work. The method is usually based on a constant heating rate of the charge, i.e., in the 

presence of a linear relationship between time and temperature, the following equations are valid 

dT mdt  and 
τ

da

d
 = 

da
m

dT
, 

where m – heating rate, С/min; а – degree of conversion the metallic phase (reactivity). 

The experiments were carried out on a high-temperature unit with a carbon-graphite heater with 

an additional element – a directed arc. A directed plasma arc is required for intensive heating and 

implementation of the non-isothermal method of processing the kianite charge to the specified tem-

peratures (2000-2300 °C). 

A sample of beneficiated kyanite concentrate with a minimum content of titanium oxide and iron 

(Table 1) with a molar ratio of SiO2:Al2O3 = 0.73 was used in the conducted experiments. The carbon 

content in the sample was 110 % of the theoretically required amount for the reduction of oxides to 

metal (aluminum silicon alloy). The reduction was carried out using a directed plasma arc (controlled 

plasma flow) at heating rates of 10, 20, and 40 °C/min in the temperature range from 1100 to 2200 °C. 

The total heating rate and process kinetics were estimated by the rate of gas releasing during the 

reduction reaction (Fig.1) and by the amount of carbon dioxide registered by the MGL-98 gas ana-

lyzer. The temperature data were recorded by the WRe-5/20 tungsten-rhenium thermocouple con-

nected to the OVEN TRM1 thermostat. 
 

Table 1  

Results of X-ray spectral analysis of kyanite samples, % 

Fraction Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 MnO Fe2O3 

Non-magnetic 0.2 < 0.01 51.33 37.63 0.12 0.013 0.5 0.05 0.6 < 0.01 0.18 

Magnetic 0.25 0.21 50.98 35.64 0.19 0.029 0.49 0.25 0.67 0.054 1.85 

 

For thermodynamic calculation of the process in a given temperature range, possible reactions 

are considered in wider values of 1400-1900 °C according to the following group of equations: 

SiO2 + Ccharge = SiO + CO;                                                  (1) 

SiO + 2Ccharge = SiCcharge + СО;                                              (2) 

SiO2 + 2Cgraphite= SiO2 + СО;                                                (3) 

SiO + 2Cgraphite = SiCgraphite + СО;                                            (4) 
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3Al2O3 + Ccharge = 2Al2O3 + CO;        (5) 

2Al2O3 + 3Ccharge = Al4O4C + 2CO,      (6) 

where equations (3) and (4) refer to the interac-

tion of oxides with fine fractions of carbon in 

the graphite environment of the furnace, and 

the rest of the equations refer to the interaction 

of oxides with solid carbon in the charge. 

The kinetics of reduction of silicon dioxide 

in the given temperature range of 1100-1900 °C 

was studied at a constant heating rate of  

20 °C/min. The studied sample was quenched 

every 100 °C, then the change in mass was de-

termined, and the chemical analysis of the re-

sulting material was carried out (Table 1). 

The results of calculations are shown in 

Fig.2, as well as in Table 2. The flow of reac-

tions in the temperature range 1400-1900 °С 

according to the analysis of waste gases was not 

recorded. 

The most expedient way to carry out ki-

netic studies of the reactions (1) and (2) in con-

ditions of polythermal heating (prompt-burst 

plasma heating) is to apply the generalized Kol-

mogorov – Erofeev topokinetic equation [8]: 

τα 1
nke  , 

where k and n are constants and Erofeev, re-

spectively, and the rate constant can be calcu-

lated by the ratio 

K = nk1/n. 

Results and discussion. Since the reduc-

tion occurs in a narrower temperature range at 

a relatively high temperature, the most prefera-

ble option is to set heating temperature Ts so 

that at T = Ts(θ = 0) max
da

dT
 or 

2

2
0,

d a

dT
   

defining it for solving the problem as the tem-

perature of the reaction maximum for the  

energy-efficient melting mode. 

The graphs a = f (T) and υa = f (T) were 

plotted based on the obtained kinetic depend-

encies for the reaction (1) and (2) and defined 

as, Ts и υas. The calculated kinetic parameters 

n, E и K0 prove that the reaction is valid and 

the production of metallic charge (hypereutec-

tic aluminum silicon alloy) is possible. 
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Table 2 

The results of the reduction of the kyanite sample at the constant heating rate of 20 °C/min 

Final  

temperature, °С 

Sample mass, g 
СО, g 

Chemical analysis of residues, % 

Before test After test SiO2gen Al2O3gen Al2O3sol SiC C 

1100 – – – 25.92 42.32 – – 28.62 

1500 8.85 8.69 0.185 25.98 41.81 1.56 – 28.46 

1600 8.93 8.60 0.305 26.29 45.42 1.34 – 28.08 

1700 9.05 8.11 0.861 38.73 48.2 0.77 5.33 24.83 

1800 8.87 6.96 1.737 30.37 53.50 1.30 1.87 21.04 

1900 8.49 6.29 2.081 31.28 58.33 0.56 17.3 18.33 

 

By substituting the expression for K0, we obtain the equation and the dependence shown  

in Fig.3: 

  2
ln ln 1 θ

s

nE
a

RT
     .                                                        (7) 

The equation (7) is the equation of anamorphosis of the kinetic curve modified for conditions of 
linear polythermal heating by controlled plasma arc. Therefore, the graph of the dependence  
ln[–ln(1 – a)] depends on θ or Т, and results in the linear relationship based on the equation  

θ = Т – Тs with the slope of tgφ = 
2

s

nE

RT
. In this case is the heating and melting time of the charge is 

decisive, which affects the energy mode of melting.   

Thus, the linear form of the kinetic anamorphoses (Fig.3) indicates the possibility of describing 

the reaction rate in considered heating conditions and in a narrower temperature range by the mod-

ified Kolmogorov – Erofeev equation. This has a positive effect on the overall energy consumption 

of the unit – there is the most efficient use of the heat received, both in terms of process time and in 

absolute values of energy consumption. 

The obtained mathematical model provides data for development of an algorithm for control-

ling the technological process of reduction of kyanite concentrate to a metallized state in the set 

temperature range for the complete cycle of the reaction ex-change and creates prerequisites for the 

justification and development of the modern energy efficient technology. 

It is possible to create a universal thermal unit using the obtained dependencies and considering 

the thermodynamics of the processes and current technological level in order to optimize the pro-

cess of carbothermal reduction of the charge to a metallized state (alloy). 

Description of the reaction rate using the 

modified Kolmogorov – Erofeev equation has 

an in-depth character of increasing the effi-

ciency of aluminum silicon alloys production. 

General technical and economic comparative 

characteristics with the existing methods of 

aluminum silicon alloy production are not 

mentioned, since there is no need to produce 

aluminum and silicon separately. It enables to 

decrease considerably energy consumption for 

aluminum silicon alloy production, operating 

costs, and capital expenses. The advantages of 

the method of direct processing of silicon-alu-

minum ores for aluminum silicon alloy pro-

duction are the following: 

1 

ln
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–
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Fig.3. The anamorphoses of the kinetic curves  
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• combining energy-intensive aluminum and silicon production in a single smelter and the ability 

to process raw materials with high Al and Si content (up to 60-70 % in total), in particular, kyanite;  

• in comparison with industrial electrolysis cells, orethermal or plasma furnaces are characterized 

by a substantially higher specific capacity, low capital and operating costs, and high environmental 

friendliness. 

Conclusion. The non-isothermal method was used for the reduction of kyanite charge in the ore-

thermal furnace, which is based on a constant rate of charge heating, i.e. with a linear relationship 

between time and temperature, which greatly saves electrical energy. 

The expediency of using kyanite raw materials for energy-saving production of aluminum- and 

silicon-based alloys and aluminum silicon alloy has been substantiated. 

The research on the kinetics and interaction mechanism in the Si-Al-O-C system was carried out 

on a high-temperature installation with a graphite heater in conditions of controlled plasma flow with 

symmetrical heating, focused on stabilization and energy losses reduction. A sample with the molar 

ratio of SiO2:Al2O3 = 0.73 was used in the experiments. The carbon content in the sample was 90 % 

of the amount theoretically required for the reduction of the mineral oxide to metal. The sample con-

sisted of kyanite ore subjected to electromagnetic separation and a complex reduction agent. The 

reduction was carried out at heating rates of 10, 20, and 40 °C/min in the temperature range from 

1100 to 2200 °C. Calculations and obtained dependencies indicate a favorable operating mode of the 

furnace at the temperature of 1450 to 1650 °C. 

The non-isothermal method was used for the reduction of kyanite charge.  

The linear type of kinetic anamorphosis testifies to the possibility of describing the reduction 

reaction rate in the process of carbothermic reduction of aluminosilicon ore required for energy-sav-

ing technological melting regimes. This makes it possible to reduce specific power consumption for 

reduction smelting of kyanite ore by 15-20 % as compared to the existing indicators for ore-thermal 

furnaces. The solution of this problem is especially important for increasing the energy efficiency of 

the production of basic aluminum alloys. 

A promising direction for the development of the aluminum industry is the use of plasma flow 

in the carbothermic reduction of pre-enriched kyanite concentrate. A large volume of kyanite deposits 

in the Murmansk region, the existing infrastructure, and an excess of cheap electric power create 

favorable logistics for organizing large-scale production of aluminum alloys.  

A positive factor is the presence of the Kandalaksha aluminum smelter (United Company 

“RUSAL”), the only aluminum smelter in the world producing primary aluminum, located beyond 

the Arctic Circle, which, unlike the productions of the Western division, has maintained the full pro-

duction volumes. 

The development of technologies for deep, environmentally safe, and energy-efficient pro-

cessing of kyanite ore in high-tech melting plants and furnaces is of great scientific and technical 

interest. These technologies ensure a high degree of aluminum silicon alloys extraction and obtain-

ing multi-purpose commercial products, which will increase the competitiveness of the aluminum 

industry. 
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