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Despite the large number of existing technologies for processing various phosphorite-

containing raw materials, there is practically no work on the independent processing of 

phosphatized flints in the phosphate industry (due to their low P2O5 content). This study 

aims to explore the possibility of processing high-silica phosphate rock from the 

Karatau basin to produce ferrosilicon and calcium carbide while simultaneously 

extracting phosphorus. The research involved thermodynamic modeling using HSC-10 

Chemistry software and experimental smelting in an electric arc furnace. The article 

reports the results of studies on the processing of phosphatized flints from the Karatau 

basin with the production of ferrosilicon, calcium carbide, and phosphorus distillation. 

The findings demonstrate that the interaction of silicon and carbon with iron in equal 

proportions leads to the formation of iron silicides, calcium carbide, and gaseous 

phosphorus. The formation of ferrosilicon begins at 1200℃, calcium carbide appears at 

1,600-1,700℃. FeSi25 grade ferrosilicon and calcium carbide in the amount of 100-200 

dm³/kg were obtained at 1,789-2,000℃. Phosphorus is effectively extracted into the gas 

phase, with 75-79% of silicon extracted into the alloy and 59-61% of calcium into the 

calcium carbide. The slag-free electrothermal processing method increases raw material 

utilization efficiency from 43.75% to 79.92%, addressing significant environmental 

concerns associated with slag production in conventional methods. This research 

provides a sustainable pathway for utilizing phosphatized flints, contributing to 

resource optimization and reduced environmental impact. 
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1. INTRODUCTION

The production of ferrosilicon and calcium carbide from 

high-silica phosphorites presents a unique challenge in the 

sphere of materials science and industrial chemistry. High-

silica phosphorites are typically regarded as low-grade ores in 

conventional applications; they contain significant amounts of 

silica (SiO₂) and phosphorus (P), but these elements, while 

posing processing difficulties, also offer potential economic 

and environmental benefits when utilized as raw materials in 

the synthesis of value-added products like ferrosilicon alloy 

and calcium carbide. 

According to the Mining Encyclopedia, the estimated 

phosphate reserves of the Karatau basin amount to 15 billion 

tons with 15-25% of P2O5. These phosphates account for 70% 

of the reserves [1, 2]. The remaining 30% (6.4 billion tons) are 

high-silica phosphites (siliceous phosphate rock (5-15% P2O5, 

40-70% SiO2)) and phosphatized flints (PF) (0.5-8% P2O5, 65-

95% SiO2)). Due to their low P2O5 content, the latter ores are

unsuitable for direct electrothermal processing to produce

yellow phosphorus [3-11]. A portion of them, containing

≥80% SiO2 and ≥2% P2O5, is used as silicon-containing flux

(instead of quartzite) in electric smelting of ordinary

phosphate rock (23-27.5% P2O5). However, the high

heterogeneity of high-silica rocks requires careful averaging. 

Still, even if they are carefully averaged, the use of high-

siliceous rocks in electrothermal phosphorus production does 

not eliminate the main drawback of this method-the formation 

of a large amount of slag (10 to 12 tons per 1 ton of 

phosphorus) [12, 13]. 

This significant slag generation not only reduces process 

efficiency but also poses environmental challenges due to the 

release of toxic fluorine and phosphorus compounds during 

slag handling and disposal. Additionally, the high silica 

content in these rocks increases energy requirements for 

smelting, further complicating their economic viability. As a 

result, high-silica phosphorites remain largely underutilized, 

highlighting the need for innovative processing methods that 

can minimize waste and enhance resource efficiency. 

Phosphate production slag in molten or solid form is 

constantly exposed to the environment at the stages of its 

discharge from the furnace, granulation, transportation to the 

dumps, actual presence in the dumps, grinding, the production 

of slag binders, and the operation of concrete products from 

slag binders [14-18]. Fluorine and phosphorus compounds in 

slag and products based on them form toxic compounds when 

in contact with the industrial and natural environment. Hence, 

as indicated in references [19-22], phosphorus production and 

Mathematical Modelling of Engineering Problems 
Vol. 12, No. 2, February, 2025, pp. 709-718 

Journal homepage: http://iieta.org/journals/mmep 

709

https://orcid.org/0000-0002-9814-6248
https://orcid.org/0009-0004-8419-382X
https://orcid.org/0000-0003-0027-4258
https://orcid.org/0009-0005-1371-9019
https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.120233&domain=pdf


 

slag processing plants are classified as industries producing 

airborne carcinogenic or toxic substances. The described 

adverse situation with phosphorus slags can be avoided or 

eliminated by organizing slagless processing of phosphorites, 

including a large amount of high-siliceous phosphorus-bearing 

rocks. 

Recent studies, such as Wang et al. [23], on the behavior of 

high-silica phosphorites, for example, phosphogypsum, under 

thermal and chemical processing have pointed out various 

requirements: for one, a deep understanding of the chemical 

changes and reactions at higher temperatures due to its 

complex mineral composition. The presence of silica, 

phosphorus, and calcium compounds in varied ratios 

complicates the prediction of reaction ways and yields of 

products. Kinetics of some reduction reactions constitutes one 

of the important factors. The production of siliceous ferroalloy 

depends on the reduction of silica to form silicon, 

subsequently combined with iron to produce ferroalloy. A 

similar reduction of calcium compounds with carbon is a 

requirement in calcium carbide manufacturing. The energy 

requirements, activation energies, and reaction mechanisms 

have to be proposed for the optimization of these processes. 

Thermodynamic modeling will be very important in 

identifying the stability ranges of the desired products under 

different processing conditions. 

The production processes of high-silica phosphorites, such 

as PF, are influenced by multiple factors, including the particle 

size of raw materials, reaction temperature, reducing agent 

type, and furnace design [23]. High-silica phosphorites, due to 

their brittle nature, can pose difficulties in achieving the 

desired granularity, which directly impacts reaction rates and 

material flow in industrial reactors. The presence of impurities 

such as alumina (Al₂O₃), iron oxides (Fe₂O₃), and organic 

matter further complicates the experimental process [24]. 

These impurities can interfere with the primary reactions, 

leading to the formation of unwanted by-products and reduced 

efficiency. 

At the core of this method lies a combination of three 

processes of reduction of tricalcium phosphate, calcium oxide, 

and silicon oxide in an electric furnace to produce gaseous 

phosphorus, silicon ferroalloy, and calcium carbide according 

to the reactions: 

 

Ca3(PO4)2 + 2SiO2 + Fe + 18𝐶
= 𝑃2 + FeSi2 + 3CaC2 + 12CO 

(1) 

 

Ca3(PO4)2 + SiO2 + Fe + 16𝐶
= 𝑃2 + FeSi + 3CaC2 + 10CO 

(2) 

 

These reactions become thermodynamically possible at 

1,618.5 and 1,593.2℃, respectively (Table 1). 

Using the principle of combination, we previously obtained 

FeSi25 and FeSi20 grade ferrosilicon, as well as calcium carbide 

of the second and third grades from ordinary phosphorite from 

Chulaktau phosphorite of the Karatau basin. 

 

Table 1. The influence of temperature on ΔG (kJ) in the 

reactions (ΔG calculated using the HSC-10 complex reaction 

equation module) 

 

Reaction № 
Temperature (℃) 

1,100 1,200 1,400 1,500 1,600 1,700 1,900 2,100 

1 1,189.2 956.5 496.5 268.3 41.8 -183.4 -621.9 -1,047.6 

2 977.9 778.3 384.0 184.7 -13.5 -210.6 -594.0 -956.2 

The production of siliceous ferroalloy and calcium carbide 

using high-silica phosphorites meets broader environmental 

and economic concerns. Conventionally, high-silica 

phosphorites have limited industrial applications and are often 

discarded as waste. Our study, therefore, presents a reasonable 

way of resource utilization by turning these materials into 

valuable products. However, high-temperature processing 

entails a number of challenges to the environment associated 

with the emission of greenhouse gases and other pollutants. 

This could be complemented by the development of energy-

efficient processes-for example, slag-free processes-or 

renewable sources of energy, such as solar or wind. Further 

assurance of environmental sustainability will come through 

the recycling of by-products such as phosphorus compounds 

or residues of silica. 

The purpose of the article was to report on the results of a 

complete thermodynamic analysis (through computer 

modeling) of the interaction of PF with carbon and iron with 

the removal of phosphorus and the production of a ferroalloy 

and calcium carbide, as well as the results of electric smelting 

of PF. This method seeks to convert PFs into value-added 

products such as ferrosilicon (FeSi25-grade) and calcium 

carbide, while simultaneously recovering phosphorus in 

gaseous form. 

 

 

2. METHODS 

 

The studies were carried out using the HSC-10.0 Chemistry 

[25] software package developed by Outokumpu Research, 

Finland. The creators of the complex follow the ideology of 

the SGTE (Scientific Group Thermodata Europe) consortium, 

which is engaged in the creation and distribution of high-

quality databases for calculating the equilibrium composition 

of chemically reacting systems. This consortium combines the 

efforts of researchers from different countries. The SGTE 

includes specialized research centers from Germany, Canada, 

France, Sweden, Great Britain, and the USA. 

In the course of the study, two research hypotheses were 

stated: 

1). High-silica PFs can serve as a viable raw material for 

producing ferrosilicon and calcium carbide when processed 

under optimized conditions, with significant recovery of 

silicon, calcium, and phosphorus. 

2). A slag-free processing approach will enhance raw 

material utilization efficiency, reduce environmental 

pollution, and minimize waste generation. 

The experiments were conducted to investigate the 

electrothermal processing of phosphatized flints (PFs) with 

coke and steel shavings, using an electric arc furnace. Key 

experimental details include 

Raw Materials: PFs containing 4% P₂O₅, 3% Fe₂O₃, 8% 

CaO, 80% SiO₂, and trace amounts of MgO, CO₂, Al₂O₃, F, 

and alkali oxides. 

Charge Composition: The furnace charge comprised PFs, 

coke (84.6% C), and steel shavings (98.1% Fe). The ratios of 

these components were optimized to ensure sufficient 

reduction of silica and calcium oxide while maintaining a high 

yield of ferrosilicon and calcium carbide. 

The experiments were conducted across a temperature 

range of 1,600℃ to 2,000℃, monitored using high-precision 

thermocouples. Key reaction thresholds were identified for the 

formation of ferrosilicon (1,789-2,000℃) and calcium carbide 

(1,600℃). 
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The particle size of raw materials was controlled within 0.5-

1.0cm to ensure uniform heating and reaction rates. 

Each smelting session lasted 30-45 minutes to allow for 

complete reactions and phase separation. 

A closed furnace throat design was used to minimize the 

loss of volatile components, such as silicon monoxide (SiO), 

improving recovery rates. 

Our studies determined the effects of temperature and the 

amount of iron on the behavior of silicon, calcium, and 

phosphorus, the degree of extraction of silicon into the alloy, 

calcium into calcium carbide, and phosphorus into the gas 

phase, and the amount and composition of the products. The 

amount of carbon in the study was constant at 100% of the 

theoretical amount required for phosphorus, silicon, and 

calcium reduction. 

 

 

3. RESULTS 

 

Figure 1 shows the equilibrium degree of partitioning of 

silicon, calcium, and phosphorus at 85% iron in the mass of 

PF. It can be seen that the main products of interaction 

depending on temperature are calcium, magnesium, and iron 

silicates and iron silicides (FeSi, Fe3Si, Fe5Si3), SiC, SiO(g), Si. 

In addition, silicon is transferred to a small extent (<1.0%) to 

sodium and potassium silicate and iron silicides-FeSi2, 

FeSi2.33, FeSi2.43. 

 

 
(a) Equilibrium distribution of calcium species, including CaO, 

CaSiO₃, CaC₂, and gaseous Ca, as temperature increases 

 

 
(b) Partitioning of phosphorus compounds, illustrating the 

transition from solid phosphates to gaseous phosphorus (P₂) at 

high temperatures 

 
(c) Behavior of silicon-containing compounds, showing the 

formation of silicon-based alloys (FeSi) and volatile silicon 

monoxide (SiO)  

 
(d) Phase transformation trends of reaction products, indicating 

how iron, silicon, and calcium interact under varying thermal 

conditions 
 

Figure 1. The influence of temperature on the equilibrium partitioning of calcium-containing, phosphorus-containing, and 

silicon-containing substances 
 

Calcium is present in the system in the form of Ca3(PO4)2, 

CaSiO3, CaF2, CaC2, CaO, CaF(g), and Ca(g). Meanwhile, 

CaC2 is factually formed from CaSiO3 at temperatures above 

1,600℃. The maximum degree of transition of calcium into 

CaC2 is observed at 2,000℃ (47.42%). At 1700℃, gaseous 

calcium appears in the system via the reaction CaC2=Ca(g) 

+2C. At 2,000℃, 29.9% of calcium is lost with gas due to this 

negative process. At 1,800℃, gaseous fluorides CaF2 and CaF 

are formed, and another 13.6% of calcium is lost with them at 

2,000℃. 
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Table 2. The influence of temperature on the concentration 

of silicon in the alloy, CaC2 in the carbide, and carbide 

volume 

 

Parameter 
Temperature (℃) 

1,400 1,500 1,600 1,700 1,800 1,900 2,000 2,100 

CSi(alloy), % 9.3 16.4 20.7 22.7 24.9 26.7 27.4 27.6 

CCaC2(carbide), % - - 0.01 1.41 13.1 36.4 54.7 58.1 

L, dm3/kg - - 0.2 5.3 48.6 135.5 203.6 216.1 

 

Iron phosphides (Fe3P, Fe2P, FeP2, and FeP) are formed at 

temperatures above 900℃, and all phosphorous is converted 

into them at 1,300℃. Following this, at temperatures above 

1,400℃, gaseous phosphorus begins to form. The complete 

transition of phosphorus to the gaseous state occurs at 

1,600℃. Thus, gaseous phosphorus is formed in the system 

through iron phosphides following the scheme: 

Ca3(PO4)2→iron phosphides→P2. 

Table 2 shows the effect of temperature on the concentration 

of silicon in the alloy, CaC2 in the technical calcium carbide, 

and the volume of calcium carbide at 85% iron in the mass of 

PF. 

As can be seen from the table, based on CSi(alloy), the 

ferroalloy formed at 1,600-2,100℃ can be classified as a 

FeSi25 ferroalloy [26]. Calcium carbide has no grade. 

Nevertheless, it can be used in agriculture. For example, when 

calcium carbide is applied to podzolic soil, it is hydrolyzed to 

form calcium hydroxide and acetylene. Acetylene is then 

reduced by soil macroorganisms to ethylene, which, entering 

the plants through the root system, regulates their growth and 

development, increasing the yield of vegetables [27-29]. 

Figure 2 shows the effect of temperature and iron on the degree 

of extraction of silicon, calcium, and phosphorus into the 

target products. 

As can be seen from Figure 2, as the amount of iron 

increases from 30 to 140% αSi(alloy), αCa(CaC2) increases. For 

example, while αSi(alloy) grows from 46.2 to 95.2% at 1,900℃, 

αCa(CaC2) increases from 35.1 to 58.2% at 2,000℃. At 

temperatures higher than 1,600℃, virtually all phosphorus 

(99.9%) is converted to gas regardless of the amount of iron. 

The concentration of silicon in the alloy decreases markedly 

as the amount of iron rises (Figure 3). For instance, at 1,900℃ 

it goes down from 34.8 to 19.6%. In contrast, the volume of 

calcium carbide increases, e.g., from 130.4 to 216.3 dm3/kg at 

2,000℃. 

 

 
(a) 

 
(b) 

 
(c) 

Note: Figures by the lines indicate the amount of iron in % of the mass of PF 

 

Figure 2. The influence of temperature and iron on the 

degree of extraction of silicon into the alloy (a), calcium into 

calcium carbide (b), and phosphorus into gas (c) 

 

In view of the reverse character of the effect of higher 

amounts of iron on the technological parameters: αSi(alloy), 

CCaC2(carbide), and L increase while CSi(alloy) decreases; 

further studies were carried out using the method second order 

rotatable design. The study determined the influence of the 

amount of iron (Fe, %) and temperature (Т, ℃) on αSi(alloy), 

αCa(carbide), L, and CSi(alloy). 

Following the study [30], the following regression 

equations can be obtained: 

 

𝛼Si(alloy) = −793.26 + 0.719𝑇 − 0.001𝑇. 00

− 0.00015𝑇2 − 0.005Fe2

+ 3.21Fe 

(3) 

 

CSi(alloy) = −113.36 + 0.139𝑇 − 0.0001Te

− 0.00003𝑇2 + 0.0000743Fe2

+ 0.083Fe 

(4) 

 

𝐿 = −5102.76 + 4.34𝑇 − 0.0037𝑇𝑒 − 0.00088𝑇2

− 0.01Fe2 + 9.783Fe 
(5) 

 

Using Eqs. (3)-(5) we plotted 3D and planar images of the 

effects of temperature and iron on αSi(alloy), CSi(alloy), and 
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L (Figure 4). 

The figure shows that the maximum conversion of silicon 

into the alloy is 92%, achieved in the abcd region. An 

extraction rate of 90 to 92% is observed in a wider region and 

at lower temperatures. Finally, 80 to 90% αSi(alloy), is achieved 

in the temperature range of 1,600-2,000℃ in the presence of 

63-140% iron. 

The concentration of silicon in the alloy ranges from 15.74 

to 34.76%. The main area in the figure is occupied by FeSi25 

grade ferrosilicon, which can be obtained in the temperature 

range of 1,600-2,000℃ in the presence of 30-119% iron. With 

higher amounts of iron, FeSi20 grade ferrosilicon is formed. 

The maximum volume of calcium carbide is 208.4 dm3/kg 

at 2,000℃ in the presence of 126% iron. 

Figure 5 shows a combined pattern of the effect of 

temperature and iron on αSi(alloy) and CSi(alloy). The lines of 

αSi(alloy)=80 and 90%, CSi(alloy)=20, 25, and 30%, and L=100 

and 200 dm3/kg are highlighted. Table 3 provides 

technological parameters at the boundary points of two 

regions: xmyn and nyzh. 

 

 
           (a)                                                             (b) 

Note: Figures by the lines indicate the amount of iron in % of the mass of PF 

 

Figure 3. The influence of temperature and iron on the amount of silicon in the alloy (a) and the volume of calcium carbide (b) 

 

 
(a) 

 
(b) 
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(c) 
Note: Numbers on the lines – αSi(alloy), %, CSi(alloy), % and L, dm3/kg 

 

Figure 4. The effects of temperature and iron content on (a) the degree of silicon extraction into the alloy, (b) the concentration 

of silicon in the alloy, and (c) the volume of calcium carbide produced (liters per kilogram) 

 

 
Note: (—) – αSi(alloy), %; (--) – CSi(alloy), %; (▬) – L, dm3/kg 

 

Figure 5. Combined effects of temperature and iron content 

on silicon recovery into the alloy (αSi), silicon concentration 

in the alloy (CSi), and calcium carbide volume (L, dm³/kg) 

 

Table 3. Values of technological parameters in boundary 

points 

 

Point in 

Figure 5 

Parameter 

T 

(℃) 

Fe 

(%) 

αSi(alloy) 

(%) 

CSi(alloy) 

(%) 

L 

(dm3/kg) 

n 1,808 117.0 90.0 21.5 100.0 

x 1,796 129.0 90.8 20.0 100.0 

m 2,000 136.0 90.0 20.0 206.2 

y 2,000 90.0 90.0 26.2 200.0 

z 2,000 62.0 80.0 30.1 175.7 

h 1,864 77.0 80.0 26.9 100.0 

 

The table suggests that under the condition that 

αSi(alloy)≥90%, FeSi25 ferrosilicon with alloy silicon 

concentrations ranging from 20.0 to 26.9% is formed in the 

temperature range of 1,796-2,000℃ in the presence of 62-

136% iron (the volume of calcium carbide reaching 100-206.2 

dm3/kg). With αSi(alloy) ranging from 80 to 90%, FeSi25 with 

CSi(alloy)=21.5-26.9% is formed in the temperature range of 

1,808-2,000℃ in the presence of 62-116.5% iron (the volume 

of calcium carbide amounting to 100-200 dm3/kg). Within the 

nyzh and xmyn regions, phosphorus is completely converted 

to the gas phase. 

Electric smelting was carried out with a raw material 

consisting of phosphatized silicon, coke (84.6% C, 4.9% SiO2, 

2.9% CaO, 3.8% Fe2O3, 1.3% Al2O3, 0.8% S, 0.7% H2O, 1% 

other), and steel shavings (1.1% C, 0.2% Si, 0.1% Mn, 98.1% 

Fe). 

The study was carried out in an electric arc furnace using a 

graphite crucible. 

The fractional composition of furnace charge components 

was 0.5-1.0 cm. The total weight of the charge was 0.8 kg. The 

voltage during smelting was 20-25 V and the current was 400-

450 A. The degree of silicon extraction into the alloy was 

determined as the ratio of the mass of silicon in the charge to 

the mass of silicon in the alloy. The volume of calcium carbide 

in liters (L) was determined experimentally following the 

methodology of Kozlov and Lavrov [31]. The content of CaC2 

in technical calcium carbide (CCaC2(carbide)) was determined 

from the expression CCaC2(carbide)=L/372×100, (where 372 

is the volume of acetylene (dm3) released from the interaction 

of 1 kg of 100% CaC2 with water). The silicon content in the 

alloy was determined by scanning electron microscopy on an 

INSAEnergy (Japan) device, as well as by density (D, g/cm3) 

following the equation [32]: 

 

CSi(alloy) = 252.405 − 101.848 ⋅ 𝐷 

+18.209 ⋅ 𝐷2 − 1.243 ⋅ 𝐷3 
(6) 

 

The content of silicon in the alloy smelted from charge № 1 

was 38.8-41.7%, and from № 2 – 28.8-34.1%. In the first case, 

the alloy obtained is FeSi45 grade ferrosilicon, and in the 

second case – FeSi25 [26]. The volume of calcium carbide in 

both cases does not exceed 130 dm3/kg. The level of extraction 

of silicon into the alloy was 75-79%, calcium into the carbide 

– 59-61%, phosphorus into the gas – at least 98.7%, and iron 

into the alloy – 83-87%. 

Here we should note that the values of CSi(alloy) are somewhat 

higher in the case of electric furnace smelting compared to 

equilibrium conditions. This is explained by the fact that under 

equilibrium conditions, part of the silicon is lost as gaseous 

SiO. In electric smelting, SiO is also formed, but because the 
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furnace throat is closed, less of it is lost with gases. 

In the course of electric smelting, 89.5% of phosphorous 

(including PF) is extracted into gas and 4.5% into 

ferrophosphorus, calcium is completely transferred into slag, 

and up to 1% of silicon is transferred into ferrophosphorus, 

while 80% of iron is converted into ferrophosphorus [13]. 

Thus, the rate of complex raw material utilization (γ, %) by the 

four main elements is as follows: 

 

γ=
(89.5%+4.5%)𝑃+(1%)𝑆𝑖+(0%)𝐶𝑎+(80%)𝐹𝑒

4
=43.75% (7) 

 

In the process of smelting PF, due to the formation of 

calcium carbide and ferroalloy, the degree of complex 

utilization of raw materials increases up to: 

 

γ=
(98.7%)𝑃+(76%)𝑆𝑖+(60%)𝐶𝑎+(85%)𝐹𝑒

4
=79.92% (8) 

 

 

4. DISCUSSION 

 

The findings of this study highlight the potential of 

phosphatized flints (PF) for producing ferrosilicon, calcium 

carbide, and gaseous phosphorus through electrothermal 

processing (smelting in an electric arc furnace), representing a 

significant step towards the efficient utilization of high-silica 

phosphorite reserves [33-36]. The processing of PF has been 

hindered by its low P2O5 content and high slag production and 

was limited to the production of concrete, as stated by El 

Mahdi Safhi et al. [37]. Studies such as Öztürk et al. [38] and 

Makarov et al. [39] focused on utilizing high-silica rocks such 

as Sille stone as flux materials or additives, but they also 

emphasized the production environmental burden incurred by 

the wide variation of waste production, including electric arc 

furnace slag and blast furnace slag. This study builds on these 

insights by presenting an environmentally friendly, slagless 

approach and effectively mitigating this challenge while 

improving material utilization from 43.75% to 79.92%. 

Our study agrees with studies such as Cheng et al. [40] and 

Taha et al. [41], who emphasize the benefits of resource 

recovery and waste management in the phosphorous industry. 

Our findings align with these principles, showcasing the co-

production of ferrosilicon and calcium carbide, which adds 

value to the processing chain and significantly reduces waste 

output. 

From our study, we achieved a silicon recovery rate from 

ferrosilicon alloys of 75-79%. In comparison with recent 

studies that used similar methods of extraction (electric arc 

furnace), such as Blaesing et al. [42] and Etemadi et al. [43], 

we notice a 65% and a 73.64% recovery rate, indicating an 

optimized operation and high efficiency in recovering silicon. 

For calcium, we observed discrepancies that may be attributed 

to operational factors. In our study, we achieved a 59-61% 

recovery rate, which is under-optimized when compared to the 

study of Li et al. [44], who achieved nearly a 90% recovery 

rate. This discrepancy calls for more studies and optimization 

of the composition of the furnace charge and the grade of PF 

used to influence recovery efficiency. 

The implications of this study are multifaceted. Firstly, the 

ability to produce FeSi25-grade ferrosilicon and usable calcium 

carbide highlights the economic feasibility of using PF as a 

primary resource rather than a secondary flux material. This 

shift has the potential to transform the phosphorus industry's 

raw material landscape, particularly in regions like the Karatau 

basin with abundant high-silica reserves. Secondly, the 

reduction in slag output aligns with global sustainability goals 

by addressing a critical environmental challenge and lastly, the 

insights into the thermodynamic behavior of PF and its 

interaction with carbon and iron provide a robust framework 

for future research. The identified temperature thresholds for 

optimal product formation-1,600℃ for calcium carbide and 

1,789-2,000℃ for FeSi25 ferrosilicon-offer practical 

guidelines for industrial-scale implementation. 

To further address the limitations observed in this study, we 

recommend prioritizing the optimization of the furnace design 

and investigating the efficiency between open and close-throat 

designs to balance SiO retention and recovery. We also 

recommend exploring the effects of varying PF grades and 

additives to enhance product yield and consistency, and more 

research is needed to quantify the overall environmental 

benefits of the slagless approach. 

 

 

5. CONCLUSIONS 

 

The proposed slagless processing method for phosphatized 

flints (PFs), which combines the reduction of phosphate, 

calcium oxide, and silicon oxide to produce gaseous 

phosphorus, ferrosilicon, and calcium carbide, presents a 

novel approach to high-silica phosphate rock utilization. 

Unlike conventional methods that generate significant slag and 

incur substantial environmental and economic costs, this 

approach minimizes waste and significantly improves raw 

material utilization efficiency. 

The following conclusions have been stated in the study: 

1) Despite the abundant reserves of PF, this raw 

material does not have an independent processing 

technology, and the use of flints as a flux in the 

production of phosphorus by the electrothermal 

method is fraught with a low degree of complex 

utilization of raw materials due to the production of 

multi-tonnage waste – phosphorus slag. 

2) Under equilibrium conditions, in the interaction of 

PF with iron and carbon: 

− the products of interaction include Ca(g), Ca3(PO4)2, 

CaC2, CaF(g), CaF2, CaF2(g), CaO, CaSiO3, Al, Al(g), Al2O3, 

Al2SiO5(A), Fe, Fe2O3, Fe3O4, Fe3Si, Fe5Si3, FeO, FeSi, FeSi2, 

FeSi2.33, FeSi2.43, Fe2P, Fe3P, FeP, FeP2, FeSiO3, P2(g), P4(g), 

K2O*SiO2, MgSiO3, Na2O*SiO2, Si(g), SiO(g), SiC,SiO2,Si 

− increase in the amount of iron from 30 to 140% of the 

mass of phosphatized silicon at 1,900℃ increases the recovery 

of silicon into the alloy up to 95.2% and the extraction of 

calcium into CaC2 to 58.2% while reducing the concentration 

of silicon in the alloy by 35 to 20% without affecting the 

complete extraction of phosphorus into gas at temperatures 

above 1,600℃. 

− FeSi25 ferrosilicon (with a silicon recovery rate of 80 to 

90%) is produced in the presence of 62-136% steel shavings 

in the temperature range of 1,789-2,000℃. Calcium carbide in 

this case reaches the volume of 100-200 dm3/kg. 

3) Electric smelting of PF together with coke and steel 

shavings leads to the formation of FeSi25 ferrosilicon 

with a silicon content of 28.8-34.1% and FeSi45 with 

a silicon content of 38.8-41.7%, as well as up to130 

dm3/kg of calcium carbide; in this case, the 

extraction rate of phosphorus into gas is not less than 

98.7%, of silicon into alloy – 75-79%, and calcium 

into calcium carbide – 59-61%. 
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4) Electrothermal processing of PF allows to increase 

the degree of complex utilization of raw materials 

(in comparison with the smelting of charge from 

phosphate rock, quartzite, and coke) from 43.75 to 

79.92%, thereby increasing the expediency of using 

PF in phosphorus electrothermia. 

The industrial applications of this process are broad, and it 

is not limited to just the production of ferrosilicon and calcium 

carbide. Ferrosilicon (particularly FeSi25 and FeSi45 grades), a 

product of this procedure, is a critical component in 

steelmaking and foundries, as a deoxidizing agent, an alloying 

agent, for ferrous casting, and for enhancing the quality of 

steel and alloys. They can also be used in the industrial 

production of high-purity silicon, as highlighted in our results. 

We must also consider the energy consumption, carbon 

emissions, and air pollution from particulate matter and gases 

associated with ferrosilicon production. Calcium carbide, a 

secondary product from this procedure, can be applied in the 

chemical industry for the production of acetylene gas and in 

agriculture for soil conditioning. It can also be used in the 

industrial recovery/extraction of calcium. It is important that 

extra measures are applied when handling calcium carbide due 

to its reactivity. Calcium carbide can pose safety risks, 

including fire and explosion hazards, when in contact with 

moisture or water. This process can also be used in phosphorus 

gas recovery from waste in phosphorous industries. 

By mitigating the production of slag, this method aligns 

with sustainability goals, reducing the environmental footprint 

of phosphorus production. From an environmental 

perspective, the reduction in slag formation minimizes the 

release of harmful fluorine and phosphorus compounds, often 

associated with conventional processes of PF processing. 

Furthermore, the slagless approach reduces landfill 

requirements and airborne carcinogenic emissions, addressing 

long-standing environmental concerns tied to phosphorus and 

ferroalloy production. 
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