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Abstract: Based on the demand of the development of circular economy, the utilization of metallurgical solid waste has 

attracted more and more attention, one of the main ways of comprehensive utilization of metallurgical slag is internal recycling in 

steel plant to replace limestone as smelting flux, so it need to removal of phosphorus and sulfur from molten slag to decrease the 

burden of dephosphorization and desulfurization in the steelmaking process. In this paper, the current recycling situation of 

phosphorus-containing steel slag and sulfur-containing waste refining slag is briefly summarized, these relevant researches show 

that, the methods of dephosphorization of steel slag include reduction method (such as carbon reduction method or silicon 

reduction method) and gasification method, the dephosphorization ratio with reduction method reached 95.5%, and the greatest 

dephosphorization rate with gasification method can reach 81.23%, these treatment methods need a long time and treatment 

temperature is too high. Two main methods to remove sulfur from refining slag, oxidation method and hydrothermal method, 

oxidative roasting desulfurization and the sulfur removal rate was about 95%. And the latest research progress of using electric 

field to strengthen slag-metal reaction and component migration in metallurgical melt is also summarized. Electric field 

treatment of metallurgical melts can affect the physicochemical properties, such as viscosity, solidification structure, grain 

refinement, material properties, partition coefficient of component and the activity of solute, etc. It can enhances mass transfer 

reaction in metallurgical process and make oxygen transfer between molten iron and molten copper increase 2~3 times. It also 

can enhanced the migration ability of components between molten slag and metal, it is a great significance for electric field 

strengthening slag desulfurization because of enough sulfur ions in slag. There is a non-equilibrium phosphorus capacity 

different from conventional thermodynamic properties under the action of electric field, the lower non-equilibrium phosphorus 

capacity improves the phosphorus removal efficiency of phosphorus-containing steel slag. 
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1. Research Significance and Purpose 

Circular economy is based on the principle of "reduction, 

recycling and reuse", and adheres to the ecological civilization 

thought of “Lucid waters and lush mountains are invaluable 

assets.” Its purpose is to achieve the most effective use of 

resources, reduce environmental load, and promote the 

coordinated and sustainable development of social, economic 

and environmental benefits. Metallurgical production is not 

only a major consumer of resources and energy, but also a major 

producer of metallurgical solid waste which is also called 

metallurgical secondary resources. Therefore, green metallurgy 

including the utilization of metallurgical solid waste resources 

is the development direction of circular economy. 
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It is estimated that over 2 billion tons of crude steel are 

produced every year in the world, and the amount of 

metallurgical secondary resources is about 600~700 million 

tons of blast furnace slag, 200~300 million tons of steel slag 

and 20 million tons of waste refining slag. Because blast 

furnace slag is simple in composition, stable in performance 

and easy to use, while steel slag and waste refining slag affect 

resource recycling due to their unstable composition, 

performance and impurity elements. 

Two kinds of slag are produced in steelmaking process, 

namely converter steel slag and waste refining slag. Steel slag is 

one of the by-products of steelmaking process, and its yield is 

about 10%~15% of crude steel output, and waste refining slag is 

also the by-product of secondary refining of molten steel. These 

two kinds of slag can’t be recycled cleanly and effectively 

because of the impurity phosphorus in steel slag and sulfur in 

waste refining slag. Now the utilization rate of steel slag is only 

about 30%, the key problem is to remove the impurity element 

phosphorus or sulfur in slag, Promoting slag-metal reaction, 

strengthening metallurgical process, improving metallurgical 

effect, removing impurity elements (mainly P and S) and 

inclusions are important research topics in the field of metallurgy. 

At present, most of the research focused on the theory and 

technology of slag-metal reaction, such as properties of 

CaO-Al2O3-SiO2 based slag system [1] and numerical simulation 

of metallurgical physicochemical process [2] etc. 

Metallurgical reaction in high temperature is mostly 

liquid-liquid two-phase reaction between metal and slag. 

Molten slag is conductive melt with ionic structure, which is 

characterized by oxidation reduction reaction of electron 

transfer between two phases, belonging to electrochemical 

control mechanism [3]. The electric field is applied to the 

metallurgical process to strengthen the electron transfer 

between molten metal and slag, it can promote the 

oxidation-reduction process and greatly improve the 

metallurgical efficiency. At the same time, the thermal effect 

produced by the electric field can be used to compensate the 

heat of the treated slag. Therefore, for phosphorus-containing 

steel slag or sulfur-containing waste refining slag, low 

phosphorus (or sulfur) slag and phosphorus (or 

sulfur)-containing alloy can be obtained after phosphorus (or 

sulfur) removal, which can get a double advantage. As a 

special outfield, electric field has been applied in metallurgy, 

especially in processing metal melt and grain refinement. In 

order to improve the separation of impurity elements and the 

utilization efficiency of resources, the electrochemical 

reaction between slag and metal and the migration mechanism 

of impurity elements were studied by using electric field to 

strengthen the electrochemical reaction between slag and 

metal in metallurgical process. 

2. Research on Removal of Phosphorus 

and Sulfur from Molten Slag 

With the increasing environmental protection requirements 

of enterprises, one of the main ways of comprehensive 

utilization of metallurgical slag is the internal circulation of the 

plant to replace limestone as smelting flux, It is impossible to 

avoid the influence of phosphorus and sulfur in the slag on the 

quality of molten steel, and increase the burden of 

dephosphorization and desulfurization in the steelmaking 

process. Therefore, the harmful elements phosphorus and sulfur 

have become the main factors limiting their recycling. To solve 

this problem, the first thing is to remove the phosphorus in steel 

slag or sulfur in waste refining slag. But P in high phosphorus 

steel slag exists in the form of apatite or phosphate, which leads 

to the lack of practical and effective way for the utilization of 

steel slag. Similarly, after the desulfurization task of refining 

slag in ladle furnace is completed, the sulfur content increases 

in waste refining slag which has higher basicity and a certain 

sulfur capacity, This is not conducive to the recycling of waste 

LF refining slag resources [4]. 

 
Figure 1. Effect of temperature and nitrogen flow rate on dephosphorization rate [8]. 

2.1. Research on Removal of Phosphorus from Steel Slag 

The methods of dephosphorization of steel slag include 

carbon or silicon reduction. Miyashita Masao et al. [5] studied 

that carbon and fluorite were added to the slag and oxygen was 

blown after converter tapping, 90% of (P2O5) in slag could be 

reduced and 60% of phosphorus enters molten iron and 40% 

was gasified. Li G. Q. [6] carried out high temperature 

carbothermal reduction dephosphorization of converter steel 

slag, the results showed that 62.7% of phosphorus in slag 

entered into Fe-C alloy and 32.8% entered into gas phase in 

1800°C, the dephosphorization ratio reached 95.5%. Nagata 
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Kazuhiro [7] reduced hot metal pretreatment slag (5.5wt% 

(P2O5) in slag) with carbon powder at 1665°C, in which 

phosphorus volatilized 20%, absorbed 70% by iron and 

remained 10% in slag. Wang S. H et al. [8] studied the that 

gasification dephosphorization of converter slag with 

reduction by Silicon, the results showed that the temperature 

had the greatest influence on the dephosphorization, and the 

greatest gasification dephosphorization rate of slag could 

reach 81.23% as shown in Figure 1. However, these treatment 

methods needed a long time and treatment temperature is too 

high, so the slag must be reheated in practical application. 

2.2. Research on Removal of Sulfur from Waste Refining 

Slag 

At home and abroad, there are two main methods to remove 

sulfur from refining slag, oxidation method and hydrothermal 

method. Gu Jiemei et al.[9] studied the roasting 

desulfurization of waste LF refining slag. Because sulfur 

mainly existed in the slag in the form of CaS and 

11CaO-7A12O3-CaS solid solution, the oxidation reaction of 

sulfur was hindered and the desulfurization effect was poor. 

Hiraki T.[10] introduced Ar+21%O2 mixed gas into waste 

refining slag at 1100°C for oxidative roasting desulfurization 

and the sulfur removal rate was about 95%. Wang Deyong [11] 

blew O2 into waste refining slag, or Lin Lu [12] and Zhou 

Jian'an [13] used Fe2O3 or iron ore to mix with waste refining 

slag, The content of sulfur in the roasted slag decreased 

obviously, and the desulfurization rate was 98.1%[13], and the 

desulfurized slag could be used as flux for converter 

steelmaking or hot metal pretreatment. Taking advantage of 

the fact that CaS was easy to react with water, the research on 

hydrothermal leaching of sulfur from waste refining slag was 

carried out [14]. Under the condition of 150°C, the removal 

rate of sulfur could reach 46.5% [15]. Sulfur entered into 

leaching solution in the form of S
2-

, and combined with H
+
 

released by hydrolysis to form HS first and then H2S, so as to 

achieve the purpose of leaching and removing sulfur waste 

from slag. The regeneration desulfurization reaction of spent 

slag was carried out under subcritical conditions [16]. The 

reaction was a multiphase reaction between solid phase and 

fluid phase, which could significantly improve the reaction 

rate. But for the oxidation process it was difficult to be 

realized due to the limitation of production space, and for the 

hydrothermal process the sulfur existed in the form of 

Ca12Al14O32S solid solution in slag, which led to the inhibition 

of desulfurization reaction [4]. 

The above phosphorous or sulfur removal treatment can 

change the chemical activity of the main components in the 

slag and affected its recycling efficiency. The molten slag 

system was composed of phosphorus containing converter 

slag or sulfur containing refining slag and a certain amount of 

liquid steel (iron). The electric field is used to strengthen the 

direct treatment of the melt, so as to promote the directional 

migration of impurity element phosphorus (or sulfur) to liquid 

steel (iron), so as to realize the efficient separation of slag and 

impurity elements, and improve the comprehensive utilization 

efficiency of metallurgical slag. 

3. Research on Metallurgical Process 

Strengthened by External Electric 

Field 

The electric field treatment began in the 1960s. Adding 

continuous DC current to the solidification process of liquid 

metal can significantly refine the grain structure. Applying 

pulse current treatment can control the solidification structure 

and properties of the material. The literature reports focused 

on the effects of the two treatments on the physical and 

chemical properties of the melt and the mass transfer reaction 

of components. 

3.1. The Structure and Properties of Metallurgical Melt 

Change Due to External Electric Field 

Electric field treatment of metallurgical melts originated 

from the study of direct current electric field (DEF) on metal 

solidification, the main purpose was to study the effect of 

electric field on solidification structure, grain refinement and 

material properties, including Sn-Pb alloy [17-18], Al-based 

alloy [19-20], high temperature Ni-based alloy [21] and steel 

melt [22-24], and carbon reduction of iron ore in different 

atmospheres promoted by electric current [25]. 

 
Figure 2. Alloy melt structure transformation under PEF treatment [26]. 

The study on the physical properties of slag-metal system in 

electric field showed that the partition coefficient of copper 

increased obviously, the activity of solute Cu decreased from 

0.1143 to 0.0385 significantly after PEF treatment of Al-Cu 

melt and Pb-Cu melt as shown in Figure 2. [26], the melt 

structure changed and caused the changes of activity and 
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equilibrium partition coefficient [27]; the application of 

electric field could also improve the wettability between 

Cu/W and Cu(Fe)/W [28-29], to increase the solid solubility 

of copper in Al [30]. In addition it reduced the valence 

electron density and internal energy of Al-Cu alloy, decreased 

the increasing of energy caused by Cu and other solutes 

entering into the matrix, and promoted the solid solution 

ability of solute Cu atom in Al matrix [31]. 

Under the condition of electric field, the viscosity of mold 

flux with lower alkalinity changed with the increase of voltage, 

which was smaller than that of mold flux with higher alkalinity. 

The melting point of mold flux decreased after the application 

of electric field, and the lower the basicity, the more obvious the 

melting point decreased [32], and the more obvious the 

viscosity change effect of CaO-SiO2-Al2O3 slag system [33]. 

The effect of electric field could improve the crystallization rate 

of mold flux, and the precipitation amount of two main phases 

(They are respectively cuspidate Ca4Si2O7F2 and melilite 

Ca2Al[AlSiO7]) in mold flux increased obviously with the 

increase of DC voltage, and decreased with the increase of 

alternating voltage [34]. The changes of physical and chemical 

properties of steel-slag reaction system in the process of electric 

field strengthening needed to be further clarified. 

3.2. External Electric Field Enhances Mass Transfer 

Reaction in Metallurgical Process 

Due to the electrochemical capillary activity and migration of 

copper droplets in the copper bearing metallurgical slag treated by 

electric field, there were almost no metal copper droplets in the 

positive area, and a large amount of metal copper tended to migrate 

to the cathode area, with the highest enrichment rate of more than 

80% [35-37], it represented the electric field E passed through 

droplet as well as the electrocapillary motion within droplet in 

Figure 3. When direct current was applied to copper-containing 

(FeO)-rich slag, the potential gradient at the slag-metal interface 

increased with the increase of applied voltage, and the enrichment 

rate of cathode copper increased significantly [38]. Direct current 

dilution had an obvious effect on promoting the reduction of 

copper in copper-containing slag, accelerating the separation of 

copper matte and slag [39], the radius of copper drop in slag also 

increased with the increase of treatment time [40]. 

The research on oxygen transfer between molten iron and 

molten copper showed that the final carbon content of molten 

iron was much lower than that without electronic conductor 

when the electronic conductor was penetrated the Fe-C melt 

and molten slag system, and the reaction rate was 2~3 times [41] 

or even 3~4 times [42] of the latter as showed in Figure 4. By 

establishing the electrochemical model of oxygen ion migration 

in slag phase for slag-steel reaction [43], it was proposed that 

the electric field applied in ladle furnace was pollution-free 

smelting method [44-45], applying DC pulse electric field to 

control the transfer direction and speed of oxygen atoms from 

molten steel or molten metal and slag system, it could remove 

dissolved oxygen from molten copper to 10×10
-6

 [46]. 

  
Figure 3. Droplet in solution under the influence of an electric field E and Migration rates of copper, copper sulphide, and iron sulphide droplets [37]. 

According to the existing research on oxygen transfer and 

interlayer reaction between slag and metal, the electric field 

could promote the mass transfer and reaction ability, which 

provided a theoretical support for these researches on the 

slag-metal reaction treated by electric field and the migration 

mechanism of impurity elements and inclusions, and it could 

reveal the electrochemical reaction characteristics, the 

migration and separation law of impurity elements for 

slag-metal reaction system in metallurgical process. 

  
Figure 4. Effect of electrodes number and applied voltage on reaction [42]. 
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3.3. Enhanced Element Migration by Electric Field 

The above results showed that the physicochemical 

properties of molten metal and slag were changed in different 

degrees under the action of electric field, and the migration 

ability of components in different melts was also different. 

The change of these properties would inevitably affect the 

reaction between slag and metal. Posch W.[47] studied the 

occurrence form of sulfur in slag, when there were enough 

sulfur ions in slag, (CaS) would be precipitated in the form of 

Ca
2+

 + S
2-

 = (CaS), which was of great significance for electric 

field strengthening slag desulfurization. 

The effect of pulsed electric field (PEF) on the migration 

and distribution of elements in iron-based melt was studied. 

The results showed that the effect of PEF on Fe-j and Fe-C-j 

was obvious (j = Si, Mn, P, S) solute elements have different 

migration effects, and the distribution characteristics of 

different components in the positive and negative electrodes 

of the electric field were different [48-50]. For example, 

carbon and phosphorus showed a similar migration laws, the 

segregation degree of phosphorus and carbon decreased with 

the increase of voltage [51], while sulfur migrated from the 

positive electrode to the negative electrode, and carbon and 

sulfur had opposite migration laws [52]. 

The electric field could promote the migration of sulfur 

between molten steel and molten steel, and the reverse 

migration of phosphorus from molten steel to molten slag under 

the action of DC electric field [53]. This reverse migration 

phenomenon of phosphorus also provided a new idea for 

phosphorus removal of high content steel slag. Under the action 

of electric field, the phosphorus (or sulfur) capacity of molten 

slag also changed, which was a non-equilibrium phosphorus (or 

sulfur) capacity different from conventional thermodynamic 

properties. The non-equilibrium phosphorus capacity under 

electric field was lower than conventional equilibrium 

phosphorus capacity, which improved the phosphorus removal 

efficiency of phosphorus-containing steel slag. 

3.4. Prospect of Future Work 

In order to improve the efficiency of slag-metal reaction in 

metallurgical process, it is necessary to study the effect of 

electric field on metal melt and slag and the electrochemical 

mechanism of slag-metal reaction, and carry out in-depth 

research on the migration and control of impurity elements 

phosphorus (sulfur) between slag and metal in the process of 

electric field strengthening metallurgical reaction. Aiming at 

the influence of electric field treatment on slag metal reaction, 

the effects of different electric fields, such as pulse electric 

field and DC electric field, different electrode types, such as 

steel electrode, molybdenum electrode and graphite electrode, 

different electrode application methods, such as positive 

direction application and reverse direction application, as well 

as different voltage and treatment time, on phosphorus 

removal from steel slag and sulfur removal from refining 

waste slag need to be studied. 

According to the research being carried out by the author, it 

is shown that the reverse applied DC electric field can obtain 

good phosphorus removal effect, and the phosphorus removal 

rate can exceed 95%. The efficient separation of impurity 

elements by the properties of metal melt and slag, it can be 

extended to slag-metal reaction system, such as hot metal 

pretreatment slag, copper slag and so on, to improve the 

dephosphorization or desulfurization efficiency of 

metallurgical process reaction. 

4. Conclusions 

In order to improve the recycling efficiency of steel slag and 

waste refining slag, it is necessary to remove phosphorus from 

phosphorus-containing steel slag and sulfur from 

sulfur-containing waste refining slag. 

(1) Deepening the research on the properties of slag to 

promote the slag-metal reaction and strengthen the 

metallurgical process was an important means to 

improve impurity removal from molten slag. 

(2) The removal methods of phosphorus from steel slag 

included carbon/silicon reduction and gasification 

dephosphorization, but the treatment temperature was 

relatively high; the sulfur removal methods of 

phosphorus from waste refining slag mainly included 

oxidation method and hydrothermal method, and the 

sulfur removal effect of oxidation method was better 

than hydrothermal method. The chemical activity of the 

main components in molten slag treated by the above 

methods affected its recycling efficiency. 

(3) The applied electric field changed the structure and 

physicochemical properties of metallurgical melt, and 

the activity and migration ability of components, which 

could promote the migration of impurity elements and 

improve the efficiency of slag-metal reaction in 

metallurgical process, the electric field treatment 

improved the phosphorus removal efficiency of 

phosphorus-containing steel slag and sulfur removal 

efficiency of sulfur-containing waste refining slag. 
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