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Abstract  

Copper smelting slag is an industrial by-product obtained from 

the process of smelting copper, and about 1.5 million tons of 

smelting slag is generated annually. Since the copper smelting 

slag contains high content of Fe, Cu and valuable metals, 

interest in recycling it is increasing. The high Fe content in the 

copper smelting slag can be used as a high-value element that 

can replace the foundry pig iron. Therefore, this study was 

intended to recover Fe-Cu alloy from the copper smelting slag 

by a high-temperature reduction method. To this end, the basic 

properties and thermodynamic reaction behaviors of the copper 

smelting slag were examined, and the recovery behavior of Fe 

and Cu from the copper smelting slag according to reaction 

temperature was observed. As a result, it was confirmed that 

the whole of the slag should smelted to recover the Fe-Cu alloy, 

and that slag smelting behavior became active with increasing 

reaction temperature. The whole of Fe in the slag was recovered 

at the reaction temperature of 1600℃ and the recovery rate of 

Fe and Cu was increased with increasing reaction temperature.  
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INTRODUCTION  

With industrial development, the treatment of industrial by-

products became an issue in various industries. In the Korea’s 

copper smelting industry, the treatment of copper smelting slag 

also becomes an issue, and about 2.2 tons of slag is generated 

from the process of smelting 1 ton of copper. [1]. In Korea, 

about 700,000 tons of copper is manufactured annually, 

indicating that about 1.5 million tons of copper smelting slag 

will be generated annually [2-4]. 

The copper smelting slag contains not only a small amount of 

the residual Cu which was not recovered from the smelting 

process but also SiO2, Al2O3, CaO, and 35-45 wt.% of Fe. In 

Korea, the copper smelting slag is currently being simply 

recycled as building aggregate and cement raw material, etc. or 

landfilled due to the lack of processing technology. However, 

since landfill sites are limited due to environmental pollution, 

and the use of aggregates with a large specific gravity is limited 

due to a large iron content in the copper smelting slag, the 

treatment of copper smelting slag became an issue. In addition, 

recycling or landfilling a slag with high content of iron and a 

valuable metal such as copper results in an economic loss. In 

recently years, several processes for recovering iron from the 

copper smelting slag have been proposed. For the proposed 

process, there are the technology of the concentration and 

separation of the iron components by magnetic separation, and 

a secondary smelting process to recover alloy phase iron by 

adding a reducing agent by dry smelting method. However, the 

magnetic separation is not effective for recovery, and the alloy 

recovered in the dry smelting process consumes energy for 

remanufacturing steel raw materials through secondary 

smelting due to a small amount of Cu added. Therefore, there 

is a lack of technology that can be commercialized by recycling 

the copper smelting slag [5-14]. 

On the other hand, a high Fe content in the copper smelting slag 

can be used as a high-value element that can replace foundry 

pig iron. Typical foundry pig iron is manufactured by adding 

various alloy elements depending on the application in the 

composition of C> 3.40% Si 1.40 to 1.80%, Mn 0.30 to 0.90%, 

P <0.450% and S <0.050%. In particular, Cu is used as an 

additive element to improve mechanical properties such as 

hardness, abrasion resistance and corrosion resistance in the 

foundry pig iron products. Recently, since there is a shortage in 

supply compared to the demand for foundry pig ion domestic 

market, the foundry pig iron is being imported from China, 

Russia and other countries. However, if foundry pig iron is 

manufactured from 1.5 million tons of copper smelting slag 

generated annually, the substitution effect of imported 

resources and the possibility of utilizing by-products are 

expected to be high [15-17]. 

Therefore, this study was conducted to manufacture Fe-Cu 

alloy for manufacturing foundry pig iron by separating Fe and 

Cu from the copper smelting slag with high content of iron by 

a high-temperature reduction method. The pig iron and slag 

recovered from copper smelting slag were analyzed by SEM-

EDS (Energy Dispersive X-ray microscopy) and XRD (X-ray 

diffraction), respectively. 
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EXPERIMENTAL METHOD AND MATERIAL 

Experimental Material  

The copper smelting slag used in this experiment was a slag 

from a domestic copper smelter, which was generated during 

smelting and refining by a continuous copper smelting method. 

The shape and physical properties of the copper-smelting slag 

vary depending on the cooling method, and are classified into 

slow cooling slag and rapid cooling slag. Most of the copper 

smelters, including the domestic copper smelters, the copper 

smelting slag is treated through a water granulation process. 

The slag used in this study is a cooling slag which has 

undergone water granulation process. The slag has irregular 

fine irregularities of 1 to 3 mm with a black glassy luster.  

Fig.1. shows the chemical composition and the XRD analysis 

results of the copper smelting slag used in this experiment. In 

the copper smelting slag, peaks of peculiar to amorphous phase 

of glass were observed. Since most of the copper smelting slag 

forms an oxide phase, XRF oxide composition analysis was 

performed to examine the most stable oxide phase composition 

ratio. The content of Fe2O3, SiO2, and CaO, which are typical 

components of the copper smelting slag formed by the 

continuous copper smelting process, were about 75%, and the 

Fe content was about 38%. 

 

 

 

Experimental Apparatus  

Fig. 2 is a schematic diagram of a high-frequency induction 

melting furnace used in this experiment. The high frequency 

induction melting furnace consists of chiller, controller and 

heater. The chiller keeps the total temperature of the high 

frequency induction furnace below 30°C. To cool the high 

frequency induction furnace, a large amount of distilled water 

is injected into the chiller through the water-cooled tube of the 

high frequency induction furnace, the high frequency induction 

heating furnace is rotated, the heated cooling water is returned 

to the cooling unit, and the heat is released through the upper 

fan. The entire controller of the high frequency induction 

melting furnace controls the heating temperature of the high 

frequency induction melting furnace by regulating the voltage. 

The heater is an induction furnace using a heating method by 

high frequency induction, and the experimental process 

temperature of 1600°C can be reached within 1 minute 

depending on the voltage. 

Fig. 3 is a schematic diagram of a box furnace where high 

frequency induction is generated. It was designed to facilitate 

charging from the top, and the charging area was a high 

frequency magnetic field area. To block the external oxidizing 

atmosphere, U.H.P Ar gas was charged into the box furnace to 

maintain an inert atmosphere. The high frequency induction 

coil is a method of inducing eddy currents to the conductor for 

heating, and in this study, a graphite crucible was used as the 

conductor.  

 

 

Figure 1. XRD patterns and chemical composition of copper smelting slag 
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Figure 2. High frequency induction melting furnace apparatus for recovery of Fe, Cu from copper smelting slag 

 

Figure 3. Experimental apparatus for High frequency induction meting 

 

RESULTS AND DISCUSSION 

Theoretical Considerations  

In this experiment, Fe and Cu contained in the copper smelting 

slag were recovered to separate the pig iron and the slag. To 

separate and recover Fe and Cu in oxide state from copper 

smelting slag, coke was used as a reducing agent, and iron 

oxide and copper oxide were reduced to a metal phase. Since 

the copper smelting slag is in an amorphous phase, the Fe 

component in the slag also does not show an exact oxide phase. 

Therefore, the thermodynamic feasibility of this study was 

reviewed based on Fe2O3, which is the most stable iron oxide 

phase. In this study, SiO2 and CaO were considered to be the 

most stable oxides in slag. The copper smelting slag used in this 

study consists of Fe2O3, SiO2, CaO, etc., which affect the 

melting point, physical and chemical properties of the slag. As 

shown in Fig.4, the physical properties according to the state 

diagram were confirmed by predicting the content of Fe2O3, 

SiO2, and CaO as a ternary system, and the melting point 

according to the composition was confirmed to be about 

1400°C. 

 

Figure 4. Fe2O3-SiO2-CaO phase diagram 
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Table 1 below shows the behavior of the reduction reaction 

between Fe, Cu, Si, Ca, Al and carbon as a reducing agent. It 

was confirmed that Cu oxide could be reduced to metal phase 

by carbon across the entire temperature range and that the Fe 

oxide and the oxides constituting the slag of SiO2, CaO and 

Al2O3 could not be reduced at temperature 700℃ and 1600℃, 

respectively. Therefore, in this experiment, the pig iron was 

separated from the copper smelting slag at the temperature 

range of 1300 ℃ to 1600 ℃ according to the melting point of 

the slag and the reduction behavior of the elements constituting 

the slag. Activated carbon was used as a reducing agent, and 

the reaction time was fixed to 30 minutes while the carbon 

equivalent was fixed to 1.5. Fe and Cu formed in a metal phase 

by reduction are separated by the specific gravity difference 

with slag consisting of SiO2, CaO, Al2O3, etc., and the slag with 

a relatively specific gravity floats on the molten metal. 

Therefore, the pig iron and slag were separated from the copper 

smelting slag by the high-temperature smelting reduction 

method. The recovery behavior of Fe and Cu was examined by 

analyzing the chemical composition of the recovered pig iron 

and slag after cooling.  

 

Table 1. Gibb’s free energy changes of the carbon reduction reaction in the copper smelting slag components 

 

 

In this experiment, pig iron and slag containing Fe and Cu and 

slag in the copper smelting slag were separated. Activated 

carbon was used as a reducing agent to reduce the Fe and Cu 

oxides in the slag, and the reduced Fe and Cu were separated 

from the slag consisting of SiO2, CaO, Al2O3, etc. by specific 

gravity difference with the slag. The recovery behavior of Fe 

and Cu was observed according to the reaction temperature 

changes at 1300℃, 1400℃, 1500℃ and 1600℃ under the same 

coke ratio and reaction time.  

Fig. 5 shows the smelting behavior of slag and its product with 

increasing reaction temperature at 1300℃, 1400℃, 1500℃ and 

1600℃. In the slag recovered by high temperature smelting 

reduction at the reaction temperature of 1300°C, an area where 

the inter-granular agglomeration occurred was observed, but 

general smelting shape was not observed. Unreacted powder 

accounted for 58% of the total weight, and no pig iron was 

separated from the slag. When examining the smelting behavior 

at the reaction temperatures of 1400°C, 1500°C and 1600°C, 

the whole slag was smelted and a glassy shape was observed, 

and the pig iron separated from the slag formed a mass. The 

recovered pig iron weighed 8.2g, 13.1g and 22.6g, respectively, 

and the recovery weight was about 31%, 50% and 86%, 

respectively. The recovery rate of pig iron varied greatly 

depending on the reaction temperature. 

 

 

Figure 5. Smelting behavior of slag according to reaction temperature (a) 1300℃, (b) 1400℃, (c) 1500℃, and (d) 1600℃ 
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Fig. 6 shows SEM- EDS results of the chemical composition of 

the slag in a glassy shape recovered from 100g copper smelting 

slag by high-temperature reduction at a reaction temperature of 

1600°C and the slag in sponge shape which was not smelted at 

a reaction temperature of 1400°C. The main components are Si, 

Ca and Al slag, and it was confirmed that the whole of glassy 

slag was reduced and separated from slag. In addition, the slag 

in a sponge shape without being smelted and adhered at a high 

temperature contained about 22.87 wt.% of Fe. In the solid slag, 

Fe was not separated from the slag. These results indicated that 

the whole of slag should be smelted to recover Fe content in the 

copper smelting slag.  

Table. 2 shows SEM-EDS results of the chemical composition 

of the pig iron separated from copper smelting slag by high 

temperature reduction according to the change of reaction 

temperature condition. It was confirmed that there was no 

significant difference according to the change of reaction 

temperature conditions and about 85 wt.% of Fe and 3 wt.% of 

Cu were recovered indicating the formation of Fe-Cu alloy. 

Table. 3 shows the SEM-EDS results of the chemical 

composition of the slag separated from copper smelting slag by 

high temperature reduction according to the change of reaction 

temperature condition. The main constituent elements were 

measured as slag components of Si, Ca and Al. With increasing 

reaction temperature at 1400℃, 1500℃ and 1600℃, the Fe 

content in the slag was decreased to from 17.28 wt.% to 11.71 

wt.%. At the reaction temperature of 1600° C, Fe in the slag 

could not be measured, indicating complete separation from the 

slag. 

 

 

Figure 6. Slag recovered by high-temperature reduction of 100g copper smelting slag at the reaction temperature of 1400°C (a) 

Glassy slag, (b) Solid slag 

 

Table 2. Analysis results of the chemical composition of the pig iron separated from copper smelting slag by                 

high temperature reduction according to the change of reaction temperature condition 

 

 

Table. 3. Analysis results of the chemical composition of the slag separated from copper smelting slag by                    

high temperature reduction according to the change of reaction temperature condition 
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CONCLUSION 

This basic study for recovering Fe and Cu contained in copper 

smelting slag was intended to manufacture the pig iron by 

reducing valuable metal in the copper smelting slag and 

separating it from the slag at the same time. Activated carbon 

was used as a reducing agent, and the smelting behavior of slag 

with the change of the reaction temperature condition was 

examined and the recovery rate of the pig iron from the slag 

was measured. The main components of the copper smelting 

slag were SiO2, CaO, Fe2O3, and the thermodynamic reaction 

behavior was predicted based on this. Based on the smelting 

behavior and the thermodynamic reaction of slag, the reaction 

temperature conditions were divided into 1300℃, 1400℃, 1500℃ 

and 1600℃. At the reaction temperature of below 1,400 ℃, the 

whole copper smelting slag was not smelted, and some 

agglomerated, showing a mass in a sponge form. In addition, 

since a large Fe content remained inside, it was confirmed that 

the whole of the slag should be smelted to recover Fe from the 

copper smelting slag. At the temperature of 1500℃, the whole 

of the slag was smelted but about 11.71 wt.% of Fe remained. 

To increase the reduction reactivity and fluidity of the slag, 

experiments were conducted at the temperature of 1600℃. No 

Fe was detected in the slag recovered at the reaction 

temperature of 1600℃, and the pig iron recovered under the 

above conditions showed the recovery rate of about 86% 

Finally, Fe-Cu alloy for casting was manufactured by 

separating the Fe and Cu in the copper smelting slag from the 

slag by high-temperature smelting reduction method. 
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