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Copper slag is a solid pollutant with high recyclability. Reduction and separation are
regarded as effective disposal methods. However, during the melting process, the
separation and migration behavior of elements in the copper slag is complicated.
Thus, the formation of pollutants cannot be controlled merely by optimizing the
operation parameters. The elemental distribution and migration behavior are discussed
in this work. In reduction experiments, the copper slag smelting liquid was divided into
three layers: a reduction slag layer, a reactive boundary layer, and an iron ingot layer.
Reduction slag and ingot iron were on the top and bottom of the liquid, respectively.
Residual carbon oozed at the interface. C can react with reducible “O” atoms, which exist
in 2FeO·SiO2, Fe3O4, and CuO. Meanwhile, CO was generated and overflowed from the
liquid layer. After reduction by C or CO, metallic iron and copper were produced and
migrated to the iron ingot layer. In the liquid, S gradually diffused into the upper layer. Some
of the ZnO and CuS spilled from the liquid into the flume. After reduction, CaO·SiO2 was
generated and moved to the upper layer.
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1 INTRODUCTION

Metallurgical solid waste residue is produced after the extraction of valuable metals. Copper slag is a
type of nonferrous metal smelting slag produced in pyrometallurgy. Copper slag is themelt of various
oxides and mainly comes from slag-forming components in flux, ore, ash, and reducing agent (fuel)
as part of the smelting, converting, and refining three processes in the copper pyrometallurgical
procedure (Moskalyk and Alfantazi, 2003).

Depending on the pyrometallurgical process used, copper slag can be divided into smelting slag,
blowing slag, refining slag, and dilution slag. The growth rate in recent years would predict that the
output of copper slag will exceed 24 million tons by 2020 (Fuentes et al., 2020).

According to the research of typical copper companies in China, the iron and copper grades of
copper slag are approximately 40 and 1%, respectively, which are higher than the current grade of
iron and copper. Copper slag is a type of secondary resource with a large quantity and high quality.
The typical composition of copper slag is Cu 0.42–4.6%; Fe 29–40%; SiO2 30–40%; CaO ≤ 11%;
Al2O3 ≤ 10% (Piatak et al., 2015). The copper phase in copper smelting slag is mainly copper sulfide,
accounting for more than 60% of the total copper, and followed by copper oxide and copper metal.
The iron phase is mainly composed of fayalite and magnetite, the sum of which accounts for more
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than 80% of the total iron distribution rate, in which the
distribution rate of fayalite is 8–65%, and that of magnetite is
33–45%.

The development of new technology, comprehensive
utilization of copper slag resources, and extraction of valuable
metals, such as iron, and can promote the sustainable
development of the metallurgical industry. These technologies
are conducive to the rational utilization of secondary resources,
which have the dual significance of economic and environmental
protection. In the 1970s, China began to study the comprehensive
utilization of copper slag, mainly applied to the cement and
construction industry, and with various production uses. In the
cement industry, it is used as a raw material for cement clinker,
cement concrete mixed material, and used as an iron correction
agent to produce Portland cement clinker (Shi et al., 2008; Feng
et al., 2019; Wang et al., 2020) In the construction industry, it is
used in brick making and various cutting blocks and is an
alternative to sand for concrete preparation (Kalusuraman
et al., 2019; Lan et al., 2020). At home and abroad, research
on the recovery of single metal copper from copper slag has been
more in-depth and has achieved fruitful results (Zhang et al.,
2015; Heo et al., 2016; Liao et al., 2016; Guo et al., 2017; Li et al.,
2017). In summary, the current technology mainly includes
pyrometallurgy, mineral processing, and the wet method.

The principle of the fire dilution method is that a large amount
of Fe3O4 in copper slag leads to an increase in slag viscosity and
the loss of copper (Zhang et al., 2005). By reducing the content of
magnetic Fe3O4 in slag, the inclusion of copper can be reduced,
and the recovery of copper can be achieved (Sun et al., 2020). The
common method is to reduce the content of Fe3O4 by adding a
reducing agent (carbon powder, broken coal; Eq. 1) and sulfide
(FeS, pyrite; Eq. 2).

Fe2O3 + C → 2FeO + CO(g) (1)

3Fe3O4 + FeS → 10FeO + SO2(g) (2)

The technology of reduction modification refers to the
technology in which ferroolivine and magnetite in copper slag
are reduced to metal iron (MFe) by a reducing agent at a
temperature lower than the temperature required to produce
liquid iron. With reduction, iron grains continuously precipitate
and grow, and the symbiotic relationship with the slag phase
changes into a dissemination relationship. Iron is dissociated by
grinding and iron is recovered by magnetic separation (Zhang
et al., 2015). At present, lignite, coke, hydrogen, and a reducing
gas mixture (Zhang et al., 2021) are commonly used as reducing
agents. Some scholars have used biomass (Zuo et al., 2016; Zuo
et al., 2018), biochar (Zuo et al., 2020a), and plastic coke (Zuo
et al., 2021a) as novel cheap reducing agents.

Fe3O4 + 4C → 3Fe + 4CO + SiO2 (3)

2FeO · SiO2 + 2C → 2Fe + 2CO + SiO2 (4)

Fe3O4+4H2 → Fe + 4H2O (5)

2FeO · SiO2+2H2 → 2Fe + 2H2O + SiO2 (6)

Extraction of a single element from copper slag has been
comprehensively studied, but the research focus is limited to a

single index of metal recovery. During iron extraction from
copper slag, the removal of impurity elements is negligible.
Only a few scholars have conducted preliminary research on
Fe, Cu, S, As, and P in the process of iron extraction (Cheng et al.,
2015; Deegan and Peters, 2017; Meng et al., 2019; Sun et al., 2019;
Ming et al., 2020; Zhang et al., 2020).

However, the process of melting separation is commonly used
after the reduction of iron and copper. Owing to the lack of
understanding of the separation and migration of the main
elements in copper slag during melting separation, operation
parameters cannot be optimized to control the formation of
pollutants to reduce pollution to the environment. The burden
of flue gas post-treatment is aggravated after flue gas emission
(Bal et al., 2019). For example, people usually use spray washing
to remove particulate matter or harmful substances in the flue
gas. The design of scrubber structure is closely related to the state
of solid particles in flue gas. Understanding the migration of
elements is also the basic basis of flue gas treatment (Raj Mohan
and Meikap, 2009).

In this study, after the direct reduction reaction of carbon-
bearing pellets, chemical composition, XRF, and SEM-EDS
analyses were conducted on copper slag, reduction slag, and
ingot iron. The migration and transformation behaviors of the
elements were studied during the process of melting separation.

2 EXPERIMENTS AND METHODS

2.1 Samples
2.1.1 Sample source
The raw materials used in the experiment were copper slag, coal,
and limestone. Copper slag was obtained from a flash smelting
furnace in Gansu Province, China. The type of coal used in the
experiment was lignite and was obtained from a coal mine plant
in Liaoning Province. Limestone was ordered online from the
Sinopharm Group.

2.1.2 Sample pretreatment
Copper slag and lignite were mechanically crushed into small
particles with diameters less than 200 mesh. Limestone was
calcined at 1,000°C in a high-temperature vacuum tube
furnace for 2 h and then cooled in N2 atmosphere. CaO was
obtained by the calcination of limestone. The samples were dried
at 105°C for 24 h and then placed in a rapid glass dryer.

2.1.3 Sample components
The chemical component and mineral phase results of copper
slag were obtained from our previous work (Zuo et al., 2020b; Zuo
et al., 2020a). The chemical components of copper slag are FeO
37.50%; Fe3O4 18.90%; CaO 0.23%; Al2O3 0.98%; MFe 1.24%;
SiO2 31.99%; Cu 0.74%; MgO 0.42%; S 0.39%; Zn 2.78%; others
4.87% (Zuo et al., 2020b). The phase of the copper slag is mainly
fayalite and magnetite, based on the XRD results. The proximate
analysis results of lignite are moisture (3.13%), volatile matter
(32.78%), ash (14.3%), and fixed carbon (49.79%) (Zuo et al.,
2020a). The purity of CaO was above 99.9%.
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2.2 Direct Reduction and Smelting
Separation
The process of sample treatment, direct reduction, and smelting
separation are shown in Figure 1. First, copper slag, lignite, and
CaO were thoroughly blended. The mass ratio of copper slag and
lignite is based on the molar ratio of “O” and “C”. The mass ratio
of the copper slag to CaO is based on the molar ratio of SiO2 and
CaO. In this experiment, the molar ratios of C/O and CaO/SiO2,
regarded as the optimum reaction conditions, were all 1.0, and
based on previous experimental results (Zuo et al., 2017; Zuo
et al., 2020b). The masses of lignite and CaO were calculated
based on Eqs 7, 8. A carbonaceous pellet with copper slag and
CaO was prepared in a spherical shape using a ball-press
machine. The maximum diameter of the pellets was 21 mm.
The mass of each pellet was approximately 10 g. The pressure
setting of the briquetting machine was set to 30 MPa.

mlignite � FeO%/100 ×mcopper slag × 12/72

+ Fe3O4%/100 ×mcopper slag × 48/232 (7)

mCaO � SiO2%/100 ×mcopper slag × 56/60 (8)

where m lignite is the mass of lignite, g; m copper slag is the mass of
copper slag, g; m CaO is the mass of CaO, g; Fe3O4% is the mass
percentage of Fe3O4 in copper slag, and %; FeO% is the mass
percentage of FeO in the copper slag, %.

The pellets were then placed in a corundum crucible in a
reduction furnace. The temperature was programmed to heat and
kept at 1,150°C for 30 min to achieve the reduction reaction of the
copper slag.

Finally, the pellets were placed in a graphite crucible in a
smelting-separation furnace with a mass of 460 g. Ar was blown
into the melting copper slag using a crucible tube, as shown in
Figure 1. Pellets were heated to 1,350°C and held for 15 min. The

sample was then cooled in a furnace. The Ar crucible tube was
removed from the liquid level and allowed to flow until the
temperature of the furnace reached 100°C.

To analyze the feasibility of this technology, economic
estimation was calculated based on experimental data and
energy consumption of each industrial scale process (Zuo
et al., 2021b; Gu, 2021). The calculation results are based on
the current price of raw materials and converted into Unites
States dollars. For this three steps, the energy consumption is in
the form of electricity. In this paper, the energy consumption is
transformed intomass of standard coal. By calculation, we can see
that this method has great economic benefits. On average, Unites
States $ 25.056 can be obtained for each treatment of 100 kg
copper slag.

2.3 Analysis Method
Graphite crucible was cut by a chainsaw to obtain slag and ingot
iron. The mass of slag, ingot iron, and carburizing powder was
then tested. Then, chemical composition, mineral phase, element
distribution, and crystal structure of slag, collected dust or iron
ingot were analyzed by XRD, and SEMmetallurgical microscope.

3 RESULTS AND DISCUSSION

3.1 Sample Material Distribution
When cooled to room temperature, the copper slag was stratified
and solidified. By cutting, the original characteristics of the slag
after stratification were retained. A photograph of the copper slag
after the layering process is shown in Figure 2. It was eroded to
varying degrees inside and outside of the graphite crucible. On the
outside of the graphite crucible, oxygen in the air contacted the
graphite crucible and carried out oxidation erosion on the outside

FIGURE 1 | Diagram of experiment process.
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surface. As shown in Eq. 9, the oxidation erosion of graphite
proceeds at the separation temperature. On the inside of the
graphite crucible, Ar gas was protected from the surface of the
crucible to some extent. However, erosion occurred mainly
because of the reaction of metal oxides with graphite on the
crucible surface, as shown in Eq. 10. “MeO” represents any metal
oxide. The inside erosion phenomenon occurs only when they are
in contact with one another.

2C + O2 � 2CO(g)ΔG1350°C � −121.5kJ/mol (9)

MeO + C � Me + CO(g) (10)

After reduction and solidification, there was a distinct
stratification in the copper slag. The reduction slag is on the
top of the solid copper slag, and ingot iron is on the bottom of the
solid copper slag. The reduction slag is black brown in color, and
tiny pores are present inside the sample. This means that the gas
was produced by the reduction reaction, and volatiles were
generated.

In addition, on the surface of the reduction slag, there
appeared a slightly yellow material. This is due to the release
of sulfur from the copper slag, which is removed by the gas. At the
bottom, the iron ingot is shaped like a flying saucer. There is an
interfacial exudate at the top of the flying saucer, which was
analyzed to be residual carbon by XRD, and as shown in Figure 2.
The residual carbon oozed at the interface between the iron ingot
and the reducing slag. This reveals the direction of material
diffusion in the smelting reduction process to some extent.

During the melting separation process, volatile substances are
produced as gas dust in the molten pool. These volatiles were
deposited on a corundum tube, as shown in Figure 2. Analyzed
by XRD, the main components of some dusts are CuS and ZnO.
Therefore, it is very important to collect soot volatilized from the
copper slag in themolten state to reduce environmental pollution.
The mass of the reduction slag, ingot iron, carbon, and volatiles

FIGURE 2 | Photo of copper slag after smelting separation.

FIGURE 3 | Mass distribution of Fe containing material.
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were obtained. The mass percentages of copper slag, lignite, and
CaO before reduction were 314.60, 52.61, and 93.92 g,
respectively. Mass percentage of reduction slag, ingot iron,
carbon, and volatiles (carried dust in gas: CuS, ZnO; gas: CO,
CO2) after reduction were 238.5, 222.6, 1.12, and 1.88 g,
respectively.

3.2 Reaction Analysis in Copper Slag
Reactions in the copper slag reduction process were analyzed
based on chemical composition tests. Based on the results, we
determined the element type and mass content in the sample.
The reactions of iron oxide containing a typical reduction
reaction are shown in Eq. 10. Mass distribution of Fe, Cu, Zn,
S, Pb, as typical elements, and were analyzed as shown in
Figures 3, 4. In copper slag, the phases of Fe element are FeO,
Fe3O4, and MFe. 86.71% of Fe element moved into iron ingot
in the phase of MFe as shown in Figures 3, 4. Some FeO still
entered into the reduction slag and ingot respectively. The
results confirmed the reduction reaction sequence of iron
oxides (Fe3O4-FeO-Fe) to a certain extent.

In copper slag, the phases of Cu element are Cu, CuO, and
CuS. 10.17, 86.70, and 3.13% of Cu element moved into reduction
slag, iron ingot and somke in the phase of (CuS, Cu), (Cu), and
(CuS) respectively, as shown in Figures 4A,D. Although only a
small part of CuS enters the flue gas, its polluting characteristics

should be paiedmore attention on recovery study. In the reducing
atmosphere, CuO phase has been transformed into Cu phase
completely. This is because that, copper is preferentially reduced
in the reduction process compared with FeO or Fe3O4.

FIGURE 4 | Mass distribution of Cu, Zn, Pb, and S containing materials: (A) Cu; (B) Zn; (C) Pb; (D) S.

FIGURE 5 | Typical elements distribution percentage in copper slag,
reduction slag, iron ingot, and dust in exhaust gas.
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In copper slag, the phase of Zn element is merely ZnO.
As shown in Figures 4B, 5, due to the volatile characteristics
of ZnO at high temperature, 94.43% of ZnO entered into
the flue gas. Due to the simple element migration, the
recovery purity of ZnO powder in flue gas will be
relatively high.

In copper slag, the phases of S element are S and CuS. As
shown in Figures 4D, 5, the distribution of S was obvious. 64.58%
of S existed in reduction slag in the phase of CuS and 22.86% of S
existed in smoke in the phase of CuS. To capture such volatile
solid pollutants, spray soot or spray is usually used to collect such
soot, and such as Venturi tube (Bal and Meikap, 2017). However,
it should be noted that due to the entry of sulfur-containing
substances in copper slag, the corrosion of scrubber needs
attention (Sarkar et al., 2007).

In copper slag, the phases of Pb element are Pb and PbO. As
shown in Figures 4C, 5, the distribution of Pb was derived by its
gravity. 92.98% of Pb element went into iron ingot.

The Gibbs free energy of the reaction of C with oxide materials
in copper slag varies with temperature, as shown in Figure 6.
We should declare that not all elements in the slag exist in the
oxidation state; we only discuss the possible reduction
situation as far as possible. As for SiO2, Al2O3, CaO, and
MgO, reactions of C with these oxide materials cannot occur
when the temperature is higher than 1,150°C. The other
reaction of oxide materials with C can take place at this
temperature. In other words, during the direct reduction
and smelting separation process, Si, Al, Ca, and Mg
elements exist in the oxide state, while the other elements
cannot stably exist in that state.

3.3 Element Transformation Analysis
Metallographic microscope photos of the copper slag, reduction
slag, and ingot are shown in Figure 7. Because of the corrosive
effect that occurs during the sample making process, we can
find the boundary profile of the metal oxide phase and matrix
in the copper slag. At different magnifications, we found that
the phases in the copper slag were embedded into the matrix
like jelly. After reduction, the metal oxides are stripped from
the matrix, and the boundary contour becomes clearer. They
are a mixture of iron oxide and slag. As shown in Table 1, in
the obtained iron ingot, the black matrix material is mainly
fayalite, and which is not fully reacted and is distributed in the
iron metal. Some black matrix materials are dots, and some
are lines.

A typical circular area element analysis of the iron ingot is
shown in Figure 8A, based on SEM-EDS. In the reduction
process, the matrix of fayalite shrinks continuously. As
circular areas 1# and 2#, two typical circular fayalite matrices,
the radius of the circle is small. The reduction degree of 2# was
higher than that of 1#. Chemical analysis of the points was shown
in Table 2. The Fe atoms acquired were 54.54 and 50.83% for 2#
and 1#, respectively. Through the element distribution and the
changes in the size of the circles in these two areas, we can
determine the migration rule of elements (O, Al, Si, Fe, and S)
inside the circle. Fe and O are mainly present in the matrix of the
black circle in the form of FeO. The small holes in the circle
matrix are caused by the release of O atoms and migrate to the
produced gas. The Fe atommigrates from the inside to the outside
of the circle matrix continuously. Al and Si are all present in the
slag phase. The S element exists in the circle matrix at the initial

FIGURE 6 | Gibbs free energy of reduction reactions of the oxide that may exist in copper slag.
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stage of reduction, and the concentration of S decreases at the
later reduction stage. Another typical circle matrix region, such as
3#, is shown in Figure 8B. Atom percentages of Fe is 44.22%. The
results further confirmed the migration order of Fe and O and
confirmed the regional variation relationship of the matrix. It
should be noted that the proportions of Cu and S atoms were
significantly higher than elsewhere in 1#, 2#, and 3#. This
indicates that during the reduction process, Cu and S are in

the CuS phase, and part of the CuS will migrate to the
produced gas.

3.4 Element Migration Mechanism of
Smelting Copper Slag
The element migration behavior during the separation process is
accompanied by a partial reduction reaction. During melting

FIGURE 7 |Metallographic microscope photos of copper slag and reduction slag: (A) reduction slag, 200X; (B) reduction slag 500X; (C) iron ingot, 100X; (D) iron
ingot, 500X.

TABLE 1 | Economic estimation of direct reduction and smelting separation running process.

Indicators Item Pellets preparation, direct reduction and smelting separation process

Mass/(kg/100 kg copper
slag)

Energy/(kJ/
100 kg

copper slag)

Cost/($/100 kg copper
slag)

Energy consumption:
0.08415 $/kgce

Standard coal consumption of pellets
preparation

0.26 7,630 −0.044

Standard coal consumption of direct reduction 14.56 4,25,910 −2.445
Standard coal consumption of smelting
separation

7.96 2,32,940 −1.340

Resource consumption Copper slag (high temperature) 100 1,21,000 0
Coal 16.72 2,65,580 −2.614
Limestone 29.85 — −1.680

Emissions Ferroalloy 70.76 — 33.179
Slag (cooled) 75.81 8339.1 0

Total income 25.056
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separation, the liquid is divided into three layers: a reduction slag
layer, a reactive boundary layer, and an iron ingot layer. The element
migration process and mechanism follow the rules described below.
A diagram of the element migration mechanism of smelting copper
slag in a reducing atmosphere is shown in Figure 9.

Because melting separation is carried out in a graphite
crucible, C powder participates in a secondary reduction
reaction during the separation process. C reacts with reducible
“O” atoms, which exist in 2FeO·SiO2, Fe3O4, CuO forms, and CO
is generated and overflows the liquid layer.

FIGURE 8 | SEM photo of iron ingot and location of analysis points (A) 1# and 2#; (B) 3#.

TABLE 2 | Element composition of point 1#–3#.

Element 1# 2# 3#

Atomic% Atomic% Atomic%

O 42.06 40.50 51.76
Al 4.62 2.81 1.87
Si 1.27 1.29 1.45
S 1.22 0.86 0.7
Fe 50.83 54.54 44.22
Total 100 100 100

FIGURE 9 | Diagram of element migration mechanism of smelting copper slag in reducing atmosphere.
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According to the analysis of the chemical composition and
phase in the slag, it can be found that the Fe atom in the copper
slag mainly exists in the 2FeO·SiO2 and Fe3O4 phases. After
reduction by C or CO, metallic iron is produced and migrates
downward to the iron ingot layer because of its higher density.
The Cu in the melting liquid is in the form of CuO and CuS. Like
Fe, CuO is reduced by C, and metallic copper is produced and
migrates downward to the iron ingot layer because of its higher
density. The reduction reaction is more likely to occur than the
iron oxide reduction reaction.

S exists mainly in the form of CuS. Based on the chemical
composition analysis, the weight percentages of S in the copper
slag, reduction slag, and iron ingot were 0.84, 1.20, and
0.051%, respectively. This indicates that the migration of S
in the liquid gradually moves from diffusion to the upper
reduction slag layer. Through the chemical composition
analysis of the upper layer reduction slag and the phase
analysis of the products in the flue gas, it was found that
there was a large amount of ZnO and CuS dust in the smoke.
Thus, much of the ZnO and CuS spilled from the liquid into
the smoke.

As for Si, it exists mainly in the form of 2FeO·SiO2.When CaO
is in contact with 2FeO·SiO2, desilication and slagging reactions
occurred, as shown in Eq. 11. After the reaction, CaO·SiO2 is
generated and ascends to the upper reduction slag layer because
of its lower density.

CaO + 2FeO · SiO2+2C � 2Fe + 2CO + CaO · SiO2 (11)

4 CONCLUSION

Pellet direct reduction and metal separation is regard as an
efficient way to dispose copper slag. The element distribution
and migration step during the copper slag reduction and smelting
separation processes are obtained in this paper.

1) During melting separation, the copper slag liquid is divided
into three layers. The residual carbon oozed at the
interface between the iron ingot later and the reducing
slag layer.

2) Based on the SEM-EDS analysis, Fe and O mainly existed in
the matrix and in the form of FeO. The small holes in the
matrix were caused by the release of O atoms. The Fe atoms
migrated continuously from the inside to the outside of the
circle matrix. Cu and S were present in the CuS phase.

3) As typical elements, Fe, Cu, Zn, S, and Pb’s distribution were
analyzed based on element chemical analysis in three
layers. As the main migration route, 86.71% of Fe
element moved into iron ingot in the phase of MFe;
86.70% of Cu element moved into iron ingot; 94.43% of
ZnO entered into the flue gas; 64.58% of S existed in
reduction slag in the phase of CuS; 92.98% of Pb
element went into iron ingot.

4) C reacted with reducible “O” atoms, which exist in 2FeO·SiO2,
Fe3O4, and CuO. CO is generated and overflowed from the
liquid layer. Metallic iron and copper were produced and
migrated to the iron ingot layer. S migrates in the liquid
gradually to the upper reduction slag layer. CaO·SiO2 was
generated, which went up to the upper layer.
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