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Abstract
A novel technology, modified roasting in CO–CO2 mixed gas and magnetic separation, was presented to recover iron from 
copper slag. The effects of various parameters such as dosage of flux (CaO), gas flowrate of CO and CO2, roasting tem-
perature, roasting time, particle size of modified slag and magnetic flux density on the oxidized modification and magnetic 
separation were investigated by comparison of the X-ray diffraction patterns and iron recovery ratio. The optimum conditions 
for recovering iron by oxidizing roasting and magnetic separation are as follows: calcium oxide content of 25 wt.%, mixed 
gas flow rates of CO2 and CO of 180 and 20 mL/min, oxidizing roasting at 1323 K for 2 h, grinding the modified slag to 
38.5–25.0 μm and magnetic separation at 170 mT. The mineralogical and microstructural characteristics of modified slag 
revealed that the iron-bearing minerals in the copper slag were oxidized, the generated magnetite grew into large particles, 
and the silicate in copper slag was combined with calcium oxide to form calcium silicate. Finally, the iron-bearing concentrate 
with an iron grade of 54.79% and iron recovery ratio of 80.14% was effectively obtained.
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1  Introduction

Pyrometallurgy is still the dominant technology for current 
copper extraction in the global copper production industry. 
Copper slag is a complex silicate mineral that is produced 
during matte smelting and converting steps of pyrometallur-
gical production of copper. It has been estimated that about 
2.2 t of slag is generated for every ton of copper produc-
tion and in each year, approximately 40 million ton of slag 
is generated from world copper production, and more than 
1/3 of copper slag is produced in China [1, 2]. Dumping 
and disposal are traditional means of treating copper slag, 
which not only occupies a large amount of land, but also 
cannot make rational use of secondary resources of copper 
slag and even causes a great degree of pollution [3]. Copper 
slag was used as a raw material for building materials such 

as cement, concrete, glass and ceramic tiles, as well as for 
grinding and paving materials due to its excellent physical 
and mechanical properties [4].

Copper slag produced in the smelting process contains a 
large number of valuable metals such as copper, zinc, cobalt, 
nickel and precious metals such as gold and silver [5]. In 
addition, it contains about 35–45 wt.% of iron, which indi-
cates that the grade of iron in copper slag is much higher than 
that of ordinary iron ore [6]. Therefore, the recovery ratio of 
iron in copper slag is an important index for comprehensive 
recovery and utilization of copper slag resources. More than 
80% of iron in copper slag exists in the form of ferric silicate 
(Fe2SiO4), and only a few Fe exists in magnetite phase. How-
ever, the physical and chemical properties of ferric silicate are 
extremely stable. It is difficult to recover iron efficiently by 
conventional methods [7]. In order to improve the iron recov-
ery ratio and the iron grade of the concentrate, many scholars 
have carried out experimental and theoretical studies on the 
recovery of iron from copper slag. Zeng and Xiao [8] pro-
posed a physical beneficiation method combining direct flota-
tion with three times magnetic separation to recover copper 
and iron from copper slag. Under this condition, iron-bearing 
concentrate with an iron content of 52.21 wt.% and silicon 
dioxide content of 13.2 wt.% as well as iron recovery ratio of 
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38.9% was eventually obtained. Iron-bearing concentrate with 
low grade and recovery can only be obtained by direct mag-
netic separation, because most of iron in copper slag exists in 
the form of fayalite [9]. In the study of Cao et al. [10] and Kim 
et al. [11], the direct reduction iron powders with TFe of 90.35 
and 65.00 wt.% as well as the recovery ratio of Fe of 89.7% 
and 85.0%, respectively, were obtained by smelting reduction 
and subsequent grinding/magnetic separation process. Recov-
ering iron by high temperature smelting reduction needs a lot 
of power to make copper smelting and reduction, and the 
waste heat cannot be used effectively when the reduction slag 
is slowly cooled, resulting in a large amount of energy waste. 
Therefore, Jiao et al. [12] proposed an innovative approach to 
recover iron from copper tailings via low-temperature direct 
reduction and magnetic separation, in which copper slag was 
reduced by pulverized coal and then recovered by magnetic 
separation, and the reduced iron powder with iron grade above 
90% and recovery ratio of 95% was finally obtained. Generally, 
reduction and beneficiation of iron from copper slag result in 
high iron grade and recovery of reduced iron powder, but coal 
or carbon powder as reductants will produce carbon dioxide 
and other greenhouse gases during reduction and recovery pro-
cess, which does not meet the requirements of energy saving 
and emission reduction. In recent years, oxidized modifica-
tion and magnetic separation of copper slag were used as an 
advanced technology to recover iron from copper slag by many 
researchers such as Cao et al. [6], Ma et al. [13], Fan et al. 
[14–16] and Guo et al. [17, 18]. In addition, the mechanism 
of oxidized modification of copper slag was studied by ana-
lyzing the phase and structure transformation during oxidized 
modification. The oxidized modification of copper slag is usu-
ally carried out in the presence of oxygen or other oxidizing 
gas. As we all know, the internal porosity of molten liquid is 
much lower than that of solid. Although the chemical reaction 
activity between molten liquid surface and oxidizing gas is 
greater than that of solid, the internal diffusion efficiency of 
gas is far lower than that of solid. Therefore, it is not certain 
that the overall oxidation effect of molten copper slag is bet-
ter than that of copper slag solid. And when copper slag has 
been oxidized, a large amount of gas has been consumed, and 
the uncontrollability of the gas will easily lead to the waste of 
gas. In addition, the ventilation rate is an important parameter 
affecting the recovery ratio of iron, but the different operating 
personnel and equipment conditions may cause insufficient or 
excessive oxidation of copper slag, which is not conducive to 
the subsequent magnetic separation.

Based on the above analysis, a new method of recovery 
of iron from copper slag via modified roasting and magnetic 
separation is proposed, where the whole system is in a weak 
oxidizing atmosphere due to stable equilibrium of CO2–CO 
[19], and ferrous oxide (FeO) in fayalite is separated by adding 
flux (CaO) [20], and then the free FeO is oxidized and roasted 
to magnetite at lower temperature. After grinding, crushing 
and magnetic separation of the modified slag, the iron-bearing 
concentrate meeting the requirement of ironmaking is obtained 
and the tailing can be used as raw materials for building mate-
rials. The new method has the following advantages: CO2 and 
CO were used as gas oxidants; no additional greenhouse gases 
were emitted, and the modification conditions will not cause 
excessive energy consumption. Recovery of iron from copper 
slag can be realized while the secondary resources are ration-
ally utilized.

2 � Experimental

2.1 � Materials

2.1.1 � Copper slag

The copper slag used in the experiments is by-product gener-
ated during refining of copper in a non-ferrous metals group 
located in the east China. It is gray after drying, and 95 wt.% 
of the copper slag has a particle size less than 0.06 mm. 
The chemical composition of copper slag was analyzed by 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) and X-ray fluorescence, and the result is given in 
Table 1, which shows that the main ingredients of the cop-
per slag are 40.44 wt.% Fe and 28.41 wt.% SiO2, and the Cu 
content also reaches as high as 0.27 wt.%. In addition, the 
contents of harmful elements such as sulfur and phosphorus 
are relatively low, which can be removed by other treatments.

The X-ray diffraction (XRD) pattern of raw copper slag 
used in the experiments is shown in Fig. 1, which indicates that 
copper slag mainly consists of fayalite (Fe2SiO4) and magnet-
ite (Fe3O4). In addition, a broad band indicating the presence 
of glass phase materials was observed between 10° and 40° in 
XRD patterns. It can be referred that there are still some glass 
phases in the copper slag, which is similar as the study of Hu 
et al. [21]. Microstructure and elemental scanning figures of 
raw copper slag were detected by scanning electron micros-
copy with energy-dispersive X-ray spectrometry (SEM–EDS), 
and the results are shown in Fig. 2, which confirm that Fe, Si, 
Ca, O and Cu distribute uniformly in slag.

Table 1   Chemical composition of copper slag (wt.%)

TFe Cu CaO MgO SiO2 Al2O3 Na2O K2O ZnO PbO SO2 P2O5

40.44 0.27 1.96 0.87 28.41 4.58 0.77 0.98 2.83 0.58 0.25 0.073
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2.1.2 � Flux and gas

Calcium oxide (CaO) powder with a purity of 99.9% (AR), 
supplied by Xilong Chemical Co., Ltd. (Shantou, China), 
was employed as the modifier. The purity of the gas (CO2, 
CO) used in the experiment is 99.99%, which is provided 
by Jianli Gas Co., Ltd. (Ganzhou, China).

2.1.3 � Experimental procedure

The whole treatment process is shown in Fig. 3. First, raw 
copper slag was uniformly mixed with the required amount 
of calcium oxide in the ball mill for 2 h. Then, approxi-
mately 25 g of dry mixed material was charged into a corun-
dum crucible with an inner diameter of 44 mm and height 
of 58 mm. After that, the corundum crucible was placed 
in a MoSi2 electric furnace (GWL-LKQGA) and roasted 
between 1173 and 1373 K for a predetermined time (1–4 h) 
under CO2–CO atmosphere. Simultaneously, the mixed 
gas of CO2–CO with a certain ratio of CO2/CO was always 
blown into the reaction system by adjusting the flowrate of 
CO2 and CO during keeping-temperature processes and with 
the constant flowrate of CO2 of 250 mL/min during heating-
up and cooling stage. Once the temperature of furnace was 
cooled to ambient temperature, the samples were taken out 
and crushed by a hammer and a pulverizer, and the standard 
sieves with different pore sizes were used to screen the bro-
ken copper slag. Various standard sieves, such as 125, 74, 
38.5 and 25 μm, were used to classify the modified copper 
slag of different sizes. Subsequently, a 15 g batch of dry 
modified slags was sorted out to iron-bearing concentrate 

Fig. 1   XRD pattern of copper slag

Fig. 2   Elemental scanning maps and SEM image of copper slag
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and tailing by wet magnetic separation for 10 min in a mag-
netic tube (CXG-08SD(A)) at a magnetic field strength in 
the range of 120–320 mT. Ultimately, the produced iron-
bearing concentrate can be used for steel-making and the 
tailing can be used for building materials.

2.2 � Equipment and analytical method

The heating device used in the experiment is a vertical fur-
nace (GWL-LKQGA, Luoyang Guoju Experimental Electric 
Furnace Co., Ltd., Luoyang, China), and the flowrate and 
the gas composition of reaction gas mixture were controlled 
by gas mass flow controllers (ALICAT). Their schematic 
diagram is shown in Fig. 4. The modified slag was crushed 
and ground to a specific size via a crusher (GJ-2A, Hebi 
Tianguan Instrument Co., Ltd., Hebi, China) and a ball mill 
(YXQM-1L, Changsha Miqi Instrument and Equipment Co., 
Ltd., Changsha, China). The magnetic separation was per-
formed on a wet feebleness magnetic separation machine 
(CXG-08SD(A), Shicheng Yongsheng Mineral Processing 
Equipment Co., Ltd., Ganzhou, China) with a maximum flux 
of 600 mT.

The iron content of products was evaluated by the titration 
method according to Chinese standard GB/T 6730.73-2016. 
XRD patterns of modified slag were recorded using a dif-
fractometer (EMPYREAN, PANalytical B.V., 40 kV, 40 mA, 

Cu-Kα, Almelo, Netherlands). Microstructures of reduced bri-
quettes were identified using an MLA650F scanning electron 
microscope (FEI Company, Hillsboro, USA) equipped with 
an energy-dispersive spectrometer (EDAX, Bruker Analysis 
Instrument, Inc., Billerica, USA). SEM images were recorded 
in backscatter electron modes operating in low vacuum mode 
at 66.67 Pa and 20 keV. The particle size of the copper slag 
was obtained with a laser particle size analyzer (Mastersizer 
3000, UK Malvern Instruments Co., Ltd., Malvern, UK) with 
a refractive index of 1.330.

2.3 � Evaluation indexes

The purpose of this experiment is to effectively recycle iron 
from copper slag. Therefore, after modified roasting and mag-
netic separation, the quality of magnetic product iron-bearing 
concentrate and tailing and the corresponding iron grade are 
calculated, and the iron yield and the final recovery ratio of 
iron are obtained. The formula is as follows [16]:

where P1 and P2 are the yield of concentrate and tailing, 
respectively, %; m1 and m2 are the mass of concentrate and 
tailing, respectively, g; m0 is the feed mass of modified slag 
subjected to magnetic separation, g; R is the final recovery 
ratio of iron, %; and C1 and C2 are the iron grade of concen-
trate and tailing, respectively, %.

(1)P
1
= m

1
∕m

0
× 100%

(2)P
2
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1
+ P

2
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Fig. 3   Schematic flow sheet of modification–beneficiation process of 
copper slag

Fig. 4   Schematic diagram of experimental device
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3 � Results and discussion

3.1 � Thermodynamic analysis

The modified roasting experiment of copper slag is to oxidize 
Fe2SiO4 from copper slag to magnetite under weak oxidation 
condition by adjusting the flowrate of CO2 and CO because 
lower oxygen partial pressure was beneficial to the transition of 
magnetite [15]. High roasting temperature is beneficial to the 
separation of SiO2 and FeO in copper slag, but the free mag-
netite will combine with SiO2 to form fayalite again at too high 
temperature [22]. Previous studies have found that the addition 
of calcium oxide can bind SiO2 in the slag to form CaSiO3, and 
the binding energy of CaSiO3 is lower than that of Fe2SiO4; 
thus, CaO is favorable for dissociating FeO to promote the 
formation of magnetite [20, 23]. However, when insufficient 
calcium oxide exists in the reaction system, the newly formed 
ferrous oxide will recombine with CaSiO3 to form kirschstein-
ite (CaFeSiO4), which is not conducive to magnetic separation. 
The main reactions involved are as follows:

(4)2FeO + SiO
2
= Fe

2
SiO

4

(5)CaO + SiO
2
= CaSiO

3

(6)CaO + Fe
2
SiO

4
= CaSiO

3
+ 2FeO

(7)3FeO + 1∕2O
2
= Fe

3
O

4

(8)2CO + O
2
= 2CO

2

(9)Fe
2
SiO

4
+ CaO + 1∕3O

2
= CaSiO

3
+ 2∕3Fe

3
O

4

The standard Gibbs free energy (ΔGθ) of Eqs. (4)–(8) 
and the phase-stability diagram of Fe–Ca–O–Si at 1273 K 
were calculated under one atmospheric pressure by 
FactSage™7.0, and the results are shown in Fig. 5. It can 
be seen from Fig. 5a that the ΔGθ values for Eqs. (4)–(9) 
are negative over the temperature range of 200–1600 K, 
indicating that those reactions are thermodynamically pos-
sible, and the ΔGθ value of Eq. (8) is smaller than others, 
which indicates that the equilibrium reaction between CO 
and CO2 was first completed in the oxidizing roasting of 
copper slag, providing a stable partial pressure of oxy-
gen for the whole system. Furthermore, the ΔGθ value of 
Eq. (9) is smaller than those of Eqs. (4)–(7) in the tem-
perature range of 1000–1600 K, which reveals that fayalite 
in copper slag is more easily converted into magnetite and 
calcium silicate in the presence of calcium oxide and oxy-
gen. In addition, as shown in Fig. 5b, magnetite and cal-
cium silicate can exist in the same region as long as the 
proper CO and CO2 partial pressures in the system are con-
trolled. Equation (10) illustrates that the kirschsteinite will 
be formed in copper slag when calcium oxide and oxygen 
partial pressure are unstable. Therefore, the determination 
of these two important parameters will be investigated in 
the following research.

3.2 � Roasting modification of copper slag

3.2.1 � Effect of roasting temperature

The effect of modification temperature on grade and recov-
ery of iron was investigated, and the results are shown in 

(10)
2Fe

2
SiO

4
+ 2CaO + 1∕2O

2
= CaSiO

3
+ Fe

3
O

4
+ CaFeSiO

4

Fig. 5   Correlation of standard Gibbs free energy (ΔGθ) with temperature for Eqs.  (4)–(8) (a) and phase-stability diagram of Fe–Ca–O–Si at 
1273 K (b)
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Fig. 6 with constant roasting time, gas flowrate of CO2 and 
CO, and dosage of CaO of 2 h, 180 mL/min, 20 mL/min, and 
25 wt.%, respectively. It can be seen that the iron recovery 
ratio and grade of concentrate significantly increase with 
increasing modification temperature from 1173 to 1323 K. 
Namely, the iron recovery ratio and grade of concentrate are 
increased from 56.43% and 42.16% to 74.16% and 54.89% 
with increasing modification temperature from 1173 to 
1323 K, respectively. However, with further increasing the 
modification temperature to 1375 K, both the iron recovery 
ratio and grade of concentrate show a downward trend from 
74.16% and 54.89% to 67.67% and 53.82%, respectively. 
Meanwhile, it can be clearly seen that the change of iron 
grade of tailing is different from the other two situations, 
which fluctuated with increasing modification temperature 
and the maximum 28.12% and minimum 24.57% appear in 
1173 and 1323 K, respectively. Higher temperature is favora-
ble for dissociation of fayalite in copper slag and oxidation 
of free FeO, and the binding reaction of CaO with free SiO2 
is also an endothermic reaction. Therefore, the mass of mag-
netite and calcium silicate gradually increases with increas-
ing modification temperature, which contribute to benefi-
ciation and recovery of iron from copper slag by following 
magnetic separation. However, as the temperature continues 
to rise to be higher than 1323 K, CaSiO3 will recombine 
with the excess FeO to form CaFeSiO4 because of high dis-
sociation rate of fayalite, which hinders the recovery of iron 
from copper slag.

Figure 7 shows the XRD patterns of the copper slag at 
different modification temperatures from 1173 to 1373 K. 
As we all know, the intensity and quantity of peaks in XRD 
patterns are important parameters to exhibit the mass content 
of samples [24]. The original copper slag (Fig. 7, copper 
slag) contains intensive fayalite and magnetite peaks due to 

the matte smelting process or cooling. The higher modifica-
tion temperature provided an excellent oxidation conditions 
to slag to produce considerable magnetite. As can be seen 
from the modified slag (Fig. 7, 1173 K), the fayalite peaks 
were reduced to become smaller and the magnetite peaks 
were increased to become stronger, which indicated that the 
fayalite in copper slag was gradually oxidized to magnetite. 
In addition, there are less intensive kirschsteinite peaks and 
hardly any other peaks were observed in modified copper 
slags with modification temperature at 1223 and 1273 K, 
which indicated that the purity of magnetite in modified 
copper slags is very high as we expected. However, the 
peaks of kirschsteinite have increased a lot and the peaks 
of fayalite reproduced in Fig. 7 at 1373 K, which explained 
the tendencies of iron grade and recovery ratio in Fig. 6. 
In consideration of the efficiency and energy saving of the 
experiment, 1323 K was selected as the optimum modifica-
tion temperature.

3.2.2 � Effect of roasting time

The effect of roasting time on the oxidized modification fol-
lowed by magnetic separation of copper slag was investi-
gated. The experiments were performed at a modification 
temperature of 1323 K, CaO content of 25 wt.%, and the gas 
flowrate of CO2 and CO of 180 and 20 mL/min, respectively. 
The experimental results are shown in Fig. 8.

As shown in Fig. 8, when the roasting time ranges from 
1 to 2 h, increasing the roasting time benefits iron recovery 
of iron-bearing concentrates, the total iron grade of concen-
trate increases from 47.22% to 55.07% and iron recovery 

Fig. 6   Effect of modification temperature on oxidized modification 
and magnetic separation

Fig. 7   Comparison of XRD patterns of copper slags at different mod-
ification temperatures
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ratio significantly increases from 63.81% to 72.62%, because 
prolonging time is beneficial to the dissociation of fayalite 
and free FeO can be oxidized as much as possible to mag-
netite. However, when roasting time is extended to 4 h, the 
total iron grade of concentrate dramatically decreases from 
55.07% to 45.44% and iron recovery ratio significantly 
decreases from 72.62% to 67.23%, and then, both reach a 
platform. The total iron grade of magnetite tailing changes 
slightly between 29.26% and 31.12% when the roasting time 
ranges from 1 to 4 h. This means that too long roasting time 
is not conducive to the most effective recovery of iron from 
copper slag, because FeO has been greatly oxidized in 1–2 h 
of reaction time and magnetite is constantly precipitated. 
These magnetites adhere to the surface of unoxidized copper 
slag, hindering the separation of copper slag and the contact 
of gas oxidants. Furthermore, calcium oxide will combine 
with iron olivine to form calcium iron olivine due to the poor 
reaction kinetics, as a result of the attachment of magnetite. 
Therefore, from a practical point of view, the roasting time 
is fixed at 2 h in the subsequent experimental series.

3.2.3 � Effect of gas flowrate of CO and CO2

The effect of the gas flowrate of CO and CO2 on the oxi-
dized modification followed by magnetic separation of cop-
per slag was investigated. The total gas flowrate remains 
constant at 200 mL/min, and the CO2 and CO gas flow-
rates are 170–200 and 0–30 mL/min, respectively, and other 
parameters are constant. The experimental results are shown 
in Fig. 9.

With an increase in the gas flowrate of CO2 from 170 
to 200 mL/min and a decrease in the gas flowrate of CO 
from 30 to 0 mL/min, the iron grade of concentrate has a 
tendency of first rise before declining, while the iron grade 

of tailing has a tendency of first decline before rising, and 
iron recovery has continued to increase but slowly when 
the gas flowrate of CO2 is greater than 190 mL/min. When 
the gas flowrates of CO2 and CO are 190 and 10 mL/min, 
respectively, an iron grade of 55.56% and 26.24% of con-
centrate and tailing can be obtained at the iron recovery ratio 
of 65.29%. No direct measurements have been made for the 
interracial rate of oxidation of iron oxide by CO2, but it is 
now well accepted that the linear stage of oxidation of solid 
iron by CO2 at elevated temperatures is controlled by the 
rate of the interfacial reaction between CO2 and solid iron 
oxide [25, 26]. With the increase in CO2 gas flowrate, the 
partial pressure of CO2 increases gradually in the whole 
reaction system, which effectively improved the reaction 
rate of CO2 and free solid ferric oxide in copper slag. Based 
on the database of FactSage, iron oxides exist in magnetite 
in the Fe–C–O phase diagram with temperature of 1273 K 
[19]. Therefore, it is beneficial to the separation of iron from 
copper slag by magnetic separation.

According to the usual understanding, CO2 dissociation 
on the surface of metal and oxides containing iron oxide can 
be expressed as follows [27]:

With the continuous increase in CO2 flowrate, the oxy-
gen partial pressure in the system will increase. Excessive 
partial pressure of oxygen may oxidize magnetite to iron 
oxide (Fe2O3), resulting in loss of recovered iron concen-
trate, which coincides with the change trend of iron grade in 
Fig. 9. Therefore, the flowrates of CO2 and CO were 180 and 
20 mL/min, respectively, in a series of experiments.

(11)2CO
2
= 2CO + O

2

Fig. 8   Effect of roasting time on oxidized modification and magnetic 
separation

Fig. 9   Effect of gas flowrate of CO and CO2 on oxidized modification 
and magnetic separation
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3.2.4 � Effect of dosage of flux (CaO)

The experiments were performed under the conditions of 
modification temperature of 1323 K, gas flowrates of CO2 
and CO of 180 and 20 mL/min, respectively, CaO content 
from 0 to 25 wt.%, and roasting for 2 h. The histograms in 
Fig. 10 show the effect of dosage of CaO on the oxidized 
modification and magnetic separation.

As shown in Fig. 10, the iron grade of concentrate and 
tailing and iron recovery ratio of raw copper slag by direct 
magnetic separation are 48.97%, 39.64% and 33.93%, 
respectively. When the dosage of calcium oxide was added 
from 0 to 25 wt.%, the iron recovery ratio of modified slag 
increased significantly from 47.16% to 74.16%, and the 
iron grade of concentrate increased slowly from 51.16% to 
54.89%, while the iron grade of tailing reduced dramatically 
from 33.48% to 24.27%, indicating that CaO is well-suited to 
cause the magnetite to reshape and coalesce. Similar to Fe2+ 
in fayalite, Ca2+ is the network modifier cation that destroys 
the 3D interconnected network of the fayalite; thus, the 
presence of calcium oxide together with Fe2+ decreases the 
viscosity of the silicate [28] and calcium oxide accelerates 
the oxidation reaction of Fe2SiO4 at lower temperature [29].

The XRD patterns of modified slag with different dos-
ages of CaO are shown in Fig. 11. Compared with the XRD 
pattern of original copper slag, shape of most peaks in XRD 
pattern of modified slag without CaO has remained little 
change, and the fayalite peaks were still strong, indicating 
that oxidizing roasting of copper slag without CaO is not 
conducive to iron recovery. Owing to the presence of CaO, 
more and more calcium silicate and magnetite have been 
produced, which can be seen from the changes of peaks in 
the XRD diagram. However, there are many high intensity 
kirschsteinite peaks found in the modified slag with 15 wt.% 

CaO, which leads to a reduction in iron recovery. Therefore, 
the optimum dosage of CaO is 25 wt.% in experiments.

3.3 � Magnetic separation of modified copper slag

It was found that the modified slag contained not only Fe 
element, but Mg, Cu, Si and Ca elements, implying that iron 
grade was at a relatively low level (about 45%). It was neces-
sary to consider the influence factors on magnetic separation 
in more detail.

3.3.1 � Effect of magnetic flux density

The magnetic flux density is an important factor on the mag-
netic separation. Lower magnetic flux density is used to sep-
arate ferromagnetic materials, such as magnetite and metal-
lic iron from the surrounding gangue and so on. In magnetic 
separation of nonmagnetic minerals, a higher magnetic flux 
density is necessary. The effect of magnetic flux density on 
the magnetic separation of modified slag was investigated, 
and the experimental results are shown in Fig. 12.

Figure  12 shows that the iron grade of concentrate 
decreases, and the iron grade of tailing and iron recovery 
increase with increasing field intensity, which possibly keeps 
intermixed or weak magnetism particles from becoming 
trapped in the concentrate. Although a high magnetic field 
intensity of 320 mT can recover 88.05% of iron in copper slag, 
the iron grade of concentrate is very low (only 38.8%), and 
the grade of iron of tailing is too much (26.32%). A low field 
intensity of 120 mT may lead to an increase in the exclusion of 
magnetite particles by the separator, which leads to a reduction 
in the recovery of iron. Therefore, 170 mT is selected as the 
most suitable magnetic flux density in the current experiments.

Fig. 10   Effect of dosage of CaO on oxidized modification and mag-
netic separation

Fig. 11   Comparison of XRD patterns of copper slag with different 
dosages of CaO
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3.3.2 � Effect of particle size

It is well known that particle size is the other important factor 
in magnetic separation, and too small or too large size results 
in loss of magnetite. The histograms in Fig. 13 show the effect 
of particle size of modified slag on the magnetic separation.

It can be seen from Fig. 13 that with decreasing particle 
size, the iron recovery and iron grade of concentrate firstly 
increased to a maximal value at 25.0–38.5 μm and then 
decreased, which might mainly be attributed to the libera-
tion of magnetite from calcium silicate and kirschsteinite. 
Meanwhile, with the increase in fineness, the loss of fine 
magnetite particles can be easily observed, and the iron 
recovery will be reduced. As the particle size was smaller 
than 25 μm, it was difficult to separate magnetite particles 
because of magnetic agglomeration, which prevented the 
removal of nonmagnetic silicate particles. At the optimum 
particle size of 25.0–38.5 μm, the recovery ratio of iron is 
80.14%, and the iron grades of concentrate and tailing are 
54.79% and 22.12%, respectively.

3.4 � Product examination

3.4.1 � Mineralogical analysis of modified slag

Through the analysis of the above experiments, a satisfac-
tory modified product was obtained under the conditions of 
mixing the raw copper slag with 25 wt.% CaO for 2 h and 
oxidizing roasting mixed material at 1323 K for 2 h with the 
gas flowrates of CO2 and CO of 180 and 20 mL/min, then 
grinding the modified slag to 25.0-38.5 μm, and magnetic 
separation at 170 mT. The XRD analysis was carried out 
to reveal the mineral compositions of satisfactory modified 
slag, and the result is shown in Fig. 14.

It can be seen from Fig.  14 that the major minerals 
constituents are magnetite, wollastonite (CaSiO3) and 
kirschsteinite. In addition, a broad band indicating the pres-
ence of glass phase materials was observed between 10° and 
40° in XRD patterns, which could be inferred that there was 
glass phase formed in the modified slag during oxidizing 
roasting. Furthermore, the intensity and quantity of mag-
netite peaks are more than those of others, and there are 
only a few weak kirschsteinite peaks. These results indicate 
that most of the fayalite in copper slag has been converted 
into magnetite and wollastonite by oxidizing roasting, as 
expected. Moreover, the modified slag can be separated by 
simple magnetic separation to obtain concentrate which 
meets the requirements of ironmaking and tailing which can 
be used for building materials such as cement.

Fig. 12   Effect of magnetic flux density on iron recovery and grade
Fig. 13   Effect of particle size of modified slag on iron recovery and 
grade

Fig. 14   X-ray diffraction pattern of satisfactory modified slag
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3.4.2 � Microstructural analysis of modified slag

The SEM image and EDS analysis of modified slag obtained 
under optimum conditions are shown in Fig. 15. The bright 
phase (point 1), the dark gray phase (point 2) and the light 
gray phase (point 3) are observed by EDS and found to be 
magnetite, kirschsteinite and calcium silicate (CaSiO3), 
respectively. This is consistent with the analysis result of 
X-ray diffraction pattern. Magnetite in the SEM image 

occupies a larger area than others, and its maximum size is 
more than 40 μm, indicating that the iron-bearing minerals 
in the copper slag were oxidized, the generated magnetite 
has grown into large particles, and the silicate in copper 
slag has been combined with calcium oxide to form calcium 
silicate. In addition, the Fe content of magnetite (point 1) is 
73.12 wt.%, which indicates that the purity of magnetite is 
very high and there is hardly any other impurity element. 
Although kirschsteinite (point 2) and CaSiO3 also contain 
33.74 and 9.54 wt.% iron, respectively, their proportion in 
modified copper slag is small, especially kirschsteinite can 
hardly be seen in SEM image of modified copper slag, which 
reveals that the fayalite in copper slag has been oxidized to 
magnetite and nonmagnetic calcium silicate; with the help of 
a mixture of calcium oxide and CO and CO2 mixed gas, the 
desired separation of iron and other impurities has already 
realized.

Fig. 15   SEM image and EDS analysis results of modified slag

Table 2   Impurity content of Fe-bearing concentrate and tailing 
(wt.%)
Element Zn K Cu Mn Al Ca

Concentrate 0.08 0.15 0.17 0.12 0.35 0.79
Tailing 1.94 0.36 0.21 0.06 0.33 16.5

Table 3   Chemical composition of Fe-bearing concentrate (wt.%)

TFe CuO CaO MgO SiO2 Al2O3 PbO Na2O K2O NiO CoO SO2 P2O5 As2O3

54.79 0.21 1.106 3.37 13.67 0.66 0.018 0.47 0.18 0.29 0.16 0.11 0.006 0.013
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3.4.3 � Chemical analysis of magnetic separation production

For iron and steel metallurgy, the Cu content in Fe-bearing 
concentrate is very important; if the Cu content is over 
0.3 wt.%, the concentration is not suitable for ironmaking 
blast furnace. Therefore, the impurity content of Fe-bear-
ing concentrate and tailing was analyzed by ICP-AES and 
X-ray fluorescence. Table 2 shows the impurity contents of 
the concentrate and the tailing. In addition, Table 3 shows 
chemical composition of Fe-bearing concentrate. From the 
above analysis, it is obvious that the effective recovery of 
iron in copper slag was realized, and the concentrate and 
tailings used for ironmaking and building materials are 
obtained synchronously.

4 � Conclusions

1.	 The copper slag was assayed and found to be composed 
of 40.44 wt.% iron, and the main ferrous minerals in 
copper slag were magnetite and fayalite. It is difficult to 
recover iron from copper slag by traditional separation 
method.

2.	 Modified roasting in CO–CO2 mixed gas followed by 
magnetic separation was used to recover iron from cop-
per slag. By analyzing the influence of various factors 
on the experimental results, the obtained optimum con-
ditions for separation by oxidizing roasting and mag-
netic separation are as follows: calcium oxide content 
of 25 wt.%, mixed gas of CO2 and CO with flowrate 
of 180 and 20 mL/min, oxidizing roasting at 1323 K 
for 2 h, grinding the modified slag to 25.0–38.5 μm, 
and magnetic separation at 170 mT. Under these condi-
tions, the iron-bearing concentrate with an iron grade of 
54.79% and iron recovery ratio of 80.14% were effec-
tively obtained.

3.	 The mineralogical and microstructural characteristics 
of modified slag revealed that the iron-bearing miner-
als in the copper slag were oxidized, and the generated 
magnetite has grown into large particles and the silicate 
in copper slag has been combined with calcium oxide 
to form calcium silicate. After magnetic separation, the 
effective recovery of iron in copper slag was realized, 
and the concentrate and tailings used for ironmaking and 
building materials are obtained synchronously.
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