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Abstract: This study proposes a synergistic treatment method for BOF slag and copper slag
via oxidation–magnetic separation, with the dual goals of preparing MgFe2O4 magnetic
material and stabilizing the non-magnetic slag. The effects of copper slag addition, the
oxidation temperature and the oxidation time on the phase transformation and MgFe2O4

morphology during the oxidation process are investigated. The results show that copper
slag addition can release the simple iron oxides of FeO and Fe2O3 from iron-containing
phases from BOF slag and copper slag, promoting the synthesis of MgFe2O4. Furthermore,
the oxidation temperature and oxidation time have a significant influence on the size of
the MgFe2O4 particles. To obtain the MgFe2O4 magnetic material, the optimum oxidation
parameters were used, with an oxidation degree of Fe2+ of 95.85% and a yield of MgFe2O4

of 90.31%. In addition, the main phase of non-magnetic slag was Ca2SiO4, and both free
CaO and free MgO from BOF slag were eliminated, indicating a potential application in
construction materials. This technology maximizes resource utilization and the valorization
of metallurgical solid waste.

Keywords: BOF slag; copper slag; oxidation–magnetic separation; MgFe2O4 preparation;
non-magnetic slag stabilization

1. Introduction
BOF slag—a major type of solid waste in the steel industry, with a yearly output of

roughly 120 million tons in China—is currently landfilled without proper treatment, caus-
ing environmental problems [1–4]. The utilization rate of BOF slag is approximately 30%,
and it is mostly used in the production of cement concrete and road paving. However, the
high hardness of BOF slag makes it difficult to crush due to the presence of iron-containing
phases, which raises the processing cost [5,6]. Furthermore, the phases of free CaO and
free MgO in BOF slag cause volume expansion, restricting its application in construction
materials [7–9]. In recent years, the comprehensive treatment of BOF slag has aimed to
recover the iron resource and utilize the non-magnetic slag, and pyrometallurgy is the pre-
ferred method due to its lower level of secondary pollution than hydrometallurgy [10,11].
At present, iron is extracted from BOF slag mostly by the reduction process, and many
studies show that high-efficiency iron recovery from BOF slag is dependent on the appro-
priate SiO2-containing composition adjustment of BOF slag. For example, Guo et al. [12]
used kaolin and carbon powder as an additive mixture to adjust the BOF slag’s basicity,
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and the results showed that 95% of the iron had been recovered and the non-magnetic
slag could be used as supplementary cementitious material. Hao et al. [13] proposed to
optimize the modification of converter slag and blast furnace slag using dust removal ash
as a reducing agent; as a result, the goal of recovering iron resources from the converter
slag was achieved. Dai et al. [14] developed a technical route for BOF slag’s large-scale
utilization, using fly ash as a modifier and coal powder as a reducing agent to recover iron
resources. Although the iron recovery rate of BOF slag is significant when a carbonaceous
reductant is used, the reduction method suffers from certain limitations. Not only does the
process inevitably emit greenhouse gases, i.e., CO2, but the phosphorus in BOF slag is also
reduced and dissolves in the metallic iron, limiting the application of this metallic iron.

On the other hand, the metallic iron of BOF slag can be recovered by magnetic separa-
tion, but iron oxides are non-magnetic, resulting in lower iron recovery. Therefore, some
investigations have concentrated on iron recovery in BOF slag using oxidation methods.
Lan et al. [15] realized the transformation from weak magnetic iron oxides to the strong
magnetic magnesia–iron (MgFe2O4) spinel phase in BOF slag through oxidation experi-
ments, and they optimized the process parameters. Xue et al. and He et al. [16,17] proposed
an oxidation method for BOF slag treatment with SiO2 as a modifier. The iron-containing
phases in BOF slag could be transformed to MgFe2O4 through the oxidation process, and
the magnetic separation efficiency was better than that of direct separation without any
treatment. However, the aforementioned methods require the reheating of the cold BOF
slag to a high temperature, from 1200 to 1400 ◦C in air, which not only wastes enormous
quantities of heat carried by the hot BOF slag [18] but also extends the oxidation time
and increases the treatment cost. As a result, it is necessary to develop a low-energy and
ecologically acceptable treatment method for BOF slag.

Copper slag is a typical by-product of the copper smelting industry, containing approx-
imately 30% SiO2, and can be utilized as a SiO2-containing modifier [19]. According to our
earlier study [20], BOF slag and copper slag possess the capacity to act as modifiers for each
other, facilitating the release of simple iron oxides from the complicated mineral phases in
the two slags and enhancing the iron oxide activity. Furthermore, BOF slag contains both
iron oxide and magnesium oxide, and the iron oxides in BOF slag are primarily found in
dicalcium ferrite and RO phases. With the addition of copper slag to BOF slag, both the
Fe2O3 in dicalcium ferrite in the BOF slag and the FeO in fayalite in the copper slag can be
released, transforming the iron oxides in the two slags into a strong magnetic MgFe2O4

phase under oxygen and separating them by magnetic separation.
Spinel-type magnesium ferrite (MgFe2O4) has attracted a lot of attention in the fields of

wastewater treatment, electrode composites and electromagnetic wave absorbers. Thus far,
the solid-state reaction has been the main industrial production method for the preparation
of MgFe2O4 [21–23]. However, the necessity of raw materials limits the large-scale prepara-
tion of MgFe2O4 and the process carries high costs and causes environmental pollution.
Therefore, it is preferable to prepare MgFe2O4 directly via the synergistic treatment of
metallurgical waste.

The waste heat of hot BOF slag tapped from the converter is the largest secondary
energy source that may be reused, while the synergetic oxidation process of BOF slag
and copper slag is exothermic. As a result, utilizing waste heat from hot BOF slag and
oxidation reaction heat will greatly reduce the energy consumption during the synergetic
oxidation process.

In this work, a synergetic treatment method for BOF slag and copper slag is proposed,
using oxidation–magnetic separation to prepare MgFe2O4 magnetic material while also
stabilizing the non-magnetic slag. The effects of copper slag addition, the oxidation temper-
ature and the oxidation time on the phase transformation and MgFe2O4 morphology were
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investigated, and the oxidation degree of Fe2+ and the yield of MgFe2O4 were evaluated.
The purpose of this innovative synergistic treatment of BOF slag and copper slag is to use
industrial solid waste to prepare high-value commodities.

2. Results and Discussion
2.1. Phase Transformation and MgFe2O4 Morphology During Oxidation Process
2.1.1. Effect of Copper Slag Addition

Figure 1a,b show the XRD results and Rietveld refinement analysis of the oxidation
slags with different copper slag additions at an oxidation temperature of 1450 ◦C and an
oxidation time of 10 min. As shown in Figure 1a, the diffraction peaks of the oxidation slags
(phase 1) and MgFe2O4 in PDF#96-900-1451 correspond well in terms of the diffraction
angle and height, suggesting that MgFe2O4 is formed. It can be observed that Ca2Fe2O5

is exclusively present in the S0 sample, where no copper slag is added. Furthermore,
the RO phase in the BOF slag disappears after the oxidation process, indicating that the
FeO in the RO phase can be oxidized to Fe2O3 and forms MgFe2O4 in situ under an
oxidizing atmosphere, as shown in Equation (1). The addition of copper slag resulted in a
significant enhancement in the diffraction peak intensity of MgFe2O4 in the S1–S3 samples
in comparison to the S0 sample. Furthermore, the diffraction peak intensity of Ca2Fe2O5 in
BOF slag and Fe2SiO4 in copper slag underwent complete disappearance. The synergistic
modification between the two slags via the reactions shown in Equation (2) was found
to promote the release of simple iron oxides from the complex iron-containing mineral
phases in the two slags, thereby enhancing the activity of the iron oxides and facilitating
the formation of MgFe2O4, as shown in Equation (3). In addition, the XRD patterns of the
S1–S3 samples show no diffraction peaks for free CaO and free MgO in BOF slag. The
results indicate that the synergistic oxidation of BOF slag and copper slag is favorable for
MgFe2O4 formation and BOF slag stabilization [24,25].

4FeO + O2 + 2MgO = 2MgFe2O4 (1)

Ca2Fe2O5 + Fe2SiO4 = Ca2SiO4 + 2FeO + Fe2O3 (2)

Fe2O3 + MgO = MgFe2O4 (3)
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Figure 1. XRD patterns of the oxidation slags with different copper slag additions: (a) XRD analysis;
(b) Rietveld refinement analysis.

Figure 1b shows the results of the Rietveld refinement analysis of the XRD patterns [26,27],
which demonstrates that the greatest MgFe2O4 content of 32.82% is achieved with the
addition of 10% copper slag. However, when 15% copper slag is added, the content of
melilite (Ca2MgSi2O7 and Ca2Al2SiO7) gradually increases, while the content of MgFe2O4
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decreases, which is not conducive to MgFe2O4 formation. Figure 2 and Table 1 show the
SEM-EDS analysis of the oxidation slags. As shown in Figure 2(a1,a2), the iron-containing
phases in the S0 sample are MgFe2O4 and Ca2Fe2O5, and a large number of small-faced
MgFe2O4 crystals form clusters of crystals. Furthermore, Figure 2(b1,b2) show that the
MgFe2O4 in the S1 sample can be mainly divided into two different morphologies, namely
honeycomb and clusters [28], and Ca2SiO4 and Ca2Fe2O5 are closely dispersed around
MgFe2O4, preventing magnetic phase separation. As shown in Figure 2(c1,c2,d1,d2),
with an increase in copper slag addition, the Ca2Fe2O5 phase disappears, and many small
MgFe2O4 crystals gradually grow and aggregate into large polygonal crystals, with particles
sizes of nearly 60 µm, indicating that the addition of copper slag obviously promotes the
agglomeration and growth of MgFe2O4 [29]. However, the amount of melilite increases
with the addition of 15% copper slag, as shown in Table 1. Melilite not only contains little
Fe, but it also results in a decrease in Mg involved in the reaction, which is not conducive
to the formation of MgFe2O4.

Moreover, all β-Ca2SiO4 phases of the oxidation slags contain phosphorus elements,
suggesting that phosphorus elements do not migrate during the process. According to the
literature [30,31], C2S exists in the crystal form of β-Ca2SiO4 rather than γ-Ca2SiO4, because
phosphorus stabilizes β-Ca2SiO4 by replacing [SiO4]4− groups with [PO4]3− groups to
form a Ca2SiO4–Ca3(PO4)2 solid solution. This prevents the volume instabilities caused by
the transformation to γ-Ca2SiO4 and the phosphorus enrichment of MgFe2O4.
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Table 1. Atomic percentages of the spectrum points corresponding to Figure 2 (wt %).

Sample Point Phase O Mg Fe Ca Si Mn Al P

S0
1 MgFe2O4 52.04 15.64 29.13 / / 2.14 1.05 /
2 Ca2SiO4 43.66 / 0.84 37.20 16.70 / 0.36 1.23
3 Ca2Fe2O5 50.80 / 21.48 23.34 3.22 / 1.16 /

S1 4 MgFe2O4 57.33 13.59 26.12 / / 1.40 1.56 /
5 Ca2SiO4 57.37 / / 25.35 13.62 / / 1.66
6 Ca2Fe2O5 44.94 / 23.69 28.63 1.52 / 1.22 /
7 Melilite 52.21 7.55 5.03 16.28 10.39 / 8.54 /

S2 8 MgFe2O4 49.57 15.57 31.45 / / 1.68 1.73 /
9 Ca2SiO4 58.30 / 0.77 27.50 12.43 / / 0.99
10 Melilite 48.15 8.28 6.90 15.28 10.50 0.61 10.28 /

S3 11 MgFe2O4 46.74 13.92 31.50 / / 1.74 6.10 /
12 Ca2SiO4 54.20 / 0.64 30.21 13.20 / / 1.75
13 Melilite 43.84 7.51 10.48 18.77 9.23 / 10.17 /

Figure 3 shows that, as the addition of copper slag rose from 0% to 5%, the oxida-
tion degree of Fe2+ and the yield of MgFe2O4 increased dramatically. The formation of
MgFe2O4 increased significantly from 60.32% to 86.57%, whereas the oxidation degree of
Fe2+ remained roughly constant at 95.85% when the copper slag addition was greater than
10%. As a result, 10% copper slag addition was chosen for the subsequent experiments.
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2.1.2. Effect of Oxidation Temperature

Figure 4 depicts the XRD results of the oxidation slags at different temperatures
under the parameters of 10% copper slag addition and a 10 min oxidation period. The
phases in the oxidation slags are β-Ca2SiO4, MgFe2O4 and melilite. The diffraction peak
of MgFe2O4 increases initially and then decreases as the temperature increases, whereas
the diffraction peak of melilite increases dramatically, presumably due to the Fe and Mg
elements decomposing from MgFe2O4, forming melilite at high temperatures.
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Furthermore, together with the Rietveld refinement analysis, as shown in Figure 4c,
it is found that the greatest content of MgFe2O4 is 34.91% at 1450 ◦C. Figure 4b depicts
an enlarged version of the dotted line area in Figure 4a. According to Bragg′s law [32],
the relationship between the diffraction angle and interplanar spacing is as shown in
Equation (6):

2d sin θ = nλ (4)

where d is the interplanar spacing, θ is the diffraction angle, n is the diffraction order and λ

is the wavelength of Cu-Kα radiation.
The diffraction angle shifts to greater angles as the interplanar separation decreases.

The ionic radii of Fe3+ (0.64 Å) and Al3+ (0.51 Å) are similar, allowing Fe3+ to be replaced
with Al3+, causing the diffraction angle of MgFe2O4 to become higher. As the temperature
increased, more Al3+ was dissolved in MgFe2O4, resulting in the diffraction angle of
MgFe2O4 shifting to greater angles. The doping of Al3+ will affect the distribution of
cations in MgFe2O4, which will change the magnetism. Meanwhile, higher melilite content
will decrease the formation of magnetic MgFe2O4.

The microstructures of the oxidation slags at temperatures ranging from 1400 to
1500 ◦C are shown in Figure 5, while Table 2 shows the atomic percentages of the relevant
spectral spots. The yield of MgFe2O4 obtained through magnetic separation is closely
related to its particle size. As shown in Figure 5a, the magnetic phases develop into tiny
dendritic crystals along the direction of the nucleus. The size of the MgFe2O4 particles
increases with the temperature, reaching a maximum of 60 µm, suggesting that a higher
temperature can promote the formation and growth of MgFe2O4. Table 2 shows that the
MgFe2O4 phase contains more Al at 1500 ◦C, indicating that higher temperatures can
replace Fe3+ with Al3+. Therefore, an overly high oxidation temperature will inhibit the
synthesis of MgFe2O4.



Recycling 2025, 10, 81 7 of 14

Table 2. Atomic percentages of the spectrum points corresponding to Figure 5 (wt %).

Sample Point Phase O Mg Fe Ca Si Mn Al P

S4 1 MgFe2O4 48.83 14.80 32.72 0.19 / 1.80 1.66 /
2 Ca2SiO4 52.63 / / 29.56 16.21 / / 1.60
3 Melilite 47.28 8.97 6.37 18.73 9.44 / 9.21 /

S5 4 MgFe2O4 53.18 13.10 23.32 / / 1.55 8.85 /
5 Ca2SiO4 51.91 / 0.32 30.51 15.74 / / 1.52
6 Melilite 41.11 9.46 12.39 17.53 8.30 / 11.21 /
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As shown in Figure 6, the influence of different oxidation temperatures on the oxi-
dation degree of Fe2+ and the yield of MgFe2O4 is evident. It is observed that, with an
increase in the oxidation temperature from 1400 to 1500 ◦C, there is a corresponding rise
in the oxidation degree from 82.58% to 96.10%. This phenomenon can be attributed to the
enhanced molecular diffusion rate at higher temperatures. An increase in the oxidation
temperature can improve the kinetic conditions of the oxidation reaction and increase
the mass transfer rate of iron ions (Fe2+ and Fe3+) and O2− in the slag, which is not only
beneficial for the increase in the particle size of MgFe2O4, but also improves the yield of
the magnetic phase in the magnetic separation process. Conversely, the yield of MgFe2O4

exhibits an initial increase, followed by a subsequent decrease, reaching a maximum value
of 90.31% at an oxidation temperature of 1450 ◦C.
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2.1.3. Effect of Oxidation Time

Figure 7a,b show the XRD results and Rietveld refinement analysis, respectively, after
different oxidation times, with 10% copper slag addition and an oxidation temperature
of 1450 ◦C. The diffraction peak intensity and the content of β-Ca2SiO4 and MgFe2O4 are
basically consistent, but those of melilite gradually increase.
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refinement analysis.

Figure 8 and Table 3 show the microstructures and EDS results of the oxidation slags,
respectively. Figure 8a–c demonstrate that the magnetic phases are MgFe2O4, with the
amount and size of the particles obviously increasing with an increase in the oxidation
time, indicating that the oxidation time is conducive to the growth of the MgFe2O4 phase.
In addition, the presence of phases such as β-Ca2SiO4 and melilite has been confirmed
through XRD analysis. Furthermore, it has been observed that, with an oxidation time
of 5 min, the formation of dendritic crystallites of MgFe2O4 particles occurs, and these
particles undergo further development into a regular octahedron with an increase in the
oxidation time. Under the same amount of copper slag addition and oxidation temperature,
an increase in the oxidation time improves the oxidation degree and also facilitates the
aggregation and growth of MgFe2O4 particles. With the increase in the oxidation time, the
microstructure of the MgFe2O4 particles transforms from fine crystalline to polyhedral,
and the size of the particles increases significantly, which is beneficial for subsequent
magnetic separation.

However, an increase in the melilite content has been observed to disrupt the phase
growth of MgFe2O4 at an oxidation time of 15 min, resulting in a reduction in the magnetite
size, thereby hindering the separation of the magnetic phases.
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Table 3. Atomic percentages of the spectrum points corresponding to Figure 8 (wt %).

Sample Point Phase O Mg Fe Ca Si Mn Al P

S6
1 MgFe2O4 54.46 13.52 28.63 / / 1.69 1.70 /
2 Ca2SiO4 51.93 / 0.22 30.66 15.46 / / 1.73
3 Melilite 42.98 6.41 6.17 20.39 15.58 / 8.47 /

S7
4 MgFe2O4 46.36 14.87 30.23 / / 1.64 6.89 /
5 Ca2SiO4 57.87 / 0.48 27.44 11.49 / / 2.72
6 Melilite 45.33 8.06 8.99 18.47 8.83 / 10.32 /

Figure 9 illustrates the impact of different oxidation times on the oxidation degree of
Fe2+ and the yield of MgFe2O4. The oxidation degree increases significantly with increasing
oxidation times from 5 to 10 min. Nevertheless, when the oxidation time is extended to
15 min, the oxidation degree demonstrates a gradual upward trend, suggesting that the
majority of the Fe2+ in the oxidation slags has been oxidized to Fe3+. Additionally, the yield
of MgFe2O4 attained its maximum at 10 min, substantiating the recommendation of an
oxidation time of 10 min.
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2.2. Magnetic Separation Product Analysis

Table 4 shows the chemical compositions of the oxidation slags. It can be seen that,
with an increase in copper slag addition, there is almost no FeO in the oxidation slag,
indicating that the oxidation reaction is completed, and the FeO in the BOF slag and copper
slag is oxidized to Fe2O3. Figure 10 shows the XRD results of the magnetic product and non-
magnetic slag of the S2 sample after magnetic separation. The main phase of the magnetic
product is MgFe2O4. Furthermore, as shown in Table 5, the main chemical components of
the magnetic product are MgO and Fe2O3, indicating that the magnetic product is a highly
pure magnetic MgFe2O4 material. The chemical composition of the non-magnetic slag is
similar to that of a cement clinker. The content of free CaO and free MgO is 0.81% and
0.68%, respectively, which improves the stability of the BOF slag and makes it applicable
for use as a construction material. The synergistic oxidation process of BOF slag and copper
slag achieves the goal of the comprehensive utilization of metallurgical solid waste.
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Table 4. Chemical compositions of oxidation slags (wt%).

Copper Slag
Addition/Mass % TFe FeO Fe2O3 CaO SiO2 MgO Al2O3 MnO P2O5

0 17.76 5.27 19.52 45.98 11.96 8.23 5.63 2.03 1.78
5 18.69 0.23 26.44 44.49 13.07 8.05 4.10 1.94 1.70
10 19.88 0.09 28.30 42.61 13.86 7.79 4.02 1.81 1.61
15 21.23 0.08 30.24 40.49 14.76 7.50 3.76 1.70 1.52

Table 5. Chemical composition of the product after the magnetic separation of the S2 sample (wt%).

Composition CaO SiO2 MgO FeO Fe2O3 Al2O3 MnO P2O5 f-CaO f-MgO

Magnetic product 1.12 1.03 28.93 - 62.81 0.15 0.12 0.10 - -
Non-magnetic slag 47.65 18.91 4.86 0.05 1.07 4.76 1.36 1.24 0.81 0.68

3. Materials and Methods
3.1. Materials

The BOF slag and copper slag used in the experiment were taken from a steelmak-
ing company and a copper-smelting plant in China, respectively. The chemical compo-
nents of the two slags are listed in Table 6. The total content in BOF slag and copper
slag was 17.76% and 44.73%, respectively; this was measured by chemical titration with
potassium dichromate according to the national standards of GB/T 6730.65-2009 and
GB/T 6730.8-2016 [33,34]. The other components were assessed through X-ray fluorescence
(XRF) analysis.

XRD analysis was used with an X-ray diffractometer (X′pert PRO, PANalytical, Nether-
lands) to determine the phase compositions of the BOF slag and copper slag with Cu Kα

radiation (40 kV, 40 mA, wavelength 0.154 nm), and the scanned angular range varied from
10◦ to 80◦ with a scanning speed of 0.2◦/s. The XRD patterns of the two slags are presented
in Figure 11. The main phases of BOF slag are dicalcium silicate (Ca2SiO4), dicalcium
ferrite (Ca2Fe2O5), the RO phase, free lime and periclase, while copper slag consists of
fayalite (Fe2SiO4) and magnetite (Fe3O4). Moreover, the content of f-CaO and f-MgO in the
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BOF slag were detected by chemical extraction according to the GB/T 176-2017 national
standard and the studies of Uehara et al. and Hanada et al., respectively [35–37].

Table 6. Chemical compositions of BOF slag and copper slag (wt %).

TFe FeO Cu CaO SiO2 MgO Al2O3 MnO P2O5 f-CaO f-MgO

BOF slag 17.76 15.56 - 43.69 12.48 6.77 6.08 2.12 1.86 4.30 1.82
Copper slag 44.73 37.31 0.32 2.63 30.31 2.21 3.56 - - - -
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3.2. Experimental Procedure

The oxidation experiment was carried out in a high-temperature furnace (Shang-
hai Jujing Precision Instrument Manufacturing Co., Ltd., Shanghai, China), as shown in
Figure 12a, while Figure 12b depicts the wet magnetic separator (XCGS-50, Beijing Grand
BoYu Technology Co., Ltd., Beijing, China), with a maximum magnetic flux density of
300 mT. Here, 30 g BOF slag was placed in a corundum crucible, which was placed into
the constant-temperature zone of the tube furnace. The BOF slag was heated to the target
temperature (1400 ◦C, 1450 ◦C and 1500 ◦C) to simulate the molten state of BOF slag during
discharge under a high-purity argon atmosphere and held for 10 min to uniformize the
slag. Then, crushed copper slag particles with granularity of less than 74 µm and oxygen
gas were simultaneously injected into the molten BOF slag through the hanging corundum
tube (OD 8 mm, ID 6 mm), and the flow rate of the oxygen gas was 1 L/min. The range of
copper slag addition was selected as 5% to 15%. When the oxidation time (5 min, 10 min
and 15 min) was reached, the crucible was taken out and cooled in air at room temperature
to obtain oxidation samples. The oxidation experiment’s conditions are shown in Table 7.

Next, 10 g of the oxidation slag was ground in a ball mill, and magnetic separation was
carried out in a wet magnetic separator with a magnetic tube. To ensure that the particles
were completely moist, the dry sample was placed in a beaker and deionized water was
added. Then, we slowly poured the sample from the beaker into a magnetic separation
tube filled with water, and the magnetic phase in the oxidation slag adhered to the two
magnetic poles on the tube wall under the action of electromagnetism, while the non-
magnetic slag was discharged outside the tube with the water flow. Following magnetic
separation, the obtained materials, including the magnetic material and non-magnetic slag,
were oven-dried for further examination.
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Table 7. Oxidation experiment conditions.

Oxidation Slag
Sample

Copper Slag Addition
/Mass %

Oxidation
Temperature/◦C

Oxidation
Time/min

S0 0 1450 10
S1 5 1450 10
S2 10 1450 10
S3 15 1450 10
S4 10 1400 10
S5 10 1500 10
S6 10 1450 5
S7 10 1450 15

3.3. Characterization

The synergistic oxidation process of BOF slag and copper slag converts the Fe2+ from
the two slags to Fe3+. Therefore, in order to better define the oxidation degree of Fe2+ in the
oxidation slags, the concept of the oxidation degree is proposed in this work, as shown in
Equation (5). Furthermore, the yields of magnetic MgFe2O4 following magnetic separation
were determined based on Equation (6).

Oxidation degree (%) =
w(Fe2+)m − w(Fe2+)o

w(Fe2+)m
× 100% (5)

γ =
m2

m1
× 100% (6)

where w(Fe2+)m and w(Fe2+)o are the content of Fe2+ in the BOF slag and copper slag
and the oxidation slag, respectively, %; γ is the yield of MgFe2O4, %; m1 is the content of
MgFe2O4 theoretically generated, %; and m2 is the content of MgFe2O4 in the oxidation
slag, %.

The content of TFe and Fe2+ in the oxidation slags was measured by chemical titra-
tion. The microstructure of the oxidation slags was characterized by scanning electron
microscopy (Zeiss Ultra Plus, Germany) combined with energy-dispersive spectrometry
(EDS), respectively.

4. Conclusions
The present study investigated the synergistic treatment of BOF slag and copper slag

via oxidation–magnetic separation for the preparation of magnetic MgFe2O4 material and
non-magnetic slag stabilization. The effects of the oxidation parameters on the phase trans-
formation and the morphology of MgFe2O4 were also studied. The following conclusions
can be drawn.
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(1) The addition of copper slag can facilitate the dicalcium ferrite in BOF slag and fayalite
in copper slag to release simple iron oxides of FeO and Fe2O3, and it promotes the
formation of magnetic MgFe2O4.

(2) An increase in both the oxidation temperature and oxidation time resulted in an
increase in the size of the MgFe2O4 particles, which is conducive to the separation of
the magnetic MgFe2O4.

(3) The optimal oxidation conditions include 10% addition of copper slag, an oxidation
temperature of 1450 ◦C and a 10 min oxidation time, resulting in a maximum oxidation
degree of Fe2+ and yield of MgFe2O4 of 95.85% and 90.31%, respectively.

(4) This process results in the removal of free CaO and free MgO from the BOF slag, and
the non-magnetic slag is predominantly composed of Ca2SiO4, which can be utilized
as a construction material.
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