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Abstract: The treatment of large amounts of copper slag is an unavoidable issue resulting from the
high demand for copper during the global transition to a sustainable development path. Metal-rich
copper slag might serve as a potential source of metals through secondary recovery. In this study,
two copper slags (CS1 and CS2) with different metallurgical properties were characterized, focusing
on secondary metal recovery. The X-ray diffraction (XRD) results show that fayalite (Fe2SiO4) and
magnetite (Fe3O4) were the main crystalline phases in both CS1 and CS2. In addition, CS2 exhibited
a more stable amorphous silicate network than CS1, which was attributed to the differences in the
content of Si-O-3NBO linkages. The sequential extraction of Zn, Cu, Fe, and Pb from the slags was
also explored, with the Cu content in CS1 being substantially lower than that in CS2. All metals
were distributed in the F5 residue fraction. Cu was the most mobile metal as a result of the large
proportion of soluble fractions (F1–F3), followed by Zn and Fe. This study explored the chemical
speciation of Zn, Cu, Fe, and Pb from copper slags, which has practical implications for secondary
metal recovery from such materials.

Keywords: copper slag; metal elements; BCR extraction method; metal recovery

1. Introduction

Climate change and energy consumption are driving the world towards a sustainable
development path [1–3], and over the next 30–50 years, a stable supply of copper will be
an essential factor in this process [4,5]. The global demand for copper is expected to reach
approximately 62 million tons by 2050, with a substantial increase in this demand coming
from renewable energy plants and electric vehicles [6,7]. Meeting such a large demand for
copper presents both technical and environmental challenges [8,9].

Copper slag is a byproduct of the copper extraction process, and the vast majority of
copper slag is discarded and disposed of as waste [10,11]. For every ton of copper produced,
approximately 2.2–3 tons of copper slag are generated [12,13]. With a guaranteed demand
for copper, global copper slag production is expected to increase considerably and exceed
136.4 million tons by 2050 [14,15], leading to environmental problems, such as an increasing
need for landfill space. Therefore, addressing the issues arising from meeting the demand
for copper is a critical step toward sustainable development.

Solid waste utilization is an approach to achieving sustainable development in many
fields [16]. The construction industry has been considered a promising market for copper
slag recycling [17]. For example, Mohamad et al. [18] showed that replacing 40% of fine
sand with copper slag was effective in increasing the compressive and bending strength
of concrete by 30% and 14%, respectively. In another study, Rajasekar et al. [19] produced
ultra-high-strength concrete by replacing quartz sand with copper slag, leading to superior
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durability properties. Furthermore, Gursel et al. [20] showed that an increased copper slag
substitution rate lowered the energy consumption and environmental impact of concrete.
However, researchers have also observed that an excessively high copper slag content
would introduce new problems, such as concrete bleeding and a decrease in compressive
strength [21,22]. Moreover, metals in the copper slag might leach out of the concrete, posing
a serious environmental threat [23].

The recovery of metals from copper slag, known as secondary metal recovery, not
only maximizes the value of resources, but also responds to stable market demand [24].
Nowadays, secondary metal recovery is an important research direction for copper slag
utilization and recycling and has received increased attention in recent years [25,26]. For
example, Shi et al. [27] studied the effect of calcium borate additives on copper precipitation
from copper slag. Furthermore, Roy et al. [28] investigated the recovery of copper from
smelting slag by ammonia and sulfuric acid leaching and demonstrated that sulfuric acid
is more favorable as a leaching agent at atmospheric pressure. To date, researchers have
mainly employed cumbersome leaching processes to assess secondary metal recovery from
copper slag. Moreover, the underlying mechanism behind the recovery differences among
copper slag samples remains poorly understood.

Therefore, in this study, we systematically characterized two copper slag samples
by analyzing their physical, chemical, and surface properties and the differences in their
silicate networks. In addition, we investigated the distribution patterns of Zn, Cu, Fe, and
Pb in the copper slag samples and determined the feasibility of their recovery. This study
has important practical implications for treating large amounts of copper slag, a new source
of valuable metals.

2. Experimental Methods
2.1. Copper Slag Sampling and Preparation

The copper slag samples were obtained from two mining and metallurgy companies.
Copper slag 1 (CS1) was sampled from Anqing Jin’an Mining Industry Co., Ltd., located
in the Qingtian Township Government Institute, Yuexi County, Anqing, Anhui Province,
China (32◦25′19′′ N, 115◦58′45′′ E). The slag was obtained via the Ausmelt technology,
which is a complex pyrometallurgical process for extracting metals from metal minerals
and wastes [29]. The raw materials were crushed and pre-treated, then introduced into
the Ausmelt furnace for smelting. Oxygen was added to maintain proper redox condition,
ensuring the accuracy and stability of the smelting reaction. The metal would be separated
from the raw materials for collection, while the slag was byproduct generated during the
smelting process [30,31]. Copper slag 2 (CS2) was sampled from Jinlong Copper Co., Ltd.,
located in Gongshan Town, Nanling County, Wuhu, Anhui Province, China (30◦55′44′′ N,
117◦47′33′′ E). The slag was obtained via the (Outotec) Double flash technology, which
was a high-temperature redox smelting process for treating metal sulfide minerals [32,33].
The raw materials were crushed and pre-treated, then introduced into the Double flash
furnace. During the flash smelting, the sulfur along with some non-ferrous substances
in the minerals were oxidized to form metallic substances. In the converter, metallic
substances were further extracted and refined to collect the metal, with the slag being a
byproduct of the smelting process [34,35]. Both the slag samples were treated by slow
cooling in a ladle (24 h of free air cooling and 48 h of cooling under water sprays) [36]. The
samples were obtained from the cleaned slags following milling and flotation, after which
they were air-dried and stored for subsequent investigations [37].

2.2. Characterization Experiments

The true density of the copper slag samples was measured using a TD-1100 true
density analyzer (Beijing Builder Electronic Technology Co., Ltd., Beijing, China), and
their pH was determined with an 848 Titrino plus automatic potentiometric titrator (Swiss
Aptar China Ltd., Suzhou, China) at a solid–water ratio of 1:1 [38]. The samples were
immersed in deionized water at a 1:1 solid–water ratio and the electrical conductivity
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(EC) was measured using a Raycom DDSJ-308F conductivity meter (Shanghai Oustor™
Industrial Co., Shanghai, China) [38]. The cation exchange capacity (CEC) was measured
via the hexamminecobalt (III) trichloride solution-spectrophotometric method [39,40], and
the elemental composition was determined using an S4 Pioneer X-ray fluorescence (XRF)
spectrometer (Bruker AXS, Karlsruhe, Germany). The particle size distributions and
specific surface areas were obtained using a Mastersizer 3000 particle size analyzer (Malvern
Panalytical, Malvern, UK) according to the manufacturer’s instructions [41]. Surface images
were obtained by scanning electron microscopy (SEM; JEOL IT-500HR, Tokyo, Japan).

The phase composition of the copper slag was analyzed by X-ray diffraction [42,43]
(XRD; Empyrean, PANalytical, Almelo, The Netherlands). The samples were loaded
directly onto the quartz substrate, and the XRD patterns were fitted using the Rietveld
method and GSAS 1.00 software [44,45]. The original XRD profile and the ZnO structure
file were simultaneously loaded into the TOPAS quantitative analysis software [46], and
parameters such as the goniometer radius of the equipment and the zero-correction value
were set. The cell parameters, atomic coordinates, scattering factors, and fitting were
modified after the corresponding phase structure files were imported. The relative fraction
of each crystal phase was obtained using TOPAS. The amorphous phase fraction can only
be calculated using the crystal phase fraction; therefore, 20% ZnO was added before the
XRD experiments to carry out the normalization process.

The Fourier transform infrared (FTIR) spectra of the copper slags were recorded using
a Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the
wave number range of 4000–400 cm−1. The samples and KBr powder were compacted
together and loaded onto the sample plate. The FTIR spectra were deconvoluted in the
wave number range of 1150–750 cm−1. Because of the overlapping absorption peaks present
in this region, deconvolution (a half peak width of 40 cm−1 and a band enhancement factor
of 3) was performed using the OMNIC software, and the second-order derivatives of the
spectra were obtained using the 7-point Savitzky–Golay function. The relative positions of
the overlapping peaks were obtained by referring to the deconvolution and second-order
derivatives of the infrared spectra in this region. The Origin software was used for baseline
selection, and the residuals were minimized by multiple Gaussian curve fitting to calculate
the area of each sub-peak.

Depth profiling was performed on Thermo Scientific™ K-Alpha™ (Thermo Scientific,
Waltham, MA, USA). The etching time was selected as 0 s, 100 s, 200 s, and 300 s. The
monochromated Al target (E = 1486.68 eV) was selected as the excitation source type with
an etch voltage of 3000 eV. The pass energies of 150 eV and 30–40 eV were chosen for the
full and fine spectra, respectively. The vacuum was less than 1.0 × 10−8 mbar with the
work function of 4.2 eV. The binding energies (BEs) of the spectra were all calibrated with
the hydrocarbon contamination C 1s peak located at 284.8 eV because no organic matter
was present. When fitting the spectra with the XPS Peak 4.1 software, a Shirley background
was selected. The overlapping of the peaks due to core-level splitting was fixed and a
Gaussian/Lorentzian hybrid function was used to describe the peak patterns. Gaussian
peak fitting is a common data-fitting method to fit data with multiple peaks [47] and extract
useful information [48]. This method involves superimposing multiple Gaussian functions
to generate a compound function and then fitting the data using the least squares method.

2.3. Pseudo-Total Concentrations

Pseudo-total concentrations were determined by microwave-assisted digestion (30 min,
180 ◦C, 1200 W, and 10 bar) of the copper slag samples (~0.5 g) with concentrated HF, HNO3,
and HClO4 in Teflon® PFA containers. Thereafter, the samples were placed on a hot plate
and evaporated to dryness. The elemental concentrations of the solutions were measured
using an inductively coupled plasma-optical emission spectrometer (ICP-OES) (Thermo
Electro Co., Waltham, MA, USA). Pseudo-total concentrations were obtained because the
acid digestion might not have completely destroyed the silicates, leaving a small amount of
metal within the copper slags.
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2.4. Sequential Extraction Experiments

The sequential extraction method, used to analyze chemical forms [49], was performed
in this study following the Commission of the European Communities (BCR) extraction
procedure [50,51], with modifications. The process was carried out as described below.

For the water-soluble fraction (F1), 1 g of the CS1 and CS2 samples was placed into
corresponding 50 mL polypropylene bottles, 40 mL of ultrapure water was added, and
the mixture was shaken at 25 ◦C for 16 h. For the acid-soluble fraction (F2), 40 mL of
0.11 mol·L−1 CH3COOH was added to the residue of F1 and was shaken at 25 ◦C for 16 h.
To obtain the reducible fraction (F3), 40 mL of 0.5 mol·L−1 NH2OH·HCl (pH = 1.5, adjusted
with HNO3) was added to the residue of F2 and shaken at 25 ◦C for 16 h. For the oxidizable
fraction (F4), 10 mL of 30% H2O2 was added to the residue of F3; the mixture was shaken at
25 ◦C for 1 h, and the liquid was then evaporated by shaking at 85 ◦C for 1 h. Subsequently,
another 10 mL of 30% H2O2 was added and evaporated by shaking at 85 ◦C for 1 h. Next,
50 mL of 1.0 mol·L−1 CH3COONH4 (pH = 2, adjusted with HNO3) was added, and the
mixture was shaken at 25 ◦C for 16 h. The final residue fraction (F5) was obtained by
adding 2.5 mL of 46% HF, 7 mL of 60% HNO3, and 0.5 mL of 30% H2O2 to the F4 residue
in a Teflon container, which was microwaved at 220 ◦C for 20 min.

The copper slag samples were passed through a 0.15 mm sieve before conducting
the sequential extraction experiments [52]. After centrifugation at 3000 rpm for 20 min,
the supernatant from each step was separated from the solid residue and decanted into a
polyethylene tube. The fine particles were removed from the supernatant using a 0.20 µm
membrane filter. The solid residue from each step was washed by adding 20 mL of
deionized water and shaking the mixture for 15 min; after centrifugal separation and
discarding the supernatant, the residue was used in the subsequent steps. Moreover, the
leaching percentage was defined as the ratio of the leached amount to the total elemental
content, that is, the sum of the elemental contents of F1 to F5 [53].

3. Results and Discussion
3.1. Basic Characterization of Copper Slag Samples

Tables 1 and 2 present the physical and chemical properties of the CS1 and CS2 samples,
respectively; differences are observed between CS1 and CS2 as they were produced via
different processes. Differences in the contents of different chemical components such as S,
Cu, Ca, and Mg between the CS1 and CS2 significantly affected their pH and CEC values.
CS1 has a lower pH because of its high S content, while its lower Cu, Ca, and Mg contents
may be contributing to its higher CEC values. These differences may be attributed to two
different production processes (Ausmelt and Double flash technologies) that affect the
distribution of chemical constituents and thus the physical and chemical properties.

Table 1. Physical properties of copper slag samples.

Parameters CS1 CS2 Parameters CS1 CS2

True Density (g/cm3) 3.98 3.91 Electrical conductivity (mS/cm) 24.30 23.30
pH 6.85 7.08 CEC (cmol+/kg) 61.40 59.50

Table 2. Chemical composition of copper slag samples.

Component CS1 (wt.%) CS2 (wt.%) Component CS1 (wt.%) CS2 (wt.%)

O 38.90 38.50 Mo 0.13 0.30
Fe 34.95 34.31 Ba 0.11 0.02
Si 16.40 15.84 As 0.09 0.17
Al 3.01 2.59 Mn 0.05 0.05
Zn 1.42 1.34 P 0.04 0.04
K 1.20 1.02 Cr 0.03 0.01
Ca 1.15 2.66 Sb 0.02 0.02
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Table 2. Cont.

Component CS1 (wt.%) CS2 (wt.%) Component CS1 (wt.%) CS2 (wt.%)

Mg 0.85 1.36 Cl 0.01 0.01
Na 0.72 0.86 Ni 0.01 n.d.
Pb 0.24 0.25 Sr 0.01 0.01
S 0.20 0.08 V 0.01 0.01
Ti 0.18 0.16 Co n.d. 0.01
Cu 0.14 0.29

Figure 1 shows the cumulative particle size distribution of the copper slag samples.
The accumulation percentages of CS1 and CS2 exceed 88% at 66.89 and 100 µm, respectively,
and CS1 exhibits a smaller particle size distribution and larger specific surface area than
CS2. CS1 has a smaller particle size distribution and a larger specific surface area which
lead to more surface contact as well as a tighter packing, thus contributing to the physical
properties of higher conductivity and true density of CS1 than CS2.
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Figure 1. Particle size accumulation distribution of copper slag samples.

Figure 2 depicts the SEM images of CS1 and CS2 at different magnifications. The slags
consist of irregular particles with sharp edges and a glassy appearance on their surfaces,
indicating the presence of glass phases.
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3.2. XRD Analysis

Figure 3 shows the XRD spectra of the copper slag samples. CS1 and CS2 exhibit the
same percentage composition of amorphous phases (37.37%), and their major crystalline
phases include fayalite (Fe2SiO4) and magnetite (Fe3O4), in agreement with the litera-
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ture [54,55]. The proportion of fayalite in CS1 is 8.38% higher than that in CS2, indicating a
notable difference in their compositions.
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3.3. FTIR Spectral Analysis

Figure 4 presents the FTIR spectra of the copper slag samples, which show two main
transmittance bands associated with the characteristic vibrations of silicates. The first
occurs between 400 and 600 cm−1 and is associated with Si-O-Si bending vibrations [56,57],
and the second appears between 700 and 1200 cm−1 and is associated with the stretching
vibrations of the SiO4 tetrahedral groups [58,59]. The peak near 827 cm−1 is attributed to
Si-O-Si symmetric stretching [27], and those near 873, 921, 948, and 2049 cm−1 are assigned
to the stretching vibrations of Si-O-4NBO, Si-O-3NBO, Si-O-2NBO, and Si-O-1NBO, re-
spectively [60,61]. The second major transmittance band is analyzed using Gaussian peak
fitting to investigate the differences in the connection structures of the silicates in CS1 and
CS2, as shown in Figure 5 [62].
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Figure 5 displays the deconvoluted FTIR spectra of CS1 and CS2. The deconvoluted
peaks are assigned to five major vibrations, which are consistent with the results in Figure 4.
Table 3 shows the characteristic peak parameters of the CS samples. The peak near 826 cm−1

is related to Si-O-Si symmetric stretching [27], and the relative areas of this vibration for CS1
and CS2 are 7.69% and 27.12%, respectively. Moreover, the relative areas of the Si-O-4NBO,
Si-O-2NBO, and Si-O-1NBO peaks exhibit no substantial differences between the samples.
Finally, the relative areas of Si-O-3NBO for CS1 and CS2 are 30.37% and 9.98%, respectively.
The above results indicate that CS2 has a stronger covalent Si-O-Si bonds connecting the
SiO4 tetrahedra and fewer NBO ionic bonds than CS1, implying that CS2 exhibits a more
stable amorphous silicate network [62].

Table 3. Deconvolution characteristic peak parameters of copper slag samples.

Assignments CS1 CS2
Fitting Center (cm−1) Relative Area (%) Fitting Center (cm−1) Relative Area (%)

Si-O-Si symmetric stretching 827 7.69 825 27.12
Si-O-4NBO 873 33.07 873 38.21
Si-O-3NBO 921 30.37 921 9.98
Si-O-2NBO 948 5.91 953 6.65
Si-O-1NBO 1049 22.96 1051 18.04

3.4. XPS Analysis

Figure 6 shows the XPS spectra of the CS samples at the etching time of 300 s, where
the main characteristic peak is that of O1s [23]. The Zn 2p, Cu 2p, Fe 2p, and Pb 4f peaks
are observed in both samples, which is consistent with the analysis in Table 2. The spectra
of Zn 2p, Cu 2p, Fe 2p, and Pb 4f are shown in Figure 7 for a further analysis of the surface
chemical composition of the four elements [63,64].

The deconvoluted XPS spectrum at the etching times of 0 s, 100 s, and 200 s are
provided in the Supplementary Materials (Figures S1–S3). Figure 7 shows the deconvoluted
XPS spectra of the copper slag samples at the etching time of 300 s; the predominant peaks
of CS1 at 1044.7 and 1021.7 eV (∆BE = 23 eV) in Figure 7a are attributed to the Zn 2p1/2 and
Zn 2p3/2 signals of ZnO, respectively [65,66]. In the Zn 2p region of CS2 in Figure 7a, Zn
2p signals with substantially decreased intensity are also detected at 1044.6 and 1021.6 eV,
indicating the presence of ZnO in CS2. As shown in Figure 7b, the fine scan spectra of Cu 2p
could be fitted by the peaks located at 934.0 and 954.0 eV, corresponding to Cu 2p3/2 and Cu
2p1/2, respectively, where the spin-orbit splitting energy is determined to be 19.75 eV [67].
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The peaks at 934.0 and 954.0 eV are considered to be Cu2+, which was also observed in
the sequential extraction experiments [68–71]. In Figure 7c, the BE peaks of 724.2, 723.0,
720.3, 713.6, 710.0, and 706.0 eV are attributed to Fe2O3 2p1/2, Fe2+ 2p1/2, Fe 2p1/2, Fe2O3
2p3/2, Fe2+ 2p3/2, and Fe 2p3/2, respectively [72,73]. The signal for the Fe arises from the
reduction of iron oxide by Al ions during deep etching. In Figure 7d, the BE peaks of
144.7 and 139.8 eV are attributed to the Pb 4f5/2 and Pb 4f7/2 signals of Pb3O4, respectively,
with a ∆BE of 4.9 eV [74]. The observed differences in Pb, as compared to the PbO forms
observed in the literature [75], can be attributed to factors including surface oxidation, peak
overlap, and the XPS predominantly characterizing the surface composition.
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3.5. Sequential Extraction Analysis

Figure 8 shows the results of the sequential extraction of Zn, Cu, Fe, and Pb from
CS1 and CS2, and Tables 4 and 5 present the numerical results. The total Zn content
in CS1 and CS2 is 18,589.3 and 16,613.0 mg/kg, respectively. Moreover, the sum of the
leaching percentages of F1 to F4 is 24.8% for CS1 and 19.1% for CS2, suggesting a higher
susceptibility of Zn to leaching in CS1. In F1, the leaching percentage of Zn is 0.26% for
CS1 and 0.02% for CS2, indicating that Zn is more easily released in the former than in
the latter in an ultrapure water environment. This effect may be related to the higher Zn
content on the surface of CS1 relative to CS2, as shown in the XPS analysis. In F2 and F3,
the slags leach more Zn than in F1, which is significantly attributed to the solubilization of
ZnO [76,77]. The XRD data demonstrate the presence of Zn-containing minerals, while the
XPS analysis confirms the presence of Zn primarily in the form of ZnO on the slag surface.
The higher leaching in CS1 could be a result of the greater surface exposure of ZnO, as
suggested by the intensity of the Zn peaks in the XPS spectra. In F4, CS1 leached more
Zn than CS2 due to the higher ZnS content of CS1 than CS2, as shown in Table 2 [78,79].
Moreover, more than 75% of the Zn in CS1 and CS2 is leached in F5, which is associated
with Zn’s integration into the silicate matrix, a conclusion supported by the FTIR analysis
that shows a strong Si-O network where Zn could be complexed.
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The total Cu content of CS2 is twice that of CS1, which is consistent with the results in
Table 2. In F1, the leaching content of CS1 and CS2 is very low: 1.6 and 8.8 mg/kg, respec-
tively. By contrast, in F2, the samples exhibit high leaching contents of 500 and 1458 mg/kg,
respectively, which may be attributed to the contribution of acid-soluble CuO [80,81]. This
heightened leaching can be largely ascribed to the dissolution of acid-soluble CuO, a sup-
position supported by the XPS data which identified copper predominantly in the Cu2+

state. In F2, CS1 and CS2 exhibit 27.09% and 37.96% leaching, respectively, demonstrating
the high bioavailability and instability of Cu [82]. In F3, CS2 yields 97.1 mg/kg, while
no effective leaching is observed for CS1. In F4, the samples exhibit similar leached Cu
contents, related to the sulfide fraction and organocopper compounds, detailed by the fine
scan XPS spectra [83–85]. The F5 fraction of Cu in CS1 and CS2 is approximately 42%, the
smallest among the four elements. This implies that a significant portion of copper remains
bound within the silicate matrix, and is only released upon the application of the rigorous
extraction conditions inherent to F5. The congruence of the leaching rates in this fraction
further underscores the XRD findings of a substantial and stable silicate network within
the slags.
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Table 4. The sequential extraction results of the Zn, Cu, Fe, and Pb elements from the CS1 sample.

Elements (mg/kg) Zn Cu Fe Pb

F1 47.5 1.6 4.6 0.2
Leaching degree (%) 0.26 0.09 0.00 0.01

F2 262.5 500.0 1756.6 293.5
Leaching degree (%) 1.41 27.09 0.48 11.37

F3 2281.8 0.0 47,780.0 62.9
Leaching degree (%) 12.27 0.00 12.96 2.44

F4 2018.7 567.5 31,562.5 41.4
Leaching degree (%) 10.86 30.75 8.56 1.60

F5 13,978.7 776.3 287,577.5 2182.3
Leaching degree (%) 75.20 42.07 78.00 84.58
Total element content 18,589.2 1845.4 368,681.2 2580.3

Pseudo-total concentrations 15,619.3 1518.9 243,351.2 1862.1

Table 5. The sequential extraction results of the Zn, Cu, Fe, and Pb elements from the CS2 sample.

Elements (mg/kg) Zn Cu Fe Pb

F1 2.8 8.8 5.8 0.2
Leaching degree (%) 0.02 0.23 0.00 0.01

F2 328.3 1458.0 6554.0 83.6
Leaching degree (%) 1.98 37.96 1.89 3.31

F3 2243.8 97.1 46,300.0 72.0
Leaching degree (%) 13.51 2.53 13.32 2.85

F4 606.5 641.0 13,135.0 48.3
Leaching degree (%) 3.65 16.69 3.78 1.91

F5 13,431.5 1636.4 281,518.0 2320.8
Leaching degree (%) 80.85 42.60 81.01 91.92
Total element content 16,612.9 3841.3 347,512.8 2524.9

Pseudo-total concentrations 12,005.5 2861.5 298,735.8 2217.6

The leaching percentages of Fe in CS1 and CS2 are similar to those of Zn. Tables 4 and 5
show that most of the Fe is residual in F5. The leached content of Fe in F3 is greater than
in the other fractions, which is mainly attributed to the oxide contribution of Fe–Mn,
with XRD identifying iron-rich phases and XPS confirming the presence of both Fe2+

and Fe3+ [86,87]. Moreover, CS1 shows a greater leaching content than CS2 in F4. The
specific XRD data, which shows a greater presence of fayalite in CS1, combined with the
FTIR spectra indicating more non-bridging oxygen environments within its silicate matrix,
suggests a more complex and less stable iron structure. The XPS analysis corroborates this
by revealing a higher ratio of Fe2+ and Fe3+ on the surface of CS1 compared to CS2, which
could facilitate the oxidation and subsequent leaching of iron in the F4 fraction. The Pb
content in F5 is 84.57% and 91.91% for CS1 and CS2, respectively, indicating that Pb exists
mainly in the silicate form and is difficult to leach from the copper slags. Furthermore,
the XPS analysis provides evidence of oxidized Pb species, such as Pb3O4, on the slag
surface, which might contribute to its persistence in the matrix until the highly aggressive
conditions of F5.

More than 75% of the Zn, Fe, and Pb contents are present in notably stable phases in
CS1 and CS2, and the percentage of Pb in CS2 reaches 91.92%. Because of the high total
content of Fe and Zn in the copper slags, even at lower leaching rates, more of these metals
may be extracted than other metals with lower concentrations but higher leaching rates.

Approximately 42% Cu is present in F5 of CS1 and CS2, the leaching of which is
difficult [88]. Approximately 27% and 37% Cu could be easily leached in the natural
environments represented by CS1 and CS2, respectively. Moreover, these results show that
the proportion of elemental residues in CS2 is higher than in CS1, as confirmed by the FTIR
analysis, because of the more stable amorphous silicate network of CS2 compared to CS1.
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3.6. Significance of the Study

This work characterized two copper slags and investigated their metal element dis-
tribution using sequential extraction methods. The results revealed that Zn and Fe in the
copper slags can exhibit very high leaching contents, even at low leaching rates, because
of the high original contents of both metals. Elemental Cu can be leached at a high rate in
the natural environment, and Pb mainly exists in a stable phase in the copper slags. These
observations indicate that the two copper slags display great potential for Zn, Cu, and Fe
extraction. Furthermore, our results have practical implications for treating large amounts
of copper slag. For example, the characterization results show that most of the Pb in the
copper slag exists in the form of stabilized silicates. This is essential for environmental
safety because it means that even if these copper slags are used in landfills or as building
materials, only a small fraction of the Pb in the slag will be released, which helps us to
better assess and manage the environmental risks when planning the disposal strategy for
the copper slags. Finally, secondary metal recovery from copper slag is consistent with the
concept of circular economy and sustainable development [89], and this study provides a
theoretical basis for the recovery of Cu, Zn, and Fe metals from copper slag.

4. Conclusions

Copper slags from two processes were analyzed and characterized via XRD, FTIR,
and XPS. The leaching behavior of selected metals in the copper slags was investigated
using sequential extraction. The main findings of the study are as follows:

1. The physical and chemical properties of the CS1 and CS2 samples were different; for
example, CS1 had a lower pH than CS2, and the elemental Cu content of CS1 was less
than half that of CS2.

2. The XRD results revealed that CS1 and CS2 had the same percentage composition of
amorphous phases (37.37%), and their major crystalline phases were fayalite (Fe2SiO4)
and magnetite (Fe3O4).

3. The FTIR spectra revealed that CS2 had a more stable amorphous silicate network
than CS1.

4. The sequential extraction results show that, because of the high Fe and Zn contents
of the copper slags, high leaching contents can be obtained, even at low leaching
percentages. This indicates that copper slags are effective sources of Fe and Zn
extraction, which is one of the significant values for secondary recovery. In the natural
environment, approximately 27% and 37% of Cu could be easily leached from CS1
and CS2, respectively. Elemental Pb in the samples existed mainly as a stable phase.
Furthermore, the above results clarified the distribution and existence forms of the
four elements in copper slags, which provided a theoretical basis for the design of a
more effective secondary recovery process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14050420/s1, Figure S1: Fine scan XPS spectra of the copper
slag samples at the etching time of 0 s: (a) Zn 2p, (b) Cu 2p, (c) Fe 2p, and (d) Pb 4f. The gray line
shows the experimental values. The black line shows the fitted values of CS1 and CS2; Figure S2:
Fine scan XPS spectra of the copper slag samples at the etching time of 100 s: (a) Zn 2p, (b) Cu 2p,
(c) Fe 2p, and (d) Pb 4f. The gray line shows the experimental values. The black line shows the fitted
values of CS1 and CS2; Figure S3: Fine scan XPS spectra of the copper slag samples at the etching
time of 200 s: (a) Zn 2p, (b) Cu 2p, (c) Fe 2p, and (d) Pb 4f. The gray line shows the experimental
values. The black line shows the fitted values of CS1 and CS2.

Author Contributions: Conceptualization, Z.L., X.X. and C.Q.; methodology, Z.L., X.X. and C.Q.;
writing—original draft, Z.L., X.X. and C.Q.; writing—review and editing, Z.L., X.X., L.G., Q.C. and
C.Q.; supervision, C.Q.; funding acquisition, Q.C. and C.Q. All authors have read and agreed to the
published version of the manuscript.

https://www.mdpi.com/article/10.3390/cryst14050420/s1
https://www.mdpi.com/article/10.3390/cryst14050420/s1


Crystals 2024, 14, 420 12 of 15

Funding: This work was supported by the National Natural Science Foundation of China, grant
number 52004330.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Colasante, A.; D’Adamo, I.; Morone, P. What drives the solar energy transition? The effect of policies, incentives and behavior in

a cross-country comparison. Energy Res. Soc. Sci. 2022, 85, 102405. [CrossRef]
2. Rivera, N.; Guzmán, J.I.; Jara, J.J.; Lagos, G. Evaluation of econometric models of secondary refined copper supply. Resour. Policy

2021, 73, 102170. [CrossRef]
3. Xu, X.; Qi, C.; Aretxabaleta, X.M.; Ma, C.; Spagnoli, D.; Manzano, H. The initial stages of cement hydration at the molecular level.

Nat. Commun. 2024, 15, 2731. [CrossRef]
4. Hund, K.; La Porta, D.; Fabregas, T.P.; Laing, T.; Drexhage, J. Minerals for Climate Action: The Mineral Intensity of the Clean Energy

Transition; World Bank: Singapore, 2020.
5. Harmsen, J.H.M.; Roes, A.L.; Patel, M.K. The impact of copper scarcity on the efficiency of 2050 global renewable energy scenarios.

Energy 2013, 50, 62–73. [CrossRef]
6. Watari, T.; Northey, S.; Giurco, D.; Hata, S.; Yokoi, R.; Nansai, K.; Nakajima, K. Global copper cycles and greenhouse gas emissions

in a 1.5 ◦C world. Resour. Conserv. Recycl. 2022, 179, 106118. [CrossRef]
7. Zhang, L.; Chen, Z.; Yang, C.; Xu, Z. Global supply risk assessment of the metals used in clean energy technologies. J. Clean. Prod.

2022, 331, 129602. [CrossRef]
8. Fuentes, M.; Negrete, M.; Herrera-León, S.; Kraslawski, A. Classification of indicators measuring environmental sustainability

of mining and processing of copper. Miner. Eng. 2021, 170, 107033. [CrossRef]
9. Phiri, T.C.; Singh, P.; Nikoloski, A.N. The potential for copper slag waste as a resource for a circular economy: A review—Part II.

Miner. Eng. 2021, 172, 107150. [CrossRef]
10. Sharifi, Y.; Afshoon, I.; Asad-Abadi, S.; Aslani, F. Environmental protection by using waste copper slag as a coarse aggregate in

self-compacting concrete. J. Environ. Manag. 2020, 271, 111013. [CrossRef] [PubMed]
11. Wang, M.; Yu, W.; Zeng, D.; Zhu, L.; Gao, C.; Hu, M.; Le, C.; Qiu, T. Volatilization of Zn and Pb and preparation of integrated

micro-electrolysis filter from copper slag and its application for removing Cr(VI) from aqueous solution. Chemosphere 2022, 288,
132596. [CrossRef]

12. Kumar, A.; Tejaswini, M.L. Studies on hardened properties of concrete incorporated with copper slag. Mater. Today Proc. 2022, 60,
646–657. [CrossRef]
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