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1. Introduction

Unit metallurgical operation processes are usually separated into three categories:
(1) hydrometallurgy (leaching, mixing, neutralization, precipitation, cementation, and
crystallization) [1], (2) pyrometallurgy (roasting and smelting) [2], and (3) electrometallurgy
(aqueous electrolysis and molten salt electrolysis) [3]. In hydrometallurgy, the target metal
is first transferred from ores and concentrates to a solution using selective dissolution
(leaching; dry digestion) under an atmospheric pressure below 100 ◦C, a high pressure
(40–50 bar), and high temperature (below 270 ◦C) in an autoclave and tube reactor. The
purification of the obtained solution is performed using neutralization agents such as
sodium hydroxide and calcium carbonate, or more selective precipitation agents such as
sodium carbonate and oxalic acid. The separation of metals is possible using liquids/liquid
processes (solvent extraction in a mixer-settler) and solid–liquid (filtration in filter-press
under high pressure) methods. Crystallization is the process by which a metallic compound
is converted from a liquid into a solid crystalline state via a supersaturated solution. The
final step is metal production using electrochemical methods (aqueous electrolysis for basic
metals such as copper, zinc, and silver and molten salt electrolysis for rare earth elements
and aluminum). Advanced processes for metal production, such as ultrasonic spray
pyrolysis and microwave-assisted leaching, can be combined with reduction processes.

2. Results and Discussion

China’s crude steel production has reached 1.019 billion tons, and the energy consump-
tion of China’s steel industry has reached 561 million tons of coal. China’s steel industry,
with its dominant reliance on coal for energy and the primary use of blast furnaces and
converters in production processes, as well as its massive output, has become the main field
for achieving China’s “carbon peaking” and “carbon neutrality” goals. Firstly, this article
summarizes the current production status of the steel industry and its situation regarding
carbon emissions. Secondly, it discusses the dual carbon policies based on the national and
steel industry levels and outlines the future directions for China’s steel industry [Contribu-
tion 1]. Subsequently, it analyzes the current state of research and application of mature
and emerging low-carbon technologies in the industry and details the low-carbon plans of
China’s steel companies using the low-carbon technology roadmaps of two representative
steel companies as examples. Finally, the article gives policy suggestions for further carbon
reduction in the industry. The purpose of this paper is to show the efforts and contribu-
tions of China’s steel industry to the early realization of its “carbon peaking” and “carbon
neutrality” goals.

There is a long process for transforming bauxite, a critical raw material, into a sub-
stance with the required properties of cast aluminum alloys for use in electro automotive
parts. Thanks to its unique properties, aluminum has become the material of choice for
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clean technology manufacturers in applications such as use in the automotive industry,
renewable energy, batteries, electrical systems, resource-saving packaging, energy-efficient
buildings, and clean mobility [4]. The restructuring of the economy, the oil crisis, air
pollution, and global warming are some of the factors that have moved the automotive
industry towards electrification since the beginning of the 21st century. This paper aims
to highlight the required properties of cast aluminum alloys applied to the production of
electro automotive parts, such as their mechanical and thermophysical properties, dimen-
sional stability, corrosion resistance, electromagnetic compatibility, and crashworthiness.
Furthermore, this paper discusses which of the cast aluminum–silicon alloys, as well as
heat treatments and casting processes, are most suitable.

This paper considers the impact of copper mining-influenced water and metallurgical
wastewater on the surface water in the Bor area, Serbia. Sampling, realized through four
campaigns (2020–2021), confirmed that both types of water, discharged without appropriate
treatment into the Bor River, had a signific impact on the concentration of metal ions, pH,
and electrical conductivity on the watercourse in the Bor area [Contribution 2]. The
highest concentrations of the following metal ions, Cu—271 mg/L, As—25,991 μg/L,
Ni—13,856 μg/L, Cd—2627 μg/L, and Pb—2855 μg/L, were registered in the metallurgical
wastewater samples. After changes occurred in the copper production process by stopping
the discharge of untreated wastewater into the Bor River, the concentrations of monitored
elements drastically decreased. In the period 2022–2024, the concentration values for Cu,
As, and Pb ions were below the maximum allowable value, and the concentration values of
Ni and Cd ions had also decreased. The values for pH and electrical conductivity were in
the maximum allowable range. The return of wastewater to the copper production process
would lead to both a reduction in the primary water consumption and a reduction in the
negative impact on the environment [5].

In modern times, more and more different materials (including alloys) are in direct
contact with human electrolytes (sweat, saliva, lymph, blood, etc.). One of the most
important properties for the use of these materials is therefore their chemical inertness or
resistance to corrosion when they are in contact with human electrolytes. Consequently,
during the development of such new materials, it is necessary to study and understand their
basic electrochemical behaviour in a given environment [Contribution 3]. The purpose
of this research was to monitor the electrochemical behaviour of the new Au-Ge alloy
in artificial sweat and saliva solutions, depending on the electrolyte composition and
exposure time. This new alloy represents a potential material for use in dentistry or for
jewellery [6,7]. The obtained results of the study show that the immersion time and the pH
value have a significantly greater influence on the corrosion resistance of the new Au-Ge
alloy than on the composition of the electrolyte solution. The results of the SEM/EDX
analysis additionally confirm the main results of the electrochemical measurements.

Copper smelting slag is a significant potential resource for cobalt and copper. The
recovery of copper and cobalt from copper slag could significantly augment the supply
of these metals, which are essential in facilitating the transition to green energy while si-
multaneously addressing environmental concerns regarding slag disposal [Contribution 4].
However, the complex mineral composition of copper slag poses an enormous challenge.
This study investigated the mineralogical and chemical characteristics of copper slag, which
are vital for devising the most effective processing techniques. XRD and FESEM-EDS were
employed to examine the morphologies of copper slag before and after the reduction pro-
cess. The effects of borax and charcoal (carbocatalytic) reduction on phase transformation
were evaluated. The XRD analysis revealed that the primary phases in the copper slag
were Fe2SiO4 and Fe3O4. The FESEM-EDS analysis verified the presence of these phases
and yielded supplementary details regarding metal embedment in the Fe2SiO4, Fe3O4, and
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Cu phases [8]. The carbocatalytic reduction process expedited the transformation of copper
slag microstructures from crystalline dendritic into amorphous and metallic phases. Finally,
leaching experiments demonstrated the potential benefits of carbocatalytic reduction by
yielding high extractions of Cu, Co, and Fe.

In the pre-reduction cyclone of the HIsarna process, both thermal decomposition
and gas reduction in the injected iron ores occur simultaneously at gas temperatures of
1723–1773 K. In this study, the kinetics of the thermal decomposition of three iron ores
(namely OreA, OreB, and OreC) for HIsarna ironmaking were analyzed as an isolated
process with a symmetrical thermogravimetric analyser (TGA) under an inert atmosphere
[Contribution 5]. Using various methods, the chemical and mineralogical composition,
particle size distribution, morphology, and phase distribution of the ores were analyzed
[Contribution 6]. The ores differ in their mineralogy and morphology, where OreA only con-
tains hematite as the iron-bearing phase and OreB and OreC include goethite and hematite.
To obtain the kinetic parameters in non-isothermal conditions, the Coats–Redfern Integral
Method was applied for heating rates of 1, 2, and 5 K/min and a maximum temperature
of 1773 K. The TGA results indicate that goethite and hematite decomposition occur as
a two-stage process in an inert atmosphere of Ar. The proposed reaction mechanism for
the first stage of goethite decomposition is chemical reaction with an activation energy
ranging from 46.55 to 60.38 kJ/mol for OreB and from 69.90 to 134.47 kJ/mol for OreC. The
proposed reaction mechanism for the second stage of goethite decomposition is diffusion,
showing an activation energy ranging between 24.43 and 44.76 kJ/mol for OreB and be-
tween 3.32 and 23.29 kJ/mol for OreC. In terms of hematite decomposition, only the first
stage was analyzed. The proposed reaction mechanism is chemical reaction control. OreA
shows an activation energy of 545.47 to 670.50 kJ/mol, OreB of 587.68 to 831.54 kJ/mol,
and OreC of 424.31 to 592.32 kJ/mol.

The electrochemical performances of an oxygen-evolving anode produced by the reac-
tivation of waste Ti substrate by a typical IrO2-Ta2O5 coating are correlated to the textural
(non)uniformities of the coating and its exhaustion state [Contribution 7]. Coating degrada-
tion is considered operational loss of the activity in a metal electrowinning process. It was
found that (pseudo)capacitive performances can vary over the coating surface by 20–30%
and depend on the type of dynamics of the input perturbation: constant through cyclic
voltammetry (CV) or discontinuous time-dependent through electrochemical impedance
spectroscopy (EIS). CV-EIS data correlation enabled profiling of the capacitive properties
through the depth of a coating and over its surface. The correlation was confirmed by
the findings for the analysis of coating activity for an oxygen evolution reaction, finally
resulting in the reliable proposition of a mechanism for the operational loss of the anode. It
was found that the less compact and thicker coating parts performed better and operated
more efficiently, especially at lower operational current densities.

SmCo magnets are a common material utilized in advanced technological applica-
tions. These magnets contain elevated concentrations of Sm and Co within their structural
compositions. Given that both Sm and Co are classified as critical metals, the recycling of
these magnets after their operational lifespan is of significant economic and environmental
importance [9]. Hydrometallurgical recycling processes represent an effective method for
the recycling of these magnets. In this study [Contribution 8], a pH-controlled selective
precipitation method was developed using two HNO3 solutions with distinct oxidizing
properties for the recovery of Sm and Co from end-of-life (EoL) SmCo magnets. In the
initial stage of the process, the magnets were leached in a low-oxidizing 2M HNO3 solution,
with a 1:30 (w/v) solid-to-liquid ratio at 20 ◦C. This step was undertaken to ensure the
dissolution of Fe, thereby creating an environment conducive to its removal from the solu-
tion. The leaching experiments resulted in dissolution efficiencies of 95%, 96%, and 96% for
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Sm, Co, and Fe, respectively. In the second stage, a leaching experiment was performed
using 3M HNO3 with a 1:10 solid-to-liquid ratio at 60 ◦C. Under these conditions, Sm and
Co achieved dissolution efficiencies of 99%, while Fe remained undissolved in the solid
phase due to hydrolysis at the high temperature, thus increasing the solution purity. In
the precipitation process, the pH of both leachates was initially adjusted to 4 to precipitate
impurities such as Fe ions. As a result of precipitation at pH 4 in the 2M HNO3 leachate, Fe
ions were almost completely removed. This was followed by selective Sm precipitation
in the pH range of 5–6.5 using NH4HCO3. The highest purity of Sm precipitation was
achieved when the pH reached 6.5. An increase in Sm precipitation efficiency was observed
with increasing pH, with an efficiency of 12.75% at pH 5, which rose to 82.37% at pH 6.5.
Furthermore, although the precipitation efficiency of Co increased from 6.25% to 10%
within this pH range, no significant difference in the extent of this increase was observed.
In the case of the 3M HNO3 leachate, the Sm precipitation efficiency at pH 5 was 44.28%,
while at pH 6.5, nearly all of the Sm ions were precipitated. The co-precipitation efficiency
at pH 5 was 1.89%, increasing to 36.43% at pH 6.5. This increase in co-precipitation was
attributed to the system’s Eh value, which reflects the enhanced oxidizing properties of the
3M HNO3 leach solution. The results of the study indicate that as the oxidizing strength of
the solution increased, the co-precipitation rate also increased with rising pH.

The efficient extraction of zinc from polymetallic concentrates is crucial for the met-
allurgical industry. Traditional leaching techniques often rely on strong oxidizing agents,
which can be wasteful and environmentally harmful [10]. While cyclic oxidation systems
like the Fe3+/Fe2+ pair are known, they often fail to achieve high leaching rates, especially
when the raw material contains multiple sulphide minerals. In this study, we developed a
novel oxidation system using manganese dioxide (MnO2) as the primary oxidizing agent
and potassium iodide (KI) as a supporting material to create an I2/I− oxidation cycle in a
sulphuric acid medium, at an atmospheric pressure between 40 ◦C and 80 ◦C. Leaching
experiments were conducted under varying temperatures and KI doses [Contribution 9].
The results demonstrated that for the MnO2-KI system, a zinc leaching degree of 89.78%
was achieved after 3 h of leaching at 80 ◦C, and kinetic studies indicated that the leach-
ing process is diffusion controlled (through the thin film), with an activation energy of
27.65 kJ mol−1. Moreover, this system offers an improved method for separating iodine
from the leachate upon completion, enhancing the overall process efficiency. It also opens
up opportunities to test other primary oxidizing agents in combination with iodide salts.
These findings suggest that the MnO2-KI oxidation system offers a promising approach for
improving zinc recovery from sphalerite concentrates.

With the growing demand for metals driven by technological advancements and
population growth, recycling lithium-ion batteries has become vital for protecting the
environment and recovering valuable materials [11]. Developing sustainable recycling tech-
nologies is now more essential than ever [12]. This paper focuses on using electrodialysis
to process a leach solution of LiNi0.33Mn0.33Co0.33O2 (NMC 111) cathode materials leached
with citric acid. This study demonstrates that the complexing properties of citrate anions
contribute to the efficient separation of Li from Ni, Co, and Mn via electrodialysis [11].
This is achieved by promoting the formation of anionic species for Ni, Co, and Mn while
maintaining Li in its cationic form. The leach solution was produced under the following
optimal experimental conditions to reach a final pH of 5 and high leaching efficiency: a
citric acid concentration of 1 mol L−1, a leaching temperature of 45 ◦C, a leaching time of
5 h, a liquid/solid ratio of 100 g/L, and 8 vol.% H2O2. These conditions resulted in leaching
efficiencies of 89.3% for Ni, 95.1% for Co, 77.1% for Mn, and 92.9% for Li. This solution
led to the formation of a lithium-rich supernatant and a precipitate [Contribution 10].
The supernatant was then used as the feed solution for electrodialysis. Pure lithium was
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successfully separated with a faradic efficiency of 71.4% with a commercial cation-exchange
membrane. This strategy enables selective lithium recovery while minimizing membrane
fouling during the process.

3. Conclusions

Unit metallurgical operation processes are usually separated into three categories
and are explained in detail in this paper. Advances in the understanding of different
technologies in the extractive metallurgy of non-ferrous metals and iron and steel were
studied in this work.
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Abstract: There is a long process to transform bauxite, a critical raw material, into a substance with
the required properties of cast aluminum alloys for use in electro automotive parts. Thanks to its
unique properties, aluminum has become the material of choice for clean technology manufacturers
in applications such as use in the automotive industry, renewable energy, batteries, electrical systems,
resource-saving packaging, energy efficient buildings and clean mobility. Restructuring of the
economy, the oil crisis, air pollution and global warming are some of the factors that have moved
the automotive industry towards electrification since the beginning of the 21st century. This paper
aims to highlight the required properties of cast aluminum alloys applied to the production of electro
automotive parts, such as their mechanical and thermophysical properties, dimensional stability,
corrosion resistance, electromagnetic compatibility and crashworthiness. Furthermore, this paper
discusses which of the cast aluminum–silicon alloys, as well as the heat treatments and casting
processes, are most suitable.

Keywords: electro mobility parts; casting processes; dimensional stability; corrosion resistance;
electromagnetic compatibility; crashworthiness

1. Introduction

Native elements such as gold and silver, lead, copper, tin and mercury have been known
since ancient times, but the first scientific discovery of an element occurred in the 17th century.
Although aluminum is a very common metal, comprising about 8% of the composition of the
Earth’s crust, it was only discovered in the 19th century due to its high affinity for oxygen
and, therefore, its inability to be found in nature in its pure form. Pure aluminum was
produced for the first time in laboratory conditions by Hans Christian Oerstedt in 1825,
using the reduction process. Almost sixty years later, in 1886, two scientists—Hall and
Héroult—each patented a process of smelting aluminum, independently of each other. The
production of pure aluminum involves the dissolution of aluminum oxide (alumina—Al2O3)
in molten cryolite and the electrolysis of a molten salt bath [1]. Additionally, Karl Jozef
Bayer developed an efficient process for the production of alumina from bauxite in 1982,
thereby completing the two-step so-called Bayer–Hall–Héroult process: refining bauxite
to obtain alumina and smelting alumina to produce aluminum [2]. Bauxite is a naturally
occurring, clay-like sediment that is the principal host for alumina. In general, bauxite is
an ore formation consisting of a conglomerate of several minerals containing aluminum,
with other valuable impurities. Iron oxides, such as Fe2O3 and FeO(OH), as well as clay
minerals, kaolinite, rutile, titanium minerals, silica and anatase are among the contaminants.
Bauxite is intended for aluminum production due to its high concentration of the aluminum-
containing minerals Boehmite—AlO(OH), Gibbsite—Al(OH)3 and Diaspore—AlO(OH).
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From an industrial perspective, bauxite is a critical mineral from which alumina is extracted
and subsequently used to produce primary aluminum.

Aluminum produced through the Baier–Hall–Heroult process is used to produce
various primary casting alloys, which are applied in various industries. According to the
available literature [3], the major global use of aluminum in 2021 was for the automotive
and transport industry (29%), followed by construction (23%), foils and packaging (16%),
electrical engineering and electronics (11%), machinery and equipment (7%), consumer
goods (4%) and other applications (10%). The intensity of aluminum’s use in the auto-
motive industry and in transportation is increasing because of its unique properties (the
combination of light weight and high strength), as well as its recyclability, which contributes
to the reduction of greenhouse gas emissions. The global automotive industry has been
going through drastic changes in the last several years [4]. One of the fundamental changes
is its shift towards electrification. The shift is mainly triggered by new environmental
regulations. Nevertheless, the idea to produce electric vehicles is not entirely new—as
Figure 1 illustrates, it has existed for more than a century [5]. Several persons in Europe
experimented, independently of each other, with electric cars during the second half of the
19th century (e.g., Porsche), while around the same time, in 1897, the Electric Carriage and
Wagon Company in the USA introduced the first electric vehicles, which were commercially
available [6,7]. However, gasoline-powered vehicles began to dominate the US market after
1920, mainly because of the development of a more comprehensive road infrastructure
(including the implementation of petrol stations). Gasoline-powered vehicles could travel
faster and further and were seen as superior to electric vehicles, which were slow and
had limited driving range. The economic and oil crisis, air pollution and global warming
are some of the factors that drastically changed the vehicle production strategy at the
beginning of the 21st century, driven by more restricted environmental regulations. In the
last few years, we have witnessed that most Original Equipment Manufacturers (OEMs)
have introduced Electro Vehicle (EV) models or prototypes within their product portfolio,
with increasing expectations for the coming years.

Figure 1. The historical perspective of road vehicle electrification [5].

The growing production of electric vehicles has caused the need to consider new
properties of aluminum and its alloys in the production of e-mobility parts. Therefore, the
goal of this study is to analyze what types of alloys, casting processes and heat treatment
can be applied to the production of aluminum in casting plants in order to fulfill the
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required mechanical and thermophysical properties of electro automotive parts. Moreover,
the intention is to highlight their new specific properties, such as dimensional stability,
corrosion resistance, electromagnetic compatibility and crashworthiness, all of which are
criteria that cast parts need to satisfy in order to be applied in the mobility industry. Electro
automotive parts in this text are considered to fall under either e-mobility (e.g., battery,
chasses, body, etc.) or e-housing (e.g., engine parts, stator, gearbox, etc.).

2. Aluminum Cast Alloys

Despite the great natural abundant of bauxite, as a primary raw material for aluminum
cast alloy production, most of its end users are currently considering the use of secondary
(recycled) aluminum for final production, due to very intensive energy consumptions and
high CO2 emission during primary aluminum production. The European Commission
(EC) has bauxite listed as one of the critical raw materials (CRM) for 2020, counting on its
strategic role in sustainable technologies and sectors from 2030 and 2050. The inclusion
of bauxite in the EC’s CRM list supports the role of Europe’s aluminum industry in its
transition to a green metallurgy. Thanks to its unique properties (low density, high thermal
conductivity, non-toxicity, excellent corrosion resistance, as well as easy casting, machining
and shaping), aluminum is recognized as the choice material for clean technology, especially
in uses involving renewable energy, electrical systems, batteries, resource-efficient packag-
ing, even energy-efficient buildings—and of course, aluminum alloys for cast automotive
parts. Therefore, the sustainable production of aluminum from bauxite and/or bauxite
residues is a very important and critical step for the future. Europe needs to develop a
thriving and responsible obtaining strategy for bauxite as a CRM, considering recycling as
required step on this road. The supply chain disturbances may be reduced by sustaining
an irrepressible and autonomous European aluminum value chain, with the expectation
of increased political and social attention. In this case, the aforementioned aluminum
value chain can strengthen production capacities, regardless of whether it is primary or
secondary aluminum.

The automotive industry has used aluminum–silicon cast alloys for years, primarily
due to their outstanding mechanical properties and good casting characteristics in regard to
producing body parts, transmission systems and motors. A recent study specially made for
European Aluminum, which was conducted by Ducker Carlisle, revealed that the average
amount of aluminum has increased by 18% in cars made in Europe, i.e., from 174 kg to
205 kg in the period of 2019–2022 [8,9]. The study predicts that this trend is set to continue,
with the average aluminum content projected to increase to up to 256 kg per vehicle by
2030. According to the study, the trend towards light weighting and electrification in the
automotive industry is driving a significant increase in aluminum content. This tremendous
growth in aluminum usage in Battery Electric Vehicles (BEVs) is mainly attributed to its use
in e-drive housing, battery pack housings, ballistic battery protection and cooling plates.
Some of the cast aluminum alloys used in the production of Internal Combustion Engines
(ICE) such as EN AC—47000 (AlSi12(Cu1)), EN AC—44300 (AlSi12(Fe)), EN AC—43500
(AlSi10MnMg) and EN AC—42100 (AlSi7Mg), will be also used in the production of parts
for Battery Electric Vehicles (BEV). According to DIN 1706 [10], these alloys are standard
alloys that can be acquired on the market. Definitively, the growth of the BEV market will
have positive consequences for aluminum cast producers. Even though BEVs have fewer
components and moving parts compared to traditional vehicles with internal combustion,
aluminum will be used for some other parts (e.g., e-mobility, e-housings, etc.). Beside good
mechanical and thermos-physical properties, these alloys need to satisfy some additional
properties such as: dimensional stability, corrosion resistance, electromagnetic compatibility
and crashworthiness. Three casting processes, presented in Table 1, have been identified as
the most commonly used processes for the production of electro automotive parts: High
Pressure Die Casting (HPDC), Low Pressure Die Casting (LPDC) and Core Package System
(CPS). Table 1 also briefly summarizes the advantages of all three processes. More details
about each casting process can be found in the literature [11,12].
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Table 1. Review of some casting processes that can be used for the production of E-parts.

Casting Process Advantages

High Pressure Die
Casting (HPDC)

• High production rates
• High level of automatization
• Good surface finish
• Economic in large quantity
• High flexibility in design
• Very good dimensional accuracy

Low Pressure Die
Casting (LPDC)

• Fair production rate
• High quality of cast parts
• Moderate tooling cost
• High dimensional accuracy
• High material utilization—no need

for feeders

Core Package
System (CPS)

 

• Tranquil transfer of metal
• Minimal content of oxides and

non-metallic inclusions
• High integrity and dimensional

accuracy
• Reduced fettling time and no

machining required.
• High strength and ductility of cast

products

3. Mechanical Properties

Electro automotive components are generally relatively uncomplex parts compared
to cylinder heads or engine blocks. According to OEM, these alloys need to have a low
residual stress level, a high dimensional stability, corrosion resistance, good electromagnetic
compatibility and moderate mechanical properties in as-cast condition. These include yield
strength (YS) ≥ 140 MPa, ultimate tensile strength (UTS) ≥ 180 MPa and elongation at
fracture (A) between 1 and 2%. Table 2 shows typical mechanical properties of selected
alloys taken from DIN 1706 [10] for die pressure casting process. According to Table 2, all
selected alloys, even as-cast, achieved the expected mechanical properties (UTS and A).

Table 2. As-cast mechanical properties of die-cast selected alloys.

Alloy
As-Cast Mechanical Properties

UTS, MPa YS, MPa A, %

AlSi9Cu3(Fe) 240 140 <1

AlSi10Mg 240 140 1

AlSi10MgMn 250 120 5

AlSi12(Fe) 240 130 1

AlSi12Cu1(Fe) 240 140 1

Recently, some OEMs have begun to ask for solutions of BEV engines with very high
torque (>1000 Nm). To reach this, e-housing and mobility parts need to provide significantly
higher strength: YS > 240 MP and elongation: A = 2–3%. It means that the mechanical
properties of future e-vehicle parts need to be improved through increasing strength and
elongation at the same time. The dilemma of how to improve the strength of presently
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used alloys without sacrificing elongation is well known from the literature [13]. Figure 2
illustrates this well-known dilemma. As Figure 2 shows [13], applying various strengthening
strategies such as: foreign particle reinforcement (blue closed squares), grain refinement
(black closed circles), alloying (open squares) and optimized casting (green closed triangles),
the strength of A356 alloy can be improved with minimum impact on elongation. From the
literature and from foundry experience, it is known that the strength of HPDC aluminum–
silicon cast alloys applied to the production of electro automotive parts can be improved
by proper selection of casting processes (different cooling rates), applying heat treatment
processes (solid solution strengthening mechanisms) and the selection of appropriate alloying
elements (second phase strengthening and/or grain refinement).

Figure 2. Strength–ductility trade off dilemma [13].

4. Improvement of Strength through Selection of Appropriate Heat Treatment Process

Cast aluminum alloys are lightweight structural materials that can be strengthened by
further alloying. Additionally, some of the aluminum alloys which contain Cu, Mg and Zn
can be further strengthened by heat treatment. The heat treatment of aluminum castings
is carried out to change the properties of the as-cast alloys by subjecting each casting to a
thermal cycle, or a series of thermal cycles. The conditions of thermal treatments of castings,
as defined by EN 1706 [10], are as follows: F—as cast; T1—controlled cooling from casting
and naturally aged; T4—solution heat treated and naturally aged; T5—controlled cooling
from casting and artificially aged or over-aged; T6—solution heat treated, quenched (with
water or air) and artificially aged; and T7—solution heat treated, quenched (with water or
air) and over-aged (stabilized). The microstructure of materials is changed during the heat
treatment process. Mechanical properties including strength, toughness, hardness, ductility
and wear resistance are affected by the ensuing phase transformation [14]. As Figure 3
illustrates [15], by selecting the proper heat treatment process, strength or elongation can
be significantly increased. By selecting T6 and T5 heat treatment states, the strength of the
material can be increased, while by applying T7 and/or T4 its elongation can be improved.
According to Figure 3, it should be considered that requested mechanical properties can be
fine-tuned by selecting the optimal content of alloying elements, in this case magnesium.
Besides improving mechanical properties, heat treatment also stabilizes the microstructure
of cast parts and improves their thermal conductivity.
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Figure 3. Impact of heat treatment processes on the elongation and strength of HPDC alloys [15].

It is well known from the literature that a combination of natural and artificial aging,
as Figure 4 illustrates [16], can significantly improve strength at the expense of elongation.
It appears that during natural ageing, small, coherent, finely distributed precipitates
are formed, and during artificial ageing at higher temperatures, rather few, but coarse,
incoherent particles precipitate. In addition, a combination of the two precipitation variants
leads to the highest strengths in the casting parts [17].

Figure 4. Increases in the yield strength through a combination of natural and artificial ageing at
200 ◦C; the isotherm shows the influence of natural ageing time on the maximum strength [16].

5. Improvement of Strength through Selection of Appropriate Alloying Elements

The effects of alloying elements on aluminum alloys include precipitation hardening
(age hardening); dispersion strengthening; solid solution hardening; grain refinement; alter-
ation of metallic and intermetallic phases; grain growth suppression at high temperatures;
and so on. The mechanical properties of cast aluminum alloy components are determined
largely by the shape, size and distribution of precipitated particles in the aluminum matrix.
The impact of major and minor alloying elements on the mechanical properties (UTS, YS
and A) of cast aluminum parts have been summarized in Table 3. More information regard-
ing the impact of each alloying element on the mechanical properties of cast aluminum
alloys can be found in the corresponding references listed in Table 3.
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Table 3. A summary of the effects of some alloying elements on the mechanical properties of cast
aluminum alloys.

Alloying Element UTS YS A References
M

aj
or

Si [18]

Cu [19]

Mg [20]

Mn Insignificant Insignificant [21]

Zn [22]

M
in

or

Fe [23]

Pb Insignificant Insignificant Insignificant [24]

Sn [25]

In    [26]

Be [27]

Cr [28]

Ni [29]

Zr [30]

Mo  [31]

Sc [32]

La [33]

A literature review has shown that there are commercial HPDC alloys (e.g., AlSi7Mg,
AlSi10MgMn) available on the market which can be utilized to create electro automotive
parts with those essential characteristics. The mechanical properties of these alloys can be
further improved by selecting a proper heat treatment process (T5, T6 and/or T7), which
can adjust the strength and elongation of electro automotive parts produced using selected
HPDC alloys. Selected HPDC alloys can further improve their strength characteristics by
alloying with some major (Mg, Mn, Zn and Cu) and minor (Zr, Mo, Sc, La, etc.) alloy-
ing elements. The content of added elements needs to be optimized for each product to
reach required mechanical, thermophysical, corrosion and other needed properties [34,35].
Additional consideration needs to be taken when using minor alloying elements. Their
prices are significantly high and they are, therefore, sometimes not suitable for commercial
application.
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6. Dimensional Stability

In aluminum cast parts, the dimensional stability (irreversible casting growth) plays
a significant role. In general, any precipitation of aluminum alloys during ageing is ac-
complished by the sample volume’s growth, whereas dissolution during solid solution is
followed by its size decreasing. This volume variation is caused by the precipitation of
different phases (e.g., Mg2Si, Al2Cu, Al5Cu2Mg8Si, and so on) during natural or artificial
aging. Alloys with higher copper and magnesium contents are more prone to irreversible
growth. This is mainly due to the Θ, Θ’ and Θ” metastable copper-rich phases (the pre-stage
of the Al2Cu stable intermetallic phase), which precipitate during ageing. Applying T5,
T6 or T7 temper conditions causes those metastable phases to become more stable, and no
significant further irreversible growth is expected during service thereafter.

Figure 5 shows that temperature and time strongly affect the dimensional stability
of the proposed alloys. Lower test temperatures (lower working temperature conditions)
for tested alloys Nr. 1 and Nr. 3 (Nr. 1—base alloy with higher content of copper and
magnesium, and Nr. 3—alloy with lower content of copper and magnesium) resulted
in lower irreversible casting growth rates. Measurements run at 100 ◦C for up to 400 h
did not show any significant difference in the irreversible change of length for the two
investigated alloys. As can be observed in Figure 5, irreversible growth increases with
increasing ageing temperature (operating temperature). Beside temperature and time
parameters, the amounts of precipitated phases play a significant role on the irreversible
growth. It is obvious from Figure 5 that alloy Nr. 3, with a lower content of copper and
magnesium, has a considerably smaller irreversible change of length compared to alloy
Nr. 1 independently of the test temperatures (125 and 150 ◦C). Therefore, irreversible
growth could be a significant issue only at localized positions of electro automotive parts
that are exposed to temperatures higher than 120 ◦C.

Figure 5. The impacts of temperature and time on irreversible growth during engine working
conditions for an engine block [36].

7. Corrosion Resistance

Aluminum is a very active metal—it reacts immediately with oxygen if exposed to
air, which naturally creates a passive adherent oxide layer on the surface, and its corrosion
resistance is influenced by the passivity that this protective oxide layer creates [37]. In most
environments, this thin layer instantly reforms after being damaged and keeps shielding
the aluminum from corrosion. Corrosion happens when the film is taken off or damaged in
a way that prevents self-repair. Aluminum is corrosion resistant in neutral solutions, but
is highly susceptible to both basic and acidic solutions. In the pH range between 4 and 9,
the amorphous protective oxide layer, with a thickness of 2 to 4 nanometers, is formed in
water or air [38–40]. One of the fastest metals to oxidize is aluminum due to its extremely
electronegative potential. The naturally passive layer, however, makes aluminum behave
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as a very stable metal, especially in oxidizing media like air and water. An aluminum
alloy’s ability to resist corrosion depends on both metallurgical and environmental fac-
tors [41–43]. Corrosion is influenced by metallurgical factors such as composition (see
Figure 6), heat treatment (proper temper selection), mechanical working and the presence
of impurities [39]. These influence the microstructure, which determines the type of attack
and whether localized corrosion takes place.

Figure 6. The effects of aluminum’s major alloying elements on the electrolytic solution’s poten-
tial [39].

Localized corrosion in aluminum alloys used in commercial engineering is typically
brought on by microscopic flaws, like non-metallic inclusions or insoluble intermetallic
particles with a size range of between several microns and a nanometer [40,44]. In addition,
aluminum alloying elements also have some impacts on the corrosion. Elements such as
silicon, manganese and copper can be precipitated in the form of intermetallic, in which
form they are more cathodic (does not corrode, but stimulates corrosion in the adjacent
matrix zone), while zinc and magnesium in intermetallic form are more anodic (stimulating
corrosion). Therefore, aluminum alloys suitable for the production of electro automotive
parts should have a lower copper content [40]. In the Al-Si-Cu alloys, precipitation of Al2Cu
at the grain boundaries (Al2Cu is electrochemically nobler than the Al-matrix) can deplete
the copper in the areas close to the boundaries, turning them anodic in comparison to the
centers of the grains and causing intergranular corrosion to happen quickly. Therefore,
when using cast alloys containing copper, some OEM producers of electro automotive
parts expect a corrosive attack, especially on sealing surfaces and subsequently on the
electrical connections [43]. In operation, electro automotive parts reach lower temperatures
compared to combustion engines, which significantly aggravates a corrosive attack. Also,
the use of stronger encapsulation can cause condensation phenomena, which likewise
strengthens a corrosive attack. Therefore, the use of alloys with lower copper content is
required [36,37].

Since there are numerous factors that affect corrosion, aluminum’s suitability cannot
be determined solely by a particular product or environment. It is crucial to have in-depth
knowledge of impurities, operating circumstances, operating part design, as well as alloy
microstructure. The most valuable experience comes from past service applications that
were successful. However, improvements in fabrication (alloy selection, melt cleanliness),
heat treatments and the development of suitable methods of protection may result in the
successful application of Al-Si alloys with different copper contents in many corrosive
environments [36–44].
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8. Electromagnetic Compatibility

The ability of a unit of equipment or a system to operate effectively in its electromag-
netic surroundings, without bringing intolerable electromagnetic disturbance into that
environment, is known as electromagnetic compatibility. In other words, electromagnetic
compatibility is the ability to tolerate a specific degree of interference. Due to the increasing
use of electronic devices (automotive applications, personal computers, communication
tools, and so on), electromagnetic compatibility is becoming more important in the auto-
motive industry. In cases where selected alloys applied during the production of electro
automotive parts are not in compliance with electromagnetic compatibility, the practical
impacts can be recognized in both the minor (e.g., cell phone interference) and major con-
sequences (e.g., improper deployment of airbags). Therefore, it is important to recognize
the potential hazards of applying various aluminum alloys for use in electro automotive
parts (e.g., battery housing), as their emitted magnetic fields can compromise the function
and control of vehicles. Generally, aluminum and its alloys are well-protected against
electromagnetic fields. Aluminum has very low magnetic permeability (μR = 1.0002),
classifying it as part of the group of materials with paramagnetic behavior. A material’s
magnetic permeability—the level of magnetization it develops in response to an applied
magnetic field—is a measure of its capacity to support the generation of a magnetic field
within itself. Contrary to aluminum, iron has very high magnetic permeability (μR = 300
to 10,000), indicating ferromagnetic behavior in this metal. Copper in aluminum alloys
precipitates in the form of copper-rich Al2Cu phase, which reduces electromagnetic fields
by absorbing electromagnetic waves. The low electromagnetic permeability of aluminum
alloys does not result from the fact that copper is a diamagnetic element (diamagnetic
element means that this type of element is not attracted by magnets), but from the fact
that an eddy current is induced at the surface, which protects against the electromagnetic
fields. In addition, the presence of copper increases the eddy current, protecting against
even stronger electromagnetic fields. Therefore, regarding electromagnetic compatibility,
aluminum alloys with copper are suitable for application in the production of electro
automotive parts.

9. Crashworthiness

The capacity of a structure to safeguard its users during impact is known as crashwor-
thiness. This is frequently tested when examining the safety of vehicles and aircrafts. When
a vehicle is said to be crashworthy, it means that its structural integrity can withstand rea-
sonable deceleration loads and still maintain enough survival space for its users. In the case
of a collision, all produced electro automotive castings which are part of the body structure,
such as battery housings, must deform plastically in a short period of time (milliseconds)
to absorb the crash energy in a controllable manner without cracking. At the same time,
aluminum alloys used for electro automotive parts should be light weight, having sufficient
flexibility and torsion stiffness for proper application and handling. All previously men-
tioned alloys (EN AC—47000 (AlSi12(Cu1)), EN AC—44300 (AlSi12(Fe)), EN AC—43500
(AlSi10MnMg), EN AC—42100 (AlSi7Mg)) have satisfactory ductility, which can be, when
needed, further improved through alloying (e.g., modification by adding magnesium or
strontium) and/or appropriate heat treatment processes. The solid solution treatment is
mostly responsible for crashworthiness, as it involves modifying and separating silicon
particles, minimizing crack initiation. The addition of strontium into aluminum alloys
modifies large, plate-like silicon particles with sharp edges into small ones with rounded
shapes, thereby improving the crashworthiness of the alloys.

10. Conclusions

Cast aluminum alloys are extremely attractive prospects for the production of elec-
tro automotive parts due to their respectable properties, such as: good mechanical and
thermophysical properties, great dimensional stability, acceptable corrosion resistance,
known electromagnetic compatibility and predictable crashworthiness. It means that this
market will need more aluminum in the future. There are several cast aluminum alloys
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(EN AC—47000 (AlSi12(Cu1)), EN AC—44300 (AlSi12(Fe)), EN AC—43500 (AlSi10MnMg),
EN AC—42100 (AlSi7Mg)) available in the world market that can be used for the mass
production of electro automotive parts by applying the following casting processes: HPDC,
LPDC and CPS. The mechanical properties of these alloys can be further improved through
suitable heat treatment processes (T5, T6 and T7) and additional alloying with major and
minor alloying elements. The main concerns in regard to the addition of alloying elements
to existing aluminum alloys are related to their limited content and their effect on the
corrosion of the cast parts. Moreover, the cost of some alloying elements may potentially
be the limiting factor for their use in the production of electro automotive parts.
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Abstract: In 2023, China’s crude steel production amount reached 1.019 billion tons, and the energy
consumption of China’s steel industry amount reached 561 million tons of coal. China’s steel industry,
with its dominant reliance on coal for energy and the primary use of blast furnaces and converters
in production processes, as well as its massive output, has become the main field for achieving
China’s “carbon peaking” and “carbon neutrality” goals. Firstly, this article summarizes the current
production status of the steel industry and the situation of carbon emissions in the steel industry.
Secondly, it discusses the dual-carbon policies based on the national and steel industry levels and
outlines the future directions for China’s steel industry. Subsequently, it analyzes the current state of
research and application of mature and emerging low-carbon technology in China’s steel industry and
details the low-carbon plans of China’s steel companies using the low-carbon technology roadmaps
of two representative steel companies as examples. Finally, the article gives policy suggestions for
the further carbon reduction of China’s steel industry. The purpose of this paper is to show the
efforts and contributions of China’s steel industry to the early realization of its “carbon peaking” and
“carbon neutrality” goals.

Keywords: steel industry; carbon peaking; carbon neutrality; low-carbon technology; low-carbon
policy

1. Introduction

The increase in greenhouse gas emissions, such as carbon dioxide and methane, caused
by human industrial, energy, and other activities is the main cause of global warming.
Global warming leads to climate problems, such as rising sea levels and increasing extreme
weather, and indirectly causes conflicts and economic issues. China currently possesses
the world’s most comprehensive and largest-scale steel industry system, equipped with
the world’s most advanced equipment and technology [1]. This industry can provide
the most abundant iron and steel products. As an important basic industry, the steel
industry contributes to the material foundation and material security of national economic
development. However, the steel industry has been under significant pressure due to its
environmental impact [2]. The steel industry is a resource-intensive and energy-intensive
industry, while it is a high-energy-consumption and high-emission industry [3]. China’s
crude steel production is about 1.019 billion tons, ranking first globally. The steel industry’s
carbon emissions account for 15% of China’s carbon dioxide emissions, and it is the second
largest emitting industry [4]. Therefore, the steel industry faces enormous pressure to
reduce carbon emissions.

China announced it will strive to reach peak carbon dioxide emissions by 2030 and
achieve carbon neutrality by 2060 [5]. As a major contributor to China’s carbon emissions,
the steel industry has received increasing attention recently. The Chinese government, large
steel enterprises, universities, research institutions, and others have all carried out relevant
work. On 24 December 2021, the Chinese government issued the “Working Guidance for
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Carbon Dioxide Peaking and Carbon Neutrality in Full and Faithful Implementation of
the New Development Philosophy” [6]. It pointed out the formulation of action plans
for carbon peaking in the energy, steel, and other industries to accelerate low-carbon
technological development in the industrial sector. On 20 January 2022, the Chinese
government issued “The Guiding Opinions on Promoting the High-Quality Development
of the Steel Industry” [7]. It pointed out that innovative development, total quantity control,
low-carbon development and overall co-ordination are the basic principles to achieve high-
quality development in the steel industry. On 18 November 2021, Baowu Steel Group
established a Low-Carbon Metallurgy Innovation Center and completed the construction of
a Hydrogen-enriched Carbonic oxide Recycling Oxygenate Furnace (HyCROF), providing
support for the progress of low-carbon metallurgical technology [8]. In December 2022,
through the implementation of the “Hegang Low-Carbon Product Plan”, Hegang Group
promotes the innovation of low-carbon technologies with upstream and downstream
industries by using carbon reduction technologies such as biomass energy substitution and
carbon capture utilization and storage (CCUS) [9]. In 2021, Capital Engineering & Research
Incorporated was approved to establish the Low-Carbon Technology Research Institute
(Beijing) of China Metallurgical Corporation, which provides a solid foundation for future
low-carbon technology research and development. Northeastern University, University
of Science and Technology Beijing, Chongqing University, North China University of
Science and Technology, and other universities have established low-carbon metallurgical
research departments based on their advantageous disciplines of metallurgy and focus on
the key technologies for low-carbon steelmaking to help China’s steel industry to achieve
low-carbon development.

Although many scholars have discussed carbon emissions and low-carbon technolo-
gies in China’s steel industry [10,11], few have discussed low-carbon policies for the steel
industry and steel enterprise’s carbon reduction technologies. To fill this gap, firstly, this
article overviews the development status of China’s steel industry. Secondly, it discusses
the dual-carbon policies based on the national and steel industry levels. Subsequently, it
analyzes the current state of research on low-carbon technology in China’s steel industry
and details the low-carbon plans of China’s steel companies. Finally, the article gives
suggestions for further carbon reduction in China’s steel industry. It is aiming to provide
a reference for China’s steel industry to achieve carbon peaking and carbon neutrality as
soon as possible.

2. Current Production Status of China’s Steel Industry

2.1. Variations of Crude Steel Production Amount

China’s crude steel production amounts from less than one-thousandth of the world’s
production amount when the People’s Republic of China was established, to 53.9% of
the global crude steel production amount by 2023; this growth rate sets a new historical
record for humanity [12]. Before 2000, China’s crude steel production amount showed
relatively stable growth. However, starting in 2001, with China’s accession to the World
Trade Organization and the subsequent surge in trade, China’s crude steel production
amount began to surge. It increased from 150 million tons in 2001 to 1.019 billion tons
in 2023, and the trend is shown in Figure 1 [13,14]. According to data from the National
Bureau of Statistics of China, the country’s steel exports amount to 91.201 million tons,
accounting for 8.94% of the production amount in 2023. This indicates that China’s steel
production primarily aims to meet domestic demand, and the economic condition heavily
influences the crude steel production level.
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Figure 1. China’s crude steel yield and the proportion of the world in recent years.

2.2. Overview of Carbon Emissions and Challenges Ahead

Currently, the carbon emissions from the Chinese steel industry account for approx-
imately 15% of the country’s carbon emissions. The primary use of blast furnaces and
converters in production processes in China’s steel industry contributes to the high level of
carbon emissions because this process relies on coal and coke as the reducing agent and
source of heat. The energy consumption of various major processes and carbon emission
factors of the main raw materials are given in Table 1 and Figure 2 [15–17]. In recent years,
the carbon dioxide emission from the Chinese steel industry has continued to increase, and
the trend is shown in Figure 3. Until 2022, the carbon dioxide emissions from the Chinese
steel industry had reached 1.823 billion tons [18–21].

Table 1. Process energy consumption of steel enterprises in 2023.

Sintering Process Pellet Process Coking Process Blast Furnace Process
Converter

Process
Rolling Process

kgce/t 54.95 24.35 90.26 376.40 −12.27 54.75

Figure 2. Carbon emission factors of main raw material.
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Figure 3. Changes in carbon emissions of China’s steel industry in different years.

The Chinese steel industry faces several challenges in reducing carbon emissions [1,22–24]:
(1) Increasingly stringent carbon emission regulations. Since 2021, the Chinese government
and relevant departments have introduced a series of policies requiring steel enterprises to
reduce carbon emissions. For example, “The Guiding Opinions on Promoting the High-
Quality Development of the Steel Industry” emphasizes the need for the steel industry to
achieve carbon peaking before 2030. (2) Imbalanced low-carbon technology levels among
enterprises. Some leading steel companies have already reached or are close to world-class
levels in terms of equipment and key technologies. However, some companies still have
relatively outdated equipment and technologies, leading to high energy consumption
and emissions. This imbalance hinders carbon reduction efforts in China’s steel industry.
(3) Lack of unified national low-carbon technology research and application plan. The
Chinese steel industry has made significant progress in low-carbon technology recently.
However, the development is still unbalanced. It is necessary to prioritize applying and
developing universally applicable low-carbon technology. Mature and highly applicable
low-carbon technology should be promoted and widely adopted as soon as possible.

2.3. Predictions on China’s Steel Production Amount and Regional Distribution Changes

Whether or not the carbon emission can peak quickly depends on the amount of
crude steel production. Although the crude steel production amount in China started to
decline in 2022 and may enter a sustained slow decline, however, to support the sustainable
development of emerging economies and China’s urbanization process, the steel industry
will still maintain a large production amount in the future. It is projected that, by 2050,
China’s crude steel production amount will decrease to 600 million tons; the trend is shown
in Figure 4 [25]. To realize the sustainable development of China’s steel industry, we must
focus on developing low-carbon and zero-carbon technology. It can contribute to national
carbon neutrality goals by achieving carbon neutrality within itself.

The future production layout of crude steel in China will primarily depend on factors
such as the place of crude steel consumption and ore production, the costs of hydrogen
energy, transportation, and carbon capture and storage (CCS). Under deep decarboniza-
tion, the Chinese steel industry will mainly be concentrated in the northern regions by
2050 [26]. The crude steel production amount has significantly increased in Xinjiang and
Qinghai due to the development of hydrogen and other renewable energy sources. On
the other hand, regions that lack abundant renewable energy resources and have limited
application of CCS technology will experience a noticeable reduction in the crude steel
production amount. Therefore, for southern regions like Guangxi and Hunan, as well as
major energy-consuming areas in eastern China, electric furnace steelmaking processes
should be considered more.
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Figure 4. Forecast of China’s crude steel production.

3. Low-Carbon Policies Related to China’s Steel Industry

To actively implement the dual-carbon goals proposed by President Jinping Xi at
the 75th United Nations General Assembly, China’s government and ministries related to
the steel industry have successively issued a series of relevant documents in recent years,
which have provided guidance and principles for China’s dual-carbon work.

3.1. National-Level Dual-Carbon Policies

On 26 October 2020, the Chinese government issued “Proposals for Formulating the
14th Five-Year Plan (2021–2025) for National Economic and Social Development and the
Long-Range Objectives through the Year 2035” [27]. It emphasized the need to accelerate
the promotion of green development, strengthen legal and policy guarantees for green
development, expedite the development and utilization of clean energy, reduce carbon
emissions, support eligible regions in achieving carbon peaking at an earlier stage, and
formulate an action plan to achieve the goal of carbon emissions peak before 2030.

On 24 October 2021, the Chinese government issued an “Action Plan for Carbon
Dioxide Peaking before 2030” [28]. Over the 14th Five-Year Plan period, notable progress
should be made in the adjustment and optimization of the industrial structure and the
energy structure, and new improvements will be made in the R&D and broad application
of low-carbon technology, making the goal to reach peak carbon emissions permeate
the whole process and every aspect of economic and social development. Particular
focus will be placed on implementing ten carbon-peaking actions: promote structural
optimization for the steel industry and the substitution of clean energy, vigorously promote
demonstrations of non-blast furnace technology, drive the application of advanced and
appropriate technologies, and squeeze out all available potential for saving energy and
cutting carbon emissions.

On 18 October 2021, the Chinese government released “Several Opinions on Strict
Energy Efficiency Constraints to Promote Energy Conservation and Carbon Reduction in
Key Areas” [29]. The document aims to gradually promote carbon reduction efforts in
critical industries, fully utilizing the technological resources of domestic research institutes,
universities, and leading enterprises. It seeks to expedite the development of cutting-edge
low-carbon technology and promote the greening and high efficiency of key domestic
enterprises’ equipment. By 2025, the document requires the proportion of the standard-
level production amount exceeding 30% in the steel industry through the implementation
of energy conservation and carbon reduction actions.
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3.2. China’s Dual-Carbon Policies for Steel Industry
3.2.1. Enhance Innovation Capabilities of Steel Industry

The Chinese government issued the “Guiding Opinions on Promoting the High-
Quality Development of the Steel Industry”. This includes the following: achieving break-
throughs in cutting-edge technologies, such as hydrogen metallurgy and non-blast furnace
ironmaking; and highlighting the importance of enhancing the industry’s innovation capa-
bilities. Additionally, the document specifies the main research directions for key common
technologies and all-purpose and specialized equipment, establishes co-operation mecha-
nisms for key areas, and builds industrial alliances; and encourages qualified localities to
plan and build regional innovation platforms in the steel sector and actively strive to create
national-level innovation platforms.

3.2.2. Strictly Control Iron and Steel Production Amount

To curb the continued increase in steel production amount, the “Guiding Opinions on
Promoting the High-Quality Development of the Steel Industry” emphasizes the need to
intensify efforts to prevent the blind implementation of smelting projects, and additional
capacity in processing, casting, ferroalloys, etc., is prohibited; strictly avoid the resurgence
of low-grade steel and strengthen penalties for violations; and increase the investigation of
new steel production amounts in breach of regulations and use a legal way to effectively
address the issue of overcapacity in the steel industry.

3.2.3. Develop Electric Arc Furnace Steelmaking in an Orderly Manner

Compared to long-process steelmaking, electric arc furnace short-process steelmaking
no longer requires ore as the raw material. It mainly consumes electricity as energy,
significantly reducing CO2 emissions. The “Guiding Opinions on Promoting the High-
Quality Development of the Steel Industry” states that it encourages eligible enterprises to
prioritize the transformation of electric arc furnace steelmaking. It also suggests establishing
small- and medium-sized electric arc furnace steelmaking enterprises in central cities and
urban clusters, and it can synergistically dispose of urban waste; and encourages regions
with advantageous conditions to establish electric arc furnace steelmaking demonstration
zones and explore and develop new technologies and equipment.

3.2.4. Promote Restructuring of Steel Enterprises

The steel industry is an essential sector of China’s national economy. The restructuring
of steel enterprises can enhance the industry concentration, which, in turn, has several
significant effects. Firstly, the increased concentration could reduce carbon emissions
through regulated economies. Secondly, it helps in controlling the overall industry capacity.
In 2020, the concentration ratio of China’s steel industry was 39.2%, an increase of a
five-percentage-point compared to the end of the 13th Five-Year Plan. However, the
concentration level of Chinese steel enterprises remains relatively low, with a notable
gap compared to other countries worldwide. Since 2005, the Chinese government has
supported restructuring steel enterprises. A noteworthy example is the establishment of
China Baowu Steel Group in 2016, which became the first steel conglomerate in China with
an annual production amount exceeding 100 million tons.

3.2.5. Deepen Co-operation in Low-Carbon Technology Development

The “Guiding Opinions on Promoting the High-Quality Development of the Steel
Industry” deepens the promotion of low-carbon technology development as the main task;
emphasizes supporting the construction of low-carbon metallurgical innovation alliances;
establishes a data management system for carbon emissions in the production process,
and formulate action plans for hydrogen metallurgy; and actively promotes the coupled
development of steel, electric power, chemicals, and other industries.
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4. Development Status of Low-Carbon Technology in China’s Steel Industry

4.1. Quantitative Assessment of Carbon-Reducing and Energy-Saving Capacity of Different
Low-Carbon Technologies

A quantitative assessment of the energy-saving and carbon-reducing capacity of
steel industries is useful for the rational use of fuel, energy resources, and raw materials,
and the improvement of the technological structure of production. A number of energy-
modeling approaches have been used to analyze future trends and to assess the capacity
for energy-saving and emissions reduction [30]. These can be categorized into two types:
top-down and bottom-up models [31–33]. Most of the methods of assessment for low-
carbon technologies in the steel industry use bottom-up analyses [34]. The advantage of the
bottom-up analysis method is that it can simulate the development of technologies from a
micro level, and forecast the energy-saving potential [35]. Some scholars divide 20 types of
low-carbon technologies into four categories—coal-saving technology, electricity-saving
technology, comprehensive energy-saving technology, and linkage technology—according
to the energy-saving effect of the different technology on energy varieties, and construct
a bottom-up model to analyze the carbon-reducing and energy-saving capacity under
three different scenarios—the baseline scenario (BS), policy scenario (PS), and strengthened
policy scenario (SPS). In terms of carbon reducing, the contribution of comprehensive
energy-saving technology is highest; the emission reduction in 2030 is 129 million tons CO2
(MtCO2) and 130 MtCO2, in the PS and SPS. In terms of energy saving, the contribution of
coal-saving technology is highest; the ratios of coal saving in 2030 is 12.6% and 13.6%, in
the PS and SPS [35].

4.2. Application Status of Typical Low-Carbon Technology

With the continuous development of China’s steel industry in recent years, many
carbon reduction technologies have reached leading levels and have been implemented in
large domestic enterprises [36,37].

(1) Coal Moisture Control

In this technology, the coking coal is dried before being loaded into the coke oven
through direct or indirect heating. The moisture content of the coking coal is stabilized
at around 6% before the coking process begins. This technology significantly reduces the
heat consumption during cooking, resulting a in lower energy consumption and notable
emission reduction effects. Additionally, it helps achieve a more uniform particle size
distribution of the coke and improves its quality. In China, the coal moisture control saves
approximately 0.06 GJ·t−1 and reduces CO2 emissions by about 1.47 kg·t−1. Coal moisture
control technology has been widely adopted in major steel enterprises, such as Baosteel
Group, Taiyuan Group, and Magang Group [38].

(2) Coke Dry Quenching

This method cools discharged coke from the oven with a cold, inert gas. It has sig-
nificant advantages in recovering sensible heat from the discharged coke and optimizing
operational conditions. It offers benefits such as improving coke quality and reducing
energy consumption. In China, the coke dry quenching saves approximately 0.37 GJ·t−1

and reduces CO2 emissions by about 42.54 kg·t−1. Over 330 sets of coke dry quenching
equipment have been put into operation in China, with a processing capacity of approx-
imately 46,000 t·h−1. The adoption rate of coke dry quenching in the national coking
industry has exceeded 60% [39].

(3) Top Pressure Recovery Turbine

This technology uses gas expansion to drive a turbine, which generates electricity.
The top pressure recovery turbine does not consume any fossil fuels, and it does not
produce any pollutant gas emissions, resulting in significant emission reduction benefits.
In China, the top pressure recovery turbine saves approximately 0.12 GJ·t−1 and reduces
CO2 emissions by about 22.66 kg·t−1. According to statistics from the China Iron and Steel
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Industry Association, by 2010, over 600 blast furnaces were equipped with 597 sets of Top
Pressure Recovery Turbine (TRT) equipment. For example, two 5500 m3 blast furnaces
with TRT technology in the Jingtang Steel Plant achieved a maximum power generation of
31,323 kW·h and a maximum daily average of 29,536 kW·h [40,41].

(4) Converter Dry Dedusting System

In this technology, the hot gas in the flue is cooled to about 200 ◦C, and then the cooled
gas is treated with an electrostatic precipitator. This technology significantly reduces the
emission of dust particles, achieves zero wastewater discharge, and offers advantages such
as long service life and low operating costs [42]. In China, the converter dry dedusting
system saves approximately 0.14 GJ·t−1 and reduces CO2 emissions by about 5.77 kg·t−1.
Major Chinese steel companies such as Baotou Steel, Taiyuan Iron and Steel, and Laigang
Steel have used converter dry dedusting system technology since around 2005.

(5) Sinter Plant Heat Recovery

Sinter Plant Heat Recovery technology is primarily used to improve the energy utiliza-
tion efficiency and reduce energy consumption during the sintering process. In the Chinese
steel industry, the energy consumption of the sintering process is second, accounting for
10% to 20% of the production energy consumption, only to the ironmaking process. There-
fore, the recovery and utilization of waste heat generated during the sintering process hold
significant importance for the low-carbon development of the steel industry. In China, the
sinter plant heat recovery technology saves approximately 0.35 GJ·t−1 and reduces CO2
emissions by about 14.77 kg·t−1. There are 1200 sintering machines in operation in China,
with a waste heat recovery utilization rate ranging from 20–30%; the sintering area is about
126,000 m2 [43]

(6) Blast Furnace Injection of Natural Gas/Coke Oven Gas

In blast furnace injection of natural gas/coke oven gas, the reducing gases such as
natural gas and coke oven gas were injected into the blast furnace, partially replacing
the injection of coal and coke. Countries with abundant natural gas resources, such as
Russia and the United States, have used natural gas injection in blast furnaces since the
1970s. The technology of blast furnace injection of natural gas is relatively mature. In
2019, at the No. 7 blast furnace (4800 m3) in Indiana Harbor operated by ArcelorMittal
in the United States, the natural gas injection rate was 50 kg/t, and the fuel rate was
480 kg/t [44]. Injecting hydrogen-rich gases into the blast furnace not only generates
certain economic benefits through coke saving but also helps improve the company’s
economic performance by reducing CO2 emissions. In China, the blast furnace injection
of coke oven gas saves approximately 0.35 GJ·t−1, and reduces CO2 emissions by about
14.77 kg·t−1. Jinnan Steel has conducted coke oven gas and hydrogen injection tests in
three 1860 m3 blast furnaces [45,46].

(7) High Percentage of Pellet/Lump Ore in BF Burden

The energy consumption of pellet ore in blast furnace iron production is half that
of sinter ore. Pellet ore has advantages such as having a high grade, good reducibility,
and lower emissions during the production process. Lump ore is a natural mineral and is
cleaner [23]. Carbon emissions can be effectively reduced by increasing the proportion of
pellet and lump ore in production. Ganbao Plant achieved a high level of 21.5% lump ore
utilization in 2019 [47].

(8) High-efficiency Continuous Casting

High-efficiency continuous casting focuses on a high casting speed and is based on the
production process being high-quality and defect-free. It aims to achieve high casting rates
and high operation rates. The widespread adoption of high-efficiency continuous casting
technology has increased the output of continuous casting machines and improved the
surface and internal quality of cast slabs, leading to the production of defect-free billets. In
China, the high-efficiency continuous casting saves approximately 0.39 GJ/t, and reduces
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CO2 emissions by about 27.49 kg/t. Chinese steel companies such as Wuhan Iron and
Steel Group and Meigang Group have implemented various new technologies related to
high-efficiency continuous casting in multiple stages of their production processes [48–50].

4.3. Research Status of New Low-Carbon Technology in China

In recent years, China has conducted extensive research on low-carbon technology [51–53],
which has extensively promoted the development of low-carbon ironmaking technologies
in the country. This article provides an overview of the development status of low-carbon
technology in China, focusing on representative examples such as hydrogen-enriched carbonic
oxide recycling oxygenate furnaces, coke oven gas zero-reforming shaft furnace direct reduction
technology, HIsmelt technology, CO2 steelmaking, and steel–chemical coproduction.

(1) Hydrogen-enriched Carbonic oxide Recycling Oxygenate Furnace

The Hydrogen-enriched Carbonic oxide Recycling Oxygenate Furnace is a modifica-
tion of traditional metallurgical processes, where hydrogen replaces carbon, significantly
reducing greenhouse gas emissions during the smelting process and, ultimately, achieving
carbon neutrality for the entire smelting process. In July 2020, Baowu Group completed
the construction of the world’s first 430 m3 hydrogen-enriched carbonic oxide recycling
oxygenate furnace. In June 2021, the injection of the Ouye shaft furnace decarbonized
gas at the tuyere was achieved. In July 2021, the hydrogen-rich metallurgical industrial
experiments were completed, with a blast oxygen content of 50%, and the injection of coke
oven gas and decarbonized gas at the tuyere was achieved. In 2022, the goal of full oxygen
smelting was achieved, and the injection of decarbonized heating gas and coke oven gas
was completed at the tuyere and furnace stack [54–56]. Baowu Group’s experimental team
has completed industrial production tests under conditions ranging from 35% oxygen to
50% oxygen [57]. In 2023, Baowu Group plans to construct a 2500 m3 hydrogen-enriched
carbonic oxide recycling oxygenate furnace.

(2) Coke Oven Gas Zero-Reforming Shaft Furnace Direct Reduction Technology

This technology primarily involves the reduction and deoxidation of oxidized pellets
using a reducing gas consisting mainly of H2 and CO, and accompanied by reactions such
as the self-reforming of coke oven gas and carburization [58]. After self-reforming, the
H2/CO ratio in the coke oven gas can reach above 8:1, becoming the highest hydrogen
content in the gas-based shaft direct reduction process currently used. In December 2022,
Hebei Iron and Steel Group completed the construction of the world’s first project for
the coke oven gas zero-reforming shaft furnace direct reduction technology. This project
can reduce carbon emissions by approximately 70% compared to traditional metallurgical
processes, reducing carbon emissions by approximately 0.5 kg/t [59].

(3) HIsmelt Technology

Compared to traditional blast furnace ironmaking, the HIsmelt process enables the
direct use of non-coking coal powder and ordinary ore powder for smelting, eliminating
the reliance on coking coal and simplifying the entire ironmaking process. The innovation
of HIsmelt technology includes the use of a rotary kiln instead of a fluidized bed to reduce
equipment failure rates, the replacement of refractory materials to optimize cooling systems
and extend equipment lifespan, the development of high-life mixed injection lances, and
the optimization of operations to achieve flexible iron output. Through continuous research
and adjustments, in 2017, Shandong Molong achieved continuous production of HIsmelt
and, in 2018, achieved 157 consecutive days of stable output [60].

(4) Carbon Dioxide Steelmaking Technology

Carbon dioxide has stability, non-burning-supporting properties, and the ability to
undergo reactions at high temperatures. These characteristics enable CO2 to play roles in
stirring, cover protection, and dilution within the steelmaking process [61]. Beijing Univer-
sity of Science and Technology has invented several CO2-related technologies, including
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CO2-O2 dust reduction, CO2 phosphorus removal, CO2 nitrogen removal, CO2 oxygen
control, and CO2 bottom blowing. In April 2022, the O2-CO2-CaO bottom-blowing tech-
nology was tested in an industrial setting at Shougang Jing-Tang Iron and Steel Company,
achieving a CO2 emission reduction of 30 kg/t [62].

(5) Steel–Chemical Coproduction

This technology, using blast furnace gas, converter gas, and coke oven gas of iron and
steel enterprises as raw materials, involves extracting components such as carbon dioxide,
carbon monoxide, and hydrogen through a series of purification and refinement processes,
and then making methanol, ethanol, liquefied natural gas, and other high-value-added
products after chemical processing [63,64]. Steel–chemical coproduction reduces carbon
emissions from the source and achieves the coupling development of the chemical and
steel industries. Numerous Chinese companies have begun the large-scale production of
chemical products using exhaust gases, such as methanol, ethanol, ethylene glycol, and
formic acid. In 2018, the first set of natural gas ethylene glycol projects was successfully
tested by Xinjiang Tianying Petroleum Chemical [65].

4.4. Representative Steel Enterprises’ Low-Carbon Technology Roadmap
4.4.1. Baowu Group’s Low-Carbon Technology Roadmap

In 2021, Baowu Group released its low-carbon technology roadmap, as shown in
Figure 5 [66]. It plans to achieve carbon peaking in 2023, can reduce carbon emissions
by 30% in 2025, strives to achieve a 30% emission reduction in 2035, and strives for
carbon neutrality in 2050. Its low-carbon goals are realized primarily by deploying six
technologies: extreme efficiency, HyCROF, terminal manufacture, metallurgical resource
recycling, hydrogen-based shaft furnace, and carbon recovery and utilization. From 2020
to 2035, the deployment of extreme efficiency, metallurgical resource recycling, terminal
manufacture, and HyCROF will be completed. From 2035 to 2050, the deployment of
hydrogen-based shaft furnace and carbon recovery and utilization technologies will be
completed. The emission reduction targets for each technology category are as follows:
extreme efficiency (3–5% reduction), metallurgical resource recycling (10–20% reduction),
terminal manufacture (5–10% reduction), HyCROF (30–50% reduction), hydrogen-based
shaft furnace (50–90% reduction), and carbon recovery and utilization (30–50% reduction).

Figure 5. Baowu group’s low-carbon technology roadmap.

4.4.2. Hebei Iron and Steel Group’s Low-Carbon Technology Roadmap

In 2022, Hebei Iron and Steel Group released its low-carbon technology roadmap,
as shown in Figure 6 [67]. The roadmap outlines three phases of low-carbon develop-
ment: “Peak Carbon Platform Period (2022–2025), Steady Decline Period (2025–2030), and
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Deep Decarbonization Period (2031–2050)”. Through implementing six major technology
pathways, Hebei Iron and Steel Group aims to achieve a reduction in carbon emissions
of over 10% compared to peak levels by 2025, over 30% by 2030, and carbon neutrality
by 2050. The six major technology pathways include optimizing iron and steel resources,
process optimizing and restructuring, improving system energy efficiency, optimizing
energy structure, technological transformation for low-carbon, and collaborative decar-
bonization across industries. By 2050, it is projected that optimizing iron and steel resources
will result in a 13% carbon reduction, process optimizing and restructuring will result in
an 18% carbon reduction, improving system energy efficiency will result in a 34% carbon
reduction, optimizing energy structure will result in an 11% carbon reduction, technological
transformation for low-carbon will result in a 17% carbon reduction, and collaborative
decarbonization across industries will result in a 7% carbon reduction [68].

Figure 6. Hebei iron and steel group’s low-carbon technology roadmap.

5. Suggestions for Further Reduction of Carbon Emission in China’s Steel Industry

(1) Unify organization and implementation

On the one hand, we uniformly consider the demand for steel in the country’s eco-
nomic and social development, utilizing both domestic and international steel supply,
under the premise of meeting the basic domestic steel demand, scientifically planning and
forecasting of the trend of China’s steel production, and scientifically leading China’s steel
materials and related industries towards high-end and volume reduction to ensure the
economic competitiveness of the iron and steel industry. On the other hand, combined
with the changes in China’s scrap production and import volume, as well as the progress
of decarbonization of the power system, we guide the development of electric arc furnace
short-process steelmaking in a timely manner. The steel industry should formulate carbon
neutrality targets in stages based on completing the above two works and clarifying the
corresponding stages’ key tasks and implementation paths.

(2) Establish national industrial experimental platform

Low-carbon technology research is a large, high-risk, and time-critical task that is
difficult for individual organizations to afford. In the foreseeable future, steel materials will
continue to serve as the essential foundation for developing the social economy. Therefore,
the steel industry’s low-carbon development is society’s responsibility. It is necessary
to provide financial and policy support for the research of low-carbon technology from
the national level and to promote the study of low-carbon technology by establishing a
national-level industrialization experiment platform.
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(3) Select key technologies for research by process

Long processes currently dominate China’s iron and steel smelting, but the proportion
of short processes will significantly increase, eventually forming a complementary situation.
Therefore, research on low-carbon technology in the steel industry should be carried out
using long and short processes. The development of carbon reduction technologies based
on long processes is of great significance to the carbon peaking and initial carbon reduction
of China’s steel industry, while the development of low-carbon technologies based on short
processes is of decisive importance to realizing carbon neutrality in China’s steel industry.

(4) Establish new research co-operation model

China’s government attaches great importance to the goal of carbon peaking and
carbon neutrality, so the relevant departments should play a leading role in the research of
low-carbon technology. The research of low-carbon technology in the steel industry should
be aimed at engineering applications, and enterprises, design institutes, and engineering
companies in the leading position in the industry play an important role in the research of
low-carbon technology. The research on low-carbon technology must rely on the proposal
of original technology, which comes from a large amount of basic research. Therefore, it
is inseparable from the active participation of universities and research institutes. The
research work requires a large amount of workforce and material resources, and it is also
essential to ensure the stability of funding channels and balance the relationship between
inputs and benefits. Organizational models used in the European Union (EU) and Japan
for metallurgical process development, such as Ultra Low CO2 Steelmaking (ULCOS), CO2
Ultimate Reduction in Steelmaking process by innovative technology for cool Earth 50
(COURSE50), etc., can be referenced, with efforts to mobilize more positive factors.

6. Conclusions

(1) China’s steel industry faces significant pressure to reduce carbon emissions with its
massive production, its dominant reliance on coal for energy, and the primary use
of blast furnaces and converters in production processes. The Chinese steel industry
has limited potential to reduce process energy consumption alone to achieve carbon
peaking and carbon neutrality. It relies on technological innovation and continues
investing in low-carbon technology research.

(2) China’s steel industry prioritizes dual-carbon goals, and companies and research
institutions are taking significant action to achieve them. However, the development
of high-efficiency carbon reduction technologies in China is in its early stages and
relatively behind compared to other countries. It has yet to reach the level of indus-
trial application, and there is still a significant gap in obtaining world-class carbon
reduction technologies.

(3) Many Chinese steel companies have not proposed clear dual-carbon plans, and
more unified research activities are needed at the industry level. Companies should
establish their dual-carbon plans, co-operate with relevant universities and research
institutions in collaborative research, and strive to achieve dual-carbon goals as soon
as possible.
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Abstract: This paper considers the impact of copper mining-influenced water and metallurgical
wastewater on the surface water in the Bor area, Serbia. Sampling, realized through the four cam-
paigns (2020–2021), confirmed that both types of water, discharged without appropriate treatment in
the Bor River, had a signific impact on the concentration of metal ions, pH and electrical conductivity
on the watercourse in the Bor area. The highest concentrations of the following metal ions, Cu—
271 mg/L, As—25,991 μg/L, Ni—13,856 μg/L, Cd—2627 μg/L, and Pb—2855 μg/L, were registered
in the metallurgical wastewater samples. After changes occurred in the copper production process by
stopping the discharge of untreated wastewater into the Bor River, the concentrations of monitored
elements were drastically decreased. In the period 2022–2024, the concentration values for Cu, As and
Pb ions were below the maximum allowable value, and the concentration values of Ni and Cd ions
were also decreased. The values for pH and electrical conductivity were in the maximum allowable
range. The return of wastewater to the copper production process would lead to both a reduction in
the primary water consumption and reduction in the negative impact on the environment.

Keywords: metal ions; copper production; mining and metallurgy; environment; wastewater;
surface water

1. Introduction

Mining and metallurgy are among the industries that have the biggest impact on
the environment [1]. Dust from the open pit, overburden, and flotation tailing dumps,
as well as gases from smelters and wastewater from electrolysis plants, are the main
sources of air, water, and soil pollution. On the other side, the surface and underground
water streams are endangered by mining-influenced water and industrial wastewater from
metallurgical facilities.

One of the biggest still-working copper mines—including mines with surface exploita-
tion, underground mines, facilities for mineral processing, and metallurgical plants for
copper production—is located near the city of Bor, Serbia (Western Balkan). The Bor copper
mine is located in the northeastern part of Serbia, about 11 km west of Bulgaria, and about
70 km south of Romania. The area of the Bor ore field occupies the central part of the
Timok eruptive massif. This area is bounded on the west by Crni Vrh (1027 m), on the north
by Mali Krš (920 m) and Veliki Krš (1148 m), and on the south side, the terrain is much
lower and there is no distinct height. The first mining operations started in 1903 and have
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been continuously operating for over 120 years. During this period, very large amounts of
different kinds of waste were generated. Copper mineralization is predominantly porphyry
deposits, with a sulfur mineral associated with pyrites. Contact of pyrite with water and
oxygen leads to generating the acid mine drainage (AMD) or acid rock drainage (ARD)
forms [2].

It is estimated that about 750 million tons of mining waste, out of about 378 million
tons of flotation tailings [3], is deposited near the city of Bor during the exploitation period.
This waste contains hazardous and potentially toxic elements such as copper, nickel, arsenic,
zinc, antimony, mercury, chromium, bismuth, and other pollutants [4]. Besides polluting
the environment, these pollutants are very toxic to human health and can cause a large
number of diseases and even death in cases of very high doses when acute poisoning
occurs [5–12]. In the Waste Management Strategy of the Republic of Serbia for the period
2022–2031, mining waste from the exploitation of the mineral raw materials is classified
into waste group 01 in the waste catalog [13]. During 2020, the ore and stone extraction
sector produced 45,709,000 tons of waste, most of which was deposited in landfills [14].
The mining and metallurgy activities in the Bor area are the largest producer of waste.

Problems with mining waste are primarily related to the disposal of a large amount of
flotation tailings and overburden. However, since environmental protection was not the
focus in the past, these waste materials were not managed properly. The environment in
the surroundings of the open pit mines was polluted to the extent that the land, as well
as surface and underground water, was not for human consumption or agriculture. Also,
the metallurgical facilities, located in the center of the city of Bor, caused a large amount of
pollution, especially the gases from the smelter plant that polluted the air, but also other
facilities such as wastewater from the electrolysis plant, which is an important source of
water pollution. Monitoring of the environment has shown the contamination of air, soil
and water with metals, inorganic and organic compounds, PM 10 and PM 2.5, etc. [15,16].
The great negative impact of mining and metallurgy activities on the surface water quality,
especially close to the active and abandoned mines, needs some measures for reduction,
remediation and elimination of the pollutants [17,18].

The Bor River, Krivelj River, Ravna River, Bela River, and Veliki Timok River are the
main rivers of the Bor area watercourse. There are also small creeks and mine-influenced
water, along with industrial wastewater from metallurgical processes for copper production
flowing into some of the mentioned rivers. As a consequence of the mining and metallurgy
activities, some of these rivers have become very polluted mostly by metal ions, such as Pb,
Zn, Cd, Ni, Se, As, Fe, etc. The Bor River is one of the most polluted rivers in Europe [19,20].
To find measures and solutions for the reduction, rehabilitation, and elimination of the
polluting elements, it is necessary to understand the consequences of more than a century
of continuous mining and metallurgical activities in the Bor mining area.

The results for characteristic parameters of the surface water, mine-influenced water,
and metallurgical wastewater in the Bor area are presented in this paper. The main objective
was to determine the difference in the surface water quality before and after the cessation
inflow of the metallurgical wastewater and AMD water from different sources into the Bor
River. In case of an inflow of metallurgical wastewater and AMD water into the Bor River,
the data were collected during the four sampling campaigns, realized in the period from
September 2020 to June 2021. Collecting data of the surface water quality in the Bor area
was continued from October 2021 after stopping the metallurgical wastewater and AMD
water from inflowing into the Bor River; data are available on the website of the city of
Bor. All results were used for a comparative analysis of the surface water quality in the
watercourses of the Bor area.

2. Materials and Methods

2.1. Study Area

The study area includes the surface water and water under the influence of the mining
and metallurgy activities, and the starting point is the Bor River after merging the untreated
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municipal wastewater and AMD water from different locations. The other sampling points
are located downstream towards the Danube River within a 40 km radius of the city of Bor.
This area was chosen because mining and metallurgical activities have been going on for
more than 120 years and they are the main sources of pollution [21].

The main sources of water pollution in the Bor area as well as the industrial zone,
Krivelj; overburden (near the village of Oštrelj); flotation tailing dumps; metallurgical zone
Bor; and open pits are presented in Figure 1.

Figure 1. Sources of mining and metallurgical pollution of surface water.

The nine locations chosen to take samples for the physical–chemical characterization
aim to define the concentration of Cu, As, Ni, Cd, Pb ions, pH and electrical conductivity
(EC) of those samples (Figure 2). The Bor River is formed from the untreated municipal
wastewater, AMD water from overburden deposited near the village of Oštrelj (W1), AMD
water from flotation tailing dumps which are not in operation (W2) and metallurgical
wastewater (W3), also discarded without previous treatment. Sampling of the Bor River
(W4) was carried out on the point near the confluence with the Krivelj River (W5). Sampling
of the surface water from the Krivelj River was carried out at the place where a significant
influence of all wastewater from the study area was (mine, drainage, flotation). The Bela
River (W6) was sampled after merging the Bor, Krivelj and Ravna rivers. The Ravna River
(W7), which flows relatively far from the area of copper mining and metallurgy activities,
was included for an analysis on the basis of literature data about pollution in the earlier
exploitation period, realized by the Roman Empire [22].

The Timok River was sampled at two locations: a location marked as W8, out of
influence of the mining and metallurgy activities from the study area (near the city of
Zaječar), and a location marked as W9, the Veliki Timok River (near the village of Rajac),
after inflow of the Bela River into the Timok River. The Veliki Timok River is a last tributary
of the Danube River in the Republic of Serbia.
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Figure 2. Water sampling locations: (a) locations under direct impact of mining and metallurgy
activities; (b) all sampling locations.
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Coordinates of water sampling locations are measured by a GPS device (Global
Positioning System) Garmin, eTrex Vista® HCx (Olathe, Kansas City, MO, USA), and
presented in Table 1.

Table 1. Coordinates of sampling locations.

Water Sample Mark Sampling Location
GPS Coordinates

Lat. N Long. E

W1 AMD water from overburden 44◦03′46.65′′ 22◦08′11.92′′
W2 AMD water from flotation tailing 44◦03′47.73′′ 22◦07′51.92′′
W3 Metallurgical wastewater 44◦03′42.45′′ 22◦07′53.22′′
W4 Bor River 44◦01′46.81′′ 22◦12′29.46′′
W5 Krivelj River 44◦01′49.33′′ 22◦12′28.92′′
W6 Bela River 44◦01′37.65′′ 22◦13′18.56′′
W7 Ravna River 44◦02′39.69′′ 22◦12′22.24′′

W8 Timok River (out of impact the
mining and metallurgy activities) 43◦56′40.30′′ 22◦18′54.03′′

W9 Veliki Timok River (after inflow of
the Bela River into the Timok River) 44◦05′36.03′′ 22◦34′02.60′′

2.2. Sampling Procedure

A crucial factor in water sampling is to collect samples properly with the appropriate
equipment so that the analytical results or field measurements will reflect the environmental
conditions at the time of sampling. There is a possibility that errors are inadvertently
produced during each sampling. This can lead to wrong results and bad conclusions.

Water samples (AMD water, industrial wastewater, and surface water) were sampled
by the hand tools according to the standard sampling methods:

• Plastic containers from a high-density polyethylene (volume of 1 L), used for general
water sample collection, are rinsed several times in the river or water that will be
sampled before filling with a sample.

• An unfiltered water sample is poured into a plastic bottle of 50 mL without prior
washing because 2.5 mL of HNO3 conc. is present there. Exactly 50 mL of the sample
is poured into a syringe, and after that, the bottle is sealed and labeled. Before use of a
syringe, it should be rinsed three times with a water sample, and contents should be
discharged.

• Samples are properly stored in the shipping containers to ensure samples are be-
tween 4 and 10 ◦C, and transported to the laboratories of the Mining and Metallurgy
Institute Bor.

• All samples are properly stored from the time they arrive at the laboratory to disposal.
Samples are refrigerated at 4 ◦C before analysis unless the method protocol indicates
other storage conditions. In general, the shorter the time that elapses between sample
collection and its analysis, the analytical results will be more reliable.

• For certain constituents and physical values, an immediate analysis in the field is
required. On a sampling site, part of a water sample from a plastic container was
poured into a vessel to measure the pH and electrical conductivity. The vessels for
pH and electrical conductivity measuring were also three times rinsed with a water
sample before performing the measure.

• All field measurement instruments are calibrated before starting sampling and once
again after completing all of the sampling.

• At each sample location, the details relevant to the subsequent analysis and interpreta-
tion are entered in the lists for water sample collection and testing. The details in the
list include all information necessary to assist in data interpretation and repeatability
of sampling. Completion of the list starts in the field, during the sampling activities.
The rest of the forms are completed step by step as samples are analyzed; the results
will be obtained.
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2.3. Physical Chemical Characterization and Statistical Analysis

Relevant international and European standards are used for prescribed appropriate
methods for determining the metal ion concentration (Cu, As, Ni, Cd, and Pb), pH, and
electrical conductivity.

The Coupled Plasma Optical Emission Spectroscopy analytical technique ICP-AES
(model: SPECTRO ARCOS ICP-OES SPECTRO Analytical Instruments GmbH Bosch str. 10,
47533 Kleve, Germany) was used to determine the Cu ions. The Mass Spectrometry with
Inductively Coupled Plasma analytical technique ICP-MS (model: Agilent 7700, Agilent
Technologies Japan, Ltd. 9-1, Takakura-machi, Tokyo 192-8510, Japan) by the external
calibration method was used to determine the As, Ni, Cd, and Pb ions.

The Certified Reference Material (CRM) was used for the quality control of chemical
analysis in the laboratory conditions. An analysis of replicate test portions will indicate the
repeatability and precisions of measurement.

Electrical conductivity and pH are measured on the field in duration of 10 min. Elec-
trical conductivity is measured with EC1387, CHEMLAND (Stargard, Poland) and pH
with WTW 7310, Ino Lab. (Xylem Analytics Germany Sales, GmBH&Co, KG, Weilheim,
Germany).

Calculations of the average values and standard deviation of metal ion concentration
of samples from the period September 2020–June 2021 were made by the Microsoft Excel
2016 Data Analysis Statistical functions and software package OriginPro 8 [23].

3. Results and Discussion

3.1. Characteristics of Wastewater and Surface Water in the Bor Area (Sampling Period September
2020–June 2021)

The results of more extensive research of the metal ion concentration, pH and electrical
conductivity in wastewater, generated from copper mining and metallurgy activities and
surface water from rivers, under the influence of mentioned activities, are presented in this
paper. Therefore, the observed parameters in eastern Serbia or other areas with copper
mining activities can represent a reference point for further research. The water samples,
originating from different rivers, mining-influenced water, and metallurgical wastewater
streams, are extremely enriched with toxic elements [24]. Sampling was performed during
the four campaigns, in the period from September 2020 to June 2021, at defined locations
(Table 1). It was aimed at determining the following parameters: pH, electrical conductivity,
Cu, As, Ni, Cd, and Pb ion concentration.

According to the Serbian regulation on watercourse categorization, the observed rivers
are categorized as the III and IV categories (Table 2). Also, Table 2 presents the maximum
allowable values (MAVs) for characteristic parameters.

Table 2. MAVs according to the Serbian legislation for different river categories, adapted from
Refs. [25,26].

Parameters

River Category and MAVs

III Category (after Inflowing
of the Bela River into the

Timok River) until the
Confluence of the Veliki

Timok and Danube Rivers

IV Category (from the City of
Bor to the Confluence of the
Bela River and Timok River

(Out of Impact of the Mining
and Metallurgy Activities)

pH 6.5–8.5 6.5–8.5
Electrical conductivity, μS/cm 1500 3000

Cu, mg/L 0.5 1
As, μg/L 50 100
Ni, μg/L 34 34
Cd, μg/L 0.6 0.9
Pb, μg/L 14 14
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3.1.1. Concentration of the Cu, As, Ni, Cd and Pb Ions

Figures 3–7 present the obtained values for the concentration of the Cu, As, Ni, Cd
and Pb ions during each sampling campaign, in the period from September 2020 to June
2021. Also, all graphs present the MAVs for the corresponding river category.

W1 W2 W3 W4 W5 W6 W7 W8 W9

0.0

0.2

0.4

0.6

0.8

50

100

150

200

250

300

350

MAV, IV water category

C
u,

 (m
g/

l)

Sampling locations

 I campaign
 II campaign
 III campaign
 IV campaign

MAV, III water category

Figure 3. Concentration of Cu ions in the realized sampling campaigns at defined locations.
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Figure 4. Concentration of As ions in the realized sampling campaigns at defined locations.
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Figure 5. Concentration of Ni ions in the realized sampling campaigns oat defined locations.
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Figure 6. Concentration of Cd ions in the realized sampling campaigns at defined locations.
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Figure 7. Concentration of Pb ions in the realized sampling campaigns at defined locations.

The calculated average and SD values (plus direction of error bars) for Ni, Cd and Pb
are presented in Figure 8.

Figure 8. The average and SD values for concentration of Cu, As, Ni, Cd and Pb ions.

During the sampling campaigns, the impact of AMD water from overburden (W1),
AMD water from flotation tailings (W2), and metallurgical wastewater (W3) on the surface
water of the Bor River (W4) was investigated. The results for the concentration of Cu,
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As, Ni, Cd, and Pb ions in all three kinds of wastewater that inflow into the Bor River
have shown the following: the concentration of Cu ions in water samples, obtained by
the natural leaching of overburden (W1), is in the range of 31.6–57.2 mg/L, average ± SD
(mg/L) values, 42.68 ± 12.30. The concentration of Cu ions in the AMD water from flota-
tion tailings ranges up to 10 mg/L, average ± SD (mg/L) values, 7.10 ± 2.31, while the
concentration of Cu ions in the metallurgical wastewater ranges from 155.27 to 207.9 mg/L,
average ± SD (mg/L) values, 185.25 ± 26.05. The obtained results, presented in Figures 3
and 8, have confirmed that the concentration of Cu ions had the highest values in metal-
lurgical wastewater (W3). The literature data have also confirmed that Cu ions are also
detected in a similar type of mining-influenced water [24]. The concentration of Cu ions in
AMD water at Parys Mountain (Wales) was in the range of 7–44 mg/L. Similar values are
registered in the other copper mines in this area [27].

Based on the values for standard deviation, the possibility that the values could be
found outside the range is lower for samples from location W1, W2 and W3 (Figure 8)
compared to samples from other investigated locations.

The concentration of arsenic ions in the metallurgical wastewater is extremely high
(more than 19,000 μg/L) in all samples, average ± SD (μg/L) values, 21,445.97 ± 2725.33.
As the metallurgical wastewater inflows into the Bor River, it is clear that a high con-
centration of As ions in the Bor River is the result of their presence in W3. Also, a high
concentration of Ni, Cd, and Pb ions is the result of the presence of those ions in W3, which
inflow in W4. The literature data confirm that arsenic is a toxic and harmful impurity in
the copper production process. The characteristic of As ions is that they can be found in
metallurgical wastewater, and they could have a negative impact on the environment and
biodiversity [28,29]. The results have confirmed that metallurgical wastewater (W3) is one
of the main pollutants of the Bor River. Based on the results that the concentration of As
ions is mostly in the range of SD values, it is real to expect that the concentration of As ions
will be in this range in cases of unchanged mining and metallurgy activities (Figure 8).

The results of the concentration of Cu, As, Ni, Cd, and Pb ions in the Bor River (sample
location W4), presented in Figures 3–7, have approved that each value is higher than
the MAV:

• Cu ions: The highest concentration of Cu ions was registered during the IV sampling
campaign, and it was approximately 63 times higher than the MAV. The minimum
value was registered during the III sampling campaign, and it was almost 25 times
higher than the MAV.

• As ions: The highest concentration of As ions (2552.91 μg/L) was about 26 times higher
than the MAV, and was registered during the I sampling campaign. The minimum
value (74.4 μg/L) was registered during the III sampling campaign, and it was lower
than the MAV.

• Ni ions: The highest concentration of 3020.6 μg/L was registered during the II sam-
pling campaign, and it was about 90 times higher than the MAV. The minimum value
(1740.59 μg/L) was registered during the III sampling campaign, and it was 50 times
higher than the MAV.

• Cd ions: The highest concentration of 480.15 μg/L was registered during the I sam-
pling campaign, and it was about 533 times higher than the MAV. The minimum
value (355.7 μg/L) was registered during the IV sampling campaign, and it was
approximately 400 times higher than the MAV.

• Pb ions: The highest concentration of 867.60 μg/L was registered during the I sam-
pling campaign, and it was about 62 times higher than the MAV. The minimum
value (231.52 μg/L) was registered during the III sampling campaign, and it was
approximately 16 times higher than the MAV.

Generally, the results of samples from the Bor River (W4) have shown that only the
concentration of As ions was lower than the MAV in only one sampling campaign. The
concentration of all other heavy metal ions was above the MAV, even 533 times higher in
the case of Cd ions.
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The (W5) concentration of Cu, As, and Pb ions in all cases was lower than the MAV
in the Krivelj River. The concentrations during the, I, and II sampling campaign were
increased by Cd ions, and the concentration of Ni ions was increased only in the I sampling
campaign.

The characteristic of the Ravna River (W7) is that the concentrations of Cu, As, and Pb
ions during each sampling campaign had lower values than the MAV, while the concen-
trations of Ni and Cd ions had higher values than the MAV during the I and IV sampling
campaigns. During the I sampling campaign, the concentrations of both elements were
increased, and during the IV sampling campaign, only the concentration of Cd ions was
increased.

The characteristic of the Bela River (W6), which is formed by merging the Bor, Krivelj,
and Ravna rivers, was that the concentrations of Cu, As, Ni, Cd, and Pb ions during
each sampling campaign were higher than the MAV. By comparison with the values of
appropriate elements in the rivers that form the Bela River, it is clear that the Bor River
is a carrier of heavy metal ions that cause an enormous amount of pollution downstream
towards the Danube River.

The characteristic of the Timok River (W8), which flows through the area out of impact
of the mining and metallurgy activities from the study area, is that the concentration of all
monitored element ions is lower than the MAV.

No negative impact of the mining and metallurgical activities on water in the Veliki
Timok River (W9) is recorded.

3.1.2. pH Values

The pH values, measured during the realized sampling campaigns, are shown in
Figure 9.
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Figure 9. pH values at different sampling locations for each sampling campaign.

It is evident from Figure 9 that mining-affected water (W1 and W2) and metallurgical
wastewater (W3) had increased acidity, which was also shown in the literature data for
similar water types [30]. Low pH values, also a characteristic of the Bor River, were at
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the minimum in the I sampling campaign (2.29). In the same campaign, the pH value
was the lowest at the W3 location (1.49). The above data have confirmed once again a
dominant impact of metallurgical wastewater on the Bor River characteristics, but also that
the present impact of mining has affected water.

The Bela River (W6), formed by merging the Bor, Krivelj, and Ravna rivers, is also
characterized by low pH values compared to the pH values of surface water from locations
W5, W7, W8, and W9. The Krivelj River (W5) is characterized by a pH in the range of
6.23–7.7, but after merging the Bor River with a pH value in the range 2.29–3.14, the pH
value of the newly formed river, the Bela River (W6), ranges between 2.82 and 3.78.

The pH values of surface water from location W7, W8 and W9 are within the MAV
range (6.5–8.5).

3.1.3. Electrical Conductivity

One of the water properties is its electrical conductivity, i.e., the ability of water
to conduct electricity. The electrical conductivity of water shows how many dissolved
substances, salts, minerals, and chemicals are present in it. Salts and various chemicals,
dissolved in water, consist of positively and negatively charged ions that conduct electricity
in water. The increased electrical conductivity of water indicates its possible pollution. The
literature data have confirmed the elevated electrical conductivities for the same water
types [31]. Figure 10 presents the measured values of electrical conductivity during the
realized sampling campaigns.

Figure 10. Electrical conductivity at different sampling locations for each sampling campaign.

The electrical conductivity values for wastewater from locations W1, W2, and W3
were very high, ranging from above 3500 μS/cm to 8500 μS/cm, indicating the presence of
salts and various chemicals dissolved in water and whose ions enable the conduction of
electricity. This confirms the presence of high concentrations of Cu, As, Ni, Cd, and Pb ions
in the investigated samples, as shown in Figures 3–7. It was not possible to measure the
electrical conductivity of water from the W3 samples in two sampling campaigns (values
were above the detection limit of an instrument, 19,990 μS/cm), confirming very high
concentrations of metal ions in this water.
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The surface water, under a direct impact of mining and metallurgical activities (W4,
W5, and W6), is characterized by slightly lower values of electrical conductivity. However,
they are still higher than 1500 μS/cm, which is the upper limit for class III water according
to the Serbian legislation. The characteristic of surface water from locations W7 and W8 is
that the values are below 1500 μS/cm [25,26].

The electrical conductivity of the Veliki Timok River (W9), during certain sampling
campaigns, was higher than those values of water samples from locations W7 and W8.
This has confirmed the impact of the Bela River (W5) on the electrical conductivity of the
Veliki Timok River (W9) after merging the Timok River (W8) and Bela River (W5). A similar
situation is registered in the area of the Majdanpek copper mine [32].

3.2. Characteristics of the Bor River and Bela River (Period 2022–2024)

During 2022, the concentrations of Cu, As, Ni, and Pb ions, pH value, and electrical
conductivity in the Bor River (W4) were monitored by an authorized institution for the
needs of the city of Bor. Also, the monitoring of the Bela River (W6) was started in
2023. The available reports were downloaded from the website of the city of Bor and
used for a comparison with the maximum values obtained in four sampling campaigns
(September 2020–June 2021). Table 3 presents the data for the pH, electrical conductivity
and concentration of Cu ions. Based on the fact that the concentrations of As, Ni, Cd,
and Pb ions were expressed in the same measurement units, the results are presented by
diagrams in Figure 11.

Table 3. pH values, EC and concentration of Cu ions, adapted from Refs. [33–37].

Parameters

Sampling Location/Date

W4/
20–21

W6/
20–21

W4/
07.22

W4/
10.22

W4/
10.23

W6/
10.23

W4/
11.23

W6/
11.23

W4/
03.24

W6/
03.24

pH 2.29 2.82 8.00 7.90 7.37 7.5 7.26 7.48 7.84 7.91
EC, (μS/cm) 5896 3996 2180 1803 1699 1557 1467 1152 1714 1232
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Figure 11. Comparison of concentration of As, Ni, Cd and Pb ions in different periods (2020–2024).
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Changes made by the Serbia Zijin Copper d.o.o Bor had a goal to stop the discharge
of mining-influenced water (locations W1 and W2) and metallurgy wastewater (locations
W3) into the Bor River (W4), reuse this water and reduce the impact on the human and
natural environments around the mining area as well as at the other locations [38,39].
The metallurgical wastewater (W3) treatment in a newly built facility, pumped out and
neutralized water from location W2, and redirection of the W1 flow into the active flotation
tailing dump led to a drastic decrease in the concentrations of Cu, As, Ni and Pb ions
in the Bor River (W4) (Table 3). The concentration of Cu ions, determined in July 2022,
had a maximum value of 1.58 mg/L, which is almost 40 times less than the maximum
concentration of Cu ions determined in the IV sampling campaign (62.9 mg/L, Figure 3).
During the last measured time (18 March 2024), the concentration of Cu ions in the Bor
River was 0.03 mg/L. It is clear that the concentration of Cu ions in the Bor River in March
2024 is about 50 times lower than the concentration in July 2022.

As a consequence of decreasing the concentration of the Cu ion concentration in the
Bor River, the concentration of Cu ions in the Bela River (W6) is also decreased (Table 3).
The maximum value for the concentration of Cu ions in the Bela River (60.45 mg/L) is
registered in the I sampling campaign (Figure 3), and it is about 2200 times higher than the
value registered in October 2023. The same concentration value of Cu ions in the Bela River
is registered in March 2024.

The results of the concentration of Cu ions in the Bor River have confirmed that the
values are below the MAV for the III water class in the period 2023–2024 (Table 2).

The concentration values of Ni and Cd ions were also decreased in samples from the
Bor and Bela rivers, but some values were higher than the MAV.

The concentration of arsenic ions in some cases was below the detection limit of the
applied analytical method, and the values were below the MAV for two samples from the
Bor River.

The concentration of lead ions was below the detection limit of the applied analytical
method for both rivers.

Measurements of the pH value have confirmed that the values were in the MAV
range for the IV surface water class according to the data from Table 2. Also, the values
of electrical conductivity decreased. It was confirmed that the concentration of metal ions
decreased. The values for the pH and electrical conductivity for all samples from the Bor
and Bela rivers were in the range of MAVs for the monitored period.

The concentration of 57.5 μg/L for the Ni ions (the highest value in the period
2022–2024) was almost 50 times lower than the highest concentration of 3020.6 μg/L,
registered during the II sampling campaign in the period 2020–2021 (Figure 5), but still
above the MAV value.

The concentration of Cd ions in the Bor River is still higher than the MAV, but the
values in samples from the Bela River are lower than the MAV in two samples (sampling in
October 2023 and March 2024).

The characteristics of both rivers (the Bor and Bela rivers), sampled in the period
2022–2024, are much better compared to the characteristics from the period September
2020–June 2021. The study, realized in the earlier period, has confirmed that very serious
environmental impacts are detected 30 km along the Bela River. Inflowing of the untreated
AMD water from an overburden disposal as well as from flotation tailing dumps will
continue to significantly impact the local and regional water resources [40].

4. Conclusions

The obtained values for concentrations of Cu, As, Ni, Cd, and Pb ions in the AMD
water from overburden (W1), flotation tailing (W2), and metallurgical wastewater (W3) that
flow into the Bor River have confirmed that the concentration of Cu ions has the highest
values in the metallurgical wastewater samples. The concentration of arsenic ions in the
metallurgical wastewater that inflow into the Bor River was extremely high as well as the
concentration of As ions in the Bor River. Also, the high concentration of Ni, Cd, and Pb
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ions in the Bor River is a consequence of the presence of those ions in the metallurgical
wastewater (W3). These results have confirmed that metallurgical wastewater (W3) from
on-going mining activity is one of the main pollutants of the Bor River. At the same time,
the AMDs that inflow into the Bor River from different locations are the carriers of heavy
metal ions and directly affect the quality of the Bor River.

The concentration of Cu, As, and Pb ions in the Krivelj River (W5) was in all cases
lower than the MAV.

The characteristic of Ravna River (W7) is that the concentrations of Cu, As, and Pb
ions, in each sampling campaign, had lower values than the MAV.

Cd and Ni ions had increased concentrations during some sampling campaigns in the
Krivelj (W5) and Ravna rivers (W7).

The concentrations of Cu, As, Ni, Cd, and Pb ions in the Bela River (W6), which is
formed by merging the Bor, Krivelj, and Ravna rivers, were higher than the MAV in each
sampling campaign.

The characteristic of the Timok River (W8), which flows through the area that is out of
impact of the mining and metallurgy activities from the study area, is that the concentration
of each monitored element ion is lower than the MAV.

The negative impact of the mining and on-going mining activities on water in the
Veliki Timok River (W9) was also recorded.

The pH values during each sampling campaign were low for the AMD water from
different locations, metallurgical wastewater, Bor River, and Bela River.

The electrical conductivity of metallurgical wastewater in almost all sampling cam-
paigns had a value which was higher than the instrument detection limit.

The concentration of monitored elements in the Bor River and Bela River after stopping
the inflowing of metallurgical wastewater and AMD water from overburden and flotation
tailing dumps into the Bor River (detected in the period 2022–2024) confirmed that the
quality of the mentioned rivers is better in comparison with the quality of those rivers in the
period September 2020–June 2021. All activities realized by a company that manages the
mining and on-going mining activities, within the investigated study area, had a positive
effect on the environment.

This research can represent a reference point for future studies in eastern Serbia or
other areas where the copper overburden and flotation tailings have been deposited, using
the observed concentrations of metal ions. Also, further activities, aimed at preventing the
inflow of untreated mining-influenced water and industrial wastewater into the surround-
ing watercourses, will lead to economic and ecological effects.
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“Bučim” Mine: Characterization and Remediation. Desalination 2007, 213, 65–71. [CrossRef]
25. Regulation on the Categorization of Watercourses. (“Official Gazette of SRS”, No. 5/1968-61).
26. Regulation on Limit Values of Pollutants in Surface and Underground Waters and Sediment and Deadline for Reaching Them.

(“Official Gazette of RS”, No. 50/2012).
27. Available online: https://www.imwa.info/docs/imwa_2004/IMWA2004_27_Mullinger.pdf (accessed on 15 April 2024).

49



Metals 2024, 14, 649

28. Perez, K.; Toro, N.; Galvez, E.; Robles, P.; Wilson, R.; Navarra, A. Environmental, Economic and Technological Factors Affecting
Chilean Copper Smelters—A Critical Review. J. Mater. Res. Technol. 2021, 15, 213–225. [CrossRef]

29. Houngaloune, S.; Hiroyoshi, N.; Ito, M. Development of Arsenic Stabilization Techniques in the Mining and Metallurgical
Industries—A Review. In Proceedings of the MMIJ Spring Conference (Resources and Materials 2013), Sapporo, Japan, 3–5
September 2013; pp. 297–300.

30. Nordstrom, D.K.; Blowes, D.W.; Ptacek, C.J. Hydrogeochemistry and Microbiology of Mine Drainage: An Update. Appl. Geochem.
2015, 57, 3–16. [CrossRef]
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Abstract: In modern times, more and more different materials (including alloys) are in direct contact
with human electrolytes (sweat, saliva, lymph, blood, etc.). One of the most important properties
for the use of these materials is therefore their chemical inertness or resistance to corrosion when
they are in contact with human electrolytes. Consequently, during the development of such new
materials, it is necessary to study and understand their basic electrochemical behaviour in a given
environment. The purpose of this research was to monitor the electrochemical behaviour of the new
Au-Ge alloy in artificial sweat and artificial saliva solutions, depending on the electrolyte composition
and exposure time. This new alloy represents a potential material for use in dentistry or for jewellery.
The obtained results of the study show that the immersion time and the pH value have a significantly
greater influence on the corrosion resistance of the new Au-Ge alloy than the composition of the
electrolyte solution. The results of the SEM/EDX analysis additionally confirm the main results of
the electrochemical measurements.

Keywords: Au-Ge alloy; electrochemical properties; characterisation

1. Introduction

Nowadays, metals and alloys, apart from having significant and well-known applica-
tions as structural materials, increasingly find their role in our daily life as coins, zippers,
buttons, in the form of various fashion accessories (jewellery, piercings, eyeglass frames,
wrist watches, etc.), as a different type of orthopaedic and dental amalgam, implants, or
prostheses, etc. All the above bring metals and alloys into short- or long-term contact with
various physiological fluids (electrolytes), like sweat, saliva, lymph, blood, etc. Contacts
between alloys and different types of human electrolytes can lead to electrochemical re-
actions (electrochemical corrosion). These electrochemical reactions are very important,
because, on the one hand, they can change the metals’ (alloys) features, and they could also
have an impact on human tissue characteristics and properties [1,2]. Because of this, one
of the most important contacts for the usage of new materials is their chemical inertness
or corrosion resistance during contact with human electrolytes. Consequently, during the
development of new materials (alloys), it is essential to examine and understand their basic
electrochemical behaviour in the given environment.

For a long time, nickel-based alloys have been used widely for the above purposes, but
it is well known that nickel ions, which are formed through electrochemical corrosion under
the influence of human sweat, can cause a strong allergic reaction in a high percentage of the
population [3,4]. Consequently, many studies have been conducted so far with the aim of
achieving an economically affordable and sustainable alternative to the conventional nickel
alloy. Developing gold alloys for fashion accessories without nickel presents a challenge,
as nickel provides the strength and hardness of the resulting alloy and has favourable
casting characteristics for lost-wax casting, providing ease of flow and useful shrinkage
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during solidification, as well as good mechanical properties for rolling and machining
during production. It is also a whitening element, suitable for producing commercially
more interesting white gold products, which have increased in popularity on the jewellery
market in the last few decades. Alternatives for nickel include palladium, platinum, or
titanium, which increase the price of the alloy or the technological difficulty of production.

An alternative alloying element was found in Germanium during an attempt to
produce a gold alloy with characteristics suitable for production, such as with the case of
using nickel [5]. The design of the new Au-Ge alloy is aimed at achieving properties that
are important for use in dentistry as a carrier alloy for porcelain dental reconstructions,
and for use in jewellery for the production of a white Au pre-alloy. In both cases, the new
Au-Ge alloy will need to have good mechanical characteristics and high biocompatibility
with corrosion resistance. In jewellery, most manufacturers of white Au alloys use Ni as
a key element for the final colouring, and some also use Pd. In the case of using Ni, the
key issue is the release of nickel ions, which cause skin allergies, such as the Au-Ge alloy,
which is said to have high electrical and thermal conductivity and corrosion resistance
due to the Au content. Using Ge decreases the hardness, increases the flowability of the
alloy, decreases shrinkage during alloy casting, and is more economically favourable than
using other precious metals. This alloying element is a potentially appropriate component
in the conventional gold–copper–zinc alloys for established production techniques in
jewellery manufacturing companies. High amounts of germanium produce brittleness
and decrease hardness in gold alloys, which is not practical for mechanical treatment.
As such, a gold alloy containing a small amount of Ge, labelled as an Au-Ge alloy, was
produced to investigate its properties as a substitute for nickel. On the other hand, the
crucial information is that Ge compounds are relatively less toxic when compared to other
metalloids and metals [6]. Based on this, Ge is used for medical purposes as different
agents to repair bones with infected bone defects [7]. Ge is not cytotoxic at a low doping
level and is not carcinogenic [8], and even appears to inhibit inflammatory processes in
the effective clinical treatment for mastitis and other inflammatory diseases [9,10]. He
has been considered biocompatible, and, in the antimicrobial surface coatings, has been
recommended as a bio-implant material for the first time [11]. The aim of this research was
to investigate the electrochemical behaviour of one new Au-Ge alloy as potential jewellery
or dental materials in an artificial sweat and artificial saliva solution. Human sweat has a
complex composition (different types of electrolytes, organic acids, carbohydrates, amino
acids, etc.) [12,13], which varies greatly in the function of different physical, environmental,
and pharmacological conditions, such as age and sex, body weight, general body condition,
etc. Human saliva, like sweat, can vary a lot in its composition, also depending on the
age and gender of the patient, but oral hygiene and eating habits, such as the time of day,
often have an additional effect [14,15]. Because of that, different types of artificial saliva
are usually used in investigations [16]. The most used artificial saliva for the investigation
of the electrochemical properties of dental metals and alloys is a modified Fusayama’s
solution [17].

2. Materials and Methods

The Au-Ge alloy was produced with raw materials with a high purity as follows: Au
99.99%, Cu 99.99%, Zn 99.99%, Ge 99.99%, and Ir 99.99% (Legor Group S.p.A., Bressanvido,
Italy), with a proprietary final composition [5]. The casting of the alloy was performed in a
protective atmosphere of Ar 5.0 with a clay graphite crucible at 1100 ◦C. The casting was
performed with a rod with a diameter of 20 mm, which was then rolled through steps of
deformation into a square profile strip with a thickness of 1 mm by 10 mm width. The strip
was then cut into tiles with a length of 10 mm each. The final tiles, with the dimensions
10 × 10 × 1 mm, were used as samples for the artificial saliva and sweat solution testing.

The artificial sweat composition used was as follows: 20 g/L NaCl, 17.5 g/L, NH4Cl,
5 g/L acetic acid, and 15 g/L lactic acid. The artificial sweat solution pH value was adjusted
to 4.7 by NaOH [18,19].
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The used artificial saliva (modified Fusayama’s solution) composition was as follows:
0.400 g/L NaCl, 0.400 g/L KCl, 0.795 g/L CaCl2·2H2O, 0.690 g/L NaH2PO4·H2O, 0.005 g/L
Na2S·9H2O, and 1.000 g/L urea. The original pH of the solution was 4.81. In human saliva,
there is often a short-term decrease in the pH value that occurs during the intake of acidic
foods and drinks, as well as due to the secretion of stomach acid. In order to obtain information
about the effect of lowering the pH value on the electrochemical behaviour of the investigated
alloy, in addition to the original artificial saliva solution, research was also conducted on the
artificial saliva solution in which the pH was adjusted to 2.51 using lactic acid [14].

A three-electrode cell was used for the electrochemical measurements, with the Au-Ge
alloy as the working electrode, the saturated calomel electrode (SCE) as the reference electrode,
and the platinum as the counter electrode. The working electrode was constructed from an
Au-Ge alloy plate, with an exposed area of 0.5 cm2, embedded in an epoxy resin. The electrode
was wet polished with SiC papers (grit sizes of 800 and 1200), rinsed with acetone and double
distilled water, and then immersed into the electrolyte solution. A PC controlled VoltaLab
PGZ 301 (Radiometer Analytical SAS, Villeurbanne, France) was applied for electrochemical
measurements. The potentiodynamic measurements were performed after immersion times
of 1 h, 24 h, 72 h, and after 7 days at room temperature (approximately 25 ◦C). The potential
was scanned between OCP and −700 mV/SCE in the cathodic direction and back to the
anodic direction (+700 mV/SCE) at a scan rate of 1 mV/s.

The measurements of electrochemical impedance spectra (EIS) were also performed
after immersion times of 1 h, 24 h, 72 h, and after 7 days at the open-circuit potential, (OCP)
and at room temperature. The EIS measurements were carried out over a frequency range
of 0.01 Hz–10 kHz, using 10 mV amplitude of sinusoidal voltage.

An additional scanning electron microscopy/energy-dispersive X-ray spectrometry
(SEM/EDX) analysis was performed on the Au-Ge alloy samples after 24 h of immersion
time in artificial sweat and saliva in order to determine the potential changes of the alloying
elements on the surface of the alloy samples during the electrochemical measurements. The
SEM used was an FEI Sirion 400 NC (FEI Technologies Inc., Hillsboro, OR, USA), equipped
with an INCA 350 (Oxford Instruments, Oxfordshire, UK) microchemical spectrometer.

3. Results and Discussion

3.1. Artificial Sweat
3.1.1. Open-Circuit Potential Measurement—Artificial Sweat

Figure 1 shows the open-circuit potential (OCP) of the tested Au-Ge alloy as a function
of the immersion time in the artificial sweat solution.

Figure 1. Open-circuit potential value as a function of different immersion times.

From Figure 1, it is evident that the open-circuit potential in all the investigated periods
was very stable, and, during the given measurement (60 min), did not change significantly.
On the other hand, the increase in the immersion time (from one hour to 7 days) caused a
significant shift in the open-circuit potential towards the anodic direction (Table 1). The
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increases in the OCP values in the function of the immersion time and absence of potential
drops associated with surface activation suggest that the natural corrosion products formed
on the Au-Ge alloy surface are kinetically resistant to chemical dissolution [14,20], and can
improve the Au-Ge alloy corrosion protection ability in an artificial sweat solution.

Table 1. The corrosion parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time EOCP (mV) Ecorr (mV) jcorr (μA/cm2)

1 h −333 ± 10 −423 ± 5 9.42 ± 1.20
24 h −307 ± 8 −404 ± 7 35.2 ± 2.10
72 h −289 ± 4 −383 ± 4 17.4 ± 1.50

7 days −230 ± 5 −325 ± 5 16.6 ± 1.80

3.1.2. Potentiodynamic Measurements—Artificial Sweat

The potentiodynamic polarisation curves of the tested Au-Ge alloy immersed at
different times in the artificial sweat solution are shown in Figure 2.

Figure 2. Potentiodynamic polarisation curves of the Au-Ge alloy immersed in artificial sweat at
different periods.

The corrosion parameters, namely corrosion potential (Ecorr), and corrosion current
density (jcorr), are given in Table 1.

As can be seen from Figure 2 and from the data in Table 1, increasing the immersion
time also led to a shift in the corrosion potential in the anodic direction and to a significant
increase in the corrosion current density. This kind of behaviour suggests that the layer
formed on the alloy’s surface in the artificial sweat solution formed a kind of insulat-
ing barrier, but it was, nevertheless, permeable to ions’ N exchange, which is especially
pronounced during the electrode polarisation.

During all measurements, the passive current density can be registered in the anodic
part of the polarisation curve up to about 600 mV, when active dissolution started again.
The shape of the polarisation curves was the same in all cases; only the length of the Tafel’s,
mixed (active-diffusion control, slight passivation) and passive region, as well as the value
of the passive current density and breakdown potential, changed with the immersion time
(Table 2). The shortest passive region was registered after 7 days of immersion, and the
highest passive current density was registered after 24 h of immersion (Table 2). This
behaviour of the alloy in the artificial sweat solution may indicate that it takes time for the
Au-Ge surface to stabilise. On the other hand, the characteristics and protective properties
of the Au-Ge alloy surface change slightly over time.
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Table 2. The passivation parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time
Tafel reg. (mV)

from Ecorr to
Mixed reg. (mV)
from Tafel reg. to

Passive reg. (mV)
from Mix. reg. to

jpass

(μA/cm2)

1 h −400 ± 25 +100 ± 25 530 ± 10 0.14 ± 0.07
24 h −360 ± 15 +200 ± 10 670 ± 5 0.80 ± 0.18
72 h −320 ± 20 +200 ± 20 700 ± 6 0.40 ± 0.20

7 days −200 ± 15 +450 ± 15 670 ± 8 0.70 ± 0.16

3.1.3. EIS Measurements—Artificial Sweat

The impedance spectra of the tested Au-Ge alloy in the artificial sweat solution at
different open-circuit potentials are presented as the Bode phase (Figure 3a) and Bode
magnitude (Figure 3b).

 
(a) (b) 

Figure 3. (a) The Bode phase angle and (b) Bode magnitude of the Au-Ge alloy immersed in artificial
sweat at different periods.

The Bode phase plots (Figure 3a) show a deviation in the behaviour of the alloy after 1 h
of immersion and a similar behaviour after 24 h. After one hour of immersion in the Bode
phase plots, two time constants can be registered, in contrast to the later measurements
where only one time constant occurred (after 24 h). One of the time constants was at the low
intermediate frequency region (phase angle approaching 0◦), where the maximum phase
angle (66◦) was located at approximately 10 Hz. The second time constant was observed in
the high intermediate frequency region with a phase angle which was not approaching 0◦,
and the maximum phase angle was ~58◦ at approximately 300 Hz. This time constant, at
the intermediate frequency region, may correspond to the presence of the viscous film on
the alloy’s surface, and could be associated with the formation of a corrosion product on
the alloy’s surface [12,21,22].

During the immersion, after 24 h, a slight increase in the phase angle was registered,
but it did not change further as a function of time. A slight increase in the phase angle at
the beginning of the immersion time indicates that it takes time (approximately 24 h) to
form and stabilise the actual performance of the Au-Ge alloy surface toward the corrosion
process. The phase angle plots revealed only one peak for measurements after 24 h,
indicating the involvement of a single time constant that now exists in the system. The
maximum phase angles noticed in the range of approximately −70◦ to −80◦ in the low
frequency range (~5 Hz) are typically characteristic of capacitive behaviour, corresponding
to the good corrosion resistance of the materials [23], and are an indication of the presence
of a layer on the alloy’s surface [14,24,25].

The Bode magnitude (Figure 3b) showed that, in all the measurements in the low
frequency’s region, the high impedance values (log Z~4–5) for the tested alloys suggested a
good corrosion resistance. The lowest impedance value was registered for the immersion
time of 24 h. Furthermore, it should also be noted that, in the Bode absolute (Figure 3b)
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at high frequencies, for an immersion time of one hour, the modulus of impedance was
in a decreasing trend, in contrast to the more or less constant modulus of impedance for
other immersion times, which is characteristic behaviour based on the literature [26–28].
The non-constant behaviour of the constant modulus at high frequencies certainly confirms
that, after one hour in artificial sweat, the film formed on the Au-Ge alloy surface was still
rough and porous [23]. In other measurements (except after one hour), the slopes of Z as
a function of frequency were approximately −0.8. This means that the protective layer
formed on the alloy’s surface in the artificial sweat solution formed a kind of insulating
barrier, but it was still permeable to ions from the solution [12,29].

Based on the EIS data, it is possible to establish which equivalent circuit is suitable
for modelling the electrochemical behaviour of the tested Au-Ge alloy in artificial sweat
solutions. Because of the fact that in the impedance spectra (Figure 3a,b), a non-ideal
frequency response was evident, a constant phase element (Q) was used in the equiva-
lent circuit, which was then converted to the double layer capacitance using the usual
equation [12,23,30]. The obtained impedance spectra were fitted using the Rs (Rp Qdl)
circuits, except for the 1 h immersion time, where the Rs (Rp Qdl) (Rf Cf) model was used.
Table 3 gives the values of electrochemical parameters as follows: Rs (solution resistance),
Rp (polarisation resistance), Cdl (double layer capacitance), Rf (film resistance), Cf (film
capacitance), and n (constant phase exponent) obtained from the fitting of the EIS data.

Table 3. EIS parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time
Rs

(Ohm/cm2)

Rp

(kOhm/cm2)

Cdl

(mF/cm2)
n

Rf

(kOhm/cm2)
Cf

(μF/cm2)
χ2·10−3

1 h 15 ± 1.0 5.80 ± 0.02 1.05 ± 0.10 0.85 ± 0.005 2.0 ± 0.2 2.0 ± 0.02 2.20
24 h 5 ± 0.5 2.15 ± 0.03 3.67 ± 0.11 0.87 ± 0.001 - - 1.15
72 h 5 ± 0.5 4.53 ± 0.10 4.55 ± 0.21 0.84 ± 0.002 - - 2.82

7 days 5 ± 0.5 4.85 ± 0.08 4.45 ± 0.18 0.85 ± 0.002 - - 1.87

As already stated, the immersion time of 1 h differs in the behaviour when compared
to other times, and was described by a model with two time constants (Table 3). The second
time constant relates to the presence of a film or corrosion products on the alloy’s surface.
As can be seen from the results (Table 3) in periods from 24 h to 7 days, with the increase
in the immersion time, there was a slight increase in the polarisation resistance (Rp) and
the double layer capacitance (Cdl). The obtained results, as in the case of the polarisation
measurements, indicate that it takes time to stabilise the Au-Ge alloy’s surface and form
permanent properties. Between the immersion times of 72 h and 7 days, there was no
noticeable difference in the alloy behaviour.

3.2. Artificial Saliva
3.2.1. Open-Circuit Potential Measurement—Artificial Saliva

As in the case of the investigation with the artificial sweat solution, the open-circuit
potential was very stable during the tested period in the artificial saliva, and did not change
significantly during the given measurement (60 min). Increasing the immersion time (from
one hour to 7 days) caused a significant shift in the open-circuit potential, unlike the sweat
solution, towards the cathodic direction (Table 4). This kind of behaviour suggests that
the layer formed on the alloy’s surface blocked the active cathodic part, and therefore the
reduction reaction was shifted to a more negative potential range.
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Table 4. The corrosion parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time EOCP (mV) Ecorr (mV) jcorr (μA/cm2) EOCP (mV) Ecorr (mV) jcorr (μA/cm2)

1 h −24 ± 5 96 ± 10 0.30 ± 0.15 20 ± 8 112 ± 10 0.26 ± 0.10
24 h −50 ± 3 8 ± 5 0.15 ± 0.09 −362 ± 10 −361 ± 10 12.94 ± 1.85
72 h −268 ± 7 −247 ± 9 1.56 ± 0.50 −367 ± 7 −372 ± 7 14.09 ± 1.26

7 days −339 ± 4 −320 ± 4 1.95 ± 0.80 −376 ± 9 −388 ± 9 9.37 ± 0.98

3.2.2. Potentiodynamic Measurements—Artificial Saliva

The potentiodynamic polarisation curves of the tested Au-Ge alloy immersed in the
artificial saliva solution at pH 4.81 and 2.51 for different times are shown in Figures 4
and 5, respectively. The corrosion parameters, namely the corrosion potential (Ecorr) and
corrosion current density (jcorr), are given in Table 4.

Figure 4. Potentiodynamic polarisation curves of the Au-Ge alloy immersed in artificial saliva
(pH = 4.81) at different periods.

Figure 5. Potentiodynamic polarisation curves of the Au-Ge alloy immersed in artificial saliva (pH =
2.51) at different periods.
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As can be seen from Figures 4 and 5 and from the data shown in Table 4, increasing
the immersion time led to a shift in the corrosion potential in the cathodic direction and an
increase in the corrosion current density in both saliva solutions (pH = 4.81 and pH = 2.51).
The difference was that the balance was established much faster in the acidic solution.
Namely, after 24 h, no major changes in the corrosion potential were observed, while, in the
original saliva solution (pH = 4.81), it took longer. The corrosion potential in both solutions
after 7 days was not much different, but, in the acidic saliva solution, the corrosion current
density was significantly higher than in the original artificial saliva solution (Table 4).

As in the case of the artificial sweat solution, the expressed passive current density
was obtained in the anodic part of the polarisation curve. In all the measurements, after the
Tafel’s region, a passive region appeared up to the range of measurements we performed
(Table 5). In both saliva solutions, an increase in the passive current density was registered
when increasing the immersion time. In the acidic saliva solution, on the other hand, the
passive area started at a significantly more negative potential, but with a much higher
passive current density (Table 5).

Table 5. The passivation parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time
Tafel reg. (mV)

from Ecorr to
jpass (μA/cm2)

Tafel reg. (mV)
from Ecorr to

jpass (μA/cm2)

1 h 230 ± 12 5.0 ± 2.0 370 ± 20 9.0 ± 1.8
24 h 280 ± 25 3.2 ± 1.8 −270 ± 18 1100 ± 50
72 h −100 ± 14 39 ± 7.0 −270 ± 16 1400 ± 75

7 days −220 ± 8 110 ± 2.0 −240 ± 10 250 ± 10

3.2.3. EIS Measurements—Artificial Saliva

The impedance spectra of the Au-Ge alloy measured at the open-circuit potential,
after immersion at different times in the artificial saliva solution at pH 4.81, are shown as
the Bode phase and Bode magnitude in Figures 6a and 6b, respectively, and at pH 2.51 in
Figures 7a and 7b, respectively. The impedance parameters are given in Table 6.

 
(a) (b) 

Figure 6. (a) The Bode phase angle and (b) Bode magnitude of the Au-Ge alloy immersed in artificial
saliva (pH = 4.81) at different periods.

From the data shown (Figures 6a and 7a), in both the tested saliva solutions, inde-
pendent of the immersion time, only one time constant appeared, and that was at the low
intermediate frequency region. In the original saliva solution (pH = 4.81), the highest value
of the phase angle, when compared to the acidic solution, was registered (Table 3). In the
original saliva solution, a slight shift in the phase maximum as a function of immersion
time can be registered towards higher frequencies, but the maximum value remained in
the intermediate frequency region (Figure 6a). As mentioned earlier, this frequency region
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(the intermediate frequency region) describes the capacitive behaviour corresponding to
the corrosion resistance of materials [23], and was an indication of the presence of a layer
on the alloy’s surface [14,24].

 
(a) (b) 

Figure 7. (a) The Bode phase angle and (b) Bode magnitude of the Au-Ge alloy immersed in artificial
saliva (pH = 2.51) at different periods.

Table 6. The impedance and phase value of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time Log Z −phase Log Z −phase

1 h 5.2 72 4.7 63
24 h 5.2 70 4.0 62
72 h 4.2 64 3.1 48

7 days 4.0 62 3.0 46

The lower phase angle values indicated that the corrosion resistance of the tested alloy
decreased with the increasing immersion time, as well as a decrease in the pH values.

In the high frequency region, all the Bode magnitudes (Figures 6b and 7b) showed a
plateau when the phase angle approached 0◦, which is an indication of electrolyte resistance.

In the intermediate frequency region, the linear slope in log Z as a function of log (f)
was approximately −0.8 for the original saliva solution (pH = 4.81), with the phase angle
decreasing as a function of time from 72◦ to 62◦. In the case of the acidic saliva solution
(pH = 2.51), the linear slope was significantly lower, about −0.5, with an additional lower
phase angle that decreased as a function of time from 63◦ to 46◦. A slope of −0.5 and
phase angle of about 45◦ is characteristic of the system via diffusion control [12] (acidic
saliva solution after 72 h, Table 6). This kind of behaviour indicates that the corrosion
resistance of the tested alloy was not perfect in the artificial saliva, and that it decreased
further during the immersion time. In the acidic saliva solution (pH = 2.51), the decrease
was more pronounced.

In the low frequency region, in the case of all measurements, another plateau was
registered, with the phase angle approaching 0◦ (except for the immersion times of 1 h
and 24 h at pH = 4.81), which describes the charge transfer processes. The deviation of
the behaviour (immersion times of 1 and 24 h at pH = 4.81) may indicate the existence of
processes in the pores of the surface film [12]. Since this deviation disappeared with time, it
may be a sign that the time of 24 h was insufficient for the Au-Ge alloy surface to stabilise
and form permanent properties.

As in the case of the artificial sweat solution, the obtained impedance spectra in the
saliva solution were fitted using the Rs (RpQdl) circuits. The electrochemical parameters Rs,
Rp, Cdl, and n, obtained from the fitting of the EIS data, are given in Table 7.
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Table 7. EIS parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time
Rs

(Ohm/cm2)

Rp

(kOhm/cm2)

Cdl

(mF/cm2)
n χ2·10−3 Rs

(Ohm/cm2)

Rp

(kOhm/cm2)

Cdl

(mF/cm2)
n χ2·103

1 h 5 ± 1 280 ± 0.2 0.43 ± 0.01 0.84 ± 0.002 5.2 5 ± 2 270 ± 0.4 1.10 ± 0.02 0.83 ± 0.001 1.1
24 h 5 ± 1 120 ± 1.0 0.37 ± 0.02 0.84 ± 0.001 2.5 80 ± 5 2.50 ± 0.1 1.24 ± 0.017 0.81 ± 0.001 4.3
72 h 15 ± 0.2 10.25 ± 0.5 0.24 ± 0.01 0.80 ± 0.003 1.8 80 ± 4 1.30 ± 0.08 2.37 ± 0.032 0.86 ± 0.001 5.9

7 days 15 ± 0.2 16.00 ± 0.4 0.11 ± 0.008 0.80 ± 0.001 2.2 80 ± 5 1.20 ± 0.15 2.51 ± 0.022 0.81 ± 0.002 2.1

For both saliva solutions, an increase in the immersion time led to a considerable
decrease in the polarisation resistance (Rp) of the tested Au-Ge alloy, which was much
more pronounced in the case of the acidic saliva solution (Table 7). The difference appeared
in the tendency to change the double layer capacitance (Cdl). Namely, in the case of the
original saliva (pH = 4.81), with increasing time, the value of Cdl decreased slightly. On the
other hand, increasing the time in the case of an acidic saliva solution caused an increase
in the value of Cdl, similar to the case of the sweat solution. This behaviour indicates
the possibility of a higher ion exchange in the double layer, due to which the corrosion
resistance of the alloy is reduced significantly in the acidic saliva solution when compared
to the original saliva solution.

3.3. SEM/EDX Analysis

The SEM/EDX analysis was performed on samples after 24 h of immersion in artificial
sweat and saliva to monitor the changes of the alloying elements on the surfaces of the
alloy samples during electrochemical measurements. The normalised values of the alloy
surface’s constituent elements are shown in Figure 8.

 

Figure 8. SEM/EDX analysis of the Au-Ge alloy samples after 24 h of immersion in the artificial
sweat and artificial saliva solution during electrochemical testing.
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Oxygen was detected with the EDX analysis, showing the oxidation of the sample
surfaces during electrochemical testing. The sample exposed to artificial sweat had a
somewhat lower Cu content and higher Au content as compared to the sample exposed to
the artificial saliva. In correlation with the EIS measurements, the difference in composition
on the alloy sample surface may correspond to the formation of the corrosion-resistant
layer. The less noble elements of Cu and Zn may have been dissociated into the acidic
surrounding medium more easily, while the Au remained on the sample surface. The
corrosion products formed on the alloy surface had a higher Au content, which was
inherently more corrosion-resistant, making the surface layer less susceptible to continued
chemical dissolution. In the artificial saliva solution, the metallic element dissociation took
longer to form the final film on the alloy’s surface, and the EDX analysis showed only a
slightly altered Cu and Au content from the initial chemical alloy composition.

The SEM images show several scratches and dark spots. The scratches are the result of
surface preparation before exposure to the artificial media, while the dark spots are mostly
contamination and impurities from handling the samples with artificial saliva and sweat.
Some dark spots are burrs and edges of the scratches, holes, or imperfections on the sample
surface. Examining the effects of exposure to the artificial media has shown that very little
corrosion damage was obtained on the sample surfaces.

4. Conclusions

The electrochemical behaviour of the Au-Ge alloy at different immersion times in
the artificial sweat and artificial saliva solutions (different pH values) was studied using
potentiodynamic polarisation measurements, electrochemical impedance spectroscopy, and
SEM/EDX analysis.

Artificial sweat solution:

- The obtained results showed that the polarisation curves of the tested alloy were
similar in all measurements, suggesting that the main corrosion mechanism was the
same, regardless of the immersion times. The difference in behaviour occurred only
in the length of the Tafel’s, mixed, and passive region, as well as in the value of the
passive current density.

- As a function of immersion time, a shift in EOCP and Ecorr towards the anodic direction
was also recorded, as well as an increase in the corrosion current density. This kind of
behaviour suggests that the layer formed on the alloy’s surface in the artificial sweat
solution formed a kind of insulating barrier, but it was, nevertheless, permeable to
ions’ exchange.

- The EIS measurements confirmed that, after one hour in the artificial sweat solution,
the Au-Ge alloy surface did not stabilise. Because of that, the immersion time of 1 h
differed in the behaviour when compared to the later period, and was described by a
model with two time constants in contrast to the later measurements, where only one
time constant occurred.

- The slight increase in the polarisation resistance and the double layer capacitance over
time also suggests that the layer formed on the alloy’s surface in the artificial sweat
solution behaved as a kind of insulating barrier, but it was still permeable to ions from
the solution.

Artificial saliva solution:

- The potentiodynamic polarisation measurement showed that, in both saliva solutions
during the immersion time, a shift in the EOCP and Ecorr towards the cathodic direction
was recorded, as well as an increase in the corrosion current density.

- After 7 days, the corrosion potential in both solutions was not much different, but,
in the acidic saliva solution, the corrosion current density was significantly higher
(higher corrosion rate) than in the original artificial saliva solution.

- Only one time constant appeared in the EIS measurements of both tested saliva
solutions, independent of the immersion time.
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- The results obtained at different immersion times showed that the corrosion resistance
of the tested alloy decreased as a function of time.

- The results also showed that, in the acidic saliva solution (pH = 2.51), the corrosion
rate of the studied alloy was higher, which was accompanied by a decrease in the
impedance (Z), phase angle, and polarisation resistance, and an increase in the double
layer capacitance over time when compared to the original saliva solution (pH = 4.81).

- The SEM/EDX analysis results are in good agreement with the results obtained
through the electrochemical measurements in the artificial sweat and the artificial
saliva solutions.
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Abstract: Copper smelting slag is a significant potential resource for cobalt and copper. The recovery
of copper and cobalt from copper slag could significantly augment the supply of these metals,
which are essential to facilitating the transition to green energy while simultaneously addressing
environmental concerns regarding slag disposal. However, the complex mineral composition of
copper slag poses an enormous challenge. This study investigated the mineralogical and chemical
characteristics of copper slag, which are vital for devising the most effective processing techniques.
XRD and FESEM-EDS were employed to examine the morphologies of copper slag before and
after the reduction process. The effects of borax and charcoal (carbocatalytic) reduction on phase
transformation were evaluated. The XRD analysis revealed that the primary phases in the copper slag
were Fe2SiO4 and Fe3O4. The FESEM-EDS analysis verified the presence of these phases and yielded
supplementary details regarding metal embedment in the Fe2SiO4, Fe3O4, and Cu phases. The
carbocatalytic reduction process expedited the transformation of copper slag microstructures from
crystalline dendritic to amorphous and metallic phases. Finally, leaching experiments demonstrated
the potential benefits of carbocatalytic reduction by yielding high extractions of Cu, Co, and Fe.

Keywords: copper slag; carbocatalytic reduction; mineralogical characterisation; phase transformation

1. Introduction

Confronted with increasing industrialisation and civilisation, humanity is constantly
seeking innovative technologies for a sustainable future. As a result, the extraction of
mineral resources has progressively escalated to keep pace with the rapid development of
society, and a few of these resources are nearing exhaustion. As high-grade deposits deplete,
larger amounts of ore must be mined to provide an adequate supply of raw mAterials,
resulting in increased generation of metallurgical waste. Copper smelting slag is a signifi-
cant metallurgical waste, with a global annual production of 37.7 million tonnes [1]. The
disposal of these substantial volumes of slag is concerning due to the potential release of
hazardous substances into the environment. Copper slag waste contains hazardous metals,
which mAy be a source of pollution affecting surface water, soil, and groundwater [2–4].
This could have an adverse impact on human health and the loss of biodiversity.

Conversely, smelting slag contains a substantial quantity of valuable metals, mAking
it a highly appealing alternative mineral resource to meet the growing demand for critical
metals in social and economic development [2,3]. Therefore, it is increasingly necessary to
reduce waste disposal by extracting valuable metals from the slag waste, thereby contribut-
ing to a sustainable future. However, unlike the primary ore, the complex mineralogy of
copper slag waste, which primarily consists of mAgnetite and fayalite, mAkes it extremely
difficult to extract metals from it [5–7]. Fayalite (2FeO·SiO2) is a stoichiometric compound
that melts at 1208 ◦C [8]. The significant presence of fayalite in copper slag poses huge
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processing challenges due to its high melting point, necessitating energy-intensive process-
ing [9–11]. As a result, a significant amount of slag waste is still stored, which leads to the
buildup of slag waste outside of smelters and wastes vital resources while also polluting
the environment. Morphology, mineralogical characteristics, and metal distribution are
critical factors to understanding the resource utilisation potential of copper smelting slag.

The mineralogical composition of copper slag and the associated distribution of heavy
metals were studied by Zhang et al. [6]. Sequential extraction demonstrated that fayalite
was more difficult to extract than mAgnetite and hedenbergite due to its significantly
stronger binding ability with heavy metals [6]. Guo et al. [12] discovered that during the
pyrometallurgical smelting of copper concentrates, heavy metals like Cu, Pb, and As inter-
act with Fe2SiO4 to form a compact encapsulation state. Several studies discovered that
copper slag contains various valuable metals dispersed across different phases [2,13,14].
Our previous study has demonstrated that copper slag contains substantial quantities of
valuable metals dispersed in other phases, including 2.59 wt.% Al, 1.83 wt.% Zn, 1.67 wt.%
Ag, 1.19 wt.% Cu, and 0.48 wt.% Co [3]. The mineralogical composition of copper slag is
complicated by the presence of these valuable metals in the mAjority of stable oxides and
silicates. [6] observed that the tightly bound state of hazardous metals in various phases
is indistinct, mAking the identification of the primary bound phases of hazardous metals
more challenging. Nevertheless, only a limited number of studies have comprehensively
analysed the microstructure and predominant occurrence of metal phases in copper slag.
Additionally, to date, there has been no research conducted on the phase transformation
of copper slag using charcoal in the presence of borax (carbocatalytic reduction). The
objective of this study was to examine the morphology of copper slag and phase transfor-
mation produced by carbocatalytic reduction (CCR), which is fundamental for optimising
the efficiency of disintegration and metal extraction. The research involved the use of
microscopic and spectroscopic techniques, as well as laboratory chemistry experiments.
The morphology of and phases present in the copper slag were determined using X-ray
diffraction (XRD). The mineral phases of Co, Cu, Ti, Ca, Mg, Al, Fe, and Si were identified,
and their distribution was analysed using a field emission scanning electron microscope
equipped with a spectrometer with X-ray energy dispersion (FESEM-EDS). Additionally,
the potential effect of carbocatalytic reduction for enhanced metal extraction was assessed
through leaching experiments on the product of the copper slag reduction. The results of
this study are essential for gaining a theoretical understanding of the complex mineralogy
and phase transformation of copper slag, which could help to develop technology for
extracting copper and cobalt and reprocessing the accumulated waste.

2. Materials and Methods

2.1. Sample Preparation

The copper slag waste utilised in this study was sourced from the Nkana slag dump
in Kitwe, Zambia. To obtain a more accurate representation of the sample, a total of 60 kg
of copper slag was collected from different locations within the slag dump. The largest
diameter of the slag samples was 4.5 cm. Two crushing stages were used, comprising
primary and secondary crushing using a jaw crusher and a cone crusher, respectively. To
achieve consistency in the composition, the crushed product was sampled using a Jones
riffle and then placed in plastic bags weighing 3 kg each. Each 3 kg sample was ground
for 180 min at a speed of 70 rpm in a ball mill. Following that, the ground sample was
sieved to achieve a particle size smaller than 0.075 mm. The slag was subsequently sampled
using a Jones riffle, then divided into smaller portions through coning and quartering tech-
niques, and finally stored in 0.3 kg plastic containers for experimental investigations. All
reagents used in the reduction process, leaching, and chemical analysis were of analytical
grade. Charcoal was utilised as a preferred flux, as it could serve as a sustainable and
environmentally friendly reducing agent. Our previous research revealed that charcoal
possesses a high carbon content, along with significant volatile mAtter and minimal ash
content [7]. These properties render it well-suited for use as an effective reducing agent
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for copper slag. Anhydrous borax (Na2B4O7) facilitated the reduction of copper slag at
low temperature. The leaching experiments were performed in H2SO4 solution at ambient
temperature. Charcoal was purchased from Bunnings Warehouse (Perth, Australia), while
Na2B4O7 and H2SO4 were supplied by Rowe Scientific (Wangara, Australia).

2.2. Characterisation
2.2.1. Chemical Composition of the Copper Slag

The analysis of the elemental content of the copper slag was conducted using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES). A portion of the slag was
mixed with sodium peroxide (Na2O2) in a platinum crucible, and the resulting mixture
was heated in a furnace at a temperature of 500 ◦C for a duration of one hour. The resulting
sinter was dissolved in a solution of 3 M hydrochloric acid. The solution was diluted,
filtered, and analysed using the ICP-OES. Hydrochloric acid and Na2O2 were purchased
from Rowe Scientific. The results of a typical chemical composition analysis of copper slag
using ICP-OES are presented in Table 1.

Table 1. Elemental analysis of copper smelting slag using ICP-OES (wt.%).

Cu Co Fe Al Mg Mn Ca Pb Zn Ni

1.04 0.79 25.63 11.05 3.50 0.66 7.15 0.03 0.06 0.05

2.2.2. XRD Analysis of Copper Slag

The mineralogical and structural characteristics of slag samples were analysed by X-
ray diffractometry (XRD) using a Rigaku SmartLab equipped with a PhotonMax high-flux
rotating anode X-ray source (Tokyo, Japan), and a HyPix-3000 high-energy-resolution 2D
multidimensional semiconductor detector. The acceleration voltage and electrical current
were 35 kV and 20 mA, respectively. The 2-theta diffraction angle was scanned from 10◦
to 90◦. The step angle and scanning speed were 0.01◦ and 8◦ min−1, respectively. The
diffraction peaks depicted in Figure 1 suggest that copper slag predominantly comprises
fayalite and mAgnetite.

Figure 1. XRD pattern of copper slag.

2.2.3. FESEM-EDS Analyses of Copper Slag and Roasting Product

The morphology and elemental distribution of copper slag were examined using a
field emission scanning electron microscope (FESEM, Tescan Mira3, Brno, Moravia, Czech
Republic) combined with energy dispersive spectroscopy (EDS, Oxford Instruments X-Max
150 SDD X-ray detector with AZtec V5.1 software, Abingdon, Oxfordshire, UK) with a
detection limit ranging from 0.1% to 1%. To achieve a clear and comprehensive examination
of the distribution of phases and metals in copper slag, the samples were mounted using a
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blend of epofix resin and epofix hardener. These mounts were then ground, polished to
a smooth finish, and coated with platinum using a sputter coating technique to enhance
conductivity before morphological analysis. The mounts were subsequently left for a period
of 24 h to solidify. The Struers Tegramin 30 semi-automatic polisher (Struers, Copenhagen,
Denmark) was used for the polishing process. The Piano 1200 pad (Buehler Illinois Tool
Works, Lake Bluff, IL, USA) was utilised for the purpose of grinding to achieve a flat
surface, which was subsequently polished using a diamond suspension. The polished
sections of slag were examined using a backscattered electron (BSE) detector to capture
images of specific areas of interest. Additionally, point analysis and mApping techniques
were employed to gather EDS data, which was used to identify the elemental compositions
and distributions of the different phases present in the slag. The BSE detector exhibits a
variation in grey level that is contingent upon the phase’s composition in relation to the
average atomic number.

2.3. Treatment Methodology
2.3.1. Carbocatalytic Reduction of Copper Slag

Carbocatalytic reduction (CCR) is defined in this study as the reduction process that
involves a mixture of charcoal and borax. The CCR process was achieved by thoroughly
blending 50 g of finely ground copper slag with borax and charcoal. The borax dosage for
different experiments was one of 0%, 10%, 20%, or 30% of copper slag mAss, while the
charcoal dosage was one of 5%, 10%, 15%, or 20% of copper slag mAss. The heterogeneous
samples were transferred into a graphite crucible, placed inside a muffle furnace, and
subjected to thermal treatment. The temperatures employed were 800, 850, 900, 950, and
1000 ◦C, while the durations of reduction were 60, 90, 120, and 180 min. The product after
roasting was cooled to ambient temperature prior to being pulverised into a fine powder.

2.3.2. Sulphuric Acid Leaching of the Feed Sample and Reduction Product

The feed sample was first leached in 2 M H2SO4 for a duration of 90 min at room
temperature (25 ◦C), with a liquid–solid ratio of 4 mL/g. The carbocatalytic reduction
product (under optimum conditions of 10% charcoal and 20% borax dosage at 850 ◦C for
90 min of reduction time) was also leached under the same optimum leaching conditions. A
comprehensive analysis of the optimisation of borax dosage, charcoal addition, temperature,
reduction time, acid concentration, and leaching time is provided in our previous study [7].
The leaching solution and residue were then separated through vacuum filtration, and
the leach residue was rinsed with 200 mL of deionized water. The leach residue was
collected on filter paper and subjected to desiccation in an oven at 70 ◦C. The leach residue
of the product after the carbocatalytic reduction process was digested and analysed in
accordance with the procedure described in Section 2.2.1. To prevent the metal ions from
precipitating due to hydrolysis, the filtered leachates were mixed with a 2% hydrochloric
acid (HCl) solution before being analysed for Co, Cu, and Fe concentrations using the
ICP-OES. Following leach solution analysis, the results of the feed sample and product
after carbocatalytic reduction were compared. The leachability of each valuable metal was
assessed using a mAss balance and applying data obtained from the analysis of the copper
slag feed, leach solution, and leach residue.

3. Results and Discussions

3.1. Morphological Characteristics and Phase Composition of Copper Slag

The morphological characteristics and phase composition of the copper slag feed
sample were investigated using the FESEM-EDS. Figure 2 clearly shows three distinct
phases: copper mAtte (point 1), mAgnetite (point 2), and silicate (point 3). Table 2 indicates
the phase composition of the mAterial at points 1, 2, and 3 in Figure 2.
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Figure 2. FESEM microstructure of the copper slag sample and EDS spectra of copper mAtte
(Point 1), mAgnetite (Point 2), and silicate (Point 3).

Table 2. Elemental composition of the mAin phases in the copper slag in wt.% (Figure 2).

Mineral Phase Point Co Cu S Fe Si O Ca Al Mg Ti K

Copper mAtte 1 0.21 65.57 18.58 2.98 0.47 0.72 0.14
Magnetite 2 1.36 58.26 0.24 21.75 0.24 1.81 0.35 0.97

Silicate 3 4.42 15.55 22.36 37.64 9.5 4.56 2.16 0.22 2.53

The copper mAtte (Point 1) consisted primarily of copper and sulphur. The mAgnetite
particle at point 2 exhibited a mAtrix consisting of iron oxide with metallic inclusions,
including Co, Mg, Al, and Ti, as shown by the EDS analysis. The mAgnetite particle was
encapsulated within the silicate mAtrix, indicating the simultaneous presence of multiple
phases in the copper slag. Point 3 was identified as a silicate phase. The FESEM-EDS
analysis revealed the existence of metallic elements, including Co, Cu, Mg, K, Al, Ti, and
Fe, which are bound to both the mAgnetite and silicate structure. These findings indicate
that the mineralogical composition of copper slag is extremely heterogenous and complex.
This aligns with previous studies indicating that the mineral composition of copper slag is
both chemically diverse and complicated [3–7,10,11,15].

3.2. Embedment of Metals in Mineral Phases in the Copper Slag

To illustrate the embedment of valuable metals in mineral phases, the phases of the
polished surface of the copper slag were identified and analysed using backscattered
electron (BSE) imaging. Figure 3a demonstrates the presence of various mineral phases
interconnected within the copper slag. To obtain detailed BSE microstructure information,
the mArked areas X, Y, and Z in Figure 3a were deconvoluted, and the results are pre-
sented as Figure 3b–d, respectively. The corresponding compositions at various points in
Figure 3b,c are presented in Tables 3 and 4, respectively.
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Figure 3. Backscattered electron micrograph of the polished surface in copper slag (a) and deconvo-
luted images of areas mArked X (b), Y (c), and Z (d).

Table 3. Elemental composition of the mAin phases in the copper slag in wt.% (Figure 3b).

Mineral Phase Point Co Cu S Fe Si O Ca Al Mg Ti K

Copper mAtte 1 0.38 57.56 20.8 11.01 2.34 4.76 0.6 0.64 0.46
Magnetite 2 1.85 51.33 3.94 24.87 1.43 2.49 0.34 1.14 1.08

Silicate 3 1.3 5.08 2.04 24.91 14.07 24.81 4.71 2.29 0.76 0.12 1.49
Silicate 4 1.25 31.11 16.29 28.37 2.51 3.9 0.39 0.14 3.52
Silicate 5 1.44 25.24 12.26 25.9 6 2.07 1.8 0.43 0.91
Silicate 6 1.32 20.9 19.44 31.46 7.98 3.43 2.41 0.16 1.18

Table 4. Elemental composition of the mAin phases in the copper slag in wt.% (Figure 3c).

Mineral Phase Point Co Cu S Fe Si O Ca Al Mg Ti K

Copper mAtte 1 0.11 73.52 18.36 2.5 0.08 0.67
Copper metallic 2 0.14 89.62 0.12 3.17 0.37 1.38 0.08

Silicate 3 1.05 0.54 22.4 23.25 40.9 1.73 5.17 2.25 0.45 2.82
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3.2.1. Copper Phase Occurrence and Metal Embedment in Copper Slag

To evaluate the embedment of metals within the copper mineral phase of the copper
slag, FESEM-EDS analysis was performed on the designated areas in Figure 3b,c. The
back-scattered electron (BSE) micrographs in Figure 3b display micrometre-sized copper
mineral particles embedded on the surfaces of a large, complex silicate glass fragment.
Figure 3c shows a complex fragment interbedded within the silicate mAtrix. Tables 3 and 4
provide confirmation that copper mAtte and metallic copper were the primary mineral
phases of copper in the copper slag and give their respective phase compositions at various
points. The copper mineral phases were mAinly present as fine spherical white inclusions
or prills (Figure 3b–d). The CuS is intergrown with enclosed CoS and various metals
such as Fe, Ca, Al, K, and Si (Table 3). The copper phase exhibited particle sizes ranging
from 5 to 20 μm. The small size of these particles presents a significant challenge in the
separation of copper minerals from copper slag. In Table 4, it was observed that the copper
phase contained a significant amount of copper, with distribution rates of 73.52 wt.% and
89.62 wt.% at points 1 and 2, respectively. Previous research has demonstrated that copper
in the copper slag is present in the form of copper mAtte [2,13,14]. Copper mAtte was also
found in association with iron (Table 3). Cobalt primarily existed in the copper phase as
jaipurite (CoS) and as a metallic phase. The primary constituents of the copper phase were
copper mAtte and metallic copper, along with small amounts of Co, Fe, Si, O, Ca, Al, and K
(as shown in Tables 3 and 4).

3.2.2. Magnetite Phase Occurrence and Metal Embedment in Copper Slag

In Figure 3b, the area labelled as point 2 shows a tetrahedral mAgnetite phase contain-
ing metal inclusions, including Co, Mg, Al, Ti, Ca, K, and Si, which are encapsulated in
the silicate assemblage. The EDS results of the various phase compositions of the points in
Figure 3b are shown in Table 3. The mAgnetite particles exhibited dispersion and fineness
and were embedded within the silicate phase. The mAgnetite phase, similar to the copper
phase, appeared as microparticles measuring less than 20 μm in size. mAgnetite was iden-
tified as a perfect tetrahedron in the copper slag, as well as euhedral spinels (points 2 in
Figures 2 and 3b). mAgnetite predominantly occurred interbedded with silicates, forming
a cohesive structure with iron and other metallic elements. The concentration of iron was
greater in the mAgnetite phase compared with the silicate phase. Measurements of electron
paramagnetic resonance show that ferric iron (Fe3+) exists in both the octahedral cation
sites and the tetrahedral cation (silicon) sites, with slightly higher concentrations in the
former [16]. Therefore, the high concentration of iron in the mAgnetite phase mAy be
attributed to the presence of Fe3+ in the tetrahedral cation (silicon) sites. The observed
tetrahedral geometries in Figure 3b align with this finding, indicating a high iron concen-
tration of 51.33 wt.% (Point 2) in the mAgnetite phase compared with 24.91 wt.% (Point 3)
in the silicate phase in Table 3. Cobalt exists primarily as cobalt ferrite (CoFe2O4) spinels
in the mAgnetite phase. This suggests that cobalt is highly concentrated in the mineral
structure of mAgnetite, with a cobalt content of 1.85 wt.% (Table 3).

3.2.3. Silicate Phase Occurrence and Metal Embedment in Copper Slag

The mineralogical composition of silicate phases in the copper slag exhibited diverse
grey structures, primarily composed of fayalite (Fe2SiO4) and kirschsteinite (CaFe2SiO4),
which are minerals belonging to the olivine group (Figure 3b and Tables 2–4). A closer
examination of Figure 3b reveals that two phases are intermingling. The two phases can
be differentiated based on their varying shades of grey. The brighter crystals correspond
to the fayalite phase (Figure 3b, point 4), which is rich in iron and poor in calcium. The
dark crystals correspond to the kirschsteinite phase (Figure 3b, point 6), which is rich
in calcium and iron. This is confirmed by the EDS results shown in Table 3. Fayalite
is an iron orthosilicate that possesses the crystal structure of olivine. Kirschsteinite is a
crystalline silicate mineral that is grey in colour and has an orthorhombic crystal structure.
Figure 3d displays a characteristic dendritic silicate structure on the glassy fragments,
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with small sulphide, oxide, and metallic droplets embedded on the surface. The copper
slag contained additional silicate phases that are classified as members of the pyroxene
group, including clinopyroxene ((Ca, Mg, Fe, Na) (Mg, Fe, Al) (Si, Al)2O6), hedenbergite
(CaFeSi2O6), diopside (CaMgSi2O6), and ferrosilite (Fe2Si2O6). A significant number of
metals were found contained in the silicate phase, including Co, Cu, Fe, Si, Ca, Mg, Al,
Ti, and K. This is consistent with a recent study that found metals embedded in similar
phases, primarily composed of crystalline silicate phases, including forsterite (Mg2SiO4)
and fayalite (Fe2SiO4), as well as enstatite (Mg2Si2O6) and ferrosilite [17]. In another study,
Zhang et al. [6] found heavy metals embedded in the Fe2SiO4, Fe3O4, and CaFeSi2O6
phases, with fayalite having a significantly greater binding ability with heavy metals than
the other phases.

3.2.4. Distribution of Cu, Co, and Fe in the mAin Phases of Copper Slag

The FESEM-EDS analysis revealed that the copper smelting slag predominantly con-
tained silicate, mAgnetite, and copper phases. In this study, the silicate phase is defined as
primarily fayalite and kirschsteinite, while the copper phase is composed of copper mAtte
and metallic copper. The Co content was uniformly distributed in the mAgnetite, silicate,
and copper mAtte phases with up to 1.85 wt.%, 1.44 wt.%, and 0.38 wt.%, respectively
(Table 3). This finding aligns with the research conducted by [18], which demonstrated
that the distribution of Co primarily occurs in the fayalite phase, specifically in the form of
silicate and ferrite. The iron contents in the mAgnetite, silicate, and copper mAtte phases
were up to 58.26 wt.%, 31.11 wt.%, and 11.01 wt.%, respectively (Tables 2 and 3). The copper
content distribution percentages in silicate, copper mAtte, and metallic copper phases were
5.08 wt.%, 73.52 wt.%, and 89.62 wt.%, respectively (Tables 3 and 4). In another study,
Zhang et al. [6] discovered that despite the significantly higher weight percentage of copper
metal in iron phases compared with fayalite and mAgnetite minerals, fayalite exhibited a
more robust tendency to bind heavy metals. The study discovered that 89.7% As, 85.0%
Pb, and 76.9% Cu were tightly bound to the fayalite phase [6]. Previous studies have
indicated that Cu has the potential to be integrated into the fayalite structure by displacing
the active sites of Fe [6,9,19]. Examining the binary phase diagram of Cu and Fe, Zhou
et al. [20] noted that both Cu and Fe exhibit miscible dissolution, which can be attributed
to their comparable chemical structures. In this study, Cu was typically present in high
concentrations in the copper phase, low concentrations in the silicate phase, and no copper
was observed in the mAgnetite phase in the mArked areas of the feed sample (Tables 2–4).
Meanwhile, the distribution of Co and Fe in the copper smelting slag was consistently
found across all phases (Tables 3 and 4). The surfaces of the silicate and mAgnetite phases
in Figure 3b–d contained a significant amount of embedded metallic phases. Tables 3 and 4
demonstrate the existence of metals incorporated within various phases in the copper slag,
specifically Co, Cu, Fe, Ca, K, Al, Ti, and S. Moreover, the EDS results reveal the coexistence
of multiple metallic phases, thereby confirming their presence in different phases.

3.3. Evaluation of Processing Technology Parameters
3.3.1. Effect of Borax Addition on Morphological Transformation

The effect of borax addition on morphological transformation of the copper slag was
investigated in this study. The borax addition was varied in the range of 0%, 10%, 20%, and
30% with 10% charcoal at 850 ◦C reduction temperature for 90 min. Figure 4a–d displays
the morphological features of the copper slag after the carbocatalytic reduction.

Figure 4a depicts a sample without borax addition, which exhibits microstructure
comparable to the feed sample (Figure 3a). The sample displays skeletal, dendritic, or
irregular crystals in the absence of borax, indicating that it mAy have been formed under a
rapid cooling process. Figure 4b shows more regular spherical microparticles compared
with Figure 4a due to the presence of 10% borax. However, certain regions still contained
dendritic crystals, indicating that the phase transformation had yet to be completed. By
increasing the borax addition to 20% and 30% (as shown in Figure 4c,d), a sample with
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well-defined geometries and uniformly distributed spherical particles is obtained. The
metallic grains, which are small and spherical in shape, are observed distributed between
the particle boundary and the surface of the mAin structure. The reason can be ascribed to
the decomposition of borax occurring within the copper slag phase, which then accelerates
the reduction process. Furthermore, the ability of borax to decompose and its low melting
point mAke it well-suited for the decomposition of high-temperature fayalite in the copper
slag. Based on the experimental results, it can be inferred that the addition of borax has the
potential to enhance the transformation of the dendritic crystalline silicate structure into an
amorphous structure and metallic phase.

 

Figure 4. Effects of borax on morphological transformation with additions of 0% (a), 10% (b), 20% (c),
and 30% (d) borax, with 10% charcoal and 850 ◦C reduction temperature.

3.3.2. Effect of Borax Addition on Phase Transformation

The phase transformation of copper slag during carbocatalytic reduction (CCR) with
different amounts of borax was investigated, as shown in Figure 5. The copper slag was
roasted at a temperature of 850 ◦C for a reduction time of 90 min, using 10% charcoal and
0%, 10%, 20%, and 30% borax (Na2B4O7). In the absence of Na2B4O7, the X-ray diffraction
data indicated the coexistence of mAgnetite and fayalite phases (Figure 5), suggesting that
cobalt and iron particles did not undergo migration or aggregation during the process.
It is evident that having a concentration of 10% and 20% borax caused a decrease in the
intensity of the characteristic diffraction peaks associated with mAgnetite and fayalite
phases, while also resulting in the appearance of a metallic iron phase (Figure 5). When
the borax addition was increased to 30%, the diffraction peaks of fayalite disappeared, the
peaks of mAgnetite were considerably reduced, and the peak of metallic iron became more
pronounced, indicating a complete transformation of the silicate phase. For example, the
peaks at 25.09◦, 27.63◦, 31.67◦, 34.87◦, 35.84◦, and 65.96◦, which correspond to Fe2SiO4,
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gradually disappeared as the borax addition increased from 0 to 30%. The intensity of
the peaks for mAgnetite at 29.71◦, 35.55◦, and 56.38◦ decreased significantly as the borax
addition increased from 0 to 30% (Figure 5). This suggests that most of the fayalite phases
were transformed into metallic phases, which is advantageous for the subsequent leaching
process. According to Zhang et al. [6], the use of alkali disaggregation with CaO promotes
the transformation of fayalite to mAgnetite, implying that the binding relationship between
minerals and heavy metals in copper slag can be reduced from strong to weak. The primary
factor responsible for the significant influence of Na2B4O7 in this study was the sodium
ions, which can infiltrate the crystal structure of Fe2SiO4 and lead to the formation of
amorphous Na2O.SiO2. Hannon et al. [21] classified Na2O as a network modifier and
determined that SiO2 consists of a fully interconnected network of SiO4 tetrahedra, where
pairs of tetrahedra are linked by the sharing of bridging oxygen (BO). The silicon atoms in
the Fe2SiO4 structure act as network formers. When Na2O is added to a silicate network,
it causes the transformation of one bridging oxygen (BO) into two non-bridging oxygens
(NBOs). The NBO plays a pivotal role in reducing the symmetry of Fe2SiO4 by incorporating
alkali sodium ions into the amorphous silica network [22]. Thus, the utilisation of borax in
the CCR process facilitates the conversion of fayalite into mAgnetite and metallic phases,
thereby enhancing the extraction of critical metals.

Figure 5. Effects of borax dosage on the reduction of the copper slag with 10% charcoal at 850 ◦C.

3.3.3. Effect of Reduction Temperature on Phase Transformation

To examine the phase transformation occurring during carbocatalytic reduction at
various temperatures, the reduction temperature was set within the range 800 to 1000 ◦C.
The other parameters, which included 10% charcoal, 20% borax, and 90 min reduction time,
were kept constant. The XRD patterns of the products are depicted in Figure 6. At a reduc-
tion temperature of 800 ◦C, the conspicuous diffraction peaks of fayalite and mAgnetite
exhibited a slight decrease following reduction (Figure 6). When the temperature was
increased to 850 ◦C, 900 ◦C, and then to 950 ◦C, the diffraction peaks of fayalite and mAg-
netite peaks became less pronounced, and the metallic iron phase became stronger. At a
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temperature of 1000 ◦C, all fayalite and mAgnetite phases completely disappeared except
for a minor mAgnetite phase peak at 29.83◦, while the metallic iron phase became the
predominant phase (Figure 6). The increase in the characteristic peak associated with
metallic iron at an angle of 2θ = 44.93◦ indicated the occurrence of a redox reaction be-
tween Fe2SiO4 and Na2B4O7. The results demonstrated that fayalite crystals underwent
depolymerisation when the reduction temperature was increased. The rise in temperature
intensified the reduction reaction between Na2B4O7 and silicate compounds in the copper
slag, resulting in the formation of polymeric sodium metasilicate anion and metallic phases.
This is due to the fact that raising the temperature results in an increase in the equilibrium
amount of metallic phases. Our previous study revealed that the formation of sodium
metasilicate increased the equilibrium concentration of carbon monoxide (CO), facilitating
a spontaneous reaction (Phiri et al., 2023). Partial pressure of CO increases above 800 ◦C
and becomes the predominant phase in the reaction at elevated temperatures. The reason
for this is that raising the reduction temperature enhances the potency of the Boudouard
reaction (C + CO2 = 2CO). Therefore, higher temperatures accelerate the transformation
of fayalite, sulphides, and oxide phases into metallic phases. The diffraction peaks of
sulphides and oxide minerals were not observed, which mAy imply that their quantities
were insufficient for detection by XRD.

Figure 6. Effect of reduction temperature on the copper slag with 10% charcoal and 20% borax.

3.3.4. Comparison of Sulphuric Acid Leaching of the Feed Sample and Reduction Product

The feed sample with less than 75 μm particle size was first leached in 2 M H2SO4 for
90 min at room temperature (25 ◦C) with a liquid–solid ratio of 4 mL/g. The product after
the carbocatalytic reduction process was also leached under the same optimum conditions.
The results of the feed sample and the product after the carbocatalytic reduction process
were then compared according to Figure 7.

Figure 7 depicts the metal extraction of a feed sample yielding 58.13% Cu, 32.58%
Co, and 29.52% Fe. The low extractions of Co and Fe could be attributed to the fact that
these metals are encapsulated in the silicate structure and cannot be dissolved in H2SO4
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solution. Copper extraction was slightly higher because most of the copper in the copper
smelting slag was found in the copper mAtte phase, which can be easily dissolved in H2SO4.
Following the carbocatalytic reduction process, the extraction of Cu, Co, and Fe improved
substantially, with mAximum efficiencies of 84.23% Cu, 87.13% Co, and 87.55% Fe. This
suggests that the reduction process effectively disintegrated the fayalite structure, releasing
Co and Fe metals that could then be leached in H2SO4. Thus, at optimum conditions,
the carbocatalytic reduction process improved Cu, Co, and Fe extraction by 26%, 55%,
and 58%, respectively. Our previous study (Phiri et al., 2023) provided a comprehensive
analysis of the optimisation of charcoal addition, borax dosage, temperature, reduction,
acid concentration, and leaching time.

Figure 7. Comparison of metal extraction results of the feed sample and reduction product at
optimum conditions (2 M H2SO4, 4 mL/g liquid to solid ratio, 90 min of leaching time at 25 ◦C).

3.3.5. Effect of Carbocatalytic Reduction on Metal Extraction by Leaching

Leaching experiments were conducted according to the procedure described in Sec-
tion 2.3.2 to assess the efficacy of a carbocatalytic reduction (CCR) process of copper
smelting slag for metal extraction. The leaching experiments were conducted on the prod-
uct after carbocatalytic reduction (under optimal conditions of 10% charcoal dosage, 850 ◦C
reduction temperature for 90 min) with variable borax dosage (0%, 10%, 20%, and 30%).
The leaching conditions were 2 M H2SO4 with a liquid–solid ratio of 4 mL/g for 90 min at
room temperature (25 ◦C). Figure 8 depicts the relationship between the efficiency of metal
extraction and borax dosage.

Figure 8 shows that without borax addition, the total leaching efficiencies of Cu, Co,
and Fe were 79.74%, 33.04%, and 28.35%, respectively. In comparison, at 10% borax addition,
the corresponding total leaching efficiency for copper reached 86.99% Cu, while Co and Fe
leaching efficiencies were significantly improved to 71.07% and 72.32%, respectively. The
extraction of Co and Fe increased further as the borax dosage was increased to 30%, but the
increase was insignificant, while copper extraction decreased. Although the borax mAy
have little impact on copper reduction, as evidenced by a relatively high extraction without
borax (0%) (Figure 8), increasing the borax to 30% mAy have provided a more reducing
environment for copper metallisation, resulting in low extraction efficiency because copper
metal cannot be leached in H2SO4. Thus, carbocatalytic reduction was most effective at
disintegrating the fayalite structure containing cobalt and iron metals, resulting in the
release of these metals, which were then leached in H2SO4. As a result, a 20% borax dosage
was determined to be optimal, yielding mAximum efficiencies of 83.80% Cu, 84.75% Co,
and 85.69% Fe.
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Figure 8. Effect of borax dosage on metal extraction using H2SO4 leaching (2 M H2SO4, 4 mL/g
liquid to solid ratio, 90 min of leaching time at 25 ◦C).

Table 5 below presents the ICP-OES results for Cu, Co, and Fe in the leachate and
leach residue on the carbocatalytic reduction product under optimum leaching conditions
of 2 M H2SO4, 4 mL/g liquid to solid ratio, and 90 min of leaching time at 25 ◦C. The feed
sample results have been included to demonstrate the mAss balance of the process.

Table 5. ICP-OES results of the feed, leachate, and the leach residue (wt.%).

Material Condition Cu Co Fe

Feed 1.04 0.79 25.63
Leachate 0.87 0.67 21.96

Leach residue 0.17 0.12 3.67

4. Theoretical Basis for the Development of Carbocatalytic Reduction Technology for
the Processing of Copper Slag

The critical determinant for carbocatalytic reduction (CCR) is the disintegration of the
O-O bond in fayalite (Fe2SiO4) within the copper slag. Fayalite is an iron orthosilicate that
has the crystal structure of olivine. The addition of charcoal (C) along with borax (Na2B4O7)
enhances the disintegration of Fe2SiO4 in the copper slag. The process of fayalite reduction
by C entails the disaggregation of fayalite into silica and iron at the boundary between the
silica-fayalite-iron phases. The hydrophobic nature of C allows for the direct interaction of
silicate, which weakens the fayalite O–O bond. The presence of borax causes the O–O bond
in fayalite to become even weaker by introducing a Na2O modifier into a silicate network.
The transformation of fayalite and cobalt silicate in the copper slag at low temperatures of
850 ◦C is illustrated according to Equations (1) and (2), respectively.

Fe2SiO4(s) + 2C(s) + Na2B4O7(s) = Na2O.SiO2(s) + 2B2O3(s) + 2CO(g) + 2Fe(s), [ΔG◦
850 ◦C = −37.224 kj·mol−1] (1)

Co2SiO4(s) + 2C(s) + Na2B4O7(s) = Na2O.SiO2(s) + 2B2O3(s) + 2CO(g) + 2Co(s), [ΔG◦
850 ◦C = −83.118 kj·mol−1] (2)

Co2SiO4(s) + 2CO(g) = 2Co(s) + SiO2(s) + 2CO2(g), [ΔG◦
850 ◦C = −32.701 kj·mol−1] (3)

Fe2SiO4(s) + 2CO(g) = 2Fe(s) + SiO2(s) + 2CO2(g), [ΔG◦
850 ◦C = +33.779 kj·mol−1] (4)
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Thermochemical analysis indicates that fayalite reduction is thermochemically
favourable as evidenced by a negative Gibbs free energy of reaction under ideal con-
ditions (ΔG◦

850 ◦C = −37.224 kj·mol−1) (Equation (1)). Furthermore, the Gibbs free energy
of Equation (2) exhibits a significantly negative value, indicating that the reduction of
Co2SiO4 by charcoal in the presence of borax can occur spontaneously. In our previous
study, we found that C dominates the reduction process at temperatures below 800 ◦C,
whereas CO dominates the reduction reactions of fayalite at temperatures above 800 ◦C
(Phiri et al., 2023). Equations (3) and (4) illustrate the reduction reactions of Co2SiO4 and
Fe2SiO4 by CO, respectively. The Gibbs free energy of reaction implies that Equation (3)
is thermochemically spontaneous at 850 ◦C, whereas Equation (4) is unfavourable at the
same conditions.

Similarly, the direct reduction of mAgnetite to metallic iron using charcoal (C) is
possible at the temperature of 850 ◦C according to Equation (5).

Fe3O4(s) + 4C(s) = 3Fe(s) + 4CO(g), [ΔG◦
850 ◦C = −92.373 kj·mol−1] (5)

While the copper sulphide reactions were exothermic at 850 ◦C, the chemical reactions
with C were more favourable with Na2B4O7 with ΔG◦

850 ◦C = +87.313 kj·mol−1 (Equation (7))
than without Na2B4O7 with ΔG◦

850 ◦C = +230.147 kj·mol−1 (Equation (6)). This suggests that
the presence of Na2B4O7 and C could serve as a thermochemical driving factor.

Cu2S(s) + C(s) = 2Cu(s) + CS(g), [ΔG◦
850 ◦C = +230.147 kj·mol−1] (6)

Cu2S(s) + C(s) + Na2B4O7(s) = Na2S(s) + 2B2O3(s) + 2Cu(s) + CO(g), [ΔG◦
850 ◦C = +87.313 kj·mol−1] (7)

Our previous study described the thermochemical study of the direct reduction
of mAgnetite and silicate compounds with charcoal in the presence of borax across a
wider temperature range of 800–1000 ◦C [7]. Chemical reactions involving C were found to
be more thermochemically spontaneous in the presence of Na2B4O7 than in the absence of
Na2B4O7, implying that Na2B4O7 is essential for the carbocatalytic reduction process. The
addition of Na2B4O7 to this reduction system significantly improves the thermochemical
feasibility of carbocatalytic reduction of Fe2SiO4 and Co2SiO4. When Na2B4O7 and C are
added to copper slag, fayalite is completely transformed to sodium silicate and metallic
iron (Equation (1)). Thermodynamic simulations using the HSC Chemistry 10 software [23]
show that the CCR method allows for reduction reactions of fayalite and mAgnetite at
substantially lower temperatures (850 ◦C) than conventional reduction processes. This
could be due to the reaction products, sodium metasilicate (Na2O.SiO2) and boric oxide
(B2O3), which have a low melting point and provide favourable reduction conditions for
metal mAss transfer and aggregation. To further optimise this process, it is important to
establish the mechanisms that facilitate the transformation of Fe2SiO4 and the formation of
metallic phases during CCR. Figure 9 shows the mechanism of carbocatalytic reduction for
processing the copper slag.

The CCR mechanism in Figure 9 has the potential to modulate the thermal degradation
process and disintegrate the complex silicate-magnetite structure. The released valuable
metals from smelting slag can then be extracted using hydrometallurgical techniques. When
compared with high-temperature secondary processing of copper slag, this CCR process
overcomes the inherent drawbacks of complex mineralogy and high-energy secondary
processing without compromising efficacy.
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Figure 9. Mechanism and disintegration of fayalite by carbocatalytic reduction of the copper slag.

5. A Conceptual Flowsheet for Processing of Copper Smelting Slag

A conceptual flowsheet is proposed for processing copper smelting slag using a
carbocatalytic reduction process, followed by hydrometallurgical extraction of Cu and Co
and utilisation of the waste product. Figure 10 depicts the hypothetical flowsheet for the
processing of copper smelting slag.

Figure 10. Conceptual flowsheet for carbocatalytic reduction and recovery of metals.
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The conceptual flowsheet has been proposed based on the optimum conditions for the
carbocatalytic reduction of copper slag and the leaching of the product using sulphuric acid.
The smelting slag is first crushed, ground, and sieved to less than 75 μm. The milled slag is
subsequently roasted at 850 ◦C using 10% charcoal and 20% borax. The product after the
carbocatalytic reduction is then leached in 2 M H2SO4. After filtration, Cu, Co, and Fe can
be extracted from the solution via the conversional solvent extraction technique. Copper
and cobalt mAy be recovered using electrowinning to produce Cu and Co cathodes. Iron
can be crystallised to produce iron sulphate, which is a valuable product. Then, other metals
such as Al and Mg can be recovered through precipitation. The solid residue comprising
silica and calcium can be separated by physical processes and utilised in construction as
a cement additive. A comprehensive techno-economic analysis is required to assess the
economic viability of the proposed flowsheet. To fully describe the mAss balance, further
research into various metal recovery processes from solution is required.

6. Conclusions

In this study, the mineralogical characterisation of copper smelting slag and phase
transformation after carbocatalytic reduction were investigated in order to develop an
efficient metal extraction technique. The primary phases in the copper smelting slag were
identified as silicate, mAgnetite, and copper using FESEM-EDS analysis. The silicate
phase consisted of fayalite and kirschsteinite, while the copper phase was composed of
copper mAtte and metallic copper. The FESEM-EDS results revealed that several metals,
including Co, Cu, Fe, Si, Ca, Mg, Al, Ti, and K, were present in silicate and mAgnetite
phases in significant concentrations. The Cu, Co, and Fe content distributions in the sili-
cate phase were up to 5.08 wt.%, 1.44 wt.%, and 31.11 wt.%, respectively. The mAgnetite
phase included up to 1.85 wt.% Co and 58.26 wt.% Fe. There was no copper detected
in the mAgnetite phase. The copper mAtte had up to 73.52 wt.% Cu, 0.38 wt.% Co, and
11.01 wt.% Fe. The metallic copper phase was comprised of 89.62 wt.% Cu. The carbo-
catalytic reduction of copper slag has demonstrated efficacy in transforming the complex
silicate-magnetite mAtrix into amorphous and metallic phases, mAking the extraction of
metals easier. This is consistent with the XRD findings revealing that all fayalite and mAg-
netite phases completely disappeared, while the metallic iron phase became the dominant
phase. The addition of 20% borax to the reduction reactions allows for the disintegration of
fayalite and mAgnetite at a significantly lower temperature of 850 ◦C than conventional
reduction processes. Furthermore, the potential influence of carbocatalytic reduction on
metal extraction in leaching experiments was investigated using 2 M H2SO4, resulting
in mAximum extractions of 84.23% Cu, 87.13% Co, and 87.55% Fe. Thus, carbocatalytic
reduction will contribute to the development of technology for extracting Cu and Co
from copper smelting slag as well as reprocessing the accumulated slag waste for a more
sustainable future.
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Abstract: In the pre-reduction cyclone of the HIsarna process, both thermal decomposition and gas
reduction of the injected iron ores occur simultaneously at gas temperatures of 1723–1773 K. In this study,
the kinetics of the thermal decomposition of three iron ores (namely OreA, OreB and OreC) for HIsarna
ironmaking were analysed as an isolated process with a symmetrical thermogravimetric analyser (TGA)
under an inert atmosphere. Using various methods, the chemical and mineralogical composition,
particle size distribution, morphology and phase distribution of the ores were analysed. The ores differ
in their mineralogy and morphology, where OreA only contains hematite as iron-bearing phase and
OreB and OreC include goethite and hematite. To obtain the kinetic parameters in non-isothermal
conditions, the Coats–Redfern Integral Method was applied for heating rates of 1, 2 and 5 K/min and a
maximum temperature of 1773 K. The TGA results indicate that goethite and hematite decomposition
occur as a two-stage process in an inert atmosphere of Ar. The proposed reaction mechanism for the first
stage of goethite decomposition is chemical reaction with an activation energy ranging from 46.55 to
60.38 kJ/mol for OreB and from 69.90 to 134.47 kJ/mol for OreC. The proposed reaction mechanism for
the second stage of goethite decomposition is diffusion, showing an activation energy ranging between
24.43 and 44.76 kJ/mol for OreB and between 3.32 and 23.29 kJ/mol for OreC. In terms of hematite
decomposition, only the first stage was analysed. The proposed reaction mechanism is chemical reaction
control. OreA shows an activation energy of 545.47 to 670.50 kJ/mol, OreB one of 587.68 to 831.54 kJ/mol
and OreC one of 424.31 to 592.32 kJ/mol.

Keywords: HIsarna ironmaking; iron ore; thermal decomposition; kinetics; extractive metallurgy

1. Introduction

The iron- and steelmaking industry alone is responsible for around 7–9% of anthropogenic-
generated CO2 emissions [1]. The main reason for this is the blast furnace (BF), which is the
dominant operating technology for ironmaking, contributing up to 71% of the global CO2
emissions for steel production [2]. Comparing the currently commercially available established
steelmaking routes, BF-BOF, Scrap-EAF, and DRI-EAF, the blast furnace route exhibits the
highest amounts of CO2 emissions per tonne of crude steel [2]. Our society is strongly dependent
on steel production and considering the increasing production trend over last few decades, steel
production is expected to grow further [3], and it is of utmost importance to reduce the CO2
emissions arising from the steel industry.

Iron ores can generally be categorised into high-grade (>65% Fe), medium-grade
(62–65% Fe) and low-grade (<62% Fe) ores. The most commercially used iron ores are
hematite (69.94% Fe) and magnetite (72.36% Fe), exhibiting the highest amounts of iron
content in available ores. Next to hematite and magnetite, multiple other iron ores are
present [4]. One of them is goethite, which is abundantly available in India [5]. Goethite
(FeO*(OH)*nH2O), a medium-grade ore, contains chemically bound water [4]. Alongside
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the environmental problems arising from the blast furnace route, demand issues in the
primary production of steel can become critical. Large amounts of goethite are important
to tackle future demand problems in ironmaking industry, but its use leads to technical
challenges due to its lower iron content.

In the framework of the ULCOS project, HIsarna (Figure 1) was developed by Tata
Steel Netherlands as an alternative ironmaking process with the objective to substitute the
blast furnace [6]. HIsarna operates using a counter-current principle, where the injected
iron ore is in contact with the hot process gas in a temperature range of 1723–1773 K,
thereby combining the two process steps of cyclone converter and smelting reduction
in a single operating furnace [7]. In the upper section, the solid particles are heated up,
melted and pre-reduced with reducing gas mixtures of CO-CO2-H2-H2O, arising from
the reactions in the lower section of the furnace [7,8]. In the lower section of the furnace,
the final reduction of the pre-reduced molten ores with coal to metallic iron takes place.
Due to this reaction, the reducing gas mixture needed in the top section is produced [7].
The degree of pre-reduction that occurs in the top section is around 10–20%. The use of
HIsarna, instead of the blast furnace, reduces the three blast furnace process steps, coking,
agglomeration and ironmaking, to only one process step, the ironmaking itself. This leads
to a lower energy consumption and less CO2 emissions [7]. In combination with carbon
capture and storage (CCS) technology, HIsarna is expected to reduce CO2 emissions by
up to 80% compared to traditional blast furnace ironmaking [8]. HIsarna has the further
advantage of using low-grade, untreated (industrial) ores, with a high amount of gangue
material, which are lower in iron content and other residues arising from iron-bearing
processes within and outside the steelmaking industry. Further, hydrogen enrichment
and the use of renewable carbon sources to improve HIsarna ironmaking technologies are
under investigation.

Figure 1. Schematic of HIsarna process (Adapted from [7]).

In the top section of a HIsarna furnace, two main reaction mechanisms prevail: thermal
decomposition and gas–solid reduction by a gas mixture of CO and H2. During the
injection, the fine ores are rapidly heated up, thermally decomposed, pre-reduced by the
gas atmosphere and partly melted. Most particles experience short residence times in
the top section of the HIsarna furnace, but some particles can hit the walls and become
deposited as a molten film. Considering thermodynamics, the reduction of the ores by
thermal decomposition and gas reduction has the same effect. Both reactions describe the
removal of oxygen from the ore leading to a lower oxygen content. Regarding kinetics,
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however, both the residence time of the particle in the top section and the mechanisms
that occur influence the reaction rates and rate-limiting steps. Qu et al. [9] investigated the
thermal decomposition behaviour of hematite ores with low gangue materials and Chen
et al. [10] focused on the thermal decomposition behaviour of hematite ores with higher
gangue contents. The current study aims to extend this research to the investigation of
hematite ores with high contents of gangue materials as well as goethite-based iron ores
and to analyse the influence of ore mineralogy on the decomposition kinetics.

2. Material Analysis

Varying types of commercial iron-bearing ores were provided by Tata Steel Nether-
lands, which we called OreA, OreB and OreC. The ores were classified into two different
particle size fractions (<63 μm, (63–125) μm) by wet sieving. The particle size is defined
as the particle diameter. The size ranges were verified via light scattering technology
with the Microtrac Bluewave. Each sample was automatically measured in triplicate. The
resulting mean diameter of the volume distribution (MV), number distribution (MN) and
area distribution (MA) are presented in Table 1 and the overall particle size distribution in
Figure 2. It is important to mention that the three values of MV, MN and MA are used to
generate a broad overview on the averaged particle sizes from different perspectives. MV is
strongly influenced by coarser particles and therefore usually shows larger average particle
sizes. MA is a particle surface measurement and is less affected by coarse particles, leading
to smaller average particle sizes. MN is related to the population of the particles and is
more sensitive towards small particles, therefore showing the smallest average particle size.
Figure 2 portrays the passing percentage in relation to the particle size. A larger passing
at low particle sizes, therefore indicates an overall smaller particle size distribution. The
<63 μm fractions of OreA, OreB and OreC show almost no particles larger than the defined
fraction. The fraction of (63–125) μm OreC shows the largest passing in the defined ranges,
followed by OreB and OreA.

Table 1. Mean particle size values for varying iron ores.

OreA OreB OreC

Fraction [μm] <63 63–125 <63 63–125 <63 63–125
MV [μm] 50.74 103.6 44.22 100.2 22.79 115.9
MN [μm] 19.55 51.96 3.66 66.29 1.106 89.55
MA [μm] 39.41 84.86 25.52 87.58 6.80 105.5

 
(a) (b) 

Figure 2. Particle size distribution of OreA, OreB and OreC for size fractions of (a) <63 μm and
(b) (63–125) μm.
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2.1. Composition Analysis

X-Ray diffraction (XRD) with a Bruker D8 Advance diffractometer Bragg-Brentano
geometry and Lynxeye position sensitive detector (Bruker, Germany) was used to evaluate
the mineralogy of the samples and to determine the main differences in composition of the
different iron ores. In general, the XRD signal is complex, containing a lot of smaller peaks
due to the high amount of gangue materials in the ores (Figure S1, Supplementary Materials).
For OreA, hematite (Fe2O3), quartz (SiO2) and dolomite (CaMg(CO3)2 were detected as the
main phases. Additionally, for the fraction < 63 μm a few small magnetite (Fe3O4) peaks
occurred, which were not measured in the other samples. OreB and OreC contained a goethite
phase as an iron-bearing mineral in addition to hematite. The mineralogical composition of
OreB was goethite (FeOOH), hematite, quartz and kaolinite (Al2Si2O5(OH)4). For OreC only
hematite, goethite and quartz were detected as mineral phases.

In order to obtain deeper insights in the elemental composition of the ores, the chemical
compositions of the ore fractions were determined by X-Ray fluorescence (XRF) (Panalytical
AXIOS XRF, Netherlands) and loss of ignition (LOI) analysis (dissolution in nitric acid
and TGA (LECO, Germany)). The results are listed in Table 2, after normalisation and
conversion to the expected oxide phases. The total-C in the system was calculated based
on the assumption that all measured carbon is present as CO2 in the sample. The content
of gangue and iron-bearing phases varies not only between the different ores, but also
between the different size fractions. For all ores, the main gangue components were SiO2
and Al2O3. OreB shows the highest amounts of Al2O3, underlined by the detected kaolinite
phase in the XRD measurements. All ores show similar contents of SiO2, varying in particle
size fraction. In contrast to OreB and OreC, the measurements for OreA show higher
amounts of CaO and MgO, from the detected dolomite phase. Further, OreB and OreC
show lower amounts of carbon compared to OreA, due to the association of carbon to the
dolomite phase in OreA. The crystal water in OreB and OreC indicates a goethite phase,
with larger amounts present in OreC.

Table 2. Chemical composition of varying iron ores based on XRF and LOI.

OreA OreB OreC

Fraction [μm] <63 63–125 <63 63–125 <63 63–125

Compound [wt.%]

Fe2O3
total-Fe

85.93
60.10

91.50
64.00

88.07
61.60

85.07
59.50

81.21
56.80

82.92
58.00

SiO2 5.18 2.96 4.96 5.83 6.84 5.30
Al2O3 2.24 1.44 3.81 4.78 3.52 3.00
MgO 0.71 0.41 0.04 0.04 0.14 0.11
CaO 1.99 1.23 0.05 0.05 0.11 0.07
TiO2 1.04 0.92 0.33 0.35 0.18 0.16
MnO 1.20 0.60 0.03 0.03 1.07 1.24

total-C 0.41 0.23 0.06 0.07 0.18 0.14
H2O(crystal) - - 2.19 3.26 6.05 6.39

Rest 0.37 0.21 0.25 0.31 0.26 0.26

2.2. Morphological Analysis

To observe the morphology of the different ores, SEM images were taken by a Jeol
JSM-IT100 (Jeol, The Netherlands). Representative images of the chosen fractions of the
ores are displayed in Figure 3. Significant differences in morphology are visible between
the goethite and hematite ores. The morphology of OreA appears to be angular in shape
with almost no spherical particles. The structure is close-grained and does not seem to
be porous. Bright particles assumed to be further gangue components, are visible either
as individual particles or as inclusions on the hematite particles. OreB appears to be less
angular and more spherical in structure. The presence of crystal water could be a reason
for the apparent porosity of the particles. For OreC, the particles of the larger size fraction
(Figure 3f) again appear to be more close-grained, despite the larger amounts of crystal
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water. Again, the particles shape appears to be more spherical compared to OreA. However,
for the <63 μm size fraction (Figure 3c), the particles seem to agglomerate and many fine
ore particles are observable as clusters. This is also reflected in the low average particle
size values of MV, MN and MA of this fraction. For OreB and OreC no bright particles are
visible either on the particle surface or as individual particles.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3. SEM images for (a) OreA fraction < 63 μm (150×); (b) OreB fraction < 63 μm (150×); and
(c) OreC fraction < 63 μm (150×); (d) OreA fraction (63–125) μm (100×); (e) OreB fraction (63–125) μm
(100×); and (f) OreC fraction (63–125) μm (100×).

2.3. Phase Distribution

To further investigate the distribution of impurities (gangue) in the samples, the
particles of the small fractions (<63 μm) were mounted in a resin, followed by sanding
and polishing to create a cross-section of the particles. The cross-sections were again
analysed under the SEM, together with EDS mapping to gain insight into the elemental
distribution of the particles (Figure 4). Displayed here are only the main elements of the
ore, Fe, Al and Si. The mapping of OreA supports the findings from the morphological
study, indicating that the distribution of impurities is seen as single, brighter particles, as
well as inclusions on the hematite particles. The elemental distribution of OreC indicates a
similar distribution compared to OreA. Aluminium and silicon are distributed as distinct
particles across the sample, with high intensities of these elements. For OreB, a different
elemental distribution is observable. For silicon, a few distinct small particles are visible.
Apart from that, the aluminium and silicon compounds seem to be coexisting with the iron
ore particles. However, the distribution of iron shows that several iron ore particles are
present without the additional presence of aluminium or silicon.
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Figure 4. Elemental distribution of ore fractions < 63 μm in mounted resin (purple/yellow/green: Fe,
blue: Al, red: Si).

It is not possible to distinguish between hematite and goethite using SEM-EDS due to
the elemental characteristics of hydrogen. To gain more insights into the distribution of
the goethite phase in OreB and OreC, surface-enhanced Raman spectroscopy (alpha300 R-
Raman imaging microscope (WITec, Ulm, Germany)) was carried out for both size fractions
of OreB and OreC (Figure 5). Data from the literature for pure hematite and goethite [11]
were used to identify pure hematite and goethite particles in the samples. Based on the
Raman shift in these particles, the reference spectrum presented in Figure 5a was created
to map the phase distribution. Next, different representative spots in the samples were
measured and compared to the reference spectra. If the shift in the peaks is similar to the
reference spectra, it is assumed to be the same phase. Apart from the pure goethite and
hematite, a mixed phase was measured, shown in the example spectrum in Figure 5b.

Considering the distribution of goethite and hematite in the large size fraction (63–125 μm),
four different particle structures were identified for both OreB and OreC (Figure 5d,f). OreC
consists of almost pure hematite and goethite particles, hematite particles with smaller amounts
of goethite and goethite particles with distinctive hematite inclusions and a mixed phase. OreB
also contains almost pure hematite and goethite particles. However, goethite particles with
hematite inclusions and the mixed phase appear to be present in larger quantities. For the
smaller size fraction (<63 μm), no individual particles were analysed, but a selected area was
scanned for the mapping. It must be noted that the dark area in the scan relates to the resin the
particles were embedded in. OreC in Figure 5c shows a distinctive separation of the goethite and
hematite phase and small spots of the mixed phase. OreB in Figure 5e also shows a segregation
of the hematite and goethite phases. However, the mapping of OreB further indicates the
co-existence of goethite and hematite in some areas.
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(a) (b) 

 

 

(c) (d) 

 

 

 

(e) (f) 

Figure 5. Raman spectroscopy for (a) the reference spectra; (b) the spectra of OreC < 63 μm; (c) map-
ping for OreC < 63 μm (left for complete mapping; right for separated mapping); (d) OreC (63–125)
μm; (e) OreB < 63 μm (left for complete mapping; right for separated mapping); and (f) OreB (63–125)
μm (red: hematite, dark blue: goethite, light blue: mixed phase).

3. Methods

3.1. TGA Experiments

To obtain insights into the non-isothermal decomposition behaviour and kinetics of
the goethite and hematite ores, experiments were carried out in a symmetrical thermogravi-
metric analyser (TGA, Setaram TAG 16/18, Caluire, France). Around 300 mg of ore sample
was placed into Alsint crucibles with an inner diameter of 10 mm and a wall thickness of
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2 mm. The total height of the crucible is 20 mm. The operating parameters are presented in
Table 3. In order to evaluate the thermal decomposition of the ores, the experiments were
carried out in an argon atmosphere with a flow rate of 100 mL/min. The ore particles with
a size fraction < 63 μm were gradually heated at three heating rates (1, 2 and 5 K/min)
until a temperature of 1773 K was reached. Experiments for the particle size fraction of
(63–125) μm were only carried out with a heating rate of 2 K/min to compare the results
to the smaller particle size fraction at the same heating rate. After 1773 K was reached, a
holding time of two hours was applied to achieve the limit of thermal decomposition. After
that, the system was cooled to room temperature with a controlled cooling rate of 5 K/min.
The mass loss over an increasing temperature at a constant heating rate was measured as
the basic data for performing the decomposition and kinetic analysis.

Table 3. Experimental conditions in TGA, Setaram TAG 16/18.

Experimental Condition Operating Parameter

Sample Hematite fine ore, Goethite fine ore
Holding time (h) 2
Heating rate (K/min) 1, 2, 5
Particle size (μm) <63, 63–125
Temperature (K) 298–1773
Atmosphere Ar

3.2. Assessment of Reaction Kinetics of Thermal Decomposition

The kinetic parameters, activation energy (Ea) and pre-exponential factor A of hematite
and goethite decomposition under non-isothermal conditions with a constant heating rate
were determined using the Coats–Redfern Integral Method [12]. Through model fitting, the
most applicable model describing the thermal decomposition of hematite and goethite was
estimated. Commonly used models for gas–solid reactions are listed in Table 4. The essential
characteristic parameter for all the kinetic models is the conversion factor α (Equation (1)).

α =
m0 − mt

m0 − ma
(1)

where m0 is the mass of the initial sample (mg), mt is the mass of the sample at time t (mg)
and ma is the mass of the sample after complete conversion or thermal decomposition (mg). In
the following analysis, the final conversion state was considered to be the decomposition from
either Fe2O3 to Fe3O4 or from FeOOH to Fe2O3. Hence, a conversion factor of 0 equals the initial
state of hematite or goethite and a conversion factor of 1 equals the complete decomposition to
magnetite or hematite. The general expression of the reaction rate of the thermal decomposition
process is presented in (Equation (2)). Applying the Arrhenius equation, the expression for the
reaction rate constant can be determined through (Equation (3)). Considering a constant heating
rate, the reaction rate equation can be written as (Equation (4)).

dα
dt

= kf(α) (2)

k = Aexp(− Ea

RT

)
(3)

dα
dT

=
A
β

exp
(
− Ea

RT

)
f(α) (4)

where k is the reaction rate constant (s−1), f(α) is a function of the conversion factor α, A is
the exponential factor (s−1), Ea is the activation energy (J/mol), β is the heating rate (K/s),
T is the temperature (K) and R is the gas constant (8.314 J/(mol·K). The kinetic parameters

88



Metals 2024, 14, 1271

of hematite and goethite decomposition were determined by the Coats–Redfern Integral
Method (Equation (5)).

ln
[

g(α)
T2

]
= ln

[
AR
βEa

(
1 − 2RT

Ea

)]
− Ea

RT
(5)

where g(α) is the integrated form of the function f(α). The activation energy (Ea) and
pre-exponential factor (A) can be determined from the slope and intercept of the plot
ln

[
g(α)

T2

]
vs. 1

T . Assuming that the value of the activation energy is significantly larger then

(2RT), the term
(

1 − 2RT
Ea

)
in (Equation (5)) is assumed to equal to 1. Following, the slope of

the plot equals −Ea
R and the intercept equals ln

[
AR
βEa

]
. For the calculation of the activation

energy, the intercept, reaction rate constant and the resulting reaction rate of the model
with the best linear fit (R2 close to 1) was used.

Table 4. Reaction models for gas–solid reaction processes (Adapted from [10,13]).

Reaction Model f(α) g(α)

Nucleation
Power law P1 4α3/4 α1/4

P2 3α2/3 α1/3

P3 2α1/2 α1/2

P4 2/3α−1/2 α3/2

Avrami–Erofeev A2 2(1 − α)[−ln(1 − α)]1/2 [−ln(1 − α)]1/2

A3 3(1 − α)[−ln(1 − α)]2/3 [−ln(1 − α)]1/3

A4 4(1 − α)[−ln(1 − α)]3/4 [−ln(1 − α)]1/4

Diffusion
n-Dimensional Diffusion D1 1/(2α) α2

D2 [−ln(1 − α)]−1 (1 − α)ln(1 − α)+ α

D3 3/2(1 − α)2/3[1 − (1 − α)1/3]−1 [1 − (1 − α)1/3]2

Geometrical
Contraction

Contracting Area R2 2 × (1 − α)1/2 1 − (1 − α)1/2

Contracting Volume R3 3 × (1 − α)2/3 1 − (1 − α)1/3

Reaction order

n-Order F0 1 a
F1 1 − α −ln(1 − α)
F2 (1 − α)2 (1 − α)−1 − 1
F3 (1 − α)3 [(1 − α)−2 − 1]/2

4. Results and Discussion

Even though most fine ores injected into the HIsarna furnace experience very short
residence times (ms) in the pre-reduction cyclone of the system, particles can agglomerate
in clusters or deposit on the walls of HIsarna furnace, leading to longer particle residence
times. Gas reduction and thermal decomposition are expected to occur as co-existing phe-
nomena. This paper studies the limits of thermal decomposition as an isolated mechanism
of the presented ores. The Results section will first focus on the general thermal decom-
position behaviour of the varying ores to identify the different decomposition stages and
their temperature ranges. For this, the mass loss and QMS (quadrupole mass spectrometer)
off-gas data will be presented. Based on the mass loss’s dependency on temperature, a
kinetic analysis is further carried out. First, the conversion factor will be determined as an
underlying kinetic parameter for the defined temperature ranges and applied to the model
fit. Based on the model fit, the activation energy for the varying iron ores will be compared.

4.1. Thermal Decomposition

Figure 6 shows different mass loss curves from the thermogravimetric measurement of
the feed materials with particle size fractions of OreA, OreB and OreC with varying heating
rates (Figure 6a) and a comparison to the larger particle size of (63–125) μm is shown in
Figure 6b. Three mass loss stages are observed for OreA, while four stages are seen for
OreB and OreC. The initiation of the individual mass loss curves shows slight dependencies
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on the heating rate for all ores. The mass loss and therefore the decomposition starts earlier
with lower heating rate. Larger dependencies are visible for the ores based on mineralogy.
OreC shows the highest mass loss, while OreA shows the lowest mass loss under the same
thermal conditions.

  
(a) (b) 

Figure 6. Mass loss curves of hematite and goethite ore particles: (a) fraction of <63 μm for varying
heating rates and (b) fraction of <63 μm and (63–125) μm for a heating rate of 2 K/min in non-
isothermal conditions.

To obtain details regarding the decomposing gas phases, the off-gas was measured via
QMS. Examples of the mass loss curves in combination with the QMS data are presented in
Figure 7 for each ore at a heating rate of 2 K/min. Only the main measured gas phases are
presented. It must be mentioned that the presented analysis only provides qualitative data,
meaning the height of the peaks cannot be compared between experiments. All ores show a
distinct O2 peak at later stages in the reaction. This peak indicates the decomposition of the
hematite phase under the removal of oxygen. Above temperatures of 570 ◦C, the reduction
of hematite (Fe2O3) occurs step-wise, initially forming porous magnetite (Fe3O4) and later
wüstite (Fe(1−x)O) [14]. Additionally, OreA contains a distinct peak of CO2 emission. Based
on the initial composition of OreA, this peak reflects the decomposition of carbonates
(dolomite). The decomposition of dolomite occurs at low CO2 partial pressures as a single
step reaction (Equation (6)) [15].

CaMg(CO3)2→CaO + MgO + 2CO2 (6)

This behaviour of OreA was also observed in the publication of Chen et al. [10], in
which the first mass loss stage was described as calcination (thermal decomposition) of
carbonates and the two later mass loss stages were described as the two-stage decomposi-
tion of hematite. The QMS signals of OreB and OreC further indicate the emission of water
vapour. Water vapour is emitted as the goethite phase converts into hematite based on
(Equation (7)) [16].

2αFeOOH→αFe2O3 + H2O (7)

OreC shows a generally higher mass loss due to the larger amount of goethite in the
raw material, leading to a larger (yet, sharp) emission of water vapour. A more continuous
emission of water vapour is observed for OreB, indicating a stronger inclusion of the
compound in the ore matrix. This behaviour is supported by the Raman spectroscopy
presented in Figure 5. It is expected that the goethite present as individual particles is more
accessible and therefore decomposes earlier. Consequently, the first stronger peak, which is
present for both ores, is assigned to the decomposition of the almost pure goethite particles
in the sample. The second peak, as seen in Figure 7b and to lesser extend in Figure 7c, is
presumed to be the decomposition of the goethite from the mixed phase or the goethite
which is intertwined with hematite in the particles.
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(a) (b) (c) 

Figure 7. TGA data in combination with temperature profile and QMS data for (a) OreA, (b) OreB
and (c) OreC for a heating rate of 2 K/min (solid line: <63 μm size fraction, dotted line: (63–125) μm
size fraction).

The start and end temperatures for the individual decomposition stages are deter-
mined by the temperature boundaries of the first derivative of the mass loss curves, pre-
sented in Table 5 in combination with the measured mass loss in the respective stages.
Walter et al. [17] investigated conversion temperatures of goethite to hematite for different
particle sizes and observed conversion temperatures between 465 and 523 K. Depending
on the particle volume and surface area, they further found either one or two peaks arising
in the differential thermal analysis (DTA) measurements. The maximum of the first peak
varied between 545 and 551 K and that of the second peak between 578 and 595 K. It is ob-
served in here that, for OreB and OreC, the temperature of the two goethite decomposition
stages varies between the two ores. For OreB the decomposition appears in two steps with
a similar wide temperature range. Depending on the heating rate, the first stage initiates
between 385 and 436 K and ends between 595 and 631 K, exhibiting a mass loss of 0.56%
to 0.67%. In comparison, the first decomposition stage of OreC initiates between 395 and
502 K and ends between 616 and 680 K, with a respective mass loss of 3.81% to 4.10%. For
OreC, a comparably low mass loss of 0.13 to 0.20% is observed in the second stage. For
OreB, the mass loss is similar compared to the first stage (0.55 to 0.65%), with initiation
temperatures of 600 to 634 K and ending temperatures of 834 to 917 K. The general higher
mass loss of OreC is explained by the higher goethite content in the original ore. Further,
the ores vary in average particle size and morphology, possibly influencing the initiation of
the peaks.

Chen et al. [10] defined two temperature regions for hematite decomposition. The
first stage ranges from 1423 to 1593 K and the second stage is defined as being above
1593 K. Qu et al. [9] observed a similar temperature range for hematite decomposition
between 1473 and 1573 K. This study observed slightly lower initiation temperatures for
hematite decomposition, between 1312 and 1419 K. Contrary to this study, Chen et al. and
Qu et al. used lower amounts of input material and samples differing in particle size and
mineralogy from this study, which could be reasons for the variation in the decomposition
temperature. Further, Qu et al. only tested a heating rate of 10 K/min and Chen et al.,
heating rates between 2 and 10 K/min, whereas a higher heating rate usually moves the on-
set of decomposition to higher temperatures. In the first stage of hematite decomposition,
the corresponding mass loss is between 1.95% and 2.66%. The second stage, which begins
at temperatures between 1676 and 1743 K, records a significantly lower mass loss, ranging
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between 0.06% and 0.38%, signifying that most thermal decomposition occurs in the first
stage. Chen et al. [10] compared the significantly larger first stage to the pre-reduction of a
particle in suspension, forming clusters with a molten slag phase. The second stage was
described to be the reaction of the ores accumulating at the walls of HIsarna, which is in
alignment with the differences in weight loss of the two hematite decomposition stages in
this study.

Table 5. Decomposition stages of OreA, OreB and OreC for the particle size fraction < 63 μm.

OreA OreB OreC
Heating Rate

[K/min]
Heating Rate

[K/min]
Heating Rate [K/min]

1 2 5 1 2 5 1 2 5

Stage I
(Carbonate

decomposition)

Start_T [K] 743 719 796 Stage I
(Goethite

decomposition)

Start_T [K] 385 420 436 395 429 502
End_T [K] 1053 1047 1125 End_T [K] 595 616 631 616 647 680

Mass loss [%] 1.38 1.38 1.43 Mass loss [%] 0.67 0.56 0.65 4.10 4.06 3.81

Stage II
(Hematite

decomposition)

Start_T [K] 1325 1397 1382 Stage II
(Goethite

decomposition)

Start_T [K] 600 623 634 621 670 687
End_T [K] 1687 1625 1724 End_T [K] 834 871 918 793 784 830

Mass loss [%] 2.28 1.95 2.24 Mass loss [%] 0.55 0.62 0.65 0.20 0.13 0.14

Stage III
(Hematite

decomposition)

Start_T [K] 1699 1708 1726 Stage III
(Hematite

decomposition)

Start_T [K] 1331 1353 1419 1312 1375 1376
End_T [K] - - - End_T [K] 1625 1647 1671 1588 1623 1695

Mass loss [%] 0.26 0.23 0.06 Mass loss [%] 2.66 2.55 2.23 2.37 2.26 2.09

Stage IV
(Hematite

decomposition)

Start_T [K] 1721 1720 1742 1676 1708 1705
End_T [K] - - - - - -

Mass loss [%] 0.18 0.13 0.05 0.38 0.14 0.06

4.2. Kinetics of Goethite Decomposition
4.2.1. Influence of Ore Mineralogy

To analyse the conversion of goethite to hematite through the decomposition of OreB
and OreC, the conversion results for the particle size fraction of <63 μm, are plotted in
Figure 8a. Figure 8b shows the first derivative of the weight loss curves explaining the
conversion stages. Two distinctive peaks are visible for both ores, indicating the two
decomposition stages of the goethite phase. A conversion factor of 1 equals complete
decomposition of the goethite phase to hematite under the release of water vapour, as
presented in Equation (7). The initial decomposition of the goethite phase is comparably
slow but increases steeply at around 500 K. Due to the strong decomposition of OreC in
the first stage, the conversion is steeper throughout the first stage and almost reaches full
conversion in this stage. This increase occurs in a short temperature range, and a conversion
factor above 0.8 is reached. The conversion in the second stage continues more slowly,
until full conversion is reached. Compared to that, OreB conversion occurs over a larger
temperature range with a significant amount of conversion occurring in the second stage of
goethite thermal decomposition. The differences in conversion can again be explained by
the results of the Raman spectroscopy in Figure 5. First, a steep increase in conversion can
be expected due to the initial decomposition of almost pure and, therefore, more accessible
goethite particles. Since the goethite content in OreC is significantly higher compared to
OreB, more conversion happens at lower temperatures, while the conversion of the mixed
phases occurs at a later stage.

It is important to understand how the decomposition behaviour influences the decompo-
sition kinetics. The most essential kinetic parameter to determine is the reaction rate constant,
containing the activation energy and the pre-exponential factor. The model fitting approach,
explained in the previous section, has been applied to the different experimental results
regarding goethite decomposition. Based on the best linear fit, the rate-determining models
can be evaluated. The R2 for the linear fit of the different decomposition experiments are
presented in Table S1 in the supplementary materials. The bold values of the fitting mark
the reaction model, which has been used for further calculations. A number of models were
not able to present the experimental data in the second stage of goethite decomposition, due
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to them violating the assumption that the activation energy needs to be larger than 0. The
assumption-violating models for OreB are the nucleation models P1, P2 and P3 and for OreC
they are the nucleation models P1, P2, P3 and P4 and the zero-order reaction model F0. For
both ores, the first stage of goethite decomposition appears to be limited by the reaction order,
followed by diffusion control for the second stage of goethite decomposition.

  
(a) (b) 

Figure 8. Dependency of temperature on (a) conversion factor of goethite decomposition for OreB and
OreC at varying heating rates (HR) and (b) the first derivate of the representative weight loss curves.

Based on the chosen models, the activation energy (Ea) and pre-exponential factor (A)
were calculated in order to describe the reaction rate constant (Table 6). The reaction rate
constant shows differences depending on the heating rate and ore mineralogy. For OreB
the activation energy increases in stage I with the increasing heating rate (46.55 kJ/mol,
56.44 kJ/mol, 60.38 kJ/mol) and decreases with the increasing heating rate in stage II (44.76
kJ/mol, 33.38 kJ/mol, 32.36 kJ/mol). In the case of OreC, no clear trend is observed for the
activation energy in stage I. The heating rate of 5 K/min still shows the highest activation
energy (134.47 kJ/mol), but the activation energy for the heating rate of 2 K/min (77.86
kJ/mol) is lower compared to the heating rate of 1 K/min (102.62 kJ/mol). The reason for
this might be the model selection in the experiment with a heating rate of 1 K/min. For
the second decomposition stage, the activation energy again decreases with an increasing
heating rate (23.29 kJ/mol, 8.60 kJ/mol, 7.79 kJ/mol). The influence of the heating rate
on the activation energy is also observed in further studies [10,18,19]. A difference in the
activation energy is visible between the two ores. OreC shows a much higher activation
energy in the first decomposition stage and OreB in the second, implying that the two-stage
decomposition of OreB is more significant.

Table 6. Reaction rate constant for two stage goethite decomposition of OreB and OreC with respect
to heating rate.

Experiments Stage I Stage II

Ore Heating Rate [K/min] Model Rate Constant Model Rate Constant

OreB 1 F3 k = 369.27 1
min×exp(− 46,550 J

mol
RT ) D3 k = 3.06 1

min×exp(− 44,759 J
mol

RT )

OreB 2 F3 k = 5002.42 1
min×exp(− 56,441 J

mol
RT ) D2 k = 1.48 1

min×exp(− 33,378 J
mol

RT )

OreB 5 F3 k = 19.71×103 1
min×exp(− 60,382 J

mol
RT ) D2 k = 2.40 1

min×exp(− 32,357 J
mol

RT )

OreC 1 D3 k = 9.25×106 1
min×exp(− 102,620 J

mol
RT ) D3 k = 0.17 1

min×exp(− 23,289 J
mol

RT )

OreC 2 F2 k = 1.24×106 1
min×exp(− 77,860 J

mol
RT ) D2 k = 0.016 1

min×exp(− 8459 J
mol

RT )

OreC 5 F3 k = 2.96×1011 1
min×exp(− 134,465 J

mol
RT ) D2 k = 0.025 1

min×exp(− 7787 J
mol

RT )

Studying the non-isothermal decomposition kinetics of commercial goethite ores,
Walter et al. [17] observed activation energies varying between 107.4 and 137.8 kJ/mol for
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an overall dehydration of goethite, which they compared to the activation energy found
by Pelino et al. [20] (119 kJ/mol) who investigated the decomposition of α-goethite. The
activation energies found for the first decomposition stage of OreC are in a similar range,
indicating that a difference in ore mineralogy does not have a significant influence on the
activation energy. However, considering OreB, with lower goethite contents, the activation
energy is lower for both individual stages compared to the overall activation energy values
found in the literature. Beuria et al. [21] investigated the isothermal decomposition of iron
ores with a goethite content of 47.41 wt.% and found an activation energy ranging between
58.74 and 65.75 kJ/mol, slightly higher compared to stage I of OreB.

4.2.2. Influence of Particle Size

In order to compare the influence of particle size on the decomposition kinetics of industrial
goethite ores, TGA experiments of the particle size fractions <63 μm and (63–125) μm were
carried out at a heating rate of 2 K/min. Figure 9 compares the conversion factors of OreB and
OreC for the two particle size fractions at a heating rate of 2 K/min. The results show that the
conversion rate depends more on the goethite content than on the particle size. As concluded
from the XRD and XRF measurements in Section 2.1, the amount of crystal water in OreC is
similar for both particle sizes (approx. 6 wt.%). In accordance, the course of the conversion over
temperature is similar. The results of the particle size comparison of OreB indicate that higher
amounts of crystal water can lead to earlier conversion of the goethite phase. The amount of
crystal water in the sample of the larger fraction is 3.26 wt.%, compared to 2.19 wt.% in the
smaller size fraction. This results in an earlier conversion of the (63–125) μm size fraction. With
the increase in particle size, the initiation temperature of the first stage of goethite decomposition
of OreB decreases from 420 to 407 K and for the second stage from 623 to 616 K.

 
Figure 9. Dependency of particle size on the conversion factor at a heating rate of 2 K/min.

The model fitting approach leads to the same rate-determining mechanism for the
different particle size fractions of the same ore (Stage I: chemical reaction; Stage II: diffusion).
The kinetic data is displayed in Table 7. For OreC, there is a negligible effect of particle
size on the conversion factor. As discussed in Section 2.3, the goethite phase is present
as a mixed phase with hematite and as a pure phase. The identical reaction mechanisms
between the two size fractions indicate that the reaction mechanism is independent of the
particle size and more dependent on the nature of the ore. Comparing the reaction rate
constants of the larger particle size fractions, a slight influence of the particle size on the
activation energy of the goethite decomposition in OreC becomes visible. The activation
energy for the larger size fraction (63–125) μm size fraction of OreC is lower for stage I
(69.90 kJ/mol) and stage II (3.32 kJ/mol) compared to the activation energy of the smaller
size fraction < 63 μm at a heating rate of 2 K/min. For OreB, the activation energy of
the (63–125) μm size fraction in stage I (56.26 kJ/mol) is similar compared to the smaller
fraction. However, the activation energy calculated for stage II of the larger size fraction of
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(63–125) μm, 24.43 kJ/mol, is significantly lower compared to the smaller size fraction. The
lower activation energy indicates that the goethite present as a mixed phase with hematite
is easily accessible for the larger particle size fraction. The similar activation energy in the
first stage of goethite decomposition of OreB indicate a similar behaviour of the initially
decomposing pure goethite particles in the samples.

Table 7. Reaction rate constants for two-stage goethite decomposition of OreB and OreC with a size
fraction of (63–125) μm.

Stage I

Ore Heating Rate [K/min] R2 Model Rate Constant

OreB 2 0.9653 F3 k = 6659.33 1
min×exp(− 56,254 J

mol
RT )

OreC 2 0.9657 F2 k = 207273.76 1
min×exp(− 69,901 J

mol
RT )

Stage II

Ore Heating rate [K/min] R2 Model Rate constant

OreB 2 0.9461 D2 k = 0.32 1
min×exp(− 24,431 J

mol
RT )

OreC 2 0.9043 D2 k = 0.0024 1
min×exp(− 3316 J

mol
RT )

4.3. Kinetics of Hematite Decomposition

The start temperatures in Table 5 (stage II for OreA and stage III for OreB and OreC)
define the beginning of the hematite thermal decomposition. The lowest measured initi-
ation temperature is 1312 K. The non-isothermal decomposition zone is the temperature
range of the start temperature in the respective stage until the set temperature of 1773 K is
reached. The isothermal zone is the following fixed temperature of 1773 K at a holding time
of 2 h. In order to first evaluate the differences in the decomposition behaviour between
the ores, the total degree of reduction R[%] at the end of the non-isothermal zone and the
total degree of reduction at the end of the isothermal period are presented in Figure 10. The
degree of reduction describes how much of the hematite is converted to metallic iron or its
intermediate products of magnetite and wüstite, due to the removal of oxygen. The figure
shows the degree of reduction depending on time and compares the three ores at individual
heating rates. A degree of reduction of 11.11% would indicate a complete conversion from
hematite to magnetite. A further increase in the degree of reduction to 33.33% would
consequently indicate a full conversion to wüstite. Depending on the heating rate, the
degree of reduction of the <63 μm fraction of OreA varies between 9.48 and 10.75% at the
end of the non-isothermal zone and between 11.82 and 12.42% at the end of the isothermal
zone. These reduction degrees are similar to the reduction degrees achieved by Qu et al. [9]
for hematite ores (11.8%). The degrees of reduction at the beginning of the isothermal zone
are higher for OreB (11.90–12.90%) and OreC (11.91–13.81%) and increase further until the
end of the isotherm (OreB: 14.23–14.57%, OreC: 14.18–16.49%). Comparing the degrees of
reduction of the <63 μm size fraction to the (63–125) μm size fraction at a heating rate of
2 K/min, no significant increase in the total degree of reduction is observed for any of the
ores (OreA: 12.33% → 12.82%, OreB: 14.23% → 14.34%, OreC: 14.18% → 14.35%). For all
ores, the reduction by thermal decomposition is almost completed at the beginning of the
isothermal period. The reduction degrees of all the ores indicate that a complete conversion
to magnetite occurred and small amounts of wüstite should be present.
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(a) (b) (c) 

Figure 10. The degree of reduction at the end of the non-isothermal and isothermal heating zone for
varying ores and particle sizes at a heating rate of (a) 1 K/min, (b) 2 K/min and (c) 5 K/min (see
Table 5 for starting temperatures of hematite decomposition).

In order to validate the presence of the magnetite phase for the further kinetic calculations,
example XRD measurements of decomposition products of the size fraction < 63 μm were
carried out. For this, a cross-section sample of the solidified material in the crucibles was
prepared for analysis. The samples were cut with the Accutom-100 by Struers. Since it was
not possible to remove the solidified samples from the crucible, the cross-section was made
through the whole crucible. The Alsint crucibles are brittle in nature. Therefore, the cutting
spot varies between the samples. The material was solidified by cooling the material in argon
atmosphere with a cooling rate of 5 K/min back to room temperature. SEM images of the
cross-sections are presented in Figure 11. The sample in the crucible presented in Figure 11a,c
was cut vertically, whereas the sample in Figure 11b was cut horizontally.

(a) (b) (c) 

Figure 11. SEM images of cross-sections of (a) OreA, <63 μm, heating rate of 2 K/min, (b) OreB,
<63 μm, heating rate of 2 K/min and (c) OreC, <63 μm, heating rate of 5 K/min.
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For all observed ores, the cross-section appears similar, showing solidified pre-reduced
particles. In contrast to the original ores (Figure 3), the particles now appear in a similar
angular shape. The similar shape indicates that the hematite and goethite transitioned to
the same iron oxide phase, regardless of the varied initial ore phases. The XRD pattern are
displayed in Figure S2 in the supplementary materials. For the samples in Figure 11a,b, the
XRD measurements of these cross-sections confirm magnetite as the only iron oxide phase. For
the sample in Figure 11c small amounts of fayalite (Fe2SiO4) were detected in the XRD pattern
next to the magnetite phase. Following the XRD results, magnetite was chosen as the final
product for the calculation of the conversion factor of hematite decomposition (Figure 12).

  
(a) (b) 

Figure 12. Dependency of temperature on conversion factor of hematite decomposition for (a) varying
heating rates (HR) for a particle size of <63 μm and (b) for a heating rate of 2 K/min for particle size
of (63–125) μm and <63 μm.

In the following section, only the non-isothermal decomposition kinetic parameters
will be calculated. Therefore, for the calculations of the conversion factor the isothermal
zone is disregarded. Due to this, the smaller size fraction of OreA does not reach full
conversion to magnetite in the presented temperature range. The larger particle size,
however, leads to a faster conversion and has reached full conversion to magnetite in the
non-isothermal heating zone. Due to the higher reduction degrees in the non-isothermal
zone, full conversion to magnetite is reached before the beginning of the isothermal zone
for OreB and OreC. The grey area of the figure marks when the conversion factor exceeds
unity and the conversion to magnetite is completed and the conversion to wüstite has
started already. This area is excluded from the kinetic analysis. OreC shows a faster
conversion compared to OreB at all heating rates. In general, a lower heating rate leads to
an earlier conversion to magnetite. Model fitting was again applied in order to analyse the
present reaction mechanisms of hematite decomposition. As shown in Table 5, most of the
decomposition occurs during the first stage (third peak of first derivative) and the influence
of the second stage (fourth peak of first derivative) is comparably negligible. Due to this,
only the first stage of hematite decomposition is analysed in terms of kinetics. Based on
the best linear fit, the rate determining models are evaluated. The R2 values for the linear
fit for the different decomposition experiments for the particle size fraction < 63 μm are
presented in Table S2 in the supplementary materials. The bold values in the fitting mark
the reaction model, which has been used for further calculations.

Independent of ore mineralogy and heating rate, all model fittings indicate chemical
reaction control as reaction mechanism. The hematite decomposition of OreA is a third-
order reaction for all heating rates. For OreB and OreC the heating rate influences the
order of reaction. For both ores, a heating rate of 1 or 2 K/min leads to a second-order
reaction. For OreB, a heating rate of 5 K/min leads to a third-order and for OreC to a
first-order reaction. These results contradict the findings of Chen et al. [10], who described
the reaction mechanism of hematite decomposition in a temperature range of 1425–1593 K
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in non-isothermal conditions as the inner diffusion of iron in the solid phase. The results
of our study are more in alignment with the findings of Xing et al. [18], who also found
that a second-order reaction as most applicable to the experimental data. The reason for
this may be the use of the applied method. As in this study, Xing et al. [18] applied the
Coat–Redfern method to determine the kinetic parameters, whereas Chen et al. [10] chose
iso-conversional methods to obtain kinetic parameters, before applying them to determine
the reaction mechanism. Based on the best-fitting models, the reaction rate constants of the
present study were determined and are presented in Table 8.

Table 8. Reaction rate constant of the first stage of hematite decomposition for particle size of <63
μm.

Ore Heating Rate [K/min] Model Rate Constant

A 1 F3 k = 1.01×1017 1
min×exp(− 545,473 J

mol
RT )

A 2 F3 k = 2.01×1021 1
min×exp(− 667,451 J

mol
RT )

A 5 F3 k = 7.8×1017 1
min×exp(− 573,024 J

mol
RT )

B 1 F2 k = 9.44×1020 1
min×exp(− 654,981 J

mol
RT )

B 2 F2 k = 7.27×1020 1
min×exp(− 655,272 J

mol
RT )

B 5 F3 k = 7.77×1026 1
min×exp(− 831,543 J

mol
RT )

C 1 F2 k = 5.47×1015 1
min×exp(− 498,181 J

mol
RT )

C 2 F2 k = 7.13×1015 1
min×exp(− 505,468 J

mol
RT )

C 5 F1 k = 1.03×1013 1
min×exp(− 424,311 J

mol
RT )

Comparing the heating rates of the various ores, no distinct effect of the heating rate is
observable. A larger influence is seen for the ore mineralogy. The lowest activation energies
are present for OreC, ranging between 424.31 kJ/mol and 505.47 kJ/mol. Higher activation
energies were observed for OreA (545.47 kJ/mol–667.45 kJ/mol) and for OreB (654.98
kJ/mol–831.54 kJ/mol). Despite the different methods applied, the activation energy of the
first stage of hematite decomposition is in alignment with the activation energy determined
by Chen et al. [10] for the first stage of hematite decomposition (636 kJ/mol). The activation
energy in the study of Xing et al. [18] was much higher with an average of 1256 kJ/mol.
The reason for this may be that the model fit was applied to the overall reaction and not
the individual stages of hematite decomposition.

Table 9 presents the reaction rate constants for the larger particle size fractions. The
reaction mechanism did not change with the increase in particle size. Directly comparing
the results to the smaller size fractions, OreA and OreC show a higher activation energy at
an increased particle size. Interestingly, the activation energy of OreB decreases with an
increase in particle size to 587.68 kJ/mol at a heating rate of 2 K/min.

Table 9. Reaction rate constant in the first stage of hematite decomposition for particle size of (63–125) μm.

Ore Heating Rate [K/min] R2 Model Rate Constant

A 2 0.9910 F3 k = 3.03×1021 1
min×exp(− 670,499 J

mol
RT )

B 2 0.9899 F2 k = 3.18×1018 1
min×exp(− 587,682 J

mol
RT )

C 2 0.9773 F2 k = 6.11×1023 1
min×exp(− 592,322 J

mol
RT )

Based on the results, Figure 13 summarises the process of the thermal decomposition
of the iron ore used in this study. The illustration shows the decomposition of hematite
as only iron-bearing phase (OreA) and the decomposition if both hematite and goethite
are present (OreB and OreC) as separated flows. In the decomposition process of OreA,
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dolomite present in the sample first decomposes, leading to the emission of CO2. For
OreB and OreC, goethite decomposition occurs as a two-stage process and is the first
identified decomposition process. The first stage of goethite decomposition is assumed to
be that of the almost pure goethite particles detected with the Raman spectroscopy. The
conversion of goethite to hematite in this stage is found to be controlled by the chemical
reaction. In the second stage it is expected that the less accessible goethite, which co-exists
with hematite in the same particle, decomposes. The decomposition control shifts from
a chemical reaction to diffusion in this stage. The decomposition of the goethite phase is
identified by the emission of water vapour. For all ores, the last observed decomposition
is the conversion from hematite to magnetite under the release of oxygen at elevated
temperatures. Independent of the input ore, the hematite conversion initiates at similar
temperatures and is found to be controlled by a chemical reaction for all of the ores.

 

Figure 13. Schematic illustration of the thermal decomposition process of varying iron ore fines.

5. Conclusions

1. The varying raw iron ores investigated in this study (elaborated in Section 2) differ
from one another in morphology, mineralogy and chemical composition. However,
after the pre-reduction in an argon atmosphere in the TGA experiments at 1773 K, the
morphology of the pre-reduced magnetite phases appeared to be identical.

2. The thermal decomposition of goethite ore occurs as a two-stage process. The mass
loss in the individual goethite stages depends on the goethite content in the ore. For
the particle size fraction of <63 μm, OreB shows two similar mass loss stages, with
an observed mass loss of 0.56–0.67 wt.% in the first and 0.55–0.65 wt.% in the second
stage. OreC shows stronger differences with a mass loss of 3.81 wt.%–4.10 wt.% in the
first and 0.13–0.20 wt.% in the second stage.

3. The proposed reaction mechanisms for goethite decomposition are a chemical reaction
in the first stage and diffusion in the second stage (temperature intervals stated in
Table 5). The order of reaction and dimension of diffusion partially varied and is
difficult to prove due to the nature of the TGA. Therefore, the investigation of reaction
order and diffusion dimension will be within the scope of future research. Due to the
significant differences in weight loss in both decomposition stages between OreB and
OreC, OreC shows higher activation energies in the first stage (77.86–134.47 kJ/mol)
and OreB in the second stage (32.36–44.76 kJ/mol) for a particle size fraction < 63 μm.

99



Metals 2024, 14, 1271

4. An increase in particle size has no influence on the reaction mechanisms of goethite
thermal decomposition. However, the activation energy remains similar for OreB
in the first stage (56.44 → 56.26 kJ/mol) but decreases in the second stage (33.38 →
24.43 kJ/mol). The reason for the change in activation energy is proposed to be the
difference in mineralogy between the two particle size fractions. The larger fraction of
OreB contains higher amounts of crystal water, possibly leading to an easier release in
the second decomposition stage. For OreC, however, the activation energy decreases
in both stages (77.86 → 69.90 kJ/mol and 8.46 → 3.32 kJ/mol) with increasing particle
size, despite a similar level of crystalline water, arguing for the influence of particle
size on the activation energy.

5. Hematite thermal decomposition also occurs as a two-stage process, with the first stage
initiating between 1311 and 1419 K and the second stage between 1676 and 1742 K,
depending on ore composition and heating rate. A significant amount of decomposition
takes place in the first stage. The order of highest average total reduction degree for the
size fraction < 63 μm is OreC (14.18–16.49%) > OreB (14.23–14.57%) > OreA (11.82–12.42%).
At the same heating rate, an increase in particle size leads to no significant increase in the
degree of reduction for all ores.

6. The proposed first stage of hematite decomposition is chemical reaction controlled,
while the order of the reaction rate depends on the heating rate and ore type. Again,
due the nature of the TGA, the order of the reaction is difficult to prove and will
be within the scope of future research. No influence of the particle size on the
reaction mechanism was observed. The lowest activation energy for the < 63 μm size
fraction was found for OreC (424.31–505.47) kJ/mol. A higher activation energy was
determined for OreA (545.47–667.45) kJ/mol and OreB (654.98–831.54) kJ/mol. For
OreA and OreC the activation energy increases and for OreB it decreases with an
increase in particle size.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met14111271/s1, Figure S1: XRD pattern of OreA (a), OreB (b) and
OreC (c) with the particle size fraction < 63 μm portrait in black and the size fraction (63–125) μm in
red; Table S1: Linear regression results of model fitting approach for thermal goethite decomposition
(fraction < 63 μm); Table S2: Linear regression results of model fitting approach for hematite thermal
decomposition (fraction < 63 μm); Figure S2: XRD patterns of cross-section of OreA, <63 μm, heating
rate of 2 K/min, OreB, <63 μm, heating rate of 2 K/min and OreC, <63 μm, heating rate of 5 K/min.
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Abstract: The electrochemical performances of an oxygen-evolving anode produced by the re-
activation of waste Ti substrate by a typical IrO2-Ta2O5 coating are correlated to the textural
(non)uniformities of the coating and its exhaustion state. Coating degradation is considered opera-
tional loss of the activity in a metal electrowinning process. It was found that (pseudo)capacitive
performances can vary over the coating surface by 20–30% and depend on the type of dynamics of
the input perturbation: constant through cyclic voltammetry (CV) or discontinuous time-dependent
through electrochemical impedance spectroscopy (EIS). CV-EIS data correlation enabled profiling of
the capacitive properties through the depth of a coating and over its surface. The correlation was
confirmed by the findings for the analysis of coating activity for an oxygen evolution reaction, finally
resulting in the reliable proposition of a mechanism for the operational loss of the anode. It was
found that the less compact and thicker coating parts performed better and operated more efficiently,
especially at lower operational current densities.

Keywords: IrO2-based anodes; operational efficiency in metal electrowinning; electrochemistry of
porous electrodes; distributed electrochemical capacitance; anode disfunction

1. Introduction

Titanium electrodes with a catalytic coating based on iridium oxide are known to have
the best performance for oxygen evolution in industrial electrolysis. These oxygen-evolving
anodes (OEAs) are unavoidable in the field of electrogalvanization, water electrolysis, the
mining industry, wastewater remediation, impressed current cathodic protection and
wastewater electropurification [1–6].

OEAs based on noble metal oxides led to a revolution in electrochemical technolo-
gies, owing to their good process stability and excellent catalytic activity [7–9]. However,
during the oxygen evolution reaction, simultaneous anodic dissolution of electrochem-
ically active oxide occurs. For example, the much shorter service life of RuO2-based
anodes in comparison with IrO2-based anode coatings is due to the much lower anodic
stability of RuO2 [10–12]. RuO2 or IrO2 in gas-evolving anodes act as electronic catalysts,
while TiO2 and Ta2O5 preserve the chemical and mechanical stability of the anode oxide
coatings [13–15].

Metals 2024, 14, 1339. https://doi.org/10.3390/met14121339 https://www.mdpi.com/journal/metals102



Metals 2024, 14, 1339

Owing to their stabilizing role, valve metal oxides such as Ta2O5 and TiO2 as well as,
for example, SnO2, which can partially operate as a catalyst, reduce the required catalytic
powder production costs of the anodes [16–18]. Comninellis and Vercesi [19] showed that a
coating with 70 mol% Ir and 30 mol% Ta on Ti has the best activity for oxygen evolution
reactions (OERs) and consequently the longest service life in sulfate solutions [20–22].

Coatings for OEAs can be prepared by different methods, such as thermal decomposi-
tion of metallic salts, electrodeposition, sol-gel and the Pechini method [23,24]. The anodes
used in industries are usually produced with the thermal decomposition method, due to the
low cost and simplicity of the process itself. In thermal decomposition, the corresponding
precursor salts dissolved in organic or aqueous solutions are applied onto Ti substrate.
The coatings obtained under these conditions suffer from inhomogeneous distribution
of their properties, with a large number of cracks and the presence of crystalline IrO2
aggregates among the cracks and amorphous Ta2O5 [25]. The electrocatalytic properties,
stability and operational efficiency of the coating are strongly influenced by its surface
and microstructural homogeneity degree [26,27]. Consequently, the main challenge is to
improve the service life of OEAs in expanding industrial areas, especially at low pH values,
moderate electrolyte temperatures and at extremely high current densities [28].

It has been claimed [29] that layered Ir-based coatings of different layer compositions
considerably influence the service life of oxygen-evolving electrodes. It follows that the
IrO2 in the surface layer (e.g., IrO2-Ta2O5, 85/15 metal mole ratio) rules the anode service
life, which can be considerably improved by 2–2.5 times if coating and support intermediate
layers of low IrO2 contents or even without IrO2 are introduced. The compositions of the
intermediate layers are based on different transition metal oxides. This stabilizing effect of
the Ti support and coating intermediate layers was minimally reported for different testing
current densities, and it is by far being considerably more pronounced with respect to other
increased service life effects by different coating compositions [30,31].

For this certain benefit of the layered coating, it is required to know how the composi-
tion and in-depth distribution of the coating’s bulk and surface electrochemical uniformity
are correlated for a given application of OEAs. In addition, it is fairly unknown what
in-depth changes in activity are taking place in the coating upon anode operation and
degradation and how these changes affect the OEA’s service life. We present an approach
which reveals the changes in activity throughout the IrO2-Ta2O5 coating upon its destabi-
lization at different current densities of oxygen evolution at low pH levels. The approach is
based on analysis of the dynamic electrochemical responses of a coating of an apparent
uniform composition to reveal its in-depth operational changes for future modeling of
layered structures. Additionally, surface coating uniformity differences are correlated to an
in-depth operational coating profile.

2. Materials and Methods

2.1. Electrode Preparation

An IrO2-Ta2O5 porous coating was prepared with the conventional thermal decom-
position method [32]. Before applying the coating, the Ti substrate (industrial waste of
commercial OEA, 3 cm × 15 cm × 3 mm) was sandblasted, degreased in acetone (for analy-
sis EMSURE® ACS, ISO, Reag. Ph Eur, Supelco, Merck, Kenilworth, NJ, USA) and washed
with deionized water (18MΩ, Merck Millipore, Burlington, MA, USA). The subsequent
etching was performed in boiling 10% oxalic acid (ACS reagent grade 99%, Sigma Aldrich,
St. Louis, MO, USA) for 2 h in order to remove TiO2 and generate a surface with a uniform
roughness. The precursors, H2IrCl6xH2O (36.0–44.0% Ir, Sigma Aldrich, USA) and TaCl5
(reagent grade 99%, Sigma Aldrich, USA) at an Ir:Ta mole ratio of 70:30 were dissolved
in n-butanol (0.2 M), (ACS reagent 99.4%, Sigma Aldrich, USA) and applied in layers to
the Ti substrate with the drop casting method. After application, each layer was dried at a
temperature of about 50 ◦C for 5 min, placed in a drying oven at 100 ◦C for another 5 min
and finally annealed in a high-temperature furnace at 500 ◦C for 15 min. The procedure
was repeated four times, with the final annealing lasting for 2 h. The total amount of oxides
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applied on the substrate was projected to be 1 mg/cm2. A digital image of the coated
electrode is given in Figure 1.

Figure 1. Digital image of coated electrode.

2.2. Electrochemical Measurement

Electrochemical characterization of the as-prepared and exhausted electrode was
performed at three randomly selected positions on the electrode’s surface using potentiody-
namic polarization, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS)
and an accelerated stability test (AST). All measurements were performed in a 10% H2SO4
solution in a high-density polyethylene cell, where a platinum electrode was used as a
counter electrode and a saturated calomel electrode (SCE) was the reference. All potentials
mentioned are in reference to the SCE scale. The working area of the electrode was 1.33 cm2,
whereas the working area of the counter electrode was 20 cm2. All measurements were
performed using a Biologic—SP 240 potentiostat (BioLogic, Seyssinet-Pariset, France). For
anodic potentiodynamic polarization, the scan rate was 2 mV/s. The cyclic voltammetry
curves were recorded within a potential window of water stability at a scan rate of 50 mV/s
for the 11th steady state cycle. For the EIS measurements, an AC sine signal amplitude of
the root mean square of 10 mV was applied around the open circuit potential in a frequency
range of 10 mHz–1 MHz. The impedance spectroscopy data obtained were fitted to an
appropriate equivalent electrical circuit using ZView® software (version 3.2b).

The AST was conducted under galvanostatic electrolysis conditions, with a current
density of 2.0 or 3.0 A/cm2 at a controlled temperature of 48 ◦C. The tested electrode was
used as the anode, and a platinum wire was used as the cathode. The voltage between the
anode and cathode was monitored and recorded. When the voltage reached approximately
a 50% increase with respect to the initial voltage of about 6.5 V (set below the potential
of the Ti substrate’s oxidative breakthrough), the tested electrode was considered to have
reached the end of its service life (exhausted electrode). Under the applied conditions, the
service life of the prepared electrode was found to be roughly 100 h.

Three randomly selected positions on the electrode’s surface were studied to determine
the performance uniformity of the coating.

3. Results

Figure 2 shows the cyclic voltammograms (CVs) of the prepared IrO2-Ta2O5 coating at
three surface positions on the coating surface before and after the accelerated stability test
(AST). The CV responses before and after the AST, as well as all others, were collected from
the same positions to check the surface uniformity of the coating’s properties. The CVs were
of typical shapes and features for noble or transition metal oxide coatings on Ti, with redox
peaks in the range from 0.6 to 0.8 V, which is assignable to Ir(III)/Ir(IV) pseudocapacitive
redox transitions [32,33]. Figure 2d shows the corresponding voltammetric capacitances,
which were assumed to be proportional to the number of active sites in the porous coating
accessible via the applied CV dynamic conditions. The pseudocapacitive characteristics
were of a moderately homogeneous distribution over the coating’s surface; the difference
among the three different positions was below 20%. The values at different positions,
although randomly chosen, show that positions 1 and 3 reflected the far ends of the
characteristics, with position 2 fairly reflecting average characteristics.
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(a) (b) 

  
(c) (d) 

Figure 2. Cyclic voltammograms of IrO2-Ta2O5 coatings on Ti substrate recorded before (full line)
and after (dashed line) the accelerated stability test (AST) at positions 1–3 ((a–c), respectively).
(d) Voltammetric capacitances calculated from the curves in (a–c).

The number of active sites (coating composition) as well as their distribution and
accessibility throughout the porous layer (coating porosity) affect the pseudocapacitive
characteristics [34,35]. The former causes the maximal coating performances at the applied
composition, while the compact coating surface layer with a small real surface area can be
of a lower coating capacitance. Hence, local deviations in the surface coating composition
from the nominal composition can produce lower capacitances at the more compact po-
sitions (positions 2 and 3), whereas a less compact coating morphology at position 1 can
cause a higher capacitance due to the higher number of accessible active sites from the
coating’s interior.

Another insight into the differences between the surface positions comes from the
comparison of the voltammetric capacitances registered after the AST (Figure 2d). The
shapes of the CVs with their main features appeared to be unaffected but were clearly
tilted with respect to the CVs of the as-prepared coating. This indicates that the coating
resistance increased upon application of the AST, being most pronounced for the lowest
initial capacitance at position 3. The tilt was not followed by a decrease in voltammetric
capacitance, except to some degree for position 1. It can be mentioned that less pronounced
surface coating exhaustion during the AST at the initially less compact position 1 did not
uncover much of the internal active sites, as was the case for positions 2 and 3. The more
compact surface was relatively more exhausted, which allowed the unhindered access to
initially loose internal active sites at positions 2 and 3 upon the AST being carried out.
The unaffected capacitance values during the AST indicate that active sites, possibly not
being distributed along the surface evenly, might have been evenly distributed through

105



Metals 2024, 14, 1339

the coating’s bulk. Consequently, the relative difference between the capacitance values
at the three positions after the AST decreased to 12% at most, with respect to 20% for the
as-prepared coating state.

To prove and analyze further the proposed operational changes in the coating’s
structure/performance relationship, the impedance response of the coating was registered
to discretize its electrochemical parameters through the coating. Figure 3 shows the Bode
plots of the EIS data, with the corresponding impedance and capacitance complex plane
plots as insets. EIS data from the high-frequency domain of the as-prepared coating obeyed
the capacitive-like response down to several hundreds of mHz in the form of well-resolved
capacitive loops, with the sizes following the order indicated by the CV response. At the
lowest frequencies, the capacitive response resembled the distributed resistor–capacitor in
series, thus indicating the discretized time constants of the layers in the coating interior.
This manifested as a tail in the capacitance complex plane plots and a phase angle peak
of about 0.1 Hz in the Bode plots, which appeared at somewhat higher frequencies for
positions 2 and 3 (noted in the CV analysis as being more compact). This agrees with
the CV finding that position 1 had a less compact structure (with wider cracks and pores)
with a thin surface layer, whereas the coating interior was of a similar structure to that
of positions 2 and 3. This could also explain the registered decrease in CV capacitance
upon administering the AST exclusively for position 1. The less compact thin layer was
exhausted more and consequently uncovered more of the coating interior for the AST. It
follows that, aside from fluctuations in the surface coating compositions among different
surface positions, the coating could also be of a distributed thickness. Considering that
thermal stress during the coating formation on Ti should increase with the coating thickness,
more cracked surface layers could be formed for a thicker coating. The stress should be
even more pronounced if the coating is deposited with a layered thermal treatment. The
thicker, more cracked coating could produce different performance levels at position 1
through CV and be recognized in the capacitive and distributed elements transition issue
for the EIS data.

The coating degradation under the AST almost completely disturbed the clear capaci-
tive response of the as-prepared electrode, with no signs of a high-frequency capacitive
loop. The EIS data seemed to obey the distributed elements’ behavior in a much wider
frequency range, with the appearance of a high-frequency semicircle in the complex plane
plot, as is typical for coating failures in the AST [36]. The semicircle features differed for
different surface positions, being well resolved at position 1 with a clear phase angle peak
at approximately 4 kHz and much like the shoulder extending from position 2 to position 3.
The corresponding phase angle feature was moved to lower frequencies. If it is assumed
that the semicircle is related to an IrO2-deficient surface coating layer [37], then it can
be noted that the layer was best defined and the least compact (appearing at the highest
frequency) at what was the least compact surface initially (position 1). The discrete EIS
feature caused by coating degradation is seen as resolution of the mid-frequency phase
angle region, in addition to the mentioned high- and low-frequency ones. Additional peaks
or shoulders, depending on the surface position, appeared. This indicates that the time
constants became resolved better upon coating degradation via the AST, since more porous
and less compact layers remained.

Bearing in mind the characteristic physicochemical features recognized in the EIS
spectra, the equivalent electrical circuit (EEC) which fit the EIS data best was found to be a
transmission line of the form Rs(C1(R1(C2(R3. . .Cn−1(RnCn))))). The resistor Rs bears the
parameter of solution resistance, whereas resistor Ri and capacitor Ci represent the coating
pore resistance and capacitance of less and less accessible parts of the coating, respectively,
from its surface at i = 1 toward the least accessible interiors for i = n. The increasing n
can thus be anticipated to be the coating “penetration depth” of the EIS input signal. EIS
data for the EEC are given as lines in Figure 3, for which the relative error of the circuit
parameters did not exceed 20%, with chi-squared and sum of squares values below 5%
and 10−4, respectively. For all coating positions before the AST (as-prepared state), the
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EEC of n = 5 returned reliable fitting results, while EECs of n = 6 or 7 (only for the EIS
data at position 3) were required to quantify the EIS data after the AST, due to the more
pronounced distribution of the time constants.

 
(a) (b) 

 

 

(c)  
Figure 3. Plots of the EIS data (symbols) of the IrO2-Ta2O5 coating on Ti obtained at the open circuit
potential before (full symbols) and after (empty symbols) an accelerated stability test (AST) in 10%
H2SO4 for coating surface positions 1 (a), 2 (b) and 3 (c). The responses of the transmission line’s
equivalent electrical circuits are shown as lines.

A 3D distribution of the circuit parameter values as a function of the “effective coating
depth” (n value) and surface position is presented in Figure 4 for the as-prepared and
exhausted coating.

Both the capacitance and pore resistance of the coating changed within two orders
of magnitude through its depth, with opposite trends for the as-prepared and exhausted
states. The capacitance was the highest and the resistance the lowest for the coating surface
layer with respect to the interior layers. Upon degradation under the AST, the capacitance
of the surface layer collapsed by three orders of magnitude, while that of the interior layers
seemed to be unaffected. Owing to pore widening during the AST, the pore resistance
gradually decreased for all layers except on the surface (n = 2), for which the resistance was
doubled in comparison with the as-prepared state. Since the coating surface was exhausted
the most, access to the active sites beneath was harder to reach for the capacitive response.
These findings clearly indicate that the coating’s misfunction was caused exclusively by
exhaustion of the active sites from the coating surface, while those in the interior stayed
intact. This degradation mechanism would cause poor active material efficiency and
indicate the requirement for its in-depth distribution to form its surface allocation under
adequate coating preparation conditions.
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Figure 4. Surface (positions 1–3) and in-depth (effective coating depth) distribution of the coating
capacitance (a,c) and pore resistance (b,d) through the coating layer of the as-prepared (a,b) and
exhausted (c,d) oxygen-evolving electrode (effective coating depth correlated to the nth order of
equivalent transmission line equivalent circuit). Here, 1 = coating surface, n = coating/substrate
interface, and ∅ = no data for n = 7 at position 3 after the AST.

Another observation in Figure 4 additionally supports the proposed mechanism and
concerns the comparison of surface capacitances (n = 1) among random surface positions.
As also found in the CV analysis (Figure 2), the surface capacitance was highest at posi-
tion 1 for the as-prepared state, which was accessible through the lowest pore resistance
(Figure 4a,b). Although this difference in pore resistance with respect to the other two
positions became even more pronounced during the AST (Figure 4d, n ≤ 4), which allowed
easier access to the internal capacitance (which was by far the highest for position 1 at n
= 4), and the surface capacitance was the lowest during the AST (Figure 4c, n ≤ 2). This
shows that surface exhaustion of the coating’s active material was the most pronounced
and surface-localized at position 1. However, this behavior during the AST should not be
expected, since the AST condition for position 1 was 2 A/cm2, whereas the higher current
of 3 A/cm2 was applied to positions 2 and 3. The applied difference was intended to
supply data for the influence of the AST-imposed current on the degradation mechanism
of provisionally the same coating characteristics. The findings in Figure 4c were the op-
posite of the expectations, since higher AST currents should produce more vigorous gas
evolution and consequently more pronounced inaccessibility to the coating interior (i.e.,
coating degradation more localized to its surface). According to Figure 4c, a lower AST
current apparently affected the degradation at the coating’s surface more than hindered
accessibility to the coating interior at higher AST currents did. It could be that the lower
pore resistance at position 1 allowed much easier evolution of the smaller gas bubbles,
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(Their generation rate was below the critical value to allow extending above the critical
bubble radius, approaching the pore radius.) which is beneficial for accessibility of the
coating interior. These considerations additionally promote the unique requirement of
careful planning of the active material’s distribution through the coating toward the surface
allocation, independent of whether the anode operational conditions would be moderate
or vigorous.

Although it followed that an analysis of the CVs (Figure 2) did not supply information
about the coating degradation in comparison with the EIS (except for a moderate tilt in
the curves), there is other valuable information which can be gained from CV-EIS data
correlation. The pseudocapacitive (PC) redox transition processes of noble metal oxides
require the insertion (cathodic) or rejection (anodic) of H+ [38], which takes place in a wider
potential charging and discharging window applied in CV but not in EIS (rms amplitude
of only 10 mV). The voltammetric capacitances from Figure 2d should hence contain a
PC contribution of a much higher degree than the overall EIS capacitance through the
n branches in Figure 4a,c. If the CV sweep rate as the input charging and discharging
perturbation is low enough to penetrate the porous coating, as it would for the lowest input
frequencies in EIS, then it can be assumed that a comparison of the CV-EIS capacitances
can quantify the PC contribution. Since this contribution is strictly related to the number
of active sites, the comparison of the CV-EIS data for the as-received coating at different
positions can give insight into the coating composition’s uniformity (Table 1).

Table 1. Total coating capacitance of as-prepared electrode before accelerated stability test (ΣCEIS,ap)
and after accelerate stability test (ΣCEIS,ex); the relative contribution of the electrode surface capac-
itance (ηSurface); and the pseudocapacitive contribution to the total coating capacitance obtained
from the difference between the total capacitance calculated from cyclic voltamograms and the total
capacitance calculated from EIS (δpc = CCV − ΣCEIS,ap). Calculations for negligible coating pore
resistance (Rn < 1 and n ≤ 2) are given in brackets. Data for three different positions are given in
the table.

Parameter Position 1 Position 2 Position 3

Before AST

ΣCEIS,ap/mF 48.4 38.8 27.6

ΣCEIS,ap,S/mF
(n ≤ 3(2), Rn < 10(1) Ω) 33.5 (25.5) 24.4 (19.3) 18.2 (14.3)

After AST

ηSurface, % 69 (53) 63 (50) 66 (52)
δpc/% 14 26 42

ΣCEIS,ex/mF 25.9 31.1 18.4
ΣδCEIS,ap-ex/% 47 20 33

δpc/% 76 57 112

The total coating capacitance through EIS was lower with respect to the voltametric
capacitance, but this PC contribution in CV could be considerably different, depending
on the coating structure and state. It follows that the PC contribution (δpc) is higher if the
total EIS, as well as the voltametric capacitance, are lower (i.e., if the coatings are more
compact, thick and of a smaller real surface area). The apparent exception is position 2
after the AST, which indicates that this position was the least compact one upon the AST’s
application, since position 1, found to be the least compact position in the as-prepared
state, was exhausted the most by the AST at a lower current density. (This is also clearly
indicated by the highest ΣCEIS,ap-ex value at position 1). Indeed, Figure 4d,c clearly shows
that position 2 had the lowest pore resistance and highest capacitance for n = 5 and 6 after
the AST.

Different PC contributions caused by the difference in coating structure now appear to
be the main cause of the finding that CV was not able to register the difference between the
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as-prepared and exhausted coating states. The same cause also affected the difference in
capacitive performances among different surface positions. In CV, this difference was found
to be below 20%, but in the EIS analysis, with a reduced PC contribution, it was found that
the difference in total capacitance exceeded 25%, and it was even greater for the surface
layers (ΣCEIS,ap,S). This indicates that the nonuniformity in the coating morphology was
more pronounced, especially for the surface texture, than the difference in PC performances
affected by the structure of the active sites as well as their number.

The surface layers of the coating were thus found to be the main source of the coating’s
structural nonuniformity and consequently governed both the basic electrochemical perfor-
mance and the mechanism of the loss of operational activity. Table 1 presents the values of
the surface contribution to the total coating capacitance (ηSurface) down to a certain depth,
taking the pore resistance value as the input perturbance limit for penetration. For negligi-
ble coating pore resistance (Rn < 1 Ω for n ≤ 2; Figure 3b) approximately 50% of the total
available coating capacitance (ΣCEIS,ap) was easily accessible and created the registered
electrochemical performance. This was quite similar at all positions, which indicates that
the coating was rather uniform with respect to the in-depth composition. (There was no
segregation of the coating components). If the pore resistance increased up to 10 Ω (which
appeared to be its order of magnitude for the exhausted anode), then the relative increase
in the surface contribution was only about 15% on average and still similar at all positions.
This confirms that the surface led the operation of the anode. Once the surface properties
were lost under the AST, there was still roughly 50% of the coating which stayed intact, as
was found via CV. However, it was hidden behind a considerably higher resistance, leading
to spending higher voltages at the applied AST current densities.

The analyzed coating performances (basic and operational) also affected the coating
activity for the oxygen evolution reaction (OER). Figure 5 shows the polarization curves at
three different positions on the coating surface for the as-prepared and exhausted states.
The data were made to compensate for IR drops to find the true OER activity and Tafel
slopes (Figure 5a) and additionally normalized by the total EIS capacitance to reach the
true values of the current densities (Figure 5b) (i.e., the rates of OER). The measured values
of the Tafel slopes are given in Table 2.

  
(a) (b) 

Figure 5. IR drop-corrected (a) and normalized (b) polarization curves for oxygen evolution reaction
on IrO2-Ta2O5 coating on Ti obtained before (full lines) and after (dash lines) an accelerated stability
test (AST) in 10% H2SO4 at three different coating surface positions.
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Table 2. Tafel slopes of all three positions before and after accelerated stability test (AST).

Position Tafel Slope Before AST (mV dec−1) (TS ± SD) Tafel Slope After AST (mV dec−1) (TS ± SD)

1 64 ± 0.1 Low overpotentials *
99 ± 0.5 High overpotentials ** 123 ± 1

2 78 ± 0.4 Low overpotentials
131 ± 0.7 High overpotentials 143 ± 1

3 73 ± 0.1 Low overpotentials
126 ± 0.6 High overpotentials 143 ± 0.2

* Region of the low overpotential was below a potential of 1.35 V vs. SCE. ** Region of the high overpotential was
above the potential of 1.35 V vs. SCE.

In accordance with the findings for CV and EIS, the least compact and possibly thickest
part of the as-prepared coating (position 1 before the AST) appears to be the most active
one (i.e., highest apparent current densities both at low and high OER overpotentials). The
more compact positions (positions 2 and 3) showed almost identical activity, despite the
differences in capacitive performances. If the total capacitance was taken as a measure
of the real surface area to normalize the currents, then all positions were of similar OER
activity levels, which indicates that the differences in the apparent currents in Figure 5a
were due to differences in the coating texture and not the distributed nonuniform activity.
A similar conclusion can also be reached if the Tafel slops are analyzed.

In the as-prepared state, the regions of low and high Tafel slopes were found at the
negative (low OER overpotentials) and positive (high OER overpotentials) potentials at
approximately 1.35 VSCE, respectively. The slopes were close to the theoretical ones (60 and
90 or 120 mV) proposed for the reaction mechanisms of charge transfer or adsorption as rate-
determining steps [35]. A unique slope for the exhausted coatings close to or higher than
120 mV was found. This suggests that the most probable slope in the electrocatalytic sense
is 120 mV, whereas the halved value of 60 mV at low overpotentials could be due to halving
of the activation energy according to the theory of electrocatalysis of porous electrodes [39].
Without delving into the details, it could be mentioned that at low overpotentials, the
coating’s behavior is porous until saturation of the pores with previously evolved and
then dissolved oxygen. Upon saturation and an increase in the amount of evolved oxygen
bubbles, which filled the pores at higher overpotentials, the coating’s surface participated
in the OER, behaving much like a flat electrode. This caused a transition from 60 mV
for the porous structure to a “real” slope of 120 mV for a “flat” electrode. Since the
exhausted coating had considerably wider pores (considerable decrease in pore resistance;
Figure 4b,d), the condition of “electrocatalytic flattening” was not fulfilled, and a unique
slope of 120 mV was registered.

These considerations also allow the existence of mixed porous and flat behavior in a
high overpotential region if the pores and cracks are wide enough. This behavior can be
assigned to the least compact position (position 1) for which the bubble evolution dynamics
from the pores allow a great electrocatalytic contribution from the porous structure with a
somewhat lower slope of about 90 mV (Figure 5a).

The investigation of the OER kinetics thus supports the findings of the analysis of the
coating’s electrochemical performances in CV and EIS (i.e., the way the coating texture is
reflected by the capacitive and electrocatalytic properties) as well as the coating operation
in electrolysis and, consequently, the service life and exhaustion state.

4. Conclusions

The standard electrochemical performances of the oxygen-evolving anode IrO2-Ta2O5/
Ti were investigated through capacitive behavior at constant perturbation dynamics
through cyclic voltammetry (CV), discontinuous dynamics under electrochemical impedance
spectroscopy (EIS) and electrocatalytic activity for oxygen evolution reactions (OERs) via
polarization measurements. Performance (non)uniformity was checked over the surface
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and through the depth of the coating at three different positions on the coating’s surface.
For in-depth coating performance profiling, the approach of distributed time constants due
to time-dependent electrical perturbation was applied. Since the aim was to correlate the
texture and uniformity of a coating and its performance to define a pathway for the anode’s
operational disfunction during the side water electrolysis of the metal electrowinning
process, the coating was analyzed in its as-prepared and exhausted states.

More than half of the quantified coating electrochemical activity was found to be
related to its surface layers, which also suffered from a considerable loss of activity upon
anode disfunction via electrolysis. The performances of the coating interior were affected
only negligibly. This finding held for different coating textures, morphologies and electroly-
sis operational conditions, as it was found to be characteristic of coating nonuniformity due
to the thermal procedure of coating formation through drop casting deposition in separate
layers. As a guideline for the generation of more efficient coatings, the findings clearly
suggest a modified procedure for the distributed composition of deposited layers with top
coating layers more rich in the active component IrO2.

Correlation of CV-EIS and OER activity data also indicate that more porous and
cracked surface layers, which are more likely to be generated if the coatings are thicker, are
more electrochemically efficient, being able to allow the coating to operate more uniformly
in electrolysis. In other words, a more porous and thicker coating with a surface enriched
by the active component should have a longer service life and better and more uniform
material efficiency.
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Abstract: SmCo magnets are a common material utilized in advanced technological applications.
These magnets contain elevated concentrations of Sm and Co within their structural compositions.
Given that both Sm and Co are classified as critical metals, the recycling of these magnets after their
operational lifespan is of significant economic and environmental importance. Hydrometallurgical
recycling processes represent an effective method for the recycling of these magnets. In this study,
a pH-controlled selective precipitation method was developed using two HNO3 solutions with
distinct oxidizing properties for the recovery of Sm and Co from end-of-life (EoL) SmCo magnets.
In the initial stage of the process, the magnets were leached in a low-oxidizing 2M HNO3 solution,
with a 1:30 (w/v) solid-to-liquid ratio at 20 ◦C. This step was undertaken to ensure the dissolution
of Fe, thereby creating an environment conducive to its removal from the solution. The leaching
experiments resulted in dissolution efficiencies of 95%, 96%, and 96% for Sm, Co, and Fe, respectively.
In the second stage, a leaching experiment was performed using 3M HNO3 with a 1:10 solid-to-liquid
ratio at 60 ◦C. Under these conditions, Sm and Co achieved dissolution efficiencies of 99%, while Fe
remained undissolved in the solid phase due to hydrolysis at the high temperature, thus increasing
the solution purity. In the precipitation process, the pH of both leachates was initially adjusted to
4 to precipitate impurities such as Fe ions. As a result of precipitation at pH 4 in the 2M HNO3

leachate, Fe ions were almost completely removed. This was followed by selective Sm precipitation
in the pH range of 5–6.5 using NH4HCO3. The highest purity of Sm precipitation was achieved
when the pH reached 6.5. An increase in Sm precipitation efficiency was observed with increasing
pH, with an efficiency of 12.75% at pH 5, which rose to 82.37% at pH 6.5. Furthermore, although
the precipitation efficiency of Co increased from 6.25% to 10% within this pH range, no significant
difference in the extent of this increase was observed. In the case of the 3M HNO3 leachate, the
Sm precipitation efficiency at pH 5 was 44.28%, while at pH 6.5, nearly all of the Sm ions were
precipitated. The co-precipitation efficiency at pH 5 was 1.89%, increasing to 36.43% at pH 6.5. This
increase in co-precipitation was attributed to the system’s Eh value, which reflects the enhanced
oxidizing properties of the 3M HNO3 leach solution. The results of the study indicate that as the
oxidizing strength of the solution increased, the co-precipitation rate also increased with rising pH.

Keywords: SmCo magnets; recycling; selective precipitation; hydrometallurgy
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1. Introduction

Rare earth elements (REEs) and Co are among the critical raw materials, which are
metals with high economic value and supply risk but nevertheless indispensable for use in
many advanced technological applications [1]. SmCo magnets, developed by Alden Ray
and Karl Strnat in the 1970s, are categorized into two distinct types: SmCo5 and Sm2Co17 [2].
For several decades, SmCo has been recognized as the most thermally durable and energy-
dense permanent magnet utilized in various applications. However, during the 1980s, the
advent of NdFeB magnets developed by Japanese and American companies, distinguished
by their economic efficiency and superior performance, led to a rapid transition from
SmCo to NdFeB, particularly because of the challenges associated with cobalt supply at
the time. NdFeB magnets have become the alternative in many electronic applications,
such as hard disk drives, mobile phones, and electric vehicle motors, due to their lower
cost and reduced susceptibility to price fluctuations [3]. Nevertheless, SmCo magnets
exhibit distinctive performance characteristics that differentiate them from other types of
magnets [4]. Their higher magnetic coercivity and superior temperature resistance make
them particularly well-suited for specialized applications, such as vehicle powertrains
and aircraft engines [3,4]. Recent research endeavors aim to enhance the performance of
SmCo magnets while reducing their cost, with projections indicating an increase in global
production in the coming years [5].

The recycling of Sm, Co, and other precious metals contained in end-of-life SmCo
(EoL-SmCo) magnets is of significant importance for economic and environmental reasons,
particularly in light of the economic importance of these metals and the environmental
impact associated with ore production [6]. Hydrometallurgy is a frequently utilized method
in the literature for the recycling of SmCo magnets [7–9]. The hydrometallurgical recy-
cling processes of SmCo magnets consist of two steps: (1) leaching and (2) precipitation.
Moreover, Sm, Co, and other metals are dissolved; solvent extraction is also used for
the separation of metals [10]. Although solvent extraction provides high-efficiency metal
separation, it has many disadvantages in terms of the environment and the economy [11].
The selective precipitation method has the potential to effectively separate Sm and Co [12],
while simultaneously reducing the economic input of the process and requiring less chemi-
cal use. In the study conducted by Wang et al. (2022), waste SmCo magnets were leached
with sulfuric acid, and then Fe and Cu ions were removed from the solution with ion
resin [12]. Sm and Co remained in the solution; they proposed a process for the separation
of Sm and Co from this solution via selective precipitation. In the samarium precipitation
process, 98.7% efficiency was obtained by using Na2SO4 at 80 ◦C, a 4:1 molar ratio, and
90 min of processing time. The high temperature was determined as an important fac-
tor that increased Sm precipitation efficiency. While Sm was selectively precipitated, Co
remained in the solution. In another study by Xu et al. (2010), ammonium oxalate was
used to precipitate REEs from waste SmCo magnets following sequential leaching with
sulfuric acid and sodium persulfate [13]. Initially, sulfuric acid leaching was performed
to separate Sm and Co. Subsequent leaching with sodium persulfate was conducted to
oxidize Co and Fe, resulting in increased concentrations of Fe and Co in solution and
leading to the formation of Co-hydroxide (Co(OH)3) and Fe-hydroxide (Fe(OH)3). After
filtration, Co, Fe, and rare earth elements (REEs) were separated. For REE precipitation,
ammonium oxalate solution was applied, and REE oxides were obtained through drying
and roasting following precipitation. REEs can be precipitated in the form of carbonates
at relatively high pH values [14]. Although a variety of carbonate-containing compounds
are employed as carbonate precipitating agents, ammonium bicarbonate (NH4HCO3) has
garnered particular attention as an effective precipitating agent, exhibiting both precipitat-
ing and pH-increasing effects. In a recent publication, Anawati and Azimi (2022) detailed
the stepwise precipitation method and the precipitating effect of ammonium bicarbonate
for the separation of REEs from ionic clays originating from South America [15]. In the
process, ammonium bicarbonate initially serves as a pH adjuster, selectively removing
impurities that precipitate in the form of hydroxide at pH 6. Subsequently, it was reported
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that ammonium bicarbonate acts as both a carbonate ion source and a pH adjuster in the
pH range of 6–7.5, precipitating REEs in the form of carbonate. Ammonium bicarbonate
is the preferred precipitating agent in the precipitation stage due to its low cost and en-
vironmentally friendly structure. The selective precipitation of Sm with NH4HCO3 after
leaching of SmCo magnets has not, to the best of our knowledge, been attempted previously.
NH4HCO3 has the potential to separate Co and Sm from solution, offering an alternative to
ionic liquid or solvent extraction. It has the capacity to reduce process costs and is suitable
for large-scale recovery processes. Furthermore, this study demonstrates the impact of
solution oxidation degree on precipitation.

This study introduces a pH-controlled selective precipitation method for the recovery
of Sm and Co from EoL SmCo magnets using HNO3 solutions with distinct oxidizing
properties. By tailoring leaching conditions and employing NH4HCO3 as both a pH
adjuster and carbonate source, the method achieves high Sm precipitation efficiency at pH
6.5 while minimizing Co co-precipitation, offering an innovative, environmentally friendly
approach to rare earth element recycling.

2. Materials and Methods

2.1. Materials

Sm2Co17-type EoL-SmCo magnets were supplied by Vacuumschmelze GmbH & Co.
KG (Hanau, Germany). HNO3 (65%, Merck, Darmstadt, Germany) was used for the
leaching process of EoL-SmCo magnets. The precipitation processes were conducted using
NaOH pellets (Merck, Darmstadt Germany) and NH4HCO3 (Sigma Aldrich, St. Louis,
MO, USA) while Milli-Q water was employed in the leaching, precipitation, and sample
preparation procedures. Ethanol and acetone were used at various stages of the process.

2.2. Leaching of SmCo Magnets

The leaching process was conducted in a manner consistent with that employed in
our previous study [7]. Two distinct leaching procedures were performed. The leaching
parameters of both processes are presented in Table 1. The E1 leaching process was
conducted with a solution of 2M HNO3, a solid-to-liquid ratio of 1/30 (g/L), a temperature
of 20 ◦C, and a duration of 60 min. The E1 leaching process was carried out using a
2M HNO3 solution with a solid-to-liquid ratio of 1/30 (g/L), at a temperature of 20 ◦C,
and for a duration of 60 min. In contrast, the E2 leaching process was performed with a
solution of 3M HNO3, a solid-to-liquid ratio of 1/10 (g/L), a temperature of 60 ◦C, and
60 min. The impact of the parameters was previously elucidated in our research study. E2
leaching provides a more oxidative solution; therefore, Fe remains in the leach residue.
In the precipitation step, it is necessary to remove Fe ions before the precipitation of Sm
ions. Otherwise, the presence of Fe ions affects the purity of the obtained precipitate.
These two leaching solutions were used to investigate the effect of the removal of Fe ions
during the pre-step on the Sm precipitation efficiency and to investigate the selective Sm
precipitation behavior in the solution with more oxidizing conditions. Leaching efficiencies
were calculated using Equation (1).

The leaching e f f iciencies (%) =
Metal ion concentration

( g
L
)× Leach volume(L)

Metal amount o f speci f ic metal (%)× Initial metal amount (g)
× 100 (1)

Table 1. Parameters of the experiments.

Leaching
HNO3 Concentration

(M)
Solid-to-Liquid Ratio

(g/L)
Temperature

(
◦
C)

Time (min.)

E1 2 1/30 20 60
E2 3 1/10 60 60
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Table 1. Cont.

Precipitation
Initial pH Precipitation pH

E1P1 4 5
E1P2 4 5.5
E1P3 4 6
E1P4 4 6.5
E2P1 4 5
E2P2 4 5.5
E2P3 4 6
E2P4 4 6.5

2.3. Precipitation

The pH of E1 and E2 leachates was adjusted to 4 using the required 2M NaOH solution.
The pH was adjusted to 4 before precipitation, which was employed to remove Fe ions
from the E1 solution. This same process was also used to provide a controlled pH increase
during the Sm precipitation process with NH4HCO3 from the E1 and E2 solutions. The
precipitation parameters with NH4HCO3 from solutions adjusted to pH 4 are presented in
Table 1. E1P1–E1P4 and E1P1–E2P4 refer to the precipitation tests conducted with E1 and
E2 leachates, specifying the pH conditions used in these tests. The initial pH for all tests
was 4, while P1, P2, P3, and P4 correspond to pH values of 5, 5.5, 6, and 6.5, respectively. In
addition to being a precipitating agent, NH4HCO3 also increases the pH of the solution.
The requisite quantity of 2M NH4HCO3 was added to the solutions to precipitate the Sm
complex within the pH range of 5–6.5, from both solutions. The obtained precipitates
were washed 5 times with de-ionized water and dried in a vacuum oven at 50 ◦C. The
experimental scheme of the study is presented in Figure 1. The precipitation efficiencies
were calculated using Equation (2).

The precipitation e f f iciencies (%) =

(
Initial Metal ion concentration

( g
L
)− Metal ion concentration a f ter precipitation

( g
L
))

Initial Metal ion concentration
( g

L
) × 100 (2)

Figure 1. Experimental scheme of the study.
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2.4. Characterization

The precipitation efficiencies of Sm, Co, and Fe were then calculated based on the
metal concentrations obtained from the ICP-OES (SPECTRO ARCOS) analysis. SEM/EDS
(Scanning Electron Microscope, Thermo Fisher Quattro S, Thermo Fisher Scientific, Brno,
Czech Republic) analysis was performed to analyze of precipitates’ morphology and
elemental distribution.

3. Results and Discussion

3.1. Characterization of EoL SmCo Magnets

A detailed characterization of waste Sm2Co17 magnets was performed in our previous
studies [7,16,17]. The SEM-EDS analysis results indicated that the Sm2Co17 magnet particle
distribution was heterogeneous and non-uniform; the particles are primarily composed of
Sm (39.68% w/w), Co (30.78% w/w), and Fe (13.06% w/w) metals [16]. Additionally, the EDS
results showed the presence of Cu (3.95% w/w) and Zr (1.8% w/w) [16]. The Sm2Co17 alloy
magnets used in high-temperature applications are also Sm(CoFeCuZr)z (z = 6.0–9.0) quinary
alloys [18], which explains the presence of impurities such as Fe, Cu, and Zr alongside Sm
and Co in the characterization results. Furthermore, the chemical composition of the magnets
was determined using ICP-OES, and the results are presented in Table 2.

Table 2. Chemical composition of the magnets.

Elements Co Sm Fe Cu Zr Nd

Weight, % 55 21 15.2 5.1 2.7 0.8

The XRD analysis showed that Sm2Co17 was the dominant phase in the structure of
the magnets and the FeCo phase was also present, while dynamic particle analysis revealed
that 90.3% of the particles were smaller than 96.25 μm [17].

3.2. Leaching Reactions

In a previous study involving oxidative leaching of SmCo magnets to remove Fe,
leaching reactions were carried out, and the results were examined in detail [7]. As a
result of testing numerous parameters, the optimal oxidative leaching conditions were
determined through Taguchi plots and ANOVA analysis to be a 3M HNO3, a solid-to-liquid
ratio of 1/10, and a process temperature of 60 ◦C. Leaching efficiencies obtained with E1
and E2 reactions are presented in Figure 2a; also, the metal ion concentrations of leachate
solutions are given in Figure 2b. The leaching reaction was performed in 2 M HNO3
at a 1/30 (w/v) solid–liquid ratio and 20 ◦C (E1). The final solution pH was 0.2. In the
leaching reaction with 3 M HNO3, a 1/10 solid–liquid ratio, and 60 ◦C (E2), Sm and Co
were efficiently leached (99%), while Fe remained in the residue due to hydrolysis at higher
temperatures [7]. The final solution pH was ~2.67, influenced by the high solid–liquid
ratio. It is thought that the increase in pH may have favored the transfer of Fe3+ ions
into the precipitate phase as goethite. The Pourbaix diagram of Sm, Co, and Fe is shown
in Figure 3a. In addition, the heat map plotted according to the stability of the FeHO2
structure is shown in Figure 3b. It was observed that after pH around 2, Fe transforms
from ionic form to solid form, while Sm2+ and Co2+ remain in the solution. In addition,
the heat map showed that the ΔGpbx (Gibbs free energy) value (eV/atom) for FeHO2 was
0.13 eV/atom at around pH 2 under oxidizing conditions. This shows that the structure
maintains stability under these conditions and Fe remains in the residue.
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Figure 2. Leaching efficiencies (a) and metal ion concentration of leachates (b).

 
Figure 3. The Pourbaix diagram of Sm, Co, and Fe (a) and the heat map of FeHO2 GGA + U)
(b) (drawn with The Materials Project) (Adapt from [19–21]).

3.3. Precipitation

The presence of Fe ions in the solution has an impact on the purity of the resulting
precipitate. The precipitation of impurity ions, including Fe3+, Al3+, and Ca2+, at pH values
greater than 3–4 facilitates the purification of the leach solution from impurities [22]. In
this study, to remove impurity ions in the solution, the pH value of the leaching solutions
was increased to 4 before selective REE precipitation with NH4HCO3, and in particular, the
high concentration of Fe ions, obtained after the E1 leaching reaction, was removed from
the solution via precipitation. In Figure 4, the precipitation efficiencies of Sm, Co, and Fe
ions at pH 4 from the E1 leaching solution are presented. At a pH of 4, the Fe ions were

120



Metals 2024, 14, 1363

almost completely removed from the solution, while the loss of Sm and Co was calculated
to be 0.44% and 3.94%, respectively. While Fe ions and other impurity ions precipitate,
even if the pH range of the precipitation does not correspond to that of the REEs ions, these
ions precipitate together with the impurities or can adsorb onto the surface of precipitated
impurity complexes [23].

 

Figure 4. Precipitation efficiencies from E1 leachate at pH 4.

REEs can be easily precipitated by carbonate at high pH values, and carbonates are
ideal precipitants due to their easy availability, low cost, and easy dissolution in mild acids
for subsequent purification; however, since precipitation is difficult in acidic environments,
a neutralization process is applied to the leach solution before REE precipitation, and
during this process, impurities such as Fe3+ and Ca2+ are primarily precipitated, which
may lead to the loss of REEs through adsorption and co-precipitation with oxides or
complexes [14]. To precipitate REE carbonate complexes under mild acid conditions and
remove impurities, the pH value in both solutions was adjusted to 4 and then precipitated
with NH4HCO3. It is appropriate to utilize NH4HCO3 as a precipitating agent for REEs. In
addition to providing a carbonate source for complexation with REEs, it serves as a pH
adjuster compared to other agents that offer carbonate sources [15,24]. REEs precipitate
as REE carbonates (RE2(CO3)3) with Equation (3) in the pH range of 7–8 [15]. However,
the cobalt carbonate precipitate formation reaction occurs in the pH range of 6.5–8 [24].
To achieve selective precipitation of Co and Sm, precipitation was conducted within a pH
range of 5–6.5. Sm and Co precipitation efficiencies from solution E1 in the pH range of
5–6.5 are given in Figure 5a. An increase in pH value from 5 to 6.5 resulted in a notable
enhancement in the precipitation efficiency of Sm, with a significant rise from 12.75%
to 82.37%. Nevertheless, during the selective precipitation process, some Co was also
precipitated via co-precipitation or the adsorption of the formed Sm complex precipitates.
Increasing the pH from 5 to 6.5 in solution E1 increased the Co-precipitation rate from
6.25% to 10%. Although this increase was attributable to the approach of the precipitation
pH range of Co, no notable distinction was discerned between pH 5 and 6.5. Sm and Co
precipitation efficiencies with NH4HCO3 from E2 solution (in the pH 5–6.5 range) are given
in Figure 5b. The precipitation efficiency of the Sm carbonate was found to be 44.28% at
pH 5, with the precipitation of all Sm ions in the solution occurring at pH 6.5. The Co-
precipitation rate was observed to be 1.89% at pH 5 and 36.43% at pH 6.5. This considerable
enhancement in the rate of Co-precipitation is contingent upon the Eh value of the system.
At elevated temperatures, the solution obtained through leaching with HNO3 (E2) exhibits
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enhanced oxidizing properties [7]. It was observed that increasing the oxidizing properties
of the solution increased the Co-precipitation rate with increasing pH.

2REE3+
(aq) + 6NH4HCO3(s) → REE2(CO3)3 (s) ↓ +6NH+

4 (aq) + 3H2O(l) + 3CO2(g) (3)

Figure 5. Precipitation efficiencies from E1 (a) and E2 (b) leachate solutions with NH4HCO3 in the
5–6.5 pH range.

Figure 6 illustrates the SEM images of the precipitates that were formed from the E1
and E2 solutions at pH values of 5 and 6.5, respectively. It was observed that the precipitates
exhibited an irregular shape and agglomeration, similar to that observed in the particles
obtained as a result of REE precipitation with NH4HCO3 in the literature. It was observed
that the precipitates obtained from the solution with more oxidative conditions exhibited a
particle size distribution that was smaller.

 

Figure 6. SEM images of the precipitate: from E1 solution at pH 5 (a) and pH 6.5 (b) and E2 solution
at pH 5 (c) and pH 6.5 (d).

EDS maps of the precipitate obtained as a result of precipitation from solution E1 at
pH 6.5 are given in Figure 7. It was observed that the distribution of Sm, Co, C, and O in
the precipitate was homogeneous, occurring in the same regions. This indicates that Co
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may either co-precipitate during the precipitation of Sm with carbonate or precipitate by
adsorption on the surface of the formed Sm carbonate complexes.

Figure 7. SEM images of the precipitate obtained at pH 6.5 from E1 (a), and EDS maps of O (b), C (c),
Sm (d), and Co (e).

EDS results of 3 different points of the precipitate obtained from the E1 solution at
pH 6.5 are given in Figure 8. It was observed that three distinct points exhibited a Sm
concentration exceeding 60% by weight, with the predominant element in the precipitate
being Sm. Furthermore, it was established that the concentration of Co remained below 3%
by weight at three distinct points. Additionally, it was determined that Co co-precipitated
or adsorbed to Sm complexes during precipitation. It is postulated that the observed Cu
concentration (average 3.7% by weight) is derived from the SEM-EDS substrate. Moreover,
no Fe was detected in the precipitate, and it was observed that the Fe was effectively
removed before carbonate precipitation.

Figure 8. EDS results of 3 different points: point 1 (a), 2 (b), and 3 (c).
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3.4. Comparison of Different Routes

This study was compared with our previous research in terms of process efficiency,
the number of steps, environmental impact, advantages, and challenges. In the first route,
acid baking with HNO3 was carried out, followed by the separation of REEs through water
leaching [17]. In the second route, acid baking with H2SO4 was performed, followed by REE
separation via water leaching [16]. Table 3 presents a comparison of three different routes.

Table 3. Comparison of the three different routes.

Aspect
Acid Baking with HNO3 and

Water Leaching
Acid Baking with H2SO4 and

Water Leaching
Oxidative Leaching and
Selective Precipitation

Process
Step

1. Mixture with HNO3,
2. Selective oxidation at 250 ◦C

3. Water leaching

1. Mixture with H2SO4,
2. Selective oxidation at 800 ◦C

3. Water leaching

1. Oxidative leaching
2. Iron precipitation

3. Selective REE precipitation

Efficiency
>95% Sm extraction, <1% Co/Fe
dissolution, and 99.4% purity of

REEs in leach liquor

65% Sm extraction; Co/Fe
oxides separated; minimal
solubility of Fe, Co, and Cu

(~2%).

99% Sm/Co dissolution at
60 ◦C; selective Sm precipitation

(82.37–100%) at pH 6.5 with
minimal Co co-precipitation

(10–36%).

Environmental Impact

NOx gas emission during acid
baking; proposed reactor to
address emissions. Lower

selective oxidation temperature

SOx gas emissions recycled for
H2SO4 production. Higher

selective oxidation temperature

Lower-temperature leaching
reduces energy demands;

careful pH control minimizes
reagent use and impurity loss

Advantages
High Sm purity and low impurity

dissolution; scalable with
improved reactor design

Cost-effective, industrially
scalable process

High dissolution and
purification efficiencies;

selective Sm recovery with
minimal Co loss; scalable

and versatile

Challenges NOx management and reactor
scalability

Sm-oxysulfate formation limits
extraction efficiency but offers

reuse potential

Co co-precipitation increases at
higher pH; small amounts of Sm

loss in iron precipitation

4. Conclusions

This study demonstrates the effectiveness of an optimized hydrometallurgical process
for selectively recovering Sm and Co from EoL SmCo magnets with high dissolution and
purification efficiencies. Using 2M HNO3 at 20 ◦C with a 1:30 (w/v) solid–liquid ratio,
dissolution efficiencies of 95% for Sm, 96% for Co, and 96% for Fe were achieved. In
contrast, leaching with 3M HNO3 at 60 ◦C and a 1:10 ratio resulted in 99% dissolution
efficiency for Sm and Co, while Fe remained undissolved due to hydrolysis, enabling
effective impurity removal during purification. In the E1 solution, at pH 4, nearly all Fe
was removed, minimizing Sm (0.44%) and Co (3.94%) losses. The use of NH4HCO3 in the
pH 5–6.5 range enabled selective precipitation from the purified leach solution, achieving
82.37% Sm precipitation at pH 6.5 while limiting Co precipitation to 10%. In the E2 solution,
the selective precipitation efficiency of Sm increased from 44.28% at pH 5 to 100% at pH 6.5,
while Co co-precipitation increased from 1.89% to 36.43%. These results indicate that
despite the increased oxidative conditions in E2, high-purity Sm recovery is achievable
with controlled pH adjustment. This scalable method offers an efficient and selective
approach to rare earth element recovery from waste materials. Further optimization of
selective precipitation parameters may extend its applicability to other REEs, advancing
sustainable recycling solutions.
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Abstract: Efficient extraction of zinc from polymetallic concentrates is crucial for the
metallurgical industry. Traditional leaching techniques often rely on strong oxidizing
agents, which can be wasteful and environmentally harmful. While cyclic oxidation
systems like the Fe3+/Fe2+ pair are known, they often fail to achieve high leaching rates,
especially when the raw material contains multiple sulfide minerals. In this study, we
developed a novel oxidation system using manganese dioxide (MnO2) as the primary
oxidizing agent and potassium iodide (KI) as a supporting material to create an I2/I−

oxidation cycle in a sulfuric acid medium, at an atmospheric pressure between 40 ◦C
and 80 ◦C. Leaching experiments were conducted under varying temperatures and KI
doses. The results demonstrated that for the MnO2-KI system, a zinc leaching degree
of 89.78% was achieved after 3 h of leaching at 80 ◦C, and kinetic studies indicated that
the leaching process is diffusion-controlled (through the thin film), with an activation
energy of 27.65 kJ mol−1. Moreover, this system offers an improved method for separating
iodine from the leachate upon completion, enhancing the overall process efficiency. It also
opens opportunities to test other primary oxidizing agents in combination with iodide salts.
These findings suggest that the MnO2-KI oxidation system offers a promising approach for
improving zinc recovery from sphalerite concentrates.

Keywords: I2/I− cycle; polymetallic materials; zinc extraction; sulfide oxidation; sphalerite

1. Introduction

Zinc is a critical industrial metal widely used in galvanization, alloy production,
die-casting, and the manufacture of various metal products due to its excellent corrosion
resistance and mechanical properties. Efficient extraction of zinc from sphalerite (ZnS), the
primary zinc-bearing mineral, is essential to meet global demand and support technological
advancement [1]. Sphalerite can sometimes occur in a dispersed form alongside other
sulfide minerals and tailings, exhibiting a complex mineralogical composition and a fine-
grained structure. It may appear as impregnations, inclusions, and both simple and
complex intergrowths within the ore matrix [2]. Traditional hydrometallurgical processes
involve leaching sphalerite concentrates in an acidic system, most commonly involving
sulfuric acid coupled with oxidizing agents, in order to leach zinc for subsequent recovery.
These methods can lead to higher metal recoveries and reduce the hazards associated with
air pollution. Key outcomes include the generation of sulfuric acid and/or elemental sulfur
and the production of soluble sulfate salts. However, sphalerite’s inertness in acid solutions
necessitates the use of oxidizing agents to facilitate its oxidative alteration.

Metals 2025, 15, 50 https://doi.org/10.3390/met15010050
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Several oxidizing agents have been employed to enhance zinc leaching in acidic me-
dia. Hydrogen peroxide (H2O2) is a strong oxidizer that can significantly accelerate zinc
dissolution in sulfuric acid by oxidizing sulfide ions primary to elemental sulfur [3]. Vari-
ous studies have demonstrated that leaching chalcopyrite and sphalerite with hydrogen
peroxide and sulfuric acid can be significantly enhanced by preventing the formation of a
compact sulfur layer on the mineral surfaces. This improvement is achieved through the
addition of organic compounds like ethylene glycol [4], tetrachloroethylene [5], or liquid
paraffin [6], and by mechanical activation [7], which shifts the leaching mechanism to a
surface-controlled reaction, resulting in higher metal extractions and increased leaching
rates. Iron (III) inorganic salts (FeCl3 [8,9], Fe2(SO4)3 [10,11], Fe(NO3)3 [12,13]) can perform
oxidation by converting sulfide ions to elemental sulfur, while iron (III) ions are reduced to
iron (II). The usage of these oxidizing agents is well-studied due to the high abundance of
the Fe3+/Fe2+ redox pair in oxidizing sulfide minerals, both in environmental and artificial
circumstances. The iron (III) ions can be regenerated back from iron (II) in the presence of a
strong oxidizing agent or metabolic processes induced by iron-oxidizing bacteria [14], cre-
ating a cyclic process. Persulfates serve as potent oxidizing agents because they decompose
to generate sulfate radicals (SO4

−, which are highly reactive species. These sulfate radicals
are capable of oxidizing sulfide minerals, thus enabling metal leaching [15,16]. Oxygen is
the most abundant oxidizing agent in the atmosphere; unfortunately, it is unable to rapidly
oxidize sulfide minerals under atmospheric conditions. However, numerous leaching
studies have been performed on elevated pressures and high temperatures in an autoclave
in order to test oxygen’s potential to perform oxidation in such conditions [17–19].

Nitric acid (HNO3), as well as nitrate salts, serve both as a leaching agent (nitrates
are the most numerous water-soluble salts) and an oxidizing agent (thanks to the pres-
ence of nitrate anion). However, the use of nitric acid presents challenges, including the
formation of nitrogen oxides, which are harmful emissions requiring strict environmental
controls [20]. While these oxidizing agents improve zinc leaching rates, they often come
with drawbacks such as high reagent consumption, environmental hazards [21] due to the
formation of undesirable by-products [22], and increased operational costs [23]. Cyclic
oxidation systems like the Fe3+/Fe2+ redox pair have been explored to enhance leaching
efficiency and leaching rate as well [2,24]. Additionally, other redox pairs discussed in the
literature—such as Cu2+/Cu+ [25] and the irreversible Mn4+/Mn2+ [26] couple—have been
investigated primarily in the context of chalcopyrite and its concentrates. Nevertheless,
these studies demonstrate the significant influence of these redox pairs on both the leaching
degree and rate. The presence of silver within the pyrite crystal lattice has been shown to
significantly influence the leaching rate, as silver facilitates the oxidation of sulfides into
disulfides via the Ag+/Ag2S redox couple [27]. However, many ores and concentrates do
not contain enough silver to produce this effect, and adding silver salts during the leaching
process would be economically unfavorable. All of these systems possess their own limi-
tations in wider application since the overall effect highly depends on initial concentrate
composition. Also, these systems may not achieve high leaching rates when processing
polymetallic concentrates containing multiple sulfide minerals [28]. The presence of sul-
fides or polysulfides in the boundary layer can lead to the formation of insoluble elemental
sulfur and the precipitation of jarosite if the local pH increases during leaching [22,23].
These occurrences interfere with the oxidation process by forming passivation layers on
mineral surfaces, which hinder metal leaching. This limitation underscores the need for
alternative oxidation systems capable of overcoming these challenges and improving the
efficiency of zinc extraction from complex ores.

In response to these challenges, we propose a novel oxidation system using manganese
dioxide (MnO2) as the primary oxidizing agent and potassium iodide (KI) as an auxiliary
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material to establish an iodine/iodide (I2/I−) redox cycle in a sulfuric acid medium. MnO2

is a potent oxidizer capable of oxidizing iodide ions to iodine. The generated iodine acts as
an effective oxidizing agent for sulfide minerals, oxidizing them and regenerating iodide
ions, thus completing the cycle. This MnO2-KI system aims to enhance zinc leaching
rates by leveraging the high oxidative potential of iodine while potentially reducing the
consumption of strong oxidants and minimizing environmental impact. Moreover, the
system offers an improved method for separating iodine from the leachate after leaching,
allowing for its recovery and reuse, which enhances the sustainability of the process.

The specific objectives of this research are as follows:

1. Assess the effectiveness of the MnO2-KI system in enhancing zinc extraction compared
to traditional oxidizing agents used in acid leaching processes.

2. Investigate the impact of operational parameters, such as temperature and KI dose,
on the leaching efficiency and kinetics.

3. Determine the kinetic control mechanism of the leaching process and calculate the
activation energy to elucidate the underlying reactions.

By achieving these objectives, this study aims to contribute to the development of
more efficient and environmentally friendly hydrometallurgical processes for zinc recovery
from sphalerite concentrates. The MnO2-KI oxidation system presents a promising alter-
native that could overcome the limitations of existing methods, particularly in handling
polymetallic sulfide ores with complex compositions. Obtained findings may have broader
implications for the extraction of other valuable metals and the advancement of sustainable
metallurgical technologies.

2. Materials and Methods

The Zn concentrate (ZnS) was collected from a polymetallic ore deposit “Rudnik”
flotation plant (Rudnik, Serbia). Prior to characterization and leaching tests, the concentrate
was ground by a vibro mill (KHD Humboldt Wedag AG, Cologne, Germany), while all
granulometric classes were used in all further experiments.

2.1. Structural Characterization

Surface morphology was determined by scanning electron microscopy (SEM) using a
JEOL JSM-7001F (JEOL Ltd., Tokyo, Japan) instrument coupled with an energy-dispersive
spectrometer (EDS) (Oxford Xplore 15, High Wycombe, UK). The SEM operated in high
vacuum mode (0.1 mPa) at an accelerating voltage of 20 kV and a probe current of 10 nA.
The analyzed samples were coated with carbon (15 nm thick layer, density 2.25 g/cm3).
For quantitative analyses, the following synthetic standards were used: FeS2 (FeKα, SKα),
ZnS (Zn Kα, S Kα), Ni (Ni Kα), Co (Co Kα), Cu (Cu Kα), InSb (Sb Kα), Ag2Te (AgLα), CdS
(Cd Lα), HgS (Hg Mα), PbS (Pb Mα), Bi (Bi Mα), CuFeS2 (Cu Kα, Fe Kα), ZnS (Zn Kα),Mn
(Mn Kα), Gadolinium Gallium Garnet (Ga Kα), Ge (Ge Lα), InAs (As Kα, In Lα), SnO2 (Sn
Lα), PbS (Pb Mα), and Bi (Bi Mα). EDS detection limit of 2σ ~0.3 wt.%.

Additional insights into the structural properties were obtained through qualitative
ore microscopic analyses using a polarizing microscope (Carl Zeiss-Jena Axioscope 5 Pol,
Jena, Germany) under reflected light to identify metallic and non-metallic minerals. The
microscope was equipped with a color camera (Axiocam 105 color, Hebron, KY, USA).
Photomicrographs were collected using the software package Carl Zeiss AxioVision SE64
Rel. 4.9.1 (Jena, Germany) with the “Multiphase” module. Objective magnifications of 10×,
20×, 50× (air), and 100× (oil immersion with cedar oil) were used. Photomicrographs
accompany the textual descriptions to illustrate the observed textures.

The mineral compositions of the concentrate and leaching residues were determined
by X-ray diffraction (XRD) to identify the phase composition. XRD patterns were obtained
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using a Philips PW 1710/1820 (Eindhoven, The Netherlands) automated diffractometer
with a Cu tube operated at 40 kV and 30 mA. The instrument was equipped with a
diffracted beam curved graphite monochromator and a xenon-filled proportional counter.
Diffraction data were collected over the range of 4–65◦ 2θ, counting for 1 s per 0.02◦ step.
The divergence and receiving slits were fixed at 1 mm and 0.1 mm, respectively. All XRD
measurements were performed at room temperature using a stationary sample holder.

2.2. Leaching Experiments

Leaching experiments were performed in a sealed glass reactor (Zhengzhou Great
Wall, Zhengzhou, China) equipped with a mechanical stirrer and temperature controller.
In a 1.2 L batch reactor (Figure 1), at selected temperature, were placed and mixed initial
concentrate (10 g) with 1.5 M analytically prepared water solution of sulfuric acid (Zorka.
p. a, Šabac, Serbia). During experiments, a consistent stirring rate at 300 rpm was used.
Aliquots were sampled at the desired time and then analyzed after dilution by atomic
absorption spectrophotometry (AAS, PERKIN ELMER 703, Shelton, CT, USA). Calibration
of the atomic absorption spectrometer was performed using standardized zinc reference
solution (Certified Reference Material from CPA Chem, Bogomilovo, Bulgaria) diluted
with deionized water. The instrument operated with an acetylene–oxygen flame and a zinc
hollow-cathode lamp as the radiation source. All leaching experiments were carried out
in triplicate to minimize measurement uncertainty, and the reported zinc concentrations
represent the average of the three measurements. The AAS measurement served as the
basis for calculating the zinc extraction rates (%). In some experimental setups, auxiliary
oxidation agents—manganese dioxide (Alkaloid, purity > 95%, Skopje, North Macedonia)
and potassium iodide (Darmstadt, Merck, purity > 95%, Germany) were added. During
the leaching tests, different operational parameters were varied, such as time (0–180 min),
temperature (40, 60, 70, and 80 ◦C) and presence of potassium iodide (1, 2, and 3 wt.% of
the initial ZnS mass).

 

KI

MnO2

H2SO4

sphalerite ore

solid 
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drying

phase 
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Zn 
recovery

Figure 1. Simplified scheme of leaching procedure.

The chemical composition of the ZnS sample (Table 1) was ascertained by acid diges-
tion followed by AAS.
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Table 1. Chemical composition of Zn concentrate.

Element Zn Cu Fe As Cd Pb S

(wt.%) 46.91 0.806 6.77 1.8 × 10−4 0.338 0.287 27.87

After completing each experiment, the solution was filtered to separate the leaching
residues. The solid residues were collected, rinsed twice with distilled water, and dried in
an oven. The prepared samples were then thoroughly analyzed.

Better insights into observed chemical reactions can give kinetic models. In this work,
we employed several equations to linearize the experimental findings using the modified
Sharp’s method of reduced half reaction time [29]. Principles are detailed and described in
our previous publications [30–32].

Chemical processes’ activation energy (Ea), which is typically determined using
the Arrhenius equation, frequently offers significant knowledge into the mechanisms
underlying the reactions:

k = A * exp(−Ea/RT) (1)

where T is the absolute temperature (K), R is the gas constant (8.314 J·mol−1·K−1), Ea
is the activation energy (J·mol−1), A is the pre-exponential constant, and k is the rate
constant (s−1). Plotting ln(k) against 1/T yields the slope of the linear fit, from which the
activation energy may be calculated.

3. Results and Discussion

3.1. Material Characterization

The sphalerite concentrate samples used in this study, as well as the samples obtained
after leaching, were fully characterized to gain insight into the initial mineralogical and
morphological structures. Characterization of the leaching residues, on the other hand,
is very helpful in determining the leaching mechanism and is often crucial for further
optimization of the leaching process. Optical and electron microscopy provided valuable
insights into both the morphological structure and mineralogical composition of the ZnS
sample and its solid residues; mineralogical composition was also determined using XRD.
These analytical techniques allowed us to observe surface features and textural relationships
within the samples.

3.1.1. Optical Microscopy

Under the optical microscope (Figure 2), it was observed that approximately 80%
of the sphalerite occurs as free grains, with the remaining portion present in simple to
complex intergrowths with other minerals. Chalcopyrite is most frequently associated with
sphalerite in this concentrate, followed by pyrite, galena, gangue minerals, and chalcopyrite
impregnations. The grain sizes of sphalerite vary from roughly 10 μm to over 350 μm. In
addition to these minerals, particles of gold and silver were also detected.

Chalcopyrite is the next most abundant mineral in the concentrate. It occurs as simple
to complex assemblages with sphalerite, pyrite, galena, and gangue minerals, or as oval,
micronic impregnations within sphalerite grains. Additionally, chalcopyrite may appear as
separate grains, accounting for about 65–70% of its occurrence. No discernible free gold or
silver was found associated with chalcopyrite.

After chalcopyrite, pyrite is the most prevalent mineral (Supplementary Materials,
Figure S1). The grain size varies between approximately 10 μm and 150 μm. It can be found
in simple to complex assemblages with sphalerite, chalcopyrite, and tailings minerals, or it
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can be found in independent grains (75%). There is no discernible self-propelled silver or
gold in pyrite. The free pyrite grain is roughly 150 μm in size.

Figure 2. Sphalerite (Sp) grain with “chalcopyrite disease” (Cp) (a); Free chalcopyrite and sphalerite
grains (b).

The amount of gold or silver in traces (Figure 3) was found in the material sample
under optical analysis. It can be found in sphalerite and tailings minerals, in which can be
as large as 6–7 μm.

Figure 3. Native electrum (Ag/Au) in Sp (a); Native silver/gold in addition to sphalerite in the ZnS
sample (b).

3.1.2. XRD Analysis

The polycrystalline sample (powder) was examined using the X-ray diffraction method.
The following minerals were discovered to be present in the examined sample: chalcopyrite,
pyrite, quartz, and sphalerite (Figure 4). The most prevalent mineral was undoubtedly
sphalerite, whereas chalcopyrite, pyrite, and quartz were far less common.

Figure 4. Powder diffractogram of the ZnS sample.
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3.1.3. Field Emission SEM

A SEM image (Figure 5) shows that concentrate particles have sharp, smooth edges.
Constituents are in the diameter range 50–100 μm. The presence of minerals like spha-
lerite, pyrite, and galena were confirmed via SEM-EDS analysis as well as chemical and
XRD analysis.

 

Figure 5. SEM micrograph of ZnS sample.

3.2. Leaching Results
3.2.1. Leaching with MnO2

Initial tests were conducted using only the primary oxidizing agent, manganese
dioxide (MnO2), in a sulfuric acid solution under controlled temperature conditions (80 ◦C).
Even at the highest temperature tested, the extraction yield was only 41.95%, indicating
that the extraction process was not sufficiently effective. This low yield occurred despite
the sufficient amount of MnO2 (1:2) and efficient mixing (300 rpm), suggesting that factors
other than reagent concentration and mixing were limiting the extraction.

One possible explanation for the low extraction efficiency is the hindrance of electron
transfer between the oxidizing agent and the sulfur species generated from the sulfide
minerals. This impediment could prevent the effective oxidation of sulfide minerals,
thereby reducing the extraction yield.

Evidence supporting this explanation was obtained through SEM-EDS analysis
(Figure 6). The spectrum obtained from the surfaces of marcasite grains revealed a non-
stoichiometric sulfur content—specifically, the sulfur content was lower than expected for
the chemical composition of marcasite (FeS2). This suggests that disulfide anions (S2

2−) in
pyrite are partially oxidized, leading to the formation of marcasite and elemental sulfur.
The elemental sulfur forms a film that can subsequently continue to oxidize to higher
oxidation states. Thanks to the electro nonconductive layer of sulfur, further oxidation of
sphalerite is limited by the diffusion of both zinc and sulfide into the bulk solution and
further oxidation to thiosulfate and sulfite ion species.

Moreover, SEM-EDS analysis of the pyrolusite (MnO2) grains (Figure 6d,e) showed
that their chemical composition did not match that of pure MnO2. The oxygen content
was less than expected, indicating that manganese on the surface of the grains had been
reduced to lower oxidation states (Mn3+ and Mn2+). This reduction of MnO2 suggests that
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it participated in redox reactions; however, the overall extraction yield of zinc remained
low, all due to ineffective electron transfer from sphalerite to pyrolusite surface.

Figure 6. SEM and SEM-EDS spectra of leaching residues in system ZnS + MnO2 + H2SO4: (a) 1000×
(b) 2500×; (c) microfigure with selected areas for EDS analysis; (d) EDS results of spectrum 8; (e) EDS
results of spectrum 9.

In Figure 6 are presented SEM and SEM-EDS spectra of the leaching residue sample,
illustrating these findings.

The chemical reaction that occurs during leaching in the presence of the primary
oxidizing agent alone is as follows (Equation (2)):

ZnS + 4MnO2 + 4H2SO4 = ZnSO4 + 4MnSO4 + 4H2O (2)

Scans show that added MnO2 was not fully reacted, which is expected since a primary
oxidizing agent is inserted in sufficient amounts, and the leaching degree did not reach
maximum value. Therefore, as described previously, manganese dioxide was unable to
achieve complete oxidation of the present sulfide minerals.

3.2.2. Leaching in System with MnO2 and KI
Impact of Temperature on Leaching Degree

The efficiency of leaching zinc (Zn) from ZnS increases with temperature, from 40 ◦C
to 80 ◦C, a trend consistent with the principles of chemical kinetics. Higher temperatures
supply additional thermal energy, which enhances the movement of particles and the
frequency of effective collisions between sulfide minerals and intermediary oxidant (I2).
This leads to accelerated reaction rates and, consequently, a more efficient leaching of zinc
into the leaching medium.

An intriguing observation from the XRD analysis is the absence of crystalline sulfur
when the leaching is performed at lower temperatures (Figure 7).

The qualitative mineralogical composition of the analyzed sample (Figure 7) is as
follows: pyrolusite, sphalerite, chalcopyrite, marcasite, and quartz. The most abundant
phase is pyrolusite; sphalerite is less represented, while quartz, chalcopyrite, and marcasite
are the least represented. All other crystal phases are below detection limits. Quantitative
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mineralogical analysis is as follows: pyrolusite 54.3 wt.%, sphalerite 41.2 wt.%, chalcopyrite
1.1 wt.%, marcasite 1.0 wt.%, quartz 0.8 wt.%, sulfur 0.6 wt.%, calcite 0.4 wt.%, galena
0.3 wt.%, and barite 0.3 wt.%. These results were obtained in accordance with mineralogical
and chemical analysis.

Figure 7. XRD pattern with legend for leaching residue; experimental parameters (3 wt.% KI +
stoichiometric amount of MnO2 at 40 ◦C).

However, the traces of sulfur grains are detected in reflected light microscopy images
(Figure 8a). From the other reflected light microscopy images (Figure 8), it can be observed
that the most abundant phase is pyrolusite; sphalerite occurs less often, while chalcopyrite,
marcasite, and quartz are the least represented. Galena is present in traces.

Figure 8. Reflected light microscopy image of the sample at 40 ◦C: Liberated grains of pyrolusite
(Pl) and small sulfur traces (a); Intergrowth of sphalerite (Sp) and galena (Gn) (b); Intergrowth of
sphalerite (Sp), chalcopyrite (Cp), marcasite (Mc), pyrolusite (Pl) and gangue (Gg) (c); Intergrowth of
sphalerite (Sp) and gangue (Gg), “chalcopyrite (Cp) disease” in sphalerite, and liberated pyrolusite
(Pl) crystal (d).
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Pyrolusite occurs mainly in the form of lath-like habitus up to 200 μm in length and,
somewhat less often in irregular grains up to 100 μm in length. Sphalerite is present as
irregular liberated grains (significantly transformed and eroded grains), up to 150 μm in
length. It often contains “chalcopyrite disease” and inclusions of chalcopyrite up to 50 μm
in size. Intergrowths of sphalerite with chalcopyrite, marcasite, pyrolusite, or galena occur
to a lesser extent. Very rarely (only in one place), a complex intergrowth of sphalerite,
chalcopyrite, marcasite, pyrolusite, and quartz, up to 300 μm in length, as well as a complex
intergrowth of sphalerite, chalcopyrite, and galena are present. Except in the mentioned
way, chalcopyrite rarely occurs in the form of liberated irregular grains up to 150 μm in
length. Marcasite is present in the form of liberated grains up to 150 μm in length. Galena
occurs in irregular grains up to 60 μm in length.

One noteworthy observation is an accidentally identified presence of galena (PbS)
surrounded by anglesite, as shown in Figure 8. Most likely, anglesite is formed due to
the oxidation of sulfide ions and consequential liberation of lead ions and precipitation
with readily present sulfate anions. The presence of galena in the sphalerite concentrate
is expected since the initial ore contains both sphalerite and galena that in some cases are
very difficult to separate thanks to intergrowths of sphalerite and galena, especially if the
grains are very small (under 80 μm). Therefore, identifying galena as well as anglesite in
the leaching residue is not surprising.

At a higher temperature, 80 ◦C (Figure 9), the XRD method detected the presence
of crystalline sulfur phases. This phenomenon can be explained by the temperature-
dependent kinetics of sulfur formation and crystallization during the leaching process.
At higher temperatures, the oxidation reactions not only proceed more rapidly but also
enable the possibility of elemental sulfur crystallization. The increased thermal energy
enables sulfur atoms to rapidly migrate from the sphalerite particle surface where, thanks
to their high amount and increased temperature, they form nucleation centers and grow
undisturbedly into crystalline structures large enough to be detected by XRD.

Figure 9. XRD pattern with legend for leaching residue; experimental parameters (3 wt.% KI +
stoichiometric amount of MnO2 at 80 ◦C).

The qualitative mineralogical composition of the analyzed sample (Figure 9) is as
follows: pyrolusite, sphalerite, quartz, chalcopyrite, marcasite, and sulfur. The most abun-
dant phase is pyrolusite; sphalerite is less represented, while the least abundant are quartz,
sulfur, chalcopyrite, and marcasite. All other crystal phases are below detection limits.

Quantitative mineralogical analysis is as follows (weight): pyrolusite 57 wt.%, spha-
lerite 38 wt.%, chalcopyrite 1.1 wt.%, sulfur 1.0 wt.%, marcasite 1.0 wt.%, quartz 0.9 wt.%,
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calcite 0.4 wt.%, galena 0.3 wt.%, and barite 0.3 wt.%. These results were obtained via
software (Carl Zeiss AxioVision SE64 Rel, Jena, Germany. 4.9.1 with the “Multiphase”
module) in accordance with chemical analysis.

A SEM image of leaching residue obtained after leaching at 80 ◦C is given in Figure 10,
while the EDS spectra are given in the Supplementary Materials, Figures S3 and S4. Calcu-
lations based on obtained EDS spectra (Figures S3 and S4) are given in Table 2.

Figure 10. SEM photomicrograph of the leaching residue sample at 80 ◦C.

Table 2. EDS calculation for obtained SEM (Figure 10) Spectrum 35 and 36.

Element

Spectrum 35
(Sphalerite)

Spectrum 36
(Pyrolusite)

Weight% Atomic% Weight% Atomic%

O - - 29.90 59.43
S 33.58 50.05 - -

Mn 0.80 0.69 70.10 40.57
Fe 11.41 9.77 - -
Zn 53.73 39.29 - -
Cd 0.48 0.20 - -

Total 100.00 100.00 100.00 100.00

In contrast, at lower temperature, the elemental sulfur produced may remain in an
amorphous or finely dispersed state. The lower temperature (40 ◦C) is insufficient to
promote significant crystallization of sulfur. Amorphous sulfur lacks the long-range atomic
order required for detection by XRD (Figure 7), and very fine sulfur particles may fall
below the detection limit of the instrument. Therefore, despite the production of sulfur
during the leaching process at lower temperatures, it may not be observable in XRD
patterns due to its amorphous nature or small particle size. These findings highlight the
complex interplay between temperature, reaction kinetics, and phase formation. While
higher temperatures enhance Zn leaching efficiency by accelerating reaction rates, they also
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promote the crystallization of sulfur, which could potentially impact the leaching process
by forming passivation layers. However, the presence of sulfur was confirmed even on
the leaching residue obtained after leaching at 40 ◦C but only when reflected light and
scanning electron microscopy methods were employed. In Figure 11a can be seen a small
detail at the bottom left that comes from elemental sulfur.

Figure 11. Reflected light microscopy image of sample at 80 ◦C: Liberated pyrolusite crystal grains
(Pl), sulfur (S) (a); “Chalcopyrite disease” (Cp) and inclusion in sphalerite (Sp) (b); Liberated grains
of sphalerite (Sp), chalcopyrite (Cp), marcasite (Mc), and pyrolusite (Pl) (c); Intergrowth of sphalerite
(Sp) and gangue (Gg), “chalcopyrite disease“ (Cp) in sphalerite (d).

Reflected light microscopy images (Figure 11) revealed that the most abundant phase
is pyrolusite; sphalerite occurs less often, while chalcopyrite, marcasite, sulfur, and quartz
are the least represented. Galena is present in traces. Pyrolusite occurs mainly in the form
of lath-like habitus up to 200 μm in length and somewhat less often in irregular grains
up to 100 μm in length. Sphalerite is present as irregular liberated grains (significantly
transformed and eroded grains), up to 250 μm in length. It often contains “chalcopyrite
disease” and inclusions of chalcopyrite up to 50 μm in length. Intergrowth of sphalerite
and chalcopyrite occurs to a lesser extent. Except in the mentioned way, chalcopyrite rarely
occurs as liberated irregular grains up to 100 μm in length. Marcasite is present in the form
of liberated grains up to 150 μm in length. Sulfur occurs in the form of irregular grains.
Sphalerite contains Cd up to 0.5 wt.%. Gangue minerals are represented by quartz, and to
a lesser extent by feldspar, barite, and calcite.

SEM image of the leaching residue obtained after leaching at 40 ◦C is given in Figure 12,
while the EDS spectra are given in Supplementary Materials, Figures S5–S8. Calculations
based on obtained EDS spectra (Figures S5–S8) are given in Table 3.
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Figure 12. SEM photomicrograph of the leaching residue sample at 40 ◦C.

Table 3. EDS calculation for obtained SEM (Figure 12) Spectrum 46–49.

Element

Spectrum 46
(Pyrolusite)

Spectrum 47
(Marcasite)

Spectrum 48
(Sphalerite)

Spectrum 49
(Chalcopyrite)

Weight% Atomic% Weight% Weight% Weight% Atomic% Weight% Atomic%

O 30.55 60.11 - - - - - -

S 0.23 0.23 39.86 53.58 33.42 49.88 34.79 49.86

Mn 69.21 39.66 0.50 0.39 0.68 0.60 0.67 0.56

Fe - - 59.65 46.03 11.26 9.65 29.46 24.24

Cu - - - - - - 33.11 23.95

Zn - - - - 54.22 39.69 1.97 1.38

Cd - - - - 0.42 0.18 - -

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Figure 13 illustrates the degree of zinc (Zn) leaching α (%) from the concentrate over
time. The chemical reaction for sphalerite (ZnS) oxidation is the same as in the case of
leaching zinc in the presence of only manganese dioxide (MnO2) (Equation (2)).

It has been shown that increasing the temperature raises the yield of the observed
reaction (Equation (2)). However, since the composition of the reaction mixture differs from
the previous case, an additional chemical reaction occurs (Equation (3)):

MnO2 + 2KI + 2H2SO4 = MnSO4 + K2SO4 + I2 + 2H2O (3)

The iodine (I2) formed during reaction (3) reacts further by capturing a single iodide
ion (I−) [33] and participates in another chemical reaction, as reported in the literature [34].
For simplicity, we represent this subsequent reaction by considering only the participation
of iodine as a reagent (Equation (4)):

ZnS + I2 = Zn2+ + S + 2I− (4)
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Equations (3) and (4) alternate, facilitating further oxidation of sphalerite in the leach-
ing medium. However, there are no significant differences between the SEM-EDS images
or the optical microscope micrographs obtained after leaching with MnO2 in sulfuric acid
alone and those obtained when the primary oxidizing agent is combined with potassium
iodide (KI). This observation suggests that the leaching mechanisms in both cases are very
similar and that the solid leaching residue products are almost the same.

Figure 13. Influence of temperature and reaction time on leaching degree of Zn (3 wt.% KI +
stoichiometric amount of MnO2).

Impact of KI Concentration on Leaching Efficiency

The efficiency of leaching zinc (Zn) from sphalerite concentrates exhibits a non-linear
relationship with the concentration of potassium iodide (KI) added to the leaching medium
at 80 ◦C (Figure 14). This intriguing pattern suggests a complex interplay between the
chemical reactions involved and the concentration of KI, which influences the availability
and effectiveness of the oxidizing agents in the leaching process.

When the amount of KI is low (1 wt.% to the mass of sphalerite concentrate), the
system benefits from an optimal balance where the iodine (I2) produced in reaction (3) is
sufficient to enhance the oxidation of sphalerite in reaction (4) without causing adverse
side effects.

At this concentration of iodine, the amount of elemental sulfur produced does not
significantly hinder the leaching process, resulting in a high Zn leaching rate (79.04%).

When the KI concentration is increased to 2 wt.%, the Zn leaching rate unexpectedly
decreases to 67.53%. This reduction can be attributed to the intensified formation of a
passivation layer of elemental sulfur on the sphalerite surface. The higher concentration of
iodine leads to increased production of elemental sulfur (S), which can accumulate and
form a barrier that impedes further access of the oxidizing agents to the mineral surface.
This increase in effective oxidant concentration, coupled with the passivation effect, results
in lower leaching efficiency.

At the highest amount of KI (3 wt.%), the Zn leaching efficiency markedly increases to
the highest determined value of 89.78%. The higher concentration of iodine now becomes
sufficient not only to oxidize ZnS but also to react with the elemental sulfur passivation
layer, converting it into soluble sulfur compounds with higher oxidation states, such as
sulfur dioxide (SO2(aq)) and further oxidation of thiosulfate ions to tetrathionate ion that
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eventually are oxidized to sulfate ion species. The oxidation of elemental sulfur can be
represented by the following reaction (5):

S(s) + 2H2O(l) + 2I3(aq)
− → SO2(aq) + 6I(aq)

− +4H+
(aq) (5)

Figure 14. Effect of different KI contents on Zn leaching efficiency (temperature interval 40–80 ◦C).

Sulfur dioxide formed in reaction (5) then follows two oxidation pathways:

• Either it captures readily present sulfur on the sphalerite particle surface leading to
the formation of thionate ion species, Equation (6):

SO2(aq) + H2O(l) + S(s) → H+
(aq) + HS2O3(aq)

− (6)

The thionate ions subsequently are oxidized with iodine, leading to the formation of
tetrathionate ion species, reaction (7):

2 HS2O3(aq)
− + I3(aq)

− → 3I(aq)
− + HS4O6(aq)

− + H+
(aq) (7)

Both thiosulfate and tetrathionate ion species are eventually catalytically [35] or di-
rectly chemically [36] oxidized to sulfates; both reactions are feasible in the observed system
thanks to both the presence of chalcopyrite required for catalytical oxidation and iron (III)
ion specimen required for chemical oxidation.

• Also, sulfurous acid (SO2(aq)) may be oxidized to the S(V) oxidation state with man-
ganese (IV) oxide, reaction (8) [37]:

2MnO2(s) + 3SO2(aq) → MnS2O6(aq) + MnSO4(aq) (8)

Manganese dithionate participates in further oxidation to MnSO4 with readily avail-
able MnO2 or triiodine ions, reactions (9) [37] and (10), respectively:

MnS2O6(aq) + MnO2(s) → 2MnSO4(aq) (9)

MnS2O6(aq) + I3(aq)
− + 2H2O(l) → MnSO4(aq) + HSO4(aq)

− + 3I(aq) +4H+
(aq) (10)

141



Metals 2025, 15, 50

A higher initial concentration of potassium iodide leads to the higher concentration
of iodine required for oxidation of the passivation layer, and the sphalerite surface is re-
exposed to the leaching agents, allowing the leaching process to proceed more efficiently.
Furthermore, at this KI initial content, the system’s redox potential is enhanced, and the
equilibrium may shift back in favor of free iodine thanks to the presence of excess iodide
ions. This ensures a sufficient supply of the active oxidant to sustain the leaching reaction,
overcoming the limitations observed at 2 wt.% KI.

3.3. Leaching Kinetics

To model the leaching kinetics, various kinetic models encompassed within the mod-
ified Sharp’s method were employed to describe the system’s behavior, as depicted in
Figure 15. Among these, the Jander equation [29] for three-dimensional diffusion through
a product layer (depicted by navy blue triangle symbols on Figure 15) provided the best fit
to the experimental data at 80 ◦C, yielding a coefficient of determination (R2) of 0.98. This
high correlation indicates that the Jander model accurately describes the leaching process
under the studied conditions. Consequently, this model was selected for fitting all leaching
experiment data obtained at various temperatures.

Figure 15. Experimental data correlated with modified Sharp’s method.

The results suggest that the rate of the leaching reaction is limited by the diffusion of
zinc and sulfide species through a product layer—most likely composed of elemental sulfur
formed on the surface of sphalerite particles. This product layer acts as a barrier, impeding
mass transfer and slowing down the leaching rate [38]. The formation of such a sulfur layer
is consistent with findings reported in the literature, where elemental sulfur deposition on
sphalerite particles during leaching processes has been observed to significantly decrease
the leaching yield of the target metals [39,40].
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In Figure 16 are presented the fitted experimental data obtained from leaching ZnS
in a system containing MnO2 and 3 wt.% KI over a temperature range of 40 to 80 ◦C,
using the Jander equation. The experimental data across the entire temperature range
exhibit a high coefficient of determination with this model (R2 > 0.95), indicating an
excellent correlation. The calculated leaching rate constants are 5.35 × 10−4 min−1 and
1.78 × 10−3 min−1 at 40 ◦C and 80 ◦C, respectively, by applying the Jander equation in
the modified Sharp’s method. These values demonstrate that increasing the temperature
significantly enhances the leaching rate, making it more than three times faster at 80 ◦C
compared to 40 ◦C (Figure 16).

Figure 16. Modeling experimental data obtained at different temperatures utilizing the
Jander equation.

Since the Jander equation describes three-dimensional diffusion through a product
layer, the strong agreement between the model and the experimental data suggests that
the rate-limiting step is the diffusion of species through a product layer—most likely a
passivation layer of elemental sulfur formed on the surface of sphalerite particles. The
formation of this layer occurs at all temperatures, although the amount and its impact on
the leaching degree may vary. However, the crystallization of sulfur is confirmed only at
the highest leaching temperature (at 80 ◦C, Figures 9 and 11) but the presence of sulfur
traces is confirmed even at the lowest leaching temperature (at 40 ◦C, Figures 7 and 8).

As previously discussed, higher leaching rates and elevated temperatures facilitate
sulfur crystallization, which can exacerbate the passivation effect by forming a more coher-
ent and impermeable layer. This issue can be mitigated by adding a sufficient amount of
potassium iodide (>3 wt.%), which increases the concentration of iodine in the leaching
medium. The increased iodine concentration enables the oxidation of the formed sulfur
passivation layer, as iodine effectively converts elemental sulfur into soluble sulfur com-
pounds. This oxidation diminishes the mass transfer barrier and enhances the leaching
efficiency, maintaining high leaching rates even at elevated temperatures. Similar strategies
have been reported in the literature, where the addition of oxidizing agents helps to prevent
passivation and improve leaching outcomes [41,42].
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The final step of the kinetics calculations involved determining the activation energy
(Ea), which was obtained using the Arrhenius equation in its linearized form. In Figure 17,
the dependence of ln(k/min−1) versus 1/T is presented, and the data show a strong linear
correlation (R2 > 0.89). The activation energy was calculated from the slope of this linear
function, as described by Equation (11):

Ea = −R * Slope (11)

Figure 17. Calculated energy of activation (temperature interval 40–80 ◦C).

The calculated value of 27.65 kJ/mol indicates that diffusion is the limiting step in the
leaching reaction, also confirmed elsewhere [39–41].

This relatively low activation energy suggests that the oxidation process proceeds
with a low energy barrier, allowing leaching to occur rapidly at moderate temperatures.
Moreover, the low value of the activation energy is consistent with the experimental
data, where the best fitting was achieved using the Jander equation. Since this model
provided the highest goodness of fit, the low activation energy value also confirms that
leaching is a diffusion-controlled process. Similar findings have been reported in the
literature, where diffusion mechanisms were identified as the controlling step in comparable
leaching systems.

Some previous studies that were performed in order to determine the Zn leaching
rate and the limitation step that controls the extraction from sphalerite concentrate are
given in the overview table (Table 4). Results of some studies given in Table 4 seem more
promising than those obtained in our research. For example, in a study of Peng et al., the
authors utilized both a nitration mixture and tetrachloroethylene as a leaching medium;
the limitations of this study are mostly related to environmental and separation technique
concerns. Also, a study performed by Santos et al. achieved a very high leaching rate
(95.1%); however, they achieved such high leaching rates after 25 h of leaching, which
is energy-consuming for practical applications. The same issue is associated with the
study of Babu.
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Table 4. Literature data of leaching efficiency and mechanism in wide temperature range on sphalerite
concentrate samples using various oxidizing agents.

Solution Temperature, ◦C Leaching Rate, %
Process That Determines

the Reaction Rate
Bibliography

H2SO4–HNO3 45–85 70.1–99.6 diffusion control [43]

H2SO4–Fe2(SO4)3 70–110 87.3–89.1 chemical control [10]

H2SO4–(NH4)2S2O8 30–70 44.2–96.1 diffusion control [15]

H2SO4–Fe2(SO4)3 40–80 22.06–89.76
mixed control

[44]
diffusion control

H2SO4–Fe2(SO4)3-NaCl 20–95 23.8–95.1
chemical control

[45]
mixed control

H2SO4–MnO2–KI 40–80 67.53–89.73 diffusion control Current study

Finally, Table 5 provides a rough material cost analysis for three different leaching
scenarios applied to the sphalerite concentrate (ZnS sample). In each scenario, a distinct
oxidizing agent—ammonium persulfate, iron(III) sulfate, or manganese dioxide with
potassium iodide—was used. For simplicity, the costs of sulfuric acid, sodium chloride,
and iodine are excluded from all three scenarios, as their prices or required quantities are
relatively low. Table 5 also presents the prices of both the main products and by-products
obtained in each case, offering a basis for a preliminary cost–benefit assessment.

Table 5. Comparison of oxidizing agent costs * and all product prices * for treating 1 metric ton of ZnS.

Case Chemical Chemical Price $/t
Required/Obtained

Amount, t/t **
Total Cost/Benefit, USD/t

I (NH4)2S2O8 680 6.549 4453

II Fe2(SO4)3 370 11.48 4248

III
MnO2 535 3.327

1870
KI 3000 0.030

I
(NH4)2SO4 135 3.792

1715
Zn 2713 0.4508

II
FeSO4 × 7H2O 95 15.96

2649
Zn 2713 0.4456

III
MnSO4 × H2O 400 4.851

2885
Zn 2713 0.4212

* All chemical prices were obtained from Alibaba, while the zinc price was taken from the London Metal Exchange
(LME) on 28 December 2024. ** Tones of input materials per tones of concentrate.

Based on the data in Table 5, both Case I and Case II are unprofitable, with total costs
exceeding revenue by USD 2738 and USD 1599, respectively. In contrast, Case III, which
employs our proposed leaching agents, indicates a profit of USD 1015, suggesting that this
approach has promising commercial potential. While these figures provide an initial gauge
of economic feasibility, further detailed assessments—potentially at pilot or industrial
scales—are necessary to validate and refine these preliminary cost–benefit conclusions.

4. Conclusions

This work explored Zn leaching from sphalerite concentrates in sulfuric acid (40–80 ◦C,
atmospheric pressure), employing MnO2 alone and in combination with KI. Using MnO2

by itself yielded low Zn extraction efficiencies, even at higher temperatures. SEM-EDS
analysis revealed nonstoichiometric sulfur on marcasite grains and reduced oxygen content
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on pyrolusite grains, suggesting partial disulfide oxidation, elemental sulfur formation,
and partial Mn(IV) reduction.

Temperature exerted a strong influence on Zn extraction, increasing leaching efficiency
markedly from 40 ◦C to 80 ◦C due to faster reaction kinetics. At 80 ◦C, XRD confirmed
the presence of crystalline sulfur phases, whereas no crystallinity was detected at 40 ◦C,
implying that elevated temperatures promote sulfur crystallization. Despite potential
passivation risks, higher temperatures ultimately provided net benefits in Zn recovery.

Introducing KI produced a nuanced relationship between oxidant availability and
sulfur passivation. With 1 wt.% KI, Zn leaching reached 79.04%, but at 2 wt.% KI, increased
sulfur passivation reduced the efficiency to 67.53%. Notably, 3 wt.% KI elevated the
Zn recovery to 89.78% by oxidizing ZnS and transforming elemental sulfur into soluble
compounds (e.g., MnSO4), thereby reducing passivation.

Additionally, the kinetic analysis of the MnO2 + KI system in sulfuric acid revealed a
low activation energy of 27.65 kJ mol−1. This low activation energy signifies that the leach-
ing reactions proceed readily at relatively lower temperatures, making the process more
energy-efficient and economically favorable. The enhanced reaction kinetics contribute to
the overall effectiveness of the leaching system, facilitating higher Zn recovery rates.

Overall, this study confirms that Zn leaching from sphalerite is strongly governed
by temperature and KI concentration, with 80 ◦C and 3 wt.% KI yielding the highest Zn
recovery by mitigating sulfur passivation. Additionally, a preliminary cost–benefit analysis
indicated that utilizing MnO2 + KI can be more profitable than alternative oxidants, further
supporting the practicality of this approach.
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analysis, spectrum 46 from Figure 12; Figure S6. EDS analysis, spectrum 46 from Figure 12; Figure S7.
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Abstract: With the growing demand for metals driven by technological advancements
and population growth, recycling lithium-ion batteries has become vital for protecting
the environment and recovering valuable materials. Developing sustainable recycling
technologies is now more essential than ever. This paper focuses on using electrodialysis to
process a leach solution of LiNi0.33Mn0.33Co0.33O2 (NMC 111) cathode materials leached
with citric acid. This study demonstrates that the complexing properties of citrate anions
contribute to the efficient separation of Li from Ni, Co, and Mn by electrodialysis. This
is achieved by promoting the formation of anionic species for Ni, Co, and Mn while
maintaining Li in its cationic form. The leach solution was produced under the following
optimal experimental conditions to reach a final pH of 5 and high leaching efficiency: a
citric acid concentration of 1 mol L−1, a leaching temperature of 45 ◦C, a leaching time of
5 h, a liquid/solid ratio of 100 g/L, and 8 vol.% H2O2. These conditions resulted in leaching
efficiencies of 89.3% for Ni, 95.1% for Co, 77.1% for Mn, and 92.9% for Li. This solution led
to the formation of a lithium-rich supernatant and a precipitate. The supernatant was then
used as the feed solution for electrodialysis. Pure lithium was successfully separated with
a faradic efficiency of 71.4% with a commercial cation-exchange membrane. This strategy
enables selective lithium recovery while minimizing membrane fouling during the process.

Keywords: citric acid; electrodialysis; hydrometallurgy; leaching lithium-ion battery;
NMC111; recycling

1. Introduction

Currently, the recycling of lithium-ion batteries (LIBs) primarily involves pyrometal-
lurgical and hydrometallurgical processes [1]. While pyrometallurgy was initially the most
common approach, it struggles to effectively separate metals, leading to metal losses, par-
ticularly lithium [2]. Hydrometallurgy, which relies on chemical solubilization in aqueous
media, is often employed downstream to enable selective metal recovery through leaching,
purification, and separation steps. Leaching consists of metal dissolution using acids, bases,
or complexing agents, followed by the selective recovery and purification of leached metals
through techniques like solvent extraction, ion exchange, precipitation, or crystallization [3].
At the end of the process, metals can be recovered as hydroxide, sulfate, chloride, or car-
bonate salts, which can be reused in the manufacturing chain (Figure 1a). However, lithium
extraction typically occurs as the final step in the LIB recycling process, following the
recovery of the other metals (Co, Ni, Fe, Mn, Al, and Cu). This is because leaching solutions

Metals 2025, 15, 598 https://doi.org/10.3390/met15060598
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usually have a pH between 0 and 2, while lithium precipitates at higher pH levels, i.e.,
pH > 13 for lithium hydroxide precipitation and starting at pH~4 with maximum efficiency
above pH 8 for lithium carbonate precipitation [4]. Consequently, each extraction step can
lead to lithium losses of up to 30% through adsorption or co-precipitation [4]. Nevertheless,
combining solvent extraction steps can reduce these losses to around 15%.

(a) (b)

Figure 1. (a) Typical hydrometallurgical flowsheet and (b) implementation of electrodialysis in
battery recycling flowsheet (SX: solvent extraction).

Therefore, it is essential to develop an eco-friendly and sustainable technology for
extracting metals from used lithium-ion batteries that allows obtaining lithium right from
the beginning of the leachate treatment process, as illustrated in Figure 1b. Electrodialysis
presents a promising solution for this initial step, offering high selectivity and purity
in lithium recovery regardless of the presence of other metal ions. Its integration into
hydrometallurgical processes is gaining attention, particularly in the lithium sector, whether
for lithium production from spodumene or for metal recovery from used LIBs [5]. Two
general approaches have been reported in the literature to separate lithium from cations in
leach solutions produced by digesting cathode materials from spent LIBs. The first method,
known as selective electrodialysis (SED), relies on the use of monovalent ion-exchange
membranes to separate lithium from divalent cations such as Co, Ni, and Mn. Table 1
summarizes recent works focused on this technique for the selective separation of lithium
from other metals present in LIB leachates. Gmar et al. [6] demonstrated that SED effectively
separates and concentrates lithium from leach solutions of NMC111 cathode materials.
Using sulfuric acid at pH 2.8, the process achieved a faradic efficiency of 67% for lithium(I)
transfer at a current density of 10 mA cm−2. Yet, prolonged operation led to membrane
clogging. These phenomena were caused by cobalt(II), nickel(II) and/or manganese(II)
precipitation inside the membranes due to the local increase in pH near the vicinity of the
membrane under certain conditions. Similarly, Afifah et al. [7] employed SED to separate
lithium from cobalt. They observed precipitation into the membrane at high voltage (15 V)
and a decrease in current efficiency from 25% to 8% caused by a local increase in pH due
to water dissociation. Membrane clogging was responsible for performance loss of the
electrodialyzer and premature aging of the membranes.
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Table 1. Lithium separation efficiency from cations in spent LIBs using electrodialysis (U: volt-
age; j: current density; jLi

+ = Lithium flux; P(Li/M) = permselectivity; SEC(Li) = Specific Energy
Consumption for lithium index).

Methods
Cathode Materials

+
Complexing Agent

Membrane Type U and/or j Flowrate
Complementary

Information
Ref.

Conventional
electrodialysis

and
selective

electrodialysis

Leach solution of NMC111
cathodic materials:

0.07 g L−1 Li+, 0.2 g L−1 Co2+, 0.2 g L−1

Ni2+, 0.18 g L−1 Mn2+, and
SO4

2− + EDTA

Neosepta® CMS membrane,
Neosepta®AMX, and

Neosepta® CMX

18 V (Stage 1)
18 V (Stage 2)
3 V (Stage 3)

0.75 L min− 1 jLi
+ = 0.165 mol/(m2/h)

SLi
+

/Mn
+ = 92%

[5]

Conventional
electrodialysis

Leached solution produced from
spent LiCoO2

[Li+] = [Co2+] = 0.02 mol L−1 + EDTA

1 AEM (Selemion AMV),
1 CEM (Selemion CMV),

and two
bipolar membranes
(Neosepta® BP-1E)

20 V 0.375 L min−1 R (Li+) = R (Co2+) = 99% [8]

Selective
electrodialysis

Typical mixing solution for used NMC
[Li] = 2.6 g L−1; [Co] = 7.88 g L−1

[Mn] = 8.01 g L−1; [Ni] = 4.4 g L−1

+ Sulfuric acid H2SO4

2 MEA
1 MEC monovalent

(Neosepta®)
12.5 mA

cm−2 100 mL min−1

Rf(Li) = 67.1%
P(Li/Co) = 5.6
P(Li/Ni) = 6.1
P(Li/Mn) = 5.4

[6]

Selective
electrodialysis

Soluble nitrate salts (LiNO3 +
Co (NO3) 2·6H2O)

[Li] = 0.1 g L−1; [Co] = 0.3 g L−1

5 MEC
(PC-MVK)

5 MEA
(PC-MVA)

15 V
15 A/m2 15 L h −1 S (%) = 99.4%

Lithium purity = 95.73% [7]

Selective
electrodialysis

[Li] = 0.027 g L−1; [Co] = 0.108 g L−1;
[Ni]= 0.049 g L−1 PAN-5C8Q membrane 5 V 2.2 L.h−1 jLi

+ =0.047 mol/(m2/h) [9]

Selective
electrodialysis

Leached solution produced from spent
lithium ion

[Li] = 1.616 g L−1; [Co] = 0.059 g L−1;
[Mn] = 1.149 g L−1 +

Sulfuric acid
H2SO4

1 MEC monovalent
(Selemion CSO membrane) 5 V 17 cm3/min

Li2CO3 purity = 99.6%
SEC(Li) = 0.5 kW h/g

Rf(Li) = 48.4%
[10]

Conventional
electrodialysis

Typical mixing solution for used NMC
[Li] = 3.27 g L−1; [Co] = 0.25 g L−1;

[Mn] = 0.28 g L−1; [Ni] = 0.25 g L−1 +
Sodium phosphate

Na3PO4

1 MEC (Nafion 117) 3.5 V -

SC(P/Li) =3; Li2CO3 purity
= 99.3%;

SEC(Li) = 0.027 kWh/g;
Current efficiency

η(Li) = 50%

[11]

The second method is conventional electrodialysis, which involves the use of standard
ion exchange membranes for ion separation. However, its effectiveness in separating
is limited by the lack of ion selectivity of standard membranes. In theory, lithium ions
and other divalent cations cannot be separated by electrodialysis due to their similar
charge densities.

Studies reported in the literature have focused on the use of electrodialysis in in-
organic acids to separate lithium from divalent metals contained in aqueous solutions
representative of leachates of LIB black masses (BMs). More and more works have aimed
at investigating the use of inorganic acids to leach BMs or cathode materials from LIBs [12],
whereas only a few papers have addressed the use of electrodialysis to process leaching
solutions of BMs or cathode materials or representative solutions of leachates by organic
acids. For instance, Chan et al. (2022) [5] studied the use of electrodialysis (ED) to sepa-
rate lithium(I), cobalt(II), nickel(II), and manganese(II) contained in an aqueous solution
resulting from the leaching of LiNi1/3Mn1/3Co1/3O2 cathode material by EDTA in the
presence of H2O2. Nickel was recovered at approximately 99% at pH 2. In a second step,
cobalt was separated with a yield of 87.3% at pH 3. Finally, the separation of lithium(I) and
manganese(II) was performed using a monovalent-selective cation exchange membrane
(Neosepta® CMS), with a separation yield of 99%. Likewise, Iizuka et al. [8] used bipolar
membrane electrodialysis to separate lithium and cobalt contained in an aqueous solution
produced by leaching LiCoO2 electrodes with EDTA to form the complex Co(EDTA)2− at
pH = 4. A faradic efficiency of 99% for both metals was achieved.

Among the organic acids, citric acid appears as a good reagent since it is considered
an eco-friendly leaching agent due to its natural biodegradability, the absence of harmful
gas emissions during the process, and its low cost, unlike conventional inorganic acids [13].
Citric acid was employed for its ability to effectively dissolve NMC electrodes and to
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form anionic complexes of cobalt(II), nickel(II), and manganese(II) without complexing
lithium(I) within the pH range suitable for electrodialysis. Existing studies have consistently
confirmed the effectiveness of citric acid as a lixiviant for the recovery of metals from LIB
cathodes (LCO, LMO, and NCM). Table 2 presents a comparison of the leaching conditions
of various types of cathodes by citric acid.

Table 2. Experimental conditions reported in the literature for cathode material leaching by citric acid.

Cathode Materials
Citric Acid

Concentration
(mol L−1)

Temperature
(◦C)

Leach
Duration

(min)

H2O2
Content

(% in vol.)

S/L
(g/L)

Leaching Yields (%)
pH of

Leachate
Solution

Ref.

LiNi0.45Mn0.4Co0.15O2
+

LiCoO2

1.5 95 30 2% 20
Li = 95.3%,
Co = 89.8%,
Ni = 93.6%,
Mn = 94.4%

2.5 [14]

LiCoO2 1 M 80 ◦C 60 4% 20 Li = 99%,
Co = 99.21% 1.29 [15]

LiNi0.33Mn0.33Co0.33O2
(NMC111) 1.5 M 50 ◦C 120 0% 20 Li = 82%, Co =63%,

Ni = 74%, Mn = 95% 2 [16]

LiNi0.33Mn0.33Co0.33O2
(NMC111) 2 M 80 ◦C 90 2% 30

Ni = 97%
Co = 95%,

Mn = 94% Li = 99%
2.31 [17]

LiCoO2 (LCO) 0.5 M 60 ◦C 300 6% 25 Li = 100%, Co = 96% 2.5 [18]

Most of these works focused on parametric studies to find the optimal experimental
conditions to leach LIB cathode materials or on comparisons with other organic acids,
as investigated by Musariri B [19]. For the sake of illustration, Chen et al. [17] reported
that the use of 1.5 mol L−1 citric acid in the presence of 2% (vol.) H2O2 at 80 ◦C with a
solid-to-liquid ratio of 30 g/L led to the dissolution of 99%, 97%, 95%, and 94% of Li, Ni,
Co, and Mn, respectively, from an NMC111 cathode material.

Given the interesting properties of citric acid—not only its ability to leach NMC
cathode materials but also its low toxicity and strong complexing capacity towards cobalt
(II), nickel (II), and manganese (II)—it is expected to promote the efficient separation of
lithium(I) from these divalent metals. Moreover, by increasing the solubility of cobalt
(II), nickel (II), and manganese (II) through complexation, citric acid may help to prevent
membrane fouling during downstream processing. Therefore, this study aims to investigate
the combined use of citric acid leaching, electrodialysis, and crystallization to produce
high-purity lithium salts for LIB production.

2. Materials and Methods

2.1. Materials

The NMC111 used in this study is a black powder primarily composed of Ni
(19.175 wt%), Co (19.152 wt%), Mn (17.964 wt%), and Li (7.187 wt%), with trace amounts of
Cu and Al (<0.003 wt%) and Fe (0.002 wt%). It was supplied by Xiamen Tob New Energy
Technology Co., Ltd. (Xiamen, Fujian, China). Citric acid monohydrate (C6H8O7·H2O,
99.9%, CAS: 5949-29-1) was obtained from Fisher Scientific (Paris, France) in its crystalline
form, and hydrogen peroxide (H2O2, 30 wt% in water, CAS: 7722-84-1, 7732-18-5) was
provided by Fisher Bioreagents (Paris, France). Lithium hydroxide (LiOH, 98%, CAS:
1310-65-2) was supplied by Sigma Aldrich (Paris, France). Monoelement standard solutions
containing 1000 mg/L of Li, Ni, Co, or Mn in 2–5 wt% HNO3 were used for the calibration
of inductively coupled plasma-optical emission spectrometry (ICP-OES, ICAP 6000 series,
Thermo Fisher Scientific, Waltham, MA, USA). Deionized water (>18.2 MΩ·cm) was used
in all experiments. The filters used for solid–liquid separation after leaching experiments
were Teflon membrane filters with a pore size of 0.45 μm and a capacity of 50 mL (SCP
Science supplier, Paris, France). Standard buffer solutions at pH 2, 4.7, and 10 supplied by
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VWR were used to calibrate the pH meter (VWR® pH 1100 L, Ref: 662-1657, Paris, France).
The membranes employed for electrodialysis experiments were Neosepta® CMX-fg as
cation-exchange membranes and Neosepta® AMX-fg as anion-exchange membranes. Both
types of membranes from Astom Company (Tokyo, Japan) were supplied by Eurodia
Industrie (Pertuis, France). The suffix “Fg” designates a commercial product type within
the Neosepta membrane series. They are functionally equivalent to the classical CMX
and AMX membranes commonly used in electrodialysis. The only difference lies in the
reinforcing mesh. The classical CMX/AMX membranes use a PVC mesh, whereas CMX-Fg
and AMX-Fg use a PE/PP (polyethylene/polypropylene) mesh.

2.2. Methods
2.2.1. Analyses

Metal concentrations during leaching experiments were determined by microwave
plasma-coupled atomic emission spectroscopy (4210 MP-AES, Agilent, Paris, France),
whereas metal concentrations for electrodialysis experiments were determined using in-
duced plasma-optical emission spectroscopy (ICP-OES, ICAP 6000 series, Thermo Fisher
Scientific, Paris, France).

Total Organic Carbon (TOC) determination was performed with a Shimadzu TOC
analyzer by measuring Non-Purgeable Organic Carbon (NPOC) in order to determine the
citric acid concentration after leaching. A calibration curve was established using citric
acid standard solutions with known carbon concentrations of 0.36 g/L, 0.50 g/L, 0.72 g/L,
and 1.00 g/L (the citric acid standard solutions were prepared by dissolving appropriate
amounts of citric acid monohydrate in deionized water). The resulting calibration equation
was y = 1723.8x with a correlation coefficient R2 = 0.9998, where x represents the carbon
concentration in g/L and y denotes for the signal area. The analyzed samples were
subjected to a 100-fold dilution.

X-ray diffraction spectroscopy (XRD, Malvern Instruments, Malvern, UK) was per-
formed to determine the crystallographic phases in the precipitates, and data were
processed with Match! 4 software by using the Crystallography Open Database
(COD: 4504918).

2.2.2. Speciation Calculations

The speciation diagrams of lithium(I), nickel(II), manganese(II), and cobalt(II) in citric
acid at different pH values were calculated using the HYDRA-MEDUSA software v1 (Make
Equilibrium Diagrams Using Sophisticated Algorithms) [20], as the performance of metal
separation by electrodialysis is highly dependent on complexation reactions and pH.

2.2.3. Leaching

Leaching experiments were carried out at different solid-to-liquid (S/L) ratios. Pre-
weighed cathode material samples were dissolved in a citric acid solution prepared by
dissolving the required amount of citric acid in water. The experiments were conducted
in 100 mL glass flasks. To avoid solid agglomeration at the bottom and ensure uniform
mixing, the citric acid solution was added first, followed by the cathode material. Once
mixed, hydrogen peroxide (H2O2) was added to start the leaching reaction. The flasks were
placed in a thermostated mechanical shaker (shaker, Gerhardt France) set to 200 oscillations
per minute and maintained at the desired temperature. At scheduled intervals, the flasks
were removed from the shaker, and the mixtures were immediately filtered using Teflon
membrane filters (pore size = 0.45 μm) to separate the liquid leachate from the undissolved
solid residue. The pH of the liquid leachate was measured at room temperature using a
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calibrated pH meter. The resulting leachate was then analyzed to evaluate the leaching
efficiency (%R(i)):

%R(i) =
Cmeasured
Ctotal,calc

× 100% (1)

where Cmeasured corresponds to the measured concentration and Ctotal,calc represents the
concentration that would be obtained after full leaching.

This methodology was applied to all samples, systematically varying the parameters
to achieve the desired pH (citric acid concentration = 1 mol L−1, S/L = 20–100 g/L, H2O2

content = 2–8% (vol.), and temperature = 30 or 45 ◦C). These ranges allowed for the
evaluation of the influence of each parameter on leaching efficiency while optimizing the
process to reach the target pH for electrodialysis separation.

For electrodialysis experiments, a 1 L leachate solution of NMC111 with citric acid
was prepared in a thermostated double-jacketed leaching reactor (Heating Circulators,
VWR® manufacturer, Paris, France) (Supplementary Materials, Figure S1). The diluted
acid was added into the reactor under stirring at 600 rpm using an electronic rod stirrer
(VOS 40 digital and VOS 60 control, VWR® manufacturer, Paris, France) followed by
introducing the cathode material. The leaching solution was immediately filtered using
vacuum filtration. The experimental conditions were selected based on the results of
leaching studies.

2.2.4. Electrodialysis

A four-compartment electrodialyzer was employed for the selective extraction of
lithium(I) and divalent metals from an NMC111 leach solution. The compartments were
separated by two cation-exchange membranes (CEMs) and an anion-exchange membrane
(AEM) alternately positioned between platinized titanium electrodes (Figure 2). The area
of each membrane was 40 cm2. The system was operated in batch mode. For each com-
partment, an initial volume of 0.5 L of solution was introduced into a stirred beaker and
pumped to ensure recirculation. This volume was selected to ensure complete filling
of the compartment and tubes, to promote effective circulation, and to enable sampling
throughout the 2 h experiment. The feed compartment was initially fed by the leach so-
lution. The cathodic compartment (lithium recovery compartment) was initially fed with
a 0.05 mol L−1 LiOH solution. Lithium ions migrated into this compartment through a
CEM. The metal recovery compartment, separated by an AEM, was filled with 0.5 mol L−1

citric acid (C6H8O7) for the recovery of metal–citric acid complexes. The electrolyte com-
partment, adjacent to the anode, contained initially 0.1 mol L−1 H2SO4. This prevented the
migration and possible oxidation of the metal complexes. The electrodialysis cell included
four compartments.

A constant current of 4 A was applied to the electrodialyzer using DC power (DCS150-
7E Sorensen, MB Electronique company, Buc France) for a duration of 2 h. Gases formed
at the electrodes were extracted to ensure the safety of the installation. The flowrate of
the peristaltic pumps (Masterflex™ L/S™ model 77250-62, Parmer instrument company,
Vernon Hills, IL, USA) was set at 100 mL min−1. Exactly 20 mL samples were collected
every 30 min from the cathodic compartment (lithium recovery compartment) as well as the
leachate and the metal recovery compartment for elemental analyses, pH measurements,
and ionic conductivity measurements. These analyses enabled real-time monitoring of the
separation efficiency between lithium and the transition metals present in the system.
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Figure 2. Scheme of the electrodialysis setup (CEM: cationic exchange membrane CMX-Fg; AEM:
anionic exchange membrane AMX-Fg; Mcit: metal citrate species; A: anode; C: cathode; Ni(cit)−,
Co(cit)−, and Mn(cit)−: metal–citrate complexes of nickel, cobalt, and manganese, respectively).

The performance of the electrodialysis process was evaluated by calculating the faradic
efficiency (Rf):

R f (%) = 100 × zF Δn
IΔt

(2)

where Δn (mol) is the number of moles of cations transported through the membrane, F is
the Faraday constant (96,487 C mol−1), z is the valence of the ion (for lithium, z = 1), I (A) is
the applied current, and Δt (s) is the electrodialysis operating time.

3. Results and Discussion

3.1. Speciation Calculations

Citric acid is a tricarboxylic acid with three carboxyl groups (-COOH) and one hy-
droxyl group (−OH) on a six-carbon chain (C6) [21]. Its structure gives its acidic and
complexing properties, with three dissociation constants at 25 ◦C (pKa1 = 3.13, pKa2 = 4.76,
and pKa3 = 6.39) [22]. In solution, it releases protons (H+), facilitating the dissolution of
metal oxides from the used cathodes (LiCoO2, LiNiO2, and LiMnO2) by breaking the
metal–oxygen bonds. The released metal ions (Li+, Co2+, Ni2+, and Mn2+) can then form bi-
or tridentate complexes, as well as binuclear or multidentate structures with citric acid [23].
In the absence of an external reducing agent such as hydrogen peroxide (H2O2), citric acid
itself can act as a mild reducing agent and undergo oxidation during the leaching process
of the cathodes. For this, H2O2 is often added to promote the complete reduction of cobalt
and manganese to their +II oxidation states, thus improving the leaching efficiency [24].
Although no specific data are available in literature regarding the leaching reaction of
NMC111 by citric acid, an analogy can be made with those described for metal oxides
of similar composition in the presence of H2O2. The overall reaction is represented by
Equation (2), where HOA denotes citric acid and OA− its carboxylate anion, and citric acid
is treated as a monophotonic acid (HOA) for simplification purposes [25]. However, in
practice, citric acid is a triprotic acid and can form several partially deprotonated species
(H2cit−, Hcit2−, and cit3−), which can lead to various metal–citrate complexes depending
on the pH. Species such as M(cit)− and M(Hcit) may dominate the equilibrium, as dis-
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cussed in the following section. Consequently, the actual speciation during the leaching
mechanism is more complex than that depicted in the simplified Equation (3):

6 LiNi1/3Mn1/3Co1/3O2(s) + 18 HOA(aq) + 3 H2O2(l) � 2 Ni(OA)2(aq)

+ 2 Mn (OA)2(aq)+ 2 Co(OA)2(aq) + 6 LiOA(aq) + 3 O2(g) + 12 H2O(l)
(3)

According to the speciation diagram in Figure 3, Ni, Co, and Mn fully form anionic
species with citric acid at a pH near to 5, while Li keeps its cationic form (Li+) at this
pH value.

Figure 3. Speciation diagrams of manganese(II), cobalt(II), lithium(I), and nickel(II) in citric
acid at 25 ◦C calculated for an aqueous solution, for which the composition is as follows:
[Mn2+] = 330 mmol L−1; [Co2+] = 330 mmol L−1; [Ni2+] = 330 mmol L−1; [Li+] = 1.03 mol L−1;
[H2O2] = 173 mmol L−1; and [Cit3−] = 1 mol L−1 (calculation performed by using the Medusa
software v1 with its database).

Therefore, pH=5 may be the optimal value for performing the efficient separation of
Li(I) towards C(II), Ni(II), and Mn(II) by taking advantage of the difference in speciation.
Furthermore, the complexation of the divalent metals may avoid their precipitation into the
membranes and membrane clogging. This pH value can be reached by adjusting the pH
after leaching with a base like sodium hydroxide (NaOH) or by choosing the appropriate
value of the solid/liquid (S/L) ratio during leaching. This last option appears to be the best
one since the use of NaOH for pH adjustment is responsible for the addition of sodium
impurity in the leachate.

Therefore, the influence of the S/L ratio on pH and metal leaching efficiency was
investigated using 1 mol L−1 citric acid with 2% H2O2 at 30 ◦C (Figure 4a). Increasing
the S/L ratio from 20 g/L to 100 g/L led to a pH rise from 2.4 to 3.6 after 24 h. Since
electrodialysis should operate optimally at pH 4–5 according to speciation calculations
(Figure 3), a further increase in the S/L ratio may be beneficial. However, excessive S/L
ratios could lower the leaching efficiency due to acid depletion. After 24 h, leaching
efficiencies for Mn, Ni, Co, and Li were 62.5%, 74.2%, 70.6%, and 81.6% (Figure 5a),
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respectively. From an industrial perspective, a higher S/L ratio improves scalability by
enabling larger slurry processing.

(c)(b)(a)

Figure 4. Effect of (a) solid-to-liquid ratio (S/L) (30 ◦C, %H2O2 (vol) = 2%), (b) H2O2 (%vol.)
(S/L = 100 g/L, 30 ◦C, 24 h), and (c) temperature (S/L = 100 g/L, 8% H2O2) on the final pH value
after leaching.

(a)

(b) (c)

Figure 5. Effect on leaching efficiencies of (a) solid-to-liquid ratio (S/L) (30 ◦C, %H2O2(vol.) = 2%),
(b) H2O2 (%vol.) (100 g/L, 30 ◦C, 24 h), and (c) time (100 g/L, 8% H2O2, and 45 ◦C).
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The presence of hydrogen peroxide (H2O2) significantly affects pH values during
the leaching process. Without H2O2, citric acid is consumed by oxidation, leading to a
reduction of Co(III) to Co(II). In contrast, H2O2 prevents this redox reaction, preserving
citric acid in the medium. However, the observed increase in pH with higher H2O2

concentrations suggests that citric acid may still be consumed through other pathways,
such as complexation reactions.

As shown in Figure 4b, increasing the H2O2 concentration from 2% to 8% (vol.) at
30 ◦C and S/L=100 g/L raised the pH from 3.5 to 5 after 24 h. Leaching efficiencies for Mn,
Ni, Co, and Li were 70.7%, 83.2%, 80.1%, and 88.35%, respectively (Figure 5b).

Temperature also has a significant impact on pH evolution during the leaching process.
Increasing the temperature from 30 ◦C to 45 ◦C accelerated the pH rise from 4.3 to 5.1
over 5 h, indicating an acceleration of chemical reactions, as shown in Figure 4c. Leaching
efficiencies of 77.1%, 89.3%, 95.1%, and 92.9% were reached for Mn, Ni, Co, and Li respec-
tively (Figure 5c). This observation aligns with Yao et al. [26], who reported that leaching
efficiency and pH follow similar trends over time, indicating that higher temperatures
enhance both metal dissolution and pH increase as a result of acid consumption during
leaching. Consequently, NMC111 leaching with 1 mol L−1 citric acid in the presence of
8 vol. % H2O2 at 45 ◦C and S/L = 100 g/L for 5 h enables the production of a leach solution
at pH 5, and it dissolves 89.3%, 95.1%, 77.1%, and 92.9% of Ni, Co, Mn, and Li, respectively.

3.2. Crystallization After Leaching

A pink precipitate was formed after storing the leachate at room temperature for
four days, as shown in Figure S2 (Supplementary Materials). Around 81.5% manganese,
62.5% nickel, and 66.7% Co precipitated, while Li remained predominantly in the liquid
phase since 83.8% of Li was found in the supernatant, reflecting its high solubility. This
precipitation is advantageous for electrodialysis since it significantly reduces the presence
of divalent metals in the leachate, and the solid formed may be used as a precursor
for the synthesis of new cathode materials [25,27]. This precipitation step that precedes
electrodialysis will be investigated to produce a lithium-rich supernatant and a precipitate
that could be used as a potential PCAM material.

On the other hand, the citric acid concentration in the supernatant was determined
using Total Organic Carbon (TOC) analysis. The carbon concentration in the leachate was
determined to be m(C) = 43.6 g/L. Based on the molecular composition of citric acid and its
molar weight, the final concentration was determined to be 0.605 mol L−1. This indicates
a loss of citric acid from the solution, since 1 mol L−1 was initially used, most likely due
to precipitation during the process. Nevertheless, this change in concentration does not
significantly affect metal speciation (see Figure S3, Supplementary Materials). At pH 5,
citric acid still forms stable anionic complexes with divalent metal ions, Co2+, Mn2+, and
Ni2+, while lithium remains in its cationic form.

The XRD pattern of the sample indicates a crystalline structure (black line in Figure 6)
closely matching the reference pattern of tricobalt (II) citrate dihydrate, C12H38Co3O28

(COD 4504918, red line). This suggests that this compound is one of the major phases
present in the precipitate. Mn and Ni are present in the precipitate but not detectable
in the XRD pattern, likely due to the formation of amorphous citrate complexes or crys-
talline structures similar to cobalt citrate, resulting in overlapping diffraction peaks. Or
the chemical similarity between Co2+, Mn2+, and Ni2+ explains the possibility that the
partial substitution of Co2+ by Mn2+ and Ni2+ occurs within the same crystal lattice, with-
out significantly altering the structure. Similar observations were reported in a previous
study of Xuan et al. [25], where XRD analysis identified manganese citrate monohydrate
(Mn(HC6H5O7)·H2O) in the precipitate after citric acid leaching despite different experi-
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mental conditions. This supports the hypothesis that various divalent metal citrates may
co-precipitate, possibly forming mixed or structurally similar phases.

Figure 6. XRD pattern of the precipitate (black) and comparison with the XRD spectrum of tricobalt(II)
citrate dihydrate (C12H38Co3O28).

3.3. Electrodialysis

Figure 6 shows the evolution of the lithium concentrations in the different compart-
ments (lithium recovery, leachate, and metal recovery) during electrodialysis. A continuous
and regular increase in the lithium concentration in the lithium recovery compartment
was observed, from 0.05 mol L−1 to approximately 0.49 mol L−1 after 2 h, accompanied
by a simultaneous decrease in the leachate compartment from 1 mol L−1 to 0.69 mol L−1.
This evolution reflects an efficient and oriented transfer of lithium ions through the CEM.
Simultaneously, the lithium concentration in the metal recovery compartment remains zero
throughout the experiment, confirming the total absence of migration to this compartment.
This behavior highlights the non-complexation of lithium by citric acid, thus facilitating
its exclusive transport through the CEM. Conversely, transition metals (Ni, Co, and Mn),
strongly complexed by citric acid, do not cross the CEM but migrate through the AEM into
the metal recovery compartment. This is evidenced by the gradual color change observed
in the solution, reflecting the progressive migration of these metal–ligand complexes. All of
these results underline the selectivity of the process and its effectiveness for the targeted re-
covery of lithium in a highly pure form from multi-component leachates, with no clogging
observed during operation (Supplementary Materials, Figure S4).

In order to calculate the number of moles of Li transferred to the recovery compart-
ment over time, the mass balance must take into account changes in the volume of the
various compartments due to sampling, water transfer by osmosis and electroosmosis,
and slight evaporation. A notable decrease in leachate volume is observed in the corre-
sponding compartment, leading to an asymmetry in the concentration curves of the two
compartments (leachate and cathodic), as shown in Figure 7.

The calculation of the cumulative number of moles of Li transferred as a func-
tion of time revealed a linear increase over the first 90 min, with a transfer rate of
3.3 × 10−5 mol s−1. For a current of 4 A, this corresponds to a faradic efficiency of 78.7%.
The transfer rate then slowed down between 90 and 120 min due to the decreasing con-
centration in the leachate compartment, which caused the imposed current to approach
the limiting current. After 90 min, the value of the imposed current should have been
reduced. The overall faradic efficiency for lithium recovery of the experiment was thus
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penalized, dropping to 71.4%. By reducing the current, much higher faradic efficiencies
could be expected. To further recover lithium, the current should be reduced as the lithium
concentration in the leachate compartment decreases.

Figure 7. Lithium concentration in the different compartments during electrodialysis (I = 4A,
flowrate = 100 mL min−1, t = 2 h).

Table 3 shows the variation in pH and ionic conductivity as a function of time during
electrodialysis in the leachate compartment, the lithium recovery compartment, and the
metals recovery compartment.

Table 3. pH and ionic conductivity values recorded in each compartment as a function of time during
electrodialysis (κ: ionic conductivity).

ED Compartments

Li+ Recovery
Compartment

Leachate Compartment
Metal Recovery
Compartment

Time (min) pH κ (mS cm−1) pH κ (mS cm−1) pH κ (mS cm−1)

0 12.75 9.26 4.8 23.88 1.60 5.42

30 13.47 31.64 4.85 23.53 1.66 5.48

60 13.55 51.60 4.85 23.74 1.98 5.55

90 13.59 70.70 4.75 21.62 2.04 5.62

120 13.67 91.00 4.56 18.90 2.08 5.88

Examination of this table shows an increase in pH from 12.75 to 13.67 in the lithium
recovery compartment due to the formation of OH− ions by water reduction at the cathode,
as well as an increase in ionic conductivity from 9.26 mS cm−1 to 91 mS cm−1 due to Li+

migration and OH− formation.
In the leachate compartment, the pH remained relatively stable, changing slightly

from 4.80 to 4.56. This pH stability can be attributed to the buffering effect of the medium,
whose pH is close to that of pKa2 of citric acid (pKa2 = 4.76). It enables the limitation
of pH fluctuations. This situation preserves the predominance of the M(Cit)− species,
contributing to the stability of the targeted speciation throughout the process.

4. Conclusions

This study demonstrated the viability of conventional electrodialysis as an effective
method for the highly selective separation of lithium from a citric acid-based leachate of
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NMC111. The leaching process was found to promote the formation of anionic complexes
of Ni(II), Co(II), and Mn(II) in the form of metal citrates, while lithium remained in its
cationic form (Li+). This speciation contrast led to the precipitation of transition-metal-rich
solids and a lithium-enriched supernatant. This difference in speciation enabled the full
potential of ion-exchange membranes to be exploited: anionic metal complexes migrate
through anionic membranes, while lithium cations migrate through cationic membranes.
The electrodialysis experiment resulted in the recovery of high-purity lithium with a faradic
yield of up to 71.4%.

This study paves the way for an alternative approach combining leaching in organic
media, electrodialysis, and crystallization, as depicted in Figure 8. After leaching the black
mass in citric acid under the optimized conditions established in this study, a crystallization
step precedes electrodialysis to maximize the removal of divalent cations—mainly man-
ganese, cobalt, and nickel citrates—and produces a lithium-enriched solution compatible
with electrodialysis. The stoichiometry can be adjusted with additional metal citrates before
calcination to produce a pCAM suitable for the synthesis of new cathode materials for
LIBS (CAM). A final electrodialysis step is then performed to obtain high-purity lithium
hydroxide (LiOH). Recycling of the depleted leachate to the leaching step is proposed to
improve process sustainability. Its impact on leaching efficiency remains to be explored in
future work.

Figure 8. Alternative route for BM treatment by combining leaching, electrodialysis, and crystallization.

Supplementary Materials: The following supporting information can be downloaded at: https:
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and Precipitate after filtration, washing and drying at 40 ◦C. Figure S3: Speciation diagrams of Mn(II),
Co(II), Li(I) and Ni(II) in citric acid at 25◦ calculated for an aqueous solution which the composition
is: [Mn2+] = 70 mmol L−1; [Co2+] = 150 mmol L−1; [Ni2+] = 170 mmol L−1; [Li+] = 850 mol L−1;
[H2O2] = 173 mmol L−1; [Cit3−] = 0.6 mol L−1 (calculation performed by using the Medusa software
with its database). Figure S4: Electrodialysis experiments.
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