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Editorial

Toward Achieving a Carbon-Neutral Society: Beneficiation
and Extractive Metallurgy for Producing Critical Metals
from Ores/Wastes

Ilhwan Park 1,* and Sanghee Jeon 2

1 Division of Sustainable Resources Engineering, Faculty of Engineering, Hokkaido University,
Sapporo 060-8628, Japan

2 Department of Earth Resource Engineering and Environmental Science, Faculty of International Resource
Science, Akita University, Akita 010-0865, Japan; jeon@gipc.akita-u.ac.jp

* Correspondence: i-park@eng.hokudai.ac.jp

1. Introduction and Scope

The global commitment to achieving a carbon-neutral society has accelerated the
transition toward renewable energy, electric mobility, and advanced electronic systems [1].
This transition, however, has led to an unprecedented increase in the demand for a wide
range of critical metals, including copper (Cu), lithium (Li), nickel (Ni), cobalt (Co), and
rare-earth elements (REEs) [2]. According to the International Energy Agency (IEA), the
demand for key energy-transition minerals in 2040 is projected to increase by approximately
1.2 times for Cu, 4.5 times for Li, 1.7 times for Ni, 1.5 times for Co, and 1.6 times for REEs
compared with their respective demand levels in 2024 [3].

To meet the future demand for these metals, technological advancements in ben-
eficiation and extractive metallurgical processes for both primary ores and secondary
resources—such as mine tailings, metallurgical slags, industrial residues, electronic waste,
and wastewaters—are essential. Beneficiation and extractive metallurgy play a central
role in enabling such low-carbon metal supply chains by integrating physical separation,
chemical extraction, and environmentally benign process design.

This Special Issue, entitled “Toward Achieving a Carbon-Neutral Society: Beneficiation
and Extractive Metallurgy for Producing Critical Metals from Ores/Wastes”, aims to
highlight recent scientific and technological advances in the sustainable production of
critical metals from both primary and secondary resources. The scope covers a wide
range of processes, including flotation, magnetic and gravity separation, thermal reduction,
leaching, solvent extraction, adsorption, and emerging hybrid and low-energy technologies.

2. Contributions

This Special Issue comprises nine articles that collectively demonstrate how mod-
ern beneficiation and extractive metallurgy can contribute to carbon-neutral and circular
production of metals, including Li, gold (Au), Cu, Ni, Co, and REEs.

Eom et al. (Contribution 1) provided a comprehensive review of Li extraction from
primary hard-rock resources, with a particular focus on mechanochemical treatment as a
promising strategy for improving Li recovery. The review highlights recent developments in
mechanochemical activation as an energy-efficient pretreatment to enhance Li leachability
from spodumene- and lepidolite-type minerals.

Mhandu et al. (Contribution 2) studied a thiosulfate-based green hydrometallurgical
process as an environmentally benign alternative to conventional cyanide-based gold ex-
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traction. It has been reported that the efficiency of thiosulfate leaching of gold from sulfidic
refractory ores is low due to the passivation of the gold surface and/or the decomposition
of thiosulfate [4–6]. The mechanistic investigations of Mhandu et al. (Contribution 2)
to elucidate the detrimental effects of arsenopyrite/pyrite during thiosulfate leaching of
gold revealed that thiosulfate decomposition on the arsenopyrite/pyrite surface—rather
than passivation of the gold surface—is the primary cause of the drastic decrease in gold
extraction efficiency. Furthermore, Mhandu and coworkers (Contribution 2) proposed a
new flowsheet incorporating a pre-oxidation step using cupric ammine complexes prior
to thiosulfate leaching, which significantly improved gold extraction efficiency from 10%
to 79%.

Although thiosulfate is a promising lixiviant, recovering gold from thiosulfate media
remains challenging. Cementation employing aluminum (Al) as the electron donor and
activated carbon (AC) as the electron mediator has been reported to enable effective re-
covery of gold ions from thiosulfate media [7]; however, Cu ions present as tetraammine
complexes—acting as the oxidant for gold—were simultaneously recovered, resulting in
increased reagent consumption upon reuse of the lixiviant. Zoleta et al. (Contribution 3)
demonstrated that substituting AC with iron oxides, such as hematite (Fe2O3) and mag-
netite (Fe3O4), enables the Al-based cementation process to become selective for gold ions,
contributing to the practical implementation of cyanide-free gold processing.

Fang et al. (Contribution 4) investigated the applicability of microwave treatment
for enhancing the grinding and flotation performance of copper–nickel sulfide ore. It
was found that the grindability of the ore improved with increasing microwave treatment
duration, as evidenced by reductions in D80 and relative work index (RWI) values, along
with an increase in the degree of liberation. However, excessively prolonged microwave
treatment reduced flotation efficiency due to surface oxidation of the minerals. Under
optimal conditions, microwave treatment was demonstrated to effectively improve both
grinding and flotation performance.

Simonič et al. (Contribution 5) investigated the potential of bio-based secondary
materials (i.e., torrefied wood-waste biomass) for the adsorption of Cu(II) and Ni(II) ions,
demonstrating that thermally treated biomass can serve as an efficient and low-cost sorbent
for metal removal and recovery from aqueous systems. In addition, the torrefied biomass
exhibited enhanced hydrophobicity and improved energy properties, highlighting its
potential as an improved solid fuel.

Gong et al. (Contribution 6) studied the reprocessing of Co-bearing Cu slag via
carbothermic reduction followed by magnetic separation to recover Co, which is an indis-
pensable metal for the energy transition, particularly for the production of Li-ion batteries.
Carbothermic reduction treatment altered the distribution of Co, which was mainly present
in iron silicate minerals in the pristine slag but predominantly existed as cobalt–iron alloy
in the roasted slag. As a result, the magnetic separation concentrate exhibited an increase
in Co grade from ~1.3% to 4.0% with a recovery of 94.2%, demonstrating that carbothermic
reduction followed by magnetic separation is a promising approach for transforming slags
into secondary cobalt resources.

Similarly, Lim et al. (Contribution 7) emphasized the importance of reprocessing
non-ferrous slags (e.g., tin, copper, nickel, vanadium, and titanium slags) for the recovery
of critical and strategic metals. The review article by Lim and coworkers (Contribution 7)
systematically analyzes pyrometallurgical and hydrometallurgical routes for metal re-
covery from industrial slags and highlights their role as long-term urban and industrial
metal reservoirs.

Rare-earth elements are also critical for transitioning toward a low-carbon future.
Jürjo et al. (Contribution 8) focus on the leaching and extraction of REEs and associated
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rare metals from Estonian graptolite-argillite and phosphorite ores, demonstrating the
feasibility of valorizing non-traditional geological resources as alternative REE sources.

Finally, Litvinova et al. (Contribution 9) provided fundamental insights into
REE behavior through a thermodynamic study of rare-earth ion associations in the
Ln3+—CO3

2−—H2O system, elucidating carbonate complexation and ion-pair formation
mechanisms relevant to alkaline and carbonate-based extraction processes.

Together, these contributions span a wide spectrum of resources—ranging from pri-
mary ores to slags, industrial wastes, and biomass—and employ diverse physical, chemical,
and hybrid process routes, clearly illustrating the multifaceted nature of modern sustainable
metallurgy.

3. Conclusions and Outlook

This Special Issue has presented recent progress in beneficiation and extractive metal-
lurgical technologies for the sustainable production of critical metals from both primary
ores and secondary resources. The collected papers clearly demonstrate that advanced
physical separation, innovative hydrometallurgical and pyrometallurgical processes, and
bio-based and low-carbon approaches can significantly contribute to resource efficiency
and carbon-neutral metal production. Despite the significant progress made in this field,
numerous challenges remain unresolved. In this context, this Special Issue is intended
to serve as a springboard for future scientific discussion and debate on emerging and
challenging topics related to the sustainable supply of critical metals.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Selective Recovery and Enrichment of Cobalt from
Cobalt-Containing Slag by Carbothermal Reduction
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* Correspondence: pjcsu@csu.edu.cn (J.P.); vqianzhang@csu.edu.cn (Q.Z.)

Abstract: Cobalt ore resources are relatively scarce; thus, the recycling of cobalt-containing
slag is highly significant in the economy and society. In this study, the effects of reduction
temperature, the reduction agent ratio, reduction time, and particle size on the grade
and recovery rate of cobalt in a concentrate were systematically investigated during the
carbothermal reduction of cobalt-containing slag. The results revealed that the grades of
cobalt, iron, and copper in the concentrate after magnetic separation were 4.02%, 2.48%,
and 81.33%, respectively, and the recoveries were 94.17%, 74.80%, and 53.27%, respectively,
under the reduction temperature of 1150 ◦C, the reduction agent ratio of 40%, the reduction
time of 2 h, and the particle size of −3.0 mm. Furthermore, through static reduction roasting
in a muffle furnace and dynamic reduction roasting in a rotary kiln followed by magnetic
separation, a stable cobalt grade, high selective recovery, and effective enrichment were
achieved under optimal conditions.

Keywords: cobalt-containing slag; carbothermal reduction; selective recovery; cobalt grade

1. Introduction

Cobalt is an important, strategic non-ferrous metal widely used in fields such as battery
materials, high-temperature alloys, hard alloys, magnetic materials, and catalyst [1,2]. With
the increasing global demand for clean energy and electric vehicles, the status and future
prospects of cobalt resources have attracted widespread attention [3,4].

From the perspective of cobalt ore resources, pure cobalt ores are rare, and cobalt is
almost entirely present as a by-product in associated ores, with a very low concentration
at 25 ppm in the Earth’s crust [5,6]. The main types of cobalt ores include the following:
sandstone-type copper ores, lateritic nickel ores, and magmatic nickel–copper sulfide
deposits [7]. Currently, the majority of the globally proven cobalt resources are contained
in nickel laterite deposits, with the remainder mostly found in nickel–copper sulfide
deposits [8,9]. These deposits are primarily located in countries such as Australia, Canada,
and Russia [10]. Additionally, cobalt resources in the Democratic Republic of Congo (DRC)
and the Republic of Zambia are mainly found in sedimentary copper deposits [11]. The
globally proven terrestrial cobalt resources amount to approximately 25 million tonnes,
with reserves of 7.2 million tonnes. During the smelting of these ores, cobalt is typically
extracted as a by-product. In China, cobalt ore is distributed over a wide area [12], but cobalt
resources remain relatively scarce, manifested in small reserves, low ore grades, a high
proportion of low-grade ores, and a large number of associated ores [13–15]. This results in a

Metals 2025, 15, 622 https://doi.org/10.3390/met15060622
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certain degree of dependence on external sources for China’s cobalt supply [16]. Meanwhile,
driven by the development of the domestic lithium battery and alloy smelting industries,
China’s consumption of cobalt products has experienced rapid growth, increasing from
3800 tons in 2000 to 119,000 tons in 2022 [17,18]. Therefore, the recovery of cobalt from
secondary resources, such as cobalt-containing slag, has become an urgent issue [19,20].

Cobalt-containing slag primarily originates from the smelting processes of cobalt
and nickel ores, including high-temperature smelting, leaching, and electrolysis [21,22].
During the smelting process, the extraction efficiency of cobalt is often low, resulting in the
generation of large amounts of cobalt-bearing waste slag [23]. Depending on the specific
smelting process, the composition of the slag varies, typically containing various metal
oxides (such as CoO, NiO, FeO, SiO2, etc.) and other inorganic substances [24]. Recent
studies have shown that the proper treatment and utilization of cobalt-containing slag
can not only reduce waste accumulation but also enable resource recovery [25]. Currently,
the treatment methods for cobalt-containing slag are classified into hydrometallurgical
and pyrometallurgical processes [26,27]. Among them, pyrometallurgical processes are
favored over hydrometallurgical ones due to their simplicity [28] and absence of extensive
reagent consumption, and they remain the predominant approach for processing cobalt-
containing slag [29,30]. The carbothermal reduction roasting process involves the addition
of reductants to treat cobalt-containing slag at elevated temperatures. This promotes the
selective reduction of cobalt and iron oxides, thereby creating favorable conditions for
subsequent separation through magnetic or hydrometallurgical techniques [31,32].

This study investigates the process of selectively recovering cobalt from cobalt-
containing slag via carbothermic roasting. The effects of reduction temperature, reductant
ratio, reduction time, and particle size on the cobalt grade and recovery rate are examined,
with both static reduction roasting in a muffle furnace and dynamic reduction roasting in a
rotary kiln used for verification. Through analytical methods such as optical microscopy
and scanning electron microscopy (SEM), the phase transformations during the roasting
process are clarified, providing a foundational study for the industrial-scale comprehensive
recovery of cobalt and other valuable metals from cobalt-containing slag.

2. Materials and Methods

2.1. Materials

The raw material of the cobalt-containing slag was obtained from the Zambia Cham-
bishi Copper Smelting Co., Ltd., Kitwe, Zambia (CCS). The chemical compositions of the
three samples were determined by ICP and XRF analyses, and the results are presented in
Table 1. As listed in Table 1, the main metal elements in cobalt-containing slag are Fe, Cu,
and Co, with an Fe content of 46.92~47.29%, a Cu content of 1.01~1.03%, and a Co content
of 1.27~1.29%. It illustrates that Fe, Cu, and Co are uniformly distributed in the slag. The
mineral content of cobalt-containing slag was statistically analyzed by optical microscope,
and the results are shown in Table 2. It can be observed that the primary minerals in the
cobalt-containing slag are iron silicate minerals, glassy minerals, magnetite, and copper
sulfide minerals.

The XRD analysis of the cobalt-containing slag is displayed in Figure 1, where the
main minerals are iron-bearing silicate minerals, magnetite, and cobalt-bearing magnetite.
Cobalt-containing slag was analyzed using a scanning electron microscope (SEM) and an
energy-dispersive spectrometer, and the results are shown in Figure 2. It can be seen that
the phases of Fe and Co are highly overlapped and have a good correlation, indicating
that there is a dispersion of Co in the ferrosilicate minerals. Si and Co also have a certain
correlation, indicating that the Co distribution in the vitreous minerals may be lower.

6
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The reduction agent used in the reduction roasting experiments of the cobalt-
containing slag was anthracite. Its industrial analysis was carried out in accordance
with the [33], and the results are presented in Table 3. The high fixed carbon content of the
qualified anthracite ensures the efficient reduction of cobalt oxides, while the moderate
volatile matter content contributes to establishing a reducing atmosphere. However, the
ash content of 13.48% requires attention due to its potential impact on the melting behavior
of the slag during the roasting process. These characteristics indicate that this reduction
agent is suitable for the reduction roasting of cobalt-containing slag.

Table 1. Chemical composition of the cobalt-containing slag (wt. %).

Serial Number
Chemical Composition

Si Al Ca Mg S Cu Co Fe

1 13.96 0.516 0.456 0.353 0.060 1.01 1.27 47.29
2 14.07 0.444 0.420 0.360 0.058 1.03 1.29 46.92
3 14.00 0.964 0.438 0.354 0.061 1.03 1.27 47.06

Table 2. Distribution of cobalt in cobalt-containing slag (%).

Mineral Content Cobalt Distribution Rate

Cobalt–nickel sulfide 0.10 2.52
Copper sulfide 1.87 0

Magnetite 5.01 0.49
Pyrrhotite 0.02 0.06

Metallic copper 0.05 0
Iron-containing silicate 77.88 96.93

Vitreous mineral 15.07 0
Cobalt–iron alloy - -

Figure 1. XRD pattern of cobalt-containing slag.
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Figure 2. SEM images with EDS element mapping of the cobalt-containing slag.

Table 3. Industrial analysis results of the reduction agent.

Fixed Carbon/wt. % Volatile Matter/wt. % Ash Content/wt. % Moisture Content/wt. %

67.21 17.76 13.48 1.55

2.2. Reduction Roasting Experiments and Analysis Method
2.2.1. Pretreatment of Cobalt-Containing Slag

The results of the particle size screening experiment of the cobalt-containing slag are
seen in Table 4. The proportion of cobalt-containing slag with a particle size above +3
mm is 13.81%, and the proportion of cobalt-containing slag with a particle size of −3 mm
to +1 mm is higher, accounting for 43.98%. Since the coarse particle size of raw cobalt-
containing slag fails to meet the requirements for subsequent reduction experiments, the
samples need to be pretreated. The pretreatment process of an experimental sample of
cobalt-containing slag is shown in Figure 3. The cobalt-containing slag was crushed by a
jaw crusher (RK/PEF 100 × 100, Wuhan Exploration Machinery Co., Ltd., Wuhan, China)
and a roller crusher (RK/PG-ϕ200 × 125, Wuhan Exploration Machinery Co., Ltd., Wuhan,
China), resulting in a particle size of −3 mm, with 80% of the cobalt-containing slag falling
within this range. The cobalt-containing slag was thoroughly mixed to ensure the uniform
distribution of particles of different sizes. The mixture was then split using a sample splitter,
and samples were taken for further analysis.

Table 4. The results of the particle size screening experiment.

Particle Size Weight/g
Distribution

Rate/%
Positive

Accumulation/%
Negative

Accumulation/%

+4.00 17.67 1.39 1.39 100.00
−4.00 + 3.35 40.05 3.15 4.54 98.61
−3.35 + 3.00 117.81 9.27 13.81 95.46
−3.00 + 2.00 298.58 23.50 37.31 86.19
−2.00 + 1.00 260.19 20.48 57.79 62.69
−1.00 + 0.5 186.05 14.64 72.43 42.21
−0.5 + 0.15 133.12 10.48 82.91 27.57
−0.15 + 0.106 77.36 6.09 89.00 17.09
−0.106 + 0.075 54.74 4.30 93.30 11.00

−0.075 85.02 6.70 100.00 6.70
Total 1270.59 100.00 — —
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Cobalt-containing slag

Jaw crushing

Sieving

Jaw crushing

10 mm
10 mm

Sieving

Roll crushing

3 mm

3 mm

Mixing, dividing

Experiment sample

Figure 3. Pretreatment process of experimental sample of cobalt-containing slag.

2.2.2. Reduction Roasting Experiments

In each experiment, 50 g of cobalt-containing slag was mixed with a reducing agent,
with anthracite used as the reductant. The amount of anthracite was varied between 30%
and 50% of the weight of the cobalt-containing slag. The thoroughly mixed sample was
placed in a crucible and then transferred to a muffle furnace. The furnace was heated to the
experimental target temperature at a heating rate of 10 ◦C/min at room temperature, where
carbothermal reduction roasting was carried out. After reduction roasting, the sample was
taken out at the experimental target temperature and naturally cooled to room temperature
in air. The roasting product was then crushed and ball-milled to achieve a particle size
distribution where 75% passed −0.075 mm, while the remaining 25% ranged between
−2 mm and −0.075 mm. Finally, the cobalt concentrate was obtained through magnetic
separation, with the magnetic field intensity set to 95.54 kA/m. The experimental process
of reduction roasting is shown in Figure 4.

Static reduction experiment: The 300 g of cobalt-containing slag was mixed with
90–150 g of anthracite. The mixture was placed in an 800 mL crucible and transferred to a
muffle furnace. The furnace was heated to the target temperature at a rate of 10 ◦C/min
to perform carbothermal reduction roasting. After roasting, the sample was removed and
allowed to cool naturally. Rotary kiln dynamic experiment: The 500 g of cobalt-containing
slag was mixed with 150–250 g of anthracite and placed in a laboratory rotary kiln with a
diameter of 90 mm. The kiln was heated to the target temperature at a rate of 10 ◦C/min to
carry out dynamic reduction roasting. After roasting, the sample was removed and allowed
to cool naturally. The roasted samples obtained from both static and dynamic reduction
roasting were subjected to ball-milling to achieve a particle size of −0.075 mm (accounting
for 75% of the total particles). Magnetic separation was then performed at a magnetic field
intensity of 95.54 kA/m to obtain cobalt concentrate.
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The cobalt, iron, and copper contents in the cobalt-containing slag and the magnetic
separation concentrate were measured to calculate the recovery rates of Co, Fe, and Cu. The
measured concentrations of Co, Fe, and Cu in the cobalt concentrate represent the grades of
these elements. The recovery rates of Co, Fe, and Cu were calculated using the following:

R = 1 − m1c1

m0c0

where m0 and m1 represent the mass of the cobalt-containing and residue slag, respectively;
c0 represents the Co, Fe, and Cu contents in the converter slag; c1 represents the Co, Fe, and
Cu contents in the residue slag.

Cobalt-containing slag

Mixing

Reduction roasting

Reduction agent

Roasting product

Ball milling

Magnetic separation

Cobalt concentrate

Figure 4. Reduction roasting experiment process.

2.2.3. Analytical Methods

The chemical component of the cobalt-containing slag samples was determined by
inductively coupled plasma atomic emission spectrum (ICP-AES, IRIS Advantage Radial,
PerkinElmer, Waltham, MA, USA) and X-ray fluorescence spectroscopy (XRF, Axios ad-
vanced, Thermo Fisher Scientific, Waltham, MA, USA). And the main phase compositions
of the cobalt-containing slag were detected by an X-ray diffractometer (XRD, Simens D500
automatic X-ray diffractometer, Siemens AG, Berlin, Germany) with a copper target and
operated at 40 kV and 250 mA in step mode with a 0.02◦ 2θ step and a count time of 0.5 s
per step over a 2θ range from 10◦ to 80◦. The morphology and the distribution of elements
in cobalt-containing slag and roasting products were observed under a scanning electron
microscope (SEM, JEOL, Tokyo, Japan) equipped with an energy-dispersive spectrometer
(EDS, BRUKER, Bremen, Germany), operated at 20.0 kV after gold spraying of the samples.
The cobalt-containing slag and roasting product samples were observed in the optical
microscope (Leica DM4500P, Leica Camera AG, Solms, Germany) by using the reflected
plane polarized light. According to the different colors of minerals and pores presented
in the optical micrographs, the software of Image-Pro Plus 6.0 was used to quantitatively
determine the mineral compositions via the area calculation method.
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3. Results and Discussion

3.1. Thermodynamic Analysis

The composition of cobalt-containing slag is complex, and the reactions of Fe3O4, FeO,
Fe2SiO4, CoFe2O4, CoO, and CuO with fixed carbon at atmospheric pressure are shown
in Equations (1)–(6). The Gibbs free energy variations in these reactions with temperature
were calculated using HSC Chemistry 6 software, and the results are presented in Figure 5a.
Based on the Gibbs free energy values, the initial reduction temperatures of Fe3O4, FeO, and
CoO by carbon were determined to be 675 ◦C, 722 ◦C, and 498 ◦C, respectively. Theoretically,
CuO can be reduced to metallic Cu at room temperature. Furthermore, according to the
equilibrium diagrams in Figure 5c,d, the primary attachment carriers of Co, such as iron
silicates and cobalt–iron oxides, can undergo reduction reactions at 792 ◦C and 722 ◦C,
respectively, reducing Co and Fe to their metallic forms.
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Figure 5. (a) Gibbs free energy of Equations (1)–(6) reduction at different temperatures; (b) Gibbs
free energy of Equations (7)–(11) reduction at different temperatures; (c) theoretical carbon reduction
equilibrium diagram of Fe2SiO4; (d) theoretical carbon reduction equilibrium diagram of CoFe2O4.

During the reduction process, carbon undergoes the Boudouard reaction, generating
CO gas (Equation (7)), which subsequently acts as a reducing agent for metal oxides,
as illustrated in Equations (8)–(11). As shown in Figure 5b, calculations indicate that
the Boudouard reaction becomes thermodynamically favorable at temperatures above
700 ◦C. As the equilibrium partial pressure of CO2 in the system increases, it promotes
the gasification of carbon, shifting the reduction pathway of metal oxides from solid–solid
reduction to gas–solid reduction, thereby enhancing the overall reduction efficiency.

2Fe3O4 + C = 6FeO + CO2(g) (1)
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FeO + C = Fe + CO (2)

Fe2SiO4 + 2C = 2Fe + SiO2 + 2CO(g) (3)

CoFe2O4 + 4C = Co + 2Fe + 4CO(g) (4)

CoO + C = Co + CO(g) (5)

CuO + C = Cu + CO(g) (6)

C + CO2(g) = 2CO(g) (7)

Fe3O4 + CO(g) = 3FeO + CO2(g) (8)

3FeO + CO(g) = Fe+ CO2(g) (9)

CoO + CO(g) = Co + CO2(g) (10)

CuO + C = Cu + CO2(g) (11)

3.2. Effect of Reduction Temperature

The selection of the reduction temperature is crucial. The reasonable selection of the
reduction temperature is directly related to the metal grade and metal recovery rate of the
magnetic separation concentrate. When the reduction agent ratio was fixed at 40%, the
reduction time was 2 h, and the particle size of the cobalt-containing slag was −3 mm, the
effect of the reduction temperature on the recovery rates of Co, Cu, and Fe and the grades
of Co, Cu, and Fe was investigated. The result is shown in Figure 6.

It can be observed that with the increase in temperature, the grades of Co, Cu, and Fe
showed an upward trend, reaching high points of 4.02%, 2.48%, and 81.33%, respectively, at
1150 ◦C. As the temperature rose, the grades of Co, Cu, and Fe all decreased. The recovery
rates of the Co, Cu, and Fe metals increased with the increasing temperature, but the
increase was smaller between 1150 ◦C and 1200 ◦C. The reduction in cobalt from its oxide
form was nearly complete at between 1000 ◦C and 1150 ◦C, resulting in a sharp increase in
the cobalt recovery rate. Therefore, considering both the metal grades and metal recovery
rate indicators, the reduction temperature was selected as 1150 ◦C.
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Figure 6. Effect of reduction temperature on metal recovery.
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3.3. Effect of Reduction Agent Ratio

The appropriate reduction agent ratio can regulate the reduction degree of Co and Fe
to increase the enrichment ratio of cobalt concentrate. The effects of the reducing agent
ratio on the recoveries of Co, Cu, and Fe and the grades of Co, Cu, and Fe were investigated
when the reduction temperature was 1150 ◦C, the reduction time was 2 h, and the particle
size of the cobalt-containing slag was −3 mm.

It can be seen from Figure 7 that with the increase in the reduction agent ratio, the
Co grade of concentrate has a slight change of about 4%, which shows a slight downward
trend. The Co grade gradually decreased as the reducing agent ratio increased to 40%
and then remained unchanged. The Fe grade reached 81.33% when the reducing agent
ratio was 40%. The recovery rates of Co, Cu, and Fe first gradually increased and then
decreased with the increase in the amount of reduction agent added. When the reduction
agent ratio was 40%, the highest recovery rates of Co, Cu, and Fe were 94.17%, 74.8%,
and 53.27%, respectively. When the reduction agent ratio exceeded 40%, the excessive
reduction of iron oxides led to the formation of non-magnetic phases, which are hard to
separate during the subsequent magnetic separation process, resulting in a decrease in the
iron grade. Once cobalt oxide is reduced to metallic cobalt, its stability is high, making it
resistant to further reduction into other lower-valent compounds, thus maintaining a stable
cobalt grade. Therefore, the reduction agent ratio was determined to be 40%.

 

30 35 40 45 50
0

10

20

30

40

50

60

70

80

90

100

 Co 
 Cu
 Fe

Reduction agent ratio/%

R
ec

ov
er

y/
%

0

2

4

6

8

10

12

14

16

18

20

 Co grade
 Cu grade C

o,
 C

u 
gr

ad
e/

%

50

55

60

65

70

75

80

85

90

95

100

 Fe grade

Fe
 g

ra
de

/%

Figure 7. Effect of the reduction agent ratio on metal recovery.

3.4. Effects of Reduction Time

Metal oxides begin to be reduced under specific temperature conditions, and the
extent of reduction is closely related to the reduction time. When the reduction temperature
is fixed at 1150 ◦C, the reduction agent ratio is 40%, and the particle size of the cobalt-
containing slag is −3 mm, the effect of the reduction time on the recovery rates of Co, Cu,
and Fe and the grades of Co, Cu, and Fe is investigated.

It can be seen from the analysis of Figure 8 that the grades of Co, Cu, and Fe showed
an upward trend before 2 h, reached the highest of 4.02%, 2.48%, and 81.33%, respectively,
at 2 h, then showed an inflection point at 2 h, and then declined. The recovery rate of Cu
and Fe was increasing. The recovery rate of Co first increased with time and then decreased
slightly after 2 h. Therefore, the reduction time was determined to be 2 h.

13



Metals 2025, 15, 622

 

1.0 1.5 2.0 2.5
0

10

20

30

40

50

60

70

80

90

100

 Co 
 Cu
 Fe

Reduction time/h

R
ec

ov
er

y/
%

0

2

4

6

8

10

12

14

16

18

20

 Co grade
 Cu grade C

o,
 C

u 
gr

ad
e/

%

50

55

60

65

70

75

80

85

90

95

100

 Fe grade

Fe
 g

ra
de

/%

Figure 8. Effect of reduction time on metal recovery.

3.5. Effects of Particle Size

As can be seen from the data in Figure 9, there is no significant difference in the
reduction roasting effect when the material particle size is −3 mm, −6 mm, −10 mm, or
−13 mm. The Co grade of the concentrate and the Co metal recovery rate are basically
the same. The Co grade is basically around 4%, and the Co recovery rate is around 95%.
Smaller particle sizes generally improve recovery efficiency by providing a larger reaction
surface area and enhancing the diffusion capacity of the reducing agent. However, within
the particle size range of −3 mm to −13 mm, no significant difference in cobalt recovery
was observed. This suggests that within this range, the particle size of the cobalt-containing
slag has little impact on the efficiency of the reduction process. The Cu and Fe grades also
do not change much. The Cu and Fe recovery rates first increase and then slightly decrease
as the particle size of the cobalt-containing slag decreases. Considering the metal grade
and recovery rate, in order to maintain the consistency of the experiment, the −3.0 mm
material particle size was selected.
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Figure 9. Effect of particle size on metal recovery.
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3.6. Reduction Verification Experiment

Under the optimal conditions of the reduction temperature of 1150 ◦C, the reduction
agent ratio of 40%, the reduction time of 2 h, and the particle size of −3 mm, the static
reduction experiment of three samples of cobalt-containing slag was carried out in the
muffle furnace, and the experiment results are shown in Figure 10. As can be seen from
Figure 10, the cobalt grade is between 3.93 and 4.30%, and the recovery rate is between
90.49% and 92.66% in the three static reduction experiments under the best conditions.
At the same time, the rotary kiln dynamic reduction experiment was carried out under
the same optimal reduction conditions. It can be seen in Figure 11 that the cobalt grade
and cobalt recovery rate reached 4.26–4.41% and 90.67–93.67%, respectively. The main
reason for the better results of the dynamic reduction experiment is that the mass and heat
transfer of materials in the high-temperature reduction environment during the rotation of
the rotary kiln are higher than in the muffle furnace. In summary, the static and dynamic
experiment results are stable and can provide technical support for industrialization.
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Figure 10. Static reduction experiment under optimal conditions.
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3.7. Migration of Cobalt

The cobalt-containing slag and the roasting product were detected by optical mi-
croscopy, and the mineral content was statistically analyzed. Then, the cobalt distribution
rate was obtained by combining the statistical results of mineral content and scanning
electron microscopy spectroscopy, and the results are shown in Table 5 and Figure 12. It
can be seen that the main minerals of cobalt-containing slag are iron-containing silicate,
vitreous minerals, magnetite, and copper sulfide minerals, followed by a small amount
of cobalt–nickel sulfide, copper metal, and pyrrhotite. The iron-containing silicate and
vitreous minerals in cobalt-containing slag are cemented to form a matrix, and copper
sulfide minerals and magnetite are embedded in the matrix in granular forms of varying
thicknesses. Cobalt–nickel sulfide and pyrrhotite are mostly wrapped in fine particles in
copper sulfide minerals, and copper metal is distributed in copper sulfide minerals and
the matrix.

As shown in the table, the cobalt in the cobalt-containing slag is mainly attached to
the iron-containing silicate, and the distribution rate of cobalt is as high as 96.93%. The
cobalt–iron alloy accounted for 18.34% of the total mineral content in the roasting products,
the iron-containing silicate content was 51.13%, but the cobalt distribution rate was low.
Cobalt was mainly distributed in cobalt–iron alloy after reduction roasting, accounting for
82.10%, which indicates that cobalt oxide is reduced and dissociated from iron-containing
silicate at a high temperature during the reduction roasting process. Cobalt forms a strong
magnetic cobalt–iron alloy with iron, which can be recovered by magnetic enrichment.

Table 5. Distribution of cobalt in cobalt-containing slag and roasting product (%).

Mineral
Content of

Cobalt-Containing Slag
Cobalt Distribution

Rate
Content of Roasting

Product
Cobalt Distribution

Rate

Cobalt–nickel sulfide 0.10 2.52 - -
Copper sulfide 1.87 0 0.75 0.45

Magnetite 5.01 0.49 0.83 0
Pyrrhotite 0.02 0.06 - -

Metallic copper 0.05 0 0.08 0.02
Iron-containing silicate 77.88 96.93 51.13 15.79

Vitreous mineral 15.07 0 28.87 1.64
Cobalt–iron alloy - - 18.34 82.10

 

Figure 12. Microstructure of cobalt-containing slag. Mt—magnetite; Po—pyrrhotite; Fa—iron-
containing silicate.
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4. Conclusions

(1) The primary minerals in cobalt-containing slag include iron silicate minerals, glassy
minerals, magnetite, and copper sulfide minerals, with smaller amounts of cobalt-
nickel sulfide minerals, metallic copper, and pyrrhotite. The main cobalt-bearing
minerals are cobalt–nickel sulfide minerals, pyrrhotite, iron silicate minerals, and
magnetite. Cobalt is predominantly hosted in the iron silicate minerals.

(2) The optimal process conditions for the carbothermic reduction of cobalt-containing
slag, based on experimental results, are as follows: a reduction temperature of 1150 ◦C,
a reductant ratio of 40%, a reduction time of 2 h, a particle size of −3 mm, a grinding
fineness of −0.075 mm with an 80% passing rate, and a magnetic field strength of
95.54 kA/m. The results show that the grades of cobalt, copper, and iron in the
concentrate after magnetic separation are 4.02%, 2.48%, and 81.33%, respectively, and
the recoveries are 94.17%, 74.80%, and 53.27%.

(3) The static reduction in a muffle furnace and the dynamic reduction in a rotary kiln
were validated under the optimal conditions, resulting in stable cobalt grade and
recovery rates, which are suitable for industrial applications. The cobalt grade is
between 3.93 and 4.30%, and the recovery rate is between 90.49% and 92.66% ac-
cording to the static reduction experiment. The cobalt grade and cobalt recovery
rate reached 4.26–4.41% and 90.67–93.67%, respectively, with the rotary kiln dynamic
reduction experiment.
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Abstract: The chemical extraction of rare-earth elements (REEs) from Estonian graptolite-
argillite (GA) and phosphate rock (Phosphorite, PH) samples has been conducted and ana-
lyzed. For the initial leaching process, HCl and HNO3 with different concentrations were
used to extract REEs from GA and PH. Different extraction agents, including ionic liquids,
were examined for the extraction of REEs from acidic aqueous solutions in the liquid–liquid
extraction step. After leaching and extraction, all samples were characterized using the
inductively coupled plasma mass spectrometry method (ICP-MS/MS). The highest REE
extraction efficiencies from GA were established with 1-ethyl-3-methyl imidazolium diethyl
phosphate (EMImDEPO4) and from PH using bis(2-ethylhexyl) phosphate (D2EHPA).

Keywords: Estonian graptolite-argillite ore; phosphorite ore; ionic liquids; liquid–liquid
extraction; extraction of REEs

1. Introduction

Rare-earth elements (REEs) include 15 lanthanide elements (Z = 57 to 71) together
with scandium (Z = 21) and yttrium (Z = 39), as stated in the International Union of Pure
and Applied Chemistry (IUPAC) [1–4]. Due to their high reactivity and chemical similarity,
REEs are complicated to separate and refine into pure metal. As a result, efforts to develop
efficient separation processes began early in the 20th century [5].

Nowadays, REEs have an enormous impact on societies’ daily lives since it is impossi-
ble to develop any high-tech technology that would not contain any REEs [1,6–8]. Energy
storage devices have become indispensable for storing and maintaining a continuous power
supply to meet established renewable energy targets. Furthermore, REE-based permanent
magnets are extensively used in wind turbines and electric vehicles [9–11]. Current supply
chains are mainly controlled and fulfilled by the Chinese REE industry [12,13]. China dom-
inates the REE industry by producing more than 90% of rare-earth requirements. Therefore,
recycling REEs is currently necessary to alleviate market fluctuations [14].

Black shale formations, known as graptolite-argillite, are found along the northern
coast of Estonia and on Vormsi and Hiiumaa islands [15,16]. The thickness of GA reaches up
to 7.4 m in Northwest Estonia and decreases towards the east and south [15,16]. Black shales
can be divided into classes based on the degree of commodity metal accumulation: black
shale (0.01%), metalliferous black shales (0.1%), and hyper-enriched black shales (1%) [17].
The distribution of metals in GA has a complex pattern, but Mo, V, and U are the most
characteristic. Moreover, GA contains high variability in the trace metal composition,
including heterogeneous REE patterns [17–19].

Presumably, the largest unexploited sedimentary phosphate rock reserves in the
European Union are also located in Estonia (about 700 million tons of P2O5) [20]. Estonian
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phosphate rock contains low amounts of Cd (1–5 ppm) and depleted U content compared
to other worldwide deposit locations, but the total content of REEs has been identified with
an average of 1500–2000 ppm [20].

REE leaching used in primary REE production is integral to hydrometallurgical REE
processing [21]. These processes are defined as noncatalytic heterogeneous reactions be-
tween liquid and solid phases, ranging from acid leaching (H2SO4, HCl, or HNO3) of
primary ores to leaching with NaCl or (NH4)2SO4 of ion-adsorbed clays [22,23]. For indus-
trial design and optimization processes, the kinetics aspect of the leaching is considered
to be highly relevant, including various types of diffusion and chemical reaction mecha-
nisms [24]. Therefore, establishing the most optimal pathway would significantly enhance
the leaching process’s effectiveness and consider the environmental aspects.

Extraction of cations is an efficient technique for separating rare earths from acid
solutions—it is relatively simple, rapid, and applicable in various concentrations, pH, and
temperature ranges [25,26]. For example, triphenyl arsine in kerosene can extract yttrium
and ytterbium from sulfuric acid medium. Ionic liquids (ILs) are studied as extraction
agents, emphasizing the existing technologies and the principles of sustainable and green
chemistry [27,28]. Common acidic extractants (organic phosphonic acids and carboxylic
acids) require saponification, resulting in large amounts of wastewater [29]. Thus, designing
alternative extractants is a matter of great urgency. The non-functional ILs showed better
extraction ability and selectivity than conventional organic solvent systems [30].

This paper has two main novel objectives regarding the high amount of black shale
formations and large phosphate rock reserves in Estonia. Firstly, develop a leaching process
for Estonian graptolite-argillite and phosphorite ore samples. Secondly, to extract REEs
(separate HREEs and LREEs) and other distributed rare metal cations (DRM) from prepared
aqueous solutions using ionic liquids and other extraction agents. The concentration of
REEs and DRM was determined before and after extraction by ICP-MS/MS to calculate the
respective extraction efficiencies. The influence of different molar concentrations of acids
has been discussed.

2. Experimental Section

2.1. Leaching Step of GA and PH Samples

The raw GA powder samples from Northeast Estonia (samples have been designated
as Sillamäe, Sõtke top, Sõtke bottom, and Argillite from the collection) were homogenized
using ball milling (stabilized ZrO2 balls) and then treated with aqueous acidic solutions.
GA was leached using Aqua Regia, 1 M HCl, 1 M HNO3, 3 M HCl, 3 M HNO3, and 7.5 M
HNO3 aqueous solutions in 1:10 solid-to-liquid mass ratios in separate vials. Demineralized
water was used to prepare the acid solutions. The mixtures of GA and acid were stirred
(300 rpm) at 70 ◦C for 3 h, followed by a cooling step (to room temperature), centrifugation
for 30 min, and decantation (solid residual separation).

PH leaching experiments contained phosphorite ore samples from Northeast Estonia
(designated as Ülgase, Toolse, and Iru outcrop) that were processed in 100 mL 7.5 M HNO3,
7.5 M HCl, 3 M HNO3, and 3 M HCl acidic aqueous solutions for 24 h at room temperature
(22 ± 1 ◦C) in 1:10 solid-to-liquid mass ratios. A relatively high acid concentration and
leaching time were necessary to dissolve REEs from the PH ore completely. Thereafter, the
solution was filtered to remove any undissolved substances.

Estonian concentrated phosphorite ore (Ülgase, Toolse, and Iru from Northern Estonia)
and graptolite-argillite (Sillamäe, Sõtke top, Sõtke bottom, and Argillite from the collection)
samples were obtained from geological collections at the Institute of Ecology and Earth
Sciences, University of Tartu.
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Chemicals: HNO3 and HCl (ACS grade) were purchased from Merck (Burlington,
MA, USA).

2.2. Details of the Extraction Process

Acidic aqueous feed solution from the leaching step and extractant were added to the
separation funnel at a fixed 9:1 (aqueous/organic) ratio in all cases (GA and PH samples) at
room temperature. The mixture was shaken carefully in a separation funnel for 1 min and
kept still to reach the reaction equilibration of the extraction for one hour. The procedure
was repeated two more times for the best separation efficiencies.

Extractants: Tributyl phosphate (TBP, ≥99.0%) from Merck; 1-ethyl-3-methyl imida-
zolium diethyl phosphate (EMImDEPO4, ≥97%) and tricaprylylmethylammonium chloride
(Aliquat 336, ≥97.0%) from Sigma-Aldrich; bis(2-ethylhexyl) phosphate (D2EHPA, ≥95.0%)
from Merck.

2.3. Experimental Methods for Determining the Detailed Chemical Composition of GA and PH

Trace element analysis of samples after the leaching step and extraction process was
performed using Agilent 8800 QQQ ICP-MS/MS (Agilent Technologies, Santa Clara, CA,
USA). All untreated extraction solutions were diluted to a final dilution factor of 4000
before the analysis using a 2% HNO3 solution. ICP-MS/MS measurements were performed
in NoGas mode, and collision mode was used for masses that exhibited polyatomic spectral
overlaps. Calibration standard solutions were used.

3. Results and Discussion

3.1. GA Raw Deposit Analysis After Leaching with Modified Aqua Regia Using ICP-MS/
MS Method

The GA is an argillaceous rock enriched with organic matter that contains high con-
centrations of several elements (U, V, Mo, Pb, Zn, Cd, Cu, As) and very low concentrations
of REEs [31]. The current study of geochemical generalizations of Estonian GA shows that
the content of elements in the solution obtained from leaching is heterogeneous and highly
dependent on the location and origin (Figure 1). The concentration of metal cations in GA
obtained after the leaching process with modified Aqua Regia is in good agreement with
the data by Soesoo et al. [15,32,33].

Figure 1. The concentration of elements after the leaching process in modified Aqua Regia aqueous
solution from leaching for different GA deposits collected from Northern Estonia: Sõtke top, Sõtke
bottom, Sillamäe, and Argillite.

The concentrations of U (198–280 ppm) and Th (10–13 ppm) were moderate in all GA
samples. The REEs’ total concentration (in the solution after the leaching process) in the
Sillamäe sample reached 600 ppm but stayed between 200 and 350 ppm in other samples
(Figure 2).
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Figure 2. The concentration of REEs after the leaching process in modified Aqua Regia aqueous
solution from leaching for different GA deposits from Northern Estonia, including Sõtke top, Sõtke
bottom, Sillamäe, and Argillite.

3.2. GA and PH Composition Analysis After Leaching with HCl and HNO3 Aqueous Solutions
Using the ICP-MS/MS Method

For metal extraction, various forms of hydrometallurgical routes are used for black
shale processing [17]. The leaching process with typical mineral acids (H2SO4, HCl) with
higher concentrations increases the leachability of metals at atmospheric pressure [34]. In
this study, H2SO4 was excluded due to earlier findings that most of the REEs transfer to
the gypsum (CaSO4·2H2O) during the sulfuric acid leaching [35]. Therefore, to analyze the
influence of the acid concentration on the extraction efficiency (E %), HCl and HNO3 with
different concentrations were used for the GA and PH treatment processes.

The leaching process results of GA using acids with different concentrations show
that the concentration of REEs decreases with the dilution of acid from 3 M to 1 M (with
increasing pH of acid solution) based on the ICP-MS/MS measurement results (Figure 3).
The lower leaching efficiency of REEs in more dilute acid solution can be explained by the
lack of protons.

In the PH leaching experiments, the phosphorite ore samples from the Ülgase outcrop
were leached in 7.5 M HNO3, and the leaching efficiencies for different deposits are pre-
sented in Figure 4. High concentrations of La and Ce might be due to mineral grains of
monazite (a mineral that contains rare-earth elements) in the sample [36].

A more systematic ICP-MS/MS data analysis (Figures 3 and 4) indicates that HNO3

gives more concentrated REE solutions in both ore samples (GA and PH) since (NO3
–)

is a slightly harder Pearson base than Cl–. Kinetically, hard acids are electrophiles that
react more quickly with hard bases (nucleophiles), while soft acids react more rapidly with
soft bases. This principle also allows for the prediction of displacement reaction kinetics.
Thus, the softness of ions can be used to rationalize the relative stability of the cation–
anion interaction in water, which can influence the stability of ion pairs and metal–ligand
complexes in water relevant to hydrometallurgical processes [37].

Previous studies have also demonstrated that nitric acid is considered a mineral
structure weakener of black shales [38]. Zhu et al. demonstrated that the Mo concentration
can be increased with a higher HCl concentration in shales [39]. At the same time, the
presence of HNO3 resulted in 74% of the total shale Mo being leached and caused a
preferential release of heavy Mo isotopes.
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Figure 3. The concentration of elements in 1 M HCl, 3 M HCl, 1 M HNO3, and 3 M HNO3 aqueous
solutions for different GA deposits from Argillite from the collection of the Institute of Geology UT.

Figure 4. The concentration of elements in 7.5 M HNO3 aqueous solution for different deposits
collected from Toolse, Iru, and Ülgase outcrops.
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3.3. Extraction Process of GA and PH Using Different Extractants

Based on the low waste materials production and natural resources conception ac-
cepted by the EU (recycling industry conditions), all REEs occurring in Estonian GA and
PH should be extracted and separated [40].

All extraction agents applied were carefully chosen based on the literature data and our
previous results [41–43]. Quaternary ammonium-based ionic liquid, Aliquat 336, modified
with KNO3 solution, has shown good extraction efficiency for La and Ce. The extraction
efficiency with Aliquat 336 (NO3) increased with an increase in the solution pH [44,45].
Therefore, the Aliquat 336(NO3) extraction efficiency was also tested in the Estonian GA
and PH systems. Phosphate-based extractants were applied to treat GA solutions, including
TBP, EMImDEPO4, and Aliquat 336 (NO3). Meanwhile, D2EHPA was used to extract REEs
from PH aqueous acidic solutions in different concentrations, as it has been used in the
literature before [46]. It is important to note that all REE concentrations (ppm) in this work
depend on the sample’s geological and mineralogical properties (mining pit) in addition to
the experimental conditions of the leaching and extraction processes.

Extraction efficiency values were calculated using the previously introduced equation [43]:

E =
C(initial)− C( f inal)

C(initial)
× 100%

Table 1 demonstrates the extraction efficiencies of REEs from GA aqueous solutions.
The REE extraction efficiencies of a common extractant, such as TBP, in Estonian GA sys-
tems are nonexistent compared to the 3 M HNO3 solution before the extraction process.
The calculated extraction efficiency values for ionic liquid, EMImDEPO4, are excellent,
higher than 98% for all REEs. It suggests that DEPO4

– strongly interacts with REEs in
the acidic aqueous solution of GA. Based on previous results, imidazolium, ammonium,
bifunctional, and other ionic liquids have high potential as extraction agents for REEs with
high extraction efficiencies, replacing conventional extractants due to sustainability require-
ments [47,48]. Surprisingly, Aliquat 336(NO3) did not give the expected REE extraction
results, with the extraction efficiency values being extremely low in GA solutions, except
for La (~80%) and Ce (~24%).

Table 1. Extraction efficiencies (E %) of REEs from graptolite-argillite using different extraction agents
(marked in Table and text) from 3 M HNO3 aqueous solutions.

E %

Sc ± Y ± La ± Ce ± Pr ± Nd ± Sm ± Eu ±
EMIMDEPO4 99.5 1.0 99.5 0.9 99.8 1.1 99.6 0.5 99.5 0.3 99.6 0.7 99.6 0.8 99.6 1.5

Aliquat336 0 0 0 0 79.6 3.6 24.2 2.1 0 0 0 0 1.4 0.2 0 0

TBP 0 0 0 0 0 0 0 0 0 0 0 0 4.1 0.5 0 0

Gd ± Tb ± Dy ± Ho ± Er ± Tm ± Yb ± Lu ±
EMIMDEPO4 99.6 1.5 99.6 2 99.6 0.8 99.5 0.9 99.5 0.7 99.5 1.2 99.4 2 99.3 1.2

Aliquat336 2.3 0.1 0 0 0 0 0.7 0.1 1.7 0.1 0 0 1.6 0.1 0 0

TBP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

The extraction efficiencies calculated for the PH from the ICP-MS/MS results indicate
that the concentration of HCl significantly influences the extraction profile using D2EHPA
as an extraction agent (Table 2). The extraction efficiencies for Aliquat 336(NO3) were
low, and the results are not included in the analysis of this paper. Experimental data for
D2EHPA show that in more concentrated HCl solutions (5 M and 3 M), HREE and Sc can be
extracted selectively. In contrast, LREEs (La-Sm), Y, Eu, Gd, and Tb are not extracted under

25



Metals 2025, 15, 608

these conditions. This is in good agreement with previous observations that D2EHPA has
better selectivity of HREE over LREE, which can be attributed to the higher charge density
of HREE [49]. The LREEs, Y, Eu, Gd, Tb, and Dy can be extracted more effectively using
lower HCl (2 M and 1 M) concentrations (Table 2). It is important to note that the extraction
efficiency of Y increases significantly at lower concentrations, but the extraction efficiency
of Sc is higher in a more acidic environment. We propose that for the extraction of LREE (La-
Sm), the concentration of HCl needs to be lower than 1 M. Still, so far, our results indicate
that leaching at less acidic concentrations becomes problematic. Therefore, leaching in a
more acidic environment, followed by partial neutralization of leachate, might be an option.
It can be concluded that extraction in HCl media using different acid concentrations shows
promising results for separating HREE and Sc from LREE.

Table 2. Extraction efficiencies of REEs from phosphorite ore (Ülgase) at different hydrochloric acid
molar concentrations using D2EHPA as an extractant.

E %

Sc ± Y ± La ± Ce ± Pr ± Nd ± Sm ± Eu ±
5M HCl 98.08 1.0 16.55 2.9 −4.89 1.1 −4.62 0.5 −2.96 0.3 −3.01 0.7 −4.06 0.8 −4.21 1.5

3M HCl 75.57 2.3 13.39 2.3 −6.92 3.6 −6.98 2.1 −4.72 0 −6.59 0 −5.48 0.2 5.4 0

2M HCl 67.02 3.3 39.04 1.9 4.18 0.2 1.97 0.1 1.27 0.1 3.22 0.2 4.29 0.2 4.08 0.2

1M HCl 17.57 1.7 92.07 3.5 0.38 0 2.64 0 3.43 0 3.78 0 18.53 0.5 29.11 0

Gd ± Tb ± Dy ± Ho ± Er ± Tm ± Yb ± Lu ±
5M HCl −2.33 1.5 −0.42 2 3.35 0.8 9.63 0.9 20.79 0.7 44.16 1.2 65.61 2 72.33 1.2

3M HCl −3.88 0.1 −1.05 0 4.93 0 7.6 0.1 14.28 0.1 32.22 0 44.34 0.1 43.27 0

2M HCl 5.27 0 12.64 0 21.63 0 26.8 0 36.39 0 59.44 0 50.08 0 36.72 0

1M HCl 30.59 1.5 59.99 2.9 79.35 3.9 84.59 4.2 82.39 4.1 92.71 4.6 47.4 2.3 67.6 3.4

The extraction results of the PH (Iru) acidic solutions with D2EHPA are highly depen-
dent on the concentration of HNO3 (Table 3), similar to the HCl results. High extraction
efficiency values were calculated for all REEs from dilute nitric acid solution with D2EHPA.
However, the extraction efficiency values from the concentrated nitric acid solution are
better for HREE and negligible for LREE.

Table 3. Extraction efficiencies of phosphorite ore (Iru) at different nitric acid molar concentrations
using D2EHPA as an extractant.

E %

Sc ± Y ± La ± Ce ± Pr ± Nd ± Sm ± Eu ±
0.03 M HNO3 99.30 1.00 99.57 1.00 92.98 1.00 94.51 1.00 94.91 1.00 95.27 1.00 97.39 1.00 98.01 1.00

7.5 M HNO3 92.86 1.00 27.06 2.7 2.60 0.26 3.27 0.32 6.61 0.66 3.52 0.35 4.80 0.48 5.27 0.52

Gd ± Tb ± Dy ± Ho ± Er ± Tm ± Yb ± Lu ±
0.03 M HNO3 97.77 1.00 98.81 1.00 99.24 1.00 99.53 1.00 99.50 1.00 99.55 1.00 99.44 1.00 99.62 1.00

7.5 M HNO3 4.60 0.46 8.02 0.80 14.12 1.41 19.10 1.91 27.70 2.77 43.17 4.31 58.38 5.38 66.38 6.63

It is essential to point out that the extraction efficiency of Sc is not influenced by the
acidic concentration in nitric acid media and remains higher than 90%, which is different
from hydrochloric acid media. Thus, for the selective extraction of HREE with D2EHPA,
more concentrated HCl and HNO3 should be used. All the results presented in this paper
are promising, mainly if ionic liquid extraction has been conducted. However, additional
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systematic extraction and separation should be conducted to selectively separate REE and
DRM from Estonian GA and PH ore samples.

4. Conclusions

The leaching process of Estonian GA and PH was thoroughly studied using HCl and
HNO3 with different concentrations, including Aqua Regia. A higher concentration of REEs
in GA and PH was achieved in more concentrated acid solutions, especially in HNO3. A
variation in phosphate-based extractants and ILs was explored for the extraction process of
REEs. The extraction efficiencies in GA complex systems are highest when EMImDEPO4 is
used as an extraction agent. In PH systems, more concentrated HCl and HNO3 solutions
gave better results for the selective extraction of HREEs from LREEs.

Continuous and systematic analysis of different leaching and extraction agents should
be conducted to extract and separate REEs from Estonian GA and PH successfully.
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Faculty of Chemistry and Chemical Engineering, University of Maribor, Smetanova 17, 2000 Maribor, Slovenia;
darko.goricanec@um.si (D.G.); aleksandra.petrovic@um.si (A.P.); ilda.silic@student.um.si (I.S.);
danijela.urbancl@um.si (D.U.)
* Correspondence: marjana.simonic@um.si; Tel.: +386-2-2294-472

Abstract: The aim of the research was to study the torrefaction processes of wood biomass,
compare the product characteristics at different torrefaction temperatures, and assess both
moisture adsorption on raw and torrefied samples, as well as metal (Cu(II) and Ni(II))
adsorption on torrefied biomass. The novelty of the research was to investigate whether
the presence of adsorbed metals in torrefied biomass significantly affects the energetic
properties of the torrefied biomass, compared to torrefied biomass without metals. First,
wood samples were torrefied at temperatures of 250 ◦C, 350 ◦C, and 400 ◦C. Following
torrefaction, thermogravimetric analysis (TGA) was performed to evaluate mass loss and
thermal stability. Next, changes in surface functional groups were examined, and higher
heating values (HHV) were measured to assess the energy content. The results showed that
torrefaction significantly increased the hydrophobicity of the biomass, leading to reduced
moisture adsorption and enhanced material properties. Additionally, the adsorption of
Cu(II) and Ni(II) ions on torrefied biomass was investigated. The results showed that the
adsorption efficiency for Cu(II) was higher, reaching 62.4%, compared to Ni(II) at 21.2%.
The adsorption process followed a pseudo-second-order kinetic model, which indicated
that chemisorption was the dominant mechanism.

Keywords: adsorption; torrefaction; nitrogen atmosphere; metals

1. Introduction

Adsorption is the process in which a substance (gas, liquid, or solid) binds to the
surface of another substance. It involves two components: the adsorbate and the adsorbent.
The adsorbate is the substance that binds to the surface of the adsorbent, such as gases like
H2, N2, and O2, or materials like charcoal, silicone gel, and aluminum oxide [1]. By altering
the properties of the liquid phase, such as concentration, temperature, or pH, adsorbed
substances can be released back from the surface into the liquid phase in a process known
as desorption [2]. Adsorption can be classified into two types: physical and chemical. If the
attractive forces between the adsorbate and the adsorbent result from chemical bonding,
the process is called chemical adsorption or chemisorption. If the interaction is physical,
it is referred to as physical adsorption or physisorption. Adsorption has a wide range
of applications, including in metallurgy, ion exchange, water treatment, and moisture
removal. The adsorption process can be modeled using various kinetic models, including
the pseudo-first-order reaction, pseudo-second-order reaction, Weber–Morris model, and
the Elovich model [3].

The presence of Cu(II) in water is a concern due to its common occurrence in vari-
ous industrial processes, while the electroplating industry is one of the major sources of
Ni(II) pollution [4]. Both Cu(II) and Ni(II) can pose significant health risks at elevated
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concentrations, with the WHO setting tolerable levels at 2 mg/L and 20 μg/L, respec-
tively, for drinking water [5]. Interestingly, leachate residues from processing deep-sea
nodules have been found to be effective adsorbents for heavy metals like Cu(II) and Ni(II).
However, adsorption is most effective when carried out at normal temperatures. In mixed
systems containing multiple metals, adsorption capacity tends to be lower compared to
systems with individual metals. Additionally, the high concentration of ions like K+, Na+,
Ca2+, and Mg2+ in water can compete with metal cations, reducing the efficiency of metal
ion adsorption [3].

Biomass, while a renewable energy source, presents several challenges due to its high
moisture and oxygen content, low energy density, hydrophilic nature, and heterogeneity.
These characteristics lead to high energy consumption during grinding and pelletizing,
low combustion temperatures, inefficient combustion, and the production of smoke and
flue gases. The hydrophilic nature of biomass also creates storage issues as it is prone to
biodegradation. These disadvantages impact its energy density and stability. Therefore, pre-
treatment methods are required to enhance its properties and make biomass more efficient
for use. The conversion of biomass has garnered increasing attention from researchers
due to the significant improvements in its properties when compared to raw biomass [6].
Among the various methods, torrefaction has emerged as an effective process.

Torrefaction is a controlled carbonization process that transforms biomass into a prod-
uct with properties similar to coal. This process involves heating biomass to temperatures
ranging from 200 ◦C to 300 ◦C in an oxygen-free environment or in the presence of minimal
oxygen. Nitrogen is typically used as a carrier gas to maintain a non-oxidizing atmo-
sphere [7]. During torrefaction, hemicellulose decomposes, releasing water, CO2, CO, and
various organic acids. As a result, the mass of the biomass is reduced by approximately
30%, and its energy density or heating value is decreased by around 20% [8]. Thermal
methods at temperatures below 200 ◦C are generally used for wood preservation, while
higher temperatures, as in torrefaction, are used for energy purposes.

In addition to temperature, the duration of the torrefaction process plays an important
role as it can last anywhere from a few minutes to several hours. Torrefaction increases the
hydrophobicity of biomass, making it more resistant to moisture adsorption and improving
storage control. The reduction in water content also makes biomass lighter and less prone
to decomposition [9]. With these enhanced properties, torrefied biomass requires less
storage capacity and has the potential to reduce transport costs.

The research aimed to highlight the improved properties of torrefied biomass com-
pared to raw wood, particularly in terms of hydrophobicity, energy content, and adsorption
capacity. The study was divided into three main objectives:

1. To examine the effect of temperature on the properties of torrefied biomass, with a
focus on moisture adsorption differences between raw biomass and torrefied biomass
at temperatures of 250, 350, and 400 ◦C. The study investigated how torrefaction
influences mass loss, thermal stability, functional group composition, and higher
heating values (HHV).

2. To evaluate the hydrophobicity of torrefied biomass and identify the materials with
the best adsorption properties. These materials were then tested for their ability to
adsorb metals such as copper (Cu(II)) and nickel (Ni(II)) in model solutions.

3. To assess the potential of torrefied biomass with adsorbed metals as an energy source.
Specifically, the study investigated whether the presence of bound metals significantly
affects the energy properties of the material, especially its higher calorific value.
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2. Materials and Methods

2.1. The Torreefaction Process and Analyses

The whole torrefaction process involves five steps:

1. Initial heating: Biomass is heated up to 100 ◦C.
2. Pre-drying: The biomass is heated at a constant temperature of 100 ◦C to evaporate

free water, continuing until a stable weight is achieved.
3. Post-drying and intermediate heating: The biomass temperature rises to 200 ◦C.

Weight loss can occur during this phase.
4. Torrefaction: This phase begins when the temperature reaches 200 ◦C and ends when

the biomass cools down again from a certain temperature to 200 ◦C. The torrefaction
temperature is defined as the highest constant temperature. During this period, most
of the biomass mass is lost.

5. Cooling: The torrefied product is additionally cooled to the desired final temperature [10].

The torrefaction process was conducted using a Gradient Tube Furnace (Carbolite
Gero, Bubsheim„Germany) tube furnace equipped with a removable trough in the working
tube. Sensors were placed on the working tube to monitor the temperature in each chamber
(Figure 1). The samples underwent torrefaction at three different temperatures: 250 ◦C,
350 ◦C and 400 ◦C. The torrefaction was performed in a nitrogen atmosphere (N2, 3 L/min).
The inlet gas was preheated to 50 ◦C. The duration of torrefaction under N2 atmosphere
was determined based on the initial gas composition, whereas during the torrefaction
process, gases are produced, and their concentration was analyzed with an ABB AO2020
gas analyzer (ABB, Zurich, Switzerland). The volume fractions of CO2, CO, CH4, and
oxygen were measured. A cooled impinger train was installed upstream of the gas analyzer
to ensure that the gas remains tar-free and dry.

 

Figure 1. Schematic presentation of the process.

The mass loss WL was calculated following Equation (1):

WL =
m0 − mk

m0
· 100 (1)

where
WL—mass loss (%);
m0—initial sample mass (g);
mk—final sample mass (g).
The ratio of energy density (EDR) and efficiency of energy EY was calculated according

to Equations (2) and (3) [11]:

EDR =
HHV tor

HHVs
(2)

where
EDR—the ratio of energy density (%);
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HHVtor—HHV of torrefied sample (MJ/kg);
HHVs—HHV raw sample (MJ/kg).

EY = EDR · MY (3)

where
EY—efficiency of energy (%).
Thermogravimetric (TGA) and derivative thermogravimetric (DTG) analyses were per-

formed. The TGA/DTG measurements were performed using Mettler Toledo TGA/DSC3+

(Mettler Toledo, Ljubljana, Slovenia) in oxygen atmosphere. The measurement was set
as follows: the sample was heated from 30 ◦C to 105 ◦C with 20 K/min rate, then the
heating was at a constant temperature of 105 ◦C for 5 min. Then, the temperature increased
from 105 ◦C to 550 ◦C at 25 K/min rate. At 550 ◦C, the sample was heated for 20 min.
Finally, the temperature was increased to 815 ◦C, and the sample was heated for 20 min at
25 K/min rate.

Infrared spectroscopy with Fourier transform (FTIR) was used to record the infrared
absorption spectrum of a substance, and Fourier transform was used for data processing.
The FTIR was determined using the NICOLET iS50 FT-IR apparatus (Omega, Ljubljana,
Slovenia). The spectra of the samples were recorded using the classic ATR method, namely
in the range from 400 cm–1 to 4000 cm–1.

The higher heating value (HHV) was determined using the IKA Isoperibol 6000 bomb
calorimeter (Kefo, Ljubljana, Slovenia) according to the standardized method.

The Modular Humidity Generator was attached to Mettler Toledo TGA/DSC3+ for
humidity control. Moisture adsorption was performed with four different samples, which
included raw wood, as well as torrefied wood, at 250 ◦C, 350 ◦C, and 400 ◦C. Four mea-
surement segments were set. The relative humidity was measured up to 30% for 90 min in
the first segment, from 30% to 45% for 90 min in the second segment, from 60% for 90 min
in the third segment, and up to 75% for 90 min in the last one. Moisture adsorption was
performed at 30 ◦C 100 mL/min flow in nitrogen atmosphere.

2.2. The Adsorption of Cu(II) and Ni(II)

The sample used was wood torrefied at 400 ◦C, and adsorption of two metals, Cu(II)
and Ni(II), was performed.

Two stock solutions of Cu(II) and Ni(II) ions (with concentration of 1 g/L) were
obtained by dissolving exact amounts of high-purity CuSO4 (Merck, Darmstadt, Germany)
and high-purity NiSO4 (Merck, Darmstadt, Germany) in 1 L of distilled water, respectively.
The working solutions of 100 mL were obtained by diluting the appropriate amount of
each stock solution with the Millipore water sample, in which the initial mass of adsorbent
varied between 1 and 0.1 g (1 g, 0.5 g, 0.2 g in 0.1 g). The adsorption experiments were
performed in 300-mL Erlenmeyer flasks with 100 mL of working solutions stirred by a
magnetic stirrer at 250 rpm. All tests were conducted at room temperature (22.0 ± 1.0).

The samples for the analysis of metal content were collected at the beginning of
the adsorption and then at different time intervals, of 30, 60, 120, and 1440 min, when
equilibrium was reached. pH value change was followed. Prior to the analysis, the samples
were filtered through glass fiber filters (0.45 μm). The metal content in the solutions was
subsequently analyzed using a photometer PF-12 PLUS (Micro+Polo, Maribor, Slovenia).

The effect of contact time on the biosorption of Cu(II) ions caused by torrefied material
was studied at an initial metal concentration of 50 mg/L (pH = 5), and the contact time
increased from 0 min up to 180 min, based on the literature [12].
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In our study, pseudo-first-order reaction and pseudo-second-order reaction were
studied. Equation (4) shows pseudo-first-order reaction, while Equation (5) shows model’s
pseudo-second-order reaction.

ln

⎛
⎜⎜⎜⎝q

e
− qt

⎞
⎟⎟⎟⎠ = ln qe − k1 · t (4)

where
qe—amount of adsorbed matter in equilibrium (mg/g);
qt—amount of adsorbed matter at time t (mg/g);
k1—rate constant of pseudo-first-order reaction (1/min);
t—time (min).

t
qt
= 1

k2·q2
e
+ t

qe (5)

where
k2—rate constant at pseudo-second-order reaction (g/(mg·min));
Equations (6) and (7) show the calculation of adsorbed amount qt (mg/g) and adsorp-

tion efficiency E (%).

qt =
c0 − ct

mtore
· V (6)

where
c0—initial concentration (mg/L);
ct—concentration at time t (mg/L);
mtore—mass of torrefied material (g);
V—volume of solution (mL).

E =
c0 − ct

c0
· 100 (7)

Factors affecting metal adsorption are initial concentration, pH, temperature, and
coexisting ions. The influence of the initial concentration is shown in a certain concentration
range, where the adsorption capacity of heavy metals increases with the increase in the
initial concentration until the carbon adsorbent reaches saturation. At lower pH values
below 6, metal ions are usually in the cationic form, while at higher pH values above 9 they
may appear in the anionic form. When the pH value is lower than the point of zero charge
value where the zeta potential of adsorbents is equal to zero, there is a greater exchange
of H+ ions with metal cations and an increase in the number of positive charges on the
surface of carbon materials. In our previous work, the optimum pH value for Cu(II) and
Ni(II) adsorption was determined to be pH = 5 [12].

After the adsorption, the samples of torrefied biomass together with the adsorbed
Cu(II) and Ni(II) ions were torrefied once again in order to assess the energy properties of
torrefied biomass with adsorbed metals compared with those of torrefied material without
adsorbed metals.

3. Results

3.1. Torrefaction Process Results

Torrefaction of wood material was performed in the N2 atmosphere at temperatures of
250 ◦C, 350 ◦C, and 400 ◦C. The samples are seen in Figure 2. As the temperature increased,
the color of torrefied material changed from light to dark, reflecting alternations in its
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chemical composition. Several chemical reactions occurred during torrefaction, including
the degradation of the cellulose, hemicellulose, oxidation, and reduction processes of lignin,
and the enzymatically controlled Maillard reaction [13]. The interaction between proteins
and polysaccharides through the Maillard reaction can alter the structure of proteins and
enhance the functional properties of the material. The oxidative reaction of extracts in wood
contributed to the darkening of the material, indicating the progression of carbonization
on the wood’s surface.

    
(a) (b) (c) (d) 

Figure 2. Samples of wood: (a) raw; (b) torrefied at 250 ◦C; (c) torrefied at 300 ◦C; (d) torrefied at 400 ◦C.

Figure 3 shows the gas analyses of torrefied material at different temperatures in N2

atmosphere with a flow rate of 3 L/min. The analyses of material torrefied up to 250 ◦C
showed the highest production of CO2 (2.2%), while the oxygen release peaked at 1.5%
after 53.8 min. Methane levels remained stable at 0.4%, and CO reached the maximum of
0.2%. In the material torrefied up to 350 ◦C, no oxygen was detected, while CO2 reached
a maximum at 20.8%, and CO reached a peak of 7.5%. The analyses of material torrefied
up to 400 ◦C showed that the CO2 remained the dominant gas at 14.8%, oxygen was not
detected, methane reached 1.2%, and CO peaked at 6.0%.

  
(a) (b) 

 
(c) 

Figure 3. Gas analyses of wood material in N2 atmosphere with 3 L/min flow at the following
temperatures: (a) 250 ◦C; (b) 350 ◦C; (c) 400 ◦C.

The results of mass loss (WL) at 250 ◦C, 350 ◦C, and 400 ◦C are shown in Figure 4.
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Figure 4. Mass losses at 250 ◦C, 350 ◦C, and 400 ◦C.

As the sample mass increased, the mass loss also increased. The difference between
mass losses at temperatures of 350 ◦C and 400 ◦C was very low; it was determined to be
2.7%. The difference between mass losses at 250 ◦C and 350 ◦C was much higher; it was
determined to be 36.4%. Therefore, the temperature increased up to 350 ◦C and contributed
to higher activity, while the decarbonization progress was higher compared to the lower
temperature of 250 ◦C. The cellulose, as well as the hemicellulose, started to degrade at a
temperature above 270 ◦C, and consequently, mass loss was higher at 350 ◦C [11].

The TGA analysis results of six samples are shown in Figure 5. TG and DTG curves
are seen in Figure 5. Ti represents the temperature of initial sample degradation, and Tb
the temperature at the highest degradation rate.

 
(a) (b) 

 
(c) (d) 

−

 
(e) (f) 

Figure 5. TG and DTG curves: (a) raw wood; (b) wood torrefied at 250 ◦C; (c) wood torrefied at
350 ◦C; (d) wood torrefied at 400 ◦C; (e) wood torrefied at 400 ◦C with Cu(II); (f) wood torrefied at
400 ◦C with Ni(II).
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DTG shows different numbers of peaks, different temperatures of combustion, and
various shapes of peaks, which were found to be a difference between biochar and raw
biomass. It can be concluded that structural changes appeared [14]. The highest differ-
ence between the torrefied material and raw biomass was detected at wood torrefied at
400 ◦C. First peaks are due to moisture loss of samples during dehydration process. The raw
biomass showed huge moisture content, while the biochar content of moisture decreased
with increased temperature. The mass loss of torrefied samples was higher compared
to the raw wood biomass. The constant mass was reached in time intervals between
20 and 25 min. The temperature of onset of decomposition of the sample (Ti) demonstrates
an increase with rising temperatures of reaction. The biochar with adsorbed nickel ex-
hibits the highest Ti value of 399.63 ◦C, while the raw wood displays the lowest value of
282.52 ◦C. The temperature at the maximum rate of decomposition (Tb) is observed to de-
crease with increasing torrefaction temperature. Raw wood exhibits a Tb value of 524.34 ◦C,
while wood torrefied at 400 ◦C displays a value of 440.69 ◦C. The presented TG and DTG
curves were similar to those from the literature [15]. They found that cellulose degradation
occurred first, followed by cellulose and lignin degradation.

The FTIR spectra are presented in Figure 6. The spectrum of the sample torrefied
at 250 ◦C closely resembled that of the raw biomass, as expected given that this was the
lowest torrefaction temperature. The spectra for the samples containing Cu(II) and Ni(II)
were also similar; by comparing the data with literature sources [2], various functional
groups in the torrefied samples were identified. Functional groups such as O–H, C–H,
and N–H were detected in all samples within the wavelength range of 2920 cm−1 to
3350 cm−1. Around 2300 cm−1, C≡O, C≡N, and X=C=Y bonds (where X and Y repre-
sent C, O, N, or S) appeared in all samples except for raw wood and wood torrefied at
250 ◦C. This suggests that torrefaction temperature significantly influences the presence
of certain functional groups. Additionally, C=C, C–O (alcohols, esters, ethers, carboxylic
acids), and C–N (amines) groups were detected in all samples within the 1175 cm−1 to
1615 cm−1 range. A prominent C–O band at 1022 cm−1, which is associated with cellulose
and hemicellulose, showed decreasing intensity with increasing torrefaction temperature.
These findings align with those of other studies [16,17].

The HHV results of calorimetric measurements and values of EDR, which were calcu-
lated according to Equation (2), and EY, which was calculated according to Equation (3),
are presented in Table 1.

Table 1. Values of HHV, EY, and EDR.

Sample HHV [MJ/kg] EY [%] EDR [/]

wood 17.581 / /
wood torrefied at 250 ◦C, N2 18.532 82.96 1.05
wood torrefied at 350 ◦C, N2 23.043 47.25 1.31
wood torrefied at 400 ◦C, N2 26.502 44.29 1.51
wood torrefied at 400 ◦C with Cu(II) 28.164 47.01 1.60
wood torrefied at 400 ◦C with Ni(II) 27.023 45.25 1.54

Raw wood had the lowest value among the higher heating values, which increased
with increasing torrefaction temperature. Thus, temperature has a significant effect on
HHV, and the obtained data were in accordance with the theoretical foundations of biomass
torrefaction. During the torrefaction process, the content of oxygen and the proportion of
volatile substances (mainly as bound water, CO2, and CO) decreased, which contributed
to an increase in the amount of carbon and consequently to an increase in the HHV value,
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hydrophobicity, grindability, and combustion properties [18]. Torrefaction improved the
properties of solid fuels, leading to increased HHVs [19].

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. FTIR analysis results: (a) raw wood; (b) wood torrefied at 250 ◦C; (c) wood torrefied at
350 ◦C; (d) wood torrefied at 400 ◦C.
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Lower torrefaction temperatures generally lead to higher efficiencies in terms of mass
and energy yield compared with higher torrefaction temperatures. As the temperature
increased from 250 to 400 ◦C, the mass yield decreased continuously. The highest mass and
energy yields were obtained at 250 ◦C in CO2, reaching 78.7% and 84.4%, respectively, which
was due to the release of volatile compounds by the heat treatment. Higher temperatures
tend to increase the energy density but reduce the mass and energy yield [20]. Torrefaction
significantly improved the hydrophobic and grindability properties of the waste biomass;
in comparison, samples treated at higher temperatures were more grindable [20]. Mass
yield (MY) and energy yield (EY) represent the remaining mass in the solid phase and
the energy content of torrefied biomass compared to raw biomass [21]. For all samples
of torrefied biomass, the energy yield (EY) was greater than the mass yield (MY), which
became even more pronounced at higher torrefaction temperatures. This phenomenon
affects the increase in the heating value of torrefied biomass [5]. Increasing the energy
density ratio (EDR) of torrefied biomass was one of the main advantages of the biomass
torrefaction process [22]. The EDR improved with increasing process temperature, with
the highest value of the energy density ratio being approximately 1.5 at 400 ◦C and even
higher (1.6) for the same sample with adsorbed Cu(II).

3.2. The Adsorption of Moisture Results

Figure 7 shows the changes in sample mass as a function of time and relative moisture
of the atmosphere. Figure 8 shows the increase in the shared mass ratio because of moisture
adsorption as a function of relative humidity (RH). As seen from Figure 7, the percentage of
mass increase was the highest in all points of relative humidity and the lowest with wood
torrefied at 400 ◦C. The highest difference in percentage of mass was detected between the
initial and final weight for raw wood. The value was determined at 5.4%. The difference
between the initial and final mass for samples decreased with increased temperature. The
lowest difference in the percentage of mass increase between the initial and final mass
was found in wood torrefied at 400 ◦C, determined at 1.0%. The results are in agreement
with the theoretical foundations of torrefaction, which claimed the hydrophobicity of
biomass increased with the torrefaction temperature and, therefore, became more resistant
to moisture adsorption [8].

  
(a) (b) 

Figure 7. Cont.
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(c) (d) 

Figure 7. Moisture adsorption of the following: (a) raw wood; (b) wood torrefied at 250 ◦C; (c) wood
torrefied at 350 ◦C; (d) wood torrefied at 400 ◦C.
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Figure 8. Percentage of increase in the mass ratio as a function of relative humidity.

3.3. The Adsorption of Cu(II) and Ni(II) Results

Figure 9 shows the variation of the concentration of the samples a) of Cu(II) and b) of
Ni(II) as a function of time. The initial concentration of all solutions was 50 mg/L Cu(II)
(or Ni(II)), and a decrease in concentration can be clearly seen in Figure 9a,b, indicating the
successful adsorption of Cu(II) and Ni(II) onto the torrefied biomass. It was observed that
Cu(II) showed a better adsorption affinity on torrefied wood than Ni(II). The adsorption
for Cu(II) was higher, possibly because of strong coordination bonds formed with carboxyl
groups [23]. In addition, it was observed that the sample with the highest initial mass
of torrefied wood reached the highest metal adsorption onto torrefied material after 24 h
of adsorption. The increment in uptake of both metals can be attributed to the constant
mass transfer to the available active sites [24]. From Figure 9, it seems that the adsorption
equilibrium was not reached. Therefore, the time was prolonged to 48 h. The measurement
of the final concentration of both metal ions showed that the concentration did not change
much compared to measurement after 24 h and sustained a plateau. Thus, it can be
concluded that equilibrium was reached after 24 h.
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Figure 9. The remaining concentration of the following in solution as a function of time: (a) Cu(II); (b) Ni(II).
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Figure 10 shows the change in adsorption capacity as a function of time. The adsorp-
tion capacity of each sample increases with time, whereby the sample with the lowest
mass of charcoal has the highest adsorption capacity. Figure 10 shows that samples had
not yet reached equilibrium after 24 h of adsorption, suggesting that our samples require
significantly more time to reach a steady state [25]. The adsorption rate is influenced
by the interaction of adsorption sites on the adsorbent surface. However, subsequent
measurements showed only a negligible increase in capacity after 48 h.
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Figure 10. The adsorption capacity of the following as a function of time: (a) Cu(II); (b) Ni(II).

Figure 11 shows that the pseudo-second order describes the kinetics of Cu(II) and
Ni(II) adsorption well.
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Figure 11. t/qt as a function of time of the following: (a) Cu(II); (b) Ni(II).

Similar results were also obtained in other studies for Cu(II) [4] and Ni(II) [5]. A
pseudo-second-order model describes chemisorption in which electron exchange takes
place between the metal and the functional groups, such as the C–O band on the torrefied
mixed wood [26].

Figure 12 showed the highest efficiency of Cu(II) and Ni(II) was achieved in solution
where the highest mass of 1 g of torrefied material was studied. In the case of Cu(II), the
efficiency was 62.4%, and for Ni(II), it was 21.2%. It was expected and is in accordance with
other studies [4,5]. The efficiency was higher in Cu(II) compared to Ni(II), probably due to
the smaller size of Cu(II), which may promote affinity reactions [27].
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Figure 12. The adsorption efficiency of the following as a function of time: (a) Cu(II); (b) Ni(II).

4. Conclusions

This study highlights the potential of torrefied biomass as an improved solid fuel with
enhanced hydrophobic and energy properties. It also demonstrates its effectiveness as an
adsorbent for the removal of heavy metals. The study examined the moisture adsorption
behavior of torrefied biomass in comparison to raw wood, as well as the adsorption
efficiency of heavy metals on torrefied material. The wood biomass was subjected to
torrefaction at temperatures between 250 ◦C and 400 ◦C in an atmosphere of nitrogen. The
application of lower torrefaction temperatures resulted in a notable reduction in mass,
whereas the utilization of higher temperatures led to an increase in energy density. The
HHV of the biomass exhibited an increase with rising torrefaction temperatures, thereby
demonstrating enhanced energy properties.

With regard to metal adsorption, the torrefied biomass exhibited better results for
Cu(II) ions, attaining an adsorption efficiency of 62.4% after 1440 min in comparison to a
maximum adsorption of 21.2% for Ni(II). The kinetic analysis indicated that the adsorption
process was best described by a pseudo-second-order model, which suggests that the
adsorption rate is linearly related to the concentration of metal ions. The HHV value of
torrefied material with adsorbed ions measured at 27 MJ/kg and 28 MJ/kg with Cu(II)
and Ni(II), respectively, was higher compared to 26 MJ/kg of torrefied material without
adsorbed heavy metal ions. This study demonstrates the potential of torrefied biomass as
an improved solid fuel with enhanced hydrophobic and energetic properties, as well as its
effectiveness as an adsorbent for heavy metal removal.
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Abstract: This study focused on the nature of rare earth metal complex compounds that
can form during the carbonate–alkaline processing of industrial waste materials, such
as phosphogypsum and red mud, at 70–100 ◦C and 1–10 atm. Experimental findings
revealed that the dissolution of synthetic carbonates of rare earth elements (REEs) in a
concentrated carbonate-ion medium (3 mol/L) leads to the formation of ion-associates
of varying strengths. Light (lanthanum, praseodymium, and neodymium) and medium
(samarium) REE groups exhibited a tendency to form loose ion-associates, whereas heavy
REEs (terbium, dysprosium, holmium, erbium, thulium, lutetium, and yttrium) formed
close ion-associates. To confirm the existence of these ion-associates, the specific conductiv-
ity of solutions was measured after dissolving thulium (III) and samarium (III) carbonates
at phase ratios ranging from 1:2000 g/mL to 1:40 g/mL in a potassium carbonate medium.
The decay of ion-associates, leading to the precipitation of rare earth metal (III) carbonates,
was tested in an ammonium carbonate medium. Thermal decomposition of ammonium
carbonate at 70–75 ◦C during 1–4 h was accompanied by full rare earth carbonates’ sed-
imentation and its in-the-way separation into groups because of the varied strength of
ion-associates. The results of this study provide a basis for developing processes to separate
rare earth metals into groups during their carbonate–alkaline extraction into solution.

Keywords: rare earth metals; lanthanides; ion-associates; carbonate complexes; rare earth
carbonates; solubility; ammonium carbonate; potassium carbonate

1. Introduction

Rare earth metals (REMs) are among the key types of strategic mineral resources,
comprising 17 elements: 15 lanthanides, yttrium, and scandium [1–3]. The unique physic-
ochemical properties of REMs enable their use in the production of permanent magnets,
batteries, lasers, construction materials, alloys, catalysts, optical glasses, and various other
products and intermediates. These materials are particularly essential in military industries,
mechanical engineering, and medicine [4–6].

Among the existing classifications of REMs, the following are the most widely ap-
plied: [7,8]:

1. By Mass

• Light (La–Nd);
• Medium (Sm–Gd);
• Heavy (Dy–Lu, Y).

Metals 2025, 15, 239 https://doi.org/10.3390/met15030239
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2. By Importance, to eliminate the disbalance between global production and consump-
tion of individual REEs

• Critical (Nd, Eu, Tb, Dy, Er, Y);
• Non-critical (La, Pr, Sm, Gd, Lu);
• Surplus (Ce, Ho, Tm, Yb).

Monazite, xenotime, bastnasite, loparite, and other minerals serve as natural sources of
surplus, non-critical, and critical REMs alike [9–11]. However, the generation of significant
amounts of REM-containing industrial waste, such as phosphogypsum (PG) and red mud
(RM), has made the recycling of secondary raw materials increasingly important [12–14].
Globally, PG reserves are estimated at 7–8 billion tons, while RM exceeds 4 billion tons,
with REM content in these materials up to 0.9% [15–17].

Although the extraction of REMs and their compounds from traditional sources is
predominantly achieved through acid-based methods, the processes developed over the
past decades for processing PG and RM using mineral acids lack sufficient economic
and/or environmental efficiency [18–20]. In this regard, the alternative carbonate–alkaline
method—treatment with ammonium carbonate or alkali metal carbonate solutions—best
meets modern requirements. However, it still requires optimization in terms of REMs’
extraction into solution and their subsequent separation [21,22].

The development of technical solutions for REM recovery remains constrained by the
lack of definitive data on the forms of lanthanides, scandium, and yttrium in a carbonate-
ion medium. Exceptions include a limited number of studies, such as those by Millero [23],
Byrne [24], and others.

It is known that REMs in PG and RM can exist in the form of various sparingly soluble
compounds: fluorides, sulfates, and phosphates in PG, and hydroxides and carbonates in
RM [25,26]. REM cations (Ln3+), as well as the corresponding precipitates, are capable of
forming carbonate complexes of variable composition, Ln(CO3)n

3−2n, under the influence
of an excess of carbonate ions. However, the structures of the resulting compounds remains
uncertain [27–29].

On the one hand, the interaction of Ln3+ with CO3
2− (1) may involve the formation of

classical coordination compounds, consisting of a central Ln ion and CO3
2− ligands. Under

standard conditions, for n = 1, the stability constant K1 ranges from 6.52 to 9.15, and for
n = 2 K2 it ranges from 11.58 to 17.41 [30–32]. Stability constants are presented in Table 1.
On the other hand, the presence of a stability constant alone does not provide definitive
evidence of a coordination compound.

Table 1. Stability constants of REM carbonate complexes [32].

REM
Ohta and Kawabe Liu and Burne

REM
Ohta and Kawabe Liu and Burne

lgK1 lgK2 lgK1 lgK2 lgK1 lgK2 lgK1 lgK2

La 8.33 12.52 6.52 11.58 Dy 8.95 14.38 7.33 13.18

Ce 8.58 13.06 6.86 12.05 Ho 8.96 14.48 7.32 13.27

Pr 8.73 13.43 7.03 12.37 Er 9.02 14.62 7.38 13.39

Nd 8.75 13.59 7.08 12.46 Tm 9.10 14.79 7.45 13.54

Sm 8.90 13.95 7.25 12.82 Yb 9.15 14.94 7.58 13.56

Eu 8.86 14.02 7.26 12.91 Lu 9.13 14.96 7.53 13.64

Gd 8.78 13.95 7.17 12.76 Y 8.88 14.29 7.25 12.90

Tb 8.88 14.22 7.23 13.05 Sc - 17.41 - -

46



Metals 2025, 15, 239

Moreover, the nature of the bond between a REM ion and a carbonate anion remains
unclear. Some researchers [33,34] suggest the possible formation of a complex in the form
of an ion-associate (Figure 1), as follows:

Ln3+
(aq) + nCO2−

3(aq)
→ Ln(CO3)

3−2n
n(aq)

(1)

Figure 1. Mechanism of contact (close) ion pair formation [33].

These forms are composed of particles held together by electrostatic attraction forces and
comply with Coulomb’s law. Such behavior of lanthanides has been confirmed, for instance, for
Yb3+ and Lu3+ ions in a Cl− medium at concentrations exceeding 2 mol/L [34–36].

Thermodynamic evidence for the formation of ion pairs, triplets, and other structures
lies in the high positive entropy values associated with the formation of ion-associates [33].
Due to the limited availability of literature data on the thermodynamics of the association
processes involving REM cations and carbonate anions, the most analogous association
process is (2), where the entropy of associate formation under standard conditions is
83 ± 12 J/(mol·K) [37]:

CaCO3(s) + CO2−
3(aq)

→ Ca(CO3)
2−
2(aq)

(2)

The entropy of formation for REM carbonate complexes under standard conditions, cal-
culated using the Latimer–Powell equation, ranges from 159.9 J/(mol·K) to 266.9 J/(mol·K),
which theoretically confirms the formation of Ln(CO3)n

3−2n as an ion-associate [38].
According to the literature, the formation of ion-associates in solution does not lead to

changes in its conductivity. Ion pairing or association occurs when oppositely charged ions
are closer than a certain critical distance. They then can act as a neutral form and hence do
not contribute to conductivity [34,39].

Based on the above, determining the type of soluble REM form in a carbonate-ion
medium facilitates the development of approaches for their subsequent extraction and
separation from the productive solution. Therefore, the aim of this study was to establish
the feasibility of REM ion-associates existing in the Ln3+—CO3

2−—H2O system.

2. Materials and Methods

Measuring the specific electrical conductivity (SEC) of the system formed during the
dissolution of synthetic REM (III) carbonates in a potassium carbonate medium facilitated
confirming or refuting the presence of associates.

The use of Ln2(CO3)3 as the material for conductometric studies eliminated the in-
fluence of foreign anions and/or added water on SEC values. The selected concentration
of the potassium carbonate solution, 3 mol/L, corresponded to the range in which SEC
increases with concentration (Figure 2) and remained within the sensitivity limits of the
device («Anion 4100»). The main technical characteristics of «Anion 4100» are its measure-
ment range of SEC from 10−6 S/cm to 10−1 S/cm and that its limit of permissible basic
relative SEC measurement error of solutions is no more than 2%.

47



Metals 2025, 15, 239

Figure 2. Dependence of solution-specific electrical conductivity on K2CO3 concentration at 25 ◦C.

This study of the effect of potassium, sodium, and ammonium cations on REM carbon-
ate solubility in 0.5–3 M of carbonate ion medium was undertaken using cerium carbonate
as an example under standard conditions and a liquid-to-solid ratio of 2000 mL/g (Figure 3).

Figure 3. Influence of carbonate ion concentration on cerium (III) carbonate solubility at 25 ◦C.

The main laboratory equipment for all declared experiments was a HEL Automate II
Parallel Reactor System (H.E.L. Group, London, UK) fitted with temperature and stirring
speed sensors. Thus, the mixtures’ mixing was organized thermostatically.

This series of experiments was conducted under standard conditions by mixing solid
REM (III) carbonate with a potassium carbonate solution at solid-to-liquid ratios from
1:2000 g/mL to 1:40 g/mL. Each experiment was carried out for 12 h with stirring at
200 rpm to reach an equilibrium characterized by the complete dissolution of the precipitate.

Another potential method for identifying the soluble forms of REMs is monitoring the
reduction in carbonate ion concentration after the complexation process. When a complex
ion, Ln(CO3)n

3−2n, is formed via covalent bonds, a decrease in CO3
2− concentration does

not lead to its decay due to the relatively high stability constants. In contrast, the presence
of ion-associates would result in their decomposition, as ion pairs and other associates
are prone to it [40]. As among soluble carbonates only ammonium carbonate tends to
decompose at temperatures below the boiling point of the solution (60–70 ◦C), the reduction
in concentration due to thermal decomposition was studied in this medium. In this series
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of experiments, solutions of REM nitrate (0.4 mol/L) and ammonium carbonate (3 M) were
mixed during 5–10 min at a volume ratio of 1:20 mL/mL. After precipitation and subsequent
dissolution, the solution was heated to 70–75 ◦C. The secondary precipitate formed during
ammonium carbonate decomposition was quantified using a gravimetric method, while
the REM concentration in the final solution was determined via complexometric titration
with Trilon B in the presence of Arsenazo (III) using Equation (3):

CLn =
CTB × VTB

VLn
(3)

where CLn—normal concentration of REM (III), eq/L; VLn—volume of the aliquot, L;
CTB—normal concentration of Trilon B (III), eq/L; and VTB—volume of the titrant, L.

Among the possible insoluble REM (III) compounds that could form upon the decay of
the ion-associate, only Ln2(CO3)3 was considered. For precipitates obtained, identification
was determined via SEM-EDX analysis by scanning electron microscope VEGA 3 LMH
with an energy dispersive X-ray microanalysis system (TESCAN Essence, Brno, Czech
Republic). Thus, the REM carbonate yield can be calculated using Equation (4):

ηLn2(CO3)3
=

mp
Ln2(CO3)3

mt
Ln2(CO3)3

× 100% =
mp

Ln2(CO3)3
× 2

CLn(NO3)3
×VLn(NO3)3

× MLn2(CO3)3

× 100% (4)

where ηLn2(CO3)3
—yield of Ln2(CO3)3, %; mp

Ln2(CO3)3
—the mass of Ln2(CO3)3 after drying,

g; mt
Ln2(CO3)3

—stoichiometrically calculated mass of Ln2(CO3)3, g; CLn(NO3)3
—the concen-

tration of the Ln(NO3)3, solution, mol/L; VLn(NO3)3
—the volume of the Ln(NO3)3, solution,

L; and MLn2(CO3)3
—the molar mass of Ln2(CO3)3.

The concentration of ammonium carbonate in the final solution was determined using
conductometric titration with sodium hydroxide.

A short thermodynamic assessment of performed processes was completed. The
Gibbs energy change during these reactions to REM carbonates obtained through its ion-
associates was estimated by applying the Hess law. A database of the Chemistry Faculty
of Moscow State University «https://www.chem.msu.ru/cgi-bin/tkv.pl» (accessed on
17 February 2025) was chiefly used for this purpose.

3. Results

The experimentally determined SEC of the aqueous potassium carbonate solution
at 25 ◦C was 263.2 mS/cm. Upon adding a sample of thulium (III) carbonate to this
solution at solid-to-liquid ratios of 1:2000 g/mL, 1:100 g/mL, and 1:40 g/mL, the electrical
conductivity of the system decreased, reaching a minimum 2 min after mixing. The
conductivity values were 259.1 mS/cm, 253.1 mS/cm, and 252.2 mS/cm, respectively.
Whereafter, they gradually returned to the initial conductivity value of 263.2 mS/cm by 4,
6, and 9 min (Figure 4).

The yields of REM (III) carbonates were calculated after heating the solutions that
contained the rare earth metals (III) ion-associates for 60, 120, and 240 min (Figure 5),
as follows:

1. Yield of Ln2(CO3)3 after 60 min: La—98.8 %; Nd—98.3 %; Pr—99.6 %; Sm—97.9 %;
Tb—99.4 %; Dy—87.2 %; Ho—63.3 %; Y (Er)—51.6 %; Tm—0 %; Lu—0 %.

2. Yield of Ln2(CO3)3 after 120 min: La—98.8 %; Nd—98.3 %; Pr—99.6 %; Sm—97.9 %;
Tb—99.4 %; Dy—98.4 %; Ho—74.5 %; Y (Er)—60.9 %; Tm—5 %; Lu—5 %.

3. Yield of Ln2(CO3)3 at 240 min reached approximately 100 %, including Tm and Lu.
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Figure 4. Change in specific electrical conductivity upon adding Tm2(CO3)3 to K2CO3 solution.

Figure 5. Yield of Ln2(CO3)3 upon decay of ion-associates.

The kinetics of ammonium carbonate decomposition were studied using a model
solution (initial concentration 3 mol/L) at a temperature of 70–75 ◦C over a period of 3 h.
Based on data shown in Figure 6, the concentration of (NH4)2CO3 decreased from 3 mol/L
to 1.9 mol/L after 1 h, and from 3 mol/L to 1.05 mol/L after 2 h.

The results of SEM-EDX analysis of precipitates produced in the process of REM ion-
associates decay are illustrated in Figures 7 and 8 using thulium precipitate as an example.
The thulium precipitate was composed of 71.48 wt. % thulium (Tm), 23.63 wt. % oxygen
(O), and 4.89 wt. % carbon (C).
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Figure 6. Kinetics of (NH4)2CO3 decomposition.

 
Figure 7. SEM image of thulium precipitate during its ion-associate decay.

   

Figure 8. SEM-EDX mapping of thulium precipitate during its ion-associate decay.
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Preliminary experiments in the field of REM leaching from technogenic phosphogyp-
sum were carried out. Leaching was organized by a 4 M carbonate solution that was stirred
for 3 h at a temperature of 90 ◦C and an L:S 100 mL per 1 g of PG. The degrees of extraction
were as follows: La—40.1%, Ce—58.2%, Nd—62.5%, Dy—64.0%, Er—66.4%, Y—72.9%,
and Yb—76.8%.

4. Discussion

The difference in cerium (III) carbonate solubility in potassium, sodium, and ammo-
nium carbonate medium indicates the influence of the cation nature, which is characteristic
of the association process.

The initial change in electrical conductivity, as shown in Figure 4, was caused by the
formation of a suspension, with a higher amount of added powder (such as 0.1 g, 2 g,
and 5 g) leading to a greater drop in the conductivity of the solution. After 2 min, an
increase in specific electrical conductivity was observed, accompanied by the dissolution of
Tm2(CO3)3. Complete dissolution of the precipitate, depending on the solid-to-liquid ratio,
was observed within 5–10 min. Complete dissolution of the precipitate was characterized by
the return to the initial SEC value (263.2 mS/cm) for all considered phase ratios, confirming
the formation of a thulium carbonate complex in the form of an ion-associate.

The behavior of carbonate complexes of light REEs (lanthanum and neodymium),
medium-mass REEs (samarium and gadolinium), and heavy REEs (terbium, dysprosium,
holmium, thulium, and yttrium) varied with a decrease in carbonate ion concentration.
When heating solutions containing La (III), Nd (III), and Sm (III) at 70–75 ◦C, turbidity was
observed at 15 min into the decomposition of ammonium carbonate, accompanied by the
formation of the corresponding REE (III) carbonates. For Tb (III) and Dy (III), precipitation
began at 20 min, for Ho (III) it began at 35 min, for Y at 40 min, for Tm at 110 min, and for
Lu at 120 min.

According to the SEM-EDX analysis results, there was a possibility of the REM car-
bonate formation, or a like compound, in the ion-associate decay process. In a thulium
carbonate, a mass fraction must be 65.24 wt. %, but it was in fact 71.48 wt. %. Therefore,
the excursion was in the area of 6 wt. %

The tendency of REM carbonate complexes to decompose, forming a secondary pre-
cipitate such as Ln2(CO3)3 upon a decrease in CO3

2− concentration, serves as additional
evidence that the soluble forms of Ln(III) in concentrated solutions of (NH4)2CO3, K2CO3,
or Na2CO3 are ion-associates.

Carbonate ion concentration decreases led to a chemical equilibrium shift towards
the formation of REM carbonates. Moreover, the difference in the time required for the
disintegration of ion-associates can be explained by the difference in individual elements’
stability constants; i.e., a higher value of the stability constant required longer heating for a
significant decrease in the carbonate ion in the solution.

The variation in the time required for the decay of ion-associates was due to differences
in the strength of electrostatic attraction between anions and individual groups of REMs (III).
Ions with a higher charge and smaller size exhibit stronger electrostatic interactions [40].
Therefore, the shorter decay times of light and medium REM associates resulted from their
lower stability, indirectly suggesting a predominance of loose associates. In contrast, the
strong associates formed by heavy REMs were primarily characterized as close (contact)
associates.

The concentration of (NH4)2CO3 in the productive solution after the decay of ion-
associates was assumed to be according to Figure 6. An example of the material balance
is presented in Table 2, characterizing the decay process of the terbium (III) ion-associate
during heating for 1 h.
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Table 2. Material balance of process for terbium carbonate formation.

Input Output

№ Item Mass, g № Item Mass, g

1
Ammonium carbonate solution: 219.40

1

Productive solution: 199.00
Ammonium carbonate 57.60 Ammonium carbonate 34.10

Water 161.80 Ammonium nitrate 0.96

2
Terbium nitrate (III) solution: 11.18 Water 163.94

Terbium nitrate (III) 1.38
2

Water 11.06
Water 9.8 Water (evaporation) 6.55

Total: 230.58 Water from Equation (5) 4.51

3 Ammonia 8.51

4 Carbon dioxide 11.02

5 Terbium carbonate (III) 0.99

Total: 230.58

The material balance accounts for the processes described by Equations (8) and (12),
which are end-to-end, and consist of Equations (5)–(11).

Precipitation : 2Ln3+
(aq) + 3CO2−

3(aq)
→ Ln2(CO3)3(s) (5)

Ion-association (dissolution) : Ln2(CO3)3(s) + CO2−
3(aq)

→ 2Ln(CO3)
−
2(aq)

(6)

Decay of ion-associates : 2Ln(CO3)
−
2(aq)

→ Ln2(CO3)3(s) + CO2−
3(aq)

(7)

End-to-end equation : 2Ln3+
(aq) + 3CO2−

3(aq)
→ Ln2(CO3)3(s) (8)

Hydrolysis : 2NH+
4(aq)

+ CO2−
3(aq)

+ 2H2O(l) → 2NH3·H2O(l) + H2CO3(l) (9)

Decomposition : H2CO3(l) → CO2(g) + H2O(l) (10)

Decomposition : NH3·H2O(l) → NH3(g) + H2O(l) (11)

End-to-end equation : 2NH+
4(aq)

+ CO2−
3(aq)

→ 2NH3(g) + CO2(g) + H2O(l) (12)

Figure 9 shows the calculated values of Gibbs energy for mono- and di-carbonate
REM complexes in carbonate–carbonate systems. Similar values were obtained when REM
sulfates and phosphates were leached by carbonate solution [41]. Therefore, complexation
processes are possible.

If Ln is Tb, the Gibbs energy change at standard conditions during these processes
as ΔG◦ (5) or (8) = −2.27 kJ/mol, ΔG◦ (6) ≈ −160 kJ/mol, and ΔG◦ (7) = 149.46 kJ/mol.
The reactions from (9) to (12) are characterized as follows: ΔG◦ (9) = 230.70 kJ/mol,
ΔG◦ (10) = −104.02 kJ/mol, ΔG◦ (11) = 0.28 kJ/mol, and ΔG◦ (12) = 127.24 kJ/mol.

On one hand, a positive value of ion-associate decay (7) reflects a theoretical stability
of the complex compound. However, on the other hand, a carbonate ion decrease and
its subsequent removal from the system lead to an equilibrium shift towards the REM
carbonates’ formation. This can be explained either by the formation of intermediate
compounds or by complexation as an ion-association without strong covalent bonds.

Based on the analysis of the temperature effect at 60–75 ◦C on the decay of ion-
associates (due to the decrease in ammonium carbonate concentration), the formation of
rare earth metal (III) carbonates up to terbium occurred in a shorter time (τ2) and with a
higher yield compared to heavier rare earth metals, whose ion-associates decayed over a
longer time (τ1). Thus, the mechanism for the formation of rare earth metal (III) carbonates
can be characterized by the scheme shown in Figure 10.
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Figure 9. Gibbs energy changes during rare earth metal (III) carbonates’ dissolution in carbonate-ion
medium.

Figure 10. Mechanism of formation of rare earth metal (III) carbonates under atmospheric pressure.

5. Conclusions

These experimental findings confirm the existence of complex compounds of rare earth
metals in the form of ion-associates within a high-concentration carbonate-ion medium
(3 mol/L). The strength of electrostatic attraction between REM (III) ions and carbonate
anions systematically increased from the light to the heavy REM group, which directly
influenced the stability of the resulting associates. Ion-associates of light REMs and medium-
mass REMs (up to terbium) were predominantly characterized as loose, whereas those
formed by metals beyond terbium were more likely to be contact associates. Variations in
the time required for REM (III) carbonates to precipitate resulted in distinct concentration
thresholds for different REM groups. These observations suggest that during the carbonate–
alkaline processing of primary or secondary REM sources into REM (III) carbonates, the
formation of ion-associates as intermediate products may facilitate group separation of
REMs through selective precipitation.

Particularly, phosphogypsum processing by the carbonate method should involve
treatment of the solid phase by ammonium carbonate exclusively or a mixed ammonium
and potassium (sodium) carbonates solution, depending on the REM content in the material.
Because the vast majority of technogenic PG includes predominantly light REMs, the second
variant would be more prospective. In this case, REM ion-associates needed insignificant
carbonate ion decrease for decay into REM carbonates.
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Abstract: The effect of microwave treatment on the grinding and flotation performance of a typical
copper–nickel sulfide ore was evaluated, based on the determination of its microwave absorption
capability, grinding and flotation indexes such as crack percentage, mineral liberation degree, particle
size distribution, relative work index (RWI), metal enrichment ratio and recovery. There were
obvious differences between the microwave absorption capabilities of the main minerals in the ore,
as demonstrated by their different microwave penetration depths. They also induced temperature
differences between sulfide minerals and gangue minerals which could reach 418 ◦C after microwave
treatment for 20 s. It was shown that microwave treatment could effectively improve the grindability
of the ore, as proven by the increase in fine particles smaller than 0.074 mm and the decrease in
RWI after grinding due to the higher crack percentage and mineral liberation degree. Moreover,
microwave treatment affected the ore floatability because of the generation of cuprite, retgersite, and
rozenite with poor floatability when the treatment time was extended. By microwave treatment for a
proper time, 20 s, an optimal balance between the grindability and flotation performance could be
achieved. Compared with the untreated ore, the RWI of the ore decreased by 11.5%. After flotation,
the Cu and Ni enrichment ratios of the flotation concentrate increased by 0.3 and 0.2, respectively.
Meanwhile, their corresponding recoveries increased by 4.2% and 3.1%. This study provides new
insights for the treatment of copper–nickel sulfide ore to enhance the grinding and flotation process.

Keywords: microwave treatment; copper–nickel sulfide ore; thermodynamics; grinding indexes; flotation

1. Introduction

Nickel is an important strategic metal with high temperature and corrosion resistances,
high ferromagnetism, and good plasticity [1]. It has important applications in stainless
steel, batteries, high temperature alloys, catalysts, etc. [2,3]. The current sources of nickel
ore for industrial applications in the world are nickel sulfide ore and nickel laterite ore [4].
The Jinchuan deposit is the third largest magmatic copper–nickel sulfide deposit in the
world and the largest one in China [5]. In general, increasing the grade of nickel sulfide ore
for smelting is important for the full utilization of the resource [6]. With the continuous
mining of nickel sulfide ore, the proportion of low-grade ore keeps increasing [7]. To
meet the smelting requirements of nickel sulfide ore, a preliminary mineral concentration
by flotation is often required [8]. Before the flotation, it is necessary to improve the
mineral liberation degree of the ore by crushing and/or grinding to improve the flotation
efficiency [9,10]. It was reported that the energy consumption during crushing and grinding
occupies 50–70% of the whole process, while the energy utilization efficiency is less than
1% and more than 90% of the energy is lost in the form of heat, noise, and so on [11–13].
Therefore, it is critical to develop more efficient and sustainable grinding processes.

Microwave is a type of electromagnetic wave having the frequency within the range
300 MHz–300 GHz. It has the selective and volumetric thermal effects which depend
on the microwave absorption capabilities of target materials. It is widely applied for
heating to save energy consumption with environmental friendliness, which remains a
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big challenge for conventional methods. Currently, microwave radiation had been used in
grinding [9,10], drying [14], metallurgy [15], materials synthesis and processing [16,17], and
other fields [18,19]. For metal ores, the different microwave absorption capabilities between
valuable minerals and gangue minerals lead to dissimilar heating responses, which will
create internal stresses and subsequently cracks in the ore in a very short time, i.e., in
seconds in many cases [20,21]. These cracks will strengthen the grinding performance of
the ore with lower energy consumption by improving mineral liberation. For a copper
ore with the grade of 1.7–1.8% after exposure to microwave radiation for 30 s, its grinding
time could be reduced by 36.9% and the particle size at 80% of the cumulative distribution
(D80) after grinding decreased from 2.00 mm to 1.29 mm [21]. For chalcopyrite ore, its
microwave treatment and microflotation test showed that the recovery of chalcopyrite
increased from 41% to 51% after microwave treatment for 5 s and decreased to 16% and 4%
after the treatment for 10 s and 20 s, respectively, because prolonged microwave treatment
time might cause the formation of hydrophilic iron oxides/hydroxides/oxyhydroxides
and sulfate species at the chalcopyrite surface, which significantly reduced floatability of
the ore [22,23].

Considering the higher processing cost of laterite ore than nickel sulfide ore [24],
it is valuable to improve the efficiency of grinding and flotation for strengthening the
utilization of nickel sulfide ore. By now, few studies have been conducted on the Jinchuan
copper–nickel sulfide ore by focusing on the effect of microwave treatment on the cracking,
mineral liberation, and phase composition of the ore [25]. In this study, the microwave
absorption capabilities and heating rates of the main minerals in a typical complex copper–
nickel sulfide ore in the Jinchuan deposit were investigated. In addition, the effects and
mechanisms of microwave treatment on the grinding and flotation characteristics of the
ore were evaluated.

2. Experimental

2.1. Raw Materials

The copper–nickel sulfide ore used in this study was taken from the Jinchuan area,
Jinchang, China. As shown in Table 1, the contents of Cu and Ni, determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES), were 1.24 wt% and 1.27 wt%,
respectively. The total contents of other components, mainly MgO, SiO2, Fe, and S, which
were measured by X-ray fluorescence (XRF), exceeded 95 wt%.

Table 1. Main chemical composition of copper–nickel sulfide ore (wt%).

Component MgO SiO2 Al2O3 CaO Fe S Cu Ni

Content 30.26 32.60 2.68 2.50 24.22 9.25 1.24 1.27

Figure 1 shows the XRD pattern of the ore. The main phases of copper–nickel sul-
fide ore used in this study were lizardite (Mg3[(Si,Fe)2O5](OH)4), cordierite (Mg2Al4Si5O18),
quartz (SiO2), amesite (Mg2Al[(Si,Al)2O5](OH)4), chalcopyrite (CuFeS2), pentlandite
((Fe,Ni)9S8), pyrrhotite (Fe7S8), and pyrite (FeS2). Its elemental distribution was deter-
mined by scanning electron microscopy (SEM)—energy-dispersive spectrometry (EDS)
analysis. As shown in Figure 2, Cu, Ni, Fe, and S were the main elements of the target
sulfide minerals, i.e., chalcopyrite and pentlandite, while Mg and Si were the primary
elements of the gangue minerals. The valuable minerals were tightly bound and wrapped
by gangue minerals, indicating the necessity of sufficient ore liberation for subsequent
processing. For comparison and microwave heating mechanism analysis, various metal
sulfide mineral samples, including chalcopyrite, pyrite, and pyrrhotite, were collected.
Figure 3 shows their XRD patterns, which proved their high purity.
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Figure 1. XRD pattern of copper–nickel sulfide ore.

 

Figure 2. SEM-EDS analysis of copper–nickel sulfide ore.
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Figure 3. XRD patterns of chalcopyrite, pyrite, and pyrrhotite.

2.2. Experimental Procedure
2.2.1. Thermodynamic Calculation

The variations of standard Gibbs free energy changes of possible reactions (ΔrGθ
m) with

temperature (T) during the microwave treatment process of the copper–nickel sulfide ore
were calculated using the software FactSage 8.1 (Thermfact/CRCT, Montreal, QC, Canada;
GTT-Technologies, Herzogenrath, Germany) to evaluate the feasibility of the reactions.

2.2.2. Microwave Absorption Capability Determination

The permittivities and permeabilities of the ore and the main sulfide minerals,
including chalcopyrite, pyrite, and pyrrhotite, were measured firstly by the coaxial method
using a vector network analyzer (VNA, E5071C, Agilent Technology Co., Ltd., Santa
Clara, CA, USA) in the frequency range 2–4 GHz. Note that pentlandite could be inti-
mated by pyrrhotite with similar properties and the magnetism of chalcopyrite, pyrite,
and pyrrhotite would also be beneficial for microwave treatment of the ore, as reported
in the literature [20,26–29]. Also, pure gangue minerals related to those in the ore were
not prepared for the same measurement because their properties have been reported in
detail [8,30–32]. For the measurements, the sample particles with sizes of −0.074 mm were
mixed with paraffin wax in a mass ratio of 7/3 and pressed through a pressing machine
to make ring samples with an inner diameter of 3 mm, an outer diameter of 7 mm, and a
thickness of 2 mm. By using the measured values, the microwave absorption capabilities of
the materials could be determined by calculating the corresponding values of microwave
penetration depth, Dp, which is defined as the depth at which the microwave power falls to
1/e (e: natural constant) of its original or surface value. Its equation is given as follows [33]:
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where λ0 is the microwave wavelength in free space; ε′r is the real part of the complex
relative permittivity of the material (relative dielectric constant); ε

′′
r is the imaginary part of

complex relative permittivity of the material (relative dielectric loss factor); μ′
r is the real

part of complex relative permeability of the material (relative magnetic constant); and μ
′′
r is

the imaginary part of the complex relative permeability of the material (relative magnetic
loss factor).

2.2.3. Microwave Treatment

Microwave treatment was carried out in a microwave tube furnace (CY-SA1700C-S,
Hunan Changyi Microwave Technology Co., Ltd., Changsha, China). By considering the
working conditions of the furnace and preliminary experimental results, in each test, 120 g
of the ore with a particle size of −1.25 + 0.60 mm was used and placed in a microwave-
transparent corundum crucible in the furnace for treatment. The microwave frequency
and power were 2.45 GHz and 2200 W, respectively, and the treatment time was set at 0 s,
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10 s, 20 s, 30 s, and 40 s, respectively. The temperatures of the samples during microwave
treatment were measured by a thermocouple (53IIB, FLUKE Testing Instruments Co., Ltd.,
Everett, WA, USA), which was inserted inside the samples. After the treatment, the sam-
ples were taken out and naturally cooled for characterization and subsequent experiments.
The phase compositions of the samples were determined by an X-ray diffraction spectrome-
ter (XRD, D/max 2550PC, Rigaku Co., Ltd., Tokyo, Japan) using a Cu-anode target with the
wavelength of 1.54056 Å, step scan mode, and step length of 0.02◦. For micro-morphology
analysis, the samples were embedded in epoxy glue for fixation and polishing. The mi-
crostructures and elemental distributions of the samples were determined by a scanning
electron microscope (SEM, MIRA3 LMH, TESCAN, Brno, Czech Republic) equipped with
an energy-dispersive X-ray spectrometer (EDS, One Max 20, Oxford Instruments PLC,
Oxford, UK). The cracks in the microstructure images were identified and binarized for
calculating the percentage of light area as the crack percentage using the Advanced Weka
Segmentation module in the software ImageJ 2.0 (National Institutes of Health, Bethesda,
MD, USA).

2.2.4. Grinding and Flotation

For grinding, 110 g of microwave-treated ore was ground in a ball mill with a liquid-
to-solid ratio of 1 for 14 min. The particle size distributions of the pulps after grinding
were determined using a laser particle size analyzer (Malvern Mastersizer 2000, Malvern
Panalytical, Malvern, UK). The ground samples were embedded with epoxy resin and
polished, as observed and photographed from one field of view after another using an
optical microscope (DMI5000M, Leica Instruments Co., Ltd., Mannheim, Germany). Af-
terwards, according to the area occupied by the target minerals in the ore particles under
the microscope which could be classified into five types: 1/5, 2/5, 3/5, 4/5, 1, denoted by
N1/5, N2/5, N3/5, N4/5, N1, respectively, the mineral liberation degree (L) was calculated
using the following equation.

L =
N1

N1 +
1
5 N1/5 +

2
5 N2/5 +

3
5 N3/5 +

4
5 N4/5

× 100% (2)

After grinding, the pulp was left to settle for 50 min. After removing the top layer
of the clear liquid, the bottom pulp was moved to the flotation cell while the flotation
liquid-to-solid ratio was adjusted. Pulp sampling was carried out in the flotation cell
using a sampler and multiple pulp sampling was carried out at different locations in the
cell to ensure the representativeness of the removed pulp. Before the laser particle size
analysis, sodium hexametaphosphate ((NaPO3)6) was added as a dispersant in the pulp
and subjected to ultrasonic treatment for 5 min to avoid the serious agglomeration of the
gangue mineral, namely lizardite [5]. To assess the grindability of the ore, the values of
relative work index (RWI) were calculated using the following equation [8]:

RWI =
[(

10√
Pr

− 10√
Fr

)/(
10√

Pt
− 10√

Ft

)]
× 100% (3)

where P and F denote the 80% passing sizes of the grinding product and feed ore, respec-
tively; and r and t denote the untreated and treated ores, respectively. A RWI less than
100% indicates an increase in ore grindability and a decrease in ore particle size, while a
RWI greater than 100% shows a decrease in ore grindability and an increase in ore size.

The flotation experiments were carried out in a 0.5 L flotation cell with a rotation
speed of 2000 rpm and a pulp concentration of 20% during the flotation conditioning
stage (XFD IV, Jilin Exploration Machinery Company, Jilin, China). The automatic froth
scraping was carried out with an air flow rate of 3.2 L/min and a scraper speed of 30 rpm.
Sodium hexametaphosphate ((NaPO3)6), copper sulfate (CuSO4), butyl sodium xanthate
(C4H9OCSSNa), and terpineol were used as the depressant, activator, collector, and frother,
respectively. The pulp pH was 7. Figure 4 shows the flotation flowsheet. It included one
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rougher flotation stage for 30 s and four scavenger flotation stages for 30 s, 60 s, 60 s and
60 s, respectively. The corresponding concentrate and middlings were named K, Π1, Π2,
Π3, and Π4, respectively. Correspondingly, the flotation tailing was named X.

Figure 4. Flotation flowsheet.

The Cu and Ni contents of the samples were measured using an inductively coupled
plasma–optical emission spectrometer (ICP-OES, Optima 5300, PerkinElmer, Waltham,
MA, USA) before which 0.1000 ± 0.0010 g of each sample was dissolved with aqua regia
(volume ratio, HCl/HNO3 = 3, 30 mL), HF (4 mL), and HClO4 (4 mL) by heating at 140 ◦C
for 30 min and then at 220 ◦C for 30 min. The metal enrichment ratios, E, and recoveries, R,
of the flotation concentrate, were calculated by Equations (4) and (5), respectively:

E =
c
f

(4)

R =
γ × c

f
× 100% (5)

where c is the copper or nickel content in the concentrate; f is the copper or nickel content
of copper–nickel sulfide ore, and γ is the yield of the concentrate.

The flotation data were fitted using a first-order kinetic model with rectangular dis-
tribution of floatability to further investigate the effect of microwave treatment on the
flotation behavior [34]. The related equation is given as follows:

R = R∞

[
1 − 1

kt

(
1 − e−kt

)]
(6)

where R is the recovery at the cumulative flotation time t; R∞ is the theoretical maximum
recovery; and k is the first-order flotation rate constant.
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3. Results and Discussion

3.1. Thermodynamic Analysis

To determine the effect of microwave treatment on the phase transformation of the
valuable minerals in the ore, the variations of the standard Gibbs free energy changes of the
relevant reactions of chalcopyrite, pyrite and pyrrhotite with temperature were determined
in the temperature range from 25 ◦C to 800 ◦C. Due to the complexity of oxidation behaviors
of pentlandite, (Ni,Fe)9S8, it cannot be calculated directly. Instead, its main preliminary
oxidation products, NiS and FeS, were considered [35]. The results are shown in Table 2 and
Figure 5. Considering the negative values of ΔrGθ

m of the reactions at low temperatures, the
oxidations of Fe7S8, CuFeS2, FeS2, NiS, and their weak oxidation products (FeS, Cu2S, etc.)
are thermodynamically feasible. The oxidation of FeSO4 and the decomposition of NiSO4
may also occur by elevating temperature.

Table 2. Standard Gibbs free energy changes of the main reactions involved in the treatment of
copper–nickel sulfide ore.

No. Reaction Equation ΔrG
θ
m − T (kJ/mol)

(7) 2CuFeS2(s) + 4O2(g) = 2FeO(s) + Cu2S(s) + 3SO2(g) −1117.35 + 0.098T
(8) 2Cu2S(s) + 3O2(g) = 2Cu2O(s) + 2SO2(g) −708.26 + 0.204T
(9) 2Cu2O(s) + O2(g) = 4CuO(s) −220.49 + 0.202T

(10) 4CuFeS2(s) + 13O2(g) = 4CuO(s) + 2Fe2O3(s) + 8SO2(g) −3676.19 + 0.859T
(11) 4Fe7S8(s) + 9O2(g) = 6Fe2O3(s) + 16FeS2(s) −4033.94 + 2.619T
(12) FeS2(s) + O2(g) = FeS(s) + SO2(g) −242.56 −0.064T
(13) FeS(s) + 2O2(g) = FeSO4(s) −729.23 + 0.358T
(14) 4FeSO4(s) + O2(g) = 2Fe2O3(s) + 4SO3(g) 335.18 − 0.488T
(15) 4FeS(s) + 7O2(g) = 4SO2 + 2Fe2O3(s) −2286.74 + 0.564T
(16) NiS(s) + 2O2(g) = NiSO4(s) −675.18 + 0.347T
(17) 2NiS(s) + 3O2(g) = 2NiO(s) + 2SO2(g) −846.11 + 0.151T
(18) NiSO4(s) = NiO(s) + SO3(g) 178.38 − 0.177T

Figure 5. ΔrGθ
m − T diagram of the main reactions involved in the treatment of copper–nickel sulfide ore.

3.2. Microwave Absorption Capability Analysis

Figure 6 shows the values of the complex relative permittivity and complex relative
permeability of copper–nickel sulfide ore, chalcopyrite, pyrite, and pyrrhotite in the fre-
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quency range 2.0–4.0 GHz. These parameters remained relatively stable as the frequency
varied. Figure 7 shows their Dp values at 2.45 GHz. It was found that the Dp value of
copper–nickel sulfide ore was 20.57 mm, higher than those of chalcopyrite, pyrite, and
pyrrhotite (all around 15 mm). It indicated the better microwave absorption capabilities of
the metal sulfide minerals than that of the ore itself. This was because the ore contained
both metal sulfide minerals and gangue minerals, such as magnesium or aluminum sili-
cates, which were considered to be nearly microwave-transparent at room temperature, as
verified by the measurements of their electromagnetic properties and heating rates [30–32].
Obviously, due to the significant differences of microwave absorption capabilities between
the minerals, they would have different microwave heating characteristics.

Figure 6. Complex relative permittivities and permeabilities of (a) copper–nickel sulfide ore, (b) chal-
copyrite, (c) pyrite, and (d) pyrrhotite.
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Figure 7. Dp values of copper–nickel sulfide ore and different minerals at 2.45 GHz.

3.3. Microwave Treatment Analysis
3.3.1. Microwave Heating Characteristics

Figure 8 shows the temperature changes of copper–nickel sulfide ore and different
minerals as a function of microwave treatment time. As shown in Figure 8, in the early stage
of microwave treatment (0–15 s), the differences in temperature between the ore and minerals
kept increasing. Pyrite, chalcopyrite, and pyrrhotite had higher heating rates than the ore due
to their better microwave absorption capabilities than the ore at low temperature, as proven in
Figure 7. After microwave treatment for 15–20 s, their temperature increasing trends became
slower due to possible oxidation reactions. It indicated that further extending the treatment
time may not be conducive to improving the overall efficiency of grinding and flotation.
Unlike the above minerals, the gangue mineral, lizardite, had a lower microwave heating rate.
The maximum temperature difference between sulfide minerals and gangue minerals could
reach 418 ◦C (chalcopyrite vs. lizardite) after microwave treatment for 20 s. The significant
temperature differences between the minerals under microwave irradiation provided the
feasibility of microwave-assisted grinding. For other gangue minerals, including cordierite
and amesite, they showed poor heating performance with minor temperature changes, even
after 60 s. Obviously, they were nearly microwave-transparent.

Figure 8. Temperature rising curves of the ore and different minerals during microwave treatment.

Along with the temperature increase during microwave treatment, the structure of the
ore would also change. As shown in Figure 9a, obvious macroscopic cracks were produced
on the ore surfaces after microwave treatment. Figure 9b shows the microstructure and spot
compositions of the ore sample obtained after microwave treatment for 20 s. The obvious
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cracks appeared on the boundaries of the bright and dark areas and inside them. The main
elements in the dark gray area of Figure 9b (spot C) were Mg and Si, indicating the existence
of silicates. The light gray area (spot B) was mainly composed of Fe, S, and O, indicating the
presence of pyrite and iron oxide. The bright area (spot A) was constituted by Cu, Fe, and S,
which were probably the components of chalcopyrite. Figure 10 shows some representative
SEM images of internal cracks in the ore after microwave treatment. As the microwave
treatment time was extended, the quantity and size of cracks in the ore increased.

Figure 9. (a) Macroscopic cracks in the copper–nickel sulfide ore and (b) the microstructure of
copper–nickel sulfide ore with EDS analysis.

Figure 10. Representative SEM images of the ore after microwave treatment for different time.
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3.3.2. Grinding Characteristics of Ore

The crack percentages of the ore samples treated for different time were statistically
analyzed. As shown in Figure 11, the crack percentage increased with microwave treatment
time. The results indicated that microwave treatment promoted the formation of cracks
between different minerals in the ore, as observed from the binarized images of ore cracks
after microwave treatment in Figure 12. The cracks would effectively intensify mineral
liberation. Figure 13 shows the variation of liberation degree of Cu/Ni-bearing minerals,
including chalcopyrite and pentlandite, in the ore with microwave treatment time. It was
obvious that the liberation degree increased with the extension of microwave treatment
time. However, after microwave treatment for over 20 s, their liberation degrees increased
minorly because the quantity of the cracks gradually reached the maximum.

Figure 11. Effect of microwave treatment time on the crack percentage of the ore.

 

Figure 12. Representative binarized images of ore cracks after microwave treatment.

Figure 14 shows the variation of the particle size distribution of the microwave-treated
ore after grinding with microwave treatment time. The particle size differential distribution
curves showed two peaks in the size ranges 20–100 μm and 0.1–1 μm. Meanwhile, the
cumulative size distribution curve moved to the left with increasing microwave treatment
time. Correspondingly, the particle size corresponding to the highest peak of the particle
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size differential distribution curve decreased while the percentage of −0.074 mm particles
increased. These changes indicated that microwave treatment reduced the overall particle
size and promoted the particle size uniformity, which was beneficial for mineral liberation.
From the curves, the values of D10, D50, and D90 (particle sizes at 10%, 50% and 90% of
the cumulative distribution, respectively) could be determined, as summarized in Table 3.
It was obvious that they kept decreasing with increasing microwave treatment time.

Figure 13. Effect of microwave treatment time on the liberation degree of Cu/Ni-bearing minerals.

Figure 14. Particle size distribution analysis of the microwave-treated ore after grinding: (a) differen-
tial distribution, (b) cumulative distribution, (c) peak sizes determined from differential distribution,
and (d) percentages of −0.074 mm particles determined from cumulative distribution.
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Table 3. Particle size percentages of microwave-treated ore after grinding.

Treatment Time (s)
Particle Size Percentage (%)

D10 D50 D90

0 3.011 44.687 126.984
10 2.644 41.252 134.195
20 2.061 34.985 120.777
30 1.673 29.292 112.642
40 1.286 25.469 101.980

It should be noted that the production amount of fine particles in the pulp during
grinding should be appropriate. With excessive fine particles, a serious sliming phenomenon
would occur, causing the excessive adhesion of gangue minerals to the surface of target
minerals. As a result, it would lower the metal recovery. For instance, the heteroaggregation
between lizardite and pentlandite would take place [36], reducing the Ni recovery in
the concentrate.

The D80 and RWI of the ores after microwave treatment for 10 s were almost unchanged
compared to the untreated ore (Figure 15). When the treatment time reached 20 s, there
were significant decreases in D80 and RWI, showing better grindability. In particular, the
corresponding RWI decreased by 11.5%. When the treatment time reached 40 s, the RWI
decreased to nearly 70% of the untreated sample, which indicated a significant decrease in
the grinding energy consumption.

Figure 15. Effect of microwave treatment time on D80 and RWI.

3.3.3. Flotation Characteristics of Ground Ore

Figure 16 shows the effect of microwave treatment time on the enrichment ratios
and recoveries of Cu and Ni in the flotation concentrate. After microwave treatment for
10 s, both the enrichment ratios and recoveries of Cu and Ni in the concentrate decreased
compared to the untreated sample. However, by extending the time to 20 s, the flotation
performance improved significantly. The enrichment ratios of Cu and Ni increased by
0.3 and 0.2, respectively, and the recoveries of Cu and Ni increased by 4.2% and 3.1%,
respectively, as compared to those of the untreated sample. With a further increase in
microwave treatment time, the changes in enrichment ratios and recoveries of Cu and Ni
became less considerable. When the treatment time reached 40 s, the recoveries of Cu and
Ni decreased by 6.67% and 11.11%, respectively, compared to those of the untreated ore.
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Note that the variations of the indexes for Ni were greater than those for Cu due to the
stronger heteroaggregation between lizardite and pentlandite [36].

Figure 16. Effect of microwave treatment time on the enrichment ratios and recoveries of Cu and Ni
in the flotation concentrate.

Figure 17 shows the flotation data fitting curves from which the corresponding values
of k, R∞, and R2 (coefficient of determination) were determined. According to Table 4,
all R2 were greater than 0.999 and the results were considered reliable. The changes in
R∞ of Cu and Ni had similar trends after microwave treatment. The value of R∞ of the
ore after microwave treatment for 20 s was higher than that of the untreated ore. When
the treatment time exceeded 20 s, the values of both R∞ and k decreased. It indicated
that the oxidation caused by the prolonged microwave treatment degraded the flotation
performance. It should be mentioned that the value of k of the microwave-treated ore was
smaller than that of the untreated ore in the initial stage of flotation, due to the increase
in the content of micro-fine particles in the pulp, in which more gangue mineral particles
adhered to the concentrate surface.

Figure 17. Fitting of flotation data using the first-order kinetic model with rectangular distribution of
floatability: (a) recovery of Cu and (b) recovery of Ni.
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Table 4. Fitting parameters of the first-order kinetic model with rectangular distribution of floatability.

Treatment
Time (s)

k (s−1) R∞ (%) R2

Cu Ni Cu Ni Cu Ni

0 0.11967 0.09368 65.982 62.994 0.99982 0.99983
10 0.08444 0.06761 62.083 61.163 0.99981 0.99987
20 0.09912 0.07631 70.576 66.618 0.99966 0.99960
30 0.07777 0.05887 66.116 60.173 0.99994 0.99992
40 0.08081 0.05986 59.945 52.561 0.99969 0.99946

The variations of the above flotation indexes were attributed to the phase transforma-
tion during microwave treatment. Figure 18 shows the XRD patterns of the copper–nickel
sulfide ore after microwave treatment for different time. After microwave treatment for
10 s, mackinawite (FeS) and cuprite (Cu2O) were formed, with the increase in retgersite
(NiSO4·6H2O) and decrease in pentlandite due to its oxidation. After treatment time was
extended to 20 s, more mackinawite was found, with less cuprite and retgersite because
of further oxidation. As the treatment time increased to 40 s, all these phases decreased
gradually. Moreover, rozenite (FeSO4·4H2O) kept decreasing throughout microwave treat-
ment, presumably following an oxidative reaction to Fe (III) sulfates [37]. Clearly, by
microwave treatment, the ore began to oxidize within a short time. With the prolongation
of treatment time, the oxidation would continue with the rate affected by the consumption
of internal oxygen.

Figure 18. XRD patterns of copper–nickel sulfide ore after microwave treatment for different time.

Based on the above findings, the influence of microwave treatment on the flotation
performance depended on the competition between the positive effect of the liberation
of sulfide minerals and the negative effect of the oxidation of the minerals. Initially, the
mineral liberation and oxidation in the ore were limited, leading to the relatively low metal
recoveries after flotation. As the treatment time was extended to 20 s, the enhanced libera-
tion and moderate oxidation of sulfide minerals under microwave irradiation contributed
to the better flotation indexes. As the microwave treatment time increased continuously, the
oxidation of sulfide minerals became excessive and deteriorated the flotation performance.

4. Conclusions

This study focused on the influence of microwave treatment on the grinding and
flotation performance of the copper–nickel sulfide ore based on the determination of its
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microwave absorption capability, grinding and flotation indexes such as crack percentage,
mineral liberation degree, particle size distribution, RWI, metal enrichment ratio and recov-
ery. By measuring the electromagnetic properties, the microwave penetration depths of the
ore and its main minerals were determined to confirm their different microwave absorption
capabilities, which led to dissimilar microwave heating characteristics. The maximum
temperature difference between the sulfide minerals and gangue minerals could reach
418 ◦C (chalcopyrite vs. lizardite) after microwave treatment for 20 s. The significant
temperature differences between the minerals in microwave treatment provided the fea-
sibility of microwave-assisted grinding. It was demonstrated that microwave treatment
could effectively improve the ore grindability, as indicated by the increase in fine particles
smaller than 0.074 mm and the decrease in RWI after grinding due to higher crack per-
centage and mineral liberation degree. It also affected the ore floatability because of the
generation of cuprite, retgersite, and rozenite with poor floatability when the treatment
time was extended. By microwave treatment for proper time, namely 20 s, the RWI of
the ore decreased by 11.5%. After flotation, the enrichment ratios of Cu and Ni in the
flotation concentrate increased by 0.3 and 0.2, respectively, and the recoveries of Cu and Ni
increased by 4.2% and 3.1%, respectively. The findings can serve as a valuable reference for
large-scale microwave processing of sulfide ores.
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Abstract: The use of thiosulfate to extract gold from refractory ores is promising because of its
non-toxicity and high selectivity. Sulfide minerals (i.e., pyrite, arsenopyrite, chalcopyrite), major gold
carriers in refractory gold ores, however, hinder gold extraction due to the high consumption of a
lixiviant. In this study, a new method to improve gold extraction from sulfide bearing gold ores is
proposed based on the model experiments using a mixture of gold powder and arsenopyrite-bearing
sulfide (HAsBS) ore. The effects of HAsBS ore on gold leaching in ammonium thiosulfate solutions
were investigated, and it was found that gold extraction in the presence of HAsBS ore was suppressed
because of the unwanted decomposition of thiosulfate on the surface of sulfide minerals. To improve
gold extraction in the presence of the sulfide minerals, this study investigated the effects of the
pretreatment of HAsBS ore using ammonium solutions containing cupric ions and confirmed that
HAsBS ore was oxidized in the pretreatment and its surface was covered by the oxidation products.
As a result, thiosulfate consumption was minimized in the subsequent gold leaching step using
ammonium thiosulfate, resulting in an improvement in gold extraction from 10% to 79%.

Keywords: gold; arsenopyrite; ammonium thiosulfate; cyanide; leaching; refractory ores

1. Introduction

Gold (Au) is an important metal in the livelihood of humans and is currently used for
jewelry (53%), financial purposes (i.e., investment and central banks) (39%), and electric
and electronic equipment (6%), and the remaining 2% is used for other applications such
as medical and pharmaceutical products [1–3]. This demand for gold can be sustained by
discovering new high-grade gold deposits, but finding the high-grade deposits has become
difficult. Wilson et al. (2022) reported that there has been a decrease in the gold grades
in global gold deposits from 10 g/t in the 1970s [4] to less than 1.5 g/t [5] currently, of
which the deposits being discovered have more unwanted materials that are difficult to
process. Hence, the gold mining industry has been driven by the demand for gold to find
ways to process lower grade and refractory gold deposits over the past 50 years [6,7]. In
these refractory ores, gold commonly occurs as free particles of gold and electrum, with
the inclusion of these phases in the sulfide mineral matrix [8]. The encapsulation of gold in
sulfide matrices as well as its association with other minerals (e.g., arsenopyrite (FeAsS),
chalcopyrite (CuFeS2), and pyrite (FeS2)) renders these gold ores refractory. For the past
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century, cyanide has been the dominant lixiviant for the extraction of gold from its hyper-
genic ores, but due to its toxicity, environmental protection organizations and governments
are pushing for the ban of cyanide usage in gold extraction processes [9–12]. To address
this problem, alternative lixiviants such as halides, thiourea, and thiosulfate have been
suggested by many researchers. Among them, thiosulfate is the most promising lixiviant
due to its low toxicity, high selectivity to gold, and suitability for use with refractory gold
ore containing carbonaceous materials [13–16]. The industrial application of thiosulfate is,
however, still limited due to unacceptable high thiosulfate consumption and the passivation
of gold, though it is notable that Goldstrike Mine, Nevada, USA, is using thiosulfate [17,18].
Decomposition of the thiosulfate, as well as the passivation of gold, further accelerates
when sulfide minerals (e.g., pyrite and/or arsenopyrite) exist in the refractory ore leaching
system [19–21]. Moreover, in the case of high arsenopyrite-bearing sulfide ore (HAsBS),
it causes acid mine drainage containing arsenic (As) [22], which is harmful to micro- and
macro-organisms. In ammonium thiosulfate leaching, HAsBS causes the decomposition of
thiosulfate and the formation of a passivation layer (i.e., cuprous sulfide (Cu2S), sulfur (S))
on the gold surface, which hinders the dissolution of gold by acting as a barrier between
thiosulfate ions and gold grains [21]. To enhance the gold extraction in the ammoniacal
thiosulfate leaching system, roasting has been the predominantly used technique to oxidize
refractory sulfide gold ores before leaching [23]. By roasting, dense sulfide minerals are
oxidized and converted to porous oxides, which increases the contact between gold and the
lixiviant, and minimizes thiosulfate decomposition, resulting in the enhancement of gold
extraction. In the case of HAsBS, however, roasting generates toxic gases containing sulfur
oxide gases (SOx) and arsenic oxides (As2O3 or As2O5) making it an unsuitable technique
to treat HAsBS [24,25]. These toxic emissions can lead to leaks of arsenic and potential
incidents of exposure, highlighting the unsuitability of roasting for HAsBS ores [26,27].

To avoid toxic arsenic containing gas formation, arsenic-bearing sulfide minerals in
refractory gold ores can be pre-oxidized in low-temperature processes to minimize thio-
sulfate decomposition in the same manner as high-temperature roasting. Pre-oxidation
of sulfide minerals using ammonium solutions containing cupric ions can be considered
as a pretreatment process for refractory gold ores at ambient temperature and pressure
conditions. In this pretreatment process, sulfide minerals are oxidized by cupric ions (or
cupric amine complexes), and associated metal species such as copper in the sulfide miner-
als are extracted into aqueous phase by forming soluble complexes with ammonium, while
iron, the dominant metal in the sulfide minerals, is precipitated as metal oxyhydroxides on
the surface of sulfide grain. This may minimize thiosulfate decomposition due to sulfide
minerals in the subsequent gold extraction process using ammonium thiosulfate.

This paper proposes the pre-oxidation of sulfides using ammonium solutions contain-
ing cupric ions as a low-temperature pretreatment suitable for arsenic-bearing refractory
ore for improving gold extraction in the succeeding ammonium thiosulfate leaching. To
demonstrate the effects of the proposed pre-oxidation, model experiments were conducted
using the mixture of gold powder and HAsBS ore. The effects of the HAsBS ore on gold
extraction were investigated to confirm the suppression mechanism of gold extraction with
the ore. The effects of the pretreatment using ammonium solutions containing cupric ions
on the subsequent gold leaching using ammonium thiosulfate was demonstrated.

2. Materials and Methods

2.1. Materials

The HAsBS sample was supplied by Kitabita Mine, Yamaguchi Prefecture, Japan.
Table 1 shows the chemical composition of the HAsBS sample determined using the X-ray
fluorescence spectrometer (XRF, EDXL300, Rigaku Corporation, Tokyo, Japan). Quantita-
tive X-ray diffraction (XRD, Multiplex, Rigaku Corporation, Tokyo, Japan) analysis result
(Figure 1) showed that the HAsBS sample was composed of arsenopyrite, chalcopyrite,
pyrite, pyrrhotite, and quartz.
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Table 1. Chemical composition of arsenopyrite sample.

Elements Fe As S O Mg Si Cu Br Zn Sb Others

wt.% 29.2 25.1 15.4 14.5 11.5 3.9 0.24 0.1 0.03 0.01 0.02

Figure 1. The X-ray powder diffraction (XRD) patterns of HAsBS ore.

The ore sample was crushed using a jaw crusher (1023-A, Yoshida Manufacturing
Co., Ltd., Sapporo, Japan) with an aperture size of 1 mm, and ground using a Retsch
RS 200-disc mill (Retsch Inc., Hean, Germany) to sizes of 80% less than 38 μm. Leaching
experiments were conducted using gold powder (99.99%), sodium thiosulfate pentahydrate
(Na2S2O3·5H2O), ammonium sulfate ((NH4)2SO4), ammonia water (NH4(OH), 31%), and
cupric sulfate (CuSO4 5H2O), which were all obtained from Wako Pure Chemical Industries,
Ltd., Japan. To characterize the surface of gold during leaching, a gold foil (thickness
0.127 mm and 99.99% purity) obtained from Sigma-Aldrich, Corporation, St. Louis, MO,
USA, was used.

2.2. Leaching Experiments

Batch leaching experiments were carried out in 50 mL Erlenmeyer flasks containing
a known amount of HAsBS (1 g) and 10 mg of gold powder in 10 mL of ammonium
thiosulfate solution consisting of 1 M Na2S2O3·5H2O, 0.25 M (NH4)2SO4, 0.5 M NH4OH,
and 10 mM CuSO4·5H2O. The flasks were shaken in a thermostat water bath shaker at
25 ◦C for 24 h with a constant shaking amplitude and frequency of 40 mm and 120 min−1,
respectively. The effects of leaching time (2–24 h), solid-to-liquid ratio (1–20%), CuSO4
concentration (0.1–15 mM), Na2S2O3 concentration (0.1–2 M) on gold dissolution were
investigated in the leaching experiments. After leaching, the suspensions were filtered
using 0.2 μm membrane filters (Sartorius AG, Göttingen, Germany), and the filtrates
were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP–AES
9820, Shimazu Corporation Japan (margin of error ±2%)) to measure the concentration
of dissolved elements and by ultraviolet-visible spectroscopy (UV–Vis, UV–970, Japan
Spectroscopic Co., Ltd., Tokyo, Japan) to analyze the thiosulfate and sulfur species. The
residues were washed thoroughly with deionized (DI) water, dried in a vacuum drying
oven at 40 ◦C, and analyzed by XRF, X-ray photoelectron spectroscopy (XPS, JPS–9200,
JEOL Ltd., Akishima, Japan), and scanning electron microscopy with energy dispersive
X-ray spectroscopy (SEM–EDX, JSM–IT200, JEOL Ltd., Tokyo, Japan) for chemical and
surface characterization, respectively.
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To determine the amount of dissolved metal in the leaching experiments of gold
powder in ammonium thiosulfate solutions, the metal extraction was calculated using the
following equation.

Metal extraction =
Cm × V
m × M

× 100%, (1)

where Cm is the concentration of dissolved metal in mg/L, V is the volume of leaching
solution in L, m is the mass of the sample (g), and M the metal content in the sample (mg/g),
respectively. In addition, thermodynamic calculations using Geochemist’s Workbench
(GWB) software were carried out for the Fe–As–S–H2O and Fe–S–H2O systems to predict
the dissolution behavior of the metal species in the HAsBS ore for the conditions used in
the leaching experiments.

2.3. Characterization of the Passivation Layer on Gold Surface

Batch leaching experiments were conducted to characterize the passivation layer
formed on the gold grains in ammonium thiosulfate solutions. Leaching was conducted
using 4 mm × 4 mm gold foil, 1 g HAsBS, and 10 mL of ammonium thiosulfate solution,
all of which were put in 50 mL flask and shaken (i.e., a thermostat water bath shaker at
25 ◦C; amplitude 40 mm; shaking speed 120 min−1) for 24 h. The residues were washed
thoroughly with DI water, dried in a vacuum drying oven at 40 ◦C, and analyzed by XRF,
XPS, and SEM–EDX for chemical and surface characterization.

2.4. Pretreatment Experiments Using Ammonium Solution Containing Cupric Ions

Pre-oxidation experiments were carried out by mixing 10 mg gold powder, 1 g HAsBS,
and 10 mL of solution containing 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2 in a 50 mL
Erlenmeyer flask and shaking in a thermostat water bath shaker at 25 ◦C (amplitude 40 mm;
shaking speed 120 min−1) for 24 h. After 24 h, shaking was stopped for decantation and
5 mL of supernatant was taken for analysis. Subsequent gold leaching was carried out by
adding 5 mL of 2 M Na2S2O3 solution containing 0.5 M NH3, 0.5 M NH4Cl, and 10 mM
CuCl2 to the flask and shaking the flask for another 24 h. After gold leaching, solutions
and solid residues were collected by filtration, and analyzed by ICP-AES and SEM–EDX,
respectively. Control experiments (gold leaching experiments without pre-oxidation) were
carried out by shaking 10 mg gold powder, 1 g HAsBS, and 10 mL of solution containing
1 M Na2S2O3, 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2 in 50 mL Erlenmeyer flask at
25 ◦C for 24 h.

To evaluate the effect of pretreatment on thiosulfate decomposition, leaching exper-
iments were carried out by mixing 4 g of HAsBS (i.e., pretreated, and untreated) with
40 mL of thiosulfate solution (1 M Na2S2O3, 0.5 M NH3, 0.5 M NH4Cl) with and without
10 mM CuCl2 in a 50 mL Erlenmeyer flask using magnetic stirring. A 2 mL suspension was
collected at regular time intervals (20 min) and the filtrate was analyzed by UV–Vis.

3. Results and Discussion

3.1. Effect of HAsBS Ore on Gold Dissolution

The suppression mechanism of gold extraction from refractory ores is classified into
two phenomena: one is the physical encapsulation of gold grains in the sulfide matrix,
which prevents the contact of the lixiviant with the gold grains. The second is a chemical
suppression mechanism that includes thiosulfate decomposition and passivation of the
gold grains. The suppressive effect of physical encapsulation can be overcome by ultra-fine
grinding to expose the gold grain to the lixiviant, but chemical suppression remains even
after ultra-fine grinding is conducted. As a first step in the present study, the chemical
suppressive effects of sulfide minerals on gold extraction were evaluated by leaching
experiments using the mixture of gold powder and HAsBS ore (Figure 2). In the absence of
HAsBS, over 90% of gold was extracted within 8 h, and more than 99% gold extraction was
attained after 24 h. This fast-leaching kinetics matches with previous studies [28–30].
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Figure 2. The effects of HAsBS ores on gold extraction in ammonium thiosulfate solutions.

The dissolution reaction of gold in ammonium thiosulfate has been reported by many
authors and is summarized as: (Equation (2)) [27,29–34].

Au + 2S2O3
2− + Cu(NH3)4

2+ → Au(S2O3)2
3− + Cu(NH3)4

+ (2)

In Equation (2), gold is oxidized by the cupric ammine complex (Cu(NH3)4
2+), and

the extracted gold (Au+) is stabilized by forming a complex with thiosulfate anions (i.e.,
Au(S2O3)2

3−). The cuprous ammine complex (Cu(NH3)4
+) formed in Equation (2) is then

oxidized to a cupric ammine complex (Cu(NH3)4
2+) with dissolved oxygen in Equation

(3). The overall reaction of gold dissolution from Equations (2) and (3) is summarized by
Equation (4).

4Cu(NH3)4
+ + O2 + 2H2O → 4Cu(NH3)4

2+ + 4 OH− (3)

4Au + 8S2O3
2− + O2 + 2H2O → 4Au(S2O3)2

3− + 4 OH− (4)

In the overall reaction of gold dissolution (Equation (4)), copper ammines
(Cu(NH3)4

2+/(Cu(NH3)4
+) do not appear, and they are considered to be a catalyst for

gold extraction. In the solution phase, the decomposition of thiosulfate occurs; that is,
thiosulfate ions are oxidized by the cupric ammine complex to form tetrathionate (S4O6

2−)
as follows [31,32]:

2Cu(NH3)4
2+ + 2S2O3

2− → 2Cu(NH3)4
+ + S4O6

2− (5)

Because of this reaction (Equation (5)), thiosulfate ions, needed to extract gold, are
decomposed, but as Figure 2 shows, more than 99% of gold was extracted in the ab-
sence of the HAsBS ore; this implies that the effects of thiosulfate decomposition can be
considered negligible.

In the presence of HAsBS, a maximum of 10% gold extraction was attained after 24 h,
which was much lower compared to the absence of HAsBS where over 99% extraction was
obtained. There are two possible reasons that can explain the drastic reduction in gold
extraction in the presence of HAsBS, which are: (1) the formation of a passivation layer
on the surface of gold that retarded the dissolution of gold [21], and (2) the accelerated
decomposition of thiosulfate by associated sulfide minerals [19]. In the following sections,
the above hypotheses are discussed based on the experimental results.

3.2. Oxidation of HAsBS Ore in Ammonium Thiosulfate Solution

During gold leaching in ammonium thiosulfate solutions, arsenopyrite and pyrite, the
major sulfide minerals in HAsBS ore (Figure 1), are oxidized by the cupric ammine complex.
Thermodynamic calculations performed using GWB software for the Fe–As–S–H2O and

78



Metals 2023, 13, 1357

Fe–S–H2O systems (Figure 3) showed that iron arsenate (FeAsO4) and hematite (Fe2O3) are
the stable phase for the iron and arsenic species at the observed pH (9.8) and Eh (0.15 V)
conditions in the leaching experiments, shown as the cross point of the red dotted lines
in Figure 3. Based on this, the possible reactions for arsenopyrite and pyrite oxidation are
assumed to be:

FeAsS + 14Cu(NH3)4
2+ + 8H2O → FeAsO4 + SO4

2−+14Cu(NH3)4
+ + 16H+ (6)

2FeS2 + 12Cu(NH3)4
2+ + 7H2O → Fe2O3 + 4SO4

2− + 12Cu(NH3)4
+ + 14H+ (7)

 
(a) (b) 

Figure 3. Eh–pH diagram of the (a) Fe–As–S–H2O system, (b) Fe–S–H2O system. (Concentrations of
Fe, As, and S were taken to be 0.001 mg/L, 0.001 mg/L, and 0.1 mg/L.)

To confirm the proposed oxidation reactions for arsenopyrite and pyrite, soluble Fe,
As, and S concentrations during the leaching experiments with HAsBS were analyzed
(Figure 3). The dissolved sulfur concentration increased from 39 to 47 g/L in the first
6 h of leaching, Figure 4b. This is consistent with reaction (6) and (7), where sulfate
ions are released by the oxidation of HAsBS. After 6 h, the soluble sulfur concentration
started to decrease, and the concentration reached 36 g/L at 24 h. The decline in soluble
sulfur concentration indicates that precipitation of the sulfur species occurs during the
leaching. This may be interpreted by assuming the decomposition of thiosulfate due to the
presence of an excess amount of dissolved oxygen. According to Rodriguez et al. [33], an
excess amount of dissolved oxygen favors the oxidation of thiosulfate and its complexation
with Cu; oxygen causes the oxidation of Cu(I) to Cu(II), at the same time decomposing
thiosulfate to form (S2O3)3

5−, sulfite(SO3
2−), sulfate(SO4

2−), and elemental sulfur(S) as
shown in Equations (8) and (9) [34]. In addition, the rate of oxidation of Cu(I) to Cu(II) is
slower than the reduction of Cu(II) by thiosulfate, which may result in the formation of
Cu(I)-sulfide precipitates, thus causing a reduction in the sulfur concentration.

3S2O3
2− + 6H2O � 2SO2−

4 + 4S0 + 2OH− (8)

3S2O3
2− + 6OH− � 4SO3

2− + 2S2− + 3H2O (9)

S2O3
2− → SO3

2− + S0 (10)

As shown in Figure 4a, the extraction of Fe and As was very low with about 0% and
less than 0.4% after 24 h of leaching, respectively. This indicates that both Fe and As species
are not stable in the aqueous phase under the leaching conditions, and they are precipitated,
probably, as ferric arsenate, hematite, or ferric hydroxides. Such precipitates might affect
the gold extraction; they may cover the surface of gold powder, suppressing gold extraction,
and this is discussed in detail in the next section, Section 3.3.
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Figure 4. The dissolution behavior of HAsBS during gold leaching: (a) extraction of Fe and As, and
(b) change in S concentration with time.

3.3. Effects of the Passivation Layer on Gold Extraction

As highlighted in Section 3.2, the second possible reason that can cause the reduction
in gold extraction in the presence of HAsBS is the formation of a passivation layer. A
passivation layer covers the surface of the gold and prevents interaction between the gold
and the lixiviant, resulting in low gold extraction. In a study by Yang et al. (2015), charac-
terization of the passivation layer after ammonium thiosulfate leaching in the presence of
arsenopyrite revealed that the passivation layer was comprised of cuprous sulfide (Cu2S),
elemental sulfur (S), iron oxyhydroxide (FeOOH), and iron arsenate (FeAsO4) species on
the surface of gold. To confirm the presence of these materials, this study analyzed the
surface of the leached gold foils using SEM–EDX and XPS. Figure 5 shows the results of
SEM–EDX analysis for gold foil before and after leaching with HAsBS ores.

The SEM–EDX images (Figure 5) and EDX spectrum (Figure 5(a-1,b-1)) did not detect
any sulfur, arsenic, or copper species but showed the presence of oxygen and iron on
the surface of gold after leaching. This may be because the amounts of the passivating
materials on the gold surface were below the detection limit of SEM–EDS analysis. To
detect a small amount of passivating materials, XPS was used to characterize the gold
surface in the presence (i) and absence (ii) of HAsBS, (Figure 6).

Figure 5. Cont.

80



Metals 2023, 13, 1357

Figure 5. SEM–EDX photomicrographs of gold foil (a) before leaching and the corresponding EDX
spectrum (a-1), (b) gold foil after leaching and the subsequent EDX spectrum (b-1).

As shown in Figure 6, in the XPS spectrum, signals from Cu, Fe, As, S, and O were
detected on the surface of the gold foil leached in the presence of HAsBS (i). In the
deconvolution results for the Cu 2p3/2 spectrum, Figure 6a, a strong peak at 932.5 eV was
assigned to Cu(I) bound to a sulfur species as Cu2S [35], and minor peaks at 934.5 eV and
936.0 eV corresponding to Cu(II)-oxide and Cu(II)-sulfate were detected, respectively [36].
In the deconvoluted spectrum of S 2p3/2, peaks were detected at 163.0 eV and 161.7 eV
and were assigned to disulfide and monosulfide sulfur species combined with copper
species, respectively [37], and at 165.5 eV corresponding to elemental sulfur. In addition,
satellite peaks were observed at 167.3 eV and 167.9 eV, which could be S associated with
the sulfate species [38]. In the case of oxygen, the O 1s deconvoluted peaks at 531.9 eV
and 534.3 eV were observed and were all attributed to oxygen in hydroxyl ions of Fe(III)
hydroxide [39], while another small peak at 536.0 eV was assigned to the oxygen of water
molecules. The iron spectrum showed peaks at 706.8 eV and 710.0 eV corresponding to
Fe(II)-AsS and Fe(III)-AsS in the bulk FeAsS, respectively. The other iron peaks detected
were at 711.7 eV corresponding to Fe(III)–hydroxide and at 713.7 eV attributed to similar
Fe(III)-SO4 species [40]. In addition, there were satellite iron peaks observed at 715.8 eV
and 715.1 eV, which were assigned to hydrated Fe(III) oxide [41]. The arsenic spectra
exhibited strong peaks at 41.3 eV and 45.5 eV, assigned to arsenic in the bulk FeAsS and
As(III)-oxide, respectively. Furthermore, a peak at 46.2 eV was detected and assigned to
(As(V)-O) species. The results from the XPS validated the presence of a passivation layer
for the gold foil leached in the presence of HAsBS ore and were consistent with the work
conducted by Yang et al. (2015) but did not give a clear indication of the source of elemental
sulfur that formed on the surface of the gold foil.

To determine the source of the sulfur species observed on the gold foil, XPS charac-
terization was undertaken for the gold foil leached in the absence of the HAsBS (ii) and
the results are outlined in Figure 6(aii–eii). The XPS spectrum of Cu 2p3/2 (Figure 6(aii))
showed a peak centered at 933.5 eV assigned to Cu(II) oxide, while peaks observed at
931.9 eV and 935.6 3 eV were assigned to Cu(II) sulfide and hydrated Cu(II) sulfate, re-
spectively [36]. For the sulfur spectrum (Figure 6(bii)), two peaks at 161.9 eV and 164.1 eV
were shown and assigned to S2− and elemental sulfur (S), respectively. Oxygen peaks at
533.9 eV and 531.3 eV were assigned to the hydroxide ion (OH−), and peaks at 532.4 eV
and 536.2 eV were attributed to the oxygen of water and Cu(II) species, respectively [42].
These results show that even in the absence of HAsBS, elemental sulfur was formed on the
gold surface. This indicates that the major source of sulfur in the passivation layer may be
formed by the decomposition of thiosulfate.
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Figure 6. XPS spectra of gold foil residue leached in the presence of HAsBS (i) and without HAsBS
(ii): (a) Cu 2p, (b) S 2p, (c) Fe 2p (d) As 3d, (e) O 1 s. The red lines denote the fitting line for the XPS
spectra, whilst the green, yellow, purple, and blue lines represent the deconvoluted spectra for the
respective elements.

The XPS analysis established that during gold leaching, the major passivating species
on the gold surface are elemental sulfur, Cu2S/Cu2O, and Fe(III)−O. The following Table 2
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gives a summary of the assignments used to interpret the XPS spectra for the surface of the
gold in the presence and absence of HAsBS.

Table 2. XPS peak parameters for Fe 2p, As 3d, S 2p, O1 s, and Cu 2p spectra.

Spectral Peak Binding Energy FWHM Line Shape Chemical Species Content (at. %) References

Fe 2p3/2
a 706.8 1.2 GL (20) Fe(II)–AsS 7.8 [22]

Fe 2p3/2
a 710.0 2.4 GL (20) Fe(III)–AsS 7.3 [40]

Fe 2p3/2
a 711.7 0.9 GL (20) Fe(III)–O 19.9 [43,44]

Fe 2p3/2
a 713.7 1.3 GL (20) Fe(III)–SO4

2− 39.5 [45,46]

As 3d5/2
a 41.3 1.1 GL (20) As(O) 31.6 [43]

As 3d5/2
a 43.7 0.9 GL (20) As(I)–O 9.5 [43]

As 3d5/2
a 45.5 1.3 GL (20) As(III)–O 42.6 [47]

As 3d5/2
a 46.2 0.8 GL (20) As(V)–O 16.4 [47]

S 2p3/2
a 161.7 1.3 GL (20) Monosulfide (S2−) 9.3 [43]

S 2p3/2
a 163.0 2.2 GL (20) Disulfide (S2

2−) 52.7 [43]
S 2p3/2

a 165.5 2.7 GL (20) Elemental (S) 27.0 [43]
S 2p3/2

a 167.9 0.7 GL (20) Thiosulfate (SO3
2−) 3.5 [43]

S 2p3/2
a 167.3 1.1 GL (20) Thiosulfate (SO3

2−) 7.6 [43]
S 2p3/2

b 160.6 1.7 GL (20) Monosulfide (S2−) 22.8 [43]
S 2p3/2

b 162.3 1.77 GL (20) Disulfide (S2
2−) 69.6 [43]

S 2p3/2
b 163.9 0.68 GL (20) Elemental sulfur (S0) 3.0 [45]

S 2p3/2
b 165.9 0.81 GL (20) Sulfate (SO4

2−) 4.52 [43]

Cu 2p3/2
a 932.5 2.3 GL (20) Cu(I)–S 57.9 [48]

Cu 2p3/2
a 934.5 2.1 GL (20) Cu(II)–O 33.5 [35,49]

Cu 2p3/2
a 936.0 1.3 GL (20) Cu(II)–sulfate. 8.8 [36]

Cu 2p3/2
b 931.9 1.9 GL (20) Cu(I)–S 57.5 [48]

Cu 2p3/2
b 933.5 3.6 GL (20) Cu(II)–O/Cu(OH)2 26.8 [50,51]

Cu 2p3/2
b 935.9 1.7 GL (20) Cu(OH)2 6.1 [21,51]

Cu 2p3/2
b 938.4 1.7 GL (20) Cu(II)–sulfate. 9.5 [36]

O 1s a 531.9 2.5 GL (20) Hydroxyl oxygen (OH−) 73.9 [22]
O 1s a 534.3 1.6 GL (20) (O)attached to water 6.5 [38]
O 1s a 536.0 2.6 GL (20) (O)attached to water 19.6 [38]
O 1s b 533.1 1.9 GL (20 Hydroxyl oxygen (OH−) 36.6 [51]
O 1s b 534 1.6 GL (20) (O)attached to water 39.7 [51]
O 1s b 535.0 1.7 GL (20) (O)attached to water 20.1 [51]
O 1s b 536.3 1.1 GL (20) (O)attached to water 3.5 [51]

Keys: a—gold foil leached with HAsBS, b—gold foil leached without HAsBS.

Using the data in Table 2, the presence of a passivation layer composed of Cu2S, S, and
FeOOH was confirmed on the gold surface in the presence of HAsBS by XPS analysis. The
formation of passivation materials (Cu2S and S) was, however, also observed even without
HAsBS, indicating that the major source of sulfur in the passivation materials comes from
the decomposition of thiosulfate. Considering these results, the effects of the passivation
layer were limited and may not cause low gold extraction in the presence of HAsBS ore as
used in this study but could be caused by thiosulfate decomposition.

3.4. Effect of HAsBS on Thiosulfate Consumption

In the previous section, the formation of a passivation layer on gold with HAsBS and
its effects were discussed. Another possible mechanism for the low gold extraction is thio-
sulfate decomposition induced by sulfide minerals. Therefore, the stability of thiosulfate in
the presence of HAsBS was evaluated using UV–Vis spectral analysis to confirm thiosulfate
decomposition by HAsBS. The UV–Vis spectral analyses for 0.5 M NH4Cl/0.5 M NH3
buffer solutions containing 100 μM of sodium thiosulfate or sodium sulfate are shown
in Figure 7. Thiosulfate gave a strong absorbance peak at 214–216 nm, which is in line
with previous reports [52,53]. The absorbance for sulfate ions was very low in the mea-
sured range (190–290 nm), and thus it can be assumed that absorbance at 215 nm (Abs215)
corresponds to thiosulfate.
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Figure 7. UV–Vis spectra of sulfate (SO4
2−) and thiosulfate (S2O3

2−).

The stability of thiosulfate in 0.5 M NH4Cl/0.5 M NH3 buffer solutions containing
100 μM of sodium thiosulfate was assessed with and without HAsBS (Figure 8). The effects
of HAsBS addition with time on the absorbance at 215 nm (Abs215), corresponding to
thiosulfate, were measured (Figure 9). The vertical axis of Figure 9 shows Abs215 at t min
normalized with initial, at t = 0 min, Abs215(0), given by the ratio Abs215(t)/Abs215(0).
Without HAsBS, the normalized absorbance slightly decreased with time, indicating that
thiosulfate tends to self-decompose [17]. Even with the self-decomposition, the normalized
absorbance remained over 0.60 after 80 min, suggesting that about 65% of thiosulfate
remains in the experiments. The decreasing rate of the normalized absorbance was strongly
affected by the addition of HAsBS. With HAsBS, the normalized absorbance rapidly de-
creased to 0.20 at 20 min, and it reached 0.05 at 80 min. This suggests that thiosulfate
decomposition was accelerated by HAsBS. Xu et al. (2017) reported that thiosulfate de-
composition is mainly due to the oxidation on semiconductor sulfide minerals (Figure 10);
thiosulfate ions are oxidized on the anodic sites of the mineral surface and electrons are
transferred through the semiconductor minerals to a cathodic site where the reduction of
oxidizing agents such as oxygen and Cu(NH3)4

2+ occurs. In a study by Chen et al. (2008),
it was established that pyrite, pyrrhotite, and arsenopyrite can result in thiosulfate decom-
position. Based on the mineralogical analysis conducted in this study, HAsBS contains
arsenopyrite, pyrite, and pyrrhotite (Figure 1). From this, it can be assumed that the rapid
decomposition of thiosulfate with HAsBS is mainly due to the sulfide minerals in the ore.
This allowed us to hypothesize that thiosulfate decomposition in the presence of HAsBS
may be the dominant mechanism for the suppression of gold extraction. Based on this
assumption, a method to enhance the extraction of gold associated with HAsBS is proposed
in the next section.

Figure 8. UV−Vis spectra of thiosulfate (a) in the absence of HAsBS ore, (b) in the presence of HAsBS ore.
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Figure 9. UV−Vis spectra thiosulfate decay of the (Abs215) absorbance for thiosulfate with and
without HAsBS.

Figure 10. Schematic diagram of the decomposition of thiosulfate on the surface of sulfide minerals [17].

3.5. Pre-Oxidation of HAsBS and Its Effect on Gold Leaching

As discussed in the previous section, the major problem causing the low gold extrac-
tion is the decomposition of thiosulfate due to the presence of sulfide minerals in HAsBS. To
solve this problem, the present study proposes a two-step process for gold extraction from
high arsenopyrite-bearing gold ores: (1) the pre-oxidation of HAsBS using an ammonia
solution containing cupric ions, and (2) ammonium thiosulfate leaching of the pretreated
ore to extract gold. From Equation (6) and Equation (7), when arsenopyrite and pyrite
are oxidized by the cupric ammine complex, the surface of HAsBS will be covered by
a “passivation layer” comprised of oxidation products such as ferric arsenate and ferric
oxyhydroxides. This passivating material minimizes the oxidative decomposition of thio-
sulfate ions on the surface of HAsBS, thus enhancing the gold extraction. In this section,
demonstration experiments using a model ore composed of gold powder and ground
HAsBS were conducted to evaluate the effect of the pre-oxidation on gold extraction.

3.5.1. Pre-Oxidation of HAsBS Using Ammonia Solution Containing Cupric Ions

For the pre-oxidation, a solution containing 0.5 M NH3, 0.5 M NH4Cl, and 100 mM
CuCl2 was used in which the cupric ammine complex was the oxidant for HAsBS. From
Equations (6) and (7), it is expected that iron and arsenic species are precipitated during the
oxidation of HAsBS. As shown in Figure 11, after 24 h of pretreatment in an ammonium
solution containing cupric ions, about 25% of the sulfur dissolved, but almost no iron and
arsenic species were detected in the solution as expected. Because the solution used in the
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pre-oxidation did not contain thiosulfate, gold extraction in the pre-oxidation step was
small (about 1%).
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Figure 11. Effects of cupric ammine oxidation on the leaching of HAsBS ore.

The SEM–EDX analysis to evaluate the insulating layer formation on HAsBS after
pretreatment for 24 h is shown in Figure 12. The morphology of the HAsBS before and after
pre-oxidation shows that the HAsBS surface changed from smooth to “pitted”, and it was
also confirmed that precipitates were attached to the HAsBS surface after pre-oxidation.
From EDX mapping for the residue, Fe, As, S, and O were evenly distributed on the mineral
grain. The intensity of oxygen in the EDX spectrum (Figure 13) was higher in the residues
as compared to the HAsBS particles before leaching. The stronger oxygen peak for the
residue may be attributed to the formation of FeAsO4 adsorbed on the ferric oxyhydroxides
precipitated from the oxidation of HAsBS (Equation (8)). Weak copper signals were also
detected on the HAsBS leach residues, which might indicate the formation of Cu(I)-sulfide
precipitates on the mineral surface as shown in Figure 12(b-5).

Figure 12. SEM–EDX photomicrographs of (a) HAsBS before treatment and the subsequent elemental
maps, (a-1) Fe, (a-2) As, (a-3) S, (a-4) O; (b) pre-oxidized HAsBS; (b-1) Fe, (b-2) As, (b-3) S, (b-4) O
and (b-5) Cu.

Figure 14 shows the XPS results for the residue from pre-oxidation. In the Fe 2p3/2
spectrum, Figure 14a shows two peaks at 708.2 eV and 711.4 eV, and both were assigned
to Fe(III)−O [54,55]. In the deconvoluted results of the As 3d5/2 spectrum, (Figure 14b),
two peaks were detected at 45.6 eV and 47.3 eV, corresponding to As(III)−O and As(V)−O,
respectively. In the O 1s spectrum, Figure 14d, on the treated HAsBS, a peak at 532.3 eV,
which corresponds to the hydroxyl oxygen (OH−), was detected. These results are consis-
tent with the hypothesis that ferric arsenate (FeAsO4) and ferric oxyhydroxide (FeOOH)
are present as oxidation products of arsenopyrite and pyrite.
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Figure 13. EDX-energy elemental spectra of (a) untreated HAsBS, and (b) pre-oxidized HAsBS.

Figure 14. XPS results: (a) Fe 2p, (b) As 3d, (c) O 1s, (d) Cu 2p, (e) S 2p spectra. The red lines denote
the fitting line for the XPS spectra, whilst the green, brown, yellow, purple, and blue lines represent
the deconvoluted spectra for the respective elements.

87



Metals 2023, 13, 1357

In the deconvoluted S 2p spectrum, Figure 14e, strong peaks at 162.5 eV and 164.1 eV
were dominant and assigned to disulfide (S2

2−) attached to Cu(I) species [38], S2− attached
to Cu(II) species [56], and elemental sulfur (S) [57], respectively. At higher energy levels,
satellite peaks for sulfur were observed at 166.5 eV, 168.6 eV, and 169.8 eV, which are due to
sulfate species.

The XPS analysis also confirmed that strong Cu signals appeared after pre-oxidation.
In the Cu 2p3/2 spectrum for the residue after pre-oxidation (Figure 14c), a dominant peak
was observed at 932.3 eV and this was assigned to Cu(I), which could have originated from
Cu2S or Cu(S2O3)3

5− [58]. This may suggest that during the pre-oxidation, copper ions in
the solution phase reacted with sulfide minerals in HAsBS ore and formed copper sulfides
on the surface. A peak at 934.7 eV corresponded to Cu(II)-oxide species. In addition, the
Cu 2p3/2 spectrum had satellite peaks at higher energy levels; that is, 936.0 eV, 937.0 eV,
and 938.6 eV, which were assigned to Cu(II)-sulfate species.

The results of surface analyses (SEM–EDX and XPS) confirm that the HAsBS surface is
covered by passivating materials such as FeAsO4 and FeOOH after the pre-oxidation step.

3.5.2. Effect of Pre-Oxidation of HAsBS on Thiosulfate Decomposition

The effects of pre-oxidation were assessed in the previous section (Section 3.5.1), and it
was found that a passivating layer, which comprised of oxidation products, formed on the
surface of HAsBS. In this section, the effect of the pretreatment (pre-oxidation) of HAsBS
on thiosulfate decomposition was evaluated using UV–Vis analysis (Figure 15). From the
UV–Vis spectra of the thiosulfate solution, which had reacted with untreated HAsBS, the
adsorption at 215 nm (Abs215) decreased drastically with time, while the rate of decrease
became slower when the thiosulfate solution was reacted with pretreated HAsBS. The
decay of absorbance with pretreated HAsBS was almost the same as that without HAsBS.
These results confirmed that pre-oxidation of HAsBS, forming a passivating layer on its
surface, was effective as a way to minimize the decomposition of thiosulfate.

Figure 15. UV–Vis spectra for thiosulfate in the presence of (a) untreated HAsBS, (b) with pre-
oxidized (pret) HAsBS, and (c) decay of Abs215 value with time.
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3.5.3. Effect of Pre-Oxidation of HAsBS on Gold Extraction

Figure 16 shows the effects of the pre-oxidation of HAsBS on the subsequent gold
leaching using ammonium thiosulfate solutions, and the results show that gold extraction
was significantly improved after pre-oxidation for 24 h; that is, gold extraction was 10%
without pre-oxidation, while it increased to 79% when pre-oxidation was applied. The
ICP-AES results indicate that passivation of the HAsBS surface was enough to suppress
thiosulfate decomposition in the subsequent gold leaching step. When the surface of the
HAsBS is oxidized, the oxidation products cover the surface of the sulfides and prevent the
transfer of electrons from the thiosulfate ions to the cupric ammine complex as shown in
Figure 10, thus minimizing thiosulfate decomposition.
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Figure 16. The effect of pre-oxidation of HAsBS on gold extraction.

4. Conclusions

The effects of HAsBS on gold extraction in ammonium thiosulfate were investigated by
leaching experiments using a model ore composed of gold powder and ground HAsBS. The
results showed that during ammonium thiosulfate leaching of the gold/HAsBS mixture,
HAsBS having semiconductor properties facilitated the oxidation of the thiosulfate by the
cupric ammine complex, resulting in the decomposition of thiosulfate, which is needed
for gold extraction. As a result, gold extraction was suppressed in the presence of HAsBS.
The thiosulfate decomposition can be minimized by applying a pre-oxidation treatment
of HAsBS in cupric ammonium solutions, which results in passivation of the mineral
surface with oxidation products. When the pre-oxidation was applied before ammonium
thiosulfate leaching, gold extraction was improved from 10% to 79%. It is further noted
that this approach minimizes reagent consumption as the copper (II) ions used in the
pretreatment stage can be reused in the subsequent thiosulfate leaching.
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Abstract: Ammonium thiosulfate leaching is a promising alternative to the conventional cyanide
method for extracting gold from ores. However, strategies for recovering gold from the leachate are
less commercially used due to its low affinity to gold. The present study investigated the recovery
of gold from the leachate using iron oxides (hematite, Fe2O3 or magnetite, Fe3O4). Cementation
experiments were conducted by mixing 0.15 g of aluminum powder as an electron donor and 0.15 g
of an electron mediator (activated carbon, hematite, or magnetite) in 10 mL of ammonium thiosulfate
leachate containing 100 mg/L gold ions and 10 mM cupric ions for 24 h at 25 ◦C. The results of
the solution analysis showed that when activated carbon (AC) was used, the gold was recovered
together with copper (recoveries were 99.99% for gold and copper). However, selective gold recovery
was observed when iron oxides were used, where the gold and copper recoveries were 89.7% and
21% for hematite and 85.9% and 15.4% for magnetite, respectively. An electrochemical experiment
was also conducted to determine the galvanic interaction between the electron donor and electron
mediator in a conventional electrochemical setup (hematite/magnetite–Al as the working electrode,
Pt as the counter electrode, Ag/AgCl as the reference electrode) in a gold–thiosulfate medium.
Cyclic voltammetry showed a gold reduction “shoulder-like” peak at −1.0 V using hematite/Al and
magnetite/Al electrodes. Chronoamperometry was conducted and operated at a constant voltage
(−1.0 V) determined during cyclic voltammetry and further analyzed using SEM-EDX. The results of
the SEM-EDX analysis for the cementation products and electrochemical experiments confirmed that
the gold was selectively deposited on the iron oxide surface as an electron mediator.

Keywords: ammoniacal thiosulfate leaching; reductive precipitation; galvanic interactions; cyclic
voltammetry; chronoamperometry; iron oxides

1. Introduction

Recently, high-grade gold ores have been reported to be gradually depleting, and
the refractory gold ores comprising approx. one-third of the total gold production from
open pit/underground mines and in tailing deposits have become the interest of this
study. In refractory ores, sulfide-type gold ores, especially gold-pyritic ore, account for a
substantial proportion of gold resources (i.e., about 22%). The recovery of gold from gold-
pyritic ore has recently come into the spotlight as a valuable study in resources fields [1–4].
Additionally, gold recovery places environmental hazards on storing these sulfide-rich
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minerals, as these minerals potentially form in highly acidic water, commonly known as
acid mine drainage (AMD) [4]. Currently, for processing refractory gold ore, conventional
processing is conducted through the roasting process followed by the cyanidation process.
This current technology is being practiced in industrial mining plants, such as the roasting–
cyanidation leaching plant of Zhongyuan Gold Smelter Co. Ltd. in Henan Province,
Sanmenxia, China [5]. In the later leaching process, where cyanide is conventionally
employed, the solvent exhibits health and environmental hazards due to its potential
toxicity if not appropriately managed [1,2,6]. For these reasons, many studies have been
conducted to find alternative solvents to mitigate the risk from using cyanide, such as
thiourea [7–9], thiocyanate [10], halogen-based [11–14] and thiosulfate [15–21] solvents.
Among the alternatives, ammonium thiosulfate has been highlighted since it has been
shown to have a higher selectivity and leaching rate to gold, and most importantly, it is less
corrosive and non-toxic to humans [15–21]. Methods to recover gold from the leachate have
not been extensively practiced due to a low affinity to carbon during the gold adsorption
recovery process [16–18,22–25], which has caused limitations in commercial operations.

For these reasons, the development of an alternative recovery method for gold ions in
the ammonium thiosulfate system is needed. A recent study reported that gold recovery
could be efficiently achieved by cementing the gold ions via galvanic interactions between
activated carbon (electron mediator) and zero-valent aluminum (ZVAl) (electron donor)
in a gold–copper ammoniacal thiosulfate system [15]. The recovery results using ZVAl or
AC in a single system were negligible. However, when mixed as a binary system, over
99% of the Au ions could be recovered through the following suggested mechanisms,
where ZVAl acted as an electron donor (i.e., anode) and activated carbon (AC) acted as
an electron mediator (i.e., cathode), creating the galvanic cell and finally leading to a
reductive deposition of the gold–thiosulfate complex onto the activated carbon attached
to ZVAl [16–18]. To further explore the potential of this technique, further researched was
conducted to understand the behavior of gold ions in an ammonium thiosulfate system in
the presence of various metallic combinations of electron donors, zero-valent aluminum,
and electron mediators, such as Fe and Cu. The results showed that approx. 20% and 40%
of gold ions were recovered, respectively [15]. Although the recovery of gold ions was
not discussed, Choi et al. also further conducted a study to remove cadmium (Cd2+) and
zinc (Zn2+) ions from the sulfate-based solvents using aluminum and iron oxide materials
(e.g., Fe3O4). The results showed that approx. 83% of Cd2+ and 92% of Zn2+ were removed
from the acid solutions. In contrast, the recovery efficiency was negligible when employing
the ZVAl sole system (i.e., 0% recovery of Cd2+ and Zn2+) due to the thin insulating
oxyhydroxide film on the surface of the ZVAl. Although the recovery efficiencies were
lower than the Al/AC system, the research highlighted that metal ions could be recovered
via galvanic interactions using ZVAl and other conductive materials [26].

As previously mentioned, when dealing with pyritic refractory ores, the leaching
agent cannot contact gold in the ore because the gold grains are encapsulated in sulfide
minerals such as pyrite, FeS2 [27]. Amongst all the pretreatment processes, roasting has
been conventionally employed to convert pyrite into various porous iron oxides, such as
hematite (Fe2O3) and magnetite (Fe3O4), so that the gold grains can be exposed to the leach
solutions, making them susceptible for extraction [3,4,28–30].

Considering the semiconductive properties of hematite (Fe2O3) and magnetite (Fe3O4),
it is possible for them to be used as electron mediators in the cementation process proposed
by the previous researchers [15–18]. In this case, activated carbon can be eliminated
when processing refractory gold ores. By treating refractory gold in pyrite (FeS2), we
could mitigate the formation of acid mine drainage (AMD). In the present study, the
technical feasibility of two iron oxides (hematite (Fe2O3) and magnetite (Fe3O4); common
products for pyrite roasting) as the electron mediators for the enhanced cementation of
gold from ammonia thiosulfate leachate was evaluated using zero-valent aluminum as an
electron donor.
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2. Materials and Methods

2.1. Materials

All the chemicals used were purchased from Wako Pure Chemical Industries, Ltd.,
Osaka, Japan. ZVAl (99.99%, CAS No.: 012-19172) was used as an electron donor in the
cementation experiments. Activated carbon (99.99%, CAS No.: 031-02135) with approx.
800–1500 m2/g of a specific surface area, hematite (Fe2O3, 99.99%, CAS No.: 096-02821),
and magnetite (Fe3O4, 99.99%, CAS No.: 093-01035) were used as the electron mediators.

2.2. Solution Preparation

The Au–ammonium thiosulfate solution was prepared by leaching 50 mg of Au
powder (99.999%, CAS No.: 937902 Wako Pure Chemical Industries, Ltd., Osaka, Japan) in
500 mL of an ammonium thiosulfate solution containing 1 M Na2S2O3 5H2O (CAS No.:
197-03585), 0.5 M NH3 (CAS No.: 016-03146), 0.25 M (NH4)2SO4 (CAS No.: 016-03445),
and 10 mM CuSO4 (CAS No.: 034-04445). The materials were mixed in a beaker using a
magnetic stirrer with a built-in heater and a part of a thermocouple was submerged in the
solution to maintain a temperature of 30 ◦C for 24 h with a constant shaking frequency of
600 min−1. Electrolyte solutions were prepared by dissolving Na2S2O3 5H2O and metal
ions (Cu2+ and Au+) into 0.1 M NH3/0.05 M (NH4)2SO4 buffer solutions.

2.3. Cementation Experiments

The cementation experiments were conducted by mixing 0.15 g of the electron donor
(ZVAl) and 0.15 g of an electron mediator (AC, Fe2O3, or Fe3O4) with 10 mL of a gold–
ammonium thiosulfate solution in 50 mL Erlenmeyer flasks using a thermostated water
bath shaker (shaking amplitude, 40 mm; frequency, 120 min−1) at 25 ◦C. Most of the
experiments were conducted in the air, while a part was conducted by purging oxygen in
the flask and solution using ultra-pure nitrogen (N2) gas. After a predetermined time, the
filtrates and residues were separated via filtration using 0.2 μm syringe-driven membrane
filters (LMS et al., Tokyo, Japan).

The residues were thoroughly washed with deionized water, followed by drying the
residues in a vacuum oven at 40 ◦C, and then further analyzed using scanning electron
microscopy with energy-dispersive X-ray (SEM-EDS, JSM-IT200TM, JEOL Co., Ltd., Tokyo,
Japan), operated at an accelerating voltage of 15 kV, 1000× to 1500× magnification and a
working distance (WD) of 10 mm. The elemental maps were produced at 2000 cps with a
60-min time constant and a high pixel resolution of 256 × 256 (~10-min scans).

The concentrations of gold ions that remained in the sterile solution were determined
using inductively coupled plasma atomic emission spectroscopy (ICP-AES) (ICPE-9820,
Shimadzu Corporation, Kyoto, Japan, with a margin of error = ±2%). The Au recovery
(AuR) was then calculated according to the following equation.

AuR =
[Aui ]− [Au f ]

[Aui ]
× 100 (1)

where [Aui] and [Auf] are denoted as the initial and final dissolved Au concentrations,
respectively. Note that the initial and final dissolved gold concentrations were measured,
and the recovery experiments were performed in three replicate samples.

2.4. Electrochemical Measurements
2.4.1. Preparation of the Aluminum–Hematite (Al/Hem) and Aluminum–Magnetite
Electrode (Al/Mag)

The improvised Al electrode was prepared by cutting a cuboid (10 ×10 × 2 mm)
from of a large aluminum metal sheet using a diamond cutter, connecting it to copper
wires using silver conducting paste, and fixing it inside a plastic mold (25 mm diameter
and 10 mm height) using Technovit® non-conductive resin. Next, the surface of the Al
electrode was exposed by polishing it with silicon carbide papers of decreasing grain
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size (#200, #600, #1000, #1500), followed by polishing it with 5 and 1 μm Al2O3 pastes
on a smooth glass plate. Finally, the polished electrode was ultrasonically cleaned for
5 min to remove residually attached Al2O3 particles and washed several times with DI
water. The exposed surface of the polished Al working electrode was then oxidized under
atmospheric conditions for 2 days to mimic the oxide layer on Al during the cementation
process. The oxidized Al working electrode was subjected to SEM-EDX analysis using
SEM-EDS, JSM-IT200TM, JEOL Co., Ltd., Tokyo, Japan to elucidate the magnitude of the
oxide being formed. The iron oxide powder attached to the Al electrodes (iron oxide/Al
electrodes) was then prepared by mixing 0.05 g of iron oxide powder (Fe3O4 or Fe2O3)
with 5 mL of acetone, and the resulting mixture was then carefully attached to the surface
of the Al electrode. After the acetone was evaporated, the iron oxide/Al electrodes were
used as the working electrode. This procedure was chosen to prevent any “scratching”
of the Al oxide layer formed on the electrode and has been successfully used in previous
electrochemical studies [31].

Before conducting the electrochemical measurements of the improvised FexOX/Al
working electrodes, backscattered electron photomicrographs with elemental mapping
and point EDX analysis of the aluminum electrode were taken, as shown in Figure 1. The
result showed that traces of O were detected after exposing the surface of the aluminum
electrode for 2 days. These traces were dispersedly formed on the surface of the electrode.
The presence of this layer mimicked the surface oxide layer of ZVAl during the gold
recovery process. Thus, iron oxides were added to the Al electrode surface to understand
the electrochemical properties of hematite and magnetite on the Au recovery.

Figure 1. Backscattered electron photomicrograph with elemental mapping and point EDS analysis
of the improvised aluminum electrode.

2.4.2. Cyclic Voltammetry Measurements

To elucidate the electrochemical properties of the iron oxide/Al electrodes, cyclic
voltammetry (CV) was conducted using a computer-driven potentiostat (SP-300, Biologic,
Vaucanson, France) with a conventional three-electrode system composed of an iron ox-
ide/Al electrode as the working electrode, an Ag/AgCl electrode filled with saturated KCl
as the reference electrode, and a platinum (Pt) electrode as the counter electrode. The mea-
surements were conducted in an anoxic condition (without dissolved oxygen) by purging
the prepared 150 mL electrolyte solution with ultra-pure N2 gas (99.99%) for 45 min before
the electrochemical measurements were taken. Three electrodes were immersed in a glass
cell with a water jacket before the N2 purge and equilibrated at 25 ◦C for 30 min. In all the
cases, the measurements were always taken after the equilibration of the working electrode
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to its open circuit potential (OCP). Equilibrium, here, means that the measured electrode
potential of the working electrode did not change by more than 2 mV for 60 s. After that,
the scan began from the OCP and moved towards more negative potentials at a rate of
20 mV/s up to −1.5 V, after which the sweep direction was reversed and moved towards
increasingly positive potentials. The scan direction was again reversed after reaching +1.0 V
and then moved back to the starting position (i.e., OCP). This entire process constituted
one cycle. Each measurement lasted three cycles under unstirred conditions. After each
experiment, the electrode was then re-polished using fine-grained Si–carbide papers (#1200
and #1500) and Al2O3 pastes (5 μm and 1 μm) to expose a new and unreacted surface for
the next cycle, and 5 mg of new iron oxide particles were attached to the surface of the
triplicate measurements using this technique.

2.4.3. Chronoamperometry and Electrode Surface Characterization

The electrodes for the surface characterization were prepared by applying the chronoa-
mperometry technique using a computer-driven potentiostat electrochemical measurement
(SP-300, Biologic, Vaucanson, France) with a conventional three-electrode system at 25 ◦C.
After the equilibration of the working electrode to the OCP, the electrode was polarized at a
fixed electrode potential of −1.0 V for 10 min using Au and Cu electrolytes. This potential
was selected since the reduction peak of gold was observed using cyclic voltammetry.
The process was agitated at a constant speed of 120 rpm using a magnetic stirrer. After
the process, the working electrode was removed from the cell, immersed in deionized
water, and cured in a vacuum oven at 40 ◦C for 24 h. The surface of the working electrode
was then investigated using scanning electron microscopy with energy-dispersive X-ray,
SEM-EDX [31].

3. Results and Discussion

3.1. Recovery of Gold Ions from Ammonium Thiosulfate Solution

Figure 2 shows the percent recovery of gold ions from a gold–copper ammoniacal
thiosulfate solution using different galvanic constituents: (a) ZVAl/and or activated carbon
(AC), (b) ZVAl/and or hematite (Hem), and (c) ZVAl/ and or magnetite (Mag) in the
air, respectively. Figure 2a shows that the gold recovery was negligible when ZVAl was
used without electron mediators, such as AC, due to the passivation of the ZVAl surface
with aluminum oxide insulator. This passivation layer (aluminum oxide layer) hindered
the transfer of electrons from ZVAl to the gold ions in the solution phase, suppressing
the electrochemical deposition of gold and copper [15–18]. Activated carbon had a high
specific surface area. It functioned as an adsorbent for the metal ions even without electron
donors, such as ZVAl, while the gold and copper recoveries with activated carbon were
approx. 24% and 5%, respectively. The low recoveries indicated a limited adsorption
of gold and copper complexes from the aqueous phase to activated carbon [16–18]. The
copper and gold recoveries were also deficient even when activated carbon and ZVAl were
used together. As shown in Figure 2b for hematite and Figure 2c for magnetite, it was also
found that the gold and copper recoveries were limited when using iron oxides alone or
iron oxide and ZVAl together.

The low recoveries of gold at 24 h in the air (Figure 2) may have been due to the
dissolution of cemented gold caused by oxidation with O2 [16–18]. Figure 3 shows the
recoveries of gold using ZVAl and electron mediators as a function of time. It was observed
that the gold recoveries increased with time to reach a maximum of 58% at the first 1 h for
AC/Al, 75% at 3 h for Fe2O3/Al, and 84% at 6 h for Fe3O4/Al. All the gold recoveries then
decreased with time. The increase in the gold recoveries in the initial period suggested that
gold was deposited in the presence of both ZVAl and the electron mediators in the short
term due to the following equation.

2Au(S 2 O3)
3−
2 + 6Al0 + 6H+ = 2Au0 + 8S0 + 3Al2O3 + 3H2O (2)
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Figure 2. Percent recovery of gold and copper from the different galvanic constituents in an air
atmosphere using (a) activated carbon (AC) and/or ZVAl, (b) hematite (Hem) and/or ZVAl, and
(c) magnetite (Mag) and/or ZVAl.

Figure 3. Percent recovery of gold with respect to time using ZVAl and different electron mediators.

However, the decrease in the gold recoveries after the maxima, as observed in Figure 3,
may have been due to the oxidation of the deposited gold with dissolved oxygen, as shown
in Equation (3).

4Au0 + 8(S2O3)2− + O2 + 2H2O = 4Au(S2O3)2
3− + 4OH− (3)

Since the dissolution of gold was significantly affected in the presence of oxygen (O2),
the subsequent cementation experiments were conducted without O2 by purging the gold
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thiosulfate solution with N2 gas for 45 min, as presented in Figure 4a–c, and using ZVAl as
an electron donor and various electron mediators. When ZVAI was used without electron
mediators, the gold and copper recoveries were slightly improved. The recoveries were
35% for Au and 29% for Cu. These results may have been due to the limited passivation
of the Al2O3 layer on the ZVAl surface, allowing for a limited electron transfer from the
electron donor (ZVAl) to the metal ions. Insignificant gold and copper recoveries were
observed when only electron mediators were used (without ZVAl). The recoveries for Au
and Cu were less than 40%, regardless of the electron mediator. This result could indicate
that the ability of AC, Fe2O3, and Fe3O4 as adsorbents to the metal ions is limited.

Figure 4. Percent recovery of gold and copper from different galvanic constituents in a nitrogen
atmosphere using (a) activated carbon (AC) and/or ZVAl, (b) hematite (Hem) and/or ZVAl, and
(c) magnetite (Mag) and/or ZVAl.

However, when both ZVAl as an electron donor and the electron mediators were
used together (binary system), high gold recoveries were observed. The recoveries were
approx. 99% using AC/Al, 94% using Fe2O3/Al, and 87% using Fe3O4/Al, respectively.
This result may suggest that galvanic couples composed of ZVAl as electron donors and
the electron mediators (AC, Fe2O3, and Fe3O4) are remarkably effective in recovering Au
from ammonia thiosulfate solutions. A selective recovery of Cu was observed, and the Cu
recoveries were 95% using AC/Al, 21% using Fe2O3/Al, and 15% using Fe3O4/Al. These
results indicate that Fe2O3/Al and Fe3O4/Al could be used for the selective recovery of
gold from copper–ammoniacal thiosulfate solutions.

To investigate the associations of cemented Au and Cu, a morphological analysis of the
representative particles on the residues from the cementation experiments was examined in
detail using SEM-EDX analysis, as shown in Figures 5–7. The results shown in Figure 5 for
the residue using AC/Al were consistent with the previously reported results [16–18]. In
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the SEM-BSE image, bright (white) domains (points AC-2 and AC-3) were observed on the
surface of the grey particle (point AC-1). The point spectrum data showed that, at the grey
particles (point AC-1), firm Al and O peaks were detected with a minor S peak, suggesting
that the grey particle was ZVAl with an oxidized surface. In the spectrum at the bright
domains (AC-2 and AC-3), the Au and Cu peaks were observed together with the C peak,
suggesting that the bright domains corresponded to the Au and Cu deposited on the AC.

Figure 5. Backscattered electron photomicrograph using an energy-dispersive point analysis with
elemental mapping of the leach residue using Al and AC galvanic systems.

The SEM-EDX mapping image confirmed that Au and Cu were always deposited on
the AC attached to ZVAl. Figures 6 and 7 show the results of the SEM-EDX analysis for
the solid residues obtained in the cementation experiments using Fe2O3/Al and Fe3O4/Al,
respectively. The point spectrum and mapping results shown in Figures 6 and 7 suggested
that Au was deposited on the iron oxide particles attached to the ZVAl surface. Noticeably,
the copper signal intensity ranged from 200 to 6000 cps, as illustrated in Figure 6 AH-3 and
Figure 7 AM-3, while the values were higher in the results (1000–31,000 cps) illustrated
in Figure 4 AC-2 and AC-3, implying that the copper deposition was limited for the iron
oxide/Al system. An analysis of the spectra from 40 different points on illuminated bright
particles was conducted. The results showed that the ratio of the gold signal to copper
signal was higher for the residues using iron oxide/Al than those using AC/Al. This
result agreed with the result illustrated in Figure 4 and confirmed that Au was preferably
cemented compared to Cu when iron oxides were used as the electron mediators.

3.2. Electrochemical Properties of the Fe2O3/Al and Fe3O4/Al Electrodes

The cementation of Au and Cu from ammonium thiosulfate solutions was an elec-
trochemical process. When ZVAl was used as an electron donor, the following half-cell
reaction of an anode reaction was as follows.

Al = Al3+ + 3e− (4)
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For the cathodic reactions, the deposition of Cu and Au were assumed to be
the following.

Cu(NH3)4
2+ + 2e− = Cu + 4NH3 (5)

Au(S2O3)2
3− + e− = Au + 2S2O3

2− (6)

Figure 6. Backscattered electron photomicrograph using an energy-dispersive point analysis with
elemental mapping of the leach residue using Al and hematite galvanic systems.

It is important to note that the anodic reaction was typical for the Cu and Au deposition,
while the cathodic reactions differed for Cu and Au. This result suggested that the selective
deposition of Au observed in the previous sections was because an Au cathodic reaction
was preferred to a Cu reaction when iron oxide was used as an electron mediator. A series
of electrochemical experiments were conducted to confirm the results.

To identify the reduction potential of Cu(NH3)4
2+ and Au(S2O3)2

3−, cyclic voltamme-
try was conducted using a Pt working electrode in NH4

+/NH3 buffer solutions containing
different electrolytes. Figure 8a presents the effects of S2O3

2− and the gold ions on the elec-
trochemical experiments. In the voltammogram spectra generated using a control (without
metal ions) NH4/NH3 buffer solution, the current density was almost zero between −0.7 V
and +1.0 V, indicating no electrochemical reaction in the range. However, below −0.7 V,
the current decreased with a decreasing electrode potential. This may have been due to a
reduction in H2O to form H2 gas.
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Figure 7. Backscattered electron photomicrograph using an energy-dispersive point analysis with
elemental mapping of the leach residue using Al and Magnetite galvanic system.

In the case of S2O3
2−, a new cathodic current peak appeared at −0.9 V, which was

assigned to the reduction in S2O3
2−. In the anodic region in the cyclic voltammogram with

S2O3
2−, a significant anodic peak was observed around +0.6 V. This peak was observed

even when the initial potential scan direction was positive, indicating that the anodic
current peak was due to the oxidation of S2O3

2−.
When the gold ions were added to S2O3

2−, Au(S2O3)2
3− was formed. In the experi-

mental results with Au(S2O3)2
3−, a similar cathodic current peak was observed at −0.9 V.

When comparing the cyclic voltammograms, the peak current density was more substantial
with Au(S2O3)2

3− than with S2O3
2−, implying that both S2O3

2− and Au+ in Au(S2O3)2
3−

were reduced at almost similar redox potentials.
Figure 8b shows the effects of the cupric species on the cyclic voltammogram. When

CuSO4 was added to the NH4/NH3 buffer solution, Cu(NH3)4
2+ was formed. With

Cu(NH3)4
2+, two cathodic peaks were centered at approximately −0.2 V and −0.5 V,

and two anodic peaks appeared. The presence of two cathodic peaks implied that Cu2+

in Cu(NH3)4
2+ underwent a two-step reduction process. The cathodic peak at −0.2 V

corresponded to the reduction in Cu2+ to Cu+, while the peak at −0.5 V corresponded
to the reduction in Cu+ to Cu0. Two anodic peaks in the cyclic voltammogram with
Cu(NH3)4

2+ may have been the back reactions of the two-step reduction process. The
oxidation of Cu0 to Cu+ and Cu+ to Cu2+ occurred at −0.2 V and 0 V, respectively.
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(a) (b) 

Figure 8. Voltammogram characterization of (a) NH4/NH3, S2O3, and Au-NH4/NH3_S2O3; and
(b) Au-CU-NH4/NH3-S2O3, Cu-NH4/NH3, Cu-NH4/NH3-S2O3 and Cu-S2O3.

When CuSO4 and S2O3
2− were added into the NH4/NH3 buffer solution together,

two sets of reduction and anodic peaks were observed in the cyclic voltammogram. One
was approx. −0.2 V and the other was approx. −0.8 V. The cathodic peak at −0.2 V was
also observed in the voltammogram without S2O3

2−, confirming that this peak was due to
the reduction in the Cu(NH3)4

2+ to Cu(NH3)2
+ species.

The peak at −0.8 V was not observed without S2O3
2− and CuSO4, implying that this

cathodic peak reduced the cuprous thiosulfate complexes, such as Cu(S2O3)− to Cu0. The
cuprous thiosulfate complexes were formed from the amine complex Cu(NH3)2

+, which
was the reduction product of Cu (NH3)4

2+. Table 1 summarizes the reduction reactions
observed in the cyclic voltammograms, as shown in Figure 8.

Table 1. Summary of the reduction reactions observed in the cyclic voltammograms using Pt as a
working electrode, as shown in Figure 8.

Assigned Reductions Reactions Potential (V)

Cu(NH 3)4
2+ + e− → Cu(NH 3)2

+ + 2NH3 −0.2
Cu(NH 3)4

+ + e− → Cu0 + 4NH3 −0.5
Cu(S 2O3)2

3− + e− → Cu0 + 2S2O3
2− −0.8

2S2O3
2− + 6H2O + 8e− → 4S0 + 12OH− −0.9

Au(S 2O3)2
3− + 6H2O +9e− → Au0 + 4S0 + 12OH− −1.0
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Figures 9 and 10 illustrate the voltammogram of the Fe2O3/Al and Fe3O4/Al working
electrodes in different electrolyte systems (i.e., 10 mM Cu ions, 10 mM Au ions, 10mM Cu
and Au ions, and without metal ions). The cathodic sweep parts were highlighted and
projected in the right-side corner of the figures. When comparing the results without metal
ions and with only Cu2+, there was no significant difference in the current potential curves,
indicating that Cu2+ was not reduced on the iron oxide/Al electrodes. On the other hand,
the cathodic current with Au+ was larger than without metal ions, indicating that the gold
ions were reduced on the iron oxide/Al electrodes. The cathodic current with the Cu and
Au ions was the same as with the electrolyte containing only Au ions, confirming that only
Au was reduced on the electrode.

Figure 9. Cyclic voltammogram of the Fe2O3/Al electrode at different electrolytes: (a) wide scan;
(b) narrow reduction voltammogram; (c) backscattered electron photomicrograph with elemental
mapping and a pointed analysis of the Cu–Au electrolytes.

In contrast, Cu2+ was not reduced, i.e., the selective reduction of gold ions occurred
on the iron oxide/Al electrodes. The previous paper reported that when an Al electrode
was used without an electron mediator, there was no significant reduction current due to
the deposition of metal ions, such as Cu and Au [17,18]. Therefore, it can be concluded that
the reduction in metal ions occurred only when iron oxides were attached to the surface
of the Al electrode. This result suggested that the iron oxides functioned as the electron
mediators from Al to the metal ions.
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Figure 10. Cyclic voltammogram of the Fe3O4/Al electrode at different electrolytes: (a) wide scan;
(b) narrow reduction voltammogram; (c) backscatter electron photomicrograph with elemental
mapping and a pointed analysis of the Cu–Au electrolytes.

Furthermore, to elucidate the electrochemical behavior of the different improvised
electrodes, Figure 11 shows the narrow reduction curves of (a) AC/Al, (b) Fe3O4/Al,
(c) Fe2O3/Al, and (d) the comparative reductive scan using the Au and Cu electrolytes
of all improvised electrodes (AC/Al (blue line), Fe3O4/Al (red line), Fe2O3/Al (yellow
line). It can be observed that when using AC/Al, two shoulder-like peaks were observed at
approx. −0.5 V and −1.0 V, while for the iron oxides/Al electrode, only one shoulder-like
peak was observed and assigned to the reduction in gold ions. Figure 11d elucidates the
comparative narrow reductive scan of all improvised electrode. The results suggest that the
cyclic voltammogram agreed with the results during the cementation experiments, where
only gold ions could be cemented when using iron oxide in both single and binary systems.

Chronoamperometry was conducted by applying a fixed electrode potential of −1.0 V
in the stirred solutions for 60 min to confirm the deposition of Au on the working elec-
trodes. After 60 min, the electrodes were taken out and dried to await SEM-EDX analysis.
The elemental mapping and point analysis results are illustrated at the bottom side of
Figures 9 and 10. The point analysis results showed that Au peaks were observed along
with S peaks at the point HE-1, as shown in Figure 9, and the point ME-1, as shown in
Figure 10. At the same point, Fe and O peaks were detected, implying that gold ions were
reduced on the surface of the iron oxide particles attached to the Al electrode.
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Figure 11. Cyclic voltammogram narrow reduction curve: (a) AC/Al, (b) Fe3O4/Al, (c) Fe2O3/Al,
and (d) a narrow reductive scan of all the improvised electrodes at the Cu and Au electrolytes.

As shown in Figure 12, the gold deposited onto the iron oxide showed a similar
morphology with the iron oxide particles (morphology, here, pertains to the shape of the
iron oxides). The hematite and deposited gold were in longitudinal orientation (Figure 12A)
while the magnetite and gold had an endless array of “nodular-like” particles (Figure 12B).
These morphological observation results further supported that the iron oxides were an
electron mediator between the electron donor (Al) and the electron acceptor, namely the
Au(S2O3)2

3− ions.
Au(S2O3)2

3− = Au+ + 2S2O3
2− (7)

2S2O3
2− + 6H2O + 8e− = 4S0 + 12OH− (8)

Au+ + e− = Au0 (9)

Au(S2O3)2
3− + 6H2O + 9e− = Au0 + 4S0 + 12OH− (10)

3.3. Proposed Cementation Model

Figure 13 shows the schematic diagram of the proposed cementation model of gold
using iron oxides and ZVAl. In this model, ZVAl acted as an electron donor or anode where
the anodic dissolution of ZVAl occurred (Equation (4)). An iron oxide particle attached
to the ZVAl particle surface acted as an electron mediator or cathode. Electrons from
ZVAl passed through the iron oxide to the gold thiosulfate complexes adsorbed on the
surface. The cathodic reaction was the cementation (reductive deposition) of Au and S
from Au(S2O3)2

3− (Equation (10)). These ions were assigned as electron acceptors. This
mechanism was supported by the electrochemical and surface analysis results presented in
Figures 9 and 10.
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Figure 12. Backscattered electron photomicrograph of (A) hematite particles (left) and hematite with
Au (right), and (B) magnetite particles (left) and magnetite with Au (right).

Figure 13. Schematic diagram of the proposed galvanic electron transfer mechanism of iron oxide
and zero-valent aluminum. (a) Direct contact on the porosity within the Al–oxyhydroxide layer and
(b) direct transfer through the Al–oxyhydroxide layer.

Several interesting matters that can be observed from the proposed model are pre-
sented as follows.

First, for the electron transfer mechanism across the Al2O3 layer between ZVAl and
the iron oxide particle, the ZVAl surface was covered with a fragile layer of Al2O3 due
to autogenous oxidation. Since Al2O3 is an electric insulating material, a direct current
could not pass through this layer. The interpretation of the electron transfer through the
insulating Al2O3 layer was expressed via (1) the quantum tunnelling effect [32] and (2) an
alternative current transfer through the Al2O3 layer acting as a capacitor [16].
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The tunnelling effect interpreted the electron transfer when the Al2O3 layer was fragile,
where a thin Al2O3 layer was broken down upon continuous agitation where the particles
collided. On the other hand, electron transfer through the Al2O3 capacitor was possible
when electrochemical reactions (anodic and cathodic reactions) or physical contact with
ZVAl and the iron oxides were dynamically changed over time.

Lastly, the most important issue associated with the proposed model was the se-
lective deposition of gold. Gold was deposited on the iron oxide surface when iron
oxides were used as an electron mediator. However, the copper deposition was limited
(Figures 6 and 7). Furthermore, the reduction potential of Au(S2O3)2

3− was much lower
than that of Cu(NH3)4

2+, indicating that from the thermodynamic viewpoint, a reductive
deposition of copper was more accessible than gold. This result was confirmed when using
activated carbon as an electron mediator where both copper and gold were deposited.
These results further suggested that the selective gold deposition was due to the properties
of the iron oxide used as the electron mediators, and simple thermodynamic considerations
could not interpret the mechanism.

The selective deposition of gold in an ammonia thiosulfate leaching system was signif-
icant and industrially attractive since this system required cupric ions as a leaching catalyst,
and extremely high concentrations of copper ions coexisted with low concentrations of gold
leached from the ores. If the selective deposition of gold were possible, separating gold
and copper would not require after the deposition step, and the process would become
more straightforward compared to the previous research [16–18], where both Cu and Au
were cemented using AC as the electron mediator. Thus, understanding the mechanism of
selective gold deposition with iron oxide is essential and further studies are needed and
may be presented in the following paper.

4. Conclusions

The potential of iron oxides (Fe2O3 and Fe3O4) for use as an electron mediator and
their galvanic interactions with zero-valent aluminum for enhancing gold cementation
from a gold–copper ammoniacal thiosulfate solution was evaluated. The cementation
experiments confirmed that iron oxides could be a potential candidate as an electron
mediator. Different from activated carbon (with a 99% Au and Cu recovery) that was
previously proposed as an electron mediator, the selective recovery of gold was obtained at
approx. 84–89% Au and the Cu recovery was approx. 15–21% Cu when using iron oxides,
even when the ammonia thiosulfate leachate contained a high concentration of copper
ions. Furthermore, the electrochemical analysis further validated selective cementation.
When using iron oxides, the cyclic voltammograms obtained one “shoulder-like” peak
centered at −1.0 V for hematite and magnetite, which was assigned to reducing gold ions.
Compared to activated carbon, the voltammogram spectra obtained two “shoulder-like”
peaks centered at −1.0 V and −0.5 V, which were assigned to gold and copper reduction,
respectively.

Lastly, the surface analysis revealed that the morphology of the metal deposited on the
surface of the iron oxide/Al electrode after chronoamperometry mimicked the morphology
of the iron oxide particles and was assigned only to gold. With these results, a promising
effective technology can be used to treat the century-old problem dealing with pyritic-gold
bearing ore, where, after the roasting process, gold can be recovered via a thiosulfate
leaching–cementation process without using activated carbon as an absorbent. Though this
research was focused on the technical feasibility of iron oxides as an electron mediator, the
results warrant an in-depth investigation using natural refractory gold ores, which may be
presented in the following paper.
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Abstract: Lithium (Li) extraction from Li hard rock minerals involves thermal activation at elevated
temperatures and the use of corrosive reagents. The reagents can damage the environment if they are
not adequately contained as part of the process, and the high temperatures require large amounts
of energy, which can contribute to greenhouse gas emissions unless renewable energy sources
are used. These concerns have motivated research into many alternative methods to partially or
completely replace the conventional process while maintaining or enhancing the Li extraction rate.
Mechanochemistry is one of these alternative methods, as it has the potential to increase the reactivity
of Li resources with reagents while reducing the need for corrosive reagents. Mechanochemistry
has been applied to mineral processing, particularly introduced as the pre-treatment method before
pyro- or hydrometallurgical processes, for several decades. In recent years, a few studies about direct
Li extraction from mechanochemically activated hard rock minerals utilizing various co-grinding
additives have been reported. This review deals with the application of mechanochemistry to
process the Li-bearing hard rock minerals, spodumene and lepidolite, and the mechanisms of the
mechanochemical treatment.

Keywords: lithium; hard rock minerals; mechanochemical activation; mechanical activation

1. Introduction

1.1. Lithium Application and Major Lithium Resources

Lithium (Li) is predominantly used in the battery industry, which currently accounts
for more than half of the Li end-use market share [1–3]. Li-ion batteries (LIBs) have a
high energy density and are therefore, ideal power supply units for portable devices
(e.g., cellphones, laptops, and digital cameras) [4,5]. They have been the main battery used
for such applications since the early 1990s [4,5]. Li-ion battery technology has advanced
over the last three decades, leading simultaneously to product size reduction and increased
capacity [4–6]. The usage of Li in LIBs production has continuously increased due to the
transition from traditional energy sources to renewable energy, as it is used in energy
storage facilities and electric vehicles [5,7]. Moreover, other elements cannot easily be
substituted for Li in most applications, so a steady growth of Li consumption is expected [1].
This accelerating growth in the global demand for LIBs has led to renewed expansion of
Li mining operations, although it was briefly reversed by a slowdown in 2020 due to the
global pandemic [8].

Li is mainly extracted from brine and hard rock deposits. According to the minerals
commodity summaries reported by United States Geological Survey (USGS) [8], there are
six hard rock mine operations in Australia, two brine operations each in Argentina and
Chile, and two brine and three hard rock operations in China currently producing the
majority of Li. Unusual sources, such as lacustrine sedimentary basins and clay minerals,
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with relatively large size reserves, are starting to receive attention but have not yet been
widely developed due to the new processing methods required [9,10].

Brine was the dominant Li resource from the 1980s to the 2000s due to its low process-
ing costs, which even resulted in some closures of hard rock mines [11]. The unit production
cost from brine processing is around 2300 USD/ton of lithium carbonate (Li2CO3), while
6400 USD/ton of Li2CO3 for hard rock minerals processing [12,13]. Li extraction from brine
generally involves the brine concentration stage, which is done by solar evaporation. This
method is very slow and usually takes between 12 and 24 months to obtain final products
depending on regional factors such as weather conditions [2,10,14–16]. More advanced
technologies such as precipitation, adsorption, and solvent extraction have been investi-
gated to reduce the production period, but the significant differences in the components of
each brine source have made it difficult to develop a general production process [16].

Li extraction from hard rock minerals is less susceptible to operational disruption
by weather conditions or raw material supply [10]. Therefore, hard rock mining opera-
tions can more flexibly respond to market trends than brine-based operations. Recently,
the economic importance of hard rock deposits increased due to the high Li price com-
pensating enough for the high processing costs [1,2,10,11,17]. More than 130 Li-bearing
minerals have been reported, but only a few (7) are exploited as Li sources and have
economic significance [15,18,19]. These minerals are mostly found in pegmatite deposits
as a form of Li-aluminosilicate, Li-mica, or fluorophosphate, as described in Table 1. Spo-
dumene (LiAlSi2O6) has primary economic importance as the most abundant Li-bearing
mineral [9,17]. Lepidolite (K(Li,Al)3(Si,Al)4O10(F,OH)3) and petalite (LiAlSi4O10), which
are usually found together with spodumene, are also important Li resources [3,9,10,20,21].

Table 1. Li-bearing minerals and their Li contents with major mining sites (adapted with permission
from Ref. [9]. Copyright 2014 Elsevier and Ref. [17]. Copyright 2020 Elsevier).

Mineral Formula

% Li Content
Location of

Major Mining
SiteTheoretical

Range in
Commercial

Minerals

Spodumene a LiAlSi2O6 3.73 1.9–3.3 Australia
Lepidolite a K(Li,Al)3(Si,Al)4O10(F,OH)3 3.56 1.4–1.9 Zimbabwe

Petalite a LiAlSi4O10 2.27 1.6–2.2 Zimbabwe
Amblygonite a (Li,Na)AlPO4(F,OH) 4.74 3.5–4.2 Canada, Brazil
Zinnwaldite a K(Li,Fe,Al)3(Si,Al)O10(F,OH)2 1.70 1.2–1.3 Czech Republic

Hectorite b Na0.3(Mg,Li)3Si4O10(OH)2 0.56 0.4 United State
Jadarite b LiNaSiB3O7(OH) 3.39 0.1 Serbia

a pegmatite, b sedimentary rock.

1.2. Conventional Li Extraction Process

The most common process for extracting Li from spodumene requires elevated tem-
peratures from 1000–1100 ◦C to transform the rigid crystal structure to a porous structure
which is more amenable to chemical attack [11,21,22]. Except for the phase transformation
stage for spodumene, the subsequent process mainly targets the conversion of Li-bearing
minerals into water-soluble compounds, and their extraction routes from different minerals
are highly similar [21,23–25]. Salt roasting (e.g., carbonation, sulfation, and chlorina-
tion) [26–28] and sulfuric acid (H2SO4) roasting/digestion methods [23,25,29,30] are widely
investigated, and Li can be recovered as a Li2CO3, lithium hydroxide (LiOH), or lithium
chloride (LiCl), as shown in Figure 1.

Among the investigated methods, the calcination-H2SO4 roasting process has domi-
nated research into Li production, mainly from spodumene, since its first discovery in the
1950s and the first commercial-purpose plant commissioned in 2012 by Galaxy Resources in
China [9,11,31]. This conventional thermal treatment greatly consumes energy, and H2SO4
digestion/roasting methods generate a significant amount of acid waste [24,32,33]. Thus, it
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is desirable to improve the existing process and to develop new processes to mitigate the
drawbacks, in particularly energy consumption and environmental impact, of the current
process [22,32].

Figure 1. The process flowsheet of the traditional process for Li production from spodumene ores
(adapted from Ref. [28]).

The mechanochemical-assisted process has been suggested as one of the alternative
approaches to mitigate the operational conditions for Li extraction from spodumene [34–41]
and lepidolite [13,37,42–47]. For this purpose, we summarize the previous research into
the use of mechanochemical-assisted processes for Li extraction from Li-bearing minerals.

2. Mechanochemistry in General Extractive Metallurgy

Mechanochemistry is a branch of solid-state chemistry that introduces the effect of
mechanical energy (e.g., compression, shear, and impact) for the chemical and physico-
chemical transformation of materials [24,48–54]. The changes in solid materials by intensive
mechanical treatment can be particle size reduction, exposure of fresh interface, creation of
active sites, and generation of new bonds for chemical reaction [51,54,55]. These changes
are intended to have positive effects on extractive metallurgy by increasing the reactivity
of the target material and decreasing the activation energy for achieving the desired reac-
tions [48,56]. As a consequence, the subsequent process flowsheet can be simpler, shorter,
less expensive, and produce higher yields [49,51,55,56].

There are two modes for mechanochemical processing: mechanical activation and
mechanochemical activation [49,50,57]. In general, mechanical activation enhances the
material’s reactivity without altering the chemical composition (e.g., amorphization), while
mechanochemical activation brings changes in chemical composition through solid-solid
reaction (e.g., reduction-oxidation reaction, material synthesis) [13,42,49,50,52]. Hence,
mechanical activation does not significantly affect the process flow sheet but usually
mitigates operating conditions. In contrast, the intermediate or final product can be
produced through mechanochemical activation, and thus, the process flow sheet can be
shortened and simplified.

The mechanochemical processing takes place in high-energy milling equipment [49].
Normally, an ultra-fine grinding (UFG) mill, such as a stirring ball mill (attritor), vibration
mill, planetary ball mill, or pin mill, is applied [48,56]. In the case of industrial appli-
cation, several processes incorporated with the mechanochemical process, for example,
ACTIVOXTM and MELT processes, employed the stirring mill (e.g., IsaMill, VPX mill, and
HIG mill) [49,57,58].
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3. Mechanochemical Processing of Li Extraction from Li-Bearing Minerals

Mechanochemical processing in Li extraction has been studied for major hard rock
resources (spodumene and lepidolite), and it has been shown to improve the subsequent
pyro- and hydrometallurgical processes. The summary of studies on mechanochemical
processing is listed in Table 2.

Table 2. A summary of conditions of mechanochemical-assisted process for Li extraction from
Li-bearing minerals.

Process Mineral

Experimental Conditions Li
Leaching
Efficiency

Ref.Mechanical/Mechanochemical
Activation

Thermal Treatment Leaching

Calcination α-SP a Planetary ball mill, 10–30 min >900 ◦C (phase
transition to β-SP) N/A c N/A [34]

Roasting and
leaching

α-SP

Planetary ball mill (PMQW
series), 2:1 of SP/Na2SO4 mass
ratio, 20:1 of ball/powder mass

ratio, 600 RPM, 5 h

1000 ◦C, 1 h H2O, 40 g/L slurry
density, 80 ◦C, 1 h <92% [38]

β-SP

Ball mill, 2:1 of SP/Na2CO3
molar mass ratio, 56:1 of
ball/powder mass ratio,

400 RPM, 1 h

400 ◦C, 10 h H2O, 60 ◦C

86%
(Li2CO3
recovery

yield)

[39]

LP b

Planetary ball mill (PMQW
series), 1:1 of LP/Na2SO4 mass
ratio, 20:1 of ball/powder mass

ratio, 600 RPM, 5 h

800 ◦C, 1 h H2O, 40 g/L slurry
density, 80 ◦C, 1 h >99% [47]

Acid
digestion LP

Disc mill (N.V. Tema),
5 g/batch, 30 min

98% H2SO4 (650 g
acid/kg ore),
165 ◦C, 4 h

H2O, 1:10 of S/L,
80 ◦C, 4 h 87% [44]

Disc mill (N.V. Tema),
200 g/batch, 15 min

98% H2SO4 (1.3 g
acid/g ore), 190 ◦C

H2O, 1:10 of S/L,
80 ◦C, 4 h >90% [45]

Direct
leaching

α-SP

Disc mill (HSM 100),
30 g/batch, 50 min N/A 0.5 mol/L H2SO4,

60 ◦C <40% [36]

Planetary ball mill, 10–30 min N/A 20% H2SO4, 10 min
96–99%

(Al, Li, K,
Na)

[34]

Planetary ball mill (S100), 1:5 of
SP/NaF mass ratio, 5–64:1 of

ball/powder mass ratio,
500 RPM, 10 h

N/A
Diluted H2SO4 (in

situ HF generation),
400 RPM, 90 ◦C, 4 h

<81% [40]

β-SP

Planetary ball mill, 50:1 of
ball/powder mass ratio,

with/without CaO + H2O,
1000 RPM, 20 min

N/A
H2O (in situ

Ca(OH)2
generation), 95 ◦C

>90% [41]

LP

Planetary ball mill
(pulverisette-7), 1:3 of

LP/CaSO4·1/2H2O mass ratio,
700 RPM, 12 h

N/A
H2O, 10 g/L slurry
density, 400 RPM,

25 ◦C, 1 h
93.5% [13]

Planetary ball mill
(pulverisette-7), 1:3 of LP/Na2S

mass ratio, 700 RPM, 12 h
N/A H2O, 20 g/L slurry

density, 25 ◦C, 0.5 h 93% [42]

a spodumene, b lepidolite, c not applicable.
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3.1. Spodumene
3.1.1. Thermal Treatment
Phase Transformation

In a number of studies, mechanical activation of spodumene has been shown to lower
the required calcination temperature for phase transformation [34,35,41,53,59]. Kotsupalo
et al. [34] compared the required temperature for phase modification from un-activated
and activated α-spodumene to β-spodumene. The formation of β-spodumene was started
when the temperature reached 900 ◦C for mechanically activated α-spodumene, whereas
the transition to β-spodumene occurred at 950–1100 ◦C for un-activated α-spodumene, as
shown in Figure 2.

Figure 2. The comparison of required calcination temperature for un-activated and mechanically
activated α-spodumene (adapted with permission from Ref. [34]. Copyright 2010 Elsevier).

The main reason for lowering the temperature for phase transformation is closely
related to the formation of γ-phase spodumene, which is another allotrope of spodumene
that starts to form in the temperature range 700–900 ◦C [34–36,41]. The damage in chemical
bonds (Li/Al-O and Si-O in α-spodumene) and the formation of the amorphous phase
during the mechanical activation process results in the formation of γ-spodumene as
an intermediate phase in the following thermal treatment. Apart from the formation of
the amorphous phase, Gasalla et al. [36] reported that the emergence of the new surface
promotes the formation of γ-spodumene as it provides additional nucleation sites. γ-
spodumene is stable at higher temperatures and pressures, but it is unstable at ambient
pressure [35,41,53,59]. In contrast, β-spodumene is the most thermodynamically stable
phase above 900–950 ◦C under atmospheric pressure, and γ-spodumene starts to convert
into β-spodumene at temperatures above 900 ◦C [60].

Sulfation Roasting

Due to the high-energy consumption and complex purification process of the conven-
tional decrepitation (phase transformation) and acid roasting process, alternative processes
involving one-step roasting with alkali sulfates (e.g., sodium sulfate (Na2SO4) and potas-
sium sulfate (K2SO4)) followed by water (H2O) leaching have been proposed [11,61,62].
The one-step roasting process enables the direct formation of water-soluble Li salts, which
simplifies the process flowsheet and provides more efficient energy consumption [37,62].

Setoudeh et al. [37] used mechanically activated α-spodumene as a starting material
for a sulfation roasting process, aiming to enhance the transformation rate and leaching
efficiency. The mixture of α-spodumene and Na2SO4 was ground for 5 h in a planetary ball
mill. However, even after 5 h of mechanical activation time, they could clearly detect the
separate α-spodumene and Na2SO4 phases through the X-ray diffraction (XRD) analysis,
meaning that there was no significant mechanochemically derived reaction between the
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two materials. Additionally, after 5 h of intensive grinding, there were no discernible
changes in the results of sulfation roasting at 800 ◦C for 1 h.

In a further investigation, Setoudeh et al. [38] introduced two different grinding media,
zirconia and stainless steel, to determine the effect of the grinding media on the formation
of compounds and the effect of mechanically activated composites on the succeeding
roasting process. They leached roasting product in water at 80 ◦C with 40 g/L slurry
density. The type of grinding media had no significant effect on neither the efficiency of
the mechanical activation-roasting process nor the synthesis of new materials but only
made difference in physical properties (particle size reduction) and mixing efficiency of the
feed and reactant. They achieved approximately 92% Li leaching efficiency regardless of
grinding media under optimal grinding conditions of a spodumene/Na2SO4 mass ratio of
1:0.5, a ball/powder mass ratio of 20:1, 5 h of grinding, and roasting temperature at 1000 ◦C
for 1 h.

Carbonation Roasting

Thermal treatment of β-spodumene using sodium carbonate (Na2CO3) to produce
Li2CO3 directly has been suggested [26,27]. Compared to sulfation roasting and acid/alkaline
digestion, the direct carbonation process is able to avoid complex purification processes,
reduce processing time, and minimize waste streams [26,39].

Grasso et al. [39] studied the solid-state reaction of the mixture of β-spodumene and
Na2CO3 prepared by mechanical treatment. Grasso et al. [39] fixed the grinding parameters
as follows: a molar ratio of spodumene/Na2CO3 of 2:1, a ball/powder mass ratio of 56:1,
400 RPM of grinding speed, and 1 h of grinding time using a planetary ball mill. From the
XRD analysis, the evidence of the synthesize of new material between β-spodumene and
Na2CO3 was not found, but they could obtain 61 wt% and 86 wt% of Li2CO3 formation
yield after 5 h and 10 h of roasting at 400 ◦C. Then, they recovered Li2CO3 and dehydrated
analcime (NaAlSi2O6), which is a useful absorbent material for contaminant removal, in the
following H2O leaching–filtering–drying process. In this study, Grasso et al. [39] proposed
reactions, as described in Equations (1) and (2).

2βLiAlSi2O6(s) + Na2CO3(s) = Li2CO3(s) + 2NaAlSi2O6(s) (1)

2βLiAlSi2O6(s) + Na2CO3·10H2O(s) = Li2CO3(s) + 2NaAlSi2O6(s) + 10H2O(g) (2)

dos Santos et al. [27] reported that a higher temperature of above 600 ◦C is required
for maximum conversion to Li2CO3 (approximately 71% Li yield) and NaAlSi2O6 from
a β-spodumene-Na2CO3-sodium chloride (NaCl) system. On the other hand, Grasso
et al. [39] observed the formation of Li2SiO3 generated by the reaction between SiO2
with Li compounds (e.g., Li2CO3) at temperatures above 600 ◦C, which is not desirable
for maximizing Li2CO3 recovery rate. From the test conditions and results comparison,
Grasso et al. [39] noted that the introduction of mechanical treatment could increase
reactivity between solid particles by increasing the contact rate and specific surface area
and eventually reduce the reaction time and temperature in the following heating process.

3.1.2. Direct Leaching
H2SO4 Leaching

The dissolution of β-spodumene in H2SO4 is thermochemically favorable and more
reactive in acid, as described in Equation (3) [39,63].

2βLiAlSi2O6(s) + H2SO4(l) = Li2SO4(aq) + 4SiO2(s) + Al2O3(s) + H2O(l) (3)

The high Li recovery from β-spodumene using H2SO4 is practically impossible due
to the formation of hydrated SiO2 film on the particle surface [19,64]. Thus, many direct
leaching processes require using very strong acid (e.g., hydrofluoric acid (HF)), which is
capable of decomposing the Si-O bonds in silicate minerals [65].
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On the other hand, H2SO4 leaching of α-spodumene without pre-thermal treatment
for phase transformation to β-spodumene is not feasible or has very low Li leaching
efficiency. This is because α-spodumene has inherently low reactivity with acid or alkaline
solutions [17,19]. Alternatively, an autoclave is used to perform high-temperature and
high-pressure leaching to increase the reactivity of α-spodumene. There have been several
attempts to extract Li directly from mechanically activated α-spodumene [34,36,64]. Gasalla
et al. [36] and Kotsupalo et al. [34] reported on the practicality of direct Li leaching from
mechanically activated α-spodumene using H2SO4.

Gasalla et al. [36] reported that the reactivity of α-spodumene with H2SO4 was pro-
gressively enhanced as it lost crystallinity as a result of mechanical activation. Gasalla
et al. [36] noted that further particle size reduction did not occur after 10 min of grinding
time, but α-spodumene continuously lost its original shape and crystallinity while generat-
ing superficial porosity. After 50 min of mechanical activation, α-spodumene was leached
in 0.5 mol/L H2SO4 at 60 ◦C, and slightly less than 40% of Li and 45% of Al leaching
efficiencies were achieved. On the other hand, Kotsupalo et al. [34] leached mechanically
activated α-spodumene using higher H2SO4 concentrations, 10% and 20%, and reported
the alkali metals (Li, K, and Na) and Al almost completely dissolved (96–99% of leaching
efficiency). Boldyrev [53] also reported the complete decomposition of alkali metals due to
mechanical activation, but this study does not elaborate on the specific methodology for
mechanical activation and leaching processes.

The formation of hydrated silicon dioxide (hydro-silica gel) has been reported during
the leaching process of mechanically activated α-spodumene in acidic lixiviants [34,36].
Kotsupalo et al. [34] obtained data using immersion microscopy and derivatography to
investigate the formation of hydro-silica gel. They reported that the quantity of hydro-silica
gel increased from 5% to 60% when mechanical activation time increased from 3 min
to 30 min (wet grinding). This hydro-silica gel formation on the surface of the particles
could result in low Li recovery, as it hinders the penetration of the lixiviant into the
particles [19,64].

HF Leaching

Rosales et al. [40] reported a new direct leaching process using the mechanical activa-
tion of the low-grade α-spodumene and sodium fluoride (NaF) mixture. They ground the
mixture at a spodumene/NaF mass ratio of 5:1, which is a 1:1 Li/NaF equivalent molar
ratio, at 500 RPM of grinding speed for 15–600 min in a planetary ball mill. They noted that
NaF acted as a soft matrix in the grinding process, eventually promoting the ionic exchange
capacity of the surface of the mineral and, hence, the dissolution of Li in the subsequent
leaching process via the reaction Equation (4).

αLiAlSi2O6(s) + 19HF(l) = LiF(l) + 2H2SiF6(l) + H3AlF6(l) + 6H2O(l) (4)

From the scanning electron microscope (SEM) images, they observed that NaF under-
goes a cold welding process on the particle surface by mechanical action and remains on
the surface, subsequently generating HF by reacting with H2SO4 in the leaching process
(Equation (5)).

H2SO4(l) + 2NaF(s) = Na2SO4(l) + 2HF(l) (5)

In the leaching process, H2SO4 is not directly involved in Li extraction, but H2SO4 can
increase the solubility of LiF, while Na+ ions precipitate hexafluorosilicic acid (H2SiF6) as
sodium fluorosilicate (Na2SiF6) and hydrofluo-aluminic acid (H3AlF6) as cryolite (Na3AlF6),
as described in Equation (6).

H2SiF6(l) + H3AlF6(l) + 5Na+(aq) = Na2SiF6(s) + Na3AlF6(s) + 5H+(aq) (6)

117



Metals 2024, 14, 1260

Alkaline Leaching

Mcintosh [66] patented an alkaline leaching process for β-spodumene in an autoclave,
in which calcium oxide (CaO) is used as the main Li leaching reagent. In this process, CaO
and H2O form milk lime (Ca(OH)2) and then react with β-spodumene at 100–200 ◦C and
1–17 atm pressure. The overall reaction is described in Equation (7).

βLiAlSi2O6(s) + CaO(s) + H2O(l) = LiOH(aq) + CaO·AlSi2O6(s) + H+(aq) (7)

Berger et al. [41] reported that mechanically activated β-spodumene could be pro-
cessed at atmospheric pressure and below 95 ◦C, which are milder leaching conditions than
Mcintosh reported [66]. Berger et al. [41] tested two grinding methods, β-spodumene with
CaO in H2O (mechanochemical leaching) or without CaO in the air (mechanical activation
and then leaching). Regardless of the activation conditions, more than 90% of Li leaching
efficiency was achieved within 20 min at a ball/powder mass ratio of 50:1 and 1000 RPM
of grinding speed.

3.2. Lepidolite
3.2.1. Thermal Treatment
Defluorination

Fluorine (F) in lepidolite is not only a toxic element, but it also reduces Li leaching
efficiency. As a result, several previous studies have investigated a defluorination process
using steam at a temperature above 800 ◦C for 30–60 min and have achieved a high Li
recovery rate of over 90% [13,31,42,44,67–69]. The defluorination mechanism using steam
involves the reaction of a proton (H+) from steam dissociation with F from lepidolite to form
HF. Additionally, hydroxyl groups (OH−) from steam dissociation react with Si-O bonds
in lepidolite to form Si-OH. The produced Si-OH continues to react with OH− to form
new phases, including leucite (KAlSi2O6) and aluminum silicates [19,67]. As an alternative
method for the steam-based defluorination process, in situ capture of F by a roasting
process has been considered, but this makes lepidolite processing more complicated [69].
On the other hand, Vieceli et al. [44] observed a defluorination effect when lepidolite is
mechanically activated. Vieceli et al. [44] assessed the dehydroxylation (decreased number
of hydroxyl group) of initial and mechanically activated lepidolite by thermogravimetry
at the peak temperature, which is known to be around 900 ◦C for lepidolite [70], and the
degree of weight loss decreased gradually from 1.75 w/w% for initial lepidolite to almost
0 w/w% for from 30 min activated lepidolite [44,47]. From the result, they proposed that
lepidolite lost its hydroxyl interlayer groups during the mechanical activation and made
lepidolite’s interlayer cohesion weaker due to unbalanced electric charges. Thereby, the
temperature requirements for defluorination are decreased from 200–800 ◦C to 200–500 ◦C.
Although mechanically activated lepidolite showed increased dehydroxylation as the
activation time increased, the detailed effect of defluorination induced by mechanical
activation on Li leaching efficiency has not been investigated.

Acid Digestion

Acid digestion method for lepidolite mineral processing using H2SO4 concentrate, first
patented by Botton et al. [71], is one of the most extensively studied methods [29,44–46,72].
Botton et al. [71] achieved 92% of Li leaching efficiency under the following conditions: acid
digestion temperature at 165 ◦C and 72% H2SO4 concentration for 4 h, and H2O leaching
for 4 h. However, acid digestion requires large amounts of H2SO4 with high concentrations
(up to 98%), and it yields acid solid waste (8–10 tons per 1 ton of Li2CO3 production), which
is a serious environmental concern [24,44,68,73].

Vieceli et al. [44] studied the reactivity of mechanically activated lepidolite concentrate
in a disc mill with H2SO4 and Li leaching efficiency. Under acid digestion conditions of
165 ◦C and an acid/lepidolite concentrate mass ratio of 650 g/kg followed by H2O leaching
at 80 ◦C for 4 h, the Li leaching efficiency increased from 82% to 87% when the mechanical
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treatment time increased from 10 min to 30 min. When the mechanical treatment time
was extended to 45 min, the Li leaching efficiency dropped to 77%, mainly due to the
agglomeration of ultra-fine particles observed through SEM and particle size analysis.

Vieceli et al. [45] later optimized the acid digestion process by utilizing the factorial
design and response surface methodologies. The mechanical activation time (0–15 min),
digestion time (15–120 min), digestion temperature (70–200 ◦C), and acid/concentrate mass
ratio (0.32–1.30 g/g) were changed while maintaining H2O leaching conditions throughout
all experiments. From the regression model of the factor’s combination, they noted that
the strongest effect on Li leaching was the mechanical activation time. They achieved
the highest Li leaching efficiency of over 90% from H2SO4 digestion conditions of 15 min
mechanical activation time using a disc mill and 15 min of acid digestion time at 190 ◦C
with an acid/concentrate mass ratio of 1.30 g/g.

Vieceli et al. [46] suggested two possible mechanisms for the acid digestion of me-
chanically activated lepidolite concentrate, as described in Equations (8) and (9). They did
not consider the effect of F in the following equations because the defluorination effect
occurred during the mechanical activation.

K2(Li3Al3)(AlSi3O10)2(OH)4 + 5.5H2SO4 = 1.5Li2SO4 + K2SO4 + 3Al(SO4)(OH) + Al2O3·6SiO2 + 6H2 (8)

K2(Li3Al3)(AlSi3O10)2(OH)4 + 7.5H2SO4 = 1.5Li2SO4 + K2SO4 + 5Al(SO4)(OH) + 6SiO2 + 7H2O (9)

Sulfation Roasting

Most Li process from lepidolite use one-step thermal processing [19,74]. Sulfation
roasting with various additives followed by H2O leaching has been investigated for ad-
ditives including Na2SO4, potassium sulfate (K2SO4), iron sulfate (FeSO4), and sodium
sulfide (Na2S) [30,31,75]. Among the above reagents, Na2SO4 is the most commercially
relevant roasting reagent, and several prospective processing operations have investigated
this route [68,75].

Setoudeh et al. [47] studied the effect of mechanical activation on lepidolite-Na2SO4
mixture as a way to enhance and optimize the Na2SO4 roasting process. Using a mechan-
ically activated mixture, the phase transformation during the roasting and Li leaching
efficiency in the subsequent H2O leaching at 80 ◦C. Setoudeh et al. [47] used milling condi-
tions of a lepidolite/Na2SO4 mass ratios of 1:0.5 or 1:1, a ball/powder mass ratio of 20:1,
and 5 h of grinding time at 600 RPM of grinding speed in a planetary ball mill. Then, the ac-
tivated mixture was heated at 700–800 ◦C for 1 h and leached in H2O at 80 ◦C for 1 h. From
the XRD analysis data, they detected the peaks of LiKSO4, LiNaSO4, and Li2NaK(SO4)2
after roasting. These compounds are reported as Li products in addition to LiF, Li2O·SiO2,
Li2O·2SiO2, and trace amounts of LiAlO2 and LiAlSiO4 from the reaction between lepi-
dolite and Na2SO4 [31,43]. Additionally, Setoudeh et al. [47] observed albite (NaAlSi3O8)
at 700 ◦C of roasting temperature with stronger and clearer XRD peaks compared to the
study by Yan et al. [75]. They suggested that the solid-solid reaction from mechanical
milling increased the interfacial area in lepidolite and created an amorphized crystalline
structure, which promoted ion diffusion to the reaction surfaces. In addition, the cracks that
developed in mechanically activated lepidolite particles enabled the ions to penetrate deep
into the particles, thereby lowering the reaction temperature [47,76]. Nevertheless, they did
not observe a significant effect on Li leaching efficiency by introducing lepidolite-Na2SO4
together in the intensive grinding process. They achieved more than 99% Li leaching
efficiency under grinding conditions of a lepidolite/Na2SO4 mass ratio of 1:1, roasting
temperature of 800 ◦C.

3.2.2. Direct Leaching

Lepidolite can be directly leached using various mineral acids (e.g., HCl, H2SO4,
and HF) [72,77–80]. The drawback of direct leaching of lepidolite using mineral acids is
dissolution of multiple impurities, including potassium (K), aluminum (Al), rubidium
(Rb), and cesium (Cs), or produces insoluble fluorides, which makes Li recovery more
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difficult [11,25,77–81]. As a result, direct leaching necessitates the careful determination
of the optimum acid dosage for metal dissolution to construct a simple downstream
purification process and maximize the high Li production yield [11].

Lee [42] studied direct leaching after the mechanochemical activation of the lepidolite-
Na2S mixture. Lee [42] employed an intensive grinding process and then leached in H2O
instead of using an acid or alkaline lixiviant. The effect of mechanochemical activation on
Li leaching efficiency was investigated at different lepidolite/Na2S mass ratios (1:0–1:3)
and different grinding times (0–12 h) while maintaining the other grinding and leaching
conditions as follows: 4 g of mixture with 7 zirconia balls (15 mm dia.), grinding speed at
700 RPM, and 30 min of leaching time at 25 ◦C. Lee observed a similar Li leaching efficiency
trend at 1:2 and 1:3 of lepidolite/Na2S mass ratio and achieved slightly higher than 90% of
Li leaching efficiency from 6 h of grinding time. Lepidolite activated without Na2S (1:0 of
mix mass ratio) only reached 4.65% of Li leaching efficiency, and they interred that the
major impact on Li leaching is mechanochemical reaction between lepidolite and Na2S
under the intensive stress field rather than fine grinding of itself.

From the same research group, Kim et al. [13] conducted a study on the mechanochem-
ical activation of lepidolite with calcium sulfate hemihydrate (CaSO4·1/2H2O, CSH) mix-
ture. They followed the same procedure previously used by Lee [42]. Similar to the study
by Lee [42], the mechanical forces not only destroyed the crystalline structure in lepidolite
but also synthesized water-soluble alkali sulfates by adding CSH. Kim et al. [13] investi-
gated Li leaching efficiency by varying the lepidolite/CSH mass ratios (1:0–1:4), grinding
times (2–12 h), and leaching times (1–6 h) while keeping the other conditions same with
the previous study. The mechanochemically activated mixtures showed similar Li leaching
efficiency regardless of the mass ratio of lepidolite/CSH (except for 1:0) and reached higher
than 80% of Li leaching efficiency after 6 h of grinding time. The highest Li leaching
efficiency was 93.5% at lepidolite/CSH mass ratio of 1:3, 12 h of grinding time, and 4 h of
leaching time.

To identify the phase transformation as a result of the mechanochemical process,
Kim et al. [13] used XRD analysis. However, due to the high intensity of the XRD peaks
from calcium sulfate (CaSO4), which is the dehydrated product of CSH formed during
the grinding process, they could not detect other newly synthesized compounds from the
XRD patterns. Kim et al. [13] assumed the partial synthesis of lithium sulfate (Li2SO4)
had occurred during the mechanochemical process, as this is known to be the main water-
soluble Li compound [9,13], and in-situ-generated Li2SO4 attributed to the enhancement of
Li leaching efficiency apart from the destruction of the crystalline structure of lepidolite.

4. Conclusions

The mechanochemical-assisted process has been investigated for Li-bearing mineral
processing to mitigate the high operating temperatures and use of corrosive reagents in the
conventional process. The mechanochemical-assisted process is regarded to have positive
effects on Li-bearing mineral’s reactivity and thereby improve the subsequent process by:

1. Breaking the long-range order in the crystal structure, which results in easier
nucleation during thermal treatment;

2. Shortening the contact distance between target minerals and additives to enable
greater formation of alkali metal salts;

3. In situ formation of water-soluble compounds during the grinding;
4. Enhancing the penetration depth of the lixiviant into the mineral structure to

increase Li extractability.
However, mechanical or mechanochemical activation has a minor effect on the re-

covery efficiency when considering the energy consumption, and its role is not clearly
elaborated due to the limitation of analysis techniques and equipment. In addition, most
applications of the mechanochemical-assisted process to Li-bearing minerals are currently
limited to the improvement of the conventional process and the use of commercially
exploited reagents/lixiviants.
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For the further development of mechanochemical-assisted processes for Li-bearing
hard rock minerals processing, the wide range of studies exploiting the unique mecha-
nisms of mechanochemistry (e.g., mechanochemical activation and mechanochemical
leaching) should be considered. Besides spodumene and lepidolite, the unusual re-
sources (e.g., jadarite, hectorite, and smectite) are the potentially applicable resources of
the mechanochemical-assisted process. Additionally, the shortage of mechanochemical-
assisted processes, including the effect of impurities on the back-end process (e.g., pu-
rification and production step) and energy consumption, needs to be addressed in
future investigations.
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55. Baláž, P.; Takacs, L.; Luxová, M.; Godočíková, E.; Ficeriová, J. Mechanochemical processing of sulphidic minerals. Int. J. Miner.

Process. 2004, 74, S365–S371. [CrossRef]
56. Sandström, Å. Mechanochemical Treatment in Metallurgy: An Overview. In Proceedings of the Conference in Mineral Engineering,

Luleå, Sweden, 2–3 February 2016.
57. Odebiyi, O.S.; Du, H.; Liu, B.; Wang, S. Sustainability of valuable metals recovery from hazardous industrial solid wastes: The

role of mechanical activation. J. Sustain. Metall. 2022, 8, 1393–1421. [CrossRef]
58. Baláž, P. Mechanical activation in hydrometallurgy. Int. J. Miner. Process. 2003, 72, 341–354. [CrossRef]
59. Abdullah, A.A.; Oskierski, H.C.; Altarawneh, M.; Senanayake, G.; Lumpkin, G.; Dlugogorski, B.Z. Phase transformation

mechanism of spodumene during its calcination. Miner. Eng. 2019, 140, 105883. [CrossRef]
60. Dessemond, C.; Soucy, G.; Harvey, J.P.; Ouzilleau, P. Phase Transitions in the α–γ–β Spodumene Thermodynamic System and

Impact of γ-Spodumene on the Efficiency of Lithium Extraction by Acid Leaching. Minerals 2020, 10, 519. [CrossRef]
61. Arne, S.K.; Johan, W.S. Method of Recovering Lithium Salts from Lithium-Containing Minerals. U.S. Patent 2,230,167, 28 January

1941.
62. Qiu, S.; Sun, T.; Zhu, Y.; Liu, C.; Yu, J. Direct Preparation of Water-Soluble Lithium Salts from α-Spodumene by Roasting with

Different Sulfates. Ind. Eng. Chem. Res. 2022, 62, 685–697. [CrossRef]
63. Distin, P.A.; Phillips, C.V. The acid extraction of lithium from the granites of South West England. Hydrometallurgy 1982, 9, 1–14.

[CrossRef]
64. Samoilov, V.I.; Borsuk, A.N.; Kulenova, N.A. Industrial methods for the integrated processing of minerals that contain beryllium

and lithium. Metallurgist 2008, 52, 725–730. [CrossRef]
65. Fogler, H.S.; Lund, K.; McCune, C.C. Acidization III—The kinetics of the dissolution of sodium and potassium feldspar in

HF/HCl acid mixtures. Chem. Eng. Sci. 1975, 30, 1325–1332. [CrossRef]
66. Mcintosh, N.C. Production of Lithium Compounds. U.S. Patent 2,413,644, 31 December 1946.
67. Yan, Q.; Li, X.; Yin, Z.; Wang, Z.; Guo, H.; Peng, W.; Hu, Q. A novel process for extracting lithium from lepidolite. Hydrometallurgy

2012, 121–124, 54–59. [CrossRef]
68. Yan, Q.; Li, X.; Wang, Z.; Wu, X.; Guo, H.; Hu, Q.; Peng, W.; Wang, J. Extraction of valuable metals from lepidolite. Hydrometallurgy

2012, 117–118, 116–118. [CrossRef]
69. Li, J.; Kong, J.; Zhu, Q.; Li, H. In-situ capturing of fluorine with CaO for accelerated defluorination roasting of lepidolite in a

fluidized bed reactor. Powder Technol. 2019, 353, 498–504. [CrossRef]
70. Schomburg, J.; Zwahr, H. Thermal differential diagnosis of mica mineral group. J. Therm. Anal. 1997, 48, 135–139. [CrossRef]
71. Botton, R.; Deigrange, J.P.; Esinet, L.; Steinmetz, A. Method of Recovering Lithium from Lepidolite. U.S. Patent 3,189,407, 15 June

1965.
72. Liu, J.; Yin, Z.; Li, X.; Hu, Q.; Liu, W. Recovery of valuable metals from lepidolite by atmosphere leaching and kinetics on

dissolution of lithium. Trans. Nonferr. Met. Soc. China 2019, 29, 641–649. [CrossRef]
73. Su, H.; Ju, J.; Zhang, J.; Yi, A.; Lei, Z.; Wang, L.; Zhu, Z.; Qi, T. Lithium recovery from lepidolite roasted with potassium

compounds. Miner. Eng. 2020, 145, 106087. [CrossRef]
74. Onalbaeva, Z.S.; Samoilov, V.I.; Kulenova, N.A.; Zhakupova, G.B.; Adylkanova, M.A.; Kokaeva, G.A.; Abdulina, S.A. Procedure

for lepidolite concentrate processing. Russ. J. Appl. Chem. 2016, 89, 1728–1730. [CrossRef]
75. Yan, Q.; Li, X.; Wang, Z.; Wu, X.; Wang, J.; Guo, H.; Hu, Q.; Peng, W. Extraction of lithium from lepidolite by sulfation roasting

and water leaching. Int. J. Miner. Process. 2012, 110–111, 1–5. [CrossRef]
76. Welham, N.J. Mechanical activation of the solid-state reaction between Al and TiO2. Mater. Sci. Eng. A 1998, 255, 81–89. [CrossRef]
77. Liu, J.; Yin, Z.; Liu, W.; Li, X.; Hu, Q. Treatment of aluminum and fluoride during hydrochloric acid leaching of lepidolite.

Hydrometallurgy 2020, 191, 105222. [CrossRef]
78. Samoilov, V.I.; Onalbaeva, Z.S.; Adylkanova, M.A.; Kokaeva, G.A.; Abdulina, S.A. Complex loosening of lepidolite concentrate by

sulfuric acid. Metallurgist. 2018, 62, 29–33. [CrossRef]
79. Wang, H.D.; Zhou, A.A.; Guo, H.; Lü, M.H.; Yu, H.Z. Kinetics of leaching lithium from lepidolite using mixture of hydrofluoric

and sulfuric acid. J. Cent. South Univ. 2020, 27, 27–36. [CrossRef]

123



Metals 2024, 14, 1260

80. Guo, H.; Kuang, G.; Li, H.; Pei, W.; Wang, H. Enhanced lithium leaching from lepidolite in continuous tubular reactor using
H2SO4+H2SiF6 as lixiviant. Trans. Nonferr. Met. Soc. China 2021, 31, 2165–2173. [CrossRef]

81. Mulwanda, J. Extraction of Lithium from Lepidolite and Spodumene. Doctoral Dissertation, Murdoch University, Perth,
Australia, 2021.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

124



metals

Review

Technospheric Mining of Critical and Strategic Metals from
Non-Ferrous Slags

Bona Lim 1, Mark Aylmore 2 and Richard Diaz Alorro 1,*

1 Western Australian School of Mines: Minerals, Energy and Chemical Engineering, Curtin University, Bentley,
WA 6102, Australia; Bona.Lim@curtin.edu.au

2 Mineral Resources Ltd., 20 Walters Drive, Osborne Park, WA 6107, Australia; Mark.Aylmore@mrl.com.au
* Correspondence: Richard.Alorro@curtin.edu.au

Abstract: The technosphere consists of material stocks accumulated by human activities, which
can include processing residue, such as slag. Various smelting processes generate slag, and some
valuable elements are concentrated in this by-product. In this review, the extraction of critical and
strategic metals from non-ferrous slags is discussed. Critical and strategic metals are materials that
are vital for the nation’s economy and defence, as well as its industries, and have common features,
such as expected shortfalls, increasing demand, and few substitutions. There are several definitions,
methods, and classifications of critical and strategic elements by different organisations. In this
study, reports from seven institutions around the world are summarised, and a list of recommended
critical and strategic metals is presented. Non-ferrous slags contain a considerable amount of critical
and strategic elements, and research on technology and process development using both pyro- and
hydrometallurgical methods is very attractive. When it comes to the extraction of values from slag
and the development of technology, it is not only important to consider the economic aspect but
also to ensure the processes are low in emissions and energy consumption but high in efficiency
and recycling.

Keywords: non-ferrous slag; technosphere; technospheric mining; critical and strategic metals;
waste utilisation

1. Introduction

The extraction of metals from ores using high-temperature processing, or pyrometal-
lurgy, produces slag as a by-product. Slag is a fusible or molten mass formed when flux, on
being subjected to heat, reacts with impurities in the ore. Slag floats on top of matte and
can be collected separately [1]. It can normally be divided into two groups: ferrous slags
and non-ferrous slags [2]. Other slags, such as those generated from municipal waste, are
excluded from this study to avoid presenting an overwhelming amount of information.
The focus of this review is non-ferrous slag from metallurgical operations.

Slag is regarded as waste and has applications in brick, cement, and construction [1];
however, these is much attention due to the valuable metals it contains. Slag may cause
environmental concerns for its release of potentially toxic elements; however, utilising slags
as a secondary source will reduce the possibility of environmental exposure [2–7].

While there is abundant information available on copper slag, the characteristics
of other slags such as nickel, tin, and vanadium slags are relatively less known, and
their considerations as a potential secondary source of valuable metal warrant detailed
characterisation and analysis of physical and chemical properties both for metal extraction
and environmental purposes [2,7]. Subsequently, the recovery of valuable metals from
ferrous and non-ferrous slag sources has been reviewed from the perspective of repurposing
and reprocessing the material [6]. Ferrous slags have been effectively utilised for various
applications such as cement production, road construction, and others [6]. Non-ferrous
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slags also have the potential to be utilised in those applications; however, they contain
critical and strategic metals, which makes them more valuable as secondary sources for
these metals. This review will focus on the contents of critical and strategic elements in
non-ferrous slags and the extraction methods to recover them from the slag. Projected
shortfalls, increasing demand, and limited substitutions make metals critical and strategic,
and it is hard to secure the supply even though these metals are essential.

As mentioned, there are a few general review articles on slag, and these include the
following: characterisation [2,7,8], recovery of values from slag [3,6,9], the environmental as-
pect [2], bioleaching potential [10,11], each commodity such as copper [12], vanadium [13],
titanium [14], tungsten [15], and cobalt [4]. There has been no literature published that
focuses specifically on the critical and strategic metals, particularly those contained in
non-ferrous slags, and on the potential of critical and strategic metal extraction from these
materials. In this review paper, the concept of technospheric mining and its application to
the extraction of critical and strategic metals from non-ferrous slags are discussed. This
paper also details the different critical and strategic elements found in non-ferrous slags
and the processes studied and applied to extract them.

2. Research Methodology

This review paper is devoted to exploring the technospheric mining of critical and
strategic metals from non-ferrous slags by introducing the terms, reviewing the literature
database, and exploring relevant technologies in hydro- and pyrometallurgy.

The references in this paper were searched through ‘Google Scholar’ using keywords
and were carefully chosen to reflect relevance to the topic. Publications on technospheric
mining and the technosphere were used to provide a summary of the concept, except for
dissertations. Most reports were chosen to introduce the classifications and methodologies
of critical and strategic metals from each institute. There are also other countries or
organisations available, for example India and Korea, that provide reports on critical and
strategic metals. However, only seven geologically representative institutions were chosen
for this review.

An extensive literature review was conducted on the recovery of critical and strategic
metals from each slag using various methods. In terms of extraction methods, hydromet-
allurgical and pyrometallurgical methods such as leaching or roasting were the key tech-
nologies to focus on over mineral processing and bio-treatment methods unless specifically
relevant and useful to restrict the scope. Some slags have limited literature available. On
the other hand, copper slag had extensive literature; thus, strict and careful criteria were
used to select the relevant literature; for example, the extraction of critical and strategic
metals in metallic or semi-metallic forms was the main focus of choosing the literature.

3. Technosphere and Technospheric Mining

The technosphere contains materials, known as technospheric stocks, which are gen-
erated and accumulated by human and technological intervention. These stocks may
include waste repositories and by-products, such as urban and industrial waste, process
residue, mine waste, process effluents, slag, and tailings [16,17]. Researchers from the 1990s
introduced, defined, and classified technospheric stocks and their status based on several
factors relating to material flow and composition [17–21]. They can also be categorised
based on location, type of stock, management, and state of the stocks. The subgroups of
technospheric stocks are shown in Table 1 [17,22]. The concept of mining the technosphere
refers to technospheric mining.

Technospheric mining is a term and concept referring to recovering minerals or metals
from material stockpiles established by human activity and anthropogenic processes [17].
It is an umbrella concept that incorporates various terminologies common in a circular
economy, such as resource recycling and urban mining. Johansson et al. [17] suggested a
taxonomy in technospheric mining to address a better understanding of this newly devel-
oping field, providing a more holistic approach to reprocessing or repurposing unwanted,
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end-of-life, or waste materials. For example, the taxonomy also described and reviewed
landfill mining [23] and urban mining [24]. There are a number of publications now high-
lighting the application and importance of technospheric mining and the development of
technologies to recover valuable metals from technospheric stocks [25–28].

Table 1. Sub-classification of technospheric stocks.

Technospheric Stocks Status References

In-use stocks (In-use mining) Active [17]
Landfills (Landfill mining) Controlled inactive
Tailings (Tailing mining)

Slags (Slag mining)
Hibernating stocks (Hibernation mining) Uncontrolled inactive
Dissipated stocks (Dissipation mining)

Urban technosphere Active [22]
Rural technosphere Uncontrolled inactive

Subterranean technosphere Controlled inactive
Marine technosphere Uncontrolled inactive
Aerial technosphere Uncontrolled inactive

Some of the technospheric stocks, such as tailing, slag, and metallurgical by-products,
have drawn attention since they contain a significant amount of critical and strategic
metals [28,29]. However, accumulated tailings or slags potentially contain materials that are
hazardous for humans and the environment and can cause tragic accidents when managed
inappropriately. Thus, employing the technosphere as a secondary source of resources can
contribute to mitigating those environmental problems. Therefore, mining the technosphere
is a desirable way to reach sustainable development in social and environmental sections,
along with obtaining critical and strategic metals from secondary sources.

Due to projected shortfalls, increasing demand, and limited substitutions of critical and
strategic metals, the mining industry needs to pay attention to the exploitation of secondary
resources that are already extracted and stored as waste to secure critical and strategic
metals. Advanced technology, economic and political advocacy, and the enormous amount
of technospheric stock support technospheric mining in becoming a new business model.
Technospheric mining not only provides secondary sources for critical and strategic metals
but also assists in achieving a circular economy that promotes sustainable development,
especially in the environment. Overall, technospheric mining can provide economic,
environmental, and industrial advantages.

4. Critical and Strategic Metals

Critical metals are essential for the economy and trade, and strategic metals are needed
for a nation’s defence and its economy [30]. There are multiple definitions, methodologies,
and classifications of critical and strategic metals from various institutes [31]. Although
several publications on critical and strategic materials or metals have significantly escalated
since the 2010s [32], the concept of strategic and critical raw materials publicly appeared
in 1939 with a concern for securing those metals that are required in case of war but are
unobtainable within the country and thus need to be imported from other countries. The
list of critical and strategic materials in 1939 from the United States included antimony,
asbestos, bauxite, camphor, cobalt, cryolite, ferrous alloys, iodine, mercury, opium, quinine,
platinum, potash, rubber, and tin [33,34], of which some are still critical and strategic in
society and others are not anymore.

It is worthwhile to note that criticality is a degree of how critical each element or metal
is; for example, from the measure of 0 to 100, rather than the binary state of ‘critical’ or
‘non-critical’. Particularly, critical metals refer to those that have increasing demand with
scarce supply and, therefore, become more important in the industry [35]. Similar to critical
metals, some metals that are essential for a nation’s defence are classified as strategic, and
they share distinct features: (1) Strategic metals are concentrated in a few countries, causing
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resource nationalism: (2) They are highly essential in the high-technology industry, for
example, solar panels, wind turbines, and superalloys: (3) They are irreplaceable, which
means few replacements for the strategic metals are available [35,36]. Several articles [37,38]
mentioned the terms ‘strategic’ and ‘strategic metals’ but did not clarify what the terms
mean or the methodology.

Critical and strategic metals are getting more attention with the increasing number of
publications and reports, yet there is no comprehensive definition that is agreed on by the
institutes or governments around the globe since the geological, political, infrastructural,
and environmental situations and factors are divergent [31,32]. A conundrum in this
situation is whether it is possible to have a globally defined, long-term classification and
methodology for critical and strategic metals. As technology and industry evolve, the
factors in the methodology change rapidly, which inevitably results in the alteration of
critical and strategic metals. Jim et al. [31] also argued that having a comprehensive and
concrete methodology would be ideal, although the amount of work for assessment can be
incredibly large; thus, simplifying the assessment can reduce the work and, at the same
time, the precision of the result as well.

Representatively, national organisations and governments, in alphabetical order, the
Australian Government (AG), the British Geological Survey (BGS), the Chinese Government
(CG), the European Commission (EC, referred to as EU), the Ministry of Mines from
Government of India (GI), the Organisation for Economic Co-operation and Development
(OECD), and the United States Department of the Interior from the United States of America
(US DoI, referred to as the USA), released publications on critical and strategic materials
and their strategies to secure those valuable metals.

Table 2 shows the critical and strategic metals selected by the institutions listed above.
X in Table 2 means the institute chose the element as critical and/or strategic. Among
metals described by several organisations, those shared in the list in Table 2 are classified
as critical and strategic. This table, however, excludes non-metals such as borate (BO3

3−
or B4O7

2−), helium (He), fluorine (F), phosphorus (P), and natural rubber [39–41], while
acknowledging that the non-metals are vital for many industries. The purpose of Table 2
is to compare the common critical and strategic metals that were chosen from the seven
institutes, regardless of the geological factors. For instance, all institutes categorised REEs
as critical and strategic, whereas only two institutes consider cadmium (Cd) as critical
and strategic. Metals classified as critical and strategic by two institutes out of seven can
be considered low priority globally, for example, rhenium (Re), silver (Ag), thorium (Th),
uranium (U), as well as Cd. Some metals that were chosen by only one institute were
eliminated from Table 2, considering their criticality not to be as globally significant as
others. The metals that were chosen only once were the following: caesium (Cs), rubidium
(Rb), tellurium (Te) by the USA [42], and mercury (Hg) by BGS [43].

The Australian government initiated the Critical Minerals Strategy, which entails
the vision of critical minerals by 2023, and became the global supplier of those minerals.
The Critical Minerals List provides not only the critical minerals that are crucial to the
technologies necessary for achieving net zero emissions as well as energy security, but also
the strategic materials that are regarded as a ‘watchlist’ to ensure there is no disruption
on the supply chain [40]. Among the metals and materials listed in Table 2, the strategic
materials classified by Australia are Al, Cu, Ni, P, Sn, and Zn.

The British Geological Survey published a report on the supply risk of chemical
elements and its methodology. The supply risk index rates each element from 4.5 to 9.5.
The element with the highest index is Rare Earth Element (REE) with a rate of 9.5, and the
lowest-rated metal was gold with 4.5, indicating incredibly insignificant risk. The critical
metals chosen by the BGS alone are shown in Table 2. A few metals, for example, mercury
(Hg) and uranium (U), were excluded from the list because they were chosen by only one
institute [43].
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Table 2. Classification of critical and strategic metals.

Metals
AG
[40]

BGS
[43]

CG
[41]

EU
[39]

GI
[44]

OECD
[36]

USA
[42]

Aluminium (Al) X X X X X X X
Antimony (Sb) X X X X X

Arsenic (As) X X X X X
Barium (Ba) X X 1 X

Beryllium (Be) X X X X
Bismuth (Bi) X X X X

Cadmium (Cd) X X
Carbon * (C) X X X X X X X

Chromium (Cr) X X X X X X
Cobalt (Co) X X X X X X X
Copper (Cu) X X X X X X
Fluorspar (F) X X X
Gallium (Ga) X X X X X

Germanium (Ge) X X X X X
Gold (Au) X X X

Hafnium (Hf) X X X X
HREEs X X X X X X X

Indium (In) X X X X X
Iron (Fe) X X X X
Lead (Pb) X X X

Lithium (Li) X X X X X X X
LREEs X X X X X X X

Magnesium (Mg) X X X X X X
Manganese (Mn) X X X X X

Molybdenum (Mo) X X X X X
Nickel (Ni) X X X X X X X

Niobium (Nb) X X X X X X
PGMs X X X X X

Rhenium (Re) X X
Selenium (Se) X X X

Silicon metal (Si) X X X
Silver (Ag) X X

Strontium (Sr) X X X
Tantalum (Ta) X X X X
Thorium (Th) X X

Tin (Sn) X X X X X
Titanium (Ti) X X X X X X
Tungsten (W) X X X X X
Uranium (U) X X

Vanadium (V) X X X X X X
Zinc (Zn) X X X X

Zirconium (Zr) X X X X X

HREEs = Heavy Rare Earth Elements Dysprosium, Erbium, Europium, Gadolinium, Holmium, Lutetium, Terbium, Thulium,
Ytterbium, Scandium, Yttrium

LREEs = Light Rare Earth Elements Cerium, Lanthanum, Neodymium, Praseodymium, Samarium
PGMs = Platinum Group Metals Iridium, Palladium, Platinum, Rhodium, Ruthenium

* Carbon is regarded in several forms, for example, BGS included graphite and diamond, EU Commission included
coking coal and natural graphite, OECD mentioned natural graphite, and AG, CG, GI, and US DoI chose graphite.
1 baryte instead of barium.

The Chinese government released National Mineral Resources Planning in 2016 and
classified 24 minerals as critical and strategic within three categories (energy, metal, and
non-metal). However, this government report was only available in Chinese; thus, the
alternative publication in English was used to obtain the list of critical minerals from the
Chinese government [41].
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The European Commission has published a report on critical raw materials every
three years since 2011, and the latest report in 2023 has been mostly referenced. Based on
market fluctuations, progress of technology, and production status, the list changes every
three years in the reports. The critical raw metals (CRMs) in Table 2 are notably vital in
Europe because of their high demand in various industries and the advancement of green
and high technology. The two main parameters used by the EU in the methodology to
assess the criticality of metals since 2011 are economic importance (EI) and supply risk (SR),
which comprise several factors. The EU Commission is trying to ensure the consistency of
the assessment throughout the years [39].

The Ministry of Mines of the Government of India published Critical Minerals for
India [44]. The report included a global overview, five factors of the value chain of critical
minerals, the methodology of classification, and so on. An interesting and meaningful
exercise by the Government of India that was included in this report was a comparison
of critical minerals chosen by different ministries in India through inter-ministerial con-
sultation. For example, the Department of Science and Technology and the Department of
Pharmaceuticals notably chose different minerals as critical; hence, a broad spectrum of
critical minerals was reviewed and chosen [44].

The Organisation for Economic Co-operation and Development has 38 countries from
around the globe as members, building international standards and policies and solving
various issues together [45]. Hence, the OECD’s view on critical and strategic materials is
significant since the organisation represents a broad perspective regardless of geological
factors. In terms of critical metals, the OECD is mentioned in the case study of critical metals
and mobile devices for sustainable material management. The organisation acknowledges
that the definition of critical metals is subject to change over time due to factors such as
geography and technology [46].

In 2020, the Energy Act of 2020 was passed by the United States Congress to boost
clean energy and climate policy in the US. Following the Energy Act of 2020, the Secretary
of the DoI, who is also the director of the US Geological Survey (USGS), published the
draft list of critical minerals in the Federal Register. This 2021 list was consulted by the
Department of Agriculture, Commerce, Defence, and Energy, and the United States Trade
Representative [42]. In 2022, the Final List of Critical Minerals was published [47]. The
recent reports on the critical materials from the Department of Defence (DoD) and Energy
(DoE) referred to the list from the DoI [48,49]. Even if a commodity has no supply risk
or trade exposure and then a single producer in the US becomes unable to produce the
commodity, there is a chance to be exposed to the supply risk, which was categorised as
Single Point of Failure (SPOF). With the SPOF method, Be, Ni, and Zr are included in the
draft list of critical minerals. In cases where there was insufficient data for a quantitative
assessment of a certain commodity, a qualitative evaluation of supply and demand was
conducted. As a result, caesium (Cs), rubidium (Rb), Sc, and the REEs remained on the
list [50].

5. Recovery of Critical and Strategic Metals from Non-Ferrous Slags

As demand for critical and strategic metals keeps increasing from various industries,
securing primary and secondary sources of critical and strategic materials and having
feasible extraction technologies are crucial for nations’ economies and defence. Hence, in
the following chapter of this paper, we would like to introduce the potential of extracting
critical and strategic metals from the by-product of the smelting process, non-ferrous slags.
Indeed, because the recovery of critical and strategic metals from slag materials is still
in its infancy, the available literature is limited. Thus, tin, copper, nickel, vanadium, and
titanium slags were studied. Also, it is worth noting that the emphasis on base metals will
be less than that on non-base metals since the production and supply of base metals from
the primary source are more stable than the other critical and strategic metals.
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5.1. Tin Slag

Tin slag is a by-product of the tin smelting process. Tin slag has drawn broad attention
since it contains a significant amount of critical and strategic metals, representatively Nb
and Ta [51]. It can be considered a secondary source of Nb and Ta, as there are a limited
number of primary ores of those metals [52]. Several studies [52–57] have attempted to
recover valuable metals from tin slag using pyro- and hydrometallurgical methods. The
chemical composition of tin slag, including the critical and strategic elements, is shown
in Table 3. Tin slag became a feasible candidate for secondary sources of Ta when the
market price increased [58], and it can happen any time soon for other valuable metals or
commodities as well.

As shown in Table 3, tin slags contain not only Sn, Nb, and Ta but also critical and
strategic metals such as Ti, W, V, Cr, Ni, and REEs. The figures in Table 3 are mostly average
concentrations of samples to avoid including all the samples from the same countries
and regions in each paper [52,59]. The concentrations of Nb and Tb vary significantly
depending on the origin of the sample: Nb 70.89 mg/kg to 14.1% and Ta 1.75 mg/kg
to 20.8% as oxides. Thus, many sources actually have a high grade of Nb and Ta: Nb +
Ta > 8% high, 5% < Nb + Ta < 8% low, and Nb + Ta < 5% extremely low [58]. Also, the
concentrations of tin slags from Smelterskop and Elandsberg, South Africa are ancient
samples from 1650 to 1850 CE. The geologists estimated that 180,000 tonnes of tin were
mined in these regions before 1905 [59]. Thus, considering the grade of Sn in these regions
is 11.10% SnO to 25.28 SnO2, it might be feasible to extract Sn from the historical tin slags
in South Africa.

Table 3. Compositions (%) of critical and strategic elements in tin slags.

Origin
(Region)

Nb2O5
[Nb]

Ta2O5
[Ta]

(Ta,
Nb)2O5

TiO2
[Ti]

SnO2
[Sn]

MgO
[Mg]

Al2O3
[Al]

MnO
[Mn]

WO3
[W]

V2O5
[V]

Cr2O3
[Cr]

Ni2O3
[Ni]

Ce +
La References

N/A 9.35 2.6 11.95 5.9 - 5.3 6.56 - - - - - - [52]
N/A 5.2 7.5 12.7 1.3 0.7 - 11.2 3.7 - - - - - [53]

Nigeria 14.1 20.8 34.9 - 0.37 1.2 5.1 1.7 - - - - - [55]
Malaysia 3.43 3.05 6.48 7.97 1.33 - 10.42 0.7 1.4 - - - - [56,60]

4 4 8 11 0.5 0.5 9 0.5 8 0.5 - - - [61]
Indonesia - - 2.7 13.3 0.8 - 8.0 0.4 0.0 - - - - [57,60]
Indonesia 0.33 0.64 0.97 11.92 - - 11.7 - - - - - - [62,63]
(Bangka) - - - 2.38 1.78 - 0.52 - - - - - 1.7 [63]

Spain - - 18.7 7.3 0.1 - 6.9 1.7 0.1 - - - - [57,60]
South Korea - - 10.8 17.8 0.8 - 4.7 0.7 0.1 - - - - [57,60]

Thailand - - 24.9 15.5 0.7 - 7.0 2.1 1.0 0.14 0.65 - - [57,60]
DR Congo - - 12.7 1.3 0.7 - 11.2 3.7 0.2 - - - - [57,60]
England - - - - 16.44 2.21 10.60 0.68 7.31 - - - - [64]

Zimbabwe [29.9] [27.3] - [0.16] - - [0.17] [2.95] [0.41] [0.06] [0.03] [0.13] - [65]
Australia 5.5 10 15.5 9 - - - - - - - - - [62]

South Africa 7 5 12 2 - - - - - - - - - [62]
(Smelterskop) 70.89 * 1.75 * 72.64 * 1.4 25.28 3.09 11.86 0.11 0.34 0.11 0.045 20.41 * 456.9 * A, [59]
(Elandsberg) 0.1 - 0.1 8.61 11.19 a 2.37 7.34 0.19 - 0.13 0.13 0.02 b - A, [59]

Brazil - - - 0.8 - 6.2 11.8 0.7 - - - - - [66]
Brazil [0.3] [0.5] - [1.0] [2.0] [4.0] [2.0] [0.6] - - - - - [51]

* is mg/kg, not %. A is the ancient sample. a and b represent different forms of oxide; in this case, a is SnO and
b is NiO.

Nb and Ta are the main products that can be extracted from tin slags. As shown in
Table 4, several studies [52–54] showed that pyrometallurgical methods, such as chlorina-
tion and carbochlorination, were mostly adapted for the recovery of Nb and Ta. For the
hydrometallurgical methods, successive acid and alkali leaching were studied [55–57,67].
Conventional methods of extracting Nb and Ta from tin slags are hydrofluoric acid leaching
or successive leaching of hydrofluoric and sulphuric acids, followed by carbochlorination.
So, the most suitable process in the past would have been a combination of pyro- and
hydrometallurgical methods. However, they are less utilised due to economic and envi-
ronmental issues these days [53]. In June 2019, the latest study by [57], showing the best
outcomes of grade and recovery of Nb and Ta, developed the acid–alkali–acid leaching
process presented in Figure 1. Although a greater recovery of Nb and Ta is desirable,
the grade of the product is outstanding compared to pyrometallurgical methods such as
carbochlorination and roasting.
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Table 4. Extraction methods of critical and strategic metals from tin slags (Condition and recovery
given for bolded method).

Samples
Methods (Pyrometallurgical,

Hydrometallurgical and Combined)
Optimum Conditions Recovery (Grade) References

Tin slag
- (Pre-treatment) Leaching
- Chlorination
- Carbochlorination

LGC (Low grade
concentrate)
1000 ◦C, 24 h

Nb2O5 98.4%
Ta2O5 99.4% [53]

Tin slag
- Hydrochloric acid leaching
- Carbochlorination
- Carbon-tetrachloride chlorination

20% Charcoal
900 ◦C, 40 min

Nb2O5 79.8%
Ta2O5 64.5%
TiO2 74.3%
Converted

[52]

Tin slag (Thailand,
Zaire, Indonesia)

- Successive acid and base leaching
(HF, HCl and NaOH)
- Carbochlorination/halogenation
(Cl2 + N2 + CO)

Leaching
NaOH 2 N HCl 2 N
HF 1.4 N, 70 ◦C, 1 h
Solid/Liquid: 50 g/L
Carbochlorination
HGC, 500 ◦C, 24 h

Nb2O5 99.71%
Ta2O5 98.36% [54]

Zimbabwe tin slag In situ carbothermic reduction
Reducing agents:
Collie coal, 1275 ◦C, 30
min

NbC 31.81%
Nb2O5 48.11%
TaC 12.49%
Ta2O5 10.37%

[65]

Tin slag (Congo,
Indonesia,
Malaysia, South
Korea, Spain,
Thailand)

Acid-Base-Acid leaching

HCl 2 M HF 1.2 M
NaOH 2 M
70 ◦C, 4 h,
Solid/Liquid: 50 g/L

(Ta + Nb)2O5
85.6% (63.3%) [57]

Malaysian tin slag

- Alkali pre-treatment
(Caustic leaching, alkali pugging,
caustic fusion)
- Hydrochloric acid leaching

Alkali processing
Slag/NaOH: 1/2,
250 ◦C, 4 h
Acid Leaching
HCl: 3.25 N, 50 ◦C,
15 min

Nb2O5 86.5%
(10.6%)
Ta2O5 95.5%
(10.4%)

[56]

Indonesian tin slag

Roasting
Water-quenching
Leaching (HF/HCl and NaOH)

Roasting
900 ◦C, 2 h
Leaching
HF 8%, 2 h
HCl 6 M, 2 h
NaOH 10 M, 20 h

Nb2O5 91% (1.34%)
Ta2O5 87.5%
(0.66%)

[67]

Roasting
Water-quenching
Successive leaching (NaOH and
HClO4)

−200 + 250 mesh
Solid/Liquid: 1/10
Roasting
900 ◦C, 2 h
Leaching
NaOH 8 M, 2 h,
25 ◦C

Ce (4.35%)
La (1.45%)
TiO2 (3.23%)
Sn (6.49%)

[63]

Roasting
Water-quenching
Alkali and acid leaching

Roasting
800 ◦C, 1 h
−100 + 150 mesh
Leaching
Solid/Liquid: 1/10
NaOH 5 M, 20 min
HCl 5 M, 50 min
25 ◦C

Nb2O5 (1.11%)
Ta2O5 (1.56%)
TiO2 (21%)

[62]
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Figure 1. The optimum process for tin slag to recover niobium and tantalum adopted from [57].

Tin slags also contain other critical and strategic metals, such as Ti and REEs, in
addition to Sn. Since current studies mostly focus on recovering Nb and Ta from tin
slags, a knowledge gap exists in the recovery of other critical and strategic metals. Hence,
exploring a suitable process to extract other critical and strategic metals from tin slags is a
beneficial and desirable provision for the mineral industry. Other research gaps and current
drawbacks of utilising tin slags include the following: (1) low grade and recovery of critical
and strategic metals; (2) separation of valuable metals that have chemical similarities; and
(3) silica gelation. Since the latest study [57] was able to produce a commercial grade
product (63.3%), the research is progressing with technology. It will be favourable to
examine green reagents, for instance, organic acids.

5.2. Copper Slag

Copper slag is a by-product of copper production. As much as copper mines have
been active around the world, an enormous amount of copper slag has been accumulated
in dumps. Copper slag is known as a suitable material for construction, geotechnical
applications, road pavements, and so on due to its physical and chemical properties [68,69].
However, this review attempts to highlight the potential economic benefits of copper slag
as a great secondary source of valuable metals since copper slag contains a significant
amount of critical and strategic metals, as shown in Table 5 [70].
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There are two forms of copper slag, which vary based on their cooling processes. Air-
cooled slag and water-quenched slag show different properties. Water-quenched slag has a
more granular form, like sand. Thus, it can be suitable for use in the construction industry.
Air-cooled slag is slow-cooled and can be suitable for extracting valuable metals since it
may contain various forms of minerals due to crystallisation with enough time [6,68,69].
However, slow-cooled slags tend to have more dense structures than fast-cooled slags, so it
is sometimes harder to liberate valuable metals from slow-cooled slags.

Every ton of copper production generates 2.2 tonnes of copper slag [8]. Total reserves
of copper in the world are estimated at 1 billion tonnes in 2024, and the global mine
production of copper in 2023 was 22 million tonnes [102], which would have generated
44 million tonnes of slag. The largest production occurs in Chile, which was 5 million
tonnes in 2023. Chile is followed by Peru, Congo, China, the USA, Russia, Indonesia,
Australia, Zambia, Mexico, Kazakhstan, Canada, Poland, and others in terms of copper
mine production [102]. As is shown in the active production of copper, a significant amount
of copper slag keeps being dumped worldwide. It would be beneficial to recover valuable
metals from copper slag for those countries that have significant amounts of dumped slag
and will constantly generate slag in the future.

The amount of copper slag that is dumped in known and unknown places would be
immeasurable. For example, around 2.5 million tonnes of ancient Turkish copper slag from
the 13th century have been stored in the northern part of Turkey. The ancient slag also
was adopted to develop the process by researchers. Based on the chemical analysis, this
slag has 0.5% of cobalt, which can produce around 12,500 tonnes of cobalt [74,75], which is
equivalent to 337 million US dollars (US $27,000 per tonne in June 2024) [103]. There is a
literature [104] that reports a pilot-test work performed on a copper reverberatory furnace
slag in Zambia and the production of cobalt from the copper slag. Around 20 million
tonnes of dumped slag that contained 0.66% cobalt were processed through the furnace,
which commenced in 2001.

Methods to recover critical and strategic metals from copper slags are presented in
Table 6. The main valuable metals are Cu, Co, and Ni. The extraction of base metals from
copper slag was excluded since base metals’ criticality is lower than that of critical and
strategic metals [43,105]. To recover Co from copper slags, roasting and leaching were
adopted, along with sulphurisation, flotation, precipitation, and so on. More details on the
generation, characteristics, utilisation, environmental impacts, and recycling technology of
copper slag, regardless of the critical and strategic elements, can be referred to in [8,9,12].

Several attempts have been made to recover Co from copper slag, mainly by hydromet-
allurgy approaches. They are showing remarkable results, considering that traditional
methods mostly include roasting or other pyrometallurgical methods. After leaching,
researchers also adapted separation and purification methods, such as solvent extraction
and precipitation. Figure 2 is the process flowsheet to recover Co selectively using leaching
with sulphuric acid and sodium chlorate as an oxidant and precipitation with calcium
hydroxide, and it produced 98% recovery of Co, which is an outstanding result considering
it was conducted under atmospheric pressure [86].

Another feasible process is shown in Figure 3. Banza and colleagues investigated a
combined process of hydrometallurgical methods to extract Co, Cu, and Zn. Leaching was
conducted in a sulphuric acid medium with hydrogen peroxide as an oxidant. Then, Fe
was separated through precipitation, and Cu was extracted by solvent extraction. Finally,
Co and Zn were recovered from the solution by solvent extraction with D2EPHA, and
they were stripped separately. The overall recovery of Co was 90%, which indicates it is
promising to take into consideration for adapting hydrometallurgical methods to upgrade
the copper slag for the extraction of critical and strategic metals [87].
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Table 6. Extraction method for critical and strategic metals from copper slags.

Samples Methods Optimum Conditions
Recovery
(Grade)

References

Turkish
Copper Slag

Sulphurisation
Roasting
Water leaching

−100 mesh (150 μm)
Sulphurisation: Closed system, gas mixture; 6 g H2S + 25 g H2O,
130 ◦C, 1 h, solid-gas interaction, Roasting: 600 ◦C, 6 h, Water
leaching

Co 98.8% [106]

Roasting
Water leaching

−100 mesh (150 μm), Roasting: 200 ◦C, Sulphating agent; 1.5
stoichiometric amount H2SO4, 1 h, muffle furnace, Water
leaching

Co 96% [107]

Pre-roasting
Roasting
Water leaching

−63 μm pyrite, various for slag
Pre-roasting: 550 ◦C, 1 h. Roasting: 550 ◦C, 3 h, pyrite/slag 0.25
Water leaching: 15 min, ambient temperature, pulp density 10%

Co 98.4%
Ni 22.2% [108]

Roasting
Leaching
(Microwave
acid digestion)

−150 μm, Roasting: Slag: Pyrite: Copper concentrate 3:6:6 (220
g), iron powder 2.2 g, 600 ◦C, 5 h, closed medium
Leaching (Microwave acid digestion): 0.2 g dried sample, 1450
W, 37% HCl 2.5 mL + 65% HNO3 7.5 mL

Co 98.4% [73]

Acid roasting
Leaching

−0.1 mm, Acid roasting: H2SO4, 2 h, 150 ◦C, acid/slag 3:1
Leaching: Hot water, 70 ◦C, 1 h Co 87% [76]

Flotation
Leaching

−150 + 300 mesh
Flotation: Collector; X−231 100 g/t, Na2S 300 g/t
Leaching: HCl 150 g/t, 2 h, 80 ◦C, S/L 1/10

Flotation tail
Sn 73%
(2.58%)

[109]

Turkish
ancient
copper slag

Flotation
Roasting
Leaching

−0.1 mm,
Flotation: Na2S 300 g/t, Aero 211 200 g/t, pH 7~7.2, Pulp
density 15%, 1300 rpm
Roasting: 500 ◦C, 1 h, pyrite: slag 3:1, Leaching: H2SO4 10 g/L

Co 86.5% [74]

Leaching H2SO4 120 g/L, 2 h, 60 ◦C Co 90% [75]

Indian
copper slag

Roasting
Leaching
Precipitation

−75 μm, Roasting (1st and 2nd): 1 stoichiometric amount of
H2SO4, 150 ◦C, 1 h/650 ◦C, Leaching with water
Precipitation (iron removal): NH3 or CaO, pH 2.5–3

Co 95%
Ni 95% [96]

Pressure
leaching Pulp density 10%, H2SO4 0.35 N, 130 ◦C, 0.59 MPa, 4 h, 840 rpm Co >95%

Ni >95% [97]

Reductive
roasting
Leaching

Reductive roasting: 10% furnace oil, 850 ◦C, 2 h
Leaching: 1.25 stoichiometric amount of FeCl3, 2 h

Co 80%
Ni 95% [98,110]

Chinese
copper slag

Reductive—
sulfidising
reduction
Magnetic
separation
Leaching

Reductive—sulfidising reduction: Product—Cu-Co-Fe matte
(Start material),
Magnetic separation: 40 mT, Feed rate 100 mL/min
Leaching: H2SO4 1.15 stoichiometric, 1 h, 80 ◦C, 500 rpm, 10%
(w/v)

Co 95.57% [111]

Reduction-
roasting

Reduction-roasting: MoSi2 electric furnace (12 kW), 1350 ◦C, 1 h,
Reducing agent; coke powder 7%, Curing agent; pyrite 30% Co 95% [84]

Reduction
smelting

Reduction smelting: 1350 ◦C, 2.5 h, reducing agent; activated
carbon 5%,
Modifiers; TiO2 5%, CaO 4%

Co 94.02%
(1.76%) [85]

Leaching
Precipitation

−180 μm, Leaching (20g slag): H2SO4 17 g, oxidant; NaClO3
2.5 g, 95 ◦C, 3 h
Neutralisation (Precipitation): Ca (OH)2 4.3 g, pH 2, 1 h

Co 98% [86]
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Table 6. Cont.

Samples Methods Optimum Conditions
Recovery
(Grade)

References

German
Copper slag

Sorting
Roasting
Leaching
Precipitation
Complexation
Solvent
extraction

−100 μm
Sorting: Crystalline: Vitreous 3:1
Leaching: 37% HCl, 70 ◦C, 1 h, pH 2.5 (start), Solid/liquid
100 g/L
Precipitation: NH4HCO3, pH 7
Precipitate complexation: NH4OH + H2O2, pH 10
Solvent extraction: H2SO4

Various
products [71]

Congolese
copper slag

Oxidising
leaching
Solvent
extraction
Precipitation
Solvent
extraction

−100 μm
Oxidising leaching: 500 kg/t H2SO4 + 62.5 L/t H2O2, 70 ◦C, pH
2.5, 2 h, S/L 10%
Solvent extraction: Copper—12% v/v LIX 984 in Kerosene, pH
2.5, A/O 1:1
Precipitation: Iron—300 g/L CaCO3, pH 3.5, 85 ◦C
Solvent extraction:
Zinc and Cobalt—20% v/v D2EPHA in kerosene, 25 ◦C, pH 3.5,
A/O 1:1
Cobalt stripping—H2SO4, 25 ◦C, pH 2.5, Zinc
stripping—H2SO4, 25 ◦C, pH 1

Co 90% [87]

Polish
copper slag

Reduction
roasting
Electrolytic
dissolution
Ammoniacal
leaching
Electrowinning

Reduction roasting: electric furnace, 80–90 V, 900–950 A, fluxing
agents; limestone 8.6% + dolomite 8.6%, reducing agents; coke
breeze 2.7% + pig iron 2.0%, 1425–1570 ◦C
Electrolytic dissolution: ammonia-ammonium chloride
electrolyte, NH3 + NH4

+ 2.5 M, Cl− 1 M, pH 10.1, circulation
rate 15 dm3/h, 50 ◦C, anodic current density 350 A/m2

Ammoniacal leaching (for anode slime from previous stage):
NH3 + NH4Cl
Electrowinning: copper—pH 0, cobalt—pH 6

Co (92%) [83]

Chilean
copper slag

Reduction (Slag
cleaning)
Water
quenching
Drying
Milling
Reduction
(Removal of
carbon
contamination)

Reduction (Slag cleaning): 800 g power mixture; SiO2, CaO,
Al2O3 and MgO, Induction furnace (10 kHz, 15 kW), Reductant;
graphite, Pure argon atmosphere, Modifier; TiO2 11 wt%
Water quenching
Drying: Muffle furnace, 100 ◦C
Milling: −75 μm
Reduction (Removal of carbon contamination): Muffle furnace,
8 h, 700 ◦C

Recovery
Co/Recovery
Fe ratio 1.5

[112]

Copper
converter
slag

Curing
Leaching
Cementation
Precipitation

−75 μm, Curing: H2SO4, 2 h, 85 ◦C
Leaching: 1.2 times of stoichiometric amount H2SO4, 90 min,
75 ◦C
Cementation (Cobalt and Zinc): Cementation reagent;
Manganese, Mn/Co molar ratio 7, initial pH 3, 45 min
Precipitation (Cobalt sulphide): initial pH 4, 90 min, 100 ◦C,
Precipitate reagent; Barium sulphide, BaS/Co molar ratio 3

Co 98% [101]
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Figure 2. Process flowsheet of copper slag adopted from [86].

Figure 3. Process flowsheet of copper slag adopted from [87].

A study was also conducted to recover Sn from copper slag. As shown in Table 2, Sn
is one of the critical and strategic metals in copper slag. The process includes size reduction
and classification, flotation, and leaching. In flotation, Cu was recovered as concentrate
and Sn remained in tailing. In the leaching test, the recovery of Sn was not as efficient as
that of Cu since the process was focused on Cu extraction. Consequently, there is still a
research gap in the recovery of Sn from copper slag [109]. Including the processes that
were mentioned above, hydrometallurgical methods are listed in Table 6 to recover critical
and strategic metals from copper slag [97,98,101,113].
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As one of the hydrometallurgical methods for extracting critical and strategic elements
from copper slag, bioleaching has been studied for the past decades. Bioleaching is con-
sidered an environmentally friendly and sustainable process and is a gradually evolving
technology [114]. In bioleaching, microorganisms play a key role as extractants [115]. A
recent study by Mikoda et al. (2019) studied the feasibility of bioleaching assisted by
Acidithiobacillus thiooxidans. The optimal conditions for this study were a particle size of
0.25–0.5 mm and a pulp density of 1% for 28 days. With these conditions, high recoveries
of Co, Mo, REEs, and V were achieved: shaft furnace slag—Co 100%, Mo 44%, REE 70%,
and V 70%; and granulated slag—Co 95%, Mo 70%, REE 99%, and V 93% [80]. Another
study from the same research group suspected that the bioleaching of historical copper slag
could create up to $135 worth of metals from a ton of slag. Hence, extracting values from
historical copper slag can be an economically and environmentally positive option [116].
A broader perspective has been implemented by Lee and Pandey (2012), who reviewed
the bioprocessing of solid wastes, including copper slag, for metal extraction [10]. Using
a mixed culture that contains Acidithiobacillus and Leptospirillum with 10 g/L sulphur (S)
and 4.4 g/L ferrous sulphate (Fe2+) at a pulp density of 10 g/L and a pH of 1.5, in 42 days,
100% recovery of Ni was achieved [117]. Mehta and Pandey [118] recovered 64% of cobalt
and 50% of nickel from copper converter slag in 80 days with the optimum conditions of
pH 2, pulp density 1/20, and particle size −75 μm using Thiobacillus ferrooxidans. Despite
significant research efforts aimed at developing bioleaching processes, most of the experi-
ments have been limited to the laboratory scale [10]. Since the new extraction processes
should minimise the impacts on the environment and pursue economic profit, bioleaching
is considered a green technology for the mining industry.

Pyrometallurgical methods tend to be used frequently owing to effective sulphurisa-
tion or reduction. Thus, there have been various implementations of pyrometallurgical
methods on copper slag. A recent study by Yuksel and Teğin [73] reported a huge improve-
ment in pyrometallurgy by reducing the temperature for roasting, which saves energy
as well as the processing budget. A total of 98.4% of Co from copper slag was recovered
by roasting at 600 ◦C for 5 h with a 3:6:6 ratio of slag: pyrite: copper concentrate and
iron powder [73], whereas other studies [84,85] required 1350 ◦C to extract around 95%
Co. Depending on the methods, Co remains in the depleted slag after roasting [84], or
a cobalt-bearing alloy can be produced after reduction [85]. In these cases, recoveries of
Co were 95% and 94.02%, respectively. There is also a study to identify the most suitable
modifier to selectively recover Co from copper slag when the reductant is graphite. It
turned out to be more titanium dioxide than calcium oxide or calcium fluoride [112].

One of the greatest achievements of exploiting slag as a secondary source is the pilot
test work that was later conducted at a plant in Zambia in 2001. A 40 MW DC arc furnace
was built to extract cobalt from the 20 Mt reverberatory furnace slag dump. The feed was
specifically blended with slag, lime, and coal, and the tapping temperature on average was
1500 ◦C [104]. This example indicates that it is economical and feasible to extract valuable
metals from slags, along with providing a chance to clean slag if required.

Various flowsheets combining the pyrometallurgical and hydrometallurgical methods
have been widely explored to extract critical and strategic metals from copper slag. A
few cases of studies in pyrometallurgy required water leaching after roasting, so they
were categorised as combined methods [5,106–108]. A novel process was developed by
Yin, Xing [111] that includes smelting, magnetic separation, and leaching with sulphuric
acid. Through reductive-sulphurising smelting, a Cu–Co–Fe matte was produced and then
processed under a magnetic separator. Magnetic concentrate possessed cobalt-bearing
phases, which include Co–Fe alloy, and non-magnetic substances had copper-bearing
phases. Subsequently, sulphuric acid leaching at 80 ◦C for 1 h was conducted for magnetic
substances. The overall recovery of Co was 95.57% after this series of processes [111]. A
research group in India investigated various methods to extract Co and Ni from copper
slag: roasting with acid, water leaching and precipitation [96], pressure leaching [97],
reductive-roasting, and leaching with ferric chloride [110]. The conditions of these methods
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are listed in Table 6. These methods showed remarkable results, with recoveries exceeding
95% of Co and Ni. Several attempts have also been made to recover Mo from copper slag
by a sequence of selective reduction, roasting, and leaching with sulphuric acid [93] and by
oxidative roasting followed by sulphuric acid leaching [119]. The former study achieved
enrichment of Mo by 8.9 (final/initial grade: 2.67/0.3), and the latter recovered 80% of
Mo. One of the most comprehensive flowsheets for processing copper slag is presented in
Figure 4. It encompassed from reduction roasting to electrowinning and produced a 92%
purity of Co [83]. It indicates that a combined flowsheet of hydro- and pyrometallurgical
methods for extracting critical and strategic metals such as Co can produce high-purity
concentrates. However, the feasibility, profitability, and viability of the process should still
be assessed before applying to industry.

Figure 4. Flowsheet of a selective process for cobalt from copper slag adopted from [83].

5.3. Nickel Slag

Nickel slag is a smelting waste from nickel production [120]. Slag is usually stored
in dumps since they are considered as waste materials [121]. Furthermore, nickel slag
contains critical and strategic metals, for example, Ni and Co, as shown in Table 7. One
of the potential problems with dumped slags is that they may contain potentially toxic
elements (PTEs). In case of rain, PTEs can be leached out from the slag and exposed to
the environment. Therefore, the extraction of valuable metals from nickel slags is not only
a great secondary source of critical and strategic metals but is also able to make the slag
cleaner for the environment.

Nickel slag can be categorised based on its production stages and cooling methods:
(1) furnace or converter slag and (2) slow-cooled or fast-cooled slag. They behave differently
in a chemical reaction and have dissimilar crystal structures. In the pyrometallurgical
process, the slag from the smelting phase is called furnace or smelter slag, and the other
slag from the converting phase is distinguished as converter slag. Usually, converter slag
contains a higher concentration of valuable metals than furnace slag since converting deals
with a higher grade of product. For example, Ni in converter slag is 2.87–4.80%; however,
the primary ores contain 1.05–2.3% of Ni [122]. For this reason, converter slag is normally
going back to the circuit for processing.

Due to cooling time and methods, slow-cooled and fast-cooled slags show different
crystallisations. Slow-cooled slag contains well-developed crystalline, fayalite, and minor
spinel. On the other hand, fast-cooled slags are more homogeneous in terms of metal
distribution and contain amorphous iron silicate glass [7].

Nickel slag contains critical and strategic metals such as Ni, Co, Ti, Al, Mg, Mn, V,
and Cr, as shown in Table 7. Nickel slag also has base metals, for example, Fe, Cu, Si, etc.;
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however, they were excluded from Table 7 because they are regarded as less critical due to
their stable supply. In recent years, there has been an increasing interest and attempt to
recover Ni and Co from nickel slag in the industry. Hence, this review mostly focuses on
the extraction of Ni and Co from nickel slag based on the publications.

Table 7. Compositions (%) of critical and strategic elements in nickel slags (SC: Slow-cooled slag, FC:
Fast-cooled slag, C: Converter slag, F: Furnace slag).

Origin
(Region)

Ni Co Ti Al Mg Mn V Cr References

Brazil 0.08 73 ppm 0.04 1.99 17.2 0.29 85 ppm 0.76 [120]
0.38 0.02 - 0.68 5.76 - - 1.11 [123]

1.05 0.243 - 1.66 0.8 0.05 - - SC,
[122,124]

China 1.48 0.6 - - - - - - C, [125]
0.9 0.12 - 1.4 5.83 - - - F, [126]

Canada 0.28 0.13 0.14 3.63 1.87 0.04 - - F, [127]
0.66 0.21 0.16 2.62 1.54 0.04 - - SC, [7]
0.31 0.14 0.1 3.73 2.0 0.03 - - FC, [7]
0.19 0.11 0.21 3.97 2.1 0.05 - - SC, [7]
0.05 0.1 0.02 0.78 0.49 0.02 - - FC, [7]

Poland 0.55 0.05 0.64
(TiO2)

11.47
(Al2O3)

2.76
(MgO)

0.26
(MnO) - - [128]

0.02 77 ppm 0.53
(TiO2)

16.4
(Al2O3)

5.52
(MgO)

1.16
(MnO) - - [128]

82 ppm 5 ppm 0.09
(TiO2)

2.79
(Al2O3)

10.06
(MgO)

0.22
(MnO) - - [128]

N/A 3.64 1.05 - 1.63 0.29 - - - C, [129]
0.27 0.11 - 3.84 3.81 - - - F, [129]
0.32 0.16 0.12 2.86 2.57 0.05 0.01 0.05 [121]
0.16 0.05 0.13 3.64 1.22 0.03 0.01 0.05 [121]

0.12 0.02 - 6.92
(Al2O3)

8.49
(MgO)

0.34
(MnO) - - F, [130]

The concentrations of Ni and Co in nickel slag are from 82 ppm to 3.64% and from
5 ppm to 1.05%, respectively. The chemical composition of critical and strategic metals in
nickel slag from various references is shown in Table 7. The maximum Ni grade is 3.64%,
from converter slag, which is higher than the primary ore’s grade. The highest grade of
Co in nickel slag is 1.05%, from converter slag [129]. Nickel slag also contains a reasonable
amount of Ti and Cr which implies that nickel slag can be a secondary source of these other
valuable metals.

There have been several studies in the literature on nickel slag reporting leaching
behaviour [120,121,127,129], selective recovery of valuable metals [122,125,126], characteri-
sation, and mineralogy [7,124,128], and environmental effects [130]. There has been plenty
of research on the characteristics of nickel slag in the past, and recently, research has been
focusing on the extraction of valuable metals from nickel slag as well. However, there is a
limited number of publications on nickel slag.

Ettler, Kvapil [120] investigated the leaching behaviour of metals in nickel slag. The
optimum pH was 3 in the range between pH 3 and 12. In this range, chromium shows
a U-shaped leaching pattern. Nickel, cobalt, and magnesium have a decreasing trend in
concentration from pH 3 to 12, with a low concentration at around pH 12. However, this
study focused on the exposure of potentially toxic elements (PTEs) to the environment
rather than an extraction method of valuable metals from nickel slag [120]. It is seldom
appropriate to apply the result for the recovery of valuable metals to this study since the
leaching test was to evaluate the environmental implications when these metals were dis-
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solved. Thus, further studies of leaching behaviour in the extraction process for production
purposes are required for a better understanding of the leaching mechanism.

Extraction processes, including the pyrometallurgical methods, were also studied.
Huang et al. [125] achieved more than 97% recovery for nickel and cobalt using leaching
with 0.3 M sulphuric acid and 600 kPa oxygen partial pressure at 200 ◦C for 80 min. Pan
et al. [126] conducted selective reduction and magnetic separation to recover nickel and
copper and demonstrated when the basicity increases, the enrichment of nickel improves
as well. As a result, the author recovered 82.2% of nickel with a 3.25% grade.

The optimum method for the recovery of critical and strategic metals from nickel
slag is high-pressure and -temperature leaching. There have been attempts to dissolve the
target metals at atmospheric pressure, but it was unsuccessful due to several drawbacks,
such as slow oxidation of iron, slow filtration, and high acid consumption [121]. Thus,
current studies are focusing on high-pressure oxidative leaching, which provides selectivity
towards Ni and Co with more than 90% of the recovery.

The common parameters of high-pressure temperature oxidative leaching from various
research groups are a choice of acid and temperature. Weak sulphuric acid is a by-product
of nickel production; as a result, nickel production companies have a significant amount of
acid stored. It is desirable to utilise sulphuric acid to process the slag. One of the reasons
that weak acid should be applied is that under atmospheric pressure and temperature,
above 0.05 M of sulphuric acid reduces selectivity towards Ni and Co in nickel slag [121].
Thus, employing high-pressure and -temperature leaching with a slightly increased acid
concentration is consistent with the literature as shown in Table 8. The temperature of the
leaching experiment is mostly 250 ◦C as shown in Table 8. A high temperature, especially
250 ◦C, ensures that iron and aluminium do not dissolve to leach the solution at this
temperature [7]. With high-pressure and -temperature leaching, an over 90% recovery of
Ni and Co could be extracted in several publications which shows a promising result of the
hydrometallurgical method.

Table 8. Extraction methods of critical and strategic metals from nickel slags.

Samples Methods Optimum Conditions
Recovery
(Grade)

References

Chinese slag High-pressure
oxidative acid leaching

0.3 M H2SO4, 200 ◦C, 80 min, 600 kPa,
−150 + 74 μm, Solid/liquid 1 g/7 mL >97% Ni, Co [125]

Brazilian slag

High-pressure
oxidative acid leaching

20% Acid, 250◦ C, 2 h, 500 kPa,
Solid/liquid 25% >99% Ni, Co [124]

High-temperature
pressure oxidative acid
leaching

20% Acid, 250 ◦C, 2 h, 200–300 kPa, Solid/liquid 25%,
Acid consumption 38.5 kg H2SO4/t slag
Oxygen consumption 84 kg O2/t slag

>99% Ni, Co [122]

Nickel slag Oxidative pressure acid
leaching H2SO4, Acid/slag 0.3, 250 ◦C, 1 h, 250 kPa >90% Ni, Co [129]

Canadian slag Aqueous sulphur
dioxide leaching

Aqueous SO2
1 M SO2 (aq.), 200 mL/min, 70 min
Leaching
900 mL 1 M SO2 (aq.) + 9 g slag,
600 rpm, −106 + 75 μm

Co 77% Ni
35% [127]

Nickel slag Sulphuric acid leaching H2SO4 0.1 M, 20 h, Solid/liquid 1/10 Co 75% Ni
65% [121]

Chinese slag Selective reduction
Magnetic separation

Selective Reduction
5% coal, 1200 ◦C, 20 min
Magnetic Separation
131.34 kA/m, 75 μm

Ni 82.2%
(3.25%) [126]

Nickel slag Magnetic separation Hand magnet (Low-intensity magnetic separator),
−8 + 4.7 mm

Ni 65.92%
(1.31%) [130]
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For further development of a feasible process, removing impurities such as Fe, Cu, Si,
etc., in other words, improving the grade of Ni and Co, will be one of the major difficulties
since target metals in starting materials are low grade. Based on the results of magnetic
separation, the combination of high-pressure oxidative leaching and magnetic separation
may be an option; however, there is no literature on this combination. Another way to
enhance the selectivity of valuable metals can be complexation leaching, which employs a
complexing agent in leaching.

Another challenge for the recovery of Ni and Co in nickel slag will be the separation of
those metals since they exist together in the leach solution. So far, solvent extraction seems
the optimum way to separate Ni and Co using Cyanex as an extractant [131–133]. Since
Cyanex 272 is effective in extracting cobalt from nickel, Mubarok and Hanif (2016) [131]
used an artificial solution containing only Co and Ni without impurities to separate them.
As a result, the authors extracted 99.08% of Co with 10.16% of Ni at pH 5, Cyanex 272
concentration 20% (v/v), and at room temperature. However, from [132,133], it was
confirmed again that Cyanex 272 is the optimal extractant and the most commercially used
in the industry for the separation of Co and Ni. Further studies on separation focusing on
the leach solution from nickel slag are required.

5.4. Vanadium Slag

This chapter discusses the recovery of critical and strategic metals from vanadium
slag, including the chemical compositions of vanadium slags, extraction methods, and so
on. Notably, most of the literature and sources of vanadium slag are from China. Several
studies on the extraction of critical and strategic metals from vanadium slag have increased
since the 2010s, which shows the potential of vanadium slag as a secondary source.

Vanadium is widely exploited in ferrous and non-ferrous alloys and is mostly con-
sumed in the iron and steel industry due to its outstanding physical properties, such as
fatigue resistance, hardness, and so on [13,134]. Vanadium can be found in vanadium–
titanium magnetite, vanadium slag, vanadium stone coal, steel slag, spent catalyst, and
fly ashes [135–137]. The main source of vanadium comes from vanadium titano-magnetite
as a form of slag. Smelting the vanadium titano-magnetite ore enriches vanadium into
solid slag, which is called vanadium slag [138]. Vanadium is mostly associated with fer-
rovanadium spinel (FeO·V2O3) as a main phase for both vanadium–titanium magnetite and
vanadium slag [137]. Vanadium slag contains a significant amount of chromium, titanium,
and vanadium. Table 9 shows the chemical compositions of vanadium slags from various
origins in China.

Table 9. Compositions (%) of critical and strategic elements in vanadium slags.

Origin
(Region)

V2O5

(V)
Cr2O3

(Cr)
TiO2

(Ti)
Al2O3

(Al)
MnO
(Mn)

MgO
(Mg)

References

China
(Sichuan) (6.85) (5.66) (5.94) - (4.81) (2.10) [139]

(8.57) - (8.08) - (7.05) (4.06) [135]
16.17 1.18 11.97 3.85 8.43 1.95 [140]
14.3 4.4 7.4 2.1 8.5 3.7 [136]
8.55 2.29 10.98 - 8.45 3.07 [141]

(Chengde) 13.72 9.19 10.45 1.30 6.73 1.17 [142]

(Liaoning) (3.3~5.2) (3.4~5.7) - - - - [143]

(Panzhihua) (7.15) (2.19) (6.86) (1.55) (5.92) (1.38) [144]
(8.15) (2.77) (7.75) (1.79) (6.91) (2.73) [145]

(Hebei) 10.20 4.15 11.03 2.42 5.22 1.60 [146]
14.42 9.45 11.19 - 7.03 - [147]
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Table 9. Cont.

Origin
(Region)

V2O5

(V)
Cr2O3

(Cr)
TiO2

(Ti)
Al2O3

(Al)
MnO
(Mn)

MgO
(Mg)

References

China 12.22 5.14 10.82 2.22 5.72 2.95 [148]
15.44 - 11.45 - 6.67 3.53 [149]
14.08 - 10.63 1.67 6.50 3.25 [150]
(12.0) (6.48) (0.02) (0.04) - - [151]

N/A 10.45 3.54 9.75 1.1 5.22 2.15 [152]

Countries that possess vanadium in the world are Australia, Russia, China, South
Africa, the USA, and others [13]. In 2023, China mined 68,000 tonnes, while Russia,
South Africa, and Brazil produced 35,500 tonnes all together: 20,000 tonnes, 9100 tonnes
and 6400 tonnes, respectively. These countries combined have produced approximately
103,500 tonnes of vanadium in 2023, which makes up the world’s total production [102,153].

A traditional method to extract V from vanadium slag is sodium salt roasting and water
leaching. However, this process can recover only 65 to 85% of the V during leaching due
to its poor transfer efficiency [146]. Other well-known methods are calcification roasting,
acid leaching, and direct alkaline leaching. Calcification roasting was introduced due to
limited access to the sodium slag in Russia, while direct alkaline leaching was suggested
to overcome the disadvantages of pyrometallurgical processes [137]. Thus, as can be seen
in Table 10, several attempts from predominantly China have been made to overcome the
drawbacks and to eventually achieve a higher recovery of V as well as Cr with various
methods, such as electrochemical decomposition [146], microwave roasting—leaching [140],
and electro-oxidation leaching [135].

Table 10. Extraction methods of critical and strategic metals from vanadium slags.

Samples Methods Optimum Conditions
Recovery
(Grade)

References

China
(Sichuan)

Sulphating roasting
Reduction leaching
Selective oxidisation
Precipitation

Sulphating roasting: H2SO4 40 wt%, 160 ◦C, 2 h
Reduction leaching: Na2SO3 2%, S/L 1 g/4 mL, 95 ◦C,
1 h
Selective oxidisation: oxidant; CrO3 6 g/100 mL,
(NH4)2SO4 16 g/L, pH 2.0, 95 ◦C, 2 h
- Filtration; 1.5 H, 105 ◦C
- Calcination for vanadium; 550 ◦C, 2.5 h
Precipitation: pH 3.2~3.8 by Na2CO3 (Fe removal), pH
8.5 by NaOH at 90 ◦C (Cr)

V2O5
(99.1%)
Cr2O3
(98.9%)

[138]

Electro-oxidation
leaching

−200 mesh, H2SO4 40 wt%, S/L 250 g/L, 75 ◦C, 4 h,
anode current 0.4 A, operating potential 2.8~3.0 V,
electrode spacing 20 mm, M (V slag:MnSO4) 2.5:1

V 75.64% [135]

Microwave roasting
Leaching

−75 μm, Microwave roasting: 2450 MHz, 350 ◦C, 1 h
Leaching: H2SO4 250 g/L, 1 h, 90 ◦C, 350 rpm V 94% [140]

Calcification roasting
Acid leaching

−75 μm, Calcification roasting: M (V slag:CaO) 16:1,
muffle furnace, 850 ◦C, 2 h
Acid leaching: H2SO4 15%, 55 ◦C, S/L 1:10, 150 rpm

V 93% [141]

Direct roasting
Soda leaching

−75 μm, Direct roasting: Na2CO3 160 g/L, 850 ◦C, 1 h
Soda leaching: 95 ◦C, 150 min, S/L 1:10 V > 90% [154]

China
(Liaoning)

Salt roasting
Water leaching
Solvent extraction
Precipitation
Roasting

Roasting: muffle furnace, sodium salt
Water leaching
Solvent extraction: LK-N21, mixing 15 min, 20 ◦C
Precipitation: Ammonium salt
Roasting: high temperature to produce vanadium
pentoxide

V2O5 98.5%
(99.5%) [143]
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Table 10. Cont.

Samples Methods Optimum Conditions
Recovery
(Grade)

References

China
(Panzhihua)

Salt roasting
Electro-oxidation
leaching

Roasting: sodium salt
Electro-oxidation leaching: current density 1000 A/m2,
S/L 1 g/4 mL, 80 ◦C, 40 min

V 93.67% [144]

Salt roasting
Water leaching

Roasting: NaCl 30% + Na2CO3 20%, 700 ◦C, 2 h
Leaching: 95 ◦C, 3 h

V 96%
Cr 91% [145]

China
(Hebei)

Leaching
(Electrochemical
decomposition)

−200 mesh, NaOH 40 wt%, 120 ◦C, slot current density
750 A/m2, M(alkali:ore) 4:1, 1000 rpm, 6 h

V 95%
Cr 90% [146]

Roasting
−200 mesh, NaOH-NaNO3 binary melt reaction system,
liquid/solid 4:1, base/salt 1:1, 400 ◦C, 6 h, O2 flow
0.5 L/min

V 93.7%
Cr 88.2% [155]

China Roasting NaOH-added pellet, 700 ◦C, R(Na/Cr) 7.67, 15 min V 99.2% [148]

Calcification roasting
Ammonium carbonate
leaching

−74 μm, Calcification roasting: V/Ca molar ratio 1:1.1,
muffle furnace, 900 ◦C, 2 h
Ammonium carbonate leaching: (NH4)2CO3 600 g/L,
70 min, 80 ◦C, S/L 1:20

V 96% [149]

Roasting
Leaching

−200 mesh, Roasting: No additives, 950 ◦C, 2.5 h
Leaching: Na2CO3 160 g/L, 95 ◦C, 1 h, S/L 1/10 palacios V 94.13% [150]

Salt roasting
Leaching
Solvent extraction
Stripping

Roasting: Sodium salt
Water leaching
Solvent extraction: LK-N21 15 vol%, pH 5.0, 15 min
Stripping: NaOH 0.1 M, 45 ◦C, 15 min

V > 90%
Cr > 90%
in raffinate

[151]

N/A Roasting (Liquid
oxidation)

−200 mesh, NaOH-NaNO3 binary molten salt medium,
375 ◦C, 1 h, 700 rpm, O2 flow 0.3 L/min, liquid
(NaOH-NaNO3)/ore 4:1, M(NaOH/NaNO3) 2.2:1.8

V 90%
Cr 80% [156]

Roasting (Liquid
oxidation)

KOH 75 wt%, 240 ◦C, 1 h, liquid (KOH mass)/ore 4:1,
700 rpm, O2 flow 1 L/min

V 95%
Cr 93% [152]

All the roasting methods above showed more than 90% recovery of V, and some of
them included a minimum of 80% of Cr. The mixture of sodium chloride and sodium
carbonate achieved especially 96% of V and 91% of Cr [145]. In the case of NaOH–NaNO3 bi-
nary molten salt medium, the roasting temperature was dropped from 850 ◦C to 375~400 ◦C
by the traditional method [156]. With potassium hydroxide, Li et al. (2012) tested three
reaction media, such as sub-molten KOH, sub-molten NaOH, and NaOH–NaNO3 binary
molten salt medium. They also dropped the roasting temperature to 200~450 ◦C [152].
Yan et al. (2015) put no additives for roasting at 950 ◦C and subsequently conducted soda
roasting, which still presented a 94.13% recovery of V [150]. These attempts indicate that it
is promising to establish a novel roasting method without toxic emissions.

Even without sodium salt roasting, Wang et al. (2018) established a clean metallurgical
process with combined methods of pyro- and hydrometallurgy and produced V with
99.1% purity and Cr with 98.9% purity [138]. Furthermore, there have been efforts to
adapt modern technology to vanadium processing. For example, electrochemistry, such as
electro-oxidation, has been introduced in leaching. This method can break the silicon layer
and expose more V. Hence, there is a possibility to develop further and apply this method
to the industry [135,144,146].

It is interesting to note the attempts to extract valuable metals from the residue of
slag processing [157–159]. The residue of slag processing is called ‘V–Cr-bearing reduced
(reducing) residue’, and is from wastewater after roasting and neutralisation of vanadium
slag [157]. V–Cr-bearing reduced slag contains 5.1% V and 13.4% Cr [158]. The methods for
extracting V from V–Cr-bearing reduced residue include selective oxidation and alkaline
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leaching [157] and a comprehensive approach: leaching with sulphuric acid, selective
oxidation, and precipitation of vanadium and chromium [158]. These methods cover
separation and purification as well, showing great recoveries of V and Cr of 98.7% and
99.4%, respectively [159]. This case shows the fast development of utilising secondary waste.
Therefore, developing processes to recover critical and strategic metals from secondary and
tertiary sources should continue regardless of market status or metal price to the material
cycle as much as possible.

5.5. Titanium Slag

In this chapter, titanium slag will be discussed briefly. Its chemical compositions are
listed in Table 11, and its extraction methods are reviewed below.

Table 11. Compositions (%) of critical and strategic elements in titanium slag.

Sample
(Origin)

TiO2 Ti2O3 Al2O3 MgO MnO V2O5 Zn References

Ti-bearing slag
(China)

22.58 - 13.04 6.93 - - - [160]
16.9 4.06 13.76 8.48 0.53 - - [161]
17.58 3.86 14.08 7.86 - 0.21 - [162]
10.4 - 12.5 10.6 - - - [163]

Ti-bearing slag
(N/A) 38.2 - 10.4 9.7 0.75 0.92 - [164]

Titanium slag is produced by a conventional method of titanium production. Ilmenite
ore is upgraded to titanium slag and then to synthetic rutile [165]. Accordingly, many
publications on titanium slag deal with high grades of titanium, ranging from around
70% to more than 90% as a main product [166–168]. Thus, ‘titanium-bearing blasting
furnace slag’ (also called titanium-bearing slag) as a by-product from vanadium–titanium
magnetite ore or titanomagnetite ore is more appropriate in this study [169].

The main difference between titanium slag and titanium-bearing slag is the grade of
titanium. The latter shows a lower grade, less than 30%, of TiO2 in the slags [14] and around
1% of V2O5, as shown in Table 11. Much literature focuses on the upgrade and extraction
of Ti from titanium-bearing slag, such as the removal of impurities [164], the enrichment of
anosovite by adding SiO2 [160], and various oxidation conditions [161,170,171], as well as
novel technology such as microwave treatment, super-gravity separation, and ultrasonic
processes [14].

Even though Ti is considered one of the most abundant elements in the crust [165], it is
critical and strategic for many applications. Thus, studies on the characteristics, mineralogy,
and processing of titanium-bearing slag would be highly beneficial for waste management
and process development. Another important critical and strategic element in the titanium-
bearing slag is V, and Han et al. [162] presented the flowsheet of two-stage oxidation, alkali
leaching and acid leaching, to extract Fe, V, and Ti.

6. Conclusions

This review attempted to present the potential of non-ferrous slag as a viable source
of critical and strategic metals needed for high-technology and clean energy applications.
Slag is considered waste and is mostly dumped in heaps after smelting. Non-ferrous slag
materials such as tin slag, copper slag, nickel slag, vanadium slag, and titanium slag contain
significant amounts of critical and strategic elements, making them potential secondary
resources for such metals. Numerous studies have been conducted to extract critical and
strategic metals from slag. However, most are still at the laboratory scale and are yet to be
proven at pilot plant levels. In addition, their commercial viability is yet to be assessed for
economic and environmental benefits. Technology development, as applied to resource
recovery from slag, involves applications of mineral processing, hydrometallurgical, or
pyrometallurgical techniques. As the importance of and the demand for critical and
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strategic metals continues to rise, it will soon be inevitable to consider extracting valuable
metals in waste and by-products, such as slag, to augment the global demand for supplies.
Extracting values from waste is categorised under technospheric mining, a concept that
promotes a circular economy in the mining and resource industries. Until then, developing
green and sustainable technologies for metal extraction and filling the knowledge gaps
in the recovery of critical and strategic elements from non-ferrous slag should be actively
pursued and promoted.
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107. Hamamci, C.; Ziyadanoğullari, B. Effect of Roasting with Ammonium Sulfate and Sulfuric Acid on the Extraction of Copper and

Cobalt from Copper Converter Slag. Sep. Sci. Technol. 1991, 26, 1147–1154. [CrossRef]
108. Tümen, F.; Bailey, N.T. Recovery of metal values from copper smelter slags by roasting with pyrite. Hydrometallurgy 1990, 25,

317–328. [CrossRef]
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