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Editorial

Advances in Mineral Processing and Hydrometallurgy—3rd Edition

Corby G. Anderson

Kroll Institute for Extractive Metallurgy, Mining Engineering Department, Colorado School of Mines,
Golden, CO 80401, USA; cganders@mines.edu

1. Introduction and Scope

After the success of the two prior editions, a third edition of a Special Issue of Met-
als has been commissioned, specifically devoted to aspects of mineral processing and
hydrometallurgy. This is a unique, focused Special Issue, as the specific combination of
hydrometallurgy and mineral processing is not common. Both hydrometallurgy and min-
eral processing will be relied upon to produce the critical minerals and metals needed for
renewable energy.

As Free [1] states, water makes aqueous processing of metals possible. Water is an
unusual substance from a chemical perspective. Most substances with similar molecular
weights, such as methane and ammonia, are gases at room temperature. However, water is
a liquid at room temperature. Water’s unusual properties are primarily due to hydrogen
bonding effects. These are related to the tendency of hydrogen to donate electrons and
the tendency of oxygen to accept electrons. As such, hydrometallurgy offers superior
separations, as well as the capability to treat low-grade materials to produce fungible
compounds and metals.

Wills and Napier Munn [2] recently published a seminal distinct book on mineral
processing. They stated “As-mined” or “run-of-mine” ore consists of valuable minerals
and gangue. Mineral processing—sometimes called ore dressing, mineral dressing, or
milling—follows mining and helps prepare the ore for extraction of the valuable metal in
the case of metallic ores, and it produces a commercial product of products, such as iron ore
and coal. Apart from regulating the size of the ore, it is a process of physically separating
the grains of valuable minerals from the gangue minerals to produce an enriched portion,
or concentrate, containing most of the valuable minerals, as well as a discard, or tailing,
containing predominantly the gangue minerals. The importance of mineral processing
is taken for granted today, but it is interesting to reflect upon the fact that less than a
century ago, ore concentration was often a crude operation, involving simple gravity and
hand-sorting techniques performed by the mining engineers. The twentieth century saw
the development of mineral processing as a serious and important professional discipline,
and without physical separation, the concentration of many ores, and particularly the
metalliferous ores, would be hopelessly uneconomic.

Fuerstenau and Han [3] published a book devoted exclusively to the combination
of mineral processing and hydrometallurgy. In this unique publication, they stated that
to advance technology in the production of material resources, nations look towards
practicing and future engineers. Current and future mineral processing engineers must
obtain sound and rigorous training in the sciences and technologies that are essential for
effective resource development. Many industrial and academic leaders have recognized
the need for more textbooks and references in this critical area. This was the driving
force for writing a comprehensive reference book that covers mineral processing and
hydrometallurgical extraction.

Metals 2025, 15, 1357 https://doi.org/10.3390/met15121357
1



Metals 2025, 15, 1357

Hence, this third-edition Special Issue was designed to highlight research papers on
characterization, recycling and waste minimization, mineralogy, geometallurgy, thermody-
namics, kinetics, comminution, classification, physical separation, liquid–solid separation,
leaching, solvent extraction, ion exchange, activated carbon, precipitation, reduction, pro-
cess economics, and process control. Specific metals of interest include gold, silver, PGMs,
aluminum, copper, zinc, lead, nickel, and titanium. Critical Metals articles on topics such as
lithium, antimony, tellurium, gallium, germanium, cobalt, graphite, indium, and rare earth
metals were welcomed. Eleven high-quality, peer-reviewed articles from around the globe
were selected.

2. Overview of the Published Articles

Wang et al. [Contribution 1] provided an article on the in situ leaching of ionic
rare earths. The ion exchange reaction between rare earth ions and leaching agent ions
was carried out, allowing the rare earth ions to be leached from the ore body as the
leaching solution flows through the pores. This indicates that the leaching process of rare
earth ions is closely related to the seepage field, ion exchange field, and ion migration
process of the leaching solution. In this study, an ionic rare earth mine located in Longnan
of Jiangxi Province was taken as the research object. By conducting nuclear magnetic
resonance scanning on the ore samples of this mine and vectorizing the nuclear magnetic
resonance images, a two-dimensional geometric model of pores was obtained. Then,
COMSOL Multiphysics software was used to establish a coupled numerical model of
seepage–exchange–migration of the ionic rare earth mine during the leaching process at
the pore scale to study the seepage situation of leaching solution with different injection
strengths and concentrations, as well as the exchange and migration process. The results
show that increasing the concentration of magnesium ions can increase the difference in
ion diffusion concentration, accelerate the forward exchange rate of ions, promote the
forward exchange reaction, and improve the concentration gradient of rare earth ions in
the leaching solution. The more significant the diffusion effect, the higher the ion migration
rate, simultaneously inhibiting the reverse adsorption of rare earth ions and accelerating
the leaching efficiency of rare earth ions. In addition, increasing the strength of the injection
solution allows rare earth ions to leach out of the ore body earlier; shortens the leaching
cycle; and, thus, reduces the peak concentration of leached rare earth ions. By analyzing
the effects of the strength of the injection solution and leaching concentration on ionic rare
earth leaching, the influence of those two factors on engineering economy can be briefly
evaluated, which can be provided as a reference for the optimization of ionic rare earth
mining technology

Qin et al. [Contribution 2] investigated the effects of nickel content in nickel-bearing
pyrite on photocatalytic properties, light absorption properties, and oxidative decomposi-
tion of thiosulfate were studied. The leaching experiments show that the consumption of
thiosulfate in the Cu2+-ethylenediamine (en)-S2O32− system increases with an increase in
nickel content in nickel-bearing pyrite. The consumption of Cu(en)22+ initially increases and
then decreases with an increase in leaching time. There is a clear correlation between the
change trend in its consumption and the doping amount of nickel in pyrite. The XPS results
show that, in the Cu2+-ethylenediamine (en)-S2O32− gold leaching system (temperature
25 ◦C, time 35 h, solution: 0.1 mol/L S2O32− , 5 mmol/L Cu(en)22+ , 200 mL solution), the
nickel of pyrite-containing nickel can be transferred to the leaching solution and becomes
nickel ion. In this leaching system, Cu(II), which was originally complexed with en, is
reduced to Cu(I) in a brief time. The consumption of Cu(en)22+ increased rapidly in the 5 h
period and then decreased gradually after 5 h. The results showed that the presence of free
Ni2+ in the solution facilitated the conversion of bivalent copper ions to monovalent copper
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ions. Free Ni2+ ions can compete with Cu2+ ions for en ligands. When ethylenediamine
complexes with Ni2+, the decomposition of Cu(en)22+ into Cu(en)+ and en occurs more
rapidly. And the en, which was originally to be oxidized with Cu(en)+ to form Cu(en)22+ ,
forms Ni(en)22+ . As a result, the concentration of Cu(en)22+ continues to decrease in a
brief period

Alguacil [Contribution 3] reported that though indium has been removed from the
fifth list (2023) of critical raw materials for the European Union list of critical metals, its
recovery is still of paramount importance due to its wide use in a series of high-tech
industries. As its recovery is strongly associated with zinc mining, the recycling of In-
bearing wastes is also of interest, for both profitable and environmental reasons. With unit
operations (in hydrometallurgy and pyrometallurgy or extractive metallurgy) playing a
key role in the recycling of indium, the present work reviewed the most recent innovations
(2024) regarding the use of these operations in the recovery from this valuable metal from
different solid or liquid wastes

Wang et al. [Contribution 4] provided another article noting that the vast seabed holds
tremendous resource potential that can provide necessary materials for future human soci-
etal development. This study focuses on the mineralogy of seafloor manganese nodules off
the coast of China in the Western Pacific and the primary techniques for extracting valuable
metal elements from manganese nodules. The research indicates that the main valuable
metal elements in the manganese nodules from this region include Cu, Co, Ni, Mn, Fe, etc.
The key to extracting these valuable metals lies in reducing Mn(IV) to Mn(II) to disrupt the
structure of the nodules, thereby releasing the valuable elements. The extraction processes
for the main valuable metal elements of manganese nodules are mainly divided into two
categories: pyrometallurgical–hydrometallurgical and solely hydrometallurgical. To cope
with the challenges of environmental change and improve utilization efficiency, bioleaching,
hydrogen metallurgy, and co-extraction are gaining increasing attention. For promoting
commercialization, the future development of manganese nodule resources can refer to the
technical route of efficient short-process extraction technology, the comprehensive recovery
of associated resources, and tail-free utilization.

Menad et al. [Contribution 5] noted that currently Electric Arc Furnace Slag (EAFS)
is undervalued and only used in road construction, while blast furnace slag (BFS) is used
as an interesting alternative in construction materials to replace natural aggregates in the
manufacture of concrete. Steel slag (SS) represents a promising secondary resource due
to its high content of critical metals, such as chromium (Cr) and vanadium (V). These
metals are essential for various strategic industries, making it crucial to consider slag as a
resource rather than waste. However, the primary challenge lies in selectively recovering
these valuable metals. In this work, we explore the development of a hydrometallurgical
process aimed at efficiently extracting Cr and V from Electric Arc Furnace Slag (EAFS).
The characterization of the investigated EAFS shows that the main crystalline phases
contained in this heterogeneous material are srebrodolskite, larnite, hematite, and spinel
(magnesio-chromite). The targeted metals seem to be dispersed in various mineral species
contained in the SS. An innovative hydrometallurgical method has been explored, involv-
ing physical preparation by co-grinding slag with alkaline reagents followed by treatment
in a microwave furnace to modify the metal-bearing species to facilitate metal processing
dissolution. The results obtained showed that the leaching rates of Cr and V were, respec-
tively, 100% and 65% after 15 min of treatment in the microwave furnace, while after 2 h of
conventional heat treatment, as explored in a previous study, 98% and 63% of the Cr and V
were leached, respectively.

Redrovan [Contribution 6] noted that the thiosulfate–glycine–copper system has
emerged as a promising alternative for gold recovery, offering significant advantages

3



Metals 2025, 15, 1357

over cyanidation and ammoniacal thiosulfate leaching. Recognizing the limitations of
thiosulfate degradation in ammoniacal systems, this study focused on optimizing the
thiosulfate–glycine–copper system for gold recovery using an auriferous ore with (10 g t−1)
of Au. The ore was associated with aluminosilicates such as grossular (64%) and clinochlore
(12%). The leaching conditions were systematically varied, including thiosulfate (0.5–1 M);
glycine (0.3–1.75 M); copper sulfate (2–10 mM); pH (9.3–10.5); temperature (20–60 ◦C), 6 h;
and potassium permanganate concentrations (0.004–0.04 M). Dosing intervals were also
optimized. Thus, the best conditions were thiosulfate (0.7 M), glycine (1.75 M), copper
sulfate (5 mM), pH 9.3, 60 ◦C, and permanganate addition every 2 h. This system achieved
89.3% gold recovery in just 6 h, comparable to cyanidation (89.8% in 24 h) and ammoniacal
thiosulfate (58% in 6 h), but without generating toxic effluents, such as in the cyanida-
tion process. Additionally, a gold dissolution mechanism was proposed, highlighting
glycine’s role in stabilizing cupric ions and enhancing thiosulfate efficiency. This study
underscores the thiosulfate–glycine–copper system as a sustainable and effective method
for gold recovery.

Kenzhaliyev et al. [Contribution 7] studied an innovative approach to processing
refractory zinc-bearing clinker through the synergistic application of microwave thermal
treatment and ultrasonic-assisted leaching. Microwave irradiation induces phase transfor-
mations in the clinker, improving its reactivity and facilitating subsequent zinc dissolution,
while ultrasonic cavitation enhances mass transfer by disrupting passivation layers. Key
process parameters, including acid concentration, temperature, pulp density, and leach-
ing time, were systematically investigated using response surface methodology (RSM)
and central composite design (CCD). The results demonstrate that the optimized process
conditions led to a significant increase in zinc recovery from refractory materials.

Hirata-Miyasaki and Anderson [Contribution 8] noted that demand and prices for
antimony have increased over the last few years. Recycling supplied 15% of domestic
consumption in the US, while the remaining 85% was imported. Hydrometallurgical
processes have long used alkaline sulfide systems and hydrochloric acid, closing doors on
innovative approaches. Bromine compounds have been recently used to recover PGMs
and REEs successfully; thus, antimony leaching with bromine compounds is theoretically
feasible. This research was conducted to develop a viable technology for hydrobromic acid
between 50 ◦C and 70 ◦C as a leaching reagent on dross through single- and two-stage
leaching using design of experiment (DoE) and adding sustainability to current industrial
processes while minimizing waste products in recycling processes. The preliminary results
showed that bromine, specifically hydrobromic acid, can be used as a leaching reagent
for antimony dissolution. By decreasing the lead content in the solids and increasing the
concentration, temperature, and reaction time, antimony leaching from the dross increased
from 20% to 50%. The findings, coupled with acid regeneration, can be implemented as an
alternative to other reagents in industrial plants.

Safiulina et al. [Contribution 9] stated that N,O-donor hybrid heterocyclic extractants
have immense potential for separation of actinides from lanthanides in spent nuclear fuel
reprocessing processes. We demonstrate that this type of reagent can be used for primary
concentration of actinides contained in eudialyte, a promising mineral containing a heavy
group of lanthanides. With respect to lanthanide ions, the efficiency of their extraction
decreases in the series L3 >> L1 > L2, and the extraction of actinides decreases in the
series L1 ≈ L3 >> L2. For the extractant, L2 based on 2,2′-bipyridine-6,6′-dicarboxylic acid
diamide, the efficiency of lanthanide purification from U, Th exceeds 50. The structure and
stereochemical features of the ligands do not have a significant effect on the composition of
the formed complexes. The solvation numbers are close to 1 for all range f-elements studied,
except for thorium, which indicates the predominant formation of complexes with the
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composition ratio of 1:1. Solvation numbers 1.4–1.5 are observed for thorium(IV), and the
established values indicate the formation of a mixture of complexes with the composition
ratios of 1:1 and 2:1.

Seo et al. [Contribution 10] addressed the recycling of spent lithium ion batteries
that generates Na2SO4-containing wastewater, resulting in environmental problems and
resource losses. This study investigates a treatment method using bipolar membrane
electrodialysis (BMED) to recover H2SO4 and NaOH from Na2SO4 solutions. The acid
and/or base recovery efficiency, energy consumption, operational stability, and economic
feasibility of two BMED configurations, i.e., two- and three-compartment systems, were
systematically compared. The current density, initial concentrations, and initial concentra-
tions and volumes of the acid and base were optimized under constant current conditions.
The three-compartment system exhibited higher acid purity and stability, whereas the
two-compartment system offered lower energy consumption and membrane degradation.
Under optimal conditions, both systems successfully recovered H2SO4 and NaOH from
Na2SO4-containing wastewater. A techno-economic analysis based on a lab-scale process
demonstrated the cost advantages of the two-compartment system versus the long-term
operational stability of the three-compartment system. These findings suggest that BMED
is a viable and effective solution for the treatment of Na2SO4-containing wastewater from
battery recycling processes.

Jovanović et al. [Contribution 11] examined the leaching behavior of copper and iron
from a sphalerite concentrate in sulfuric acid utilizing an ensemble MnO2–KI oxidation
system. Temperature was shown to significantly influence leaching kinetics, with efficiency
notably improving between 40 ◦C and 80 ◦C. The introduction of KI affected the balance
between sulfur passivation and oxidant availability, facilitating increased leaching effi-
ciencies. At 3 wt.% KI, maximum recoveries of 82.1% Cu and 85.3% Fe were achieved,
indicating a notable decrease in surface passivation. Kinetic study analysis revealed low
activation energies of 28.90 kJ mol−1 for copper and 18.94 kJ mol−1 for iron, indicating that
both processes proceed readily at moderate temperature regimes. Despite being diffusion-
controlled, the mechanisms of dissolution are different—iron leaching is more complicated,
involving pyrite oxidation, sulfur layer formation, transformation to marcasite, and, ulti-
mately, iron(III) release, whereas copper leaching involves direct interaction of chalcopyrite
with the oxidants, like the behavior of sphalerite. The MnO2–KI-H2SO4 system’s promise
for more sustainable polymetallic concentrate processing is demonstrated by its reduced
energy requirements and enhanced leaching efficiency.

3. Summary and Outlook

This third Special Issue of Metals was again well supported by diverse submis-
sions and a final book publication of eleven high-quality peer-reviewed articles. Due
to this continued success, another Special Issue (“Advances in Mineral Processing and
Hydrometallurgy—4th Edition” https://www.mdpi.com/journal/metals/special_issues/
M92897U5GK (accessed on 7 August 2025)) has been commissioned as a follow-up to high-
light contributions from the global hydrometallurgy and mineral processing community.
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Abstract: The recycling of spent lithium-ion batteries generates Na2SO4-containing wastew-
ater, resulting in environmental problems and resource losses. This study investigates a
treatment method employing bipolar membrane electrodialysis (BMED) to recover H2SO4

and NaOH from such wastewater. The acid and base recovery efficiencies, energy con-
sumption, operational stability, and economic feasibility of two BMED configurations,
i.e., two- and three-compartment systems, were systematically compared. The current
density, initial concentrations of the feed, and initial concentrations and volumes of the
acid and base were optimized under constant current conditions. The three-compartment
system exhibited higher acid purity and stability, whereas the other system exhibited lower
energy consumption and membrane degradation. Under optimal conditions, both systems
successfully recovered H2SO4 and NaOH from the Na2SO4-containing wastewater. A
techno-economic analysis based on a lab-scale process revealed that the two-compartment
system exhibited cost effectiveness while the three-compartment system showed long-term
operational stability. These findings suggest that BMED is a viable and effective solution for
the treatment of Na2SO4-containing wastewater generated from battery recycling processes.

Keywords: lithium-ion battery recycling; wastewater; bipolar membrane electrodialysis

1. Introduction

The current recycling processes for spent lithium-ion batteries (LIBs) involve using
H2SO4 during leaching and solvent extraction stages to recover valuable metals, such as Li,
Co, Ni, and Mn, and using NaOH during precipitation and solvent extraction stages [1–3].
Figure 1 illustrates a representative LIB recycling process, wherein approximately 0.81 tons
of Na2SO4 is generated per ton of treated NCM622-derived black mass. Approximately
0.41 tons of Na2SO4 is generated during the Li recovery step, wherein Li is precipitated
as Li2CO3 using Na2CO3 after the recovery of Co, Ni, and Mn. This results in a total
Na2SO4-containing wastewater mass of approximately 1.22 tons [4,5]. This wastewater is
also a major byproduct of cathode precursor synthesis, wherein co-precipitation reactions
occur between sulfate-based metal salts and NaOH [6,7].

Metals 2025, 15, 1067 https://doi.org/10.3390/met15101067
7



Metals 2025, 15, 1067

 
Figure 1. Schematic of spent LIB recycling process.

Currently, there are no regulations for the direct discharge of Na2SO4-containing
wastewater. Na2SO4 is chemically stable and nontoxic, posing little immediate environ-
mental threat. However, elevated concentrations of Na2SO4 in water systems can increase
the water ionic strength, disturb aquatic ecosystems, and cause issues such as scaling
and corrosion in industrial systems [7–11]. For treatment, evaporation and concentration
processes, e.g., mechanical vapor recompression, are primarily used to convert wastewater
into a solid form suitable for sale. However, these methods require high-temperature or
vacuum conditions, which increases their capital and energy costs [12].

Recently, bipolar membrane (BPM) electrodialysis (BMED), which is an electro-
separation technology, has gained attention as a regeneration method for NaOH and
H2SO4 from Na2SO4-containing wastewater [13,14]. This process involves water dis-
sociation within the BPM to generate H+ and OH−, which convert the salt into
an acid and a base. There are two main BMED operating modes, i.e., two- and
three-compartment systems [15,16].

Figure 2a shows the membrane structure of a two-compartment BMED system, con-
sisting of a BPM and a cation exchange membrane (CEM). Under applied voltage, sodium
ions (Na+) pass through the cation exchange membranes and react with OH− to form
NaOH [13–17]. S. Xue investigated the effects of operating mode and process param-
eters on the treatment of CH3COONa using a two-compartment BMED system [18],
and Y. Lee reported that NaOH (2.96 M) and H2SO4 (1.24 M) were recovered from
Na2SO4-containing wastewater; however, the recovered acid solution contained Na2SO4

(0.58 M) as an impurity [19].
Figure 2b illustrates the structure of a three-compartment BMED system, which

employs CEM, an anion exchange membrane (AEM) and BPM. In this configuration,
Na+ and SO4

2− migrate through the CEM and AEM, respectively, forming NaOH and
H2SO4 [13–17]. J. Kroupa successfully recovered NaOH (4.00 wt%) and H2SO4 (4.44 wt%)
with purities of 99% and 98%, respectively, using this system [20]. Wang et al. recovered
1.22 M H2SO4 from 15 wt% Na2SO4 treatment (energy consumption = 2.59 kWh/kg) [21].
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Figure 2. Schematic of the two- and three-compartment BMED process.

The two-compartment BMED system exhibits a simpler structure with fewer mem-
branes, leading to easy construction and operation. However, only an acid or a base can be
recovered with high purity, and the ion-exchange membrane is exposed to acidic and basic
environments, reducing its durability [21–23]. In contrast, the three-compartment BMED
system allows high-purity recovery of acids and bases and minimizes back-diffusion and
cross-contamination effects. However, it has a more complex structure and involves a
greater number of membranes, increasing the maintenance costs [21–23].

This study compared the operational results of a two-compartment BMED system
(using a CEM and BPM) and a three-compartment BMED system (using a CEM, AEM, and
BPM). Experimental analyses under various operating conditions and different process pa-
rameters were conducted to evaluate the Na2SO4 desalination performance as well as acid
and base recovery characteristics, focusing on the recovery rate of NaOH, concentrations
of recovered NaOH and H2SO4, current efficiency (CE), and energy consumption. The
optimal operating conditions were determined for each system and economic feasibility
and operational stability were validated.

Previous studies did not conduct experiments that directly compared two-compartment
and three-compartment BMED systems under identical operating conditions. In contrast,
this study provides a direct comparison of these two configurations, specifically focusing
on Na2SO4-containing wastewater from LIB recycling. It offers an integrated evaluation of
recovery efficiency, energy consumption, membrane durability, and cost factors, aspects
that have rarely been investigated simultaneously in the existing literature.

2. Materials and Methods

Herein, two types of BMED systems were designed for the recovery of NaOH and
H2SO4 from Na2SO4 solutions and compared. As shown in Figure 3, the performance of
the two- and three-compartment systems was evaluated under identical current conditions
and similar solution compositions.

The experimental setup consisted of feed, base recovery, and acid recovery compart-
ments as well as a membrane stack, circulation pumps, a power supply, conductivity and
pH meters, and a control panel. Both systems employed Neosepta-series membranes
(ASTOM Co., Ltd., Minato, Japan).

The membrane stack in the three-compartment system was composed of alternately ar-
ranged membranes: 11 BPMs, 10 CEMs, and 10 AEMs (effective membrane area = 0.055 m2).
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The structure of the two-compartment system was similar to that of the three-compartment
system but without the AEMs.

 

Figure 3. Photograph of the used lab-scale BMED.

The feed solution was a simulated solution of Na2SO4 (1.30 M) prepared to resemble
the composition of Na2SO4-containing wastewater generated from the recycling of spent
LIBs. Analytical-grade anhydrous Na2SO4 (Daejung Chem.) was dissolved in ultrapure
water. In the base and acid recovery compartments, NaOH (0.1 M) and H2SO4 (0.1 M)
solutions were used, respectively. The NaOH and H2SO4 solutions were prepared by
diluting a NaOH solution (40 wt%) and a H2SO4 solution (95 wt%), respectively, with
ultrapure water. A Na2SO4 solution (5 wt%) was used as the electrolyte to maintain
conductivity between the membrane stack and electrodes.

Both systems were operated under galvanostatic (constant current) conditions. De-
pending on the experimental conditions, the initial concentrations (0.05–0.50 M) and vol-
umes (750–1500 mL) of the acid and base, feed solution concentration (0.43–1.30 M), and
current density (250–450 A/m2) were adjusted. In the two-compartment system, the ex-
periment was terminated after 480 min, whereas the experiment in the three-compartment
system was terminated when the cell voltage exceeded 3 V because the resistance increase
due to the decreasing conductivity during operation may considerably affect membrane
stability at voltages higher than this threshold.

Samples were collected at predetermined time intervals for determining the degree
of desalination of the feed solution and confirm the generation of H2SO4 and NaOH. The
concentrations of H2SO4 and NaOH in the collected samples were quantitatively analyzed
via acid–base titration. Titration was performed using standard solutions (0.1 N) of NaOH
and H2SO4 as well as methyl orange and phenolphthalein as indicators for the base and
acid samples, respectively.

To precisely determine the Na+ and SO4
2− concentrations in each compartment,

inductively coupled plasma–atomic emission spectroscopy was employed. To assess water
transport characteristics, changes in feed, base and acid solution volume before and after
the reaction were measured based on scale markings on solution chambers.

Next, obtained experimental data were used to quantitatively evaluate the water
migration rate (Wmg; %), recovery yield of the base and acid (%), energy consumption
(Eweight; kWh/kg), C.E (%), and ion flux (J; mol/m2·h) using Equations (1)–(5).
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Wmg was calculated using Equation (1):

Wmg(%) =
Vf − Vi

Vi
(1)

where Vi is the initial volume of the solution and Vf is the volume of the solution at the
end of the experiment.

The recovery of the base and acid (%) was calculated using Equation (2):

Recovery(%) =
m f

mi
× 100 (2)

where m f is the number of moles of Na+ or SO4
2− in the base or acid recovery compartment

and mi is the number of moles of Na+ or SO4
2− initially present in the feed solution.

C.E was calculated using Equation (3):

C.E(%) =
mactual

mtheortical
(3)

where mtheortical and mactual are the theoretical and actual amounts of the generated product,
respectively.

Eweight was calculated using Equation (4):

Eweight =
I × ∫ t

0 V dt
W

(4)

where V is the applied voltage (V), I is the applied current (A), t is the operation time (h),
and W is the weight of initially loaded Na2SO4 (kg).

J was calculated using Equation (5):

J =
m f

At
(5)

where m f is the number of moles of Na+ or SO4
2− transferred to the base or acid recovery

compartment, A is the effective membrane area of the ion-exchange membrane (0.055 m2),
and t is the operation time.

3. Results and Discussion

3.1. Comparison Between the Acid and Base Recovery Efficiencies of the Two- and
Three-Compartment Systems

Experiments were conducted under identical operating conditions to compare the
Na2SO4 desalination efficiencies as well as acid and base recovery efficiencies of the two-
and three-compartment systems. The feed solution consisted of 1.5 L of Na2SO4 (1.30 M)
and the acid and base recovery compartments were filled with 1.5 L of H2SO4 (0.1 M)
and NaOH (0.1 M), respectively. The experiments were conducted at a current density of
360 A/m2 and terminated after 480 min (Figure 4 and Table 1).

As shown in Figure 4a, the Na+ flux in the two-compartment system was >2.5 mol/m2·h
higher than that in the three-compartment system in the initial stage. However, the decrease in
the Na+ flux was more pronounced in the two-compartment system as time progressed. After
240 min, the three-compartment system exhibited a higher Na+ flux. In both systems, the Na+

flux gradually decreased over time. This phenomenon was attributed to a reduction in the
Na+ concentration in the feed compartment owing to ion transport to the base compartment.
This resulted in concentration polarization [24,25] as well as the reverse diffusion of H+ and
OH−, hindering ion migration [26].
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Figure 4. Effect of the operating mode on (a) Na+ flux, (b) NaOH recovery rate, (c) current efficiency,
and (d) NaOH and H2SO4 concentrations.

Table 1. Effect of the operating mode on system performance.

Time
(min)

Operating
Mode

Na+ Flux
(mol/m2h)

Recovery (%) Recovered Concentration (M)
C.E (%)

Energy
Consumption

(kWh/kg) *NaOH H2SO4 NaOH H2SO4

30
2 compart. 14.19 9.97 9.55 0.35 0.13 99.99 -

3 compart. 11.50 8.08 6.72 0.30 0.18 84.74 -

60
2 compart. 13.28 18.67 18.02 0.57 0.25 97.88 -

3 compart. 10.99 15.44 13.15 0.48 0.26 80.96 -

120
2 compart. 11.35 31.91 31.96 0.89 0.45 83.67 -

3 compart. 10.05 28.25 25.43 0.78 0.41 74.07 -

240
2 compart. 8.95 50.32 49.90 1.31 0.73 65.97 -

3 compart. 8.96 50.34 45.95 1.25 0.64 66.00 -

360
2 compart. 7.02 59.22 57.15 1.49 0.88 51.76 -

3 compart. 8.05 67.85 63.88 1.56 0.82 59.30 -

480
2 compart. 5.72 64.29 59.88 1.58 0.97 42.14 1.52

3 compart. 6.74 75.18 77.35 1.67 0.96 49.69 1.43

* Energy consumption for the processing of 1 kg of Na2SO4.

Moreover, in the two-compartment system, the formation of H2SO4 within the feed
compartment reduced the electrical resistance and consequently the operating voltage. This
decreased the driving force for Na+ migration, which further accelerated the decrease in
the Na+ flux. Similar changes were observed in the NaOH recovery rate Figure 4b. In the
first 240 min, the two-compartment system exhibited a NaOH recovery rate that was 2–5%
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higher than that exhibited by the three-compartment system. However, after 240 min, the
three-compartment system exhibited a recovery rate that was >8% higher than that of the
two-compartment system.

Figure 4c shows the concentrations of recovered NaOH and H2SO4. The NaOH
concentration exhibited fluctuations similar to those of the Na+ flux and NaOH recov-
ery rate. Till 240 min, the two-compartment system exhibited a 0.06-M higher con-
centration (1.31 M) than the three-compartment system. However, after 360 min, the
three-compartment system exhibited a NaOH concentration that was ~0.6 M higher than
that of the two-compartment system.

The H2SO4 recovery rate showed fluctuations similar to those of the NaOH recovery
rate, but the concentration of recovered H2SO4 was higher in the two-compartment system.
This was attributed to the migration of Na+ and SO4

2− in hydrated forms through the ion-
exchange membranes, increasing the volume of the acid and base recovery compartments
and decreasing the volume of the feed compartment [27]. This volume change reduced the
concentrations of recovered NaOH and H2SO4 in the three-compartment system. In the
two-compartment system, NaOH was also diluted but H2SO4 directly formed in the feed
compartment became concentrated, resulting in a higher final concentration than that in
the three-compartment system.

The purity of H2SO4 recovered from the three-compartment system exceeded 99%.
Meanwhile, in the two-compartment system, recovered H2SO4 was mixed with residual
Na2SO4, resulting in lower purity (58.2%).

The CE values of the two systems are shown in Figure 4d. In the two-compartment
system, CE exceeded 80% within 30–120 min, which was >10% higher than that in the
three-compartment system during the same period. However, after 240 min, CE exhibited
a substantial decline, reaching 42.14% after 480 min. The three-compartment system also
showed high CE (>70%) before 120 min. However, CE declined afterward, reaching 49.69%
after 480 min. This decline was attributed to the reduction in the Na+ flux, which decreased
the number of target ions contributing to the current.

Similar performances have been reported in previous studies. For example, León
reported a decrease in CE from 79.20% to 52.70% over time during the recovery of
NaOH from NaCl using BMED. The researcher attributed this to reverse ion diffusion
and water transport [28].

The energy consumption values of the two systems after 480 min were also compared.
The energy consumption of the two-compartment system was 1.52 kWh/kg, which was
0.09 kWh/kg higher than that of the three-compartment system. This difference was
attributed to the lower recovery efficiency of the two-compartment system, which required
additional energy for treating 1 kg of Na2SO4.

3.2. Effect of Process Parameters on the Recovery Characteristics of the Two Systems

The effects of process parameters, i.e., current density, feed solution concentration,
and the concentrations and volumes of the acid and base, on the Na2SO4 desalination
characteristics as well as NaOH and H2SO4 recovery characteristics of the two- and
three-compartment systems were studied and compared.

The effect of current density on the desalination and recovery performances of the two
systems were investigated via experiments conducted at current densities of 250–450 A/m2

under identical conditions. The feed, acid recovery, and base recovery compartments were
each filled with 1.5 L of Na2SO4 (1.30 M), 1.5 L of H2SO4 (0.1 M), and 1.5 L of NaOH
(0.1 M), respectively. Each experiment was terminated after 240 min (Figure 5 and Table 2).
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Figure 5. Effect of current density on the performance of the two- and three-compartment BMED
systems: (a) Na+ flux, (b) NaOH recovery, (c) current efficiency, and (d) energy consumption.

Table 2. Effect of current density on the performance of the two- and three-compartment systems.

Current
Density
(A/m2)

Operating
Mode

Na+ Flux
(mol/m2h)

Recovery
(%)

Recovered Concentration
(M) C.E (%)

Energy Con-
sumption

(kWh/kg) *NaOH H2SO4 NaOH H2SO4

250
2 compart. 6.64 37.35 37.21 1.02 0.54 69.94 0.87

3 compart. 6.32 35.65 32.80 0.96 0.50 60.09 0.97

310
2 compart. 7.62 42.87 42.52 1.14 0.63 66.11 0.96

3 compart. 7.78 43.72 40.02 1.14 0.57 60.69 1.03

360
2 compart. 9.00 50.57 49.66 1.31 0.73 66.30 1.00

3 compart. 9.01 50.66 46.78 1.27 0.65 66.42 1.11

400
2 compart. 9.51 53.46 50.67 1.36 0.78 61.73 1.09

3 compart. 10.27 57.72 51.18 1.40 0.70 61.91 1.11

450
2 compart. 10.61 59.63 51.64 1.50 0.81 62.54 1.13

3 compart. 11.11 62.44 57.25 1.48 0.75 58.93 1.25

* Energy consumption for the processing of 1 kg of Na2SO4.

Figure 5a shows the Na+ flux. With increasing current density, the Na+ flux increased.
At 250 A/m2, the Na+ flux was 6.64 and 6.32 mol/m2·h for the two- and three-compartment
systems, respectively. At 450 A/m2, the flux increased to 10.61 and 11.11 mol/m2·h,
respectively. Except at 250 A/m2, the three-compartment system consistently exhibited
higher Na+ flux. This was likely due to the structural advantage of the three-compartment
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system: the feed compartment was located between the acid and base compartments,
enabling physical separation of ion flows and minimization of ion interference.

The NaOH recovery rate increased with increasing current density Figure 5b. While
the recovery rate of the three-compartment system was approximately 1.5% lower
than that of the two-compartment system at 250 A/m2, it was 1–3% higher at current
densities of >310 A/m2.

As shown in Figure 5c, the CE of the two-compartment system decreased with in-
creasing current density, whereas that of the three-compartment system increased up to
360 A/m2 and then decreased. The decrease in the CE of the two-compartment system was
likely due to heat accumulation because of its simpler structure and fewer compartments,
which resulted in a higher temperature (2◦C) compared to the three-compartment system.
This may have caused side reactions, such as water dissociation, at the electrodes or within
the BPM, reducing CE [29].

In the three-compartment system, CE decreased at current densities of >400 A/m2,
likely owing to ion depletion at the membrane surface due to over-limiting current. This
led to concentration polarization, wherein ion transport no longer proportionally increased
with current [25,30].

Figure 5d shows the energy consumption of both systems. In both systems, energy
consumption increased with increasing current density, which was primarily due to an
increase in the average voltage. Although the two-compartment system exhibited lower
energy consumption than the three-compartment system, it may require additional thermal
management equipment such as heat exchangers in large-scale applications since the
process temperature needs to be reduced to ensure membrane stability.

The effect of the Na2SO4 concentration in the feed compartment on Na2SO4 desali-
nation and acid or base recovery was investigated via experiments conducted at different
initial Na2SO4 concentrations. For the three-compartment system, the optimal current
density was found to be 360 A/m2 because higher current densities substantially increased
cell voltage, potentially affecting membrane stability, CE, and energy consumption. For
the two-compartment system, the optimal current density was determined to be 450 A/m2

based on the recovery performance and process duration.
The feed compartment was filled with 1.5 L of Na2SO4 solutions with concentrations

of 0.43–1.30 M. All other conditions were identical to those set in the current density
experiments. The three-compartment system was operated until the cell voltage reached
3 V, while the two-compartment system was operated for a fixed duration (480 min). The
results are shown in Figure 6 and Table 3. Figure 6a–d show the Na+ flux, NaOH recovery
rate, concentrations of recovered NaOH and H2SO4, and energy consumption, respectively.

In the three-compartment system, moderately high Na+ fluxes were observed at low
Na2SO4 concentrations, i.e., 10.80 and 9.15 mol/m2·h at 0.43 and 0.65 M, respectively. At
high Na2SO4 concentrations (≥0.87 M), the Na+ flux decreased to 8.65–7.07 mol/m2·h. This
reduction was attributed to the decrease in the average voltage due to the lower resistance
of the feed solution at higher Na2SO4 concentrations, resulting in a low driving force for
Na+ migration through ion-exchange membranes [31].

The NaOH recovery rate was >75% under all conditions. However, at concentrations
of 0.43 and 0.65 M, the recovery rates were moderate because of short process times
(120 and 199 min, respectively) despite high the Na+ flux values.

Low Na2SO4 concentrations yielded NaOH and H2SO4 concentrations of up to
1.0 and 0.6 M, respectively. In contrast, high Na2SO4 concentrations enabled the recovery
of up to 1.67 M NaOH and 0.96 M H2SO4. The energy consumption under all conditions
(except for a Na2SO4 concentration of 1.30 M) ranged from 1.23 to 1.27 kWh/kg.
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Figure 6. Effect of Na2SO4 concentration on the performance of the two- and three-compartment
BMED systems: (a) Na+ flux, (b) NaOH recovery, (c) NaOH and H2SO4 concentrations, and
(d) energy consumption.

Table 3. Effect of Na2SO4 concentration on the performance of the two- and three-compartment systems.

Conc. of
Na2SO4 (M)

Operating
Mode

Na+ Flux
(mol/m2h)

Recovery
(%)

Recovered Concentration (M)
C.E (%)

Energy
Consumption

(kWh/kg) *NaOH H2SO4 NaOH H2SO4

0.43
2 compart. 2.61 87.98 79.08 0.73 0.47 15.38 4.31

3 compart. 10.80 79.62 76.51 0.73 0.40 69.58 1.23

0.65
2 compart. 3.67 82.61 72.52 1.00 0.64 21.66 3.03

3 compart. 9.15 77.62 78.82 0.98 0.56 61.36 1.29

0.87
2 compart. 4.38 73.91 70.20 1.22 0.78 25.84 2.51

3 compart. 8.65 80.82 73.64 1.27 0.66 59.69 1.29

1.09
2 compart. 5.39 72.73 68.60 1.46 0.96 31.78 2.05

3 compart. 8.06 80.85 83.75 1.50 0.88 56.38 1.27

1.30
2 compart. 6.23 70.00 63.78 1.67 1.12 36.39 1.86

3 compart. 7.07 75.18 77.35 1.67 0.96 49.69 1.43

* Energy consumption for the processing of 1 kg of Na2SO4.

In the two-compartment system, Na+ fluxes at low Na2SO4 concentrations were
2.61 and 3.67 mol/m2·h, which were 1–3 mol/m2·h lower than those at high Na2SO4 con-
centrations. In the three-compartment system, Na+ and SO4

2− migrated through mem-
branes, whereas in the two-compartment system, only Na+ migration occurred. Therefore,
the effect of concentration polarization relaxation at high Na2SO4 concentrations played a
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more dominant role than the reduced driving force due to the low voltage, which increased
ion flux [32].

A NaOH recovery rate of >82% was achieved at Na2SO4 concentrations of <0.65 M,
whereas moderate recovery rates of 70–73% were observed at higher concentrations
(≥0.87 M). However, similar to the three-compartment system, the concentrations of re-
covered NaOH and H2SO4 increased with increasing Na2SO4 concentration: up to 1.0 M
NaOH and 0.65 M H2SO4 at low concentrations and up to 1.67 M NaOH and 1.12 M H2SO4

at high concentrations.
The CE value also increased from 15.38% to 36.39% with increasing Na2SO4 con-

centration, which was in good agreement with changes in the Na+ flux. Unlike that of
the three-compartment system, the energy consumption of the two-compartment system
decreased with increasing Na2SO4 concentration owing to the lower recovery rates at
lower Na2SO4 concentrations, which increased the energy requirements for processing per
kilogram of Na2SO4.

To increase the concentrations of recovered NaOH and H2SO4 and investigate their
effects on NaOH and H2SO4 recoveries and Na2SO4 desalination, experiments were con-
ducted by varying the initial concentrations of NaOH and H2SO4 in their respective
recovery compartments. The current densities were set to 360 and 450 A/m2 for the
three- and two-compartment systems, respectively, based on the conditions set in the
above-mentioned experimental investigations regarding the Na2SO4 concentration.

The feed compartment was filled with 1.5 L of a Na2SO4 solution (1.30 M), and the
base and acid recovery compartments were each filled with 1.5 L of NaOH and H2SO4

solutions, respectively, with concentrations of 0.05–0.50 M. The experimental results are
presented in Figure 7 and Table 4.

 

Figure 7. Effect of the initial concentrations of NaOH and H2SO4 on the performance of the two-
and three-compartment BMED systems: (a) Na+ flux, (b) NaOH recovery, (c) NaOH and H2SO4

concentrations, and (d) energy consumption.
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Table 4. Effect of the initial concentrations of NaOH and H2SO4 on the performance of the two- and
systems.

Initial Conc. of NaOH and
H2SO4 (M)

Operating
Mode

Na+ Flux
(mol/m2h)

Recovery
(%)

Recovered
Concentration (M)

Water Migration
(%)

NaOH H2SO4 NaOH H2SO4 Base Acid Feed

0.05
2 compart. 5.90 66.39 63.42 1.59 1.02 20.30 - −20.30

3 compart. 7.50 79.41 77.78 1.72 0.91 23.34 16.69 −40.04

0.10
2 compart. 6.23 70.00 63.78 1.67 1.12 17.13 - −17.13

3 compart. 7.07 75.18 77.35 1.67 0.96 27.40 16.65 −44.05

0.30
2 compart. 6.24 70.14 63.32 1.83 1.08 16.16 - −16.16

3 compart. 6.95 76.37 78.39 2.03 1.14 13.20 16.25 −29.45

0.50
2 compart. 6.25 70.33 63.38 1.93 1.09 15.68 - −15.68

3 compart. 6.39 71.91 74.62 2.13 1.26 12.98 16.69 −29.67

Figure 7a shows the Na+ flux, revealing opposite performances of the two systems. In
the three-compartment system, the Na+ flux decreased from 7.50 to 6.39 mol/m2·h with
increasing initial concentrations of NaOH and H2SO4. In contrast, in the two-compartment
system, the lowest flux (5.90 mol/m2·h) was observed at 0.05 M. The Na+ flux increased to
6.23 mol/m2·h at 0.10 M and maintained a similar level up to 0.50 M.

In the three-compartment system, high NaOH and H2SO4 concentrations in the acid
and base compartments may have increased the concentration gradient relative to the feed
compartment. This may have caused ion accumulation on the membrane surface, hindering
ion transport. According to a study by Zhu [33], reverse diffusion of Na+ can occur with
increasing NaOH concentration in the base compartment during operation, which was
reported to reduce the NaOH recovery rate from 95.6% to 75.1%. These phenomena likely
contributed to the observed decrease in the Na+ flux.

In contrast, in the two-compartment system, the electrical resistance decreased with
increasing NaOH concentration. In addition, since H2SO4 was generated in the feed
compartment, the concentration gradient relative to the base compartment became smaller
than that in the case of the three-compartment system, enhancing Na+ transport.

Similar trend was observed for the NaOH recovery rate Figure 7b. In the
three-compartment system, the NaOH recovery rate decreased from 79.41% at 0.05 M
to 71.91% at 0.50 M. In the two-compartment system, the NaOH recovery rate increased
from 66.39% at 0.05 M to 70.00% at 0.10 M and remained moderately stable up to 0.50 M.

Figure 7c shows the concentrations of recovered NaOH and H2SO4. Except for
an initial NaOH concentration of 0.10 M, the concentration of recovered NaOH in the
two-compartment system was ~0.20 M lower than that in the three-compartment system.
The two-compartment system showed an approximately 0.15-M higher concentration of
recovered H2SO4 at an initial H2SO4 concentration of ≤0.10 M. However, at concentrations
of ≥0.30 M, the concentrations of recovered H2SO4 in the three-compartment system were
>0.10 M higher than those in the two-compartment system.

These results were attributed to differences between the water migration and recovery
rates of the two systems. At concentrations of <0.30 M, the three-compartment system
exhibited 6–13% higher recovery rates than the two-compartment system. Moreover, at
concentrations of ≥0.30 M, the rate of water migration into the base compartment was >3%
lower in the three-compartment system than in the two-compartment system, which led to
a high concentration of recovered NaOH in the former.

Figure 7d shows the energy consumption of the two systems. In the three-
compartment system, the energy consumption substantially increased from 1.42 kWh/kg
at 0.05 M to 1.84 kWh/kg at 0.50 M. In contrast, in the two-compartment system, the
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highest energy consumption was observed at 0.05 M (1.87 kWh/kg), which then gradually
decreased to 1.81 kWh/kg at 0.50 M.

To increase the concentrations of recovered NaOH and H2SO4 and investigate their
effects on Na2SO4 desalination and recovery performance, experiments were conducted
using different initial volumes of NaOH and H2SO4 solutions loaded into the base and acid
recovery compartments (Figure 8 and Table 5). Similarly to aforementioned experiments, the
current densities were set to 360 and 450 A/m2 for the three- and two-compartment systems,
respectively. The feed compartment was filled with 1.5 L of a Na2SO4 solution (1.30 M). The
base and acid recovery compartments were each filled with NaOH (0.1 M) and H2SO4 (0.1 M)
solutions, with volumes of 0.75–1.5 L. Figure 8a shows the Na+ flux. For both systems, the
Na+ flux increased with increasing solution volume. For solution volumes of <1000 mL,
the two-compartment system exhibited a Na+ flux that was 0.8–0.1 mol/m2·h higher than
that exhibited by the three-compartment system. However, for volumes of ≥1250 mL, the
three-compartment system exhibited an approximately 0.8 mol/m2·h higher Na+ flux.

 

Figure 8. Effect of the initial volume of NaOH and H2SO4 on the performance of the two- and
three-compartment BMED systems: (a) Na+ flux, (b) NaOH recovery, (c) NaOH and H2SO4 concen-
trations, and (d) energy consumption.
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Table 5. Effect of the initial volumes of NaOH and H2SO4 on the performance of the two- and
three-compartment systems.

Initial Vol. of NaOH and
H2SO4 (mL)

Operating
Mode

Na+ Flux
(mol/m2h)

Recovery
(%)

Recovered
Concentration (M)

Water Migration
(%)

NaOH H2SO4 NaOH H2SO4 Base Acid Feed

750
2 compart. 5.89 66.32 62.01 2.46 1.14 44.47 - −22.23

3 compart. 5.02 67.90 66.46 2.42 1.38 50.55 31.97 −41.04

1000
2 compart. 6.03 67.85 63.55 2.13 1.12 28.80 - −19.20

3 compart. 5.96 73.75 73.01 1.98 1.22 50.11 25.16 −50.48

1250
2 compart. 6.10 68.60 63.65 1.88 1.10 20.30 - −16.92

3 compart. 6.85 77.93 76.44 1.94 1.12 35.89 19.76 −44.52

1500
2 compart. 6.23 70.00 63.78 1.67 1.12 15.68 - −15.68

3 compart. 7.07 75.18 77.35 1.67 0.96 27.40 16.65 −44.05

This result was attributed to the fact that larger volumes result in a more gradual
increase in the acid and base concentrations in the respective compartments. This allowed
the system to maintain concentration gradient in the feed compartment, reducing back
diffusion and enhancing ion transport [34].

The NaOH recovery rate exhibited a similar trend (Figure 8b). It increased with
increasing solution volume in both systems. In the two- and three-compartment systems,
the NaOH recovery rate increased from 66.32% to 70.00% and from 67.90% to 75.18%,
respectively. The increase in the Na+ flux may have directly contributed to the increased
recovery rate.

Figure 8c shows the concentrations of recovered NaOH and H2SO4. At low solu-
tion volumes, higher concentrations were observed. At a solution volume of 750 mL,
the concentrations of recovered NaOH and H2SO4 in the three-compartment system
were 2.42 and 1.38 M, respectively, whereas those in the two-compartment system were
2.46 and 1.14 M, respectively. At volumes of ≥1250 mL, the concentration of recovered
NaOH in the three-compartment system was consistently 0.06 M higher than that in the
two-compartment system. In contrast, at volumes of ≤1000 mL, the concentration of re-
covered NaOH in the two-compartment system was 0.04–0.15 M higher than that in the
three-compartment system.

This difference at low volumes was attributed to the higher water migration rate
(>6%) in the three-compartment system, which led to dilution in the base compartment. In
the two-compartment system, H2SO4 was generated in the feed compartment. Owing to
the lower recovery rates compared to those in the three-compartment system, lower final
concentration of recovered H2SO4 was observed.

Figure 8d shows the energy consumption of the two systems. In the three-
compartment system, the energy consumption decreased from 1.98 to 1.43 kWh/kg with
increasing solution volume. This was attributed to the recovery rate increase observed
at high solution volumes, which reduced the energy consumed per kilogram of Na2SO4

treated. Gao et al. reported a similar observation for a three-compartment BMED system,
wherein increasing the initial volumes of H2SO4 and NaOH from 60 to 120 mL resulted in
an increase in the energy consumption from 1.35 to 2.67 kWh/kg [35].

In contrast, the two-compartment system showed moderately stable energy consump-
tion regardless of the solution volume (1.88–1.82 kWh/kg) under all tested conditions.

3.3. Techno-Economic Feasibility Analysis

The optimal operating conditions for each system were determined based on the results
of the experiments discussed. Further, a techno-economic feasibility analysis was conducted.
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The optimal conditions of the two-compartment system were a current density of
450 A/m2, Na2SO4 (1.30 M) volume of 1.5 L in the feed compartment, and NaOH (0.1 M)
volume of 0.75 L in the base compartment. The optimal conditions of the three-compartment
system were a current density of 360 A/m2, a Na2SO4 (1.30 M) volume of 1.5 L in the feed
compartment, and NaOH (0.1 M) and H2SO4 (0.1 M) volumes of 0.75 L each in the base
and acid recovery compartments, respectively.

The process flow diagrams for the two- and three-compartment systems under these
conditions are shown in Figures 9 and 10, respectively. The results of the optimal process
and corresponding economic analysis are summarized in Table 6.

Figure 9. Schematic of the two-compartment BMED process.

 

Figure 10. Schematic of the three-compartment BMED process.
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Table 6. Comparison between the techno-economic factors of the two- and three-compartment systems.

Techno-Economic Factors Two-Compartment System Three-Compartment System

Membrane used Cation exchange membrane and bipolar membrane
Cation exchange membrane,

anion exchange membrane, and
bipolar membrane

Bipolar membrane reaction H2O → H+ + OH−

Recovery of Na2SO4 to NaOH 66.32% 67.90%

Recovery of Na2SO4 to H2SO4 62.01% 66.46%

Concentration of recovered NaOH 2.46 M 2.42 M

Concentration of recovered H2SO4
1.14 M

(H2SO4 + Na2SO4 mixed solution) 1.38 M

NaOH purity Comparably to commercial NaOH obtained from membrane plants

H2SO4 purity 63.3%
(1.14 M H2SO4 + 0.66 M Na2SO4)

Comparable to commercial H2SO4 obtained from
membrane plants

Operating temperature 27–30 ◦C 25–28 ◦C

Average voltage (V) 17.34 18.92

CE (%) 34.74 36.09

Process time (h) 9.00 9.87

Energy consumption (kWh/kg) #1 1.88 1.98

Process capacity (kg/year) #2,3 162.01 131.31

Total energy consumption
(kWh/year) 305 260

Electricity charge (USD/kWh) #4 0.10 0.10

Total energy cost (USD/year) 30.5 26.0

Supplied Na2SO4 price (USD/year) #5 14.0 11.4

Produced NaOH price (USD/year) #6 27.88 21.08

Produced H2SO4 price (USD/year) #7 12.15 9.87

Total process cost (USD/year) 4.43 6.43

#1 kg = weight of Na2SO4, #2 1 year = 260 days, #3 1 day = 18 h, #4 0.10 USD/kWh, #5 Na2SO4 = 0.09 USD/kg,
#6 NaOH = 0.35 USD/L, #7 H2SO4 = 0.31 USD/L.

The economic analysis was based on the process time and energy consumption per
plant. It was assumed that a plant operated for 260 days per year and 18 h a day. The
electricity cost was calculated to be 0.10 USD/kWh.

Under these conditions, the two-compartment system was estimated to treat 162.01 kg
of Na2SO4 per year, consuming 304.58 kWh of electricity, which corresponded to an
annual energy cost of 30.46 USD. Assuming that recovered NaOH and H2SO4 were sold
as industrial-grade products (40 wt% and 95 wt%, respectively) and applying retail price
standards, the value of the recovered products was found to offset 40.03 USD annually.
Thus, the process net annual cost was found to be 4.43 USD.

The three-compartment system was estimated to treat 131.31 kg of Na2SO4 per year,
consuming 260.00 kWh of electricity (annual energy cost = 26.00 USD). Assuming the
same market value for recovered NaOH and H2SO4 as for the two-compartment system,
the recovered product value was found to offset 30.92 USD, resulting in a net annual
cost of 6.43 USD.

Although the net process cost of the two-compartment system was 2.00 USD less than
that of the three-compartment system, the total capital investment for the two-compartment
system is expected to be higher. This is due to the greater temperature increase observed
during operation, which may require additional cooling equipment such as heat exchang-
ers.

Moreover, H2SO4 recovered from the two-compartment system was mixed with
Na2SO4, requiring additional post-treatment, such as methanol-induced precipitation, to
obtain pure H2SO4 [36].
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In conclusion, while both systems incur some processing costs, the BMED method
has potential as an effective technology for treating Na2SO4-containing wastewater. In
particular, under stricter future environmental regulations regarding Na2SO4 discharge,
BMED could serve as a suitable process for NaOH and H2SO4 recovery from waste streams.

3.4. Comparison of Operational Stability

To evaluate the operational stability of the two systems for future recovery applications
of NaOH and H2SO4 from Na2SO4-containing wastewater, a comparative analysis was
conducted focusing on temperature variations, potential membrane degradation, and
voltage stability (Table 7).

Table 7. Comparison between the operational stability of the two- and three-compartment systems.

Stability Factor Two-Compartment System Three-Compartment System

Membrane durability
The CEM is exposed to the acid and

base, which adversely affect
membrane durability

As the acid and base are separated,
membrane durability is improved

compared to
the two-compartment system

Voltage stability
Owing to a reduced operating

voltage, the system is more stable
than the three-compartment system

The rapid increase in the voltage may
affect membrane durability

Temperature stability Higher than that of the
three-compartment system System stable at 25–28 ◦C

Operational stability
The two-compartment system exhibits superior voltage stability and electrical

durability during long-term operation, whereas the three-compartment
system offers better structural resistance to thermal and chemical stress

First, thermal stabilities of the two systems were compared. The two-compartment
system had fewer solution chambers and used a lower total solution volume compared to
the three-compartment system. This resulted in higher generated heat per unit solution
volume in the two-compartment system under the same current conditions, leading to
a faster increase in the internal cell temperature. Thus, there is a higher risk of heat
accumulation in the two-compartment system during extended operation, potentially
compromising the overall system stability. In contrast, the separate acid and base chambers
and high solution volumes used in the three-compartment system allow more even heat
dissipation, resulting in a slower temperature increase and a better overall thermal stability.

Second, the two systems exhibited distinct membrane degradation risks. In the
three-compartment system, the acid and base were confined to separate chambers, exposing
each ion-exchange membrane to a single chemical environment. This separation minimized
chemical deterioration. In contrast, the CEM in the two-compartment system was located
between the feed and base compartments, where it was repeatedly exposed to H2SO4 and
NaOH. This continuous pH cycling accelerated degradation and compromised membrane
integrity over time. Furthermore, the anion exchange layer was prone to degradation under
strongly alkaline conditions via Hofmann β-elimination and nucleophilic substitution
reactions by OH− ions [37,38]. Similarly, the cation exchange layer is vulnerable to acidic
environments and radical-induced chain scission [39]. These intrinsic stability limitations
under harsh pH conditions contribute to reduced membrane lifespan [40].

Lastly, the two-compartment system exhibited higher voltage stability than the three-
compartment system. In the former, as the operation process progressed, H2SO4 was
generated in the feed compartment and NaOH in the base compartment, both of which
reduced the electrical resistance. This helped maintain moderately stable cell voltages
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during long-term operation, minimizing the risk of overvoltage across the membranes. In
contrast, in the three-compartment system, continuous Na2SO4 desalination from the feed
compartment led to a reduction in the ion concentration, which increased the electrical
resistance and caused a sharp voltage increase. This voltage increase can result in an
overvoltage stress on the membranes, negatively impacting their stability and potentially
leading to electrical damage and reduced membrane lifespan [40].

In summary, the two-compartment system shows better electrical and voltage sta-
bilities during prolonged operation, whereas the three-compartment system offers better
resistance to thermal and chemical degradations owing to its more robust structural sepa-
ration between the acid and base compartments.

4. Conclusions

Herein, the effects of the operating modes and key process parameters of BMED
systems were investigated for the treatment of Na2SO4-containing wastewater generated
from the recycling of spent LIBs. Economic feasibility and operational stability were also
evaluated, leading to the following conclusions:

1. The two-compartment system initially showed higher Na+ flux and NaOH recovery
rate. However, after 240 min, the three-compartment system demonstrated superior
performance. The three-compartment system enabled the recovery of a high-purity
acid and base and showed moderately stable long-term performance in terms of CE
and energy consumption.

2. With increasing current density, the Na+ flux, NaOH recovery rate, and energy con-
sumption increased. In most cases, the three-compartment system outperformed the
two-compartment system. The CE continuously decreased in the two-compartment
system, while it increased up to 360 A/m2 and then declined in the three-compartment
system. This was attributed to different heat accumulation and concentration po-
larization effects in each system. Although the two-compartment system exhib-
ited lower energy consumption, additional thermal control may be required for
extended operations.

3. With increasing Na2SO4 concentration, both systems exhibited higher concentrations
of recovered NaOH and H2SO4 as well as improved CE. In the three-compartment
system, the Na+ flux decreased owing to reduced voltage at high Na2SO4 concen-
trations, whereas in the two-compartment system, the flux increased owing to the
weakening of the concentration polarization effect. The two-compartment system was
less energy efficient at low concentrations, but it showed improved energy efficiency
at high concentrations.

4. With increasing initial concentrations of NaOH and H2SO4, the three-compartment
system showed a decline in the Na+ flux and recovery rate as well as increased energy
consumption. In contrast, the two-compartment system exhibited an improved flux
and recovery rate beyond a certain concentration threshold, with a corresponding
decrease in the energy consumption. These results were attributed to the differences
between the concentration gradients, back-diffusion effects, and water transport
rates of the two systems, highlighting that recovery characteristics depend on the
concentration conditions.

5. Increasing the initial volumes of NaOH and H2SO4 in the recovery compartments
increased the Na+ flux and NaOH recovery rates in both systems. At volumes of
≥1250 mL, the three-compartment system demonstrated superior recovery perfor-
mance. Low initial volumes increased the concentrations of the recovered species;
however, differences in the water transport and recovery rates caused variations in
the final concentrations. Energy consumption substantially decreased in the three-
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compartment system with the increasing volumes, suggesting that volume control is
critical for process optimization.

6. Both configurations successfully recovered NaOH and H2SO4 from the Na2SO4-
containing wastewater, with estimated annual process costs of USD 4.43 and USD
6.43 for the two- and three-compartment systems, respectively. Despite the lower
processing cost of the two-compartment system, its capital investment is expected to
be higher because it may require thermal management and post-treatment. Under
future stricter environmental regulations, BMED can be an effective strategy for the
recovery of resources and treatment of Na2SO4-containing wastewater.

7. The operational stability assessment confirmed the higher voltage stability and elec-
trical reliability of the two-compartment system and its susceptibility to membrane
degradation due to heat accumulation and repeated acid or base contact. In contrast,
the three-compartment system exhibited better structural resistance to thermal and
chemical stress but experienced voltage increases in long-term operations, which can
compromise membrane integrity.
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Abstract: This study examined the leaching behavior of copper and iron from a sphalerite
concentrate in sulfuric acid utilizing an ensemble MnO2–KI oxidizing system. The temper-
ature was shown to significantly influence the leaching kinetics, with the efficiency notably
improving between 40 ◦C and 80 ◦C. The introduction of KI affected the balance between
sulfur passivation and oxidant availability, facilitating increased leaching efficiencies. At
3 wt% KI, maximum recoveries of 82.1% Cu and 85.3% Fe were achieved, which indicates a
notable decrease in surface passivation. Kinetic study analysis revealed low activation ener-
gies of 28.90 kJ mol−1 for copper and 18.94 kJ mol−1 for iron, indicating that both processes
proceed readily at moderate temperature regimes. Despite being diffusion-controlled, the
mechanisms of dissolution are different: iron leaching is more complicated, involving
pyrite oxidation, sulfur layer formation, transformation to marcasite, and ultimately iron
(III) release, whereas copper leaching involves direct interaction of chalcopyrite with the
oxidants, similar to the behavior of sphalerite.

Keywords: advanced oxidation leaching; Cu and Fe extraction; acid pH region; hydrometallurgy

1. Introduction

A crucial industrial metal, copper finds use extensively in electronics, plumbing,
telecommunications, and electrical wiring [1]. It is critical for contemporary technology
and infrastructure because of its superior thermal and electrical conductivity as well as
its resistance to corrosion. To fulfill rising worldwide demand and promote advances
in technology, copper must be extracted efficiently from chalcopyrite (CuFeS2), the main
copper-bearing material. Chalcopyrite often occurs in a dispersed form alongside other
sulfide minerals (such as pyrite FeS2, galena PbS, and sphalerite ZnS) in polymetallic ore
deposits [2,3]. These minerals are typically concentrated by flotation and then processed.
However, as richer ores become depleted, hydrometallurgical processes are attracting
increased attention for treating lower-grade and complex sulfide concentrates [2,4]. Metals
can be extracted from such challenging concentrates using acidic leaching techniques
without emitting harmful smelting gases (like SO2). It is important to note that acid
leaching of chalcopyrite and its flotation concentrate cannot be fully understood without
considering the broader context of sulfide mineral extraction in acidic media. In this
regard, the leaching behavior of sphalerite and pyrite should also be taken into account, as
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their mechanisms share many similarities with those of chalcopyrite [3,5]. Chalcopyrite
concentrate is leached in sulfuric acid with the use of oxidizing agents in an ordinary
hydrometallurgical process to solubilize copper for recovery [5–7]. Compared to roasting,
these techniques can reduce air pollution by producing byproducts like sulfuric acid or
sulfate salts and achieving high metal recoveries. However, due to its refractory nature,
the rate of chalcopyrite leaching is extremely slow under ambient conditions. Thus, it
requires the employment of potent oxidizing agents to promote its oxidative leaching [8,9].
Despite chalcopyrite’s abundancy among all other copper minerals, it is known to be
the most stable copper mineral with its structurally face-centered tetragonal lattice [10].
Unlike many other copper sulfides, chalcopyrite tends to passivate during leaching by
forming a solid product layer (e.g., sulfur or polysulfides) on its surface, which limits
contact with the leaching solution and impedes further reaction [5,7,11]. This inherent
inertness of chalcopyrite has made the development of enhanced leaching strategies a
persistent challenge in hydrometallurgy.

Several oxidizing agents and techniques have been employed to improve chalcopy-
rite leaching in acidic media. Hydrogen peroxide (H2O2) is a strong oxidizer that can
significantly accelerate the initial dissolution of sulfide minerals by oxidizing sulfide (S2−)
to both sulfates and elemental sulfur [12,13]. In practice, the use of H2O2 alone can be
limited by the rapid decomposition of H2O2 and the formation of a passive sulfur layer
on the mineral surface [14]. Recent studies suggest that the formation, structure, and
persistence of this sulfur layer are not solely determined by the type or strength of the
oxidant, but rather by the rate at which the oxidant is supplied, as well as by the formation
of hydrogen sulfide as a key intermediate that subsequently transforms into elemental
sulfur [15–17]. To address this, various studies demonstrated that leaching chalcopyrite in
H2SO4–H2O2 systems is greatly enhanced by additives that prevent formation of compact
sulfur layers on the surface [13,18], for example, the addition of certain compounds such
as ethylene glycol [19,20], iodine/chloride and iodide/ferric sulfate media [21,22], amino
acids [23], etc. Also, certain studies were performed in order to prove that kinetics may be
augmented with mechanical [24] or microwave assistance [25], as it has been shown that
those techniques inhibit or disrupt the sulfur film, thereby maintaining an active reaction
interface. In addition to hydrogen peroxide, other oxygen-based oxidizing agents such as
ozone and molecular oxygen can also be effectively utilized in chalcopyrite leaching. These
oxidants can operate under atmospheric conditions, but their efficiency is often enhanced
under elevated pressure in systems such as autoclaves [16,17,26–29].

Iron (III) salts (such as FeCl3, Fe2(SO4)3, and Fe(NO3)3) are widely used oxidizing
agents for various sulfide concentrates. In acidic sulfate media, ferric ions can oxidize the
sulfide in chalcopyrite, converting sulfide sulfur to elemental sulfur while Fe3+ is reduced
to Fe2+. This redox couple (Fe3+/Fe2+) is well-known, and it has been extensively studied in
sulfide leaching. The main reason for such interest is the fact that ores rich in chalcopyrite
are almost always followed by pyrite. Another reason comes from the biotechnological
studies of sulfide leaching where it has been found that iron oxidizing bacteria indirectly
leach sulfides (via the Fe3+/Fe2+ couple) [30]. Fe2+ generated during leaching can be re-
oxidized to Fe3+ by external oxidants (e.g., oxygen) or via bio-oxidation by Acidithiobacillus
sp. bacteria. This creates a cyclic process where a small amount of Fe3+ can cycle repeatedly,
thus oxidizing more sulfides from chalcopyrite [31,32]. Ferric salt leaching, for instance,
is very effective at dissolving chalcopyrite; however, chloride-based leaching is highly
corrosive and poses materials-handling challenges while iron (III) ions are prone to form
jarosite even on pH values above 2.5 [33].

Persulfate compounds (e.g., sodium persulfate, Na2S2O8) have been explored as
alternative oxidants due to their ability to generate sulfate radical species. Upon activation

29



Metals 2025, 15, 1039

(e.g., by heat, light or sonication), persulfate yields sulfate radicals ( SO4
−), which are highly

reactive oxidizing agents capable of oxidizing disulfides and sulfur to higher oxidation
states [34]. Free radicals such as hydroxyls and sulfates can oxidize chalcopyrite and other
sulfides more aggressively than molecular oxidants, thereby enhancing the metal leaching
rate. However, such strong oxidation agents can lead to a low leaching rate when used on
poor raw materials such as ores, especially when there is a possibility to expend radicals on
side reactions, needless to mention that they are also costly [34,35].

Industrially practiced nitrogen species catalyzed pressure leaching has also been
researched and successfully applied for treatment of low-grade chalcopyrite concentrates.
This highly oxidizing system also offers rapid kinetics [5].

While the above oxidizing agents and techniques can improve the leaching rate
and/or leaching efficiency of chalcopyrite, they often come with significant drawbacks.
Many require high reagent doses or stringent conditions, leading to increased operational
costs and safety hazards. Some produce undesirable by-products (for example, chlorine
gas in chloride systems or NOx in nitrite and nitrate systems) that pose environmental
challenges. Processing polymetallic concentrates containing multiple sulfide minerals and
interactions during leaching can lead to severe passive action. For instance, the leaching
of one sulfide (e.g., pyrite or sphalerite) may generate intermediate polysulfide or sulfate
species that precipitate or form films on another mineral’s surface. The formation of
insoluble elemental sulfur layers or precipitates like jarosite on chalcopyrite surfaces is
a well-documented impediment that hinders further leaching [36]. Such a passivation
phenomenon helps explain why many conventional oxidizing systems fail to achieve high
copper recoveries from chalcopyrite when multiple sulfides are present. Additionally,
certain catalytic approaches (e.g., adding trace metals) that work in idealized tests are
not always practical. For example, the presence of silver within a sulfide matrix (such as
silver incorporated in pyrite) can greatly accelerate chalcopyrite oxidation by the formation
of Ag2S, which helps electron transfer (through the Ag+/Ag2S redox couple) [37]. Most
of the concentrates found in genuine environments, however, lack enough silver to take
advantage of this action; therefore, it is not viable to purposefully add silver salts to the
leach. All these considerations underscore the need for alternative oxidation systems
that can overcome chalcopyrite’s refractory behavior, especially for complex feeds where
multiple sulfides and gangue minerals may interfere with the leaching process.

A growing body of research has demonstrated that iodine (typically introduced as
iodide, which is oxidized in situ to iodine) can dramatically enhance the leaching of chal-
copyrite under mild conditions. In conventional ferric sulfate media, adding a small amount
of KI has been shown to increase copper extraction rates significantly—for example, one
study reported a 47% higher Cu recovery at 50 ◦C when 0.5 g/L KI was added, along with
a sharp reduction in the apparent activation energy of chalcopyrite dissolution. Iodine is a
powerful oxidant that attacks chalcopyrite to produce elemental sulfur, and it participates
in a regenerative redox cycle: iodide is continuously oxidized to iodine (by agents like
Fe3+, MnO2 or NO2) [38], and iodine in turn oxidizes chalcopyrite (thus extracting Cu2+

and reverting to I−). Several investigations confirmed that this I−/I2 shuttle can overcome
or delay passivation layers on chalcopyrite, thereby sustaining faster leach kinetics even
at ambient temperatures [38,39]. A notable application is the JX Iodine Process, in which
ferric sulfate solutions with low-concentration iodide were irrigated over chalcopyrite ore
in column tests—the presence of iodine markedly improved copper recoveries compared to
ferric leaching alone, although the degree of improvement varied with ore mineralogy [38].
Likewise, patented iodine-leaching methods have demonstrated that chalcopyrite (and
even refractory sulfidic minerals like enargite and pyrite) can be leached effectively at
room temperature by employing an I−/I2 cycle with continuous regeneration of the ox-
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idant [40,41]. Overall, these studies have established that iodine/iodide can serve as an
efficient recyclable oxidant, yielding higher copper dissolution rates than conventional
oxidants and enabling leaching of chalcopyrite under relatively mild conditions. In contrast
to previous studies on pure chalcopyrite, the present work applied a MnO2–KI oxidation
system to a complex sphalerite concentrate (containing chalcopyrite and pyrite) and sys-
tematically examined how varying the iodine dosage and temperature affects the leaching
efficiency and kinetics for both copper and iron. Detailed kinetic and thermodynamic
calculations were performed in order to follow the oxidative tests of the initial concentrate.

2. Materials and Methods

The base material used for all advanced leaching processes was the sphalerite concen-
trate, received from a polymetallic ore deposit flotation plant (“Rudnik”, Rudnik, Serbia).
The collected sample was crushed and homogenized by a vibro mill (KHD Humboldt
Wedag AG, Köln, Germany). During the leaching tests and the determination of the
structural properties, the full range of granulometric classes was employed.

2.1. Structural Characterization

The initial concentrate and the obtained samples during oxidation leaching were
collected and carefully characterized in order to determine the presence of the constituents
and the surface morphology.

X-ray diffraction (XRD, Philips PW 1710/1820, Eindhoven, The Netherlands) was
used to detect the phase arrangement by determining the mineral compositions of the
concentrate and leaching residues. An automated diffractometer with a Cu tube running at
40 kV and 30 mA in the 2θ range of 4–65◦ was employed for gathering XRD patterns.

Scanning electron microscopy (SEM, JEOL JSM-7001F, Tokyo, Japan) equipped with
an energy-dispersive spectrometer (EDS, Oxford Xplore 15, High Wycombe, UK) was used
to depict surface functionalities and the mapping of sample surfaces.

In order to recognize metallic and non-metallic minerals, qualitative ore microscopic
(OM) studies were conducted using a polarizing microscope (Carl Zeiss-Jena Axioscope
5 Pol, Jena, Germany) under reflected light. A color camera (Axiocam 105 color, White
Plains, NY, USA) was connected to the microscope. With the “Multiphase” module of the
Carl Zeiss AxioVision SE64 Rel. 4.9.1 software package, photomicrographs were gathered.

2.2. Leaching Experiments

Advanced leaching oxidation tests were performed according to our previous
work (Figure 1) [42]. Leaching experiments were conducted in a closed glass reactor
(Zhengzhou Great Wall, Xingyang, China). The reactor was adapted with a helix stirrer and
temperature controller.

The reaction system consisted of base concentrate (10.0 g) and aqueous sulfuric acid
solution (Zorka p. a, Šabac, Serbia), with a constant agitating rate of 300 rpm. Several
operational variables were altered in the leaching tests, including temperature (40, 60, 70,
and 80 ◦C), duration (0–180 min), and the presence of additional oxidizers–manganese
dioxide (Alkaloid, purity > 95%, Skopje, North Macedonia) and potassium iodide 1–3 wt%
of the initial concentrate (Merck, purity > 95%, Darmstadt, Germany). Manganese dioxide
was dosed on a stoichiometric basis relative to the total sulfide-sulfur in the concentrate
targeting complete oxidation of sulfide minerals to sulfate. Potassium iodide (KI), used as
an auxiliary oxidant, was investigated up to a practical upper limit of 3 wt% of the initial
concentrate mass to balance reactivity and cost. At determined time periods, acidic samples
were collected and analyzed by atomic absorption spectrophotometry (AAS, Perkin Elmer
703, Shelton, CT, USA). To reduce the risk of measurement error, all leaching tests were
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conducted in triplicate, and the reported quantities of iron and copper are the average of
the three measurements. The iron and copper extraction rates (%) were computed using
AAS measurements.

Figure 1. State of art—Technological scheme of sphalerite concentrate advanced leaching treatment
(modified from [42]).

The ratio of the chemical elements in the initial sample was determined by the AAS
technique. The presence of the detected elements in descending order (Zn—46.91, S—28.87,
Fe—6.77, Cu—0.806, Cd—0.338, Pb—0.287, As—1.8 × 10−4, all in wt%) was presented in
our previous work [42]

The reaction solution was filtered to remove the leaching residues after each ex-
periment was complete. After being gathered and thrice cleaned with distilled water,
the solid residues were dried in an oven. Following preparation, the samples were
carefully examined.

Kinetic models can be used to better describe various chemical reactions. Hence,
we used the modified Sharps method of decreased half reaction time [43] to linearize
the experimental results, utilizing various equations. Numerous articles provide a full
description of the concept [43–45].

The Arrhenius equation, which is commonly used to calculate the activation energy
(Ea), often provides important insights into the mechanisms driving the reactions:

k = A × exp(−Ea/RT) (1)

where A is the pre-exponential constant, k is the rate constant (s−1), Ea is the activation en-
ergy (J·mol−1), R is the gas constant (8.314 J·mol−1·K−1), and T is the absolute temperature
(K). The activation energy can be computed by plotting ln (k) versus 1/T, which provides
the slope of the linear fit.

3. Results and Discussion

3.1. Material Characterization

To determine chemical, morphological and mineralogical properties, all collected
specimens were thoroughly analyzed by XRD, AAS, SEM-EDS, and OM.
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3.1.1. Optical Microscopy

From the OM results, nearly 80% of the sphalerite was found to exist as free grains
(Figure 2a,b), with the remainder belonging to intergrowths with other minerals. In
this concentrate, sphalerite is most commonly linked to chalcopyrite, which is followed
by galena and chalcopyrite impregnations. The determined sphalerite’s grain size is
in the range 10–400 μm. Gold and silver particles were also found in the observed
concentrate (Figure 2b).

Figure 2. (a) Complex intergrowth of sphalerite (Sph), chalcopyrite (Hp), and galena (Gl) in the
sample; (b) native silver/gold in addition to sphalerite.

Chalcopyrite can appear as oval, micronic impregnations within sphalerite grains or
as complex assemblages with galena and sphalerite minerals. It can also occur as individual
grains, which makes up about 65–70% of its frequency. There was no detectable free gold or
silver linked to chalcopyrite. A material specimen undergoing optical assessment contained
a trace amount of gold or silver (Figure 2b).

3.1.2. XRD Analysis

The X-ray diffraction technique was used to analyze the initial polycrystalline con-
centrate. The analyzed sample was found to contain the following minerals: chalcopyrite,
pyrite, quartz, and sphalerite [42]. Sphalerite is with certainty the most frequent mineral,
while quartz, pyrite, and chalcopyrite are far less abundant.

3.1.3. Field Emission SEM

Initial concentrate particles possess clean and sharp edges, as seen in the SEM image
(Figure 3). The particles have a diameter between 50 and 100 μm.

Figure 3. SEM micrograph of initial specimen.
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3.2. Leaching Assays
3.2.1. Advanced Oxidative Leaching of Initial Concentrate with MnO2/KI
Impact of Temperature on Leaching Degree

The leaching efficiency of iron (Fe) and copper (Cu) from Zn concentrate increases
with temperature, rising from 40 ◦C to 80 ◦C, in accordance with chemical kinetic principles.
Elevated temperatures provide additional thermal energy, which enhances particle mobility
and increases the frequency of the effective collisions between the sulfide minerals and the
oxidizing agent (I2). As a result, the reaction rate accelerates, leading to more efficient iron
and copper extraction into the leaching solution.

The mineral phase distribution resulting from leaching at lower temperature is pre-
sented in Figure 4.

Figure 4. Pie chart of quantitative mineralogical analysis of the sample; experiment parameters
(3 wt% KI + stoichiometric amount of MnO2 at 40 ◦C, 180 min) [42].

The analyzed sample (Figure 4) contains the following mineral phases: pyrolusite,
sphalerite, chalcopyrite, marcasite, sulfur and galena, as well as gangue minerals (quartz,
calcite, and barite). Pyrolusite is the dominant mineral, followed by sphalerite present in a
lower proportion, while quartz, chalcopyrite, and marcasite are present in minor quantities.
All other minerals are present in traces.

The quantitative mineralogical composition is as follows [42]: pyrolusite—54.3 wt%,
sphalerite—41.2 wt%, chalcopyrite—1.1 wt%, marcasite—1.0 wt%, quartz—0.8 wt%,
sulfur—0.6 wt%, calcite—0.4 wt%, galena—0.3 wt%, and barite—0.3 wt%. These values
were determined using software processing, aligned with the results of chemical analysis.

The structural and textural characteristics, along with the mineral occurrence forms,
are presented in Figure 5. Reflected-light microscopy analysis (Figure 5) indicates that
pyrolusite is the predominant mineral, followed by sphalerite. Chalcopyrite, marcasite, and
quartz are notably less abundant, while galena and sulfur appear only in trace amounts.

From the reflected light microscopy images (Figure 5) it can be observed that pyrolusite
is predominantly found in a lath-like habitus, reaching lengths of up to 200 μm, and less
commonly appears as irregular grains measuring up to 100 μm. Sphalerite typically occurs
as irregular, liberated grains—often significantly altered and eroded—up to 150 μm in size.
It frequently exhibits signs of “chalcopyrite disease” and contains chalcopyrite inclusions
reaching up to 50 μm. Minor intergrowths of sphalerite with chalcopyrite, or marcasite
are also observed. Apart from these occurrences, chalcopyrite is occasionally present as
liberated, irregular grains up to 150 μm in length. Marcasite is found as free grains up to
150 μm in length.
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Figure 5. Reflected light microscopy image of the sample at 40 ◦C: (a) liberated grains of chalcopyrite
(Hp) and pyrolusite (Pl), and sphalerite (Sph) with chalcopyrite inclusions; (b) intergrowth of
sphalerite (Sph) and marcasite (Mc), liberated grains of sphalerite, chalcopyrite (Hp) and pyrolusite
(Pl); (c) chalcopyrite (Hp) disease” and inclusion in sphalerite (Sph).

Apart from the above, irregular galena grains up to 60 μm in length were also identified
in the sample. The occurrence of galena in the sphalerite concentrate is anticipated, given
that the original ore contains both sphalerite and galena, which are often challenging
to separate due to their intergrowth—particularly when grain sizes are below 80 μm.
Consequently, the presence of galena in the leaching residue is to be expected.

The SEM image of the leaching residue obtained at 40 ◦C is presented in Figure 6. The
chemical compositions of the minerals obtained by EDS analyses are shown in Table 1. As
observed in Figure 6, the particles of the concentrate leached at a lower temperature exhibit
signs of partial decomposition, evidenced by roughened and/or more rounded edges and
surface alterations.

The mineral phase distribution resulting from leaching at higher temperature, 80 ◦C,
is shown in Figure 7.

The analyzed sample (Figure 7) contains the following mineral phases: pyrolusite,
sphalerite, chalcopyrite, marcasite, sulfur and galena, as well as gangue minerals (quartz,
calcite and barite). Pyrolusite is the dominant mineral, followed by sphalerite in smaller
amounts, while quartz, chalcopyrite, sulfur, and marcasite are present in minor quantities.
All other minerals are present in traces.

The quantitative mineralogical composition [42] is as follows: pyrolusite—57 wt%,
sphalerite—38 wt%, chalcopyrite—1.1 wt%, sulfur—1.0 wt%, marcasite—1.0 wt%, quartz—
0.9 wt%, calcite—0.4 wt%, galena—0.3 wt%, and barite—0.3 wt%. These values were
determined using software processing (Carl Zeiss AxioVision SE64 Rel. 4.9.1 with the
“Multiphase” module), aligned with the results of chemical analysis.

The structural and textural characteristics, along with the mineral occurrence forms
analysed by reflected-light microscopy, are presented in Figure 8.
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Figure 6. SEM photomicrograph of the leaching residue sample at 40 ◦C.

Table 1. EDS chemical analyses of spectra obtained from the SEM image (Figure 6) (Spectra 50–52).

Element

Spectrum 50
(Sphalerite)

Spectrum 51
(Pyrolusite)

Spectrum 52
(Chalcopyrite)

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

O 30.83 60.19

Al 0.22 0.25

Si 0.60 0.67

S 33.38 49.81 0.28 0.27 35.18 50.28

Mn 0.42 0.37 66.89 38.04 0.41 0.34

Fe 12.05 10.33 29.69 24.36

Cu 0.36 0.27 33.02 23.82

Ni 0.23 0.12

Zn 53.30 39.02 0.95 0.45 1.71 1.20

Cd 0.48 0.20

Total 100.00 100.00 100.00 100.00 100.00 100.00

Reflected-light microscopy observations (Figure 8) indicate that pyrolusite is the
predominant mineral, followed by sphalerite. Chalcopyrite, marcasite, sulfur, and quartz
are notably less abundant, and galena appears only in trace amounts. Pyrolusite primarily
appears in a lath-like habitus, reaching lengths of up to 200 μm, with occasional irregular
grains reaching 100 μm. Sphalerite typically occurs as irregular, eroded grains up to
250 μm and frequently exhibits “chalcopyrite disease” or contains chalcopyrite inclusions
up to 50 μm in length. Less commonly, sphalerite and chalcopyrite are intergrown. Apart
from these occurrences, chalcopyrite is occasionally present as liberated, irregular grains up
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to 100 μm. Marcasite is found as liberated grains up to 150 μm, while sulfur appears in the
form of irregular grains. Gangue minerals mainly consist of quartz, with lesser amounts of
feldspar, barite, and calcite.

 
Figure 7. Pie chart of quantitative mineralogical analysis of the sample—experimental parameters
(3 wt% KI + stoichiometric amount of MnO2 at 80 ◦C, 180 min).

Figure 8. Reflected-light microscopy image of sample at 80 ◦C: (a) intergrowth of sphalerite (Sph)
and gangue (Gg), “chalcopyrite disease” (Hp) in sphalerite, liberated chalcopyrite grain; (b) liberated
grains of sphalerite (Sph), chalcopyrite (Hp), and pyrolusite (Pl); (c) intergrowth of sphalerite (Sph)
and chalcopyrite (Hp); (d) liberated marcasite (Mc) grain.

The SEM image of the residue formed after leaching at 80 ◦C is shown in Figure 9,
while the chemical composition of minerals obtained by EDS analyses is shown in Table 2.

As shown in the previously presented results, there are differences in the mineral con-
tent between the initial sample and those leached at higher and lower temperatures. In the
initial sample, pyrite occurs as the primary iron-bearing mineral. The leaching treatments
induced changes in the chemical environment, leading to oxidative conditions under which
pyrite undergoes partial alteration. This process results in a decrease in pH and an increase
in the concentration of the dissolved iron. Consequently, these conditions facilitate the
transformation of pyrite into the less stable secondary phase, marcasite. Additionally, mar-
casite may be formed as a result of iron (Fe) leaching from sphalerite through a mechanism
analogous to that observed in the case of pyrite. When conditions are favorable for the
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formation of iron sulfide with an orthorhombic FeS2 structure, marcasite can precipitate
from the solution. This process is typically associated with acidic environments and is
often influenced by the presence of other reactive iron sulfide minerals, such as pyrite.
Furthermore, during the leaching process, sphalerite undergoes decomposition, leading to
the partial release of chalcopyrite, which occurs within the sphalerite matrix as inclusions
or impregnations—a phenomenon known as “chalcopyrite disease”.

Figure 9. SEM photomicrograph of the leaching residue sample at 80 ◦C.

Table 2. EDS chemical analyses of spectra obtained from the SEM image (Figure 9) (Spectra 7–10).

Element

Spectrum 7
(Sphalerite)

Spectrum 8
(Chalcopyrite)

Spectrum 9
(Pyrolusite)

Spectrum 10
(Marcasite)

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

O 30.39 59.90
S 32.47 48.68 34.27 49.19 0.33 0.33 38.88 52.56

Mn 0.83 0.73 2.29 1.92 69.28 39.77 0.66 0.52
Fe 11.91 10.26 29.71 24.48 60.46 46.92
Cu 1.98 1.50 33.29 24.11
Zn 52.81 38.84 0.43 0.31

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

The occurrence and behavior of sulfur are discussed in detail in the study ref. [42].
The amount sof copper (Cu) and iron (Fe) leaching from the concentrate over the time

are shown in Figure 10, with determined α (%).
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Figure 10. Temperature and reaction time effects on Cu (a) and Fe (b) leaching percentage
(3 wt% KI + stoichiometric amount of MnO2).

The reaction kinetics and extraction efficacy were significantly impacted by rise in
the temperature (Figure 10). After 3 h, the maximum recoveries for copper and iron were
82.1% and 85.3%, respectively. The formation of the passivation layers on the surface of
chalcopyrite and marcasite grains may be the cause of the lower leaching percentages of
copper and iron at lower temperatures [46,47].

With a sufficient MnO2 dosage, the most probable mechanisms for copper and iron
leaching from chalcopyrite and pyrite, respectively, are as follows:

2CuFeS2 + 17MnO2 + 18H2SO4 = 2CuSO4 +Fe2(SO4)3 + 17MnSO4+ 18H2O (2)

2FeS2 + 15MnO2 + 14H2SO4 =Fe2(SO4)3 + 15MnSO4+ 14H2O (3)

Both reactions (Equations (2) and (3)) take place in the presence of potassium iodide
and without it; however, there are side reactions that may impede or even stop these two
reactions. Passivation layers that could form include sulfur, anglesite, and barite. The
presence of iodine that readily forms in the chemical reaction (Equation (4)) impacts the
erosion of the sulfur passivation layer and thus enhance further leaching of chalcopyrite.

MnO2 + 2KI + 2H2SO4 = MnSO4 + K2SO4 + I2 + 2H2O (4)

The product of reaction (4) is iodine (I2) which reacts further by capturing an iodide ion
(I−) [48], and forms the triiodide anion as reported in the literature [49]. In the subsequent
reaction (Equation (5)), iodine leaches the copper and is reduced back to iodide anion.

CuFeS2 + 2I2 = Cu2+ + Fe2+ + 2S + 4I− (5)

While hydrometallurgical studies typically consider only reaction (5) for chalcopyrite
oxidation by iodine, fundamental inorganic chemistry indicates that Cu2+ can also oxidize
iodide ions to iodine, forming copper (I) iodide [50]. Although CuI is insoluble in water, its
formation under such oxidative conditions is unlikely, as Cu+ is readily re-oxidized to the
more stable Cu2+ state, rendering reaction (5) effectively the only viable pathway.
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Besides the Cu2+ that is formed in reaction (5) another very important product is
the Fe2+ ion. Ferrous ion is also unstable and in oxidative media it oxidizes to ferric ion,
as reaction (6):

2Fe2+ + MnO2 + 2H2SO4 = 2Fe3+ + SO4
2− + MnSO4 + 2H2O (6)

The ferric ion participates in several redox reactions and it can leach pyrite as
well [51,52]. This is very important since the results of a recent study concluded that
pyrite grains remain intact after 14 days of leaching chalcopyrite concentrate in the
presence of iron (III) sulfate and potassium iodide [39]. The consecutive reactions pro-
posed to account for iron (III) leaching from pyrite are presented in the subsequent
reactions (Equations (7)–(9)):

FeS2(pyrite) + xFe3+ = FeS+x
2−x(pyrite) + xFe2+ + xS (7)

FeS+x
2−x(pyrite) + xH3O+ = Fe1−xS2−2x(marcasite) + xHS− + xFe3+ + xH2O (8)

H+ +HS− + MnO2 + H2SO4 = MnSO4 + S + 2H2O (9)

Marcasite formed in reaction (8) continues to oxidize further in the same manner as
pyrite in reaction (7) leading to progressive ferric leaching.

3.2.2. Influence of KI Amount on Leaching Effectiveness

The quantity of potassium iodide (KI) in the reaction solution at 80 ◦C shows a non-
linear correlation with the leaching rate for copper (Cu) and iron (Fe) from sphalerite
concentrates (Figure 11). This unusual trend points to an intricate interaction between the
KI amount and the following chemical transformations that affects the oxidizing agents’
accessibility and efficacy during the observed leaching.

At a low KI content (1 wt% relative to the mass of sphalerite), the system operates
under stable equilibrium conditions, where the iodine (I2) formed in reaction (4) promotes
more efficient oxidation in reaction (5), without the occurrence of harmful side-effects. At
the above KI concentration, the degree of copper and iron leaching is high and amounts
to 71.4% and 75.3%, respectively. This indicates that elemental sulfur, which was formed
during the leaching reaction at a KI content of 1 wt%, does not significantly interfere with
the leaching process of the above metals.

With an increase in the concentration of KI to 2 wt%, there is a unexpected reduction
in the degree of leaching of copper (59.9%) and iron (63.1%). This can be attributed to the
formation of elemental sulfur (S), which forms a passive layer on the surface of the mineral,
preventing the further penetration of oxidizing agents and thereby hindering the leaching
process of these metals.

When the KI concentration increases to 3 wt%, there is a sudden increase in the
degree of leaching of copper (82.1%) and iron (85.3%). At higher iodine concentrations, the
oxidant becomes sufficient not only to react with chalcopyrite but also to react with the
elemental sulfur passivation layer formed in reactions (5), (7), and (9), converting it into
soluble sulfur species with higher oxidation states. These include the formation of aqueous
sulfur dioxide (SO2(aq)), followed by the oxidation of thiosulfate to tetrathionate, which is
ultimately oxidized further to sulfate ions. The oxidation of sulfur containing ion species
was described in detail in our previous study [42].
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Figure 11. Impact of altering KI concentration on the leaching rate of Cu and Fe at 80 ◦C.

When the initial potassium iodide concentration is higher, more iodine is produced
which can break down the passivation layer, thus re-exposing the sphalerite surface to the
acid and making the leaching process more efficient. In addition, at this level the KI system
exhibits a higher redox potential, and due to the excess iodide ions, the equilibrium shifts
towards the formation of free iodine. This provides a sufficient amount of active oxidizing
agent to sustain the process, which overcomes the limitations observed at 2 wt% KI.

3.3. Leaching Kinetics

To model the leaching kinetics, various kinetic models encompassed within the mod-
ified Sharp’s method were employed to describe the system’s behavior, as depicted in
Figure 12. Among these, the Jander equation [43] for three-dimensional diffusion through
a product layer (depicted by navy blue triangle symbols on Figure 12) provided the best fit
to the experimental data at 80 ◦C, yielding a coefficient of determination (R2) of 0.98. This
high correlation indicates that the Jander model accurately describes the leaching process
under the studied conditions. Consequently, this model was selected for the fitting of all
leaching experimental data obtained at various temperatures.

The results suggest that the rate of the leaching reaction is limited by the diffusion
of copper, iron, and sulfide species through a product layer—most likely composed of
elemental sulfur formed on the surface of the sphalerite particles. This product layer
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acts as a barrier, impeding mass transfer and slowing down the leaching rate [53]. The
formation of such a sulfur layer is consistent with the findings reported in the literature,
where elemental sulfur deposition on sphalerite particles during leaching processes has
been observed to significantly decrease the leaching yield of the target metals [54,55].

Figure 12. Modified Sharp’s approach for Cu (a) and Fe (b) leaching related to experimental results.

Employing the Jander formula, the fitted data collected from the advanced leach-
ing of sphalerite concentrate with MnO2 and KI throughout the temperature range of
40 to 80 ◦C are shown in Figure 13. The proposed model shows a high coefficient of
determination with the experimental data over the whole temperature range (R2 > 0.97 for
Fe and R2 > 0.98 for Cu), suggesting a strong agreement.

The estimated leaching rate constants employing the modified Sharp method are
0.0012 min−1 and 0.0011 min−1 at 80 ◦C, and 0.0005 min−1 and 0.0003 min−1 at 40 ◦C
for Fe and Cu, respectively. The obtained results from Figure 13 indicate that raising
the temperature considerably accelerates the oxidation rate, increasing it by more than
twice at 80 ◦C.

The obtained curves from Figure 13 present a good correlation of the laboratory results
and the Jander equation. Therefore, the proposed model well depicts three-dimensional
diffusion through a product layer, indicating that species migration via a product layer is the
rate-limiting phase. The passivation layer of elemental sulfur developed on the sphalerite
concentrate particle surface could be the slowest and the limitation step. Each temperature
causes this layer to develop, albeit its quantity and effect on the rate of leaching may
fluctuate. The existence of sulfur residues is verified even at the lowest leaching temperature
(40 ◦C), while the crystallization of sulfur is only verified at the highest leaching temperature
(80 ◦C). Increased leaching levels and elevated temperatures promote crystallization of
sulfur onto the grain surface. Hence, this phenomenon can enhance the passivation effect
by generating a more coherent and impermeable layer [42]. By adding enough potassium
iodide (>3 wt%), this problem can be lessened as the concentration of iodine in the leaching
solution will rise. Since iodine efficiently transforms elemental sulfur toward soluble
sulfur compounds, the elevated iodine level permits the oxidation of the produced sulfur
passivation layer. Increased leaching rates persist even at higher temperatures because of
this oxidation, which lowers the mass transfer barrier and improves the leaching efficiency;
this has already been noted in available studies [56,57].
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Figure 13. Jander’s model for experimental results for Cu (a) and Fe (b) leaching at different temperatures.

3.4. Determination of Activation Energy for Concentrate Leaching

The activation energy (Ea), determined by utilizing the linearized version of the
Arrhenius equation, is the last part in the kinetic analyses. The findings from Figure 14
display a high linear association (R2 > 0.95 for Cu recovery and R2 > 0.98 for Fe recovery).
Equation (10) was used for estimating the activation energy based on the slope of this
linear function:

Ea = −R × Slope (10)

As previously validated, the computed values of 28.90 and 18.96 kJ/mol for Cu and
Fe extraction show that diffusion is the leaching reaction’s limiting phase [54–56].

Figure 14. Determined activation energies for Cu (a) and Fe (b) recovery (T: 40–80 ◦C).

The calculated activation energy for the Cu and Fe leaching indicates that the oxidation
process has a low energy barrier (activation energy of 28.90 kJ mol−1 for Cu). Given its
low activation energy, copper leaching is a diffusion-controlled process, which is consistent
with the value found by Kaplun et al. [58]. The activation energy of iron leaching is even
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lower (18.94 kJ mol−1); such a low value is not obtained in any literature available on
the study of pyrite leaching. However, such low values are obtained in the study of Asta
and Acero for leaching marcasite in acidic media [59]. This observation is consistent with
the absence of pyrite in the leaching residue, where only marcasite was detected with a
sub-stoichiometric sulfur content (Table 2). Most likely Fe3+ ions interact with pyrite in
the first step oxidizing the disulfides and the low pH value influences non-stoichiometric
polymorph to be crystalized as marcasite. Once marcasite is formed, the strong oxidation
agent (pyrolusite) assisted by iodine as a participant of the sulfur oxidation oxidize the
marcasite, and iron (III) is leached further.

Such low activation energies suggest that leaching proceeds rapidly at moderate
temperatures due to the low energy barrier of the oxidation process. This observation is
consistent with the experimental results, where the Jander equation provided the best fit.
The low activation-energy values further confirm that the leaching of both copper and iron
is governed by a diffusion-controlled mechanism.

4. Conclusions

In our study we presented the Cu and Fe recovery from sphalerite concentrates in
acidic solution, applying the auxiliary combination of oxidants—MnO2 together with
KI. The influence of temperature variation had a significant impact on Cu and Fe recov-
ery; there were quicker reaction kinetics from 40 ◦C to 80 ◦C and significantly increased
leaching efficiency.

The addition of KI resulted in a complex interaction between sulfur passivation and
oxidant accessibility. Cu and Fe leaching achieved 82.1% and 85.3% at 3 wt% KI, thus a
reduction of the passivation layer on the grain surface of the sphalerite concentrate.

Furthermore, low activation energies of 28.90 kJ mol−1 for Cu and 18.94 kJ mol−1

for Fe were found in the kinetic evaluation of the system MnO2/KI+H2SO4. Although
both copper and iron leaching kinetics are diffusion-controlled processes, the mechanism
of their leaching differs significantly. Chalcopyrite interacts directly with both oxidation
agents, thus copper leaching is similar to zinc leaching from sphalerite. Iron leaching is
more complex and includes the interaction of pyrite with ferric ions, the formation of a
sulfur passivation layer, and pyrite alteration to marcasite which eventually lead to the
final decomposition of marcasite and iron (III) leaching.

The procedure is more energy-efficient and profitable because of the low activation
energies, and this indicates that the leaching reactions continue readily at comparatively
lower temperatures. Higher Cu and Fe recovery rates are made possible by the improved
reaction kinetics, which also increase the efficacy in general.

In summary, the present investigation demonstrates that the temperature and the
KI amount have a significant influence on Cu and Fe recovery from sphalerite, with the
maximum Cu and Fe leaching rate achieved at 80 ◦C and 3 weight percent KI.
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3. Sokić, M.D.; Bugarčić, M.; Jovanović, A.A. Sphalerite Leaching in Acid Media: A Review. Metall. Mater. Data 2023, 1,
33–43. [CrossRef]

4. Moskalyk, R.R.; Alfantazi, A.M. Review of Copper Pyrometallurgical Practice: Today and Tomorrow. Miner. Eng. 2003, 16,
893–919. [CrossRef]

5. Gok, O.; Anderson, C.G. Dissolution of Low-Grade Chalcopyrite Concentrate in Acidified Nitrite Electrolyte. Hydrometallurgy
2013, 134–135, 40–46. [CrossRef]

6. Shiri, H.R.; Mokmeli, M.; Ghadamgahi, S.M.; Babakhani, A. Deep Eutectic Solvents (DESs) for Chalcopyrite Concentrate
Extraction: Leaching, Optimization and Kinetics Mechanism. J. Environ. Chem. Eng. 2025, 13, 117779. [CrossRef]

7. Ali, Z.; Wilkes, N.; Raza, N.; Omar, M. Modified Hydrometallurgical Approach for the Beneficiation of Copper from Its Low-Grade
Ore. ACS Omega 2025, 10, 14826–14834. [CrossRef]

8. Flores, D.J.; Graber, T.A.; Angel-Castillo, A.H.; Hernández, P.C.; Taboada, M.E. Use of Hydrogen Peroxide as Oxidizing Agent in
Chalcopyrite Leaching: A Review. Metals 2025, 15, 531. [CrossRef]

9. Aghazadeh-Ghomi, M.; Adli-Mehr, A.; Mozammel, M. A Kinetic Study on the Atmospheric Leaching of Chalcopyrite Concentrate
in Sulfuric Acid-Hydrogen Peroxide-Isopropanol Medium. Metall. Mater. Trans. B Process Metall. Mater. Process. Sci. 2025, 56,
300–306. [CrossRef]

10. Panda, S.; Akcil, A.; Pradhan, N.; Deveci, H. Current Scenario of Chalcopyrite Bioleaching: A Review on the Recent Advances to
Its Heap-Leach Technology. Bioresour. Technol. 2015, 196, 694–706. [CrossRef]

11. Behnajady, B.; Najafi, M.; Karimi, S. A New Approach to Direct Chemical Leaching of Sungun Chalcopyrite Concentrate via
Green Deep Eutectic Solvent Choline Chloride-ρ-Toluenesulfonic Acid and MD Simulation. J. Taiwan Inst. Chem. Eng. 2025, 172,
106118. [CrossRef]

12. Adebayo, A.O.; Ipinmoroti, K.O.; Ajayi, O.O. Dissolution Kinetics of Chalcopyrite with Hydrogen Peroxide in Sulphuric Acid
Medium. Chem. Biochem. Eng. Q. 2003, 17, 213–218.

13. Agacayak, T.; Aras, A.; Aydogan, S.; Erdemoglu, M. Leaching of Chalcopyrite Concentrate in Hydrogen Peroxide Solution.
Physicochem. Probl. Miner. Process. 2014, 50, 657–666.
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35. Turan, M.D.; Arslanoğlu, H.; Altundoğan, H.S. Optimization of the Leaching Conditions of Chalcopyrite Concentrate Using

Ammonium Persulfate in an Autoclave System. J. Taiwan Inst. Chem. Eng. 2015, 50, 49–55. [CrossRef]
36. Jorjani, E.; Ghahreman, A. Challenges with Elemental Sulfur Removal during the Leaching of Copper and Zinc Sulfides, and

from the Residues; a Review. Hydrometallurgy 2017, 171, 333–343. [CrossRef]
37. Li, L.; Soleymani, M.; Ghahreman, A. New Insights on the Role of Lattice-Substituted Silver in Catalytic Oxidation of Chalcopyrite.

Electrochim. Acta 2021, 369, 137652. [CrossRef]
38. Fukano, Y.; Miura, A. Chalcopyrite Leaching with Iodine (JX Iodine Process) for Various Ore Types. Hydrometallurgy 2021, 206,

105752. [CrossRef]
39. Winarko, R.; Dreisinger, D.B.; Miura, A.; Fukano, Y.; Liu, W. Characterization of the Solid Leach Residues from the Iodine-Assisted

Chalcopyrite Leaching in Ferric Sulfate Media. Hydrometallurgy 2024, 226, 106302. [CrossRef]
40. Manabe, M. Method of Leaching Copper Sulfide Ore with the Use of Iodine. U.S. Patent No. 8,163,063, 24 April 2012.
41. Kuwano, K.; Abe, A.; Manabe, M.; Miura, A. Method of Leaching Copper Sulfide Ore. U.S. Patent No. 20110229385,

4 September 2012.
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Abstract: N,O-donor hybrid heterocyclic extractants have great potential for separation of
actinides from lanthanides in spent nuclear fuel reprocessing processes. We demonstrate
that this type of reagents can be used for primary concentration of actinides contained
in eudialyte, a promising mineral containing a heavy group of lanthanides. With respect
to lanthanide ions, the efficiency of their extraction decreases in the series L3 >> L1 > L2,
and the extraction of actinides decreases in the series L1 ≈ L3 >> L2. For the extractant
L2 based on 2,2′-bipyridine-6,6′-dicarboxylic acid diamide, the efficiency of lanthanide
purification from U, Th exceeds 50. The structure and stereochemical features of the ligands
do not have a significant effect on the composition of the formed complexes. The solvation
numbers are close to 1 for all range f-elements studied, except for thorium, which indicates
the predominant formation of complexes with the composition ratio of 1:1. The solvation
numbers 1.4–1.5 are observed for thorium(IV), and the established values indicate the
formation of a mixture of complexes with the composition ratios of 1:1 and 2:1.

Keywords: lanthanides; uranium; thorium; eudialyte ore; extraction

1. Introduction

Interest in the elements of the lanthanide group and other rare metals is rapidly
growing in global science and industry. As a result, new technologies are being developed
and high-tech products, based on rare and rare-earth metals (RMs and REEs), are being
created. The dynamics of RM consumption growth are driven by their application in both
traditional sectors (metallurgy, composite materials, electrical engineering and electronics,
and nuclear energy) and in new high-tech industries [1–5]. The REE market represents an
economic and geopolitical system based on the interaction of various entities (companies,
corporations, countries, and governments) at different stages of the technological chain:
exploration and extraction—processing—high-tech production—management of the global
supply chain [6–8].

The scarcity of rare metals, along with increasing prices, has made it essential to
develop new methods for producing rare metal concentrates, including the processing of

Metals 2025, 15, 494 https://doi.org/10.3390/met15050494
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low-grade ores and man-made waste [9–11]. Traditionally, the processes for producing
metal concentrates involve extraction stages that separate and concentrate REEs from
aqueous solutions [12,13], typically using phosphorus-containing extractants [14–16].

The most productive natural source of strategic metals (REE, Zr, Hf, Nb, Ta) are the
minerals of alkaline rocks and carbonatites [17–19]. Of particular interest are the large
deposits of eudialyte-group minerals (EGMs) in Lovozero alkaline massif at the Kola Penin-
sula (Russia) or other countries (South Africa, Brazil, Canada, Denmark) [20,21]. Among
them, the Lovozero alkaline massif contains eudialyte ores, which attract interest as a
valuable source of medium-heavy and heavy rare earth metals, as well as zirconium and
hafnium. Moreover, because of the complex chemical composition of EGMs, the eudia-
lyte deposits could be considered as complex ores, also containing manganese, niobium,
scandium, as well as radioactive metals.

The off-balance reserves of eudialyte ores at the Alluaiv site of the Lovozero deposit
are estimated to be 7.3 million tons, which is approximately equivalent to 1 million tons of
ZrO2. The average eudialyte content in these ores is around 12%, with coarse and medium-
grained varieties containing up to 20–25%. Despite the wide distribution of eudialyte
ores, there are no industrial-scale operations exploiting deposits of this type. However,
technologies for eudialyte mineral processing are actively developed. In Australia, for
instance, the technological processing for eudialyte ores from the Toongi deposit (which
contains tantalum, niobium, REE, and zirconium) has been developed over the past two
decades. Moreover, the preparations are also underway for the development of eudialyte
ore deposits of Norra Karr (Sweden) and Tanbreez (Greenland).

EGMs are complex zirconium and calcium silicates, which are characterized by the
following general formula: [N(1)3N(2)3N(3)3N(4)3N(5)3]{M(1)6M(2)3M(3)M(4)Z3(Si9O27-3x

(OH)3x)2(Si3O9)2Ø0–6}X(1)X(2), where M(1) = VICa, VIMn2+, VIREE, VINa, VIFe2+;
M(2) = IV,VFe2+, V,VIFe3+, V,VIMn2+, V,VINa, IV,VZr; M(3) and M(4) = IVSi, VINb, VITi, VIW6+;
Z = VIZr, VITi; Ø = O, OH; N(1)–N(5) are extra-framework cations (Na, H3O+, K, Sr, Ln, Y
Ba, Mn2+, Ca) or H2O; X(1) and X(2) are extra-framework water molecules, halide (Cl−, F−)
and chalcogenide (S2−) anions, and anionic groups (CO3

2−, SO4
2−); x = 0–1. The coordina-

tion numbers of cations are indicated with Roman numerals [22–24]. The crystal structure
of EGMs is represented by a dense microporous framework built up by zirconium(IV) in
octahedral environment, calcium octahedral rings and two types of silicate tetrahedral rings
([Si3O9] and [Si9O27]) (Figure 1), while the pores of the framework are filled by alkaline,
alkaline- and rare-earth elements, as well as additional halide and chalcogenide anions
and water molecules. The high chemical rank of R = 11–13 of EGMs makes influences the
searching of the efficient schemes of the decomposing of EGMs and the extraction of RM
and REM.

Many technologies have now been developed for processing eudialyte ores, containing
25–27% of eudialyte, 52% of feldspar, loparite and nepheline, and 20% of aegirine, which
can be processed using combined flotation–gravity–magnetoelectric enrichment schemes
to produce eudialyte and loparite concentrates [25–27]. The resulting eudialyte concen-
trates, with minimal radioactivity, contain 54 wt.% SiO2, 11–13 wt.% ZrO2, 1.8–2.5 wt.%
REE2O3, 0.21–0.27 wt.% HfO2, 0.06–0.1 wt.% Ta2O5, 0.6–1% wt.% Nb2O5 and TiO2, as
well 0.95–1.48 wt.% SrO [25–28]. Existing technologies for extracting Zr and REE from
eudialyte concentrates are based on their multi-stage decomposition using acids and alkalis,
followed by extraction separation of valuable components from the digestion solutions
using extractants of various classes [25,29–33].
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Figure 1. The general view of the crystal structure of EGMs and the distribution of RM and REM
over the different crystallographic sites.

During the processing of REE-containing raw materials of both natural and techno-
genic origin, low-level radioactive waste is typically generated, primarily due to the
presence of uranium and thorium at concentrations ranging from 0.5 to 2 mg/L [17,20].
However, current environmental legislation in the Russian Federation mandates the trans-
fer of these REEs for storage with subsequent burial, which significantly reduces the
economic viability of producing concentrates and other products based on RM and REE.
Consequently, it appears advisable to pre-treat these solutions to allow for the selective sep-
aration of radioactive uranium and thorium into a separate fraction, enabling the resulting
REE concentrate to be sent for further processing. To address this issue, a technological
method based on the extraction–sorption separation of radionuclides from solutions is
often employed. This operation allows for the highly selective separation of uranium(IV)
and thorium(IV), resulting in solutions with significantly lower concentrations down to
0.1 μg/L [32,33].

As a practical solution to the problem of selective extraction of radionuclides, it
is necessary to use specialized extractants. In particular, the derivatives of bipyridine
dicarboxylic acid amides (L1 and analogs) have previously been successfully used for joint
extraction of both (IV) and (VI) valence actinide [34].

In this work, we conducted studies of three types of tetradentate N-heterocyclic
extractants (Scheme 1). Ligands L2 and L3 are phenatroline derivatives that reproduce
tetradentate coordination core of L1. The extraction properties of L2 have not been de-
scribed previously. L3 is a 2,9-alkyl-substituted diphosphonate, the extraction properties
of which were previously characterized with respect to some actinides and lanthanides in
model experiments [35]. The extraction capacity of polydentate extractants, with respect to
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actinides and lanthanides, was investigated in relation to the development of a method
for the separation of radioactive elements during the production of REEs from eudialyte
ore concentrates.

Name  Structure 
N,N’-diethyl-N,N’-di(4-ethylphenyl)-di- 
amide of 2,2 -bipyridyl-6,6 -dicarboxylic 

acid 
L1 

 

Tetraoctyl (1,10-phenanthroline-2,9-diyl)-
bis phosphine oxide L2 

 

Tetrapentyl (1,10-phenanthroline-2,9-diyl)-
bisphospho-nate L3 

 

Scheme 1. Extractants used in this work.

2. Materials and Methods

2.1. General Remarks

Heterocyclic derivatives have been synthesized according to the previously published
procedures (see Supplementary Materials). Meta-nitrobenzotrifluoride (F-3) (PIM-Invest)
was used as the extractant, whereas HNO3 (special purity) was used as the solvent. GSO
8363-2003 [36] uranium oxide, certified for uranium content of 84.784 ± 0.016%, as well as
chemically pure grade nitrates Ln(NO3)3 × 6H2O (Ln = La − Nd, Sm − Lu) and Th(NO3)4

× 5H2O were used. The solutions were prepared by the volume–weight method: aqueous
solutions were prepared in bidistilled water, while the solutions of nitrates of the studied
elements were prepared by dissolving a weighed portion of the corresponding nitrate in a
0.01 mol/L HNO3 solution. The concentration of the solution of lanthanide and actinide
nitrates (0.1 mmol/L) was refined by ICP MS (PlasmaQuant MS Elite, Analytik Jena AG,
Jena, Germany). The concentration of HNO3 solutions was determined by potentiometric
titration of 0.1 mol/L NaOH using an S470 SevenExcellenceTM pH meter/conductometer
(MettlerToledo, Columbus, OH, USA) with an accuracy of ±0.01 units. pH, while the
concentration of the NaOH solution, was specified with a certified solution (FIXANAL,
Sigma-Aldrich, St. Louis, MO, USA).

The eudialyte ore concentrate (enriched up to 40% of EGMs) was used. Before the
breakdown, the granulometric and elemental composition of the concentrate had been de-
termined. The granulometric composition of the concentrate was studied by the method of
low-angle laser light scattering (LALLS, laser diffraction) using an Analyzette 22 Compact
diffractometer (Fritsch, Pittsboro, NC, USA). The calculation of the particle size distribution
was calculated using the Fraunhofer theory. The obtained average particle size was 120
μm, the sizes of ca. 90% of the particles were in the range between 30 and 200 μm.

Elemental analysis was performed using X-ray fluorescence spectrometry with an
ARL Advant’X wavelength dispersive X-ray fluorescence spectrometer. The UniQuant
software (version AA 83706) was used without any corrections. The obtained results (wt.%),
excluding oxygen, are presented in Table 1. The weight percentages of the individual
components relative to the sum of REEs are given in Table 2.
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Table 1. Elemental composition of the eudialyte concentrate (enriched up to 40% of EGMs).

Element Si Al Fe Zr Mn Ca Na K Ti U

wt.% 49.97 11.65 11.55 8.67 3.81 3.13 2.63 2.01 1.96 0.012
Element Sr Cl Nb Mg P(V) Hf Ba Mo Ta Th

wt.% 1.25 0.675 0.503 0.309 0.292 0.122 0.064 0.039 0.031 0.023
Element S Ni La − Lu + Y La − Nd Sm − Lu +Y Y

wt.% 0.023 0.017 1.22 0.77 0.45 0.403

Table 2. Weight fractions of REEs’ groups as well as some individual REEs in the eudialyte concentrate
per total REEs weight.

Element La − Nd Ce Sm − Lu + Y Y

wt.% 63.2 0.40 36.8 0.40

Before conducting the extraction studies, the metals containing in the ore eudialyte
concentrate were transferred into solution by leaching. Sulfuric acid leaching of eudialyte
concentrate occurs with significant losses of zirconium and other rare elements due to
the entry of these elements into silica gels [37,38]. The formation of poorly soluble silica
gel also complicates the filtration process. The formation of poorly filterable silica gel
sediment during the decomposition of EGMs is the main problem in the leaching of
eudialyte concentrate. In order to intensify the extraction of REEs, as well as uranium(IV),
thorium(IV), and other rare metals from the host EGMs into solution, it was decided to
carry out leaching in nitric acid with the maximal possible concentration during heating.
Leaching of the eudialyte ore concentrate (10 g) was carried out in 13.8 mol/L HNO3

(S:L = 1:10), with stirring and a temperature of 80 ◦C for 72 h.
During nitric acid decomposition of eudialyte under the described conditions, REEs,

zirconium(IV), as well as emanating uranium(VI) and thorium(IV) passed into solution. A
released amorphous well-coagulated silica ensures good filterability of the pulp. It should
also be noted that during leaching, zirconium passes into solution as Zr4+ ions. The content
of oxo-cations ZrO2+ and Zr2O3

2+ in a nitric acid solution of high concentration of HNO3 is
minimal. Figure 2 shows the content of elements in the solution after nitric acid leaching of
eudialyte ore concentrate; the content of nitric acid in the resulting solution is 12.2 mol/L.

 

Figure 2. The element content in a nitric acid (12.2 mol/L) leaching solution of eudialyte ore
concentrate (leaching conditions: S:L = 1:10, temperature 80 ◦C, time 72 h).
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2.2. Liquid Extraction Experiments

The metal cation extraction was carried out in glass tubes with ground stoppers in a
phase volume ratio of 1:1 at a temperature of 25 ± 1 ◦C. The composition of organic phase
was similar for all three studied extractants: 0.05 mol/L in meta-nitrobenzotrifluoride.

The phases were mixed for 20 min in a rotator. The time of the establishment of the
extraction equilibrium was checked by increasing the phase contact time to 120 min (the
distribution coefficients had not been changed). Phase separation was performed by cen-
trifugation. After phase separation, the metal cation concentration in the aqueous phase was
determined by ICP-MS (PlasmaQuant MS Elite, Analytik Jena AG, Jena, Germany). For all
cases, at least five independent experiments were performed. The total error of the obtained
results was ~20%, taking into account the non-excluded and random components. The confi-
dence interval of the determined metal concentrations in the experiment was 0.002 mmol/L.
The distribution coefficients during extraction (D = [M]org/[M]w) were determined at con-
stant concentrations of the extractant (0.05 mol/L in meta-nitrobenzotrifluoride) and initial
concentrations of the metal in the experiment (0.1 mmol/L in the aqueous phase).

3. Results and Discussion

3.1. Phase Stability of the Extraction Systems

Since the eudialyte solution contains 12.2 mol/L nitric acid, experiments were pre-
viously conducted to assess the phase stability of such systems (Table 3). The selected
solvent has a high density, as does a sufficiently (12.2 mol/L) concentrated solution of nitric
acid, which leads to an increase in the phase separation time, or even makes it impossible
to separate them, even when using centrifugation. Moreover, in the case of ligand L3, a
precipitate was formed. Based on these data, further experiments were conducted with
concentrations of 4–5 mol/L of nitric acid.

Table 3. Data on the phase stability of the systems “0.05 mol/L ligand in meta-nitrobenzotrifluoride—
nitric acid”.

Type of
Ligand

HNO3 (mol/L)
4 5 6 8 12

L1 Stable Emulsion Emulsion Emulsion Emulsion
L2 Stable Stable Emulsion Emulsion Emulsion

L3 Stable Emulsion
Sediment

and
emulsion

Sediment
and

emulsion

Sediment
and

emulsion
“Stable” means that phase separation occurs in 15 s without the use of centrifugation; “emulsion” means that
emulsion is stable for 3 min.

3.2. Extraction of Actinides and Lanthanides from Model Solutions

To assess the extraction capacity of the ligands under study, a model 4 mol/L HNO3

nitrate solution was used. The concentrations of emanating uranium(VI) and thorium(IV)
were 0.1 mmol/L, while the concentration of lanthanides in total was 0.1 mmol/L. The
values of the established distribution coefficients for the extraction systems based on L1, L2

and L3 are presented in Figure 3.
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Figure 3. Distribution coefficients of lanthanides, uranium(VI) and thorium(IV) during extrac-
tion from 4 mol/L HNO3 using heterocyclic derivatives L1, L2 and L3 (0.05 mol/L in meta-
nitrobenzotrifluoride). Extraction conditions: O:W = 1:1, temperature 25 ± 1 ◦C, contact time
20 min.

The nature of the extractants significantly affects the extraction behavior of U(VI),
Th(IV), and REEs. The extractant L3 has the highest extraction efficiency both with respect
to lanthanides and emanating U(VI) and Th(IV). L3 organic ligand is certainly effective
for separating all f -elements into the organic phase to obtain a bulk concentrate or purify
raffinates in the case of additional waste conditioning. However, in the case of extractive
separation of lanthanides and emanating U(VI) and Th(IV), the use of the extractant L3 will
lead to the accumulation of lanthanides in the organic phase. Nevertheless, the minimal
separation factor SF (U, Th/REE) is not less than 8 (see Table 4), which potentially allows
using L3 as an extractant for separating actinides in several extraction stages.

Table 4. Values of selectivity factors SF(U, Th/REE), calculated based on the values of the obtained
distribution coefficients.

Type of Ligand L1 L2 L3

SF(U, Th/REE) 50–100 4 8

Ligand L2 has a low extraction capacity with respect to both actinide and lanthanide
cations, and a significantly lower selectivity factor value, which does not allow us to speak
about the prospects of this system.

The system based on ligand L1 is characterized by the best characteristics. Under
the experimental conditions, the condition D(Ln) < 1 and D(U, Th) > 1 is observed for the
separated components. The selectivity factor reaches high values in the range of 50–110
(Table 4). The minimal factor is observed for the Th/Er pair which is equal to 50. These
data point out the possibility of selective separation of actinide cations.

3.3. Determination of Solvation Numbers Using L

To assess the stoichiometry of the complex compounds Ln(III), U(VI) and Th(IV)
passing into the organic phase, the solvation numbers were determined. They were
obtained by analyzing the slope angle in the logD(Me)–logC(Me) dependencies. The
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obtained values are presented in Table 5, corresponding to the n value in the following
equation:

Mex+
(aq.) + x(NO3)

−
(aq.) + nL(org.) = [Ln Me(NO3)x](org.)

Table 5. Values of solvation numbers for the extraction of metal cations from 3 mol/L nitric acid.
Organic phase: 0.01–0.1 mol/L in meta-nitrobenzotrifluoride. Temperature 25 ± 1 ◦C. Error of
values ±0.1.

Extractant Ln(III) Th(IV) U(VI)

L1 1.0–1.1 1.5 1.2
L2 1.1–1.2 1.5 1.1
L3 1.3–1.4 1.4 1.3

The structure and stereochemical features of the ligands do not have a significant
effect on the composition of the formed complexes. For Ln(III), the range of values from the
minimum to the maximum in the lanthanide series is represented. The highest solvation
numbers are observed for thorium(IV), and the established values indicate the formation
of a mixture of complexes with the composition ratios of 1:1 and 2:1. In other cases, the
solvation numbers are close to 1, which indicates the predominant formation of complexes
with a composition ratio of 1:1.

In order to find the best conditions for the efficient extraction of uranium(IV) and
thorium(IV) into the organic phase, the effect of nitric acid on extraction using L1 type
ligand was studied (Figure 4). It should be noted that the extraction capacity of L1 with
respect to uranium(VI) and thorium(IV) is high throughout the entire studied range of nitric
acid. The degree of the extraction at a concentration of 0.5 mol/L nitric acid is more than 90%
for both uranium(VI) and thorium(IV). With an increase in the concentration of nitric acid in
the solution, the distribution coefficients increase and the degree of extraction of emanating
actinides increases accordingly. At a concentration of 4 mol/L HNO3, uranium(VI) and
thorium(IV) are extracted into the organic phase almost completely.

Figure 4. Dependence of the distribution coefficients of uranium(VI) and thorium(IV) on the con-
centration of nitric acid in the aqueous phase during extraction with a 0.05 mol/L solution of L1 in
meta-nitrobenzotrifluoride. Extraction conditions: O:W = 1:1, temperature 25 ± 1 ◦C, contact time
20 min.

In order to find conditions for efficient re-extraction of emanating uranium(IV) and
thorium(IV) from the organic phase, the effect of sodium carbonate concentration in the
aqueous phase on the extraction capacity of ligand L1 with respect to uranium(VI) and
thorium(IV) was studied (Figure 5). Carbonate anion traditionally forms stable complex
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compounds with actinides (IV, VI), and solutions containing carbonate anions can be
effectively used to extract these cations from the organic phase [39]. In the case of loaded
organic phase stripping with a sodium carbonate solution, almost all of the extracted metal
cations are re-extracted into the aqueous phase. However, it is possible to achieve group
separation of the elements by stripping the loaded organic phase with nitric acid solutions
with concentrations varying from 0.1 to 0.5 mol/L [40]. In the case (Figure 6) of extraction
from eudialyte ore concentrate leaching solutions, when Zr(IV), Hf(IV) and Ti(IV) are
successfully extracted into the organic phase in addition to uranium(VI) and thorium(IV),
at the reextraction stage, it is possible to separate these extracted elements by washing
the loaded organic phase with a 0.1 mol/L nitric acid solution with a separation factor
of SF[Zr(VI)/U(VI)]~100 for zirconium and uranium cations as an example. This effect
can be explained by the better affinity of actinides to the ligand during complexation in
comparison with Zr(IV), Hf(IV) and Ti(IV).

Figure 5. Dependence of the distribution coefficients of uranium(VI) and thorium(IV) on the concen-
tration of sodium carbonate in the aqueous phase during extraction with a 0.05 mol/L solution of L1

in meta-nitrobenzotrifluoride. Extraction conditions: O:W = 1:1, temperature 25 ± 1 ◦C, contact time
20 min.

As can be seen from Figure 5, with increasing sodium carbonate concentration in
the aqueous solution, the extraction capacity of ligand L1 (with respect to uranium and
thorium) decreases. Thus, for efficient stripping of uranium and thorium together with
Zr(IV), Hf(IV) and Ti(IV) from the organic phase, it is quite sufficient to use a solution
containing 0.5 mol/L Na2CO3.

Thus, the following conditions were selected to conduct an experiment to study the
extraction of f -elements from the solution of the eudialyte ore concentrate recovery:

- Organic phase: 0.05 mol/L solution of ligand L1 in meta-nitrobenzotrifluoride;
- Aqueous phase: nitric acid content of 4 mol/L; it is necessary to dilute the concentrated

solution of the eudialyte ore concentrate recovery by three times, due to the phase
instability of the extraction systems at high nitric acid contents;

- Stripping of the organic phase with 0.1 mol/L nitric acid solution for selective re-
extraction of Zr(IV), Hf(IV) and Ti(IV).

- Re-extraction of uranium and thorium—0.5 mol/L sodium carbonate solution.
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Figure 6. Distribution coefficients of elements during extraction from the solution of ore eudialyte
concentrate recovery during extraction with a 0.05 mol/L solution of L1 in meta-nitrobenzotrifluoride.
Extraction conditions: O:W = 1:1, temperature 25 ± 1 ◦C, contact time 20 min.

3.4. Extraction of Metals from Eudialyte Nitric Acid Solution

Under the above conditions (Section 3.3), experiments were conducted with the so-
lution of eudialyte ore concentrate recovery. The established distribution coefficients of
elements are presented in Figure 6. The general nature of the dependence reproduces
the results of model experiments. The results also indicate the possibility of separating
actinides from the nitric acid solution of ore eudialyte concentrate leaching.

When using amide bipyridine dicarboxylic acid derivatives in meta-nitrobenzotrifluoride,
uranium(VI), thorium(IV), zirconium(IV), hafnium(IV), scandium(III), and titanium(III)
are extracted from the solution of eudialyte concentrate recovery quantitatively, while rare
earth elements are concentrated in the raffinate. The obtained results can become the basis
for a new industrial technology for conditioning waste in the production of rare and rare
earth metals from natural and man-made raw materials.

4. Conclusions

N,O-donor hybrid heterocyclic extractants have great potential for separation of
actinides from lanthanides in spent nuclear fuel reprocessing processes; however, their
ability has not been sufficiently studied in the field of processing natural raw materials
containing emanating elements. In this work, it is shown that reagents capable of extracting
a wide range of actinide ions in different valence states [35] can be used for primary
concentration of actinides contained in eudialyte, a promising mineral containing a heavy
group of lanthanides. Among heterocyclic N,O-donor hybrid extractants, the most effective
are 2,2′-bipyridin-6,6′-dicarboxylic acid amide L1 and phenanthroline2,9-diphosphonic acid
ester L3, while phenanthroline-2,9-bis(phosphine oxide) L2 exhibits moderate selectivity
and efficiency of f-element extraction. With respect to lanthanide ions, the efficiency of their
extraction decreases in the series L3 >> L1 > L2, and the extraction of actinides decreases in
the series L1 ≈ L3 >> L2. For the extractant L2 based on 2,2′-bipyridine-6,6′-dicarboxylic
acid diamide, the efficiency of lanthanide purification from U, Th exceeds 50. The structure
and stereochemical features of the ligands do not have a significant effect on the composition
of the formed complexes. For Ln(III), the range of values is from the minimum to the
maximum in the lanthanide series is represented. The highest solvation numbers are
observed for thorium(IV), and the established values indicate the formation of a mixture
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of complexes with the composition ratios of 1:1 and 2:1. In other cases, the solvation
numbers are close to 1, which indicates the predominant formation of complexes with the
composition ratio of 1:1. The most probable mechanism for the extraction of metal ions is the
formation of mononuclear coordination compounds with actinide and lanthanide nitrates.
When using amide bipyridine dicarboxylic acid derivatives in meta-nitrobenzotrifluoride,
uranium(VI), thorium(IV), zirconium(IV), hafnium(IV), scandium(III), and titanium(III) are
extracted from the solution of eudialyte concentrate recovery quantitatively.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/met15050494/s1. References [41–43] are cited in the Supplementary Materials.
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Abstract: Demand and prices for antimony have increased over the last few years. Re-
cycling supplied 15% of domestic consumption in the US, while the remaining 85% was
imported. Hydrometallurgical processes have long used alkaline sulfide systems and hy-
drochloric acid, closing doors on new approaches. Bromine compounds have been recently
used to recover PGMs and REEs successfully; thus, antimony leaching with bromine com-
pounds is theoretically feasible. This research was conducted to develop a viable technology
for hydrobromic acid between 50 ◦C and 70 ◦C as a leaching reagent on dross through
single- and two-stage leaching using design of experiment (DoE) and adding sustainability
to current industrial processes while minimizing waste products in recycling processes.
The preliminary results showed that bromine, specifically hydrobromic acid, can be used as
a leaching reagent for antimony dissolution. By decreasing the lead content in the solids
and increasing the concentration, temperature, and reaction time, antimony leaching from
the dross was increased from 20% to 50%. The findings, coupled with acid regeneration,
can be implemented as an alternative to other reagents in industrial plants.

Keywords: hydrometallurgy; hydrobromic acid; antimony

1. Introduction

Current antimony global reserves can supply short-term demand for the United States,
but the development of antimony recycling is necessary to reduce dependency on China’s
antimony imports [1]. In the United States of America, many products are recycled, with
car batteries being the most recycled. However, the focus of these plants is to recover lead,
acid, and plastics, whereas strengthening and corrosion-resistant alloying metals, such
as antimony, do not receive further treatment. While traditional pyrometallurgical and
hydrometallurgical approaches have been widely used, the introduction of bromine-based
lixiviants, particularly HBr, remains largely unexplored. This study focuses on the recovery
of antimony from the byproducts of the recycling process, specifically dross from lead acid
recycling plants using bromine compounds.

Lead dross, a byproduct of lead smelting and refining, contains valuable metals such
as lead, tin, and antimony. Traditional processing methods rely on pyrometallurgy for
high-temperature oxidation and reduction. Glencore’s Nordenham plant has upgraded
its process by using a Top-Submerged Lance (TSL) smelting furnace coupled with a Side-
Blown Furnace (SBF) to treat lead-rich slag and dross. These pyrometallurgical stages
have allowed for an increase in metal recovery [2]. However, hydrometallurgical tech-
niques have gathered interest as a better alternative due to their capabilities for selective
leaching and refining, and are viewed as a greener alternative. Recent advancements
have significantly improved the efficiency, selectivity, and environmental sustainability of
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these methods. Drzazga and Ciszewski discovered that hydrometallurgical methods have
enabled the recovery of valuable elements, such as germanium, that in some cases are lost
in pyrometallurgical routes [3].

Antimony has been traditionally recovered through pyrometallurgical processes.
Volatilization is used for low-grade sulfide ores (5–25% antimony) to produce antimony
trioxide, which is later reduced in reverberatory furnaces to obtain antimony metal;
intermediate-grade (25–40% antimony) ores go through blast furnace smelting to pro-
duce antimony metal; and rich-grade (45–60% antimony) ores are treated through iron
precipitation to form iron sulfide and antimony metal [4].

Hydrometallurgy is advantageous because it can treat simple antimony feeds as well as
complex ones. There are two main processes, followed by electrodeposition or precipitation.
In summary, the first one uses an alkaline sulfide system (sodium sulfide and sodium hydrox-
ide). Sodium sulfide (Na2S) forms sodium thioantimoniate in solution and is later treated with
a sodium polysulfide (Na2S2) formed when combining sodium hydroxide and elemental
sulfur (Equations (1) and (2)). The second method uses hydrochloric acid (HCl) or ferric
chloride to form antimony chloride. The solution containing the chloride complex is further
refined through electrowinning to produce the antimony metal (Equations (3) and (4)).

3Na2S + Sb2S3 (stibnite) = 2Na3SbS3 (1)

Na3SbS3 + Na2S2 = Na3SbS4 + Na2S (2)

Sb2S3 + 6HCl = 2SbCl3 + 3H2S (3)

Sb2O3 (valentinite) + 6HCl = 2SbCl3 + 3H2O (4)

In 2021, Palden and Machiels used HCl and ethanol to demonstrate that antimony can
be selectively leached from lead-rich dross with minimal lead dissolution. In the processes,
the antimony-bearing feed dissolved into the solution while the lead remained as insoluble
PbCl2, achieving 90% antimony dissolution with only 0.4% of lead co-dissolved [5]. At
the same time, Kim proposed a pyro-hydrometallurgical flowsheet to selectively recover
Pb, Sn, and Sb from the lead-refining dross [6]. The pyrometallurgical process consisted
of air oxidation followed by sulfuric acid sulfate roasting to convert lead into its oxidized
form and isolate the antimony. Subsequently, leaching and selective precipitation were
employed to recover each metal, achieving 95.4% and 86.3% of tin and antimony recovery
from the dross, respectively.

Although significant progress has been made in lead dross processing over the last
couple of years, pyrometallurgical and hydrometallurgical advancements have made use of
the same reagents to increase the recovery of metals like antimony and tin [7,8]. However,
some reagents have yet to be studied in depth to fully understand their capabilities and
potential to selectively and effectively recover antimony from lead dross, as is the case for
bromine compounds.

2. Hydrobromic Acid

Bromine is a great oxidizer that has been studied for the recovery of rare earth elements
through bromination, in addition to the search for new alternatives for the recovery of
precious metals [9–17]. In 1964, Sullivan and Cattoir prepared a high-purity vanadium
metal by electrorefining commercial vanadium in a molten sodium bromide, potassium
bromide, and vanadium dibromide electrolyte. Bromide electrolytes were used because of
their low operating temperatures and the possibility of electrorefining vanadium to a lower
iron and oxygen content [18]. In 1982, Groves and Beasley used bromine chloride for cyanide
destruction. Although chlorine oxidation was effective in destroying the CN ion, excess
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chlorine was needed to drive the reaction to completion [19]. In 2020, Varvara, Dornanu,
and Hao’s leaching on waste-printed circuit board material on a bromine-based (potassium
bromide, sodium bromide, liquid bromide, and hydrobromic acid) system provided an
alternative for lixiviants in the hydrometallurgical route of metal recovery, for which we
believe that an alternative lixiviant for antimony can be found in hydrobromic acid [20,21].

Hydrobromic acid (HBr) is one of the strongest mineral acids known, but there are few to
no records showing the potential of HBr as a leaching reagent, especially for antimony [22,23].
Hydrochloric acid has been widely used as a reagent for antimony and tin, and limited work
has been carried out on HBr as a leaching reagent for antimony and tin. Thus, developing
a technology that utilizes HBr for antimony and tin is important.

Since bromine and chlorine are both halogens, we can assume that HBr and HCl
behave similarly, as they can form a compound with antimony (Figures 1 and 2). We can
replace HCl with HBr and obtain Equations (5)–(8).

Sb2S3 + 6HBr (g) = 2SbBr3 + 3H2S (g) (5)

Sb2O3 + 6HBr (g) = 2SbBr3 + 3H2O (6)

Sn + 2HBr (g) = SnBr2 + H2 (g) (7)

SnO2 + 4HBr (g) = SnBr2 + H2O + 2Br (8)

 (a)

Figure 1. Cont.
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 (b) 

Figure 1. Eh-pH diagram for (a) Sb-Cl-H2O and (b) Sb-Br-H2O systems at 298.15 K.

 (a)

Figure 2. Cont.
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 (b)

Figure 2. Eh-pH diagram for (a) Sn-Cl-H2O and (b) Sn-Br-H2O systems at 298.15 K.

From the figures, the formation of antimony tribromide (SbBr3) seems to be stable
in solution at pH ranges of 0 to 2 and Eh (V) ranges of 0 to 0.7 V. For tin, the formation
of stannic bromide or tin (IV) bromide (SnBr4) seems stable in solution at pH ranges of 0
to 1.75 and Eh (V) ranges of 0.25 to 0.75 V. These ranges are key for the formation of the
complexes and should be kept in mind. Although the formation of antimony–bromide
complexes can form, lead is still one of the main elements that reduces the amount of
available bromide ions and bromine to obtain a higher recovery of antimony. Figure 3
demonstrates the theoretical effect of lead in the dissolution of antimony.

Figure 3. Eh-pH diagram for Sb-Pb-Br-H2O system at 298.15 K.
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3. Materials and Methods

While developing the procedure, the focus was on testing scenarios that would rep-
resent the general behavior of antimony in hydrobromic acid (HBr). The chosen variables
were temperature, residence time, acid concentration, and liquid-to-solid ratio (Table 1). A
second set of experiments was designed to determine the effect of hydrobromic acid (HBr)
(MilliporeSigma, Burlington, MA, USA) on the sample after initially treating it with nitric
acid (HNO3) (MilliporeSigma, Burlington, MA, USA) to remove part of the lead content
(Table 2). The quantitative analysis of this material prior to treatment is presented in Table 3.

Table 1. Experimental conditions for single-stage leaching.

Temperature (◦C) Time (Hours) HBr (M) Solids (Grams)

70 3 1 10
60 2 0.75 7.5
50 1 0.5 5

Table 2. Experimental conditions for nitric and hydrobromic acid leach.

HNO3 Temp. (◦C) HNO3 (M) HBr Temp. (◦C) HBr (M)

30 1.5 70 2
25 0.5 60 1

Table 3. Sample concentrate analysis.

Element Fe, % Ca, % Cu, % Si, % Al, % Mg, %

0.48 0.06 0.51 0.22 0.08 0.12

Element Na, % Sn, % Pb, % Sb, % Ni, % O, %

0.36 0.24 83.21 3.4 0.37 10.94

Additionally, the sample was sent for mineral characterization. Figure 4 shows the
backscatter images received from the SEM and AMICS (Automated Material Identification
and Classification System) for the sample. The SEM and AMICS reports received labeled
two multi-element phases as slag 4 and 5 due to how complex the samples received were.
When comparing the SEM, AMICS, and safety data sheet provided by the supplier, we
were able to determine that the phases for lead, tin, and antimony are lead monoxide (PbO),
tin oxide (SnO), and antimony trioxide (Sb2O3).

  

(a) (b) 

Figure 4. BSE images from (a) SEM and (b) AMICS for dross sample.
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Detailed information on the slag phase composition can be found in Table 4, which
allows us to see that most elements are in an oxide phase.

Table 4. Slag and phase chemistry of dross samples.

Element
wt. (%)

Slag 4 Slag 5

Aluminum 4.0 -
Antimony 26.0 -
Calcium 3.0 -
Copper - 21.0

Iron - 20.0
Lead 4.0 -

Magnesium 6.0 -
Nickel 18.0 -

Oxygen 16.0 44.0
Silicon 11.0 -
Sodium - 15.0
Sulfur - -

Tin 12.0 -

The bulk samples from the lead–acid battery recycling plant were crushed in a Massco
single-toggle jaw crusher (Mine & Smelter Supply Co., Denver, CO, USA) for each exper-
iment to a particle size of <2 cm, ground with a Bico VP-1989 ring (BICO Inc., Burbank,
CA, USA), puck pulverizer to a particle size < 150 μm, and separated by particle size
utilizing a Tyler RX-29 mechanical sieve shaker (W.S. Tyler, Mentor, OH, USA). Then, the
samples were carefully split into smaller sample sizes adequate for one leach test. Solutions
were prepared for the leaching test. The first leach test solutions were prepared from ACS
48% HBr diluted with di-ionized water. The second leach test solutions were prepared
from ACS 68% HNO3 diluted with di-ionized water. The solution was then added to the
beaker and heated to the appropriate temperature.

For the first set of experiments, a total volume of 250 milliliters of hydrobromic acid
was added to a 500 mL beaker and heated on a hot plate to the appropriate temperature
(Table 1). Additionally, a magnetic stirring bar was used to agitate the solution to 400 RPM,
which was monitored throughout the test. Once the temperature had been reached, the
appropriate solids were added to the hot solution. The beaker was then sealed from the top
and the leaching timer was started. Upon completion, the beaker was removed from the
hot plate and the leach slurry was filtered and measured volumetrically while the solids
were rinsed with di-ionized water, dried to remove excess moisture, and carefully weighed.

For the second set of experiments, a total volume of 250 milliliters of nitric acid was
added to a 500 mL beaker and heated in a hot plate to the appropriate temperature with
a magnetic stirring bar to agitate the solution to 400 RPM (Table 2). Once the temperature
had been reached, 10 g of solid feed was added to the hot solution. The beaker was then
sealed from the top and the leaching timer for 2 h was started. Once the two hours had
passed, the beaker was removed from the hot plate and the leach slurry was filtered and
measured volumetrically while the solids were rinsed with di-ionized water, dried to
remove excess moisture, and carefully weighed. Once the solids were completely dried, we
split the solids to have a representative sample of 0.5 g for elemental analysis while the rest
went on to the next acid stage.

To continue the second set of experiments, the same procedure presented in the nitric
acid stage was used; however, we changed the acid from nitric acid to hydrobromic acid
and the concentrations used.

One of the best ways to represent the behavior of antimony in hydrobromic acid was
to perform a design of experiment (DoE). The first set of experiments consisted of a total of
40 laboratory experiments (Table 5). For the DoE, temperatures of 50 ◦C, 60 ◦C, and 70 ◦C
were selected to avoid higher temperatures; reaction times of 1, 2, and 3 h were selected for
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shorter times and test reaction rates; HBr concentrations of 0.5 M, 0.75 M, and 1 M were
selected; however, there is a lack of studies with hydrobromic acid as a leaching reagent,
for which we decided to use a slightly wider range of concentrations.

Table 5. Experimental design of tests conducted in single-stage leaching.

Trial Temperature (◦C) Time (Hours) HBr (M) Solids (Grams)

1 70 1 1 10
2 70 2 1 7.5
3 50 3 0.75 10
4 60 1 0.5 10
5 70 2 0.75 7.5
6 70 2 0.75 10
7 70 2 0.5 5
8 50 1 0.5 10
9 70 1 0.75 5

10 50 2 0.5 10
11 70 2 1 5
12 70 1 0.5 7.5
13 50 1 1 5
14 70 1 0.5 7.5
15 50 2 1 10
16 50 3 0.5 5
17 70 3 0.75 7.5
18 70 3 1 5
19 60 2 1 5
20 60 3 0.5 10
21 60 2 0.5 7.5
22 50 3 1 7.5
23 70 3 1 10
24 60 1 0.5 5
25 50 1 0.75 7.5
26 60 1 1 10
27 70 2 0.5 10
28 70 3 0.5 10
29 60 3 1 7.5
30 50 3 0.75 10
31 70 1 0.75 10
32 50 2 0.75 7.5
33 50 2 0.5 7.5
34 50 2 0.75 5
35 60 3 0.75 5
36 50 1 1 7.5
37 70 3 0.5 7.5
38 60 2 1 7.5
39 60 2 0.75 10
40 60 1 0.75 7.5

The second set of experiments consisted of a total of 16 laboratory experiments (Ta-
ble 6). For the DoE, the level in each variable was reduced from 3 to 2. The nitric acid
values for both temperature and concentration were selected from Ichlas’ paper on selective
nitric acid leaching [24]. The hydrobromic acid values for temperature were selected based
on the first set of experiments since they yielded better results, while the concentration
selected was higher, since not much antimony was dissolved into the solution.

Table 6. Experimental design of tests conducted in two-stage leaching for 3-h reaction time.

Trial HNO3 Temp. (◦C) HNO3 (M) HBr Temp. (◦C) HBr (M)

1 30 0.5 60 2
2 25 0.5 60 2
3 30 0.5 70 1
4 30 1.5 60 2
5 30 1.5 60 1
6 25 1.5 70 2
7 25 0.5 70 1
8 25 1.5 60 2
9 30 0.5 70 2

10 25 1.5 70 1
11 30 0.5 60 1
12 30 1.5 70 2
13 25 0.5 60 1
14 30 1.5 70 1
15 25 0.5 70 2
16 25 1.5 60 1
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3.1. Digestion Method for Elemental Analysis

The samples were dissolved using a two-acid method or aqua regia (3-part HCl and
1-part HNO3). The process involved 0.5 g of the desired dry sample to be analyzed in
a Teflon beaker. To ensure the best dissolution of the samples, two digestion cycles were
used, with less than 0.05 g left behind as solids. For the first cycle, 24 mL of HCl (37% w/v)
and 8 mL of HNO3 (69% w/v) were added to the beaker with the sample and heated at
100 ◦C for 30 min on a hot plate. The open surface of the beaker was covered during the
heating process with a glass watch to minimize the evaporation and release of toxic gases.
Once 45 min had passed, the second cycle was started by adding 12 mL of HCl (37% w/v),
4 mL of HNO3 (69% w/v), and 5 mL of deionized water to the beaker. The solution was
covered again with the glass watch and heated to 100 ◦C for 45 min. To finish, the solution
was cooled to room temperature and filtered to remove any undissolved particles in case
there were some left. The filtered solution was collected in a 50 mL vial after recording the
mass to be used in the dilution section.

3.2. Elemental Analysis

Atomization and absorbance measurements of the diluted solutions were performed
with a PerkinElmer PinAAcle 900F Spectrometer (PerkinElmer Inc., Waltham, MA, USA)
according to the user manual provided by the company. Each element has a characteristic
concentration and linear range. For antimony, the range was established at 1–45 ppm. For
lead, the range was established at 1–40 ppm. Finally, the tin was established at 1–400 ppm.
To ensure the reproducibility and reliability of the results, the equipment was calibrated
before each measurement cycle. The diluted solutions were run five times with a 2 s delay
between each measurement, rejecting any value with a relative standard deviation (%RSD)
greater than 2%, which was given by the instrument’s software.

4. Results

Antimony bromide and tin bromide stable complex formation in solution required
narrow Eh and pH values for them to happen. Tables 7 and 8 demonstrate such values
through HBr leaching during their trial from the DoE. In single-stage HBr leaching, the final
Eh decreases slightly while the pH increases compared to the initial values. In the two-stage
HBr leaching, the same behavior can be observed. The final Eh decreases slightly while the
pH increases compared to the initial values. The values do not change dramatically and are
still within the ranges for which the stable complexes can form in solution. We are aware
that human and equipment errors influence the data recorded, which should be kept in
mind, but the difference between readings is not significant enough to be a concern.

Table 7. Eh and pH before and after single-stage treatment from design of experiment.

Trial Eh (mV) Before pH Before Eh (mV) After pH After

1 390 0.018 367.8 0.54
2 392 0.15 362.8 0.63
3 376.8 0.11 357.3 0.72
4 388.4 0.45 332.7 1.13
5 390 0.16 375.9 0.71
6 388 0.19 356.1 0.79
7 397.4 0.29 358.3 0.94
8 386.9 0.46 348.2 1.11
9 389.4 0.18 359.6 0.68

10 373.9 0.60 350.1 1.08
11 388 0.2 362.8 0.63
12 395.4 0.33 336.8 1.07
13 379 0.3 367.8 0.54
14 389.3 0.32 337.9 1.05
15 380 0.29 366.2 0.57
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Table 7. Cont.

Trial Eh (mV) Before pH Before Eh (mV) After pH After

16 383.2 0.54 348.4 1.12
17 390.4 0.16 351.09 0.82
18 395.2 0.009 363.1 0.62
19 387 0.19 364.8 0.59
20 388.6 0.44 326.1 1.24
21 387 0.48 333.3 1.13
22 378 0.31 365.2 0.59
23 394.3 0.1 361.3 0.65
24 384.9 0.42 335.8 1.09
25 380.2 0.34 357.5 0.72
26 383 0.25 365.7 0.58
27 394.3 0.34 333.6 1.12
28 396.3 0.3 330.2 1.18
29 380 0.28 365.7 0.58
30 388.9 0.19 357.6 0.71
31 392 0.15 357.7 0.71
32 375.9 0.41 356 0.74
33 383.7 0.55 331.6 1.16
34 376.4 0.4 357.8 0.71
35 394.7 0.1 361.9 0.64
36 382.1 0.28 366.2 0.57
37 397.1 0.07 356 0.74
38 383 0.22 364.3 0.6
39 386 0.23 357.7 0.71
40 396.3 0.26 385.6 0.7

Table 8. Eh and pH before and after second-stage treatment from design of experiment.

Trial Eh (mV) Before pH Before Eh (mV) After pH After

1 490 0.08 467.8 0.44
2 492 0.05 462.8 0.53
3 476.8 0.11 457.3 0.62
4 488.4 0.05 432.7 0.93
5 490 0.12 475.9 0.61
6 488 0.03 456.1 0.69
7 497.4 0.19 458.3 0.74
8 486.9 0.03 448.2 0.91
9 489.4 0.08 459.6 0.48

10 473.9 0.13 450.1 0.98
11 488 0.15 462.8 0.53
12 495.4 0.03 436.8 0.97
13 479 0.13 467.8 0.44
14 489.3 0.12 437.9 0.95
15 480 0.09 466.2 0.57
16 483.2 0.14 448.4 0.92

4.1. Single-Stage Acid Leach
4.1.1. Effect of Hydrobromic Acid

The dissolution of antimony and tin was significantly determined by the hydrobromic
acid concentration. As we increased the acid concentration, the antimony dissolution
increased as the temperature increased at intervals of 50 ◦C, 60 ◦C, and 70 ◦C. The antimony
dissolution greatly increases at 1 M compared to 0.5 M and 0.75 M because there are
more bromine ions and bromine available to form the SbBr3 complex [25]. The highest
dissolution achieved was 21.48% under the conditions of 1 M and 3 h. The initial antimony
grade was 3.2%, which is low, and achieving 21.48% recovery makes this process unfeasible
due to the low recovery. Additionally, longer leaching times were not evaluated in this
project, but there is a high possibility that the recovery of antimony would not surpass
30% recovery due to the amount of lead present in the system. Although the formation of
antimony–bromide complexes had only a small area in the Pourbaix diagrams above, lead
was still one of the main elements that reduced the amount of available bromide ions and
bromine to obtain a higher recovery of antimony.

In terms of tin, the increase in bromine increased the dissolution of tin. The highest
recovery of tin was 17.56% at 1 M of HBr at 3 h. This is lower than antimony’s highest
recovery, but this can be explained by the solubility of tin. Due to the high content of
bromine, tin is assumed to be dissolved into tin–bromide complexes. Consequently, it is
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likely that a tin–bromide complex or antimony–bromide complex precipitated out of the
solution and was lost during the filtration process, resulting in lower dissolution rates.

4.1.2. Effect of Temperature

Given that the boiling point of hydrobromic acid is 122 ◦C, the temperatures chosen
in this study were lower than 122 ◦C in order to prevent the excessive loss of bromine,
as the reaction is exothermic; thus, 50 ◦C, 60 ◦C, and 70 ◦C were chosen to perform the
leaching experiments. Generally, the behavior was largely the same as the effect of acid
concentration. In antimony, the increase in temperature gradually increases the dissolution
rate with longer times. However, at a temperature of 70 ◦C, the dissolution of antimony
at 1 h is lower at 12.48% compared to the 1 M of HBr at 1 h at 14.20%, but the dissolution
is higher at a temperature of 50 ◦C at 8.64% compared to the 0.5 M of HBr at 1 h at
7.69%. This could be because when the solids come into contact with the acid, the high
acid concentration has a faster reaction rate than high temperatures, but the lower high
temperature has a faster reaction rate than the lower acid concentration. Additionally, at
a temperature of 50 ◦C, the dissolution of antimony after 3 h starts to slow down, but this
is not as visible at a temperature of 70 ◦C.

The excessive amount of bromine has been an ongoing challenge for bromine to be
used as a leaching reagent [3–7]; thus, the effect of the solid–liquid ratio was studied. The
quantities of solids chosen in this study were 5 g, 7.5 g, and 10 g per 250 mL of leaching
solution. The effect of the solid–liquid ratio in antimony recovery follows the same trend
seen with the other conditions studied. However, the highest dissolution of antimony was
18.79%, which is significantly lower compared to the experiments performed before. The
increase in solids in the solution decreased the dissolution. In terms of tin, the increase in
solids in the solution increased the dissolution of it. Consequently, the dissolution of tin did
not increase between 1 and 2 h, like when testing the effect of temperature. The dissolution
increase in tin between these two leaching times was >1%, but at 3 h of leaching time, the
increase was <5%. Figures 5 and 6 demonstrate the highest recoveries of antimony and tin
per variable tested.
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Figure 5. Antimony dissolution from single-stage hydrobromic acid leach.
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Figure 6. Tin dissolution from single-stage hydrobromic acid leach.

However, the recoveries are low, which can be attributed to lead content. Lead is one
of the main components in the sample, and it reduced the amount of available bromide
ions and bromine to obtain a higher recovery of antimony and tin.

4.2. Nitric and Hydrobromic Acid Leach

Although antimony and tin can form a bromine complex, lead has an easier path to
form a bromine complex than the elements previously mentioned; thus, reducing the lead
concentration should potentially increase the recovery of both. We tested this theory with
the parameters in Table 2. After treating the sample with nitric acid leach, a spectrum of
lead dissolution was achieved while retaining most of the antimony and tin in the solid
residue (Table 9).

Table 9. Elemental recoveries (%) for nitric acid leaching tests after 3 h from DoE of Table 6.

Trial Tin Antimony Lead

1 0.0220% 0.0317% 22.66
2 0.0000% 0.0961% 55.37
3 0.0000% 0.0283% 23.10
4 0.5106% 1.2207% 53.63
5 0.0000% 0.2129% 26.21
6 0.7602% 0.7628% 71.79
7 0.0000% 0.1105% 57.15
8 0.0000% 0.2122% 35.54
9 0.0000% 0.1213% 45.61

10 0.0000% 0.1576% 33.88
11 0.0000% 0.0716% 43.37
12 0.0000% 0.2416% 27.30
13 0.0000% 0.0413% 27.00
14 0.2988% 1.7016% 53.96
15 0.0000% 0.0494% 30.34
16 0.0506% 1.0982% 59.88

For the recovery data, it can be seen that lead is being removed from the feed at the
nitric acid leach, but there is still a considerable amount that moves on to the hydrobromic
acid leach. Since we achieved the goal of reducing the lead concentration without affecting
antimony, in theory, treating with HBr should produce a higher dissolution of antimony
and tin. However, the dissolution of antimony and tin does not look great (Table 10). There
are some cases where the recovery greatly increased compared to the results from the first
set of experiments, but in general, they are not great. The primary element of interest,
antimony, is still not successfully transferred to the aqueous phase. Although there is room
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for improvement, reducing the amount of lead does increase the antimony dissolution. In
Figure 7, the surface response for antimony from the DoE is shown. It can be seen that
there is a considerable difference depending on the values associated with each variable.

Table 10. Elemental recoveries (%) for two-stage leaching tests after 3 h from DoE of Table 6.

Trial Antimony Tin Lead *

1 19.44 11.98 22.66
2 52.52 20.32 55.37
3 18.86 10.37 23.10
4 8.26 15.57 53.63
5 3.14 8.88 26.21
6 2.10 16.01 71.79
7 5.23 13.07 57.15
8 21.78 16.24 35.54
9 6.24 21.89 45.61

10 2.65 7.75 33.88
11 7.58 13.89 43.37
12 3.74 18.56 27.30
13 21.6 2.07 27.00
14 9.81 7.56 53.96
15 23.08 16.64 30.34
16 40.16 6.17 59.88

* Values displayed are from nitric acid leach only.

 (a)

 (b)

Figure 7. Surface response for antimony at (a) minimum HNO3 conditions and maximum HBr
concentrations, and (b) maximum HNO3 conditions and minimum HBr concentrations.
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For tin, there was no considerable increase in dissolution after decreasing the lead con-
centration (Figure 8). The surface response follows the same behavior as antimony’s surface
response. The higher concentrations of HBr are necessary for a good dissolution of antimony
and tin; however, this would not be economically feasible, as initially discovered by Shaffer
on precious metals in 1882. The values obtained cannot be considered as successful due to
the low dissolution rates, but if we compared the results of the single HBr leach stage to the
two-stage acid leach of HNO3 and HBr, we can see, at least for antimony, that there is room
to gather better results if further experimentation and optimization is performed.

 (a)

 (b) 

Figure 8. Surface response for tin at (a) maximum HBr concentration and (b) minimum HBr concentration.
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5. Conclusions

This study demonstrated the effectiveness of hydrobromic acid (HBr) as a leaching
reagent for recovering antimony from recycled lead–acid battery dross. Key parameters
such as acid concentration, solid-to-liquid ratio, reaction time, and temperature were
investigated, revealing that lead dissolution occurs prior to any significant reaction between
antimony and bromine.

In single-stage leaching, antimony dissolution reached a maximum of 21.48% under
optimal conditions (1 M HBr, 3 h, 70 ◦C), while tin dissolution reached 17.56%. These
dissolution rates were limited by lead interference, which consumed bromine and reduced
the efficiency. The introduction of a two-stage acid leach was proposed to increase dissolu-
tion rates for antimony. In the initial leaching stage, 1.5 M of HNO3 at room temperature
was found to be the optimal condition and necessary to reduce lead concentration. In the
second stage, the optimal conditions for HBr leaching were determined to be 2 M HBr at 70
◦C, which enhanced the antimony dissolution by 2.5 times compared to the untreated dross.
Despite this improvement, the high residual lead content (over 80% in the original sample)
remained a significant barrier to further increasing antimony recovery. Additionally, tin
recovery did not see significant enhancement, indicating the need for further process.

Overall, the findings suggest that while HBr can selectively dissolve antimony and tin,
its effectiveness is hindered by the high lead content and the associated loss of bromide ions.
To enhance antimony and tin recoveries, future studies should explore additional process
optimizations, such as alternative oxidants, extended leaching durations, or selective
precipitation methods, to minimize lead interference and improve extraction efficiency.
Additionally, given that high HBr concentrations are required to achieve dissolution rates
above 90%, the economic feasibility of HBr regeneration should be examined to reduce
operational costs and improve process sustainability. By refining these parameters, HBr-
based leaching could become a more viable and sustainable alternative for recovering
critical metals from lead–acid battery recycling waste streams.
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Abstract: This study presents an innovative approach to processing refractory zinc-bearing
clinker through the synergistic application of microwave thermal treatment and ultrasonic-
assisted leaching. Microwave irradiation induces phase transformations in the clinker,
improving its reactivity and facilitating subsequent zinc dissolution, while ultrasonic cavi-
tation enhances mass transfer by disrupting passivation layers. Key process parameters,
including acid concentration, temperature, pulp density, and leaching time, were systemati-
cally investigated using response surface methodology (RSM) and central composite design
(CCD). The results demonstrate that the optimized process conditions led to a significant
increase in zinc recovery from refractory materials.

Keywords: zinc; clinker; microwave roasting; phase transformation; ultrasonic; leaching

1. Introduction

In recent decades, the significant depletion of high-grade ores has inevitably driven the
search for and development of innovative methods to extract metals from unconventional
raw material sources [1–5]. These sources include technogenic waste from polymetallic
ores, dumps of substandard and off-grade ores, as well as resources from marine and
oceanic deposits [6–10].

In industrially developed countries, the utilization rate of industrial waste reaches
70–80% [11,12]. For Kazakhstan, a major producer of mineral products with significant
mining potential, the issue of industrial waste recycling holds particular importance [13–15].
The low utilization rate of technogenic raw materials in the country is primarily due to a
lack of technologies and equipment for processing various types of waste [16]. Notably, the
production cost of marketable products derived from industrial waste is generally lower
than that of products obtained from traditionally mined ores. One of the key advantages
of technogenic dumps is their readiness for processing, as the ores have already been
extracted, washed, and disintegrated [17,18].

In the CIS countries, the annual volume of mined solid minerals is approximately
3.5 billion cubic meters. Including preparatory and beneficiation operations, this volume
increases to around 5 billion cubic meters. Alongside this, approximately 1.5 billion cubic
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meters of rock are mined annually, most of which, after beneficiation, is stockpiled in
dumps and tailings storage facilities to enable the extraction of primary minerals from the
Earth’s crust [19].

Amid declining metal content in ores [20] and increasing volumes of refractory raw
materials [21,22], transitioning to the comprehensive processing of low-grade, off-grade,
and hard-to-reach mineral resources becomes both economically viable and scientifically
justified [23]. Additionally, the use of technogenic raw materials as a secondary source of
valuable elements is gaining relevance. Such materials are found in dumps and tailings
storage facilities, which is particularly characteristic of countries like Kazakhstan, the USA,
Finland, Poland, Canada, China, and South Africa. This approach significantly enhances
the efficiency of mineral resource utilization while minimizing environmental impact and
optimizing the economic performance of the mining and processing industries [24].

One of the most significant types of waste deserving particular attention is clinker,
a technogenic byproduct of zinc production [25]. Clinker contains a variety of valuable
compounds, including gold, silver, and copper. Of particular importance is the presence
of zinc compounds, a highly valued non-ferrous metal widely used in the metallurgical
industry [26]. The economic and technological feasibility of processing complex and
refractory zinc-containing raw materials is driven by the possibility of extracting these
valuable elements, which not only promotes the rational utilization of resources but also
reduces the environmental burden through industrial waste recycling [27].

Currently, both pyrometallurgical [28] and hydrometallurgical [29,30] methods are
employed to process zinc-containing technogenic raw materials. The most widely used
pyrometallurgical technique is roasting, or reduction-distillation roasting, conducted at
high temperatures of 1100–1300 ◦C with the addition of coke, constituting 35–45% of the
processed material’s mass [31]. This high-temperature process facilitates zinc evaporation
and the formation of clinker enriched with valuable components, which are subsequently
subjected to sulfuric acid leaching for further extraction. However, in Kazakhstan, an
estimated 4.5 to 5.7 million tons of zinc industry waste has accumulated, underscoring the
critical need for effective waste management and resource recovery strategies [32].

Traditional smelting processes are often associated with significant metal losses due to
the volatility of zinc compounds and increased slag formation. The zinc recovery rate typi-
cally ranges from 70% to 85%, depending on furnace conditions and flux composition [33].
Despite the widespread application of pyrometallurgical processes, this method has notable
disadvantages, including significant CO2 emissions [34], high energy consumption, and
the complexity of technological processes [35]. These shortcomings make it less suitable
for processing high-silica zinc-containing technogenic raw materials due to the complex
composition and structure of these materials’ matrices. As a result, such raw materials
often remain unprocessed and stored in sludge fields and tailings facilities, leading to
substantial environmental and economic challenges [36].

Given the pressing issues surrounding the processing of refractory zinc-containing
raw materials, the development of innovative and highly efficient technologies has become
imperative. Currently, promising research directions include the application of microwave
irradiation and ultrasonic treatment as preliminary processing stages.

Microwave irradiation, due to its mechanism of selective dielectric heating [26,37,38],
induces localized thermal gradients and microstructural disruptions. This significantly
enhances the reactivity and extractability of target elements [39]. Empirical studies have
demonstrated that microwave treatment substantially improves the kinetics of leaching
and extraction processes. Microcracks and mineral phase transformations in the matrix
improve the penetration of leaching reagents, leading to more efficient metal recovery.
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This approach also conserves energy, as targeted heating reduces the overall energy input
required for subsequent processing stages [40,41].

Ultrasonic methods, driven by cavitation effects [42,43], play a pivotal role in enhanc-
ing the efficiency of metal leaching from ores and industrial waste [44]. Cavitation induced
by ultrasound improves reagent transport, increases contact surface area, and promotes the
penetration of leaching agents into the material, significantly intensifying metal extraction
processes and reducing waste generation [45]. The interaction of ultrasonic waves with the
treated medium leads to the dispersion of solid particles, the formation of microbubbles,
and the generation of microjets, which reduce the thickness of the diffusion layer and
accelerate dissolution reactions. The combination of ultrasonic treatment with oxidative
leaching substantially enhances process kinetics while lowering activation energy [46–48].

The integration of ultrasonic technology with microwave irradiation represents an
innovative approach that significantly improves the efficiency and transformation degree of
materials during processing. These technologies profoundly influence the physicochemical
properties of materials, creating favorable conditions for the intensification of chemical
reactions and the optimization of process parameters. This integrated method facilitates
the development of highly efficient and resource-saving technologies that align with mod-
ern requirements for environmental sustainability and the optimization of mineral and
technogenic material processing. Such an approach offers promising prospects for the more
complete extraction of metals from complex multicomponent systems, which is of critical
importance for hydrometallurgy and related industries.

The aim of this study is to conduct a theoretical and experimental analysis of the
synergistic effects of microwave treatment and ultrasonic cavitation on the kinetics of
zinc clinker leaching in a sulfuric acid medium. Special attention is given to the detailed
characterization of mass transfer mechanisms and phase transformations within the clinker
matrix induced by the high-energy effects of localized cavitation collapse zones and selec-
tive dielectric heating. This comprehensive approach enables the clarification of the roles of
passivation layer activation, agglomerate destruction, and the increase in reactive surface
area in the kinetic patterns of leaching. The obtained results expand the fundamental un-
derstanding of the interaction between ultrasound and microwaves with multicomponent
systems and provide a basis for the development of energy-efficient hydrometallurgical
technologies for processing complex technogenic materials.

2. Materials and Methods

2.1. Materials

The subject of this study is refractory technogenic waste from zinc production in the
form of clinker. Results of X-ray fluorescence analysis reveal that the clinker contains
significant amounts of iron (37.53%), calcium (3.81%), silicon (4.58%), oxygen (41.64%),
copper (1.04%), zinc (over 1.2%), and other elements, as detailed in Table 1.

Table 1. X-ray fluorescence analysis of the clinker (reprinted from Ref. [49]).

Elemental Content, %

O Na Mg Al Si P S Cl K Ca Ti Cr
41.644 0.173 1.030 0.912 4.581 0.055 0.807 0.011 0.109 3.807 0.101 0.020

Mn Fe Ni Cu Zn As Sr Zr Mo Sb Ba Pb
0.110 37.532 0.033 1.037 1.217 0.138 0.043 0.012 0.026 0.034 0.825 0.154

The X-ray fluorescence (XRF) analysis of the clinker provides a quantitative assessment
of its elemental composition, offering crucial insights into the chemical nature of the mate-
rial. This compositional data is fundamental for selecting appropriate processing methods
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and optimizing the extraction of valuable components. The results from the XRF analysis
formed the basis for subsequent experimental investigations, focusing on the influence of
microwave irradiation and ultrasonic treatment on structural and phase transformations.
Particular emphasis was placed on evaluating reagent penetration within the clinker matrix
and its impact on the leaching kinetics and efficiency of valuable metal recovery.

2.2. Analytical Techniques

This study utilizes advanced analytical techniques to investigate the phase compo-
sition of clinker and to elucidate the mechanisms of phase transformations. The phase
composition of the samples was analyzed using a Bruker D8 Advance X-ray diffractometer
(Bruker, Ettlingen, Germany) under the following conditions: 4–90◦ scan range, Cu–Kα

radiation (λ = 0.15406 nm), tube voltage of 40 kV, tube current of 40 mA, and a continu-
ous scanning speed of 1◦/min. Elemental composition was determined using an Axios
1 kW wavelength-dispersive X-ray fluorescence spectrometer (PANalytical, Almelo, the
Netherlands), with data processing and interpretation performed using SuperQ5 software
(Omnian 37). The surface microstructure was examined using a JXA-8230 electron probe
microanalyzer (JEOL, Tokyo, Japan) operated at an accelerating voltage of 20 kV, an electron
beam current below 1 nA, and aperture diaphragm No. 3. Energy-dispersive spectrometry
(EDS) microanalysis (JEOL, Tokyo, Japan) was conducted with an electron beam current up
to 6 nA and a dead time of up to 14%. Quantitative zinc concentrations in solutions and
solid samples were measured using an Optima 8300DV inductively coupled plasma atomic
emission spectrometer (PerkinElmer, Inc., Waltham, MA, USA) and an AA-7000 atomic
absorption spectrometer (Shimadzu, Kyoto, Japan).

2.3. Experimental Method

The zinc leaching process from clinker consists of three key stages: grinding the clinker
to achieve 90% of the fraction size below −0.071 mm, microwave phase transformation,
and ultrasonic-assisted leaching. The technology involves several detailed steps, as shown
in Figure 1. Initially, sample preparation is conducted, followed by roasting the clinker in
a high-temperature microwave reactor of the “ENERGIA K-50” unit (Ust-Kamenogorsk,
Kazakhstan) (915 MHz, 25 kW). This reactor is characterized by high power, operational
stability, and enhanced efficiency [50,51]. Subsequently, the clinker undergoes leaching, as
illustrated in Figure 2.

 

Figure 1. A flow diagram of the experiment.
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Figure 2. Schematic diagram of the leaching experimental setup. The lower part of the figure
illustrates the ultrasonic probe and the cavitation effect, where microbubbles collapse, generating
localized high pressure and temperature, which enhances the leaching efficiency.

For graph generation and data analysis during the experiment, Origin software (Origin
Pro 9.8.0.200) was utilized. The zinc leaching rate was calculated using the following formula:

ηZn = (
(wclkr. × mclkr.)− (wres × mres)

wclkr. × mclkr.
)× 100% (1)

whereηZn—zinc leaching rate (%); wclkr.—zinc content in the initial clinker (%); wres—zinc content
in the residue after leaching (%); mclkr.—mass of the initial clinker (g); and mres—mass of the
residue after leaching (g).

During the experiments, a controlled variable approach was applied to evaluate
the effects of factors such as reaction temperature, sulfuric acid concentration, leaching
duration, and pulp density. Four series of experiments were conducted under identical
experimental conditions, as indicated by the asterisks in Table 2. To ensure the reliability of
the results, each experiment was repeated at least three times, and the average values of
the obtained data were used for analysis.

Table 2. Leaching parameters and ranges applied in the experiments.

Parameter Value

Time (min) 30, 60 *, 120, 240, 300, 360
H2SO4 Concentration (g/dm3) 20, 40, 60, 80, 100 *, 120, 140, 160

Pulp Density (%) 20 *, 25, 35
Temperature (◦C) 20, 40, 60 *, 80

* These parameters were kept constant.

2.4. Optimal Experimental Design for Leaching Process

To determine the optimal conditions and enhance the accuracy and reproducibility of
the results, this study analyzed the zinc extraction process from clinker using the response
surface methodology (RSM) and central composite design (CCD). The independent factors
considered included temperature, sulfuric acid concentration, leaching duration, and pulp
density (solid-to-liquid ratio). The application of the RSM mathematical approach enabled
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the development of a second-order model describing the relationship between the response
variable (zinc extraction) and the input parameters:

y = b0 + ∑k
i=1 bixi + ∑k

i=1 biix2
i + ∑k−1

i=1 ∑k
j=i+1 bijxixj (2)

where y is the predicted zinc extraction value, b0 is the constant coefficient, bi represents the
linear coefficients, bii denotes the quadratic coefficients, bij are the interaction coefficients
between variables, and k is the number of factors.

The experiments were designed and analyzed using Design Expert 7.0 software (Stat-
Ease, Inc., Minneapolis, MN, USA), which facilitated the development of a second-order
regression model with high predictive accuracy.

The optimal levels and ranges of the variables—temperature, sulfuric acid concentra-
tion, leaching duration, and pulp density—identified as independent factors are presented
in Table 3.

Table 3. Levels and codes of factors for CCD.

Factors Symbol
Coding Level

−1 0 1

Time (min) A 30 195 360
H2SO4 Concentration (g/dm3) B 20 90 160

Pulp Density (%) C 20 25 35
Temperature (◦C) D 20 50 80

3. Results and Discussion

3.1. Mineralogical Characteristics of the Clinker

Mineralogical analysis of the clinker was performed using an OLYMPUS BX51 micro-
scope (Olympus Corporation, Tokyo, Japan). The typical structure and particle size of the
minerals comprising the clinker are presented in Figure 3. The mineralogical examination
revealed the presence of several key minerals, including sphalerite (ZnS), which appears
as rare, fine-grained anhedral particles, chalcopyrite (CuFeS2), commonly associated with
pyrite (FeS2) and sphalerite, as well as hematite (Fe2O3) and carbonaceous inclusions of
varying sizes and shapes.

 

Figure 3. Sphalerite.
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X-ray phase analysis identified hematite (24.2%) and magnesium iron oxide (18.2%) as
the primary phase components of the clinker. Additional phase components are presented
in Figure 4 and Table 4.

Figure 4. Diffractogram of the clinker (reprinted from Ref. [49]).

Table 4. Results of the X-ray phase analysis of the clinker (reprinted from Ref. [49]).

Compound Name Formula S-Q, %

Hematite Fe2O3 24.2%
Magnesium iron oxide Mg1.55Fe1.6O4 18.2%

Diopside, ferrian Ca1.007(Mg0.805Fe0.214) ((Si1.75Fe0.241)O6) 16.5%
Calcium magnesium iron aluminum silicate Ca2(Mg,Fe+3,Al)6(Si,Al)6O20 15.1%

Gypsum CaSO4·2H2O 12.2%
Quartz SiO2 8.1%

Albite, potassian (K0.22Na0.78)(AlSi3O8) 4.4%
Sphalerite ZnS 1.4%

3.2. Phase Transformation via Microwave Irradiation

Based on the data from our previous study [49], which extensively investigated the
phase changes in clinker at various temperatures, the optimal conditions for microwave
roasting were determined to be 600 ◦C for 5–7 min. Under these conditions, the best
conversion of zinc-containing phases into zinc oxide (ZnO) is achieved, according to the
following chemical reaction:

ZnS + 1.5O2 = ZnO + SO2 (3)

In this study, these conditions were applied to clinker treatment. Microwave roasting
at 600 ◦C for 5–7 min effectively transforms sphalerite into zinc oxide (Figure 5).

The microwave roasting process induces significant changes in the composition and
microstructure of sphalerite. In its initial state, prior to microwave irradiation (Figure 5a),
sphalerite is characterized by a high sulfur content (35.93%) and zinc content (64.07%).
After irradiation at 600 ◦C for 3–4 min (Figure 5b), the sulfur content on the external surface
significantly decreases to 1.54%, while the zinc content is reduced to 59.60%. Concurrently,
oxygen appears (23.23%), indicating the onset of oxidative reactions on the mineral’s surface
and partial conversion of sphalerite to zinc oxide. However, analysis of the internal region
of the same sample (Figure 5c) reveals a higher sulfur content (36.41%) and zinc content
(63.59%), similar to the initial state (Figure 5a), suggesting incomplete material conversion.
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(a) (b) 

 
 

(c) (d) 

Figure 5. (a) Microstructure of the initial sample and energy-dispersive analysis of sphalerite prior
to microwave irradiation at 25 ◦C; (b,c) microstructure and energy-dispersive analysis of sphalerite
after microwave irradiation at 600 ◦C for 3–4 min; (d) microstructure and energy-dispersive analysis
of sphalerite after microwave irradiation at 600 ◦C for 5–7 min.

A sample exposed to irradiation at 600 ◦C for 5–7 min (Figure 5d) demonstrates nearly
complete transformation of sphalerite into zinc oxide, as evidenced by the presence of
oxygen (22.20%). The sulfur content decreases to 0.53%, while the zinc content reaches
61.13%. These results confirm that the optimal microwave roasting conditions of 5–7 min
ensure a high degree of sphalerite conversion to zinc oxide, which is a key factor for efficient
material processing.
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The detection of carbon in the samples is attributed to its deposition under the electron
beam during microprobe analysis. The source of the carbon is the carbon tape used as a
binding material during sample preparation for microprobe analysis.

3.3. Statistical Analysis and Model Fitting
3.3.1. Data Analysis

Table 5 displays the results of the analysis of variance (ANOVA) for the response
surface model of the zinc leaching process from clinker.

Table 5. ANOVA for response surface quadratic model.

Source
Sum of
Squares

df
Mean

Square
F

Value
p-Value
Prob > F

Standard
Error

95% CI
(Lower–Upper)

Model 5466.47 14 390.46 4.39 0.0037 - -
D- temperature 497.65 1 497.65 5.59 0.0319 ±12.4 (470.2–525.1)
AD Interaction 1122.80 1 1122.80 12.62 0.0029 ±18.7 (1085.5–1160.3)
BD Interaction 460.63 1 460.63 5.18 0.0380 ±10.5 (438.2–483.1)
CD Interaction 414.24 1 414.24 4.65 0.0476 ±9.8 (395.1–432.6)
A2—Quadratic 1389.91 1 1389.91 15.62 0.0013 ±22.5 (1350.4–1429.2)
D2—Quadratic 346.96 1 346.96 3.90 0.0670 ±8.6 (330.1–364.2)
Residual Error 1334.90 15 88.99 - - - -

Lack of Fit 1290.90 10 129.09 0.1661
Pure Error 44.00 5 8.80 - - - -
Cor Total 6801.37 29 390.46 - - - -

The F-statistic in analysis of variance (ANOVA) serves as a statistically grounded
indicator of the proportion of variance explained by the model relative to the total variance.
In this study, the F-statistic of the model, equal to 4.39, confirms its statistical significance
according to the ANOVA results. The probability that such a high F-value could arise
purely due to random factors is less than 0.1%, highlighting the reliability of the model.

The p-value of less than 0.0001 for the quadratic model further emphasizes its statistical
significance. It is important to note that p-values not exceeding 0.05 are interpreted as
confirming the significance of the corresponding factors. In this context, the significant
components of the model include D, A, AD, and BD. To enhance the interpretation of the
effects of significant factors, the model can be simplified to a regression equation focusing
on the most significant variables with a 95% confidence level. The resulting regression
equation is as follows:

E(Zn) = −3.36 − 4.38A − 6.48B − 25.70C + 144.50D + 2.80AB − 36.32AC −
33.49AD + 18.19BC + 39.53BD + 170.46CD − 28.22A2 − 1.65B2 + 42.43C2

+ 20.32D2
(4)

To improve the accuracy of assessing the adequacy of the quadratic model in approxi-
mating experimental data, several key diagnostic plots were developed and analyzed. Most
experimental points are distributed along the diagonal axis, as shown in Figure 6a, indicat-
ing minimal deviations and high data reliability. The model errors demonstrate a normal
distribution, as confirmed by the linear pattern of residual distribution. Further analysis of
the random distribution of points along the t-axis (ranging from −3.00 to 3.00) and their
proximity to zero, as seen in Figure 6b,c, supports the conclusion that the quadratic model
effectively describes the relationship between the main experimental parameters and the
leaching rate. This result underscores the reliability of the model and its suitability for
predictive purposes.

85



Metals 2025, 15, 246

Figure 6. (a) A plot of normal probability vs. the internally studentized residuals, (b) internally
studentized residuals vs. the predicted responses, (c) internally studentized residuals vs. run number,
and (d) predicted responses vs. the actual values.

Figure 6d presents a diagram illustrating the relationship between predicted and actual
values. The plot shows that the slope of the regression line approaches unity, with most
points aligning along a straight line. This indicates a high degree of agreement between the
calculated and experimental data, confirming the reliability and accuracy of the proposed
quadratic model in predicting process parameters.

The analysis of the effects of experimental factors on zinc extraction efficiency (A: leaching
duration; B: sulfuric acid concentration; C: pulp density; and D: temperature), as shown in
Figure 7, reveals key trends. Temperature, sulfuric acid concentration, pulp density, and leaching
duration exert significant influence on the zinc leaching rate from clinker.

Figure 7. Three-dimensional response surfaces (with other parameters maintained at their central
levels), illustrating the combined effects of B and A (a); D and A (b); D and B (c) (A—leaching
duration, B—sulfuric acid concentration, D—temperature).
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3.3.2. Internal Relationships Between Factors

The coefficients for factors A, B, C, and D are −4.38, −6.48, −25.70, and +144.50,
respectively, as presented in Equation (4). These values quantitatively reflect the impact of
each factor on the target response, consistent with theoretical assumptions [52,53]. Analysis
of the coefficients indicates that, except for temperature, all other investigated parameters
have a negative influence on the zinc leaching rate.

Additionally, the order of the factors’ influence on the leaching rate is as follows: tempera-
ture (D) > leaching duration (A) > sulfuric acid concentration (B) > pulp density (C).

The three-dimensional response surfaces, derived from the quadratic model, provide
a comprehensive analysis of the interrelationship between key process factors and zinc
extraction efficiency. Figure 7a examines the interaction between leaching duration (A)
and sulfuric acid concentration (B). The analysis reveals that increasing both parameters
significantly enhances zinc extraction. However, at high H2SO4 concentrations, a saturation
point is reached, resulting in response stabilization. Contour plots confirm the dominant
role of leaching duration, particularly in the initial stages of the reaction, highlighting its
substantial contribution to the process kinetics.

Figure 7b illustrates the interaction between leaching duration (A) and temperature
(D). The three-dimensional response surface graphs clearly indicate the predominant effect
of temperature. As the temperature increases, the steepness of the surface rises significantly,
particularly at longer leaching durations. Even at relatively short time intervals, high
temperatures considerably accelerate the process, confirming its critical role in achieving
maximum extraction efficiency.

Figure 7c presents the analysis of the interaction between sulfuric acid concentration (B)
and temperature (D). The response surface plots demonstrate a synergistic effect between
these factors: their simultaneous increase leads to a notable improvement in zinc extraction.
Temperature retains its dominant importance, as evidenced by the steeper gradient of the
surface along the temperature axis.

The results unequivocally underscore the pivotal role of temperature (D) as the pri-
mary factor determining process efficiency. It is followed by the interaction of leaching
duration (A) and sulfuric acid concentration (B). Based on the analysis of F-values and
factor interactions, the hierarchy of influence is as follows: AD > AC > BD > AB.

Each interaction factor has its own points of extreme values, enabling the prediction
of optimal process conditions, as shown in Figure 7. The Design Expert 7.0 software was
used for modeling and optimizing the zinc leaching process. According to the calculations,
the optimal parameters included a sulfuric acid concentration of 140 g/dm3, pulp density
of 20%, leaching duration of 2 h, and temperature of 80 ◦C. Under these conditions, the
predicted zinc extraction rate was 74.0%, with a desirability level of 0.967 for the model.

Experimental validation conducted under the optimized conditions confirmed the
high accuracy of the model: the actual zinc extraction rate was 72.6%, which is close to the
predicted value. This agreement demonstrates the reliability and predictive capability of
the response surface-based model.

3.4. Effect of Ultrasonic-Assisted Leaching of Clinker

The phenomenon of ultrasonic cavitation and its impact on the leaching process are
vividly illustrated in Figure 8. Cavitation induced by ultrasonic waves generates high-
pressure microjets and shock waves, causing mineral particles to move turbulently and
subjecting them to intense multidirectional impact forces. This dynamic environment plays
a crucial role in enhancing the efficiency of zinc leaching [51].

Ultrasound was generated using a device (UZDN-LUCH 2, Almaty, Kazakhstan)
operating at 15 kHz and 200 W, which ensured the stable formation of cavitation zones.
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Ultrasonic cavitation significantly reduces diffusion resistance by creating a highly active
interaction zone between the leaching solution and the mineral surface [54]. The collapse
of cavitation bubbles produces localized high temperatures (up to 5000 K) and pressures
(up to 1000 atm), effectively removing passivation layers from particle surfaces [55]. This
exposes fresh, reactive surfaces, allowing sulfuric acid to interact more effectively with
zinc-containing minerals. Furthermore, the mechanical action of microjets facilitates the
disintegration of agglomerated particles, further increasing the reactive surface area.

Figure 8. Ultrasonic cavitation.

The preliminary treatment of clinker using microwave irradiation, combined with leaching
studies supported by mathematical modeling, enabled the determination of optimal conditions
under which zinc recovery reached 72.6%. To further enhance efficiency, ultrasound was
integrated into the leaching process. Figure 9 presents the results, demonstrating that the
application of ultrasonic treatment increased zinc recovery by 4.1%, reaching 76.5%, compared
to 72.6% achieved under identical conditions without ultrasound.

Figure 9. The effect of ultrasound on clinker leaching.

Experimental results demonstrated that applying ultrasonic treatment during leaching
increased zinc recovery to 76.5% within just 1 h, compared to 72.6% achieved in 2 h without
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ultrasound. This highlights the ability of ultrasound not only to enhance recovery but also
to significantly reduce leaching time [56], showcasing the high efficiency of the technology.

4. Conclusions

This study demonstrates the effectiveness of a combined approach involving mi-
crowave thermal treatment and ultrasonic-assisted leaching to enhance zinc recovery from
refractory clinker. The experimental results enabled the optimization of key leaching pa-
rameters, including sulfuric acid concentration, temperature, pulp density, and leaching
time, while also assessing the influence of microwave treatment and ultrasonic cavitation
on the dissolution rate.

Statistical data processing using response surface methodology (RSM) and central
composite design (CCD) allowed for the identification of key trends in the effects of process
parameters. It was shown that temperature plays a critical role in leaching efficiency,
while the interaction between microwave treatment and ultrasonic cavitation enhances zinc
recovery. Although the model demonstrated reasonable predictive capability within the
experimental dataset, further research with an expanded data set is required to improve its
accuracy and validate its applicability in industrial conditions.

Microwave treatment facilitated phase transformations that improved zinc solubility,
whereas ultrasonic cavitation disrupted passivating layers and intensified mass transfer,
resulting in enhanced leaching efficiency and reduced process duration. Under optimized
conditions, zinc recovery reached 76.5%, confirming the potential of this approach for the
hydrometallurgical processing of refractory materials.

Future research should focus on evaluating the economic feasibility of this method
under industrial conditions, analyzing energy efficiency, and exploring alternative solvent
systems to further enhance zinc recovery. Additionally, comparative studies with con-
ventional leaching approaches and advanced process simulations could provide deeper
insights into the scalability of this technique.
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Abstract: The thiosulfate–glycine–copper system has emerged as a promising alternative
for gold recovery, offering significant advantages over cyanidation and ammoniacal thio-
sulfate leaching. Recognizing the limitations of thiosulfate degradation in ammoniacal
systems, this study focused on optimizing the thiosulfate–glycine–copper system for gold
recovery using an auriferous ore with (10 g t−1) of Au. The ore was associated with alu-
minosilicates such as grossular (64%) and clinochlore (12%). Leaching conditions were
systematically varied, including thiosulfate (0.5–1 M), glycine (0.3–1.75 M), copper sul-
fate (2–10 mM), pH (9.3–10.5), temperature (20–60 ◦C), 6 h, and potassium permanganate
concentrations (0.004–0.04 M), and dosing intervals were also optimized. Thus, the best
conditions were thiosulfate (0.7 M), glycine (1.75 M), copper sulfate (5 mM), pH 9.3, 60 ◦C,
and permanganate addition every 2 h. This system achieved 89.3% gold recovery in just
6 h, comparable to cyanidation (89.8% in 24 h) and ammoniacal thiosulfate (58% in 6 h), but
without generating toxic effluents, such as in the cyanidation process. Additionally, a gold
dissolution mechanism was proposed, highlighting glycine’s role in stabilizing cupric ions
and enhancing thiosulfate efficiency. This study underscores the thiosulfate–glycine–copper
system as a sustainable and effective method for gold recovery.

Keywords: thiosulfate; glycine; gold; leaching; eco-friendly; adsorption; activated carbon

1. Introduction

1.1. Traditional Methods for Gold Recovery

The most widely used industrial method for the recovery of gold from auriferous ores
is sodium cyanide leaching, due to its low reagent and high recovery (89%) [1,2]. However,
its use poses serious environmental risks due to the high toxicity of the generated effluents,
which can lead to severe ecological and public health consequences [3–5]. For this reason,
alternatives, such as sodium thiosulfate, have been extensively studied for their lower cost
and reduced toxicity [3,6].

Despite its advantages, the industrial scale use of thiosulfate presents two main chal-
lenges: first, the degradation of sodium thiosulfate into by-products such as tetrathionates,
polythionates, and sulfates, which increases reagent consumption [2,7]; and second, the low
affinity of the gold–thiosulfate complex to adsorb onto activated carbon [6,8]. To mitigate
the first problem, a catalyst, such as stable cupric ions, is typically used to accelerate the
dissolution rate of gold [5,9,10]. However, cupric ions can be reduced to cuprous ions
by dissolved oxygen in the solution, which in turn accelerates the degradation and con-
sumption of thiosulfate [11,12]. To prevent this, cupric ions are generally stabilized using
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ammonia, which forms the “cuprotetramine” complex, keeping copper in its Cu (II) state,
thereby facilitating the formation of the gold–thiosulfate complex [6,9]. Although ammonia
improves gold recovery, its use in high concentrations poses environmental risks similar to
cyanide [4,13].

On the other hand, the recovery of dissolved gold from thiosulfate solutions us-
ing activated carbon presents significant limitations [14–16]. The low affinity of the
gold–thiosulfate complex, due to the difference in polarity with the carbon and the
molecule’s size relative to the pores of conventional activated carbon, hinders this process.
In contrast, the traditional method using activated carbon achieves up to 98% adsorption of
the gold–cyanide complex [15,17–19]. However, it has been demonstrated that modifying
the specific surface characteristics of activated carbon, by introducing nitrogen-containing
functional groups, can significantly improve the gold adsorption rate [14,20].

1.2. Thiosulfate–Glycine System: An Alternative for Gold Extraction

As mentioned in the previous Section, gold leaching with sodium thiosulfate solutions
requires stable cupric ions to catalyze the dissolution of gold. Given the toxicity of ammonia,
it is necessary to find an effective substitute [21].

Glycine, a non-toxic and low-cost amino acid, is commonly used in the selective
recovery of copper from oxidized ores. It is primarily used as a dietary supplement or
a regulator of the central nervous system [22,23]. However, [22,24,25] demonstrated that
selective leaching from pure gold sheets and copper–gold concentrates, using glycine
in synergy with other amino acids or cyanide, achieved 70% gold recovery within 50 h.
This recovery is due to glycine’s ability to form strong complexes with Cu2+, Co2+, and
Ni2+ [26,27], thereby reducing reagent consumption. Particularly with Cu2+, the
copper–glycinate complex is more stable than the ammoniacal copper complex
“cuprotetramine” [4,25,28]. Furthermore, [1,29] demonstrated glycine’s ability to dis-
solve gold, recovering 50% of the gold and silver under alkaline conditions and in
synergy with oxidizing agents, such as hydrogen peroxide or potassium permanganate.
However, glycine leaching conditions—temperature (60 ◦C), pH (11), and leaching time
(167 h)—reveal that the leaching rate is very slow [1,23].

For these reasons, the use of glycine within the sodium thiosulfate system emerges as
a novel and underexplored alternative for the metallurgical treatment of gold ores. It can
replace ammonia, reducing thiosulfate consumption; additionally, it acts as a co-leaching
agent for gold [5,27,30–32].

The objective of this research is to develop an alternative leaching system using
sodium thiosulfate. For this purpose, an Ecuadorian gold-bearing ore was used to op-
timize the thiosulfate–glycine–copper system by varying the concentrations of sodium
thiosulfate, glycine, copper sulfate, potassium permanganate, pH, and temperature, until
achieving recoveries comparable to those obtained with cyanidation and ammoniacal
thiosulfate leaching.

2. Materials and Methods

2.1. Materials

The chemicals used in this study were analytical grade copper sulfate pentahy-
drate (AppliChem Panreac, 99%, Darmstadt, Germany), anhydrous sodium thiosulfate
(LOBA Chemie, 98%, Mumbai, India), glycine (Sigma-Aldrich, 99%, St. Louis, MO, USA),
sodium hydroxide (Merck, 99%, Darmstadt, Germany), and technical grade potassium
permanganate. All experiments were conducted with distilled water, and pH control was
achieved using a 20% v v−1 ammonium solution for the ammoniacal thiosulfate system
and a 4 M sodium hydroxide solution for the thiosulfate–glycine–copper system.
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2.2. Methods
2.2.1. Ore Characterization

The auriferous ore used in this study was obtained from the Guayzimi mining area,
located in the province of Zamora Chinchipe, southern Ecuador. A 50 kg sample, with
a d80 of 10 cm, was initially crushed in a closed circuit using a BICO Inc. jaw crusher
(Quito, Ecuador) and an ASEA HM 4100 roller crusher (Quito, Ecuador) to achieve a d80 of
2 mm. The material was then homogenized and quartered. Finally, the ore was ground in a
ball mill at 62.5% solids for 40 min.

For mineralogical characterization and leaching tests, several analyses were performed.
The elemental composition was determined using X-ray Fluorescence (XRF) with a Bruker
S8 Tiger (Bruker, Karlsruhe, Germany). The mineralogical composition was analyzed via
X-ray Diffraction (XRD) using a Bruker AXS D8 Advance (Bruker, Karlsruhe, Germany).
The copper content was measured using Atomic Absorption Spectroscopy (AAS) (Perkin
Elmer AA 300, Shelton, CT, USA), and precious metals (Au, Ag) were estimated through a
fire assay, followed by dore dissolution for AAS measurement.

The concentration of dissolved elements (Au, Ag, Cu, Fe, and Pb) during all leaching
tests was measured using AAS (Perkin Elmer AA 300).

2.2.2. Sodium Cyanide Leaching

As a reference for gold recovery, a cyanidation test was conducted using 100 g of ore
with a sodium cyanide concentration of 1 (g L−1) (technical grade) for 24 h to compare
the recoveries with those obtained from thiosulfate systems. The test conditions were
as follows: ambient temperature (20 ◦C), pH 12, 750 RPM, and 15% solids. After the
test, the sample was filtered using a vacuum filter, and both the pregnant solution and
wash solution were analyzed to determine the gold concentration by AAS (Perkin Elmer
AA 300).

2.2.3. Ammonium Thiosulfate Leaching

As a reference for gold recovery with the traditional ammoniacal thiosulfate system,
tests were conducted using 100 g of ore at 15% solids for 6 h with mechanical stirring at
750 RPM. The concentration of sodium thiosulfate (sodium thiosulfate anhydrous, LOBA
Chemie, 98%) was varied between 0.3 and 1 M, the pH ranged from 10 to 12, the copper
sulfate concentration was adjusted between 2 and 10 mM, and the temperatures were tested
between 20 and 60 ◦C (Figure 1a) to determine the optimal conditions for gold recovery.

At the beginning of each test, the pH was adjusted with a 20% (v v−1) ammoni-
acal solution, increasing the ammonium ion concentration to form the cuprotetramine
complex [11,13,33,34]. Upon completion of the tests, the samples were filtered through a
vacuum filter; the solution was analyzed using AAS (Perkin Elmer AA 300), and the dried
ore sample was subjected to fire assay to complete the gold recovery balance.

During the tests, 10 mL aliquots were taken at 1, 2, and 4 h, which were replenished
with distilled water. One part of the filtered solution was used for AAS (Perkin Elmer
AA 300) to analyze the leaching kinetics, while the other part was used to determine the
concentration of free thiosulfate by iodometric titration. The consumed thiosulfate was
weighed and replenished to maintain the initial concentration of each test.
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Figure 1. Comparison between the methodology followed for the (a) ammoniacal thiosulfate and
(b) thiosulfate–glycine system.

2.2.4. Thiosulfate–Glycine Leaching

Leaching tests with the thiosulfate–glycine system were conducted to determine the
effectiveness of glycine as a replacement for ammonia. The tests were carried out in a
container covered with aluminum due to the photosensitivity of glycine in the presence
of potassium permanganate. The tests used 100 g of mineral at 15% solids for 6 h under
mechanical agitation at 750 RPM. The variables considered included the following: sodium
thiosulfate concentration from 0.3 to 0.7 M, glycine concentration (Glycine, Sigma-Aldrich,
99%) from 0.3 to 1.75 M, copper sulfate concentration at 2, 5, and 10 mM, potassium
permanganate concentration at 0.004 M and 0.04 M, pH 9.3, and a temperature of 60 ◦C,
as shown in Figure 1b, to achieve the optimal gold dissolution. At the end of the test, the
sample was filtered using a vacuum filter, the solution was sent for AAS (Perkin Elmer
AA 300), and the dried sample was subjected to the fire assay to quantify gold recovery.

pH adjustment was performed at the beginning of the test by adding a 4 M NaOH
solution. Additionally, potassium permanganate was tested as a catalyst in the formation of
the copper–glycinate complex [33,35,36] and in the co-leaching of gold due to the action of
glycine [1,29,37]. The effectiveness of potassium permanganate was evaluated by increasing
its concentration to 0.04 M at the start of the test and adding lower concentrations (0.004 M)
at intervals of 0, 2, and 4 h.

Finally, as in the ammoniacal thiosulfate tests, 10 mL aliquots were taken at 1, 2, and
4 h and replaced with distilled water. One part of the filtered solution was used for atomic
absorption to analyze the leaching kinetics, and the second part was used to determine the
thiosulfate concentration through iodometric titration.
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2.2.5. Glycine Leaching

A 100 g sample with 15% solids was used for 6 h of mechanical agitation at 750 RPM,
with a pH of 9.3, temperature of 60 ◦C, and a glycine concentration of 1.75 M. Additionally,
potassium permanganate was added to reach a concentration of 0.004 M at the beginning,
and at 2 and 4 h.

The pH of the glycine solution, compared to the thiosulfate–glycine system tests,
showed lower NaOH consumption to reach a pH of 10.5. During the test, aliquots
of the solution were taken at 1, 2, and 4 h to establish the leaching kinetics and
glycine concentration.

At the end of the test, the sample was filtered using a vacuum filter, the solution was
sent for atomic absorption spectroscopy analysis, and the dried mineral was subjected to
the fire assay.

3. Results

3.1. Characterization of the Auriferous Ore

The ore used in this study was obtained from the Guayzimi mining area in Zamora
Chinchipe. The mineralogical analysis, presented in Table 1 and Figure 2 and conducted
through X-ray diffraction (XRD), revealed that the primary mineral composition consists of
Grosular (64%), Clinochlore (12%), and quartz (10%).

Table 1. Mineralogical characterization of Guayzimi ore by XRD analysis.

Mineral Formula Content (%)

Grossular Ca3Al2(SiO4)3 64
Clinochlore (Mg, Fe)5Al (Si, Al)4O10 (OH)8 12

Quartz SiO2 10
Calcite CaCO3 8

Kaolinite Al2(Si2O5) (OH)4 4
Plagioclases (Na, Ca) Al (Si, Al) Si2O8 2

 

Figure 2. XRD pattern for the characterization of the auriferous ore from Guayzimi-Ecuador, iden-
tifying grossular (orange), clinochlore (blue), quartz (green), and calcite (purple) as the principal
minerals. Other minerals are not highlighted as their concentrations do not exceed 5%.

Table 2 shows the concentration of valuable metals along with the ore chemical
composition, determined through X-ray fluorescence (XRF), fire assay, and acid digestion.
The ore has a head grade of 10 (g t−1) of gold with a copper content of 0.008%. Other
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elements detected include iron (5%), calcium (15.1%), silicon (18.8%), and sulfur (0.1%).
Chalcopyrite was also observed in hand sample geological assessments; however, its low
concentration (>1%) prevents detection by XRD.

Table 2. Elemental composition, gold, and copper content of the ore determined using XRF, fire assay,
and acid digestion.

Element Concentration

Au 10 g t−1

Cu 0.008%
Si 18.8%
Ca 15.1%
Fe 5%
Al 4.5%
Mg 1.6%
Mn 0.9%
K 0.8%

Na 0.4%
S 0.1%

3.2. Sodium Cyanide Leaching

A cyanidation test was conducted to establish a comparative baseline for gold recovery.
As shown in Figure 3, under the conditions of 15% solids, pH 11 (adjusted with NaOH), and
a sodium cyanide concentration of 1 g (NaCN) L−1, a gold recovery of 89% was achieved
after 24 h.

 

Figure 3. Comparison between baseline cyanidation tests (1 g L−1; 15% solids; pH 12 for 24 h) and
ammoniacal thiosulfate tests (Na2S2O3 0.7 M; copper sulfate 5 mM; pH 10.5; 15% solids for 6 h).

3.3. Ammoniacal Thiosulfate–Copper Leaching

Leaching tests using the ammoniacal thiosulfate–copper system were conducted to
evaluate gold recovery under different leaching conditions. The optimized conditions were
as follows: sodium thiosulfate concentration of 0.7 M, pH 10.5 (adjusted with a 20% v v−1

ammoniacal solution), copper sulfate concentration of 5 mM, 750 RPM agitation, and 15%
solids for 6 h. Under these conditions, a maximum gold recovery of 40% was achieved, as
shown in Figure 3.

Additionally, a reduction in thiosulfate concentration to 0.5 M was observed during
the first 2 h of testing. Consequently, further tests were conducted by systematically varying
the conditions, including thiosulfate concentration (0.5–1 M), copper sulfate concentration
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(2–10 mM), and pH (10.5–11.5) to optimize gold recovery from the characterized ore using
the ammoniacal thiosulfate–copper system.

Evaluation of Leaching Conditions for Gold Recovery Using the Ammoniacal
Thiosulfate System

Leaching tests were performed by varying cupric ion concentration, pH, and tem-
perature to assess the efficiency of the ammoniacal thiosulfate system. Results indicate
that reducing the copper sulfate concentration to 2 mM increases gold recovery to 48%,
as shown in Figure 4a, whereas a higher concentration of 10 mM only achieves a gold
dissolution rate of 33%.

  

Figure 4. (a) Effect of copper concentration on Au recovery using the ammoniacal thiosulfate system:
Na2S2O3 (0.7 M); pH (10.5). (b) Effect of pH on gold recovery using the ammoniacal thiosulfate
system: Na2S2O3 (0.7 M); copper sulfate (2 mM).

Additionally, increasing the ammonia content to raise the pH from 10.5 to 11.5 resulted
in an improvement in gold recovery from 40% to 50%, as depicted in Figure 4b.

Finally, tests conducted at different temperatures revealed that raising the temperature
to 60 ◦C enhances recovery to 58% in 6 h, as presented in Figure 5.

 

Figure 5. Effect of temperature on gold recovery using the ammoniacal thiosulfate system: Na2S2O3

(0.7 M); copper sulfate (2 mM) in 6 h.

The optimal leaching conditions for the ammoniacal thiosulfate system were estab-
lished at 0.7 M sodium thiosulfate, 2 mM copper sulfate, pH 10.5, and a temperature of
60 ◦C for 6 h, achieving a gold recovery of 58%.

3.4. Thiosulfate–Glycine–Copper Leaching

In the baseline test with the thiosulfate–glycine–copper system, using 100 g of mineral
with a 15% solid concentration, a gold recovery of 40% was achieved under the following
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conditions: 0.7 M sodium thiosulfate, 0.3 M glycine, 60 ◦C, agitation at 750 RPM, and
pH 10.5 (adjusted with NaOH) over 6 h, as shown in Figure 6a. This test served as a
reference point for subsequent experimental variations, including adjustments in sodium
thiosulfate concentration, glycine concentration, copper sulfate pentahydrate, potassium
permanganate, and pH, aiming to enhance gold recovery efficiency.

  

Figure 6. (a) Effect of sodium thiosulfate concentration on gold recovery using the thiosulfate–glycine
system: C2H5NO2 (0.3 M); 60 ◦C; pH (10.5); copper sulfate (2 mM). (b) Effect of copper concentration
on gold recovery using the thiosulfate–glycine system: Na2S2O3 (0.7 M); glycine (0.3 M); 60 ◦C;
pH (10.5).

3.4.1. Effect of Sodium Thiosulfate Concentration

Table 3 presents the results of tests in which the sodium thiosulfate concentration was
varied (0.5 M, 0.7 M, and 1 M), while all other experimental conditions remained constant.
As shown in Figure 6a, gold recovery increased proportionally with the sodium thiosulfate
concentration. The highest recovery, 49%, was achieved with a concentration of 1 M.

Table 3. Effect of sodium thiosulfate concentration on gold recovery using the thiosulfate–glycine
system after 6 h. Glycine 0.3 M, 60 ◦C, pH 10.5.

Sodium Thiosulfate Concentration Gold Recovery (%)

0.5 M 33.7
0.7 M 40.8
1 M 49.6

However, the difference in gold recovery between 1 M (49%) and 0.7 M (40.8%) was
not substantial enough to justify the increase in reagent concentration. Thus, a 0.7 M
concentration was selected for subsequent tests.

Throughout the tests, iodometric titration of the thiosulfate concentration showed no
consumption of reagent over the 6 h of agitation.

3.4.2. Effect of Copper Ion Concentration

Figure 6b illustrates gold recovery in the absence of added copper sulfate, indicating
that dissolved copper from the mineral in the presence of glycine was insufficient, yielding
a recovery of less than 30%. To improve this outcome, tests were conducted with varying
copper sulfate concentrations of 2 mM, 5 mM, and 10 mM, as detailed in Figure 6b.

Increasing the copper sulfate concentration to 5 mM enhanced gold dissolution, achiev-
ing a recovery of 48%. However, raising the concentration to 10 mM did not further improve
recovery efficiency. The excess of cupric ions accelerated thiosulfate degradation, as evi-
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denced by a reduction in thiosulfate concentration to 0.65 M when using 10 mM copper
sulfate during the first 2 h of testing, quantified through iodometry.

In the thiosulfate–glycine system, no thiosulfate consumption was detected throughout
the test when copper sulfate concentrations were kept below 5 mM.

3.4.3. Effect of Glycine Concentration

Leaching tests were conducted with a sodium thiosulfate concentration of 0.7 M and
copper sulfate at 5 mM, varying the glycine concentration between 0.3 M, 0.5 M, 1 M, and
1.75 M. The results, shown in Figure 7, demonstrate that an increase in glycine concen-
tration enhances gold recovery, achieving a dissolution of 69% of the gold with a glycine
concentration of 1.75 M after 6 h.

 

Figure 7. Effect of glycine (C2H5NO2) concentration on Au recovery using the thiosulfate–glycine
system: Na2S2O3 (0.7 M); copper sulfate (5 mM); 60 ◦C; pH (10.5); 15% solids for 6 h.

3.4.4. Effect of pH

Although previous studies [5,13] suggest that optimal gold recovery in a thiosulfate
system is achieved at pH levels above 10.5, the results in Figure 8 indicate that gold recovery
is equivalent at pH 9.3 and 10.5, reaching 65% in both cases. These tests were conducted
with the same reagent concentrations. It was observed that glycine concentration is directly
related to NaOH consumption, requiring larger volumes of NaOH to maintain a pH of 10.5
when the glycine concentration exceeds 1 M.

 

Figure 8. Effect of pH on gold recovery using the thiosulfate–glycine system: Na2S2O3 (0.7 M);
C2H5NO2 (1 M); copper sulfate (5 mM); 60 ◦C; 15% solids for 6 h.
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3.4.5. Effect of Oxidizing Agents: Potassium Permanganate

Tests were conducted to evaluate the effect of potassium permanganate as an oxidizing
agent in the gold-leaching process using the thiosulfate–glycine system. As shown in
Figure 9a, the addition of potassium permanganate at a concentration of 0.004 M improved
the gold recovery, achieving 65% recovery after 6 h.

  

Figure 9. (a) Effect of potassium permanganate concentration on gold recovery using the thiosulfate–
glycine system: Na2S2O3 (0.7 M); C2H5NO2 (1 M); copper sulfate (5 mM); 60 ◦C; pH (9.3);
15% solids for 6 h. (b) Effect of periodic addition of potassium permanganate on gold recovery
using the thiosulfate–glycine system: Na2S2O3 (0.7 M); C2H5NO2 (1 M); copper sulfate (5 mM);
60 ◦C; pH (9.3); 15% solids for 6 h.

Effect of Potassium Permanganate Concentration

Tests with an initial potassium permanganate concentration of 0.004 M resulted in a
65% gold recovery, as shown in Figure 9a. However, when the concentration was increased
to 0.04 M, gold recovery decreased to 55%. Additionally, thiosulfate consumption was
observed during the first 2 h.

Effect of Periodic Addition of Potassium Permanganate

Figure 9b shows the results of tests in which potassium permanganate at 0.004 M
was periodically added at the start, at 2 h, and at 4 h. This approach achieved a 70% gold
recovery after 6 h, maintaining a constant sodium thiosulfate concentration throughout
the test.

Additionally, to assess the efficiency of glycine alone in dissolving gold, tests were
conducted using only glycine at a concentration of 1.75 M, which resulted in a 6% gold
dissolution. When potassium permanganate was added to the glycine, the gold recovery
increased to 22%, as illustrated in Figure 10.

 

Figure 10. Gold recovery using glycine and potassium permanganate solutions (PP): C2H5NO2

(1.75 M); potassium permanganate (PP) (0.004 M); 60 ◦C; pH (9.3); 15% solids for 6 h.
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3.4.6. Synergy of Conditions for Gold Recovery with a
Thiosulfate–Glycine–Copper-Permanganate System

Tests conducted under optimal conditions 0.7 M sodium thiosulfate, 1.75 M glycine,
5 mM copper sulfate, 0.004 M potassium permanganate added periodically, pH 9.3, 60 ◦C,
and 750 RPM achieved an 89% gold recovery after 6 h, as shown in Figure 11. In the initial
four control tests, gold recovery reached 85% within the first 4 h of leaching.

 

Figure 11. Gold recovery using the thiosulfate–glycine system: Na2S2O3 (0.7 M); C2H5NO2 (1.75 M);
copper sulfate (5 mM); potassium permanganate 0.004 M added every two hours; 60 ◦C; pH (9.3);
15% solids for 6 h.

4. Discussion

4.1. Characterization of Auriferous Ore

The mineralogical characterization revealed that the ore is composed of 78% alumi-
nosilicates (Table 1), suggesting that the gold is trapped within this matrix, particularly
associated with clinochlore and grossular.

The copper content, at 0.008% (Table 2), acts as a catalyst in the dissolution of gold in
ammoniacal-thiosulfate-leaching systems [3,5]. These findings highlight the importance of
leaching systems that leverage the interaction between copper and thiosulfate to improve
gold recovery. Furthermore, the presence of chalcopyrite, albeit at low concentration, can
influence the kinetics of gold leaching, interferes with the dissolution process, and reduces
the ability to form the thiosulfate gold complex.

4.2. Gold Recovery by Cyanidation Leaching

Cyanidation, although effective, achieved an 89% recovery for this mineral, which
differs from the 98% recoveries reported in previous studies [1,2]. This recovery is explained
by the mineralogical association of gold with aluminosilicates, specifically clinochlore and
grossular, which limits the complete release of the metal. This result will be used as a
reference to compare the recovery achieved with other leaching systems.

Additionally, the formation of copper cyanide complexes competes with gold, de-
creasing the concentration of dissolved sodium cyanide [1,2]. These results demonstrate
the need to consider alternative methods that utilize copper as a catalytic agent, such as
sodium thiosulfate.
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4.3. Ammoniacal Thiosulfate-Copper Leaching System

Leaching with ammoniacal thiosulfate and copper resulted in only a 40% gold recovery,
compared to the expected 85% under optimal conditions [13]. This low efficiency can be
explained by the rapid degradation of thiosulfate into products such as polythionates,
reducing its availability to form a stable complex with gold. This phenomenon was
observed within the first 2 h of testing, as noted in other studies [38,39].

Furthermore, factors such as cupric ion concentration above 5 mM, pH, temperature,
and the mineralogical composition of the ore accelerate the degradation of thiosulfate. The
copper in the ore acts as a catalyst in forming the cuprotetramine complex, which impacts
thiosulfate stability. These results suggest that, while the ammoniacal thiosulfate–copper
system is a viable alternative, optimizing operational conditions is essential to minimize
thiosulfate degradation and improve gold recovery.

Evaluation of Leaching Conditions for Gold Recovery Using the Ammoniacal
Thiosulfate System

Tests with ammoniacal thiosulfate demonstrated that a lower copper sulfate con-
centration (2 mM) increases gold recovery from 38% to 48%. In contrast, higher copper
concentrations (>5 mM) reduce gold recovery to 33%. This is because concentrations ex-
ceeding 5 mM accelerate thiosulfate degradation, limiting its effectiveness as a leaching
agent. These findings align with reports by Aylmore and Muir (2001) [38], who observed
reduced gold recovery with excessive copper concentrations in the leaching system.

Moreover, increasing the solution pH due to higher ammonia concentration fa-
vors the formation of the cupric–tetramine complex, stabilizing cupric ions, as noted by
Senanayake (2007) [40] and Xu et al. (2017) [41]. This effect was observed when increasing
the pH from 10.5 to 11.5 (Figure 12), where recovery increased from 40% to 50%. However,
it is important to highlight that higher ammonia concentrations present environmental
risks [42].

Figure 12. Stepwise optimization of pH, copper sulfate concentration, and temperature for improved
gold recovery (40% to 58%).
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Finally, tests conducted at 60 ◦C and 2 mM of copper sulfate showed a maximum
recovery of 58% (Figure 12), confirming that temperature has a direct effect on enhancing
gold dissolution in the ammoniacal thiosulfate system, consistent with previous studies
by Senanayake (2005) [31] and Aylmore and Muir (2001) [38]. These results suggest that
temperature (60 ◦C) is a critical factor for optimizing the leaching process and achieving
higher gold recovery.

4.4. Thiosulfate–Glycine–Copper-Leaching System

The baseline test using the thiosulfate–glycine–copper system achieved an initial gold
recovery of 38%, which is promising to consider that it was conducted at 60 ◦C and with
a low glycine concentration (0.3 M). Glycine, as mentioned in previous research [24], has
the potential to form a stable cupric complex, facilitating gold leaching. However, process
efficiency needs improvement.

Variations in the concentration of thiosulfate, glycine, copper sulfate, potassium
permanganate, and pH are expected to accelerate gold dissolution (Figure 13). Higher
concentrations of these reagents may improve the stability of cupric ions by forming
the copper glycinate complex, preventing thiosulfate degradation and increasing gold
dissolution, as noted by Barani et al. (2022) [11] and Oraby and Eksteen (2015) [29].
Moreover, the addition of potassium permanganate as an oxidizing agent could accelerate
gold leaching in this system.

Figure 13. Sequential optimization of thiosulfate, copper sulfate, glycine, pH, potassium perman-
ganate concentration, and dosing frequency to achieve 89% gold recovery.

The temperature for all experiments was maintained at 60 ◦C, based on the results ob-
tained with the ammoniacal system at this temperature and to prevent glycine degradation
at temperatures above 60 ◦C [43].

4.4.1. Effect of Sodium Thiosulfate Concentration

Increasing the sodium thiosulfate concentration results in improved gold recovery,
as expected, since a higher thiosulfate concentration facilitates the formation of the gold–
thiosulfate complex, in line with the studies by Gámez et al. (2019) [7]. However, the
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difference in gold recovery between 0.7 M (41%) and 1 M (49%) is not significant enough to
justify the use of a higher reagent concentration.

Additionally, the absence of thiosulfate consumption during tests indicates that glycine
forms more stable cupric complexes than the cuprotetramine complex. This is consistent
with stability studies presented by Wang (2022) [12].

4.4.2. Effect of Copper Ion Concentration

The concentration of dissolved cupric ions is a key factor in gold recovery in thio-
sulfate systems. The results show that a copper sulfate concentration of 5 mM is optimal
for promoting gold dissolution, increasing efficiency without compromising thiosulfate
stability. However, an excess copper sulfate concentration (10 mM) accelerated thiosulfate
degradation, reducing its concentration to 0.65 M during the first two hours of the test.

In comparison to the ammoniacal thiosulfate system, which showed significant thio-
sulfate consumption even at low copper concentrations, the thiosulfate–glycine system
demonstrates greater stability. This is attributed to glycine’s ability to form more stable
complexes, such as the copper glycinate, as also reported in previous studies [1,29,44].

4.4.3. Effect of Glycine Concentration

A gold recovery of 69% obtained with a glycine concentration of 1.75 M demonstrates
that glycine plays a key role in improving the gold recovery process. The observed trend,
where gold recovery increases proportionally with glycine concentration, can be explained
by its dual capability: forming the copper glycinate complex, which catalyzes the formation
of the gold–thiosulfate complex, and acting directly as a co-leaching agent, contributing to
gold dissolution.

These results are consistent with previous studies suggesting that glycine, by sta-
bilizing cupric ions through the formation of the copper glycinate complex, enhances
thiosulfate stability and additionally facilitates gold lixiviation, thereby improving the
overall efficiency of the gold recovery process [1,22,29].

4.4.4. Effect of pH on Thiosulfate–Glycine System

Although previous studies indicate that a pH close to 10.5 optimizes gold recovery in
sodium-thiosulfate-leaching systems [45,46], this study demonstrated that maintaining a
pH of 9.3 is sufficient to achieve similar results (Figure 8). This is because glycine has the
ability to stabilize cupric ions over a broader pH range, reducing the need to operate under
highly alkaline conditions.

The formation of a ‘buffer’ at pH 9.4, attributed to the properties of glycine [47–49],
explains the increased NaOH consumption observed at glycine concentrations above 1 M
when adjusting the pH to values above 10. Nevertheless, for the thiosulfate–glycine–copper
system, maintaining a pH of 9.3 is sufficient to achieve 65% gold recovery.

4.4.5. Effect of Oxidizing Agents: Potassium Permanganate

The presence of potassium permanganate accelerates gold dissolution in the thiosulfate–
glycine system, consistent with findings by Eksteen and Oraby (2015) [24] and
Senanayake (2012) [45], who reported significant improvements in gold recovery when
using additional oxidants. Potassium permanganate’s oxidizing effect creates a more fa-
vorable environment for glycine’s role as a co-leaching agent, promoting the formation of
stable complexes with copper and gold and enhancing the gold recovery.

Effect of Potassium Permanganate Concentration

The results indicate that increasing the potassium permanganate concentration does
not improve gold recovery. In fact, increasing the concentration from 0.004 M to 0.04 M
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resulted in a decrease in final gold recovery from 65% to 55%. This demonstrates that an
excessively oxidizing environment accelerates thiosulfate degradation.

This phenomenon aligns with previous studies indicating that excessive oxidant con-
centrations can break down thiosulfate into unwanted products, reducing the availability
of thiosulfate [24,45]. Thiosulfate consumption observed during the first 2 h of testing with
a concentration of 0.04 M confirmed this.

Effect of Periodic Addition of Potassium Permanganate

The results confirmed that periodic addition of potassium permanganate improves
gold recovery in the thiosulfate–glycine system. The improvement in gold recovery to
70%, compared to the 65% obtained with a single addition of permanganate at the start of
the test, suggests that the effective action time of permanganate as an oxidizing agent is
approximately 2 h. This aligns with previous research indicating that a continuous and
controlled oxidant concentration prevents premature thiosulfate degradation [38,45,50].

Although glycine with permanganate increases the gold dissolution rate, Figure 10
shows that glycine alone is inefficient (6% recovery), suggesting that its role is more
effective in stabilizing copper complexes within the thiosulfate system rather than act-
ing as an independent leaching agent. Even with potassium permanganate, glycine
alone does not achieve acceptable recovery (22%), reinforcing that glycine’s primary func-
tion is to stabilize cupric ions, accelerating gold dissolution, rather than acting as an
independent lixiviant.

4.4.6. Synergy of Conditions for Gold Recovery with a
Thiosulfate–Glycine–Copper–Permanganate System

The results demonstrate that the synergy between thiosulfate, glycine, copper, and
permanganate improves gold dissolution, achieving an 89% recovery in 6 h. The efficiency
observed in the tests suggests that this system can recover most of the gold within the first
4 h, these results are consistent with previous studies [27] that propose the combination of
thiosulfate and glycine to improve leaching kinetics.

Using glycine to stabilize cupric ions, along with periodic addition of potassium
permanganate, is key to accelerating the process without significant thiosulfate degrada-
tion. Additionally, the results indicate that reducing leaching time does not affect system
efficiency, suggesting that this combination of reagents is both effective and economical in
terms of time and reagent consumption [27].

If the leaching system is to be scaled up to an industrial level, the primary challenges
include maintaining precise temperature control and protecting the solution from sunlight
during the process. Tests with permanganate revealed the photosensitivity of the solution,
leading to the generation of byproducts that significantly reduced gold recovery. To mitigate
this issue, aluminum covers were required to shield the containers during agitation.

4.4.7. Mechanism of Gold Dissolution in the Thiosulfate–Glycine–Copper–Permanganate
System

As shown in Figure 14, the mechanism of gold dissolution in the thiosulfate–glycine–
copper–permanganate system relies on their synergistic interaction in a moderately alkaline
environment (pH 9.3) and at a temperature of 60 ◦C. The general reaction involved in gold
dissolution is presented in Equation (1). Based on experimental assays and analyzed
thermodynamic diagrams [27], for the dissolution mechanism, the presence of two elec-
trochemical areas between the gold surface and the leaching solution was assumed: the
cathodic area and the anodic area.

Au + 2(S2O3)2− + KMnO4 + Cu(C2H2NO2)3+H2O → Au(S2O3)2
3− + Cu(C2H2NO2)3 + MnO2 + O2 + OH− (1)
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Figure 14. Proposed electrochemical mechanism of gold dissolution in the thiosulfate–glycine–copper–
permanganate system. The central arrow represents the electron exchange between the anodic and
cathodic areas, while the highlighted boxes indicate the key chemical species, cupric glycinate and
gold thiosulfate, targeted for formation within the system.

In the cathodic area, glycine plays a dual role. First, it forms the cupric glycinate
complex ([Cu(C2H4NO2)2]0), which remains stable due to the high affinity between glycine
and copper [27]. Through a REDOX reaction, this cupric glycinate complex interacts with
dissolved thiosulfate ions to form the Cu(S2O3)3

5− complex via electron transfer, reducing
copper (II) to copper (I). The continuous regeneration of the cupric glycinate complex
is facilitated by the oxidizing environment created by dissolved oxygen and potassium
permanganate. This ensures the constant oxidation of Cu(I) back to Cu(II) [27]. This
process not only stabilizes the cupric ions in the glycinate complex but also prevents
the accumulation of unstable species that could degrade thiosulfate into polythionates.
Additionally, free glycine produced during the REDOX regeneration process can form a
gold–glycinate complex.

In the anodic area, cupric ions stabilized as cupric glycinate facilitate the direct action
of thiosulfate on metallic gold, resulting in the formation of the gold–thiosulfate complex
Au(S2O3)2

3−. The stability of the cupric glycinate in the medium prevents thiosulfate
decomposition, as confirmed experimentally by the absence of reagent consumption. Fur-
thermore, although the formation of a gold–glycinate complex is possible, this complex
is thermodynamically less stable than the gold–thiosulfate complex [22,27]. Therefore, in
the presence of thiosulfate, gold initially associated with glycine transitions to the gold–
thiosulfate complex Au(S2O3)2

3−, regenerating glycine for further complexation in the
cathodic area during the REDOX cycle.

Finally, experimental assays demonstrated that in the presence of glycine and perman-
ganate, no thiosulfate consumption was recorded. This supports the conclusion that in
an oxidizing environment, glycine’s primary role is to stabilize copper in its Cu(II) state
(Figure 14). This stabilization prevents the formation of unstable cuprous complexes that

108



Metals 2025, 15, 204

accelerate thiosulfate degradation. Although glycine has the capacity to form complexes
with gold, experimental results show that its primary interaction is with copper. Glycine
stabilizes copper in its cupric state, maintaining an optimal environment for thiosulfate
to dissolve gold (Figure 14). This reaffirms that glycine’s primary role is associated with
copper rather than gold.

5. Conclusions

The auriferous ore from the mining area in Ecuador exhibited a head grade of
10 (g t−1) of gold and 0.008% Cu. The main mineralogy obtained through the XRD analysis
revealed aluminosilicates, such as grossular (64%) and clinochlore (12%), to which the
gold is associated. Additionally, the chemical analysis performed via XRF indicated a
composition of 18.8% Si, 15.1% Ca, 5% Fe, and 4.5% Al, with trace amounts of manganese
(1%), sulfur (0.1%), and titanium (0.2%).

Baseline cyanidation tests achieved a gold recovery of 89.8% at room temperature in
24 h, highlighting the process’s efficiency. In contrast, ammoniacal thiosulfate leaching
reached a maximum recovery of 53.1% under optimal conditions (0.7 M thiosulfate, 2 mM
copper sulfate, pH 10.5, and 60 ◦C). However, the degradation of thiosulfate accelerated
with copper sulfate concentrations above 2 mM due to the increased availability of cupric
ions generated by copper dissolution from the ore in the presence of ammonia.

The thiosulfate–glycine system exhibited an initial recovery of 40%, and it was deter-
mined that a sodium thiosulfate concentration of 0.7 M is sufficient, as higher concentrations
do not significantly improve recovery. Regarding copper requirements, the glycine system
showed greater stability compared to the ammoniacal system, achieving a gold recovery of
47% with 5 mM copper sulfate and no significant consumption of sodium thiosulfate. This
can be attributed to the ability of glycine to form more stable cupric complexes compared to
cupric–tetramine, although its capacity to dissolve copper from the ore is lower than that of
ammonia. Copper concentrations above 10 mM were counterproductive, yielding the same
recoveries as at 5 mM and accelerating the degradation and consumption of thiosulfate
during the first four hours of agitation.

The glycine concentration also proved crucial for stabilizing dissolved cupric ions,
preventing thiosulfate degradation, and acting as a co-leaching agent for gold. A glycine
concentration of 1.75 M resulted in the highest recovery of 60%. Additionally, the system
maintained stable recoveries of approximately 65% at both pH 10.5 and pH 9.3, due to
glycine’s ability to form stable cupric complexes over a broader pH range compared to
ammonia. This behavior minimizes the need to adjust the pH to values above 10, given the
buffering effect observed at pH 9.4.

The use of potassium permanganate as an oxidizing agent at a concentration of
0.004 M accelerated the co-leaching action of glycine (1 M), improving gold recovery
to 65% in 6 h. However, higher concentrations (0.04 M) decreased recovery to 55%, as
an excessively oxidizing environment, while initially enhancing gold dissolution, also
accelerated thiosulfate degradation, resulting in reagent consumption after the second hour
of agitation. The periodic addition of potassium permanganate (0.004 M) every two hours
maintained a lower and more stable oxidizing environment, enabling a gold recovery of
70% in 6 h. In contrast, tests conducted solely with glycine (1.75 M) and periodically added
permanganate (0.004 M) achieved a limited recovery of 22%, underscoring the importance
of the synergy between thiosulfate, glycine, copper, and permanganate.

Finally, the optimized thiosulfate–glycine–copper–permanganate system achieved
a gold recovery of 89.3% under the following conditions: 0.7 M sodium thiosulfate,
1.75 M glycine, 5 mM copper sulfate, 0.004 M potassium permanganate added periodically
every 2 h, pH 9.3, and 60 ◦C. Although the total leaching time was 6 h, 85% of the gold
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was recovered within the first 4 h, demonstrating the efficiency of the system. This per-
formance is attributed to glycine’s ability to stabilize cupric ions, preventing thiosulfate
degradation, and its role as a co-leaching agent in an oxidizing environment controlled by
potassium permanganate.
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Abstract: Currently, Electric Arc Furnace Slag (EAFS) is undervalued and is therefore only used in
road construction, while blast furnace slag (BFS) is used as an interesting alternative in construction
materials to replace natural aggregates in the manufacture of concrete. Steel slag (SS) represents a
promising secondary resource due to its high content of critical metals, such as chromium (Cr) and
vanadium (V). These metals are essential for various strategic industries, making it crucial to consider
slag as a resource rather than waste. However, the primary challenge lies in selectively recovering
these valuable metals. In this work, we explore the development of a hydrometallurgical process
aimed at efficiently extracting Cr and V from Electric Arc Furnace Slag (EAFS). The characterization
of the investigated EAFS shows that the main crystalline phases contained in this heterogeneous
material are srebrodolskite, larnite, hematite, and spinel such as probably magnesio-chromite. The
targeted metals seem to be dispersed in various mineral species contained in the SS. An innovative
hydrometallurgical method has been explored, involving physical preparation by co-grinding slag
with alkaline reagents followed by treatment in a microwave furnace to modify the metal-bearing
species to facilitate metal processing dissolution. The results obtained showed that the leaching rates
of Cr and V were, respectively, 100% and 65% after 15 min of treatment in the microwave furnace,
while, after 2 h of conventional heat treatment, as explored in a previous study, 98% and 63% of the
Cr and V were, respectively, leached.

Keywords: slags; strategic metals; recovery; microwaves; alkaline reagents; leaching

1. Introduction

The generic term steel slag (SS) encompasses several materials with different physico-
chemical characteristics. These are artificial mineral matrices, classified as waste produced
in very large quantities (several million tons per year in France) simultaneously with cast
iron or steel in liquid form at temperatures close to 1500 ◦C by the steel industry. They are
particularly rich in strategic metals [1]. These materials are nevertheless mostly stored in
a “slag heap” in the steel industry and constitute a potential impact on the environment
and public health. Long considered waste from steel manufacturing, iron and steel slag are
today recognized as truly precious and valuable materials. Historically, steelmakers dis-
posed of these materials by storing them in landfills near production sites. The progressive
awareness of the intrinsic quality of these materials (and therefore of their market values)
has allowed for the emergence of organized value chains since 1930 [2]. Contrarily to their
previous status as waste, slag is basically valorized as by-products of steel and cast iron
manufacturing and used in road or construction applications, for example. The fields of
application are, today, diverse and varied. Blast slag can be safely used along with clinker
and gypsum for the production of cement, in the preparation of materials such as ceramic
glass, silica gel, ceramic tiles, bricks, etc. LD slag can be used in soil conditioners, fertilizers,
the recovery of metal values, etc. EAF oxidizing slag is used as a concrete aggregate. Steel
slag is also used in road and hydraulic construction [3–5].
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Because of the scarcity of raw materials and increasingly drastic environmental laws,
industries have been forced to create more efficient and sustainable models of socio-
economic development. The recovery of certain wastes and co-products such as steel
slag has become a solution to limit the storage of these materials. Each slag is considered
a unique product because it comes from the manufacture of a specific type of steel [6,7].
Currently, Electric Arc Furnace Slag (EAFS) is poorly valorized and is mainly used in road
construction, while blast furnace slag (BFS) could be used as an interesting alternative in
building materials to replace natural aggregates in concrete manufacturing, for example [8].
Slags could be a very good secondary resource, as they contain large amounts of differ-
ent metals such as chromium, vanadium etc. Therefore, they should be considered as a
resource, not as waste. The challenge is to be able to selectively recover the strategic metals
(Cr and V) they contain. There is a wide variety of hydrometallurgical processes described
in the literature depending on the nature of the metal to be extracted, the composition of
the gangue, or even the extraction context chosen according to the physicochemical condi-
tions of the environment (temperature, pressure, pH, etc.). X. Wang et al. [9] developed
a process to separate and recover vanadium and chromium from V-Cr-bearing reducing
slag. The investigated process included four procedures: low-temperature sulfate roasting,
reduction leaching, selective oxidation, and preparation, by, respectively, calcination or
precipitation of vanadium and chromium oxides. They were able to obtain Cr and V
leaching efficiencies reaching 99.7% and 99.6%, respectively, by sulphating roasting at
low temperature and leaching reduction. The products of V2O5 with purity of 99.1% and
Cr2O3 with purity of 98.9% were obtained by treating ammonium poly-vanadate and CrIII

precipitate, respectively.
The steel industries are working to develop new alternatives to valorize these slags in

order to achieve a double objective: the preservation of natural virgin material resources
and a reduction in slag treatment and storage costs. In this work, the development of
an EAFS hydrometallurgical process to recover strategic metals by microwave-assisted
leaching is considered. This method allows for the rapid heating of slag and alkaline
reagent mixtures to improve the kinetics of the extraction of the valuable metals contained
in them and reduce the environmental impact [10,11]. Moreover, such a process is known
to allow for the formation of highly reactive entities named radicals, which induce high
reaction kinetics. This process is established in order to study the operating parameters
and conditions favoring thermal treatment as well as the leaching of metals. Among all
the contained elements, this study was specifically focused on chromium and vanadium
due to their respective contents in the targeted slag and the increasingly strong industrial
demand inducing an increase in their value.

Kokko M. et al. [12] developed an innovative two-stage direct leaching process for
selectively recovering calcium (Ca) and vanadium (V) from Electric Arc Furnace (EAF) Slag,
which is obtained after furnace hydrogen direct reduction of iron process (HRI). The process
is designed to optimize the recovery of these valuable elements through selective leaching in
different stages using specific chemical solutions. For the first stage, the leaching of calcium
(Ca) and magnesium (Mg), they used a mixture of nitric acid, ammonium nitrate, and water
(HNO3-NH4NO3-H2O) to leach calcium and magnesium selectively. This solution works
efficiently to extract these alkaline earth metals, as they are more readily soluble in the
acidic environment provided by nitric acid, while other elements in the slag remain mostly
unaffected. For the second stage: the leaching of vanadium (V), two different solutions
were used to extract vanadium, as follows.

1. Sodium carbonate and sodium hydroxide in water (Na2CO3-NaOH-H2O): This solu-
tion creates an alkaline medium that facilitates the selective dissolution of vanadium,
particularly vanadium in its higher oxidation states, as vanadium compounds tend to
form soluble complexes in alkaline conditions.

2. Ammonium carbonate in water ((NH4)2CO3-H2O): Ammonium carbonate also cre-
ates an alkaline environment but offers a slightly different chemical interaction, which
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can further aid in vanadium dissolution, depending on the slag’s composition and
the specific vanadium phases present.

This two-stage process effectively separates calcium and magnesium from vanadium,
minimizing cross-contamination between the elements and enhancing the purity of the
recovered materials. This approach represents an efficient method for the valorization
of EAF slag, reducing waste and recovering valuable resources, particularly in processes
where furnace hydrogen reduction of iron is utilized.

Mantang Ding [13] proposed that submerged arc furnace carbothermic reduction
method, sub-molten salt method, vanadium alloy production, acid roasting–leaching calci-
fication and two-part acidification to extract vanadium are areas for future development.

2. Materials and Methods

A representative sample of Electric Arc Furnace Slag (EAFS) was provided by a French
steel company. Due to its high content of metals, this slag cannot be used in road con-
struction or the cement industry without pretreatment. This slag was generated using the
EAF process and sampled after extracting the iron scrap by low-intensity dry magnetic
separation. First, the representative slag sample was characterized to adapt its preparation
pathway before the implementation of chemical modification of metal-bearing species and
the leaching process. Since the EAFS sample is heterogeneous, an appropriate sampling
method is crucial to ensure that the samples used for this study accurately represent the
entire slag batch. Heterogeneity in slag can arise from variations in the particle size, metal
content, and mineral composition, which can affect data consistency if not properly ac-
counted for. The protocol consists of size reduction using crushing, grinding, and then
sieving steps to obtain a particle size less than 125 μm, while minimizing the overproduc-
tion of fine particles, to obtain a homogenous and representative powder. After the grinding
and sampling steps, fine characterization was carried out on a sample with a smaller than
125 μm particle size using conventional analytical techniques. The results of the chemical
analysis were obtained by using Atomic Absorption Spectroscopy (AAS) and Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) (Agilent 7800, Agilent Tech-
nologies, Santa Clara, CA, USA). X-ray Diffraction (XRD) measurements were performed at
room temperature using a BRUKER D8 Advance θ/2θ diffractometer equipped (BRUKER,
Billerica, MA, USA) with a Lynxeye energy dispersive one-dimensional detector (Cu-Kα

radiation, 40 kV and 40 mA; 2θ from 10◦ to 80◦ with a step of 0.02◦ and counting time
of 0.5 s per step) This technique allows for crystalline phase identification, completed
through the determination of the chemical element distribution through Scanning Electron
Microscopy and Energy Dispersion Spectroscopy (FE-SEM, Tescan MIRA3, Brno, Czech
Republic) (SEM-EDS) mapping, performed on a polished representative sample.

The representative samples of EAFS were then mixed and co-grinded for 15 min
with different alkaline reagents by taking a slag-versus-reagent-weight ratio equal to 1.
Regarding the preliminary chemical modification of the EAFS sample, various parameters
have been optimized, including the nature of the alkaline reagents and the volume of water
added (1 mL) before heating in a microwave furnace, to improve the reactivity of the EAFS
with the alkaline reagents. Different alkaline reagents with 99.8% purity and purchased
from Sigma Aldrich (St. Louis, MO, USA), have been used, including KOH; K2CO3; KOH +
K2CO3; NaOH; Na2CO3; and NaOH + Na2CO3.

It is important to underline that preliminary experiments have shown that without
conventional thermal or microwave treatment, co-grinding EAF/reagent mixtures did not
allow any chemical reactivity likely to induce the formation of water leachable species con-
taining metals (Cr, V) from the slag. Therefore, it is essential to implement either a thermal
or a microwave pretreatment favoring the modification of the speciation of the targeted
metals to obtain phases soluble in an aqueous medium. Some experiments carried out prior
to this study involved the implementation of conventional thermal pretreatments [11]. The
results obtained were conclusive regarding the leaching yields, but the treatment durations
required to achieve the desired objective were too high. It therefore seemed necessary to
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pretreat the slag/alkaline reagent mixtures under microwave radiation in order to reduce
the treatment duration and consequently the expended energy. The co-grinded slag mixture
and alkaline reagent was treated in microwave furnace according to the following method.

Heat Treatment and Activation Under Microwave Radiation

The tests were performed in a microwave furnace made by SAIREM company (Décines-
Charpieu, France), allowing power modulation from 0.6 to 6 KWh. The sample temperature
measurements in the microwave furnace were carried out using a portable infrared ther-
mometer (AMPROBE, Everett, WA, USA, IR-750-EUR). As previously performed in the
conventional heat treatment method [11], 2 g of the co-grinded mixture was introduced into
an alumina crucible. Considering such treatment, quantities of activation energy depending
on the microwave power and residence times have been studied. These treatments may
induce the formation of species (chromates and vanadates), which are easily leachable in
water. An important part of this work aims at optimizing the parameters and the operating
conditions necessary for the recovery of metals (V and Cr) from the slag. The modified
mixtures were then introduced in water for metal leaching at an S/L value of 40 g/L.
After solid/liquid separation, the obtained filtrates were analyzed by AAS to allow for
the calculation of the leaching rate and, consequently, to determine the effectiveness and
potential selectiveness of each pathway treatment.

The experimental protocol includes two steps (Figure 1).

(a) Physical preparation of materials including crushing, magnetic separation, grinding,
and, finally, co-grinding involving slag and alkaline reagents.

(b) Modification of metal speciation by microwave treatment and then leaching.

Figure 1. Experimental protocol for the recovery of Cr and V from EAFS. (a) physical treatment and
(b) modification metal speciation.

3. Results

3.1. Physicochemical Characterization

An in-depth characterization of the microstructure of a few grains of the iron scrap-
free slag by SEM clearly showed the great morphological variability of the grains, which
should be correlated with their chemical heterogeneity [1]. The chemical analysis results
of the investigated EAFS sample show that this slag contains 48.5% Fe, 29.5% Ca, 5.7%
Si, 5.7% Mn, 5.2% Al, and 4.3% Mg, expressed, respectively, as Fe2O3, CaO, SiO2, MnO,
Al2O3, and MgO, and other elements, expressed as metals, such as Cr (3.4%), V(1450 ppm),
and Mo (154 ppm) [1]. The XRD analysis of the investigated slag sample [1] revealed
the following crystallized phases: larnite (Ca2SiO4), srebrodolskite (Ca2Fe2O5), magnetite
(Fe3O4), maghemite (Fe2.6O3), wustite (FeO), and magnesio-chromite (MgCr2O4), as re-
ported in the literature [14–18]. Chromium-bearing compounds such as chromite were
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detected, but this element is probably dispersed in various other mineral phases. The
most common crystalline phases were srebrodolskite, wustite, magnetite, and probably
magnesio-chromite. The EDS-SEM mapping (Figure 2) made it possible to establish a
partial correlation between Cr and Mn concerning certain grains moderately loaded with
Mn but heavily loaded with Cr. Furthermore, grains lightly loaded with Cr were present.
This clearly indicates the presence, in the sample, of at least two types of Cr carriers. The
particles lightly loaded with chromium appeared poor in iron. Conversely, the iron-rich
particles do not contain chromium.

VTi

50μm 50μm 50μm

50μm50μm50μm50μm

50μm 50μm 50μm 50μm

50μm

CrMo

VTiM

g

Ca

OAlSi

Fe Mn

Figure 2. Mapping of different elements in EAFS by SEM-EDS.

Likewise, chromium rich particles contain, or not, little amount of iron. There is a
correlation between calcium and aluminum, which most likely indicates the presence of
larnite, which does not appear to contain chromium, as shown by the element mapping.

3.2. Thermodynamic Considerations

The thermodynamic calculations, necessary for establishing the phase diagrams, were
carried out using the HSC software version 9 in previous work [11]. As mentioned, such
diagrams are necessary to select the alkaline reagents and the temperatures allowing
for high reactivity between the crystalline slag phases and reagents in order to form
chromates and vanadates leachable in water solution. These diagrams clearly show that
soluble chromates and vanadates of sodium or potassium can be obtained in a large
range of oxygen and reagent partial pressures at different temperatures. Similar chemical
behavior is expected to be exhibited under microwave radiation, which can also increase
the slag/reagent mixture temperature. In such a context, this study deals with the recovery
of Cr and V through the following method.

3.2.1. Leaching After Microwave Treatment

The EAFS/reagent mixture co-grinded for one hour was treated with microwaves at
different powers and for residence times. After this, the EAFS/alkaline reagent mixture in
deionized water was stirred and the obtained solutions were analyzed by AAS. Figure 3
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shows the leaching rates of chromium (a) and vanadium (b) when the EAFS is treated
using different alkaline reagents as dry (blue) and humid (red) mixtures for 15 min under
1.4 kW microwave power. Both the dry and humid mixtures exhibit similar reactivity even
if leaching is a little higher when using humid mixtures, with the exception of NaOH.
Consequently, most of this work has been performed by introducing small amounts of
water (1 mL) into the mixtures to promote a temperature increase.

Figure 3. Leaching rates of Cr (a) and V (b) obtained using dry and humid methods through 1.4 kW
microwave-assisted leaching for 15 min.

This figure clearly demonstrates that KOH-based reagents, whether used alone or in
combination with K2CO3, are the most effective in promoting high chromium leaching from
the EAF slag. This suggests that the chemical properties of these reagents play a significant
role in enhancing the leaching process. In both configurations, wet and dry mixtures, KOH
allows for more than 95% chromium leaching, while the mixture including KOH and K2CO3
allows for 95% (dry method) and 82% (wet method). Considering vanadium, through the
dry and humid methods, the leaching rate is below 30%, except for the KOH + K2CO3
mixture, which allows for a leaching rate close to 35 and 55% considering, respectively, the
dry and humid methods.

3.2.2. Effect of Microwave-Induced Temperature on Chromium Leaching

Figure 4 illustrates the results of different chromium leaching tests performed in a
microwave furnace at 1.4 kWh for 15 min, inducing different temperatures for mixtures
of alkaline reagents and EAF slag. The key trends observed from these tests highlight the
impact of the temperature and reagent type on the efficiency of chromium extraction. Based
on the results, the key findings are as follows.

1. EAF Slag with KOH: the highest chromium leaching efficiency is achieved at a roasting
temperature of 670 ◦C.

2. EAF Slag with KOH + K2CO3: the optimal temperature for maximum chromium
leaching is slightly lower, at 640 ◦C.

3. EAF Slag with Na2CO3 or K2CO3: the lowest leaching rate for each is obtained at the
lowest roasting temperatures, respectively, 150 ◦C and 200 ◦C.

This suggests that the specific alkaline reagents used in the mixture, along with the
precise control of the roasting temperatures, significantly impact the efficiency of the
leaching process. The use of KOH alone requires a higher temperature, whereas the
combination of KOH and K2CO3 lowers the optimal temperature needed for effective
chromium recovery. These differences could be due to the varying reactivity and melting
points of the alkaline reagents. These results depend also on how the reagents interact with
the chromium in the EAFS during the MW treatment.
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Figure 4. Leaching rates of Cr as function of MW (1.4 kWh)-induced temperature of different
mixtures.

3.2.3. Effect of Microwave Power on Chromium and Vanadium Leaching

The left and right sides of Figure 5 show the leaching rates, respectively, of chromium
and vanadium, for different microwave powers and different reagents, from the slag
samples that were microwave-treated for 15 min. From this figure, it can be observed
that when using KOH or KOH + K2CO3, chromium is dissolves more when increasing
the MW power and is completely dissolved after 15 min under 1.4 kW of microwave
power. However, when using NaOH or NaOH + Na2CO3 reagents, the leaching rates of
chromium are close to, respectively, 60% and 20% at 1 kW, and these values are inverted
when increasing the microwave power: the leaching rate increased up to 40% when using
NaOH + Na2CO3 while it decreased close to 10% when using pure NaOH. This is likely due
to the high reactivity of sodium carbonate with chromium upon increasing the microwave
power, which promotes the formation of highly soluble chromate species in aqueous media.
Potassium and sodium carbonates alone do not allow for the formation of great amounts
of water-soluble chromium species no matter the microwave power used, as confirmed by
the leaching rate of chromium being lower than 20%. This is probably due to the lower pH
value induced by such reagents, which are less hard bases.

Figure 5. Leaching rates of Cr (left side) and V (right side) after slag treatment with the different
alkaline reagents for 15 min using different microwave powers.
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Considering vanadium, the highest leaching rates of 56 and 57% were obtained by
treating the slag using, respectively, a Na2CO3 or K2CO3 mixture for 15 min with 1 kW
of microwave power and these decreased when increasing the microwave power up to
1.4 kW (Figure 5, right). On the other hand, increasing the microwave power induces
a decrease in vanadium leaching no matter the reagent, except for KOH + K2CO3. The
reactivity of vanadium seems to be quite different to that of chromium when using KOH or
KOH + K2CO3 reagents, which induce a lower leaching rate of vanadium (lower than 30%)
compared to chromium (more than 70%; see Figure 5, left side).

3.2.4. Effect of Microwave Residence Time on Chromium and Vanadium Leaching

Figure 6 shows the evolution of the leaching rate of chromium (left side) and vanadium
(right side) as a function of the residence time of different slag/alkaline reagent mixtures
treated at 1.4 kW.

Figure 6. Leaching rates of Cr (left side) and V (right side) after slag treatment by most reactive
alkaline reagents under 1.4 kW microwave power for different residence times.

The leaching rate of chromium increases from 38% to 100% in the case of using only
KOH in the mixture. When using KOH + K2CO3, the leaching rate is very high (87%) after
only 5 min of MW treatment. Then, the increase in the leaching rate up to 100% is slow
when the residence time increases up to 15 min. This is due to K2CO3’s high reactivity
with chromium species, which facilitates the formation of very soluble chromate species
in water.

Considering the results of the vanadium leaching, shown on the right side of Figure 6,
it is clear that vanadium-bearing minerals are less reactive with alkaline reagents than
chromium-bearing ones. Indeed, whatever the reagent, the leaching rate of vanadium is
less than 50%.

Therefore, considering the preparation of slag/alkaline reagent mixtures using mi-
crowaves, the optimal parameters to promote the leaching of valuable metals (Cr and V)
are as follows.

1. Slag/KOH or KOH + K2CO3 = 1, power = 1.4 kW, residence time = 15 min, VH2O = 1 mL
to leach 100% Cr.

2. Slag/K2CO3 or Na2CO3 = 1, P = 1 kW, residence time = 15 min, VH2O = 1 mL to leach
more than 55% V.

Table 1 groups together the best leaching rates of V and Cr from EAFS obtained for
the two conditions of conventional and microwave treatments. It can be seen that the
conventional roasting method allowed the obtainment of a maximum leaching rate of 97.5%
for Cr after one hour of co-grinding the mixture of EAFS/NaOH + Na2CO3, and then
two hours of conventional roasting at 800 ◦C. A leaching rate of 62.5% was obtained for V
after three hours of co-grinding the slag/NaOH + Na2CO3 mixture followed by two hours
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of conventional roasting at 600 ◦C. On the other hand, after only 15 min of treatment under
microwave conditions, the leaching rates of chromium and Vanadium are, respectively,
100% and 55%. Such results demonstrate the great benefit of using microwaves to optimize
the modification of metal speciation to be leached. Consequently, the microwave-assisted
leaching process optimized in this study can be considered an economical solution with
less impact on the environment compared to the conventional leaching method.

Table 1. Best results obtained from leaching after conventional or MW furnace treatment.

Parameters
Microwave Roasting Conventional Roasting

Cr V Cr V

Reagents KOH
KOH + K2CO3

Na2CO3
K2CO3

NaOH +
Na2CO3

NaOH +
Na2CO3

Co-grinding
residence time 1 h 1 h 1 h 3 h

Temperature
(power)

900 ◦C
(1.4 kW)

500 ◦C
(1.0 kW) 800 ◦C 600 ◦C

Residence time 15 min 15 min 2 h 2 h

Leaching rate 100% 56–57% 98% 63%

At the end of the leaching experiments, the Eh and pH values of the leachates were
measured. Figure 7 brings together the Eh-pH diagrams of the following systems: Cr-Na-
H2O, V-Na-H2O, Cr-K-H2O, and V-K-H2O at 25 ◦C.

At the end of the experiments, the pH values were around 13 for all the leaching
solutions. However, the redox potential (Eh) values were between 0.2 and 0.3 V/NHE
in the sodium medium and between 0.3 and 0.4 V/NHE in the potassium medium. In
such Eh-pH conditions (shown by the red star on the graph in Figure 7 and in the presence
of KOH or NaOH, the Eh-pH diagrams show that chromium is in the form of chromate
anions, CrO4

2−. Such thermodynamic results for chromium speciation seem to be in perfect
agreement with the experimental results obtained when KOH is used. Indeed, during the
experiments, the concentration of chromium reached the maximum when using KOH and
the microwave treatment. When using NaOH, the solubility of chromium is lower than 50%
no matter the duration, probably due to the low reaction kinetics. These results indicate
a lower reactivity of chromium bearing-minerals with such reagents. On the other hand,
when potassium hydroxide is used as an alkaline reagent, VO4

3− anions are supposed to
be formed, as shown by the diagram in Figure 7. Yet, the leaching rate of this metal is lower
than 20%.

Considering reagents including sodium hydroxide for the leaching of vanadium,
taking into account the measured Eh/pH values, sodium vanadates Na2V2O7 should be
formed, which are very water-soluble phases. This explains the higher rate of V leaching
when using NaOH than that when using reagents containing KOH.

It is important to notice that chromium leaching is strongly dependent on acid–base
and redox conditions. The study by Bäverman et al. [19] highlighted the difficulty of
establishing similarities between simulation and experimentation for this metal. It is also
possible that the variety of aqueous complexes considered by the authors is insufficient
to calculate correctly the speciation of chemical compounds in solution under pH or
redox conditions, which can evolve significantly. Therefore, considering the solubility of
chromium and vanadium species, the evaluation of saturation indices can be distorted as
the system evolves.
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Figure 7. Cont.
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Figure 7. Eh-pH diagrams of Cr-Na-H2O, V-Na-H2O, V-K-H2O, and Cr-K-H2O systems at 25 ◦C.
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Considering chromium species, the reaction pathway during MW treatment is ex-
pected to be as described in reaction (1). As shown by the phase diagrams of the O-Cr-K
and O-Cr-Na systems at 400 and 600 ◦C (Figure 3), chromate species could be directly
obtained by the reaction of chromite with potassium hydroxide.

MgCr2O4(s) + 4KOH(s) + 3/2O2(g) → MgO(s) +2K2CrO4(s) + 2H2O(g) (1)

But the chemical reaction mechanism is probably more complex; this is due to the
potential formation of OH• free radicals (reaction (2)). These radicals, which mainly come
from radiation–matter interactions, are considered major chemical species able to react
with phases within slag due to their single electron on the peripheral layer, which gives
them a high reactivity. It can be hypothesized that the reaction mechanism is consequently
identical to that of reaction (3), where the hydroxyl radical OH• reacts as a strong oxidant
(OH•/H2O: 2.34 V/ENH) with respect to chromite ore, which could be present in the form
of FeCr2O4 in our slag sample. Chromates are obtained according to reaction (3) and then
could be oxidized into dichromate according to reaction (4).

OH− → OH• (2)

MgCr2O4 + 9OH• → MgO +2CrO4
2− + 4H2O + 4H+ (3)

2CrO4
2− + 2K++ OH• + 3H+→ Cr2O7

2− +2K+ + 2H2O + (4)

Similar mechanisms are expected concerning the reactivity of slag minerals with
other alkaline reagents (NaOH, Na2CO3, K2CO3, or mixtures), inducing the formation
of leachable species such as chromates and vanadates in aqueous media. However, the
results obtained with these other reagents are less efficient and therefore seem to indicate
significantly different reaction patterns or reaction kinetics.

Considering vanadium, the best reactivities were observed when using K2CO3 under
microwave radiation or NaOH + Na2CO3 using conventional heat treatment. This can be
explained through Equations (5) and (6), which highlight the formation of soluble sodium
and potassium vanadates.

Ca3V2O8 + 3Na2CO3 → 2Na3VO4 + 3CaCO3 (5)

Ca3V2O8 + 3K2CO3 → 2K3VO4 + 3CaCO3 (6)

4. Conclusions

Steel slag (SS) represents a promising secondary resource due to its high critical metal
content, such as that of chromium (Cr) and vanadium (V). This study was conducted with
the aim of developing a methodology to recover chromium and vanadium from EAF slags
by using alkaline reagents. The slag characterization showed that the main crystalline
phases contained in this heterogeneous material were srebrodolskite, larnite, hematite, and
others, some of these minerals being expected to be Cr or V carriers. To explore this two-
element leaching, an innovative technique was carried out involving physical preparation
by co-grinding slag with alkaline reagents and then treatment in microwave furnaces to
modify the metal speciation and consequently generate water-soluble species. Such a
process allows for the leaching of a high proportion of metals, particularly chromium and
vanadium. The leaching rate of chromium and vanadium were, respectively, 98% and 63%
after 2 h of conventional heat treatment while MW treatment allowed for leaching close
to 100% and 56–57% of the chromium and vanadium, respectively, after only 15 min of
treatment in a microwave furnace. This study clearly justifies the great interest in metal-
bearing species modification by microwave treatments, which allow for the enhancement
of reaction kinetics and consequently have a lower energy demand.
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Abstract: The effects of nickel content in nickel-bearing pyrite on photocatalytic properties, light
absorption properties, and oxidative decomposition of thiosulfate were studied. The leaching
experiments show that the consumption of thiosulfate in the Cu2+-ethylenediamine (en)-S2O3

2−

system increases with an increase in nickel content in nickel-bearing pyrite. The consumption
of Cu(en)2

2+ initially increases and then decreases with an increase in leaching time. There is a
clear correlation between the change trend in its consumption and the doping amount of nickel in
pyrite. The XPS results show that in the Cu2+-ethylenediamine (en)-S2O3

2− leaching gold system
(temperature 25 ◦C, time 35 h, solution: 0.1 mol/L S2O3

2−, 5 mmol/L Cu(en)2
2+, 200 mL solution),

the nickel of pyrite-containing nickel can be transferred to the leaching solution and becomes nickel
ion. In this leaching system, Cu(II), which was originally complexed with en, is reduced to Cu(I) in a
short time. The consumption of Cu(en)2

2+ increased rapidly in the 5 h period and then decreased
gradually after 5 h. The results showed that the presence of free Ni2+ in the solution facilitated the
conversion of bivalent copper ions to monovalent copper ions. Free Ni2+ ions can compete with Cu2+

ions for en ligands. When ethylenediamine complexes with Ni2+, the decomposition of Cu(en)2
2+

into Cu(en)+ and en occurs more rapidly. And the en, which was originally to be oxidized with
Cu(en)+ to form Cu(en)2

2+, forms Ni(en)2
2+. As a result, the concentration of Cu(en)2

2+ continues to
decrease in a short period of time.

Keywords: gold extraction; thiosulfate; nickel-bearing pyrite; catalytic degradation

1. Introduction

As the reserves of easily processed gold deposits continue to decrease and environmen-
tal protection requirements become increasingly stringent, industrial research has turned
towards finding nontoxic leaching agents that can replace cyanide [1]. Among the various
gold leaching reagents, such as thiourea, polysulfides, halides, and thiosulfate, thiosulfate is
considered the most promising green leaching agent with significant industrial application
prospects because of its nontoxicity, high selectivity, and low cost [2–5]. However, problems
such as high reagent consumption and difficulties in recovering gold complex ions from
leach pulp have hindered the widespread industrialization of thiosulfate gold extraction
technology [6,7].

To realize the industrial application of thiosulfate gold leaching, the high consumption
of thiosulfate is an urgent technical bottleneck that must be solved. Sulfide minerals such
as arsenopyrite, chalcopyrite, and galena have been reported to promote the composition
of thiosulfate [8,9] because of their strong affinity for sulfur-containing substances and their
semiconductor properties [10,11]. Moreover, most metal sulfides exhibit semiconducting
properties which significantly affect the leaching of gold-bearing sulfides. The presence of
impurities in the mineral lattice affects its composition, electronic structure, semiconductor
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properties, and the interaction between the leaching agent and mineral surface [9]. Addi-
tionally, different vacancy defects, impurity doping, and defect locations in the lattice affect
both the sulfide ore surface and leaching characteristics [12–14].

Pyrite, the most common semiconductor-associated mineral in gold mines, often
contains isomorphic impurities such as nickel, cobalt, and arsenic [15,16]. These impurities
not only alter the semiconductor properties of pyrite but also impact the lattice defects
that can affect its oxidation decomposition and surface adsorption. Although natural
pyrite is widely distributed with large reserves, it typically possesses various impurities
(such as nickel, silicon, arsenic.) [17,18]. Consequently, these factors introduce numerous
uncertainties during experimental exploration processes.

To investigate the influence of nickel impurities in pyrite on thiosulfate gold leaching,
leaching experiments were conducted using synthetic pure-phase pyrite and pyrite con-
taining specific nickel elements. This was performed to eliminate interference from other
metal impurities on the semiconductor properties of pyrite and the catalytic degradation
of thiosulfate ions. Therefore, this study first synthesized pure-phase pyrite through a
hydrothermal method and then synthesized pyrite containing only nickel impurities by
adding a specific amount of nickel; pure-phase pyrite and nickel-containing pyrite were
compared in terms of their semiconductor properties, including phase, photocatalysis,
and light absorption. Additionally, the effect of nickel impurities in pyrite on the catalytic
degradation of thiosulfate in a Cu2+-en-S2O3

2− leaching system was investigated.

2. Materials and Methods

2.1. Materials and Reagents

The reagents used in this study, including sodium thiosulfate, copper sulfate, sodium
hydroxide, ferrous chloride, sodium sulfide, nickel chloride, and en, were analytically pure.
All experimental solutions were prepared using ultrapure water.

2.2. Test Methods
2.2.1. Synthesis of Pure-Phase Pyrite

The basic raw materials used were 17.90 g of ferrous chloride and 43.23 g of sodium
sulfide. The pH of the mixed solution was adjusted to approximately 6.6 using dilute NaOH
and HCl solutions. After stirring the solution with a magnetic stirrer (MYP11-2A) for 30 min,
the mixture was transferred to a high-pressure reactor. The reactor was placed in a constant-
temperature vacuum drying oven (DZF-6020) at 200 ◦C for 24 h and then cooled to room
temperature. The products in the reactor were washed, filtered, separated, and dried in a
constant-temperature drying oven at 60 ◦C for 12 h, and the final product was synthetic
pure-phase pyrite. The product was then stored in a sealed reagent bag filled with nitrogen.

2.2.2. Synthesis of Nickel-Bearing Pyrite

The synthetic procedure was the same as that for pure-phase pyrite, but the amounts
of reagents used were different. The basic raw materials used were 17.90 g of ferrous
chloride and 43.23 g of sodium sulfide. By adding 0.43, 1.13, 1.61, and 2.38 g of nickel
chloride to the above raw materials, nickel-bearing pyrite samples with 2%, 5%, 7%, and
10% nickel contents were obtained, respectively.

2.2.3. Photocatalytic Degradation Experiment

The photocatalytic reactions were performed in a BL-GHX-V (Shanghai, China) photo-
catalytic reactor. The central light source of the photoreactor was a 300 W deuterium lamp.
In the photocatalytic reaction, the initial concentration of methylene blue solution was
25 mg/L, and 50 mg of solid powder was added. The specific photocatalytic degradation
steps have been described in the literature [19]. The methylene blue degradation rate was
calculated as follows:

R =
C0 − C

C0
× 100% (1)
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where C0 represents the initial concentration of methylene blue in the solution and C
represents the concentration after the photocatalytic reaction.

2.2.4. Leaching Experiment and Detection Method

The leaching system was a mixed solution composed of 0.1 mol/L Na2S2O3, 0.01 mol/L en,
and 0.005 mol/L CuSO4. The specific leaching experimental method has been described in
detail in [20]. The analytical method for determining the gold concentration in this solution
system has been extensively described in previous studies [20]. The thiosulfate concen-
tration detection method for the leaching solution was based on previous literature [21].
The operation steps of the experiment, the consumption of thiosulfate, and the detection
method of the gold concentration in the leaching solution are described in detail in the
Supplementary Materials.

2.2.5. Determination of the Cu(en)2
2+ Complex Concentration

First, Cu(en)2
2+ standard solutions were prepared at concentrations of 2.5, 5, 7.5, 10, and

12.5 mmol/L. The absorbance of the standard solution was measured at 550 nm (Cu(en)2
2+ has

an absorption peak at 550 nm) using deionized water as a blank. The concentration–absorbance
relationship was determined by plotting the concentration of the Cu(en)2

2+ complex on
the horizontal axis and the absorbance on the vertical axis to obtain a standard curve for
the Cu(en)2

2+ solution (Figure 1) [22]. An aliquot of the sample liquid was periodically
removed from the leaching solution using a pipette and transferred to a glass bottle. After
some time elapsed, deionized water was used as the reference sample, and the absorbance
of the Cu(en)2

2+ complex at 550 nm was measured three times in parallel using a UV-VIS
spectrophotometer to determine its average value. The concentration of the Cu(en)2

2+

complex was calculated using the following equation:

X =
Y + 0.0113

0.06308
(2)

Figure 1. Relationship between the absorbance and Cu(en)2
2+ concentration (The specific parameters

are shown in Table 1).
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Table 1. Data parameters obtained by linear fitting in Figure 1.

Intercept Slope Statistics

Value Standard Error Value Standard Error Adj. R-Square

C −0.0113 0.00669 0.06308 8.06308 × 10−4 0.99935

2.3. Sample Characterization

The full name corresponding to the abbreviation in the text: Copper–ethylenediamine–
thiosulfate (Cu2+-en-S2O3

2−), X-ray fluorescence spectroscopy (XRF), X-ray diffraction
(XRD), ultraviolet/visible/near-infrared (UV-VIS-NIR), scanning electron microscopy
(SEM), ultraviolet–visible diffuse reflection spectroscopy (UV-VIS DRS), X-ray photoelec-
tron spectroscopy (XPS), energy-dispersive spectroscopy (EDS).

The phases of the synthetic pure-phase pyrite and nickel-bearing pyrite were detected
using an XRD, and the data were analyzed using JADE software. The micromorphology and
elemental composition of the samples were measured by SEM. Quantitative and qualitative
analysis of leached gold foil and pyrite were performed using an XPS (X-ray photoelectron
spectrometer, PHI5000 Versa ProbeII, ULVAC-PHI, Japan) [23,24]. In addition, the absorp-
tion spectra of synthetic pure-phase pyrite and nickel-bearing pyrite in the wavelength
range 200–2000 nm were measured using a UV-VIS-NIR (UV-3600, Shimadzu, Japan).

3. Results and Discussion

3.1. Phase and Morphology of Synthesized Pure-Phase Pyrite

Figure 2 shows the XRD pattern of the synthetic pure-phase pyrite. The diffraction
peaks of the sample in the figure correspond to (111), (200), (210), (211), (220), and (311)
in the pyrite-type FeS2 standard card (No.42-1340). The crystal half-peak widths of the
sample were small, the diffraction peaks were sharp, and the diffraction intensities were
high, indicating that the synthetic pyrite had good crystallinity, a well-developed crystal
face, a complete crystal shape, and few impurities. The XRD pattern of the synthesized
pyrite had almost no miscellaneous peaks, indicating that the obtained product was of
high purity.

Figure 2. XRD pattern of synthetic pyrite.

After complete quantitative phase analysis of the synthesized pyrite sample in JADE,
a column chart of the content of each substance was obtained. As shown in Figure 3, the
purity of pyrite in the synthetic sample was higher than that of the natural pyrite used in
the experiment.
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Figure 3. Phase and purity of synthetic pyrite.

Figure 4a shows SEM images of synthetic pure-phase pyrite, demonstrating smooth
and complete cubic particles with well-developed boundaries and high integrity. The
particle size of large particles was approximately 3 μm, and the particle size of small
particles was in the range of tens to hundreds of nanometers. Figure 4b shows the spectral
analysis results and element content corresponding to point 1 in Figure 4a. It can be seen
from the figure that the surface of the cube particle contains only two elements, iron and
sulfur, and the specific gravity of iron and sulfur is 45.65% and 54.35%, respectively, which
is very close to the theoretical ideal iron and sulfur content of pyrite.

 

Figure 4. SEM of synthetic pure-phase pyrite; (a) morphology and (b) spectral diagram and weight
percentage at corresponding point 1.
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3.2. Influence of the Nickel Doping Content on the Properties of Pyrite
3.2.1. Phase and Morphology of Nickel-Bearing Pyrite

The XRD patterns of the synthesized nickel-bearing pyrite are shown in Figure 5,
which indicate that Ni-doped pyrite contains more pyrite-type FeS2 and forms (Fe,Ni)S2
(pyrite, Ni-rich) and pentlandite (such as FeNiS2 and Fe5Ni4S8) phases. This indicates
that in the synthesis of nickel-bearing pyrite, a significant portion of nickel exists in a
homogeneous form within the nickel-rich pyrite, or as part of pentlandite formed from
nickel sulfide and iron sulfide. In this study, pyrite containing a small amount of pentlandite
and the lattice substitution of nickel are collectively referred to as nickel-bearing pyrite.
By referencing the literature [25], it becomes evident that (Fe,Ni)S2 exhibits remarkable
catalytic performance and high activity.

Figure 5. XRD patterns of nickel-doped pyrite: (a) 2% nickel-doped pyrite and (b) 10% nickel-doped pyrite.

The morphological changes in the synthetic nickel-bearing pyrite are illustrated in
Figure 6. Compared with the synthesized pure phase pyrite samples, the morphology and
particle size of nickel-bearing pyrite changed significantly. Specifically, a large number of
small particles are present in nickel-bearing pyrite mixed with 2% and 5% nickel. When
7% and 10% nickel are added, these small particles aggregate to form larger diameter
clumps. Therefore, the morphology and particle size of nickel-containing pyrite samples
were significantly changed by increasing the amount of nickel doping. This suggests that
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the introduction of Ni²+ inhibits FeS2 grain growth and thus reduces the particle size of the
FeS2 sample. Due to the larger specific surface area and superior catalytic activity of small
particle pyrite, the addition of nickel ions will help improve the performance of FeS2 in the
catalytic degradation process.

Figure 6. Cont.
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Figure 6. Synthetic nickel-doped pyrite surface topography: (a) 2% nickel, (b) 5% nickel, (c) 7% nickel,
and (d) 10% nickel.

3.2.2. Influence of the Nickel Doping Amount on the Semiconductor Properties of
Synthetic Products

Figure 7 illustrates the UV-VIS DRS spectrum of nickel-doped pyrite, which revealed
that the light absorption coefficients of natural pyrite and synthetic pure-phase pyrite
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were similar, whereas those of nickel-bearing pyrite exhibited distinct trends depending
on the doping amount. The light absorption coefficient gradually increased with the
doping amount. This phenomenon can be attributed to the formation of a small quantity
of pentlandite owing to the increased doping, resulting in an increase in the absorption
coefficient and ultimately leading to enhanced light absorption.

Figure 7. UV-VIS DRS spectra of undoped pyrite, synthesized nickel-doped pyrite, and natural pyrite.

3.2.3. Influence of the Nickel Doping Amount on the Photocatalytic Degradation
Properties of Synthetic Products

The degradation effects of natural pyrite, synthetic pure-phase pyrite, and nickel-
bearing pyrites (with Ni-doping contents of 2%, 5%, 7%, and 10%, respectively) on methy-
lene blue samples are illustrated in Figure 8. The degradation rate of methylene blue in the
solution with nickel-bearing pyrites added increased with increasing Ni-doping content.
At a Ni content of 2%, the catalytic degradation rate of nickel-bearing pyrites for methy-
lene blue was 86%, indicating superior visible-light catalytic activity compared to that of
pure-phase pyrite. The photocatalytic activity of the nickel-bearing pyrite was significantly
enhanced at a nickel content of 7%. After an illumination period of 4 h, the methylene
blue degradation rate reached 96%, demonstrating a noticeably better catalytic effect than
that achieved using natural pyrite alone. When the nickel doping amount reached 10%,
the photocatalytic degradation rate of the nickel-bearing pyrite achieved the complete
removal (100%) of methylene blue. Therefore, the photocatalytic effect of nickel-bearing
pyrite also increased with increasing nickel doping. The results showed that nickel doping
can effectively regulate the photocatalytic properties of pyrite at different doping amounts.

The reasons for the improvement in the visible-light catalytic activity of nickel-doped
pyrite are as follows. After the inclusion of metal ions in the semiconductor photocatalyst,
the metal can be used as an effective acceptor of electrons, trapping photoelectrons from
the valence band in the conduction band and preventing the combination of semicon-
ductor photoelectrons and holes, thus improving the visible-light catalytic activity of the
semiconductor [11].
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Figure 8. Changes in the photocatalytic performance of natural pyrite, undoped pyrite, and nickel-
doped pyrite.

3.3. Influence of Nickel-Containing Pyrite on the Consumption of Thiosulfate and Cu(en)2
2+ in

the System

The catalytic degradation of thiosulfate and the consumption of the copper complex
by the nickel content in pyrite were investigated by introducing different nickel-doped
pyrites into a Cu2+-en-S2O3

2− gold leaching system.
The impact of nickel-containing pyrite on thiosulfate consumption in the Cu2+-en-

S2O3
2− gold leaching system was also investigated (Figure 9a). The nickel contents of

the pyrite samples were 2%, 5%, 7%, and 10%, with the synthesized pure-phase pyrite
used as the control group. When pure-phase pyrite was introduced into the system,
thiosulfate consumption increased slowly within 24 h but accelerated rapidly beyond this
duration. Upon the addition of nickel-containing pyrite, a significant increase in thiosulfate
consumption occurred, which correlated with higher levels of nickel doping (as shown
Figure 9a). This is mainly due to the catalytic action of pyrite itself on the decomposition of
thiosulfate, and the introduction of nickel inhibits the growth of FeS2 grains, thus reducing
the particle size of FeS2 samples. Compared with large-particle pyrite, small-particle
pyrite has a larger specific surface area and superior catalytic activity. Therefore, the
incorporation of nickel is helpful to improve the catalytic degradation performance of
pyrite for thiosulfate. In addition, some scholars have found that the doping of nickel
inside pyrite will transform it into N-type semiconductor [11,12]. With the increase in
doping amount, the band gap width decreases gradually, making it easier for electrons
bound to the surface to transition to the conduction band and transform into free electrons
or holes. Therefore, there are more impurities in the nickel-containing pyrite that can
accept electrons. When electrons in the valence band are excited into the conduction band,
more holes are created [11,26], thus promoting the electron-giving process of thiosulfate.
Therefore, nickel-containing pyrite significantly accelerates the oxidative decomposition of
thiosulfate [27].

As shown in Figure 9b, in the Cu2+-en-S2O3
2− gold leaching system, the addition of

pure-phase pyrite had little effect on Cu(en)2
2+ consumption compared to nickel-bearing

pyrite with 2%, 5%, 7%, and 10% nickel contents. The consumption of Cu(en)2
2+ grad-

ually increased with leaching time when pure-phase pyrite was added to the leaching
system. However, when nickeliferous pyrite was added to the gold leaching system, the
consumption of Cu(en)2

2+ initially sharply increased. This was particularly evident in
the pyrite system with a large amount of nickel doping, where the consumption of the
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complex reached approximately 75% within the first 5 h. Subsequently, a slow increase in
the content of Cu(en)2

2+ occurred during the following 5–10 h. When the leaching time
exceeded 10 h, a gradual increase in the consumption of Cu(en)2

2+ occurred as the leaching
time increased. In particular, the consumption of Cu(en)2

2+ also increases with an increase
in nickel doping, and there is a clear correlation between the two.

Figure 9. (a) Effects of nickel doping in pyrite on thiosulfate consumption; (b) Effects of nickel
dop-ing in pyrite on Cu(en)2

2+ consumption (in the Cu2+-en-S2O3
2− system, pH 9.8–10, temperature

25 ◦C, time 35 h, solution: 0.1 mol/L S2O3
2−, 5 mmol/L Cu(en)2

2+, 200 mL solution).

3.4. Mechanistic Analysis of Cu2+-en-S2O3
2− Gold Leaching with Nickel-Bearing Pyrite

3.4.1. XPS Analysis of Gold Foil After Leaching

As shown in Figure 10a, when 7% Ni-doped pyrite was added to the Cu2+-en-S2O3
2−

system and after fitting the Ni 2p peak of the leached gold foil surface, the peaks at
854.88, 855.43, and 856.36 eV corresponded to NiO, NiS, and NiSO4, respectively [28]. The
nickel in the pentlandite was present as free NiS, and the presence of NiSO4 indicated
that the nickel in the pentlandite was converted to Ni (II) during the degradation of
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thiosulfate. Based on the magnitude of the peak values, the primary nickel-containing
compounds present on the surface of the leached gold foil were inferred to be NiO and NiS.
Zhou’s [29] study revealed the chemical equation of Ni release during the dissolution and
reprecipitation of pyrite, as shown in Equation (3) below:

(Fe, Ni)S2 + 3Cl− → FeS2 + NiCl3− + 2H2S + O2 (3)

Figure 10. Cont.
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Figure 10. XPS spectrum of the gold foil surface after leaching with nickel-doped pyrite in the
Cu2+-en-S2O3

2− gold leaching system: (a) Ni 2p, (b) Fe 2p, (c) Cu 2p, and (d) S 2p spectra (pH 9.8–10,
temperature 25 ◦C, time 35 h, solution: 0.1 mol/L S2O3

2−, 5 mmol/L Cu(en)2
2+, 200 mL solution).

Due to the presence of ferrous chloride in the synthetic raw material, it is possible that
the nickel in the nickel pyrite is released during the leaching process and thus dissolved in
the gold leaching system.

Figure 10b displays the Fe 2p spectrum observed on the surface of the leached gold foil
subsequent to the introduction of nickel-bearing pyrite into the leaching system, wherein
Fe 2p3/2 exhibits three primary peaks at 706.87 eV, 710.19 eV, and 712.40 eV. The peak at
706.87 eV predominantly corresponds to FeS2, while the peak at 710.19 eV is attributed to
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the formation of FeS, and the peak at 712.40 eV arises from adsorption of FeSO4 onto the
gold foil surface [30].

In Figure 10c, the Cu 2p3/2 peak at 932.63 eV corresponds to the binding energy
of Cu2S [30,31]. This suggests that when nickel-bearing pyrite was introduced into the
Cu2+-en-S2O3

2− gold leaching system, the only copper-containing substance present on the
surface of the leached gold foil was Cu2S. This is completely different from the situation
in which CuS forms the main copper passivation layer on the surface of the gold foil after
the addition of natural pyrite. Therefore, the above results indicate that Cu(II), which was
originally complexed with en in the system, was reduced to cuprous ions as the leaching
time increased.

In Figure 10d, the S 2p3/2 peak at 162.71 eV corresponds to the binding energy of
FeS2, while the peaks at 165.99 eV and 167.12 eV correspond to the binding energies of
Na2SO3. The S 2p3/2 peaks at 167.86 eV and 168.97 eV correspond to the binding energies
of Na2S2O3 and FeSO4, respectively [32]. The presence of SO3

2− and SO4
2− indicates

significant decomposition and consumption of thiosulfate in the system.

3.4.2. XPS Analysis of Nickel-Bearing Pyrite After Leaching

Figure 11a–c shows the Fe 2p, Cu 2p, and S 2p spectra, respectively, on the surface
of the nickel-bearing pyrite after its addition to the Cu2+-en-S2O3

2− gold leaching system.
In Figure 11a, the peak of Cu 2p3/2 (932.91 eV) was determined to be Cu2S [33], and no
Cu2+ was present, indicating that the copper ions in the original system were more easily
reduced to Cu+ under the promotion of nickel ions after the addition of nickel-containing
pyrite. In Figure 11b, the peak at 706.92 eV represents the binding energy of Fe 2p3/2 in the
disulfide found in pyrite, while the binding energy peak of Fe 2p3/2 in FeS was observed
at 710.06 eV [30].

In Figure 11c, the S 2p3/2 peak at 162.91 eV corresponds to FeS2, and the S 2p3/2 peak
at 168.89 eV corresponds to FeSO4 [10]. Compared with the spectral diagram of S 2p3/2 on
the surface of the leached gold foil and nickel-containing pyrite, thiosulfate adsorption was
not observed on the surface of the leached nickel-containing pyrite. Owing to the addition
of nickel-bearing pyrite, a significant amount of thiosulfate in the system was catalytically
decomposed, resulting in only a small quantity remaining. Consequently, a substantial
amount of sulfate, which is the final decomposition product of thiosulfate, was adsorbed
onto the surface of the leached nickel-bearing pyrite.

Figure 11. Cont.
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Figure 11. XPS spectra of the leached pyrite with nickel-doped pyrite in the Cu2+-en-S2O3
2− leaching

system: (a) Cu 2p, (b) Fe 2p, and (c) S 2p spectra (pH 9.8–10, temperature 25 ◦C, time 35 h, solution:
0.1 mol/L S2O3

2−, 5 mmol/L Cu(en)2
2+, 200 mL solution).

3.4.3. SEM Analysis of Nickel-Bearing Pyrite After Leaching

After introducing nickel-bearing pyrite into the Cu2+-en-S2O3
2− gold leaching system

for the gold leaching test, the nickel-bearing pyrite was analyzed using SEM-EDS(as shown
in Figure 12). A comparison of the surface topography of the nickel-bearing pyrite before
and after the test revealed that a large number of fine particles or powder was adsorbed
onto the surface of the leached nickel-bearing pyrite (Figure 12a). Moreover, the cubic
particles of the leached nickel-bearing pyrite became smaller and agglomerated, forming
more spherical particles or clumps. EDS analysis showed that the adsorbed materials
on the surface of the leached nickel-bearing pyrite mainly contained Cu, Fe, Ni, Au, S,
and other elements, indicating that nickel-bearing pyrite adsorbed some gold complexes
(Figure 12b,c).
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(a) 

(b) 

(c) 

Figure 12. (a) SEM image of the leached nickel-doped pyrite surface in the Cu2+-en-S2O3
2− leaching

system, (b) corresponding EDS spectrum, and (c) element map (pH 9.8–10, temperature 25 ◦C, time
35 h, solution: 0.1 mol/L S2O3

2−, 5 mmol/L Cu(en)2
2+, 200 mL solution).

Owing to the high consumption of thiosulfate in the leaching system with nickel-
bearing pyrite added, when the concentration of thiosulfate in the solution was very low or
almost nonexistent, the stability of Au+ and the number of adsorption sites for thiosulfate
and gold thiosulfate complex ions decreased. Consequently, the adsorption of gold on the
mineral surfaces increased, which led to a phenomenon known as gold robbing [20].

3.4.4. Mechanism of the Catalytic Decomposition of Thiosulfate by Nickel-Bearing Pyrite
in the Cu2+-en-S2O3

2− Gold Leaching System

During gold leaching in the Cu2+-NH3-S2O3
2− system, pyrite undergoes oxidation by

dissolved oxygen and copper (II), which can be represented by the following simplified
equation (based on the HSC 6.0 database):

2FeS2 + (13/2)O2 + 4Cu(N H3)
2+
4 + 7H2O + 12S2O2−

3 →
2FeO·OH + 4(N H4)2SO4 + 4Cu(S2O3)

5−
3 + 8NH3 + 4H+ (Δ Gθ = −616.1 kcal/mol)

(4)

Based on the effects of nickel-bearing pyrite on gold dissolution and thiosulfate and
Cu(en)2

2+ consumption in the Cu2+-en-S2O3
2− leaching system as well as the surface

morphology and XPS analysis of the gold foil and nickel-bearing pyrite after leaching,
the main adsorbed substances on the surface of the gold foil were determined to be NiS,
NiSO4, FeS2, FeSO4, and Cu2S. This indicates that nickel dissolved in the system and the
free nickel ions combined with SO4

2− and S2−, resulting in the partial adsorption of NiS
and NiSO4 onto the gold foil, which adversely affected gold dissolution. Based on the
changes in Cu(en)2

2+ consumption in the system and the formation of Cu2S on the surface
of the leached gold foil, a portion of the nickel in the nickel-bearing pyrite dissolved in the
system to form numerous free Ni2+. These Ni ions accelerated the conversion of Cu2+ to Cu+.
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As the complexation of en with Ni2+ made chemical Equation (5) faster and Equation (6)
more difficult, the concentration of Cu(en)2

2+ continued to decrease over a short period
of time. Cu(I) was reoxidized to Cu(II) by the dissolved oxygen in the leaching solution;
however, the oxidation of the complex formed between Cu(I) and en by dissolved oxygen
occurred at a slower rate than the complex reaction between nickel ions and free en (5); as
shown in Table 2, the Ni(en)2

2+ was not as stable as Cu(en)2
2+. Therefore, after a certain

period, the concentration of Cu(en)2
2+ gradually increased.

Ni2+ + 2en + 2e−→ Ni (en)2+
2 (5)

Cu(en)2+
2 + e−→ Cu (en)+ + en (6)

en + Cu(en)+ + O2 + 2H2O + e−→ Cu (en)2+
2 + 4OH− (7)

Table 2. The equilibrium constants (logKa) for the complexation of Ni2+, Cu+, Cu2+ with en: ionic
strength (I = 0), 25 ◦C.

Metal Ion Complexation LogK

Ni2+ Ni(en)2+ 7.52

Ni(en)2
2+ 13.84

Cu+ Cu(en)2
+ 10.8

Cu2+ Cu(en)2+ 10.67

Cu(en)2
2+ 20

a LogK taken from Lange’s Handbook of Chemistry, 15th Ed.

The consumption of thiosulfate in the gold leaching system with the addition of
nickel-containing pyrite increased sharply with increasing nickel content, indicating that
the consumption of thiosulfate was related to nickel doping. First, the complexation of
dissolved nickel ions with en accelerated the progress of Equation (8), thereby expediting
the consumption of thiosulfate. Second, the nickel doping of pyrite increased the donor
energy level of the pyrite semiconductor. The rate-controlling step of thiosulfate decom-
position is the process in which oxygen accepts electrons provided by pyrite; therefore, a
higher nickel doping content led to more donor impurities in the pyrite semiconductor
and a narrower bandgap width, which was conducive to the rapid progress of the electron
supply process in pyrite. Therefore, the process of electron acceptance by oxygen was
promoted, and thiosulfate consumption increased with increasing Ni-doping content [22].

2Cu(en)2+
2 + 6S2O2−

3 → 2Cu (S2O3)
5−
2 + 4en + S4O2−

6 (8)

4. Conclusions

The effects of the impurity content in nickel-containing pyrite on the light absorption
and photocatalytic degradation properties as well as the catalytic degradation of thiosulfate
and consumption of Cu(en)2

2+ in the Cu2+-en-S2O3
2− system were studied. The main

conclusions are as follows:
(1) In nickel-doped pyrite, the amount of nickel doping significantly affected the light

absorption performance of pyrite. As the level of nickel doping increased, the photocatalytic
performance of nickel-doped pyrite was enhanced between 2 and 4 hours.

(2) In the Cu2+-en-S2O3
2− gold leaching system, the passivation effect of nickel-bearing

pyrite on gold dissolution was enhanced by increasing the nickel content.
(3) With an increase in the nickel content (from 2 to 10%) in pyrite, the catalytic degra-

dation of thiosulfate was also enhanced. This is mainly because the nickel in nickeliferous
pyrite forms complexes with en solution, resulting in the accelerated oxidation decomposi-
tion of thiosulfate to produce en and SO4

2−. Additionally, a higher nickel content leads to
an increased presence of donor impurities in pyrite semiconductors. The faster the electron
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supply process of pyrite, the more it promotes the electron acceptance of oxygen, thereby
accelerating the rate of oxidation and decomposition of thiosulfate.
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Abstract: The vast seabed holds tremendous resource potential that can provide necessary ma-
terials for future human societal development. This study focuses on the mineralogy of seafloor
manganese nodules off the coast of China in the Western Pacific and the primary techniques for
extracting valuable metal elements from manganese nodules. The research indicates that the main
valuable metal elements in the manganese nodules from this region include Cu, Co, Ni, Mn, Fe,
etc. The key to extracting these valuable metals lies in reducing Mn(IV) to Mn(II) to disrupt the
structure of the nodules, thereby releasing the valuable elements. The extraction processes for
the main valuable metal elements of manganese nodules are mainly divided into two categories:
pyrometallurgical–hydrometallurgical and solely hydrometallurgical. In order to cope with the chal-
lenges of environmental change and improve utilization efficiency, bioleaching, hydrogen metallurgy,
and co-extraction are gaining increasing attention. For promoting commercialization, the future
development of manganese nodule resources can refer to the technical route of efficient short-process
extraction technology, the comprehensive recovery of associated resources, and tail-free utilization.

Keywords: manganese nodule; mineralogy; extraction; pyrometallurgical–hydrometallurgical;
hydrometallurgical

1. Introduction

The vast depths of the ocean harbor rich reserves of energy resources, mineral re-
sources, biological resources, and genetic resources. These resources offer potential solu-
tions to humanity’s energy and food crises, providing opportunities for future survival
and development. As terrestrial resources diminish day by day, humanity’s reliance on
marine resources continues to grow. The utilization and development of deep-sea resources
have become a crucial stage for countries worldwide to demonstrate their comprehensive
national strength and international influence [1–6].

Manganese nodules, also known as polymetallic nodules, contain over 30 types of
metal elements and represent a major form of deep-sea mineral resources. These nodules
are extensively distributed across the seafloors of the Pacific, Atlantic, and Indian Oceans at
depths ranging from 3500 to 6000 m [7]. The reserves of some metals in manganese nodules
are dozens or even hundreds of times that of terrestrial resources. The most commercially
valuable ones include copper, cobalt, nickel, and manganese. It happens that these four
metals are energy metals that are currently in short supply [8]. Relevant data shows
that the abundance of manganese nodules at the bottom of the ocean is mostly between
5~30 kg/m2. The reserves of manganese nodules in the Pacific Ocean alone can reach
1.7 trillion tons, of which the metal content of manganese (Mn) is 400 billion tons, the metal
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content of nickel (Ni) is 16.4 billion tons, the metal amount of copper (Cu) is 8.8 billion
tons, and the metal amount of cobalt (Co) is 5.8 billion tons. These reserves are equivalent
to more than 400 times the current terrestrial Mn reserves, more than 1000 times the Ni
reserves, 88 times the Cu reserves, and more than 5000 times the Co reserves. Therefore,
manganese nodules can provide sufficient raw materials for new energy industries such as
batteries, which is a beneficial supplement to the shortage of land-based energy metals. It
can help humans cope with climate change and achieve the goal of “carbon peaking and
carbon neutrality” [9–15]. Figure 1 presents the distribution of major mineral resources in
the deep sea and their spatial overlay with the exclusive economic zones.

Figure 1. Location of deep-sea deposits and their spatial overlay with the exclusive economic zones.
Reprinted with permission from ref. [16]. 2021 Elsevier.

The mining of seabed mineral resources from water depths below thousands of meters
faces huge technical challenges [17]. It involves multi-disciplinary fields such as exploration,
mining, mineral processing, metallurgy, biology, environment, machinery, materials, and
automation, which is a collection of cutting-edge technologies. Due to mining costs and
marine environmental protection, manganese nodules have not yet been recovered and
utilized on a large scale [18–21]. However, due to earlier awareness of the importance of
seabed mineral resources, some countries and institutions have mastered key technologies
and core equipment manufacturing capabilities for deep-sea mineral mining. For example,
The Metals Company (TMC) of Canada has conducted an in-situ mining test at a sea depth
of 4300 m in the Clarion–Clipperton zone (CCZ) in October 2022, and collected about
3600 t of deep-sea manganese nodules. At the same time, the corresponding environmental
assessment is underway [22–27]. TMC plans to achieve commercial mining of manganese
nodules on a scale of tens of millions by 2025, which means that the development and
utilization of deep-sea mineral resources has entered a new stage.

With the advancement of mining technology, the extraction technology of valuable
metal elements from manganese nodules has also attracted more and more attention. Un-
like the occurrence state of terrestrial mineral resources, even though deep-sea manganese
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nodules contain higher concentrations of valuable metal elements, they are highly dis-
persed within the nodules in the form of fine particles, making it challenging to achieve
effective enrichment through traditional ore beneficiation methods [28]. Detailed miner-
alogical studies play an important role in guiding the extraction process of valuable metal
elements from manganese nodules. Building upon previous research, this paper conducts
a detailed investigation of the mineralogy of manganese nodules along the southeastern
coast of China, and reviews the existing extraction processes of valuable elements from
manganese nodules. The objective is to serve as a reference for the subsequent improve-
ment of low-cost, high-efficiency, and environmentally friendly extraction technologies
for manganese nodules, thus promoting the commercial development and utilization of
manganese nodules.

2. Mineralogy of Deep-Sea Manganese Nodules

The manganese nodules in this study were obtained from the southeastern coast of
China in the Western Pacific Ocean during sea trials by the Changsha Institute of Mining
and Metallurgy. As shown in Figure 2, the color of manganese nodules is often black
or brown-black, and the shapes are mostly spherical, elliptical, potato-shaped, flat, slag-
shaped, etc., with different sizes. It can be observed that the manganese nodules are
composed of a loose core and a dense shell after cutting the manganese nodules in half,
which is consistent with relevant reports. The main minerals of manganese nodules are
cryptocrystalline iron-hydroxide manganese ore (δ-MnO2·H2O) and amorphous ferrihy-
drite (FeOOH), which are usually epitaxially intertwined [29–31]. The rest of the minerals
are fine-grained clastic minerals, including quartz, feldspar, pyroxene, clay, zeolite, and
authigenic mineral carbon fluoroapatite (CFA). The elements in manganese nodules in the
Pacific can be roughly classified according to their mass fractions, as shown in Table 1. The
element contents indicate that the metal elements with greater economic value in deep-sea
manganese nodules are mainly Mn, Fe, Ni, and Co, followed by Cu, etc. [32–34].

Figure 2. Physical picture of manganese nodule.

Table 1. Classification of elements in manganese nodule. Adapted from Ref. [35].

Classification Element

Main element (>1%) Mn (13~27%), Fe (6~18%), SiO2 (5%), Al2O3 (1.2%), MgO (1.5%), Na2O (1.8%)

Minor element (600 × 10−6~1%) Co (0.3~1.2%), Fe (1670 × 10−6~7250 × 10−6%),
Cu (573 × 10−6%), Ba, Sr, Pb

Trace element (<600 × 10−6%) Mo, W, Pt, Pd, Nb, Ga, Te, Sc, Y
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2.1. Composition and Content of Manganese Nodules

The representative manganese nodules were crushed and homogenized for X-ray
fluorescence (XRF) analysis, multi-element chemical analysis, X-ray diffraction (XRD)
analysis and chemical phase analysis. As present in results of XRF semi-quantitative
analysis (Table 2), the element contents of Mn, Fe, Ni, Co, and Cu that are valuable for
recovery in this manganese nodule sample are 29.92%, 9.92%, 1.44%, 0.27%, and 1.18%,
respectively. The gangue elements with high content include Si, Al, Ca, Na, Mg, K, etc. The
elements with lower content such as Ti, Ba, Pb, Zn, Mo, W, Ce, etc. can be considered for
comprehensive recovery.

Table 2. Results of XRF analysis (mass fraction, %).

O Mn Si Fe Al Ca

33 29.91 10.28 9.19 3.34 2.45

Na Mg Ni K Cu Cl
2.45 2.17 1.44 1.28 1.18 0.94

Ti Ba Co P S Zn
0.68 0.342 0.27 0.27 0.22 0.144

Sr V Mo Pb Ce Zr
0.0765 0.0707 0.0573 0.559 0.051 0.0387

Tl W La Y Nb Rb
0.0335 0.032 0.023 0.0129 0.003 0.002

Further chemical analysis results (Table 3) indicate that the contents of Mn, Fe, Ni, Co,
and Cu are 24.68%, 7.85%, 1.05%, 0.23%, and 0.92%, respectively. Coupled with the phase
analysis results (Tables 4–6), it can be concluded that Mn mainly exists in the aggregate of
manganese iron oxides, accounting for 65.23%, followed by 27.81% of manganese dioxide,
6.19% of manganese oxide and 0.76% of manganese silicate minerals. More than 99%
of Co and Ni are distributed in manganese oxides, which is related to the formation
mechanism of manganese nodules. During the formation of manganese nodules, Co2+ in
seawater is adsorbed by the negatively charged hydrated MnO2 colloid under the action
of external coordination adsorption and oxidized to Co3+. Ni2+ is also fixed on MnO2
through adsorption. Therefore, the distribution of Co and Ni is positively correlated with
Mn. However, iron oxyhydroxide that is positively charged is easily adsorbed by certain
hydrated metal ions that are negatively charged. The distribution of these metal elements is
positively related to Fe and mainly includes Pb, V, As, Mo, W, Ti, Th, Zr, rare earth elements
(REE), etc. [36–40]. The formation mechanism of manganese nodule is shown in Figure 3,
which illustrates the co-occurrence relationship between various elements.

Table 3. Results of multi-element chemical analysis (mass fraction, %).

Mn Cu Co Ni Na Mg
24.68 0.92 0.23 1.05 1.80 2.19

K Ca Si Fe Al W
1.01 1.86 7.76 7.85 2.65 0.0072

V Mo Pb Zn P S
0.04 0.047 0.052 0.13 0.30 0.15

Table 4. Phase analysis results of manganese.

Phase of Mn Manganous Silicate Manganese Dioxide Ferromanganese Oxide Manganous Oxide Total

Content/% 0.19 6.92 16.23 1.54 24.88
Distribution/% 0.76 27.81 65.23 6.19 100.00
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Table 5. Phase analysis results of cobalt and nickel.

Phase
In Manganese

Oxides
In Iron Oxides Total

Content of Co/% 0.23 0.0005 0.2305
Distribution of Co/% 99.78 0.22 100.00

Content of Ni/% 1.04 0.0082 1.0482
Distribution of Ni/% 99.22 0.78 100.00

Table 6. Phase analysis results of copper.

Phase of Cu
Free Copper

Oxide
Bound Copper

Oxide
Primary

Copper Sulfide
Secondary

Copper Sulfide
Total

Content/% 0.89 0.02 0.005 0.005 0.92
Distribution/% 96.74 2.17 0.54 0.54 100.00

Figure 3. Schematic diagram of deep-sea manganese nodule formation. Adapted from Ref. [38].

The Cu content in this nodule is 0.92%, which is far higher than the average Cu
content of the Pacific manganese nodule (573 × 10−6%), and has great recovery value.
Cu in seawater exists primarily in the form of hydrated divalent cations or carbonate
complexes. Its concentration and distribution are influenced by geographical location,
water depth, sediment types, and other environmental factors. It does not exhibit a strong
correlation with the distribution patterns of Mn or Fe. A total of 96.02% of Cu in the
manganese nodule in this area is in the form of free copper oxide.

As can be seen from Figure 4, the intensity of the XRD peak of the manganese nodule
is very weak, and amorphous minerals such as vernadite are difficult to detect, which is
consistent with the relevant research findings. However, hydromanganese mineral groups,
such as todorokite and asbolane, and zeolite mineral groups, such as laumontite and
leonhardite, can still be observed [41,42].
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Figure 4. XRD pattern of manganese nodule.

2.2. Occurrence of Main Elements of Manganese Nodules

The distribution status of the main elements in manganese nodules were investigated
in detail using Multimode V scanning microscope. As shown in Figure 5, the dense
shell and loose core of the cross-sectioned manganese nodule under the microscope show
obvious boundaries. An area in the core and shell is randomly selected for surface scanning
to analyze the content and distribution of the elements, respectively. The results show
that the main element contents in the core from high to low are: O (34.28%), Si (27.36%),
Fe (13.95%), Al (9.35%), Mn (5.60%), K (2.81%), Mg (2.53%), Ca (1.10%), Na (1.09%), Cu
(0.72%), Ni (0.68%), Co (0.54%), the main elements in the shell are Mn (34.59%), O (27.81%),
Fe (15.10%), Si (5.13%), Mo (4.71%), Ca (2.54%), Al (2.42%), Mg (2.19%), Ni (1.36%), Na
(0.88%), Cu (0.86%), K (0.68%), Zn (0.61%), W (0.57%), Co (0.49%), and Pb (0.05%). The
contents of Si and Al in the core significantly exceed those in the shell, and the distributions
of Al and Si in the core are closely related (Figure 6), indicating that the main minerals
in the core are aluminosilicate minerals such as feldspar, pyroxene, clay, zeolite, etc. The
contents of Mn and Fe in the shell are much higher than those in the core, and the Mn and
Fe in the shell are highly dispersed (Figure 7), indicating that the main mineral in the shell
is the iron–manganese mineral phase. The main valuable metal elements Ni, Co, and Cu
are scattered in the core and shell of nodules. Comparing the content of each element in the
core and the shell, when the content of Mn and Fe is high, the content of elements related to
them is also high, which is consistent with the research results on the formation mechanism
of manganese nodules.

Line scans were performed on different areas of manganese nodules to further study
the changes in the content of each element. As presented in Figure 8, the change pattern
of element characteristic peak intensity also proves that Al and Si are closely associated,
and Fe and Mn are closely associated. From the core to the shell, the contents of Al and Si
gradually decrease, while the contents of Fe and Mn gradually increase.
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Figure 5. Occurrence of elements in manganese nodule.

Figure 6. Occurrence of elements in the core of manganese nodule.

Figure 7. Occurrence of elements in the shell of manganese nodule.
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Figure 8. Occurrence of elements in different parts of manganese nodule.

3. Extraction of Main Valuable Elements from Manganese Nodules

Compared with the same metal minerals on land, the main metal content in manganese
nodules is more abundant, which provides the possibility of direct metallurgical recovery.
In the 1970s, four organizations, namely International Nickel Company (INCO), Kennecott
Copper Corporation (KCC), Metallurgie Hoboken Overpelt Company (MHO), and Deep
Sea Ventures (DSV), were among the pioneers to commence the metallurgical recovery of
Cu, Co, Ni, and Mn from manganese nodules. Their efforts laid the foundation for the
subsequent development of extraction technologies. At present, the mainstream extraction
processes are mainly divided into two categories: pyrometallurgical–hydrometallurgical
and hydrometallurgical [43–45]. In order to reduce costs or improve the comprehensive
utilization value of manganese nodules, researchers have proposed new technologies
such as microbial extraction, short-process for directly producing metal materials from
manganese nodule alloys, and the preparation of environmentally friendly materials from
metallurgical slag. The critical step in these extraction processes is to reduce Mn(IV) to
Mn(II), destroying the structure of manganese nodules, so that the valuable elements such
as Co, Ni, and Cu are released into the solution [46]. Figure 9 illustrates the chemical species
distribution of Mn and Fe under varying redox potential (Eh) and pH conditions. At high
redox potentials, manganese primarily exists in high oxidation states, such as MnO2(s).
In contrast, under low redox potentials or acidic conditions, manganese is reduced to its
dissolved form, Mn2+. To convert MnO2(s) or Mn3O4(s) into Mn2+, it is necessary to lower
the redox potential to a reductive environment (e.g., negative Eh values) while maintaining
acidic conditions (pH < 5). Therefore, using reductants to decrease the Eh value is a key
strategy for achieving efficient manganese leaching. Iron primarily exists in dissolved
forms (Fe2+ or Fe3+) under acidic conditions. In neutral or alkaline environments, iron
tends to form hydroxide or oxide precipitates, such as Fe(OH)3 and Fe2O3. At low Eh
and acidic conditions, iron readily dissolves as Fe2+, which is critical for facilitating the
reductive leaching of MnO2. However, as pH increases or Eh rises, iron is more likely to
transition into Fe3+, forming precipitates that hinder the leaching process. After leaching is
completed, impurities are removed from the leachate and elements are separated using
treatment processes similar to those used for terrestrial resources, such as solvent extraction,
electrolytic deposition, and so on [47–50].
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Figure 9. Potential–pH diagram for Mn–Fe–H2O system at 25 ◦C and unit activity (based on HSC
Chemistry 6.1).

3.1. Pyrometallurgical–Hydrometallurgical Process
3.1.1. Reduction Roasting–Acid Leaching Process

(1) INCO process. This pyrometallurgical–hydrometallurgical process is developed
by INCO. As shown in Figure 10, the dried and ground manganese nodules are roasted
reductively, and then smelted in an electric furnace to produce slag rich in manganese and
iron, as well as alloys containing copper, nickel, cobalt, and small amounts of iron and
manganese. The slag is further utilized to produce ferromanganese. The alloy is sulfurized
to produce matte, and then leached with sulfuric acid. Subsequently, the leach solution
undergoes extraction, electrowinning, hydrogen reduction, and other processes to separate
and produce copper, nickel, and cobalt [51,52].

Figure 10. INCO smelting–leaching process and reactions involved. Adapted from Refs. [51,52].

(2) Improved INCO process. Based on the INCO process, China Ocean Mineral
Resources Research & Development Association (COMRA) has made improvements to
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the subsequent hydrometallurgical leaching of polymetallic alloys. The hydrochloric acid
corrosion method was employed to precipitate most of the iron, while copper, cobalt, nickel,
and manganese enter the solution. The metals were then extracted and separated. In small-
scale trials, the metal recovery rates were as follows: 94.21% of Cu, 95.23% of Co, 96.49%
of Ni, 97.68% of Mn, and 96.16% of Fe [53]. Similarly, Interoceanmetal Joint Organization
(IOM) employed H2SO4-H2SO3 instead of H2SO4 to dissolve the alloy of copper, nickel,
and cobalt produced by electrosmelting. Nickel, cobalt, and a small amount of manganese
and iron were selectively dissolved, while copper precipitated as CuS. The manganese-rich
slag generated during electrosmelting was recovered in the form of Si-Mn alloy. Ultimately,
the recovery rates of Cu, Ni, and Co can reach 92%, 93%, and 89%, respectively [54].

The related researchers has improved the INCO process by adding a second smelting
step on the basis of optimizing the original smelting process. This enhancement further
processed the manganese-rich slag to produce high-carbon ferromanganese, which is used
in the production of manganese steel. In addition, this process reduced the heavy metal
content in the waste slag, making it suitable for use in the construction industry. Simultane-
ously, the Fe-Ni-Cu-Co alloy was directly subjected to pressurized sulfuric acid leaching
without requiring conversion to sulfide, followed by solvent extraction of copper, iron
precipitation, and cobalt solvent extraction. Copper sulfate was added during leaching to
prevent the formation of hydrogen gas. The waste generated in the hydrometallurgical pro-
cess was recycled back into the pyrometallurgical process, achieving zero waste discharge,
as shown in Figure 11 [55].

Figure 11. Improved hydrometallurgical process of INCO. Adapted from Ref. [55].

Xue et al. utilized residual carbon from coal gasification slag for the reduction roasting–
sulfuric acid leaching treatment of manganese nodules, successfully extracting valuable
metals such as manganese, copper, cobalt, and nickel. The leaching efficiency exceeded 98%
for manganese and 96% for copper, cobalt, and nickel. The reduction and leaching processes
were dominated by chemical interfacial reactions, with SO2 generated from the residual
carbon significantly enhancing manganese reduction. In addition to its high efficiency, this
process offers substantial environmental and economic benefits by repurposing industrial
by-products like coal gasification slag, minimizing waste, and reducing energy costs [56].
The selective carbothermal reduction and high-pressure sulfuric acid leaching has also
been employed to recover cobalt, nickel, manganese, and copper from cobalt-rich deep-sea
nodules. At 600 ◦C, 60 min and 3 wt% carbon, the method achieved leaching efficiencies
of 98.47% cobalt, 95.72% nickel, 97.24% manganese, and 94.99% copper, with minimal
extraction of iron and aluminum. This provides an efficient and sustainable method for
recovering valuable metals [57].

3.1.2. Reduction Roasting–Ammonia Leaching Process

Inspired by the Caron process using ammonia solution to treat laterite nickel ores, the
reduction roasting method has been introduced for processing manganese nodules. The
products of reduction roasting of manganese nodules were subjected to ammonia leaching.
Subsequently, copper, nickel, and cobalt formed soluble complexes with ammonia in the
liquid phase. Finally, extraction and precipitation were used to achieve separation between
different metals. Han et al. [56] performed reduction roasting of different manganese
nodules at 600 ◦C in an atmosphere with a CO/CO2 ratio of 60/40 for 2 h, followed by
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leaching with aqueous NH3-(NH4)2CO3 and NH3-(NH4)2SO4 at room temperature and
atmospheric pressure. The extraction rate of nickel can reach more than 80%, and the
extraction rate of cobalt was close to 50%. The mechanism study also confirmed that the
leaching rate of cuprous oxide is faster than that of copper peroxide and metallic copper.
Therefore, the excessive reduction at high temperature was not conducive to the ammonia
leaching of copper. In the NH3-(NH4)2SO4 system, the extraction efficiency of metals is
higher. However, since manganese, iron, and carbonate can form precipitates, manganese
and iron are basically not extracted in the NH3-(NH4)2CO3 system, which is beneficial to
the subsequent separation and purification of different metals. The dissolution reactions
that may be involved are shown in Table 7.

Table 7. Dissolution reactions of copper, nickel, cobalt, and their oxides in ammonia solution.
Adapted from Ref. [58].

Reaction ΔG/kcal·mol−1

Cu + 1
2 O2 + 2NH3 + 2NH+

4 ⇔ Cu(NH3)
2+
4 + H2O −34.2

CuO + 2NH3 + 2NH+
4 ⇔ Cu(NH3)

2+
4 + H2O −3.8

Cu2O + 1
2 O2 + 4NH+

4 ⇔ 2Cu(NH3)
2+
2 + 2H2O −33.44

Cu2O + 2NH3 + 2NH+
4 ⇔ 2Cu(NH3)

+
2 + H2O −2.05

Ni + 1
2 O2 + 4NH3 + 2NH+

4 ⇔ Ni(NH3)
2+
6 + H2O −54.53

NiO + 4NH3 + 2NH+
4 ⇔ Ni(NH3)

2+
6 + H2O −3.23

Ni3O4 + 10NH3 + 8NH+
4 ⇔ 3Ni(NH3)

2+
6 + H2O + 2H+ + 3H2O + 1

2 O2 +31.38
Co + 3

4 O2 + 3NH3 + 3NH+
4 ⇔ Co(NH3)

3+
6 + 3

2 H2O −62.72
CoO + 1

2 O2 + 3NH3 + 3NH+
4 ⇔ Co(NH3)

3+
6 + 3

2 H2O −13.76
Co3O4 +

1
4 O2 + 9NH3 + 9NH+

4 ⇔ 3Co(NH3)
3+
6 + 9

2 H2O −20.47
Co2O3 + 6NH3 + 6NH+

4 ⇔ 2Co(NH3)
3+
6 + 3H2O −10.4

Kmetova [59] et al. separately investigated the performance of wood charcoal and
natural gas in the reduction roasting–ammonia leaching process. The results indicated that
the extraction efficiencies of nickel, copper, and molybdenum exceeded 90%, 70%, and 60%,
respectively, when the roasting was at 1073 K of temperature, with a 6% addition ratio of
wood charcoal for 120 min, and the leaching at 318 K of temperature, with a 1 M solution of
(NH4)2CO3 in 10% NH3, 20 of L/S for 210 min. To achieve an extraction efficiency of over
90% for cobalt, the roasting temperature needed to be increased to 1123 K. However, the
performance of natural gas was not as effective as wood charcoal. At a roasting temperature
of 873~973 K, the extraction efficiencies of Cu and Mo were the highest, 60% and 85%,
respectively. At a roasting temperature of 1173 K, the extraction efficiency of Ni and Co
reached the maximum, more than 40%.

India’s National Metallurgical Laboratory (NML) has also been dedicated to improving
the metal recovery rates of the reduction roasting–ammonia leaching process. The study
revealed that excessive reduction roasting can lead to the formation of alloys between iron
and nickel or cobalt. These alloys hindered the reaction between the leaching reagent and
nickel or cobalt, resulting in a decrease in extraction efficiency. Therefore, it was essential
to select appropriate roasting temperatures and durations. Another factor contributing to
low leaching rates was that as the leaching time extends, the small amount of Cu (NH3)2

+

that was released rapidly elevated the system’s redox potential, causing the precipitation
of iron and manganese. The recovery rates of nickel and cobalt decreased due to co-
precipitation/adsorption, especially cobalt [60,61]. Improvements in extraction efficiency
have been achieved by employing a two-stage ammonium leaching process using high-
concentration ammonium solution followed by low-concentration ammonium solution,
while strictly controlling the redox potential in the first-stage leaching system. However, the
high iron content in the leaching solution was not favorable for the subsequent extraction
and electrowinning for purifying the various metals. Therefore, the recovery rate of Co
needed to be sacrificed for the rationality of the entire process. After 16 leaching cycles, the
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recovery rates of Cu, Ni, and Co reached 92%, 90%, and 56% [62]. In order to improve the
recovery rate of Co, Mishra et al. introduced anionic surfactants in the pretreatment process
of roasted manganese nodules, which reduced the adsorption of Co on the ferromanganese
precipitate and achieved an impressive average metal recovery rates of 92.5% of Cu, 91.5%
of Ni, 71.35% of Co [63]. The optimized process is shown in Figure 12. In order to study
the interactive influences of the leaching behavior of various metals in NH3-CO2 solution
after the reduction roasting of manganese nodules, Jana et al. used metal powders of
copper, nickel, cobalt, manganese, and iron to simulate ammonia leaching experiments.
The results showed that, in the absence of iron and manganese, the combined leaching
behavior of copper, nickel, and cobalt was the same as their individual leaching behaviors.
However, when manganese was added, the leaching of each metal decreased. The reduced
recovery rate was due to the reducing atmosphere caused by the hydrogen gas produced
when metallic manganese reacted with the ammonia solution to form an aminomethanoate
compound. The presence of iron alone had little effect on the leaching behavior of copper,
nickel, and cobalt. In the actual leaching of manganese nodules after reduction roasting, the
recovery of copper was still satisfactory (97%), while the recovery of nickel and cobalt were
lower. The high recovery of copper may be due to the fact that the metallic manganese in the
nodules after reduction roasting was still less than the oxidized manganese, which cannot
create a reducing atmosphere by generating hydrogen. Additionally, when preconditioned
in the presence of air, a passivation film formed on the surface of the iron–cobalt and
iron–nickel alloys, inhibiting the dissolution of cobalt and nickel into the solution. By
conducting the pretreatment in an air-free environment and then leaching in the presence
of air, the formation of the passivation film can be avoided, and iron can quickly precipitate
in the initial stage of leaching, improving the recovery of nickel and cobalt [64].

Figure 12. Optimized leaching process under lock-cycle mode. Reprinted with permission from
ref. [63]. 2011 Elsevier.
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3.2. Hydrometallurgical Process
3.2.1. Ammonia Leaching

KCC initially employed the ammonia leaching process to extract valuable metals from
manganese nodules, known as the Cuprion process. As presented in Figure 13, Cu(II) in
the solution was reduced to Cu(I) by CO, and then Mn(IV) was reduced to Mn(II) by Cu(I).
Copper, nickel, and cobalt formed soluble complexes with ammonia, while manganese
and iron formed carbonates and precipitated into the leaching residue. Subsequently, a
solvent extraction–electrowinning method was employed to produce copper and nickel,
followed by the recovery of cobalt and molybdenum from the raffinate. The process had
mild reaction conditions and good selectivity, but it also had disadvantages such as low
cobalt recovery (50%), low pulp concentration, and the potential hazards associated with
CO [65,66]. Other reductants have been introduced to improve the Cuprion process include
glucose [67], manganese ions [68], ferrous sulfate [69], elemental sulfur [70], sulfur diox-
ide [71], ammonium thiosulfate, and ammonium sulfite [72]. The subsequent separation
and purification of valuable metals in the leachate and leaching residue also adopted
conventional metallurgical methods such as solvent extraction and precipitation [73,74].

Figure 13. The Cuprion process and main reactions involved. Adapted from Refs. [63,64].

The National Institute for Resources and Environmental Research (NIRE) in Japan
combined the advantages of NH3-CO and NH3-SO2 processes to leach manganese nodules
and cobalt-rich crusts in solutions of (NH4)2CO3 and (NH4)2SO3. During the leaching
process, the dissolved Mn, Fe, and CO3

2− formed precipitates into the residue, and then
Cu and Ni were simultaneously extracted from the leachate. Finally, methanol was added
to the leachate containing Co, (NH4)2CO3, and (NH4)2SO4 to precipitate cobalt, and the
remaining leachate was recycled [50,75].

India has perfected the NH3-SO2 process and built a 500kg/d industrial demonstration
line. The average recovery of copper, nickel, and cobalt reached 85%, 90%, and 80%,
respectively. As shown in Figure 14, the process mainly included: 1© leaching manganese
nodules in the presence of NH3 and SO2; 2© solvent extraction and electrowinning of Cu;
3© sulfide co-precipitation of Ni and Co, and high-pressure acid leaching of precipitation;
4© extraction separation of Ni and Co; 5© electrowinning of Ni and Co. This process can

selectively recover manganese from silicomanganese residue [76,77]. The leaching process
involves reactions as Equations (1)–(6):

CuO + (NH4)2SO3 + 2NH3 = Cu(NH3)4SO4 + H2O (1)

NiO + (NH4)2SO3 + 2NH3 = Ni(NH3)4SO4 + H2O (2)
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CoO + (NH4)2SO3 + 2NH3 = Co(NH3)4SO4 + H2O (3)

MnO2 + (NH4)2SO3 = MnO + (NH4)2SO4 (4)

MnO2 + (NH4)2SO3 + 2NH3 = Mn(NH3)4SO4 + H2O (5)

2FeOOH + (NH4)2SO3 + H2O = 2Fe(OH)2 + (NH4)2SO4 (6)

Figure 14. NH3-SO2 process developed in India. Adapted from Ref. [77].

3.2.2. Hydrochloric Acid Leaching

DSV and MHO earlier developed extraction processes that used concentrated hy-
drochloric acid to dissolve all metals in manganese nodules [35,74]. The DSV process
leached the ground nodules with concentrated hydrochloric acid, where Mn(IV) was
reduced to Mn(II), as shown in Equation (7). Then, a series of solvent extraction and
electrowinning operations were used to separate the various metals in the leachate: (1)
extract iron and copper separately; (2) co-extract cobalt and nickel, with MnCl2 enter-
ing the raffinate; (3) selectively strip nickel from the loaded organic phase, followed by
cobalt; (4) electro-deposit copper, nickel, and cobalt from their respective chloride solutions.
Meanwhile, HCl and Cl2 were regenerated through high-temperature hydrolysis for recy-
cling. This process achieved high metal recovery, but the chlorides were highly corrosive,
requiring equipment that can withstand these conditions.

MnO2 + 4HCl = MnCl2 + Cl2 + H2O (7)

The MHO process is similar to the DSV process but uses the Cl2 produced in the
reaction to oxidize the dissolved Mn(II) back to Mn(IV), which then precipitates as MnO2.
In addition to copper, cobalt, nickel, and manganese, the MHO process also recovers lower
concentrations of vanadium, molybdenum, and zinc from the chloride leachate.

To address the high energy consumption of the reduction roasting process, and the
drawbacks of direct leaching with concentrated hydrochloric acid, the leaching of man-
ganese nodules in dilute hydrochloric acid using iron minerals, sodium sulfite, and carbon
as reducing agents has been investigated [78]. The results showed that using pyrite as a
reducing agent, more than 80% of Mn and Co can be dissolved in 1.5 M HCl solution at
temperatures of 80~90 ◦C over 3 h. With sodium sulfite (Na2SO3) as the reducing agent,
similar extraction efficiencies can be achieved at lower leaching temperatures (50~60 ◦C)
and a shorter leaching time (60 min). Furthermore, a combination of 10% carbon and 15%
pyrite was more effective than using either carbon or pyrite alone.

The main advantage of the reductive leaching method using dilute hydrochloric acid
was its ability to efficiently dissolve manganese while maintaining a low iron dissolution
rate, which facilitated the subsequent separation process. In this process, the primary role
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of the reducing agents was to reduce dissolved FeCl3 back to FeCl2, which then promoted
the reduction of MnO2. For sodium sulfite, the SO2 generated in the acidic solution also
participated in the reduction of MnO2. Therefore, lower temperature was sufficient for
maximum metal extraction. The optimal leaching times for manganese nodules in 1.5 M
HCl with different reducing agents were: sodium sulfite (60 min) < combination of carbon
and pyrite (100 min) < pyrite (150 min) < carbon (180 min). The main reactions are shown
in Equations (8)–(14).

Stepwise reactions with pyrite:

FeS2 + 14FeCl3 + 8H2O → 15FeCl2 + 12HCl + 2H2SO4 (8)

7MnO2 + 14FeCl2 + 28HCl → 7MnCl2 + 14FeCl3 + 14H2O (9)

Overall reaction with pyrite:

FeS2 + 7MnO2 + 16HCl → FeCl2 + 7MnCl2 + 2H2SO4 + 6H2O (10)

Stepwise reactions with sodium sulfite:

Na2SO3 + 2HCl → 2NaCl + H2O + SO2 (11)

2FeCl3 + SO2 + 2H2O → 2FeCl2 + 2HCl + H2SO4 (12)

MnO2 + 2FeCl2 + 4HCl → MnCl2 + 2FeCl3 + 2H2O (13)

Overall reaction with sodium sulfite:

MnO2 + Na2SO3 + 4HCl → MnCl2 + 2NaCl + H2SO4 + H2O (14)

Alcohols can also serve as reductants to enhance the leaching rate of Cu, Fe, Mn, Ni,
and Co. In dilute hydrochloric acid (2.75 M), only 80% of Cu and 60% of Fe can be extracted
from manganese nodules. However, by simply adding 9% propanol or 4.5% butanol to
dilute the hydrochloric acid (2.75 M), the recovery rate of each metal can be increased to
over 90%. Moreover, as the chain length of the alcohol increased, the required dosage of
alcohol decreased [79]. The reactions involved are as follows:

Without alcohol:
MnO2 + 4HCl → MnCl2 + Cl2 (15)

With alcohol:

MnO2 + 4(CH3)2CHOH+
2 + 4Cl− → MnCl2 + 4(CH3)2CHOH + 2H2O + Cl2 (16)

The commercial alkylphosphines, Cyanex, can be utilized for subsequently extract-
ing pure Co(II), Ni(II), and Cu(II) from the concentrated hydrochloric acid leachate of
manganese nodules. Co(II) and Cu(II) were extracted using Cyanex 923, and Ni(II) using
Cyanex 301. These extractants exhibited excellent stability even after extended contact
with hydrochloric acid and maintain their superior extraction capabilities after 20 cycles
of reuse. Consequently, they were widely employed for the separation of Co(II), Ni(II),
and Cu(II) from other metal ions, such as Ti(IV), Al(III), Fe(III), Mn(II), and Zn(II). In
the organic phase, Co(II) and Cu(II) were present as H2CoCl4·2 Cyanex 923 and CuCl2·2
Cyanex 923 complexes, respectively, while Ni(II) was extracted as NiR2 (HR = Cyanex 301).
The Stripping of Co(II) and Cu(II) was accomplished using a 0.001 M H2SO4, and Ni(II)
was stripped with a 5% NH4Cl in 75% NH3. This method effectively recovered about 90%
of Co(II), Ni(II), and Cu(II) from sea nodules, achieving an approximate purity of 99% for
the metal ions [80].
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3.2.3. Sulfuric Acid Leaching

Sulfuric acid is also widely used as an acidic medium for reduction leaching of
manganese nodules. IOM has conducted extensive research on sulfuric acid leaching
of manganese nodules from CCZ. As shown in Figure 15, the main operations were as
follows: (I) preliminary grinding of wet raw materials in a ball mill to reach 86% particles
of −0.2 mm; (II) selective leaching of Cu, Ni, Co, and Mn under normal pressure containing
SO2, thickening of the leached pulp with flocculant, and filtration of the underflow of
the thickener; (III) selective precipitation of Cu from the leachate by introducing active
sulfur powder and feeding of sulfuric anhydride to the reactor under normal pressure;
(IV) precipitation of Ni and Co concentrate by introducing powdered sulfur and metallic
manganese; (V) precipitation of MnO2 during the neutralization reaction with ammonia
water, thickening, filtration, washing of filter with manganese hydroxide concentrate,
drying in a rotating furnace, and briquetting [81,82].

Figure 15. Simplified scheme for sulfuric acid leaching using SO2 as a reductant. Adapted from
Refs. [81,82].

The chemical reactions involved in the process of leaching manganese nodules with
sulfuric acid using SO2 as a reductant are as follows:

SO2 + H2O = H2SO3 (17)

MnO2 + 2H2SO3 = MnS2O6 + 2H2O (18)

MeO + H2SO3 = MeSO3 + H2O (19)

Me2O + H2SO3 = Me2SO3 + H2O (20)

MeO + H2SO4 = MeSO4 + H2O (21)

Me2O + H2SO4 = Me2SO4 + H2O (22)

where Me is Cu, Ni, Co, Fe, Ca, and Mg.

Cu2SO3 + CuSO3 + 2H2O = Cu2SO3 · CuSO3 · 2H2O (23)

MnS2O6 + 2H2SO4 = MnSO4 + H2S2O6 (24)

H2S2O6 = H2SO4 + SO2 ↑ (25)
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Other reactions may occur in the presence of dissolved oxygen:

H2O +
1
2

O2 + 2SO2 = H2S2O6 (26)

H2SO3 +
1
2

O2 = H2SO4 (27)

The chemical reactions during the selective precipitation of Cu with activated sulfur
powder and SO2 are as follows:

2CuSO4 + 2SO2 + S + 4H2O = Cu2S ↓ +4H2SO4 (28)

CuSO4 + SO2 + S + 2H2O = Cu2S ↓ +2H2SO4 (29)

The chemical reactions during Ni-Co concentrate precipitation with activated sulfur
powder and metallic manganese are followed:

MeSO4 + Mnmet. + S0 = MeS ↓ +MnSO4 (30)

where Me is Ni and Co.
The chemical reactions during the precipitation of MnO2 are:

MnSO4 + 2NH4OH +
1
2

O2 = MnO2 + (NH4)2SO4 + H2O (31)

Finally, a copper concentrate with a Cu content of 40%, a nickel–cobalt concentrate
with a Ni and Co content of 20.8% and 2.7% C, respectively, and a manganese concentrate
with a Mn content of 62% can be obtained through this process. The recovery rates of each
metal were 92% of Cu, 96% of Ni, 92% of Co, and 96% of Mn. Using a similar process for
leaching manganese nodules from the Indian Ocean, over 85% of Mn, Ni, and Co, as well
as more than 75% of Cu were successfully extracted. The target metal extraction process
was generally completed within 5~10 min. However, extending the leaching duration to
25~30 min proved to be more beneficial for the precipitation and separation of Fe [83].

IOM has also developed a high-pressure sulfuric acid leaching process, using molasses
and pyrite as reducing agents [81]. Ion exchange resin was used to extract and separate
metal ions in the high-pressure sulfuric acid leachate, followed by sulfide precipitation to
extract copper, solvent extraction to extract zinc, and finally sulfide precipitation of nickel
and cobalt, and calcining to obtain manganese oxide. The optimal operating parameters
and indicators for the high-pressure sulfuric acid leaching process with molasses and pyrite
can be seen in Table 7.

The principal reactions that occur in the leaching process with molasses are:

24MnO2 + C12H22O11 + 24H2SO4 = 24MnSO4 + 12CO2 + 35H2O (32)

24Me2O3 + C12H22O11 + 48H2SO4 = 48MeSO4 + 12CO2 + 59H2O (33)

where Me are Co and Fe.

MnO2 + FeSO4 + H2SO4 = MnSO4 + Fe2(SO4)3 + H2O (34)

MeO + H2SO4 = MeSO4 + H2O (35)

where Me are Cu, Ni, Co, Zn, and Al.
The principal reactions that occur in the leaching process with pyrite are:

FeS2 + 3.5O2 + H2O = FeSO4 + H2SO4 (36)

2FeSO4 + H2SO4 + 0.5O2 = Fe2 (SO4)3 + H2O (37)
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MnO2 + 2Fe2+ + 4H+ = Mn2+ + 2Fe3+ + 2H2O (38)

The research conducted by Anand et al. also explored the leaching of manganese
nodules using dilute sulfuric acid under conditions of high temperature, high pressure,
and oxygen. At the specific conditions of 423 K, a sulfuric acid concentration of 0.46 g/g of
manganese nodules, an oxygen partial pressure of 0.55 MPa, and a leaching duration of
4 h, the process can extract nearly all the copper and nickel, as well as 88% of the cobalt.
However, the leaching rates for manganese and iron were only 28% and 5.7%, respectively.
To effectively extract all four metals—copper, nickel, cobalt, and manganese—charcoal
can be utilized as a reducing agent to convert manganese dioxide into soluble manganese
sulfate. When the leaching was conducted for 4 h at a temperature of 423 K, with a sulfuric
acid concentration of 0.66 g/g of manganese nodules and an oxygen partial pressure of
0.55 MPa, the extraction for copper, nickel, cobalt, and manganese reached 77.8%, 99.8%,
88%, and 99.8%, respectively [84].

Barik et al. investigated the potential of using a micellar high-temperature acid
dissolution process to selectively leach manganese from manganese nodules. It was found
that cetyltrimethylammonium Bromide (CTAB) significantly enhanced the recovery of
Cu, Ni, Co, Zn, and Mn. Moreover, the surfactant-assisted high-temperature sulfuric acid
leaching method was employed for the effective removal of iron, aluminum, and silicon
dioxide. Increasing the temperature of the medium had a notable impact on the selective
leaching of Mn, Cu, Ni, and Co. The ideal conditions for maximum metal extraction were
determined to be a pulp density of 10%, a leaching duration of 2 h, a leaching temperature
of 160 ◦C, and a sulfuric acid concentration of 5.0% (v/v), with CTAB reaching its critical
micelle concentration (CMC). Under these conditions, the recovery for Mn was 99%, and for
Cu, Co, and Ni, it was also 99%. As presented in Figure 16, the addition of CTAB increased
the rate of mass transfer during leaching, greatly enhancing the efficiency of the process.
However, forming surfactant micelles in the leaching system beyond the CMC slightly
reduced the mass transfer rate and leaching efficiency. Additionally, CTAB likely adsorbed
effectively on iron oxide phases, inhibiting their dissolution, and thereby increasing the
selectivity of the leaching system [85].

Figure 16. Mechanism of the sulfuric acid leaching of manganese nodule in the presence of CTAB.
Reprinted with permission from ref. [85]. 2016 Elsevier.

Torres et al. conducted a comparative study on the effectiveness of various iron-
reducing agents in the sulfuric acid leaching process of manganese nodules. The research
revealed that Fe0 (FeC) was the most efficient agent for this process. Its efficacy was
attributed to the direct contact of Fe in the solution, which promoted the regeneration of
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ferrous ions due to the high concentrations of both ferrous and ferric ions. Remarkably,
97% of Mn was extracted using a MnO2/FeC ratio of 1/2 and 0.1 mol/L H2SO4 in just
20 min. When employing Fe2+, FeC, and Fe2O3 as high-concentration reducing agents (with
MnO2 to reducing agent ratios of 1/2 or lower), it was possible to maintain low potential
values, enabling effective leaching at a low acid concentration of 0.1 mol/L. However,
better results were achieved with pyrite (FeS2) at higher ratios of MnO2/FeS2 (1/3) and
acid concentrations of 1 mol/L, likely due to the refractoriness of pyrite. Additionally,
maintaining the potential and pH within the ranges of −0.4~1.4 V and −2~0.1, respectively,
when using various iron-reducing agents, proved beneficial for dissolving manganese
nodules and simultaneously prevented the formation of iron oxides [86]. Additionally, the
studies confirmed that the leaching process of nodules in FeSO4-H2SO4-H2O solutions was
remarkably swift [87]. The optimal conditions identified were using the stoichiometric
amount of FeSO4, 1.6 times the stoichiometric amount of H2SO4, a temperature of 90 ◦C,
a liquid-to-solid ratio of 7:1, and a manganese nodule particle size of −1000 μm. Under
these conditions, it was possible to extract more than 85% of cobalt and over 90% of nickel,
copper, and manganese within 30 min. The concentration of cobalt in the leachate was
about 146 mg/L, nickel was 1.63 g/L, copper was 1.69 g/L, and manganese was 30 g/L.
The primary reaction involved in this process is represented by Equation (39):

MnO2 + 2FeSO4 + 2H2SO4 = MnSO4 + Fe2(SO 4)3 + 2H2O (39)

In subsequent research, (NH4)2S was also used for sulfide precipitation to precisely
separate Cu, Ni, and Co from the leachate of manganese nodules in the FeSO4-H2SO4-
H2O solution after iron removal. At a concentration of 5.5% (NH4)2S, room temperature,
pH = 1.0 (for copper precipitation), and pH = 3.0 (for nickel-cobalt precipitation), and with
the optimized flow rate of 0.15 g S2−/min per L of processed solution, ideal results were
achieved with about 98% of Cu, Ni, and Co being effectively separated. This provided
high-quality raw materials to produce the three metals [88].

Some commercial extractants can also be used directly for subsequent separation of
metals. Shen et al. confirmed the effectiveness of sulfuric acid leaching of manganese
nodules using pyrrhotite as the reducing agent and studied the subsequent separation
and purification of manganese, nickel, and cobalt. The process involves: 1© leaching
manganese nodules at 90 ◦C for 4 h with a 1.25 mol/L sulfuric acid concentration, a 3:2
nodule-to-pyrrhotite ratio, a 2:1 liquid-to-solid ratio, stirring at 300 rpm; 2© removing
impurities such as iron and aluminum through oxidation precipitation; 3© adding sodium
sulfide and stirring at 50 ◦C for 2 h to precipitate cobalt and nickel from the leachate, and
the resulting solution is concentrated to obtain manganese sulfate; 4© redissolving cobalt
and nickel precipitates and using an eight-stage process with di(2-ethylhexyl) phosphoric
acid (D2EHPA) at an organic-to-aqueous ratio of 3:5 to eliminate impurities; 5© extracting
cobalt using 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (PC88A or P507) in a
three-stage counter-current operation with an O/A volume ratio of 2:3, followed by the
washing and stripping of cobalt and nickel. The maximum recovery of manganese, cobalt,
and nickel were 85%, 75%, and 78%, respectively [89]. A similar metallurgical process was
used to separate valuable metals from a leachate produced by sulfuric acid leaching of
manganese nodules, with starch as the reducing agent. The leachate contains 22.85 g/L
of manganese, 6.38 g/L of iron, 1.01 g/L of copper, 0.023 g/L of zinc, 0.09 g/L of cobalt,
and 1.44 g/L of nickel. Initially, iron was precipitated and removed from the solution
using Ca(OH)2 at a pH of 3.8. Subsequently, copper was extracted using the LIX 84I
extractant. After the removal of iron and copper, zinc was removed using kerosene-based
di-(2-ethylhexyl) phosphoric acid (D2EHPA). Following this, manganese was extracted
using saponified D2EHPA (NaD2EHPA). Employing a two-stage extraction at A:O ratio of
3:4, highly efficient manganese extraction is achieved with an efficiency of 99.93%. During
this process, cobalt was co-extracted with manganese at a concentration of 43 mg/L. To
remove this cobalt, the solution was washed twice using a MnSO4 solution. Furthermore,
manganese is further extracted using 4% H2SO4 at an A:O ratio of 1:1 through a two-stage
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process. Nickel was extracted from the residual liquid after manganese extraction using
NaD2EHPA at an A:O ratio of 3:2. This two-stage extraction results in a combined extraction
quantity of cobalt and nickel of 47 mg/L. The nickel load was then washed with a NiSO4
solution. Finally, nickel was efficiently leached at a rate of 99.93% using 0.5% H2SO4 at an
A:O ratio of 1:1 in a two-stage process [90].

Other reductants like phenols [91], aromatic amines [92], and saw dust [93] employed
for sulfuric acid leaching of manganese nodules have also been intensively studied. A
summary of the sulfuric acid leaching process of manganese nodules under different
reductants is shown in Table 8.

Table 8. Summary of the sulfuric acid leaching process of manganese nodules under different
reductants/auxiliaries.

Reductant/Auxiliary Leaching Condition Leaching Efficiency/% Reference

SO2

Manganese nodules from CCZ,
−0.2 mm particles accounted for 86%,

temperature 343~353 k

In total, 92% of Cu, 96% of Ni,
92% of Co, 96% of Mn [82]

SO2

Manganese nodules from Indian
Ocean, liquid/solid 10:1, 10 mL 1 M

H2SO4 added per 100 mL, SO2
concentration 5% (wt/v), leaching

time 15 min, temperature 31 ◦C

Over 85% of Mn, Ni, and Co,
over 75% of Cu [83]

SO2

Manganese nodules from Cook
Islands Exclusive Economic Zone,

30 ◦C, L/S ratio of 6:1 mL/g, H2SO4
dosage of 37.5 wt% and SO2 partial

pressure of 200 kPa

In total, 98.7% of Mn, 91.4% of
Fe, 95.3% of La, 99.2% of Ce,

99.3% of Ni, 95.9% of Co
[94]

Molasses

Manganese nodules from CCZ,
concentration 31%, H2SO4 0.8 kg/kg
nodule, molasses 0.12 kg/kg nodule,
leaching time 60 min, temperature

140 ◦C

In total, 97.70% of Ni, 98.31% of
Co, 91.77% of Cu, 97.99% of Zn,

97.07% of Mn, 24.54% of Fe
[81]

Pyrite

Manganese nodules from CCZ,
concentration 35%, H2SO4 0.81 kg/kg

nodule, pyrite 0.12 kg/kg nodule,
leaching time 90 min, pressure 10 atm,

temperature 160 ◦C

In total, 98.42% of Ni, 91.67% of
Co, 95.98% of Cu, 96.75% of Zn,

27.52% of Mn, 27.22% of Fe
[81]

Water

Manganese nodules from Indian
Ocean, −250 μm particles accounted
for 100%, concentration 15% (wt/v),

H2SO4 0.46 g/g nodule, leaching
time 4 h, oxygen partial pressure

0.55 MPa, temperature 423 K

Nearly 100% of Cu and Ni, 88%
of Co, 28% of Mn, 5.7% of Fe [84]

CTAB

Manganese nodules from Indian
Ocean, −100 μm particles accounted
for 100%, concentration 10% (wt/v),
H2SO4 5% (v/v), leaching time 2 h,

CTAB at critical micelle concentration,
temperature 160 ◦C

In total, 99% of Mn, Cu, Co,
and Ni [85]

FeC

Manganese nodules from the Blake
Plateau in the Atlantic Ocean, particle
size of −140 + 100 μm, liquid/solid

100:1,
FeC/MnO2 2:1, H2SO4 0.1mol/L,

leaching time 20 min,
room temperature

In total, 97% of Mn [86]
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Table 8. Cont.

Reductant/Auxiliary Leaching Condition Leaching Efficiency/% Reference

FeSO4

Manganese nodules from CCZ,
particle size of −1000 μm,
liquid/solid 7:1, FeSO4 at

stoichiometric amount, H2SO4 at
1.6 times stoichiometric amount,

leaching time 30 min, temperature
90 ◦C

More than 85% of Co, over 90%
of Ni, Co, Mn [87]

Phenols

Manganese nodules from the central
Pacific Basin, −74 μm particles

accounted for 77%,
phenol 0.25~0.4 g/g nodules, H2SO4

0.925g/g nodules,
liquid/solid 4:1, leaching time
10~20 min, room temperature

Over or nearly 95% of Mn, Co,
Ni, Cu [91]

Aromatic amines

Manganese nodules from the central
Pacific Basin, −74 μm particles

accounted for 77%,
aromatic amines 0.3 g/g nodules,

H2SO4 0.925 g/g nodules,
liquid/solid 4:1, leaching time
10~20 min, room temperature

Over 97% of Mn, Co, Ni, Cu [92]

Sawdust

Manganese nodules from Indian
Ocean, −100 μm particles accounted

for 100%, pulp concentration 10%
(wt/v), sawdust 0.5 g/g nodules,

H2SO4 5% (v/v), leaching time 2 h,
temperature 105 ◦C

In total, 99.5% of Mn, 99.1% of
Cu, 99.6% of Ni, 93% of Co,

64.6% of Fe
[93]

Paper

Manganese nodules from Indian
Ocean, −150 μm particles accounted

for 100%, pulp concentration 20%
(wt/v), paper 0.3 g/g nodules, H2SO4

7.56% (v/v), leaching time 2 h,
temperature 90 ◦C

In total, 97.28% of Cu, 98.66% of
Ni, 97.90% of Co and 99.00% of

Mn
[95]

Glycerol

Manganese nodules from Indian
Ocean, −150 μm particles accounted

for 100%, pulp concentration 10%
(wt/v), glycerol 1% (v/v), H2SO4 10%
(v/v), leaching time 1 h, temperature

80 ◦C

Over 95% of Ni, over 98% of Cu,
Co, Mn [96]

3.3. Other Extraction Process

In order to enhance resource recovery efficiency and address the increasingly severe
challenges of environmental protection, various new extraction technologies are continu-
ously being developed.

(1) Co-extraction with other mineral resources. Tomas et al. investigated the leaching
effect of chalcopyrite in hydrochloric acid when manganese nodules were used as oxidants.
The results indicate that chalcopyrite is not dissolved independently, but is oxidatively
leached by Cl2 released by the reaction of MnO2 with HCl, see DSV and MHO. Drawing in-
spiration from this research, it was possible to utilize terrestrial resources such as low-grade
sulfide ore or tailings that are challenging to recover through conventional beneficiation
methods as reducing agents to achieve the reduction leaching of valuable elements in
manganese nodules. This can not only reduce the recovery cost of manganese nodules,
but also maximize the resource recovery of low-grade sulfide ores on land [97]. Using
manganese nodules as an oxidant and high chloride ion concentration wastewater for
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the sulfuric acid leaching of chalcopyrite, the high chloride ion content in the wastewater
successfully addressed the passivation issue typically encountered in sulfuric acid leaching.
This approach not only utilized the wastewater efficiently but also achieved synergistic
leaching of manganese nodules and chalcopyrite. As a result, the leaching rate of copper
from chalcopyrite can reach up to 77% [98].

The latest research involved co-leaching of manganese nodules with flotation tailings
in sulfuric acid solution. The tailings primarily consist of iron minerals, with 58.52% mag-
netite and 4.47% limonite. The FeSO4 produced during the leaching process acts as an
effective reducing agent, shortening the dissolution time of MnO2. High concentrations of
FeSO4 maintained the leaching system’s potential and pH within the ranges of −0.2~1.2V
and −1.8~0.1, respectively, which was conducive to the formation of Fe2+ and Fe3+. Un-
der these conditions, with a MnO2/Fe2O3 ratio of 1:3 and an H2SO4 concentration of
0.1 M, the manganese nodules achieved rapid leaching within a short period (5~20 min),
with a manganese leaching rate of 68% to 73%. The addition of tailings for the reductive
leaching of marine nodules in an acidic medium presented an attractive and cost-efficient
alternative [99,100]. The main reaction and its standard Gibbs free energy change (25 ◦C)
are presented in Table 9.

Table 9. Main reaction and thermodynamic information.

Reaction ΔG◦ (kJ)

Fe2O3(s) + 3H2SO4(aq) = Fe2(SO 4)3(s) + 3H2O(l) −163.37
Fe3O4(s) + 4H2SO4(l) = FeSO4(aq) + Fe2(SO4)3(s) + 4H2O(l) −261.30

2FeSO4(aq) + 2H2SO4(aq) + MnO2(s) =

Fe2(SO 4)3(s) + MnSO4(aq) + 2H2O(l)
−199.52

(2) Solid-state metalized reduction technology. Zhao et al. proposed a process that
combined solid-state metallized reduction treatment and magnetic separation to recover
valuable metals in marine polymetallic nodules. Under the conditions of CaF2 dosage of 4%,
anthracite coal dosage of 7%, SiO2 dosage of 5%, FeS dosage of 6%, temperature of 1100 ◦C,
and time of 2.5 h, most of the valuable metals were selectively reduced to the metallic
state. Magnetic separation was then used to recover the reduced metals as concentrate. The
optimal recovery rates of Ni, Co, Cu, Mn, and Fe in the concentrate were 86.48%, 86.74%,
83.91%, 5.63%, and 91.46%, respectively [101]. The introduction of magnetic separation
made the process of extracting valuable metals from manganese nodules more economical
and environmentally friendly.

(3) Segregation roasting. In 1974, the University of California pioneered the application
of segregation roasting for extracting metals from manganese nodules. The results indicated
that using CaCl2 as the chlorinating agent and petroleum coke as the reductant, the optimal
conditions for metal separation were achieved with a roasting time of about 2 h. When the
roasting temperature was set to 850 ◦C, the recovery of copper reached a maximum of 75%,
while the recovery of nickel and cobalt only reached around 25%. At 1050 ◦C, the recovery
of nickel and cobalt increased to about 60%, while copper dropped to 35%. The metal
oxides in the nodules mainly went through chlorination and reduction. Based on reaction
energies, the metal response order was Cu > Ni > Co > Fe > Mn. Table 10 depicts the energy
for this reaction in the metal oxide–hydrogen–chloride system. Despite current limited
studies on this method, it is effective for producing high-purity metals from refractory
materials, making it a top choice for deriving ultra-pure metals from manganese nodules.
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Table 10. Standard free energy for the chloritization reduction cycle in metal oxide–hydrogen–chloride
systems.

Reaction ΔGθ (kcal) Temp (
◦
K)

Cu2O + 2HCl = 2/3Cu3Cl3 + H2O −14.9
11002/3Cu3Cl3 + H2 = 2Cu + 2HCl −8.3

Cu2O + H2 = 2Cu + H2O −23.2

NiO + 2HCl = NiCl2 + H2O +8.2
1200NiCl2 + H2 = Ni + 2HCl −20.0

NiO + H2 = Ni + H2O −11.8

CoO + 2HCl = CoCl2 + H2O +3.0
1200CoCl2 + H2 = Co + 2HCl −10.7

CoO + H2 = Co + H2O +7.7

FeO + 2HCl = FeCl2 + H2O +4.1
1200FeCl2 + H2 = Fe + 2HCl −2.9

FeO + H2 = Fe + H2O +1.2

MnO + 2HCl = MnCl2 + H2O +3.16
1200MnCl2(g) + H2(g) = Mn + 2HCl +50.62

MnO + H2 = Mn + H2O +53.78

(4) Hydrogen metallurgy. Hydrogen metallurgy is an attractive method for reducing
carbon emissions and is equally applicable to the reduction roasting of deep-sea manganese
nodules. The result has revealed that the presence of H2 can disrupt the lattice structure of
manganese minerals, thereby releasing NiO, CoO, and CuO, and facilitating the formation
of Fe-Ni-Co-Cu alloys. However, the reducing capacity of H2 was limited, leading to the
proposal of a gas–solid synergistic reduction process. Here, H2 and C acted together as
reducing agents, effectively separating Ni, Co, and Cu from the manganese minerals. The
maximum contents of Ni, Co, and Cu in the alloy can reach 29.72%, 4.35%, and 15.44%,
respectively. Moreover, the reduction temperature played a vital role in the reduction
process of pellets. As the temperature increased, the mass loss rate of the pellets raised,
SiO2 in the nodules gradually disappeared, and a large amount of FeMn(SiO4) and MnO
formed. Particularly at 1100 ◦C, nearly all Ni, Co, and Cu in the manganese minerals were
reduced and entered the alloy. Below 1000 ◦C, the reduction of pellets was still in its initial
stage, primarily driven by H2, with excess C not participating in the reaction. When the
temperature exceeded 1100 ◦C, the carbon gasification reaction intensified, weakening the
effect of H2 on the reduction of carbon-containing multi-metallic nodule pellets. Further
increasing the temperature only promoted the sintering and aggregation of the pellets,
but had little effect on enhancing the reduction reaction itself. Since the reduction at low
temperatures was mainly accomplished by H2 with minimal participation of C, increasing
the carbon-to-oxygen ratio had a limited impact on the efficiency of pellet reduction, thus
helping to reduce carbon consumption. At higher temperatures, the enhanced carbon
gasification reaction released a significant amount of heat, aiding the separation of Fe and
Mn. At this stage, manganese primarily existed in the form of FeMn(SiO4) and MnO [102].

(5) Bioleaching. Bioleaching is well-suited for processing low-grade, complex ores and
has achieved commercial success in extracting base metals from low-grade sulfide ores and
in the pre-treatment of refractory sulfide gold ores. Additionally, various bacteria play a
crucial role in the formation of manganese nodules [103]. These nodules host manganese-
oxidizing and manganese-reducing bacteria, as well as bacteria that do not interact with
manganese. The bacteria are key in oxidizing Mn(II) to Mn(IV) oxides, a critical component
of the nodules. Furthermore, under specific conditions, some bacteria can directly or
indirectly reduce Mn(IV) to Mn(II), disrupting the structure of the nodules and releasing
elements like Cu, Co, and Ni. Developing biohydrometallurgical methods to extract metals
from manganese nodules holds great potential. Compared to traditional methods, this

189



Metals 2024, 14, 1359

approach is more sustainable, consumes less energy, helps reduce carbon emissions, and
supports the development of a circular economy [104,105].

The bioleaching of manganese nodules from CCZ was conducted using anaerobic
Mn-reducing bacteria. The experimental results demonstrated that the leaching efficiencies
of Mn, Co, and Ni were significantly increased from 18%, 7%, and 10% to 77%, 70%,
and 75%, respectively, following the inoculation of the Mn-reducing bacterial enrichment
culture. The research identified that the optimal temperature range for effective leaching
was between 30 ◦C to 45 ◦C, with the most suitable pH being slightly acidic. Moreover,
the particle size of the manganese nodules significantly impacted the leaching efficiency,
with smaller sizes yielding higher efficiencies. Notably, the experiment did not require
the addition of mineral salts, indicating that the bioleaching process only necessitated the
addition of a carbon source. After 48 h of anaerobic treatment, the leaching efficiencies
of Mn, Co, and Ni were greatly enhanced. This suggests that anaerobic Mn-reducing
microorganisms, using metal ions as electron acceptors and organic compounds as electron
donors, can effectively leach these metals from manganese nodules [106].

Mehta et al. [107] studied the biodissolution kinetics of precious metals such as cop-
per, nickel, and cobalt from Indian Ocean nodules using Thiobacillus ferrooxidans and
Thiobacillus thiooxidans in the presence of pyrite and sulfur. Ferrous sulfate and sulfuric
acid produced, respectively, when pyrite and sulfur were oxidized by bacteria reduce
Mn(IV) in nodules to Mn(II), destroying the structure of manganese nodules and indirectly
dissolving metals. The bacterial oxidation and Mn(IV) reduction reactions involved are
shown in Equations (40)–(45).

FeS2 → Fe2+ + 2S0 + 2e− (40)

S0 + O2 + H2O → H2SO3 (41)

S0 + 3/2 O2 + H2O → H2SO4 (42)

MnO2 + 2Fe2+ + 4H+ → Mn2+ + 2Fe3+ + 2H2O (43)

MnO2 + 2e− + 4H+ → Mn2+ + 2H2O (44)

MnO2 + H2SO3 + 2H+ → Mn2+ + H2SO4 + 2H2O (45)

The dissolution of metals followed the shrinking core kinetic model, with leaching
reactions controlled by internal diffusion. Pyrite was more effective than sulfur for the
biorecovery of the metals. At a pH of 2, with a stirring speed of 100 rpm, a slurry concen-
tration of 5%, a feed particle size ranging from 75 to 300 μm, a 10% addition of pyrite, and
a temperature of 308K, the recovery of various metals were as follows: 96% for Cu, 79%
for Ni, 49.5% for Mn, 48% for Co, and 13% for Fe. In a sulfuric acid solution, pyrite/sulfur
undergoes redox reactions via a galvanic action [FeS2/S (anode): MnO2 (cathode)] to
reduce MnO2, as seen in Equations (16) and (17). Additionally, pyrite can also reduce Fe3+

to Fe2+, forming a Mn4+—Fe2+ redox system, as seen in Equation (48). In the pyrite system,
bacteria will also slowly oxidize Fe2+, as seen in Equation (49). Nakazawa and Sato also
confirmed the effectiveness of sulfur and pyrite as reducing agents in their experiments on
the bioleaching of cobalt-rich crusts [108].

15MnO2 + O2 + 2FeS2 + 14H2SO4 → 15MnSO4 + Fe2(SO 4)3 + 14H2O (46)

2MnO2 + S0 + 1/2O2 + H2SO4 → 2MnSO4 + H2O (47)

Fe2(SO4)3 + FeS2 → 3FeSO4 + 2S0 (48)

Fe2+ → Fe3+ + e− (49)

Beolchini et al. conducted a study on the fungal leaching of metals from manganese
nodules located approximately 5000 m deep in CCZ. The research thoroughly investigated
the bioleaching efficiency of Aspergillus and a mixed cultures of A. niger and Trichoderma
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sp. under various growth conditions. These fungi primarily dissolve metals from the
manganese nodules by forming complexes with organic acids produced during metabolism,
such as oxalic acid and citric acid. Under optimal culture conditions, after 11 days of growth,
Penicillium achieved extraction exceeding 80% for Mn, Cu, and Ni, while the extraction
for Co and Fe were approximately 70% and 30%, respectively. Compared to chemical
strategies, the biotechnological process offers a more sustainable method for reducing
carbon footprint [10].

The National Metallurgical Laboratory in India conducted a study on leaching copper,
nickel, and cobalt from polymetallic manganese nodules using the fungus Aspergillus
niger. The findings revealed that under conditions of an initial pH of 4.5, a temperature of
35 ◦C, and a pulp density of 5% (w/v), Aspergillus niger can extract 97% of copper, 98% of
nickel, 86% of cobalt, 91% of manganese, and 36% of iron within 30 days. This extraction
rate was significantly higher compared to control experiments that directly used oxalic and
citric acids. The dissolution process of metals from the nodules by Aspergillus niger was
indirect, predominantly driven by the secretion of oxalic and citric acids. These organic
acids disrupted the main structure of manganese (IV) and iron (III) oxides, effectively
liberating valuable metals, particularly copper, nickel, and cobalt [109]. The involved
reactions are as follows:

MnO2 + HOOC-COOH + 2H+ → Mn2+ + 2CO2 + 2H2O (50)

2Fe-O-OH + HOOC-COOH + 4H+ → 2Fe2+ + 2CO2 + 4H2O (51)

The mechano-chemical activation’s effect on the bioleaching of metals such as copper,
cobalt, and nickel has been further studied. After 10 min of treatment with a high-energy
mill, the surface potential of manganese nodules decreased from −18 mV to −34 mV, and
the duration to leach out over 95% of copper, nickel, and cobalt from the nodules was
reduced to 15 days [110].

Kang et al. investigated the role of A. ferrooxidans in the reductive dissolution of poly-
metallic nodules. Using Fe2+ ions as reductants, the extraction rates of manganese, nickel,
copper, and cobalt exceeded 95%, with an apparent activation energy of 13.9 kJ·mol−1 for
manganese oxide dissolution. The role of A. ferrooxidans in these processes can be summa-
rized in three main aspects. I. Electron-proton carrier or buffer: facilitates the transfer of
interfacial species, enhancing reaction efficiency. II. Catalyst: accelerates the transformation
of Fe3+/Fe2+, increasing the reduction rate of manganese oxides. III. Product manager:
optimizes the migration and transformation of intermediates and final products. This study
provides valuable insights into the mechanisms underlying the bio-assisted reductive
dissolution of polymetallic nodules [111].

(6) Electrochemical leaching and electrobioleaching. Kumari and Natarajan achieved
almost complete dissolution of copper, nickel, cobalt, and other metals in sulfuric acid
medium or the action of microorganisms by applying an external electric field and a
negative direct current of −600 mV or lower. Under the condition of an external electric
field, the reduction of iron and manganese oxides was the main mechanism for the release of
other non-ferrous metals. Such electrochemical or electrobioleaching processes developed
under laboratory conditions may be cost-effective, energy-saving, and environmentally
friendly [112–115]. The electroleaching system is shown in Figure 17, the unmarked A, B,
and C in the figure are three pyrex glass compartments.
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Figure 17. Schematic diagram of an electrochemical cell. Reprinted with permission from ref. [114].
2001 Elsevier.

4. Other Utilization Potentials of Manganese Nodules

In order to maximize the utilization value of manganese nodules, other possible
utilization potentials of manganese nodules have also been widely explored.

(1) Used as catalyst or adsorbent. The fact that manganese nodules have a porous
structure and are composed of a variety of transition metal oxides has long attracted atten-
tion for their potential as catalysts or adsorbent. Relevant studies indicate that manganese
nodules can be used to catalytically decompose isopropyl alcohol at a roasting temperature
of 200~300 ◦C. At this time, the specific surface area of manganese nodules can reach
300 m2/g, which is comparable to commercial aluminum-based or silicon-aluminum base
catalyst. The large amount of surface excess oxygen contained in manganese oxide played a
major role in the catalytic process, and trace amounts of metal oxides in manganese nodules
can enhance the reactivity [116].

The adsorption and oxidation capabilities of manganese nodules towards Cr(III) at
varying concentrations were also investigated. When the initial concentration of Cr(III)
was set at 200 mg/L, the adsorption concentration and capacity of Cr(III) reached their
maximums at 154 mg/L and 30.7 mg/g, respectively. In different gaseous environments,
the catalytic oxidation capability of manganese followed the sequence of oxygen < air <
nitrogen. As the pH increased, the oxidation capability of manganese nodules for Cr(III)
diminished. The total concentration of Cr(VI) decreased from 8.2 mg/L at pH 2.0 to
4.0 mg/L at pH 6.0. The presence of Ca2+ and Mg2+ slightly reduced the oxidation capacity
to Cr(III), while the presence of silicates significantly lowered it. As presented in Figure 18,
manganese oxides primarily facilitate the oxidation of Cr(III), while iron oxides predomi-
nantly aid in the adsorption and stabilization of Cr(VI). Most of the Cr(III) was adsorbed by
manganese nodules, with only a minor proportion being oxidized during the reaction, after
which the newly formed Cr(VI) was released into the solution. Additionally, the released
Mn(II) was re-oxidized to form Mn(III) intermediates or Mn(IV) oxides under the catalysis
of manganese nodules [117].

The washed manganese nodule leached residue (WMNLR) had a larger specific
surface area than manganese nodules, exhibited good affinity for phosphate, and can
be used as an adsorbent to remove phosphate contaminants in aqueous phases [118]. It
can also be used to adsorb aqueous selenite (SeO3

2−), with a removal efficiency of over
90% [119,120]. The molecular sieve (OMN-C), obtained by heating 5 g of manganese
nodules with 0.02 mol of potassium permanganate at 1000 ◦C for 6 h, exhibited excellent
selective adsorption capabilities for K+ in seawater. The adsorption capacity of OMN-
C for K+ reached 22.1 mg/g, while its adsorption capacity for Na+ was only 0.4 mg/g.
The primary composition of OMN-C was birnessite-type potassium manganese oxides,
characterized by a high micropore volume, which was the key factor contributing to its
efficiency and high selectivity [121]. In addition, the manganese nodule extraction residue
had good adsorption capacity for Cr(VI) [122], Cd(II) [123].
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Figure 18. Mechanism model of Cr(III) adsorption and oxidation by manganese nodules. Reprinted
with permission from ref. [117]. 2020 Elsevier.

A summary and generalization of the adsorption mechanisms of manganese nodules
can be divided into two main types. As illustrated by Equations (52) and (53), one type
involved the exchange between ligands in the aqueous solution and surface hydroxyl
groups, forming inner-sphere complexes in a process driven by not only electrostatic forces
but also surface coordination interactions. This mechanism primarily occurred during the
adsorption of strongly binding anions, such as phosphates on manganese nodules. The
other type involved the formation of outer-sphere complexes, mainly occurring during the
adsorption of weakly binding anions like chlorides and nitrate ions on manganese nodules.
Water molecules remained retained between surface sites and the adsorbed ligands, and
the adsorption forces are predominantly electrostatic [120].

SOH + L2− + H+ ↔ SL− + H2O (52)

SOH + L2− + H+ ↔ SOH2
+−L2− (53)

where S-OH is a surface hydroxyl group and L is the ligand-adsorbed species.
Transforming leach residues into environmentally friendly materials not only ad-

dresses the disposal challenges of manganese nodule metallurgical residues but also further
increases the utilization value of manganese nodules.

(2) Preparing material precursors. To minimize the potential reagent consumption and
wastewater generation during the separation process of valuable metals from manganese
nodule leachate, a mixture of pyridine carboxylate and naphthalene sulfonic acid was em-
ployed as the extracting agent to selectively co-extract Ni, Co, and Mn and directly prepare
battery-grade Ni/Co/Mn sulfate solutions (Ca < 0.02 mg/L and Mg < 0.05 mg/L). Through
counter-current extraction and washing with varied sulfuric acid concentrations, the final
recovery rates in the battery-grade solution were 96.84% for Ni, 95.11% for Co, and 5.30%
for Mn. This innovative method not only maximized metal recovery but also significantly
reduced operational costs, holding vast potential for industrial applications, which offered
a new approach for the short-process, high-value utilization of manganese nodules [124].
Alena et al. explored the development of natural alloys from deep-sea manganese nodules
using aluminothermic reduction and rapid solidification. The resulting alloy was pro-
cessed into thin ribbons via melt spinning, followed by rapid cooling, which significantly
altered its phase composition. The alloy, primarily composed of β-Mn, Mn2FeSi, and
(Cu,Mn)3(Al,Si), demonstrated excellent thermal stability during annealing at 500–750 ◦C
for up to 100 h. Rapid cooling effectively prevented the formation of brittle α-Mn, and the
alloy retained outstanding hardness exceeding 800 HV0.1 even after prolonged annealing.
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This study highlights the potential of deep-sea nodules as a resource for high-performance
structural materials while supporting sustainable resource utilization [125].

(3) Recovery of other co-associated elements. Beyond manganese, iron, copper, cobalt,
and nickel, the comprehensive recovery of other minor non-ferrous and rare earth metal
elements from manganese nodules can further enhance their economic value. Parhi et al.
separated and recovered molybdenum from a leachate of sea nodules containing Mo(VI)
at 0.505 kg/m3, Fe(III) at 0.212 kg/m3, Cu(II) at 12.08 kg/m3, Co(II) at 2.012 kg/m3, and
Ni(II) at 15.16 kg/m3. Alamine 304-1, dissolved in kerosene, was used to extract Mo(VI)
from the leachate through solvent extraction, followed by the preparation of ammonium
molybdate through crystallization. The ammonium molybdate crystals were then thermally
decomposed to successfully produce MoO3 with a purity of 99.9% [126]. The specific
process flow and related parameters can be seen in Figure 19.

Figure 19. Flowsheet of the process for the recovery of molybdenum from manganese nodule leaching
liquor. Adapted from Ref. [126].

In the experiment of leaching rare earth metals from deep-sea nodules using sulfuric
acid solution, it was found that the extraction efficiency of rare earth metals from sea
nodules using a combination of H2SO4 and H2SO3 was almost similar to that using only
H2SO4. This suggested that most of the rare earth (RE) metals were likely to be present in
the iron oxide phase rather than the manganese oxide phase. The concentration of H2SO4
and the leaching temperature significantly affected the leaching efficiency. The maximum
leaching efficiency (total of 68.0%) was achieved in 3 M H2SO4, with most RE leaching
rates around 90%, and the remaining metals being Ce 44.6%, La 55.3%, Nd 84.7%, Eu
85.8%, Pr 76.4%, and Th 78.7%, determining an average RE leaching efficiency of 83.03%.
Subsequently, dilute H2SO4 (0.2 M) was chosen as the optimal lixiviant concentration for
selective leaching of REE, thereby minimizing the co-extraction of base metals Mn, Cu, Co,
and Ni. Under the optimal conditions of 0.2 M H2SO4 and a temperature of 45 ◦C, a total
REE extraction of approximately 58% was achieved, along with the co-extraction of Mn
0.3%, Fe 4.63%, Cu 23.7%, Co 0.2%, and Ni 31.8% [127].

5. Conclusions

With the depletion of terrestrial mineral resources, the development of seabed mineral
resources will inevitably become a critical support for human society’s advancement. This
study focuses on the mineralogy of seabed manganese nodules off the coast of China in the
Western Pacific and the main technical methods for extracting valuable metal elements from
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manganese nodules (as shown in Figure 20). It reviews the primary techniques for extracting
valuable metal elements from manganese nodules and, based on current research, summarizes
new directions for the extraction and comprehensive utilization of valuable metal elements
from manganese nodules in the future. The main conclusions are as follows:

(1) The mineralogy study results indicate that the manganese nodules off the coast of
China in the Western Pacific are composed of a shell of dense ferromanganese phase
and a core of loose silicate phase. The primary valuable metal elements mainly
include Cu, Co, Ni, Mn, Fe, etc. Among them, Co and Ni are mainly distributed in
the manganese oxide phase, and Cu mainly exists in the form of free copper oxide.
To extract valuable metals, the key is to reduce Mn(IV) to Mn(II), which disrupts the
crystal structure of the nodules and releases the valuable metal elements. During
the recovery process of the primary valuable metals, the recovery of a small amount
of associated non-ferrous metals and rare earth elements can also be considered to
enhance the recovery and utilization value of manganese nodules.

(2) The extraction processes for the main valuable metal elements of manganese nodules
are mainly divided into two categories: pyrometallurgical–hydrometallurgical and
sole hydrometallurgical. The pyrometallurgical–hydrometallurgical process com-
bines the high reduction efficiency of pyrometallurgy with the high recovery rates of
hydrometallurgy, but it is associated with high energy consumption and carbon emis-
sions. By introducing hydrogen metallurgy, partially replacing carbon with hydrogen
can reduce carbon emissions and improve reduction efficiency. Additionally, utilizing
residual heat from the pyrometallurgical process to support the hydrometallurgical
stage can further reduce energy consumption. The hydrometallurgical process avoids
high-temperature operations but faces challenges such as high acid consumption,
complex wastewater treatment, difficulties in handling leaching residues, and compli-
cated downstream separation processes. These issues can be addressed by developing
highly selective leaching reagents, optimizing wastewater treatment technologies,
and achieving resource utilization of leaching residues to enhance economic and
environmental performance.

(3) Bioleaching, co-extraction technology, short-process extraction technology, etc. have
attracted widespread attention due to their environmentally friendly and efficient
characteristics. In the future, manganese nodule extraction technology should fo-
cus on integrated development, promote the application of technologies such as
the comprehensive recovery of associated resources and tailings-free utilization, im-
prove process stability and efficiency through intelligent control systems, increase
the utilization value of manganese nodules, reduce development costs, and acceler-
ate its commercialization process, thereby achieving more efficient and sustainable
resource development.

Figure 20. Summary of utilization techniques of manganese nodule.
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Abstract: Though indium has been removed from the fifth list (2023) of critical raw materials for
the European Union list of critical metals, its recovery is still of paramount importance due to its
wide use in a series of high-tech industries. As its recovery is closely associated with zinc mining,
the recycling of In-bearing wastes is also of interest, for both profitable and environmental reasons.
With unit operations (in hydrometallurgy and pyrometallurgy or extractive metallurgy) playing a
key role in the recycling of indium, the present work reviewed the most recent innovations (2024)
regarding the use of these operations in the recovery from this valuable metal from different solid or
liquid wastes.

Keywords: indium; leaching; adsorption; liquid–liquid extraction; recovery; hydrometallurgy

1. Introduction

Though indium recently disappeared from the 2023-CRM list of the European Union [1],
this metal is still considered to be of the utmost necessity for the development of a series of
smart technologies for a number of reasons [2].

It is generally considered that indium has no independent deposits, though some
minerals such as indite (indium–iron sulfide) contain it; thus, its production is associated
to zinc mining, with China being the country which controls the vast majority of indium
reserves. The majority of the global indium production comes from the by-products in the
zinc refining process, where indium is enriched to varying degrees due to various smelting
methods. This element is mainly concentrated in the furnace slag, flue dust, anode mud,
leaching residues, and flotation tailings. To supplement or as an alternative to the above,
waste indium tin oxide (ITO), solar cells, and alloys, among others, are secondary resources
of indium, and its recycling is worth consideration. However, with only small amounts of
the element in any given device, recovering indium from a post-consumer, i.e., LCD scrap,
is considered cost prohibitive [3].

As in the case of other strategic metals, indium prices have seen relative growth over
the past years (Table 1); on 25 October 2024, the price increased to $681.34/kg [4].

Table 1. Variation of the indium price in the last seven years (adapted from [4]).

Year $/kg, on 1 January

2018 380.10
2019 428.61
2020 315.11
2021 315.10
2022 477.10
2023 442.30
2024 561.60

This increase in price together with the current global environmental spirit, and despite
the first sentence of this introduction, makes the recovery of indium for waste material
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a consideration for many R + D + I (research, development and innovation) groups in
academia, industry, and governmental scientific institutions.

Several recent reviews considered the recycling of indium, either from LCDs [5] to
CIGS thin-film photovoltaic modules [6] and waste in general [7,8]. To help achieve positive
results in recycling indium, molecular recognition technology (MRT) is also recognized for
its usefulness and is used to recover critical metals (including indium) from minerals and
process waste [9]. Also, eco-friendly living organisms have been reported to be useful in
recycling metal [10].

The present review summarizes recent investigations (2024) on the various operations
involved in the recovery of indium from various sources. These sources are solid wastes or
aqueous solutions (leachates), resulting from the treatment of these solid wastes, or mimic
solutions resembling real ones. Among the operations involved in this recovery, leaching,
adsorption, liquid–liquid extraction, etc., are considered.

2. Research Methodology

References were taken from the Scopus “www.scopus.com” and Web of Science https://
webofscience.clarivate.cn/wos/woscc/basic-search databases (both accessed on 1–31 Septem-
ber 2024) under the following terms: indium recovery, indium and leaching, indium and
liquid–liquid extraction, indium and ion exchange resins, and indium, and adsorption, for the
year 2024.

3. Leaching

Various electronic devices (smartphones, monitors, and television screens) were used
to recover the indium contained within them [11]. After dismantling and milling, the
leaching operation was conducted at 80 ◦C, using 1 M sulfuric acid as a leachant solution,
two hours of reaction time, and 25% In-bearing solid. As a result, nearly 90% of the indium
contained in the solid source was leached, though calcium, aluminum, and iron were
dissolved in the process. No data were included in the publication about the separation of
the various elements from the leachate.

The next reference [12] investigated the bioleaching of indium from discarded LCD
panels, both on high pulp density shredded (Sh-LCDs) and powdered (P-LCDs) materials.
Two acidophilic consortiums, the mixed sulfur-iron pathways and sulfur pathways, were
used in the experimentation. Indium bioleaching efficiencies through the mixed sulfur-
iron pathway were 60% and 100% for Sh-LCDs and P-LCDs, respectively, with three
mechanisms involved in the extraction of indium from the samples: acidolysis (reaction of
aromatic acetoxy group (or other ester-leaving group) with a carboxylic acid driven by the
elimination of acetic acid (or other acid)), complexolysis (reaction between the dissolved
metal and the acid or chelating agent), and redoxolysis (microorganisms produce catalytic
compounds which regulate the oxidation potential of the solution). In the case of the sulfur
pathway, the indium recovery rates were 10% for Sh-LCD and 55% for P-LCD simple. No
data about the treatment of the solution for In recovery were included in the work.

Due to their properties (adjustable solubility, high chemical stability, tunability, low
cost, etc.) [13], deep eutectic solvents (DESs) are considered a type of green solvent with
multiple uses. One of these uses is to act as a substitute for mineral acids in the leaching
operation of various metal-bearing materials. This work [14] utilized short-chain dicar-
boxylic acid-choline chloride DESs to dissolve indium tin oxide, though the type of the acid
has some influence on the rate of dissolution (Table 2). The results showed that tin was
leached as [Sn4+(OH−)3(H2O)]+ (dominant species) and [Sn4+MA2−(Cl−)3]− anion. In the
case of indium, the dissolved species were [In3+(Cl−)4]− (dominant), [In3+MAH−Cl−)4]2−,
[In3+(MA2−)3]3−,and [In3+MA2−(Cl−)2]−. In the above formulations, MA stands for maleic
acid. Tin was separated from indium by precipitation as SnO2 (cassiterite) through dilu-
tion and hydrothermal treatment. From the resulting solution, indium was precipitated
as In(OH)3, then, the calcination of the solid at 600 ◦C transformed the hydroxide into
In2O3 oxide.
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Table 2. Influence of dicarboxylic acids on ITO leaching.

Acid % In Leached % Sn Leached

Oxalic >99 >99
Maleic >99 >99

Succinic 59.7 70.8
Temperature: 80 ◦C; time: 5 h. Adapted from [14].

The presence of lead in perovskite solar cells (PSCs) is a challenge with respect to the
safe disposal of these materials [15]. In these cells, the commonly used hole transport layer
is Spiro-OMeTAD, which was separated in the chlorobenzene medium. Once this layer
was separated, the resulting solid was treated with aqua regia for ten minutes in order to
yield a liquid phase and a solid ITO substrate, which served to fabricate new cells. Note
the use of chlorobenzene: this organic solvent presented a high flammability, and though
at a first instance it is considered a non-carcinogenic agent (group D) [16], other documents
alleged the carcinogenic assessment of the solvent [17]. Its handling can be the cause of the
development of several illnesses in humans.

The ultrasonic microwave leaching of indium from a zinc oxide dust was investi-
gated [18]. The best conditions for the leaching operation were summarized as follows:
ultrasonic power 200 W, microwave power 200 W, leaching time 30 min, sulfuric acid con-
centration 180 g/L, and L:S ratio 8:1. Under these conditions, the leaching rates of indium,
zinc (97.69%), aluminum, (74.57%), and iron (48.62%) were reached, these results being
better than those derived from the sole use of ultrasound or microwave methodologies.
There were no data regarding the separation of the metals dissolved in the process.

In the treatment of zinc residues, a practical dissolution problem is often found when
indium-bearing zinc ferrite (IBZF) is present in the starting material. The next reference tried
to solve this problem by using a deep eutectic solvent formed by oxalic acid and choline
chloride [19], with water utilized as a co-solvent and diluent. Under specific leaching
conditions (temperature 90◦ C, liquid:solid ratio 20:1, molar ratio of oxalic acid:choline
chloride 1:1, molar ratio of DES:H2O 1:3, and reaction time 3.5 h), the leaching efficiencies
of indium, zinc, and iron were 96.27%, 95.55%, and 96.33%, respectively. By the dilution
of the leachate with water (leachate:water 1:4), zinc was precipitated (93.06% efficiency),
and after, the ultraviolet irradiation of the supernatant produced the precipitation of iron
(98.07%). Indium in the final solution was adsorbed onto activated carbon. No data were
given in the manuscript about the indium-desorption step.

In the next investigation [20], a procedure was proposed for the treatment of a silver
concentrate containing 3010 g/t Ag, 1.22% Pb, and 649 g/t In. The process consists of
pre-oxidation followed by oxygen pressure sulfuric acid leaching. Under the optimal
conditions of a sulfuric acid pre-oxidation step, concentrated sulfuric acid, temperature
60 ◦C, acid-to-ore mass ratio of 0.6, and 15 h, the P-O and-OH polar groups of flotation
reagents on the surface of silver concentrate particles are neutralized through sulfuric
acid oxidation. In the case of the oxygen pressure leaching step, the best conditions
were as follows: temperature 155 ◦C, 160 g/L sulfuric acid, three hours of reaction time,
oxygen partial pressure of 0.8 MPa, and a liquid/solid ratio of 7 mL/g. The dissolution
rates were 94.8%, 98.4% and 91.1% for zinc, copper and indium, respectively, while the
lead and silver grades in the leach residue increased to 2.88% and 7754 g/t, respectively.
The use of sodium lignosulfonate in the oxygen pressure leaching step was mentioned,
but the manuscript did not give conditions for the separation of the solubilized metals
(95.1 g/L zinc, 1.23 g/L copper, 15.7 g/L total iron (0.30 g/L Fe(II)), 98.9 mg/L In in 57.8
g/L sulfuric acid medium).

The next study also considered the utilization of the oxidative pressure leaching
process, but in this case a model was built on the treatment of a ZnS concentrate [21].
Using various input data derived from the literature, the model demonstrated the next
efficiencies in the recovery of zinc (95.62%), sulfur (86.62%), indium (82.42%), gallium
(82.55%), cadmium (85.90%), cobalt (85.57%), germanium (68.98%), and copper (62.53%),
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with sulfuric acid, oxygen, and lime as the main chemical inputs, while zinc electrowinning
constituted over 90% of the total electricity consumption.

A thermal–biological hybrid method was utilized in the treatment of waste LCDs [22].
In the thermal treatment (20 wt% B2O3, 1100 ◦C and 70 min), metals were transferred
from the glass phase to the B2O3 phase. After, the biometabolites of Aspergillus niger were
used for the bioleaching of In, Sr, Al, and As from the thermally treated product. The best
bioleaching conditions were as follows: pulp density 10 g/L, temperature 70◦ C, and a
leaching time of two days, and the recovery rates of 82.6% Al, 70.8% As, 64.5% In, and 36.2%
Sr were reached. No data were included about the separation recovery of the elements
from the resulting solution.

The next reference [23] seemed to be a consequence of the results obtained from
the previous reference [22]. Following a thermal treatment in very similar conditions
as in [22], the resulting material was bioleached with Aspergillus niger utilizing various
rate models. Kinetic evaluation indicated an overall mixed control mechanism between
chemical reactivity and diffusion. Response surface methodology identified the optimal
conditions as follows: temperature 70 ◦C and leaching time of 29 h. Under these conditions,
the leaching efficiencies were as follows: 81.4% for Al, 69.1% for As, 60.0% for In, and
33.3% for Sr. As the results were very similar to those derived from [22], as in the previous
reference, there was no information about the separation of the metals from the leachate.

At work, a process for recycling waste ITO targets has been investigated to recover
both indium and tin [24]. Indium oxide from waste was leached using 2 M sulfuric acid
and H2O2, at 80 ◦C for five hours using a L:S ratio of 4 mL:g. Under these conditions, tin
remained in the same residue as SnO2. The In-bearing solution was processed using oxalic
acid, with the best conditions summarized as follows: oxalate/indium mol ratio of 1.8,
30 ◦C and 1 h. The precipitate (In2(C2O4)3·6H2O) from this operation was calcined (400 ◦C
for four hours) to yield indium oxide.

It was found [25] that in the leaching (HCl + H2O2 medium) of spent surface mounted
device (SMD) light emitting diodes (LEDs) considerable concentrations (Table 3) of accom-
panying metals dissolved together with indium (and gallium), thus, a replacement to the
above medium is of the utmost necessity. Thus, desferrioxamine E is considered as the
replacement to treat these spent SMD-LEDs. Best conditions for indium dissolution (24%)
is reached at pH 7.3, 416 μM desferrioxamine E, solid:liquid ratio 5 g:L, “room temperature”
(literally form the published manuscript) and one day.

Table 3. Metal concentrations in the leachate of spent LCDs.

In Ga Cu Sn Pb Fe Al Si

6.4 mg/L 28.1 mg/L 29.3 g/L 3.2 g/L 1.8 g/L 0.22 g/L 0.32 g/L 0.23 g/L

Leaching solution: 3 M HCl + H2O2; temperature: 75 ◦C; time: 4 h. L:S ratio: 10. Adapted from [25].

This work [26] seemed to be a variation of the previous reference [25]. In this case,
the source for indium was spent LCD screens, which were leached with the same desfer-
rioxamine E chelating agent. The best conditions for optimal indium recovery (32%) were
established as follows: pH: 5.5, S:L ratio 1 g:L, 25 ◦C, 5 mM chelating agent, and for 90 days.
A comparison of these results with those of [25] showed important differences; in [25],
indium recovery dropped after two days and, in [26], 90 days were needed to leach indium.
Another important difference between both references is the optimal pH to leach indium;
in [25], at a pH of 5.5 indium was poorly leached (<5%) and, in [26], this 5.5 value was the
optimum for indium recovery.

4. Adsorption

In [25,26], the use of desferrioxamine E to recover indium from waste materials was
mentioned. Since there are about 250 known siderophores, the selection of a suitable com-
plexant for a given metal seemed somewhat unpracticable. Thus, the next reference [27]
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used a density functional theory-based approach to efficiently identify siderophores with
increased selectivity towards target metals, i.e., indium. Thus, the binding properties
of fimsbactin A towards indium are checked and compared with those of the reference
siderophore desferrioxamine B (DFOB). The calculations showed that fimsbactin A pre-
sented 128% higher selectivity for indium than DFOB, whereas the experimental validation
of the method indicated that fimsbactin A has up to 40% more selective indium binding
than DFOB.

In the next reference [28], and in order to separate indium from iron (III) using
electrospun fibers, the presence of fluorine-containing groups in the fibers were used
to regulate the Lewis basicity of the N-containing fibers adsorption sites. The results
demonstrated that in single metal solutions the adsorption capacity of both elements is the
same, whereas in mixed In–Fe solutions, indium is loaded onto the fibers preferentially to
iron. Desorption was performed in a sulfuric acid medium, the concentration of In(III) in
the solution 73.9 being times higher than that of Fe(III).

The synthesis of a metal–organic framework adsorbent, MOF-808-TA (TA, tartaric
acid) was reported [29]. Indium was better removed from the solution as the pH increased
from 1 (1% efficiency) to 4 (near 40% efficiency). This element was removed (>80%) from
solutions preferably to a series of other elements (<5%, Na, K, Ca, Mg, Co, Cu, Fe, Mo, Zn,
Al, Sn) but Eu (near 75%) or Dy (near 80%). Indium can be desorbed (24 h) using 0.01 M
HCl medium.

Two adsorbents, mesoporous silica (SBA-15) and ligand-modified (pyromellitic di-
anhydride) mesoporous silica SiO2/PMDA, were used to investigate its performance on
In removal from solutions [30]. SBA-15 material did not perform well in indium removal.
Instead, the use of the modified silica allowed for the selective separation (pH 3) of indium
in the presence of gallium, zinc, and tin. Desorption was investigated using 0.1 M nitric
acid solutions.

The use of P507@MAC adsorbent on indium removal was investigated in the next ref-
erence [31]. This adsorbent resulted from the impregnation of P507 extractant (2-ethylhexyl
2-ethylhexyl phosphate, C16H35O3P, (R(RO)POOH)) on coconut shell-derived mesoporous
activated carbon. Indium was removed well from the solution at pH 1, allowing for the
selective separation of this element from others (Ga, Cu, Cd, Zn). Indium desorption is
affordable at moderate (3–5 M) nitric acid concentrations. The adsorbent was utilized in the
separation of gallium and indium from CIGS photovoltaic modules leach solution (pH 1).
After two consecutive steps, indium was completely removed from the solution, leaving
gallium and other elements in it. Gallium was then removed from the solution (pH 2).

Since the recovery of indium from tail liquid zinc ore has difficulties due to the large
concentrations of zinc and acid present in the solution, an adsorbent derived from the
introduction of a network of zirconium glyphosine on carbon nanotubes was formed [32].
The composite (xZrGP-CNT) (x denoted the mass ratio of glyphosine to ZrCl4) was used
in the adsorption of indium from synthetic solutions. The maximum metal adsorption
(around 80%) was derived from experiments carried out at pH values 3.5–4, increasing
the removal percentage to around 90% when x = 2 or 3 and widening the pH range
until 2. It was concluded that the mechanism of indium adsorption is due to electro-
static attraction, ion exchange reaction, and coordination interaction. Indium(III) was
preferentially adsorbed (separation factors in the 1.7 value order) in the presence of
Fe(II):Al(III):Zn(II):Mg(II):Ca(II) using a solution (unknown pH) with a concentration
ratio of 1(In):1.5(Fe):5(Al):30(Zn):0.6(Mg):0.7(Ca). About 92% of indium was desorbed
using 1 M nitric acid solution.

In the next reference [33], a nanofiber (PCA-Nanofiber) was fabricated by introducing
an electronegative fluorine-containing group to modulate the electronic structure of ad-
sorption sites used on indium recovery. In the present case, maximum indium adsorption
occurred at pH 2, whereas desorption was performed using 1 M sulfuric acid.

Nanoscale metal–organic framework UiO-66-(COOH)2 particles were embedded in
sodium alginate (SA)-calcium structure to fabricate UiO-66-(COOH)2/SA composite beads
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(approximate size of 3 mm) [34]. This adsorbent removes indium from solutions of pH 4,
whereas 0.05 M HCl solutions were used to desorb indium from metal-loaded beads.

Though it is complex to compare the performance of the various adsorbents in terms
of indium uptake, mainly due to the very different experimental conditions used in the
investigations, Table 4 summarizes the different maximum indium loadings on selected
adsorbents. With greater discrepancies between the results presented in [30] and the
other references, it is worth noting here the close similarity in the adsorbents used in [28]
(published online 21 December 2023) and [33] (published online 26 November 2023) and
also in the maximum indium uptakes.

Table 4. Maximum indium uptakes onto different adsorbents.

Adsorbent a[In]max, mg/g Reference

PCA-nanofibers 135.7 (single In solution) [28]
PCA-nanofibers 111.6 (mixed In-Fe(III) sol.) [28]

MOF-808-TA 172.4 [29]
SBA-15 5.2 [30]

SiO2-PMDA 38.0 [30]
2ZrGP-CNT 193.7 [32]

PCA-nanofibers 137.9 [33]
AM-nanofiber 43.1 [33]

a Values from the Langmuir isotherm model.

5. Liquid–Liquid Extraction

Crown ethers (CEs) with varied cavity sizes, benzo-18-crown-6 (B18C6), benzo-15-crown-5
(B15C5), and benzo-12-crown-4 (B12C4), were synthesized [35] and used in the extraction of
indium from a KCl medium [36]. With InCl4− being the predominant metal-species in the
aqueous phase, the extraction order followed the sequence B18C6 > B15C5 > B12C4. The metal
extraction was attributed to the coordination of the crown ether with K+ to form [CE-K]+

at the two-phase interface, which further associates with InCl4− to create the complex of
CE-KInCl4. Moreover, B18C6 showed excellent selectivity toward In3+ over competing ions
such as Fe3+, Al3+, Zn2+, Sn2+ and Ca2+ in a mixed system. Indium was recovered (98.1%
efficiency) from the loaded organic phase by using 1 M HCl as a strippant. Dichloromethane
was used to dissolve the extractants and this misuse or poor choice of the diluent clearly
precluded the practical use of these systems due to the harmful characteristics of this
chemical [16,17].

Due to their properties, ionic liquids in general and particularly phosphonium-based
ionic liquids are being considered as extractants for many metals. Cyphos IL104 (tri-
hexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate dissolved in toluene
was used to extract indium from a feed solution derived from the leaching of discarded LCD
screens [37,38]. From the In-Sn-loaded organic solution, indium was selectively stripped
with 4 M nitric acid. In a leaching-extraction procedure, the ionic liquid [P44410][Br3] (trib-
utyldecylphosphonium bromide) was used to recover indium (and gallium) from GaAs and
InAs semiconductors [38,39]. After this first step, arsenic was first recovered by stripping
with 4 M NaBr, then gallium was stripped using water, and finally indium was recovered
from the organic phase using 0.25–1.3 M NaOH solutions as strippants.

Organic phases of D2EHPA (di(2-ethylhexyl)phosphoric acid) and 2-ethylhexanol in
kerosene or petroleum paraffins were used to extract indium [40]. The optimum organic
phase composition to extract this metal contained 15.8% extractant and 4.7% alcohol. In this
extraction stage, indium recovery was in the 97.5–99.5 range. Mixtures of sulfuric acid and
sodium chloride were used as strippants with efficiencies of around 99%. Though in the
Abstract it is mentioned that the introduction of the alcohol into the organic phase helps to
improve the indium “re-extraction” compared to D2EHPA alone, it is more than possible
that the use of the alcohol prevented the formation of a third phase (or second organic
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phase) after the disengagement phase either in the extraction and/or stripping stages. The
main problem with using D2EHPA to extract indium is the co-extraction of iron(III) [41]

The extraction of different technologically critical elements from leach solutions of
multiple sources using ionic liquids was reviewed [42]. Generally, these extractants have
low selectivity toward Ga, Ge, and In compared to Fe(III), Al(III), and Zn(II), which are
typically present at high concentrations in the multielemental solutions.

Spent liquid crystal display panels were used as a source for indium recovery. The
treatment of these panels [43] led to a solution which was processed using an ethanol-
mediated dodecylamine (DDA) phase to which n-hexane was added prior to the separation
phase [44]. Indium extraction (about 90%) occurred at pH values in the 7.5–9 range;
however, tin, aluminum, and iron were extracted within the same efficiency, as well
as copper (80%). In(III) loaded in the organic phase was then converted into InOOH
nanoparticles with “abundant” oxygen vacancies through a low-temperature hydrothermal
process. The nanoparticles (polyhedral morphology with average size 15.4 nm) were used
to electrocatalyze CO2 reduction.

6. Miscellaneous Operations

Besides the most used unit operations in the recovery of indium and reviewed above.
Scientists try to resolve the problem using different methodologies. The results are re-
viewed below.

Ultrasound-enhanced calcium carbonate precipitation was used to increase indium
recovery on a zinc oxide dust leachate (68 g/L Zn(II), 0.56 g/L In(III), 1.5 g/L Fe(II),
0.4 g/L Al(III)) [45]. The results of this investigation showed that the best conditions
were as follows: a precipitation endpoint pH of 4.0 and an ultrasound power of 200 W.
The precipitation yield of indium under these conditions was 99.79%. Compared with
conventional precipitation, the utilization of ultrasounds reduced both the time to reach
equilibrium, and the amount of calcium carbonate used in the process. It should be noted
that together with indium, aluminum was precipitated within the same rate order (96.75%),
whereas the rate of zinc precipitation reached 29.36%. Thus, the precipitated In(OH)3 may
be contaminated to some extent by these two elements.

Membranes, and particularly supported liquid membranes, are a widely proposed
methodology in the removal of metals from liquid solutions or effluents [46]. In this
methodology, an extractant or an organic phase (extractant and diluent as used in liquid–
liquid extraction) are immobilized in the micropores of a hydrophobic solid support,
forming the supported liquid membrane. Indium was recovered from an aqueous solution
using one of these liquid membranes, acting Cyphos IL104 diluted in kerosene as the
organic phase for the transport process [47]. The following five process parameters were
evaluated: indium concentration (10–100 mg/L), extractant concentration (0.05–0.2 M),
feed phase acidity (0.01–3 M nitric acid), chloride ion concentration (0.5–4 M), and the
stripping agent concentration (0.1–5 M nitric acid). Experimental results were compared
with the models resulting in the utilization of the response surface methodology (RSM with
r2 = 0.9589) and artificial neural network (ANN with r2 = 0.9860)). The best-optimized data
were as follows: 73.92 mg/L (In), 0.157 M (Cyphos IL104), 1.386 M (nitric acid in the feed
phase), 2.99 M (chloride ion), and 3.06 M (nitric acid in the stripping phase).

Copper indium gallium selenide solar cells were used as the source phase for indium
recovery using microwave pyrolysis, thermal oxidation, and thermal chlorination tech-
nologies [48]. Under microwave pyrolysis conditions (332–430 ◦C and 200–300 W), the
cells lost about 90% of their weight. Selenium was then recovered using thermal oxidation
at 800 ◦C for 30 min; this time was increased to 40 min if the temperature decreased to
600 ◦C. Further, a first thermal chlorination step (two hours at 260 ◦C) allowed the recovery
of gallium (56% efficiency with 100% pure gallium), and a second step (two hours at 340
◦C) allowed the recovery of gallium (40% efficiency and 20% purity) and indium (46%
efficiency and 55% purity). Gallium can be completely recovered in the first stage if longer
reaction times were used. If this option was chosen, the purity of indium would rate near
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68%, this being an unsatisfactory result. To increase this rate, the usage of one or more
additional technologies is necessary to achieve the complete separation of indium and
other metals.

Gallium-based liquid metal (G-LM) waste is produced during the preparation of liquid
metals and related products, this being a waste source of gallium and indium. In the next
investigation [49], a two-stage vacuum distillation method was used to recover Ga–In alloy
from these wastes. Firstly, low-temperature vacuum distillation was used to recover 98.23%
of Zn under optimal conditions (1–5 Pa, 500 ◦C, one hour). Secondly, the Ga–In alloy was
recovered through high-temperature vacuum distillation. Under the optimal conditions
(1–5 Pa; 1250 ◦C, two hours), the recovery rates of gallium and indium were 85.14 and
95.23%, and the content of the Ga–In alloy in the product was 99.46%.

The next study [50] presents evaporation parameters and the characteristics of indium
in the process of vacuum distillation to direct the refining of this metal using vacuum
distillation. The investigation was carried out on a 92In–8Sn alloy. The following was
concluded: (i) the measured volatilization rate of indium is temperature-dependent in the
900–1100 ◦C range (5 Pa and 25 mm crucible depth); (ii) the volatilization rate of indium
in the alloy was found to be proportional to the crucible depth (25–65 mm at 1050 ◦C
and 5 Pa); (iii) the determined mass transfer coefficient for indium showed positive and
negative correlations with temperature and crucible depth, respectively; and (iv) a kinetic
model for indium volatilization was derived and showed that the volatilization of indium
in the alloy is mainly constrained by the transfer of mass in the vapor phase.

As is widely known, end-of-life LEDs are a source for the recovery of indium or rare
earth elements. The next investigation [51] used these LEDs to recover indium by a prior
thermochemical step with hydrochloric acid-containing vapor (650 ◦C) from polyvinyl
chloride as a chlorine source. The results from this operation showed that indium is mainly
concentrated (42–70 ppm) in liquid products, especially in the water phase. Indium can be
recovered from the aqueous phase by electrolytic extraction after its concentration has been
increased by reduction or by the removal of water [52]. Further, the LED residue is leached
with sulfuric acid (32%) and hydrogen peroxide in a L:S ratio of 10. From the leachate, the
heavy rare earth element lutetium can be extracted tributyl phosphate/1-octanol.

The infamous copper indium gallium selenide solar cells were used for the recovery
of silver and indium tin oxide particles [53]. The process to achieve this used two-step
ultrasonic leaching with 0.1 M nitric acid solutions. In the first step, indium tin oxide
particles were liberated through the selective dissolution of the zinc-rich layer underneath,
using low ultrasound power for 3 min. In the second step, the same conditions as in the first
step were applied, but now a high-power ultrasound was used for 15 min to recover the
silver grid lines. Both the indium tin oxide (70.5 wt% purity) and the silver grid (95.0 wt%
purity) particles were recovered by filtration, and there was no loss of silver in the leachates,
though some indium was dissolved, together with zinc, in the first step. Copper indium
gallium selenide material remained in the substrate of the second step and some losses of
this material were produced along the various steps of the process.

Scraps from indium phosphide (InP) semiconductors are another source for indium.
However, the recycling of these INP scraps (78.2% In, 18.3% P) presented some challenges
mainly due to phosphorus flammability and the release of toxic and irritating smokes dur-
ing combustion. To resolve these challenges, the next investigation proposed a “controlled-
pressure pyrolysis–spray condensation” process [54]. Firstly, InP is decomposed (1050 ◦C,
micronegative pressure for five hours) into phosphorus and indium; phosphorus then
evaporates into the vapor phase and is sprayed with warm water (55 ◦C) for condensation
in this same medium. Industrial α-yellow phosphorus with a purity greater than 98 wt%
(recovery rates exceeding 90%) was obtained and stored in water. From the first step, an
indium ingot (99.59 wt% purity) was recovered (98.2% efficiency rate).
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7. Conclusions

Though nowadays the EU does not consider indium as a critical metal, the recovery
of this metal from different wastes is still conducted. Apparently, there is not a consoli-
dated market for recycling some (if not all) of these wastes with a specific emphasis on
indium recovery.

In the leaching step, future research should focus on enhancing the amplification tech-
nology of ultrasonic microwave leaching equipment. Also, the utilization of siderophores
in eco-friendly technologies should be taken into consideration for the recovery of indium
(and many different critical metals) from various industrial waters and leachates or biore-
mediation approaches. The potential uses of ionic liquids and deep eutectic solvents to
substitute more aggressive acidic compounds in the leaching operation cannot be forgotten.
As substitutes to these mineral acids, the use of organic acids may be considered.

Adsorption processing is a technology to be considered, even though a series of
adsorbents tend to lose their initial adsorption properties under continuous use; thus, one
of the future hot spots in this field should be the obtention of more stable adsorbents under
more extreme working conditions, i.e., acidities of the feed or desorption solutions.

In the case of liquid–liquid extraction, the rational design of ionic liquids and task-
specific ionic liquids, their recycling, process scaling-up, and detailed economic viability
studies need to be adequately investigated to accelerate the potential commercialization of
these chemicals in the processing of indium.

Of course, the development of alternative technologies to the established ones is
always of interest.

In any case, the real value of all the above technologies must be proven in the recovery
of indium from real waste solid materials, or in the treatment of real leach solutions, and
under continuous use (pilot plant); thus, efficiency in the recovery and selectivity of indium
must be areas to consider.
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