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Editorial

Advances in Selective Flotation and Leaching Process
in Metallurgy

Ilhwan Park

Division of Sustainable Resources Engineering, Faculty of Engineering, Hokkaido University,
Sapporo 060-8628, Japan; i-park@eng.hokudai.ac.jp; Tel.: +81-11-706-6315

1. Introduction and Scope

Metals are a finite resource that are necessary to maintain living standards in modern
society, due to their countless applications, such as transportation vehicles, building and
construction, household appliances, electronic devices, etc. In addition, the world is rapidly
transitioning to “low-carbon technologies” using renewable energy sources (e.g., solar,
wind, etc.) to combat climate change, and these technologies require vast amounts of
metals per unit generation compared to that of conventional fossil generation; for example,
11–40 times more copper (Cu) for solar photovoltaic (PV) systems and 6–14 times more iron
(Fe) for wind power stations [1].

Unfortunately, easily exploitable ore deposits are hard to find, which makes it un-
avoidable that mining industries must develop complicated ore deposits with low-grade
and fine grain-size. The complexity of these ore bodies requires fine grinding to achieve
the appropriate liberation of valuable minerals. Typically, there are two scenarios to extract
metals from finely-ground ores; that is, (1) concentration of valuable minerals via “flotation”
followed by smelting process and (2) direct extraction of metals from finely-ground ores
by “leaching” followed by purification and recovery processes (e.g., solvent extraction
and electrowinning (SX-EW)). Therefore, flotation and leaching, both of which are the
first stage of each scenario, of finely-ground ores are of crucial importance to assure the
continued supply of metals. Thus, this Special Issue introduces the latest scientific advances
in selective flotation and leaching processes essential for the production of metals in a
sustainable manner.

2. Contributions

Eleven articles have been published in the present Special Issue of Metals, encompass-
ing the fields of flotation and hydrometallurgy. The papers are all of highly scientific value
and will be of great interest to readers of Metals. The contents of the published papers will
be briefly summarized as follows.

2.1. Flotation

Copper has been widely used in various applications, due to its excellent electri-
cal/thermal conductivity, high corrosion resistance, etc. [2], approximately 60% of which is
produced from porphyry copper deposits (PCDs) [3]. The beneficiation of porphyry copper
ores is mostly achieved by a two-step flotation process; that is, (i) bulk flotation to recover
Cu and molybdenum (Mo) minerals from gangue minerals and (ii) selective flotation of
Mo minerals from Cu-Mo bulk concentrates using sodium hydrosulfide (NaHS) as a Cu
depressant. Although this process is efficient and well established, the use of NaHS for
Cu/Mo separation has several drawbacks. A review paper by Park et al. [3] introduced
recent depression techniques, including alternative inorganic/organic depressants as well
as oxidation treatments involving the use of ozone (O3), plasma, hydrogen peroxide (H2O2),
and electrolysis. Moreover, Park et al. [4,5] developed a new depression technique (i.e.,
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microencapsulation using ferrous and phosphate ions), which preferentially coated chal-
copyrite (CuFeS2) with ferric phosphate (FePO4) layers rather than molybdenite (MoS2).
As a result, the floatability of chalcopyrite was selectively reduced, while molybdenite
floated well by the addition of kerosene (Mo collector).

As high-grade and easily exploitable copper ores have been getting depleted, the
development of flotation techniques for copper ores with low-grade and small grain
size, as well as unconventional resources such as seafloor massive sulfide (SMS) ores,
is becoming an important issue [6–8]. Hornn et al. [7] investigated the application of
agglomeration using surfactant-stabilized oil emulsion to improve flotation recovery of
finely-ground chalcopyrite. The recovery of fine particles (D50 < 5 μm) by flotation is
well known to be difficult due to the low collision probability between air bubbles and
mineral particles [9–12]. A study by Hornn et al. [7] revealed that agglomeration using
surfactant-stabilized oil emulsion was effective in increasing the apparent particle size
of fine chalcopyrite particles from 3.5 μm to ~10 μm, thereby improving Cu recovery
from 68% to >97%. Meanwhile, Aikawa et al. [8] proposed a novel flotation procedure to
recover chalcopyrite selectively from SMS ores. The major target minerals of SMS ores are
chalcopyrite and sphalerite (ZnS), so they should be recovered sequentially via a two-step
flotation process whereby chalcopyrite is first recovered, followed by floating sphalerite.
In the first stage of flotation, however, both chalcopyrite and sphalerite were recovered
together even with zinc sulfate (ZnSO4; sphalerite depressant) because of the presence
of anglesite (PbSO4) that releases Pb2+ and activates sphalerite. To address this problem,
Aikawa et al. [8] employed EDTA washing before flotation, which was effective in removing
anglesite, and thus chalcopyrite could be recovered selectively by flotation with ZnSO4.

Apart from studies on the flotation of copper minerals, in this Special Issue, there are
two papers on the recovery of fine bauxite [13] and elemental sulfur [14] by flotation. Zhang
et al. [13] utilized a plate-packed flotation column (PFC) for fine bauxite, and the Al2O3
recovery and grade increased by 2.11% and 1.85%, respectively, compared to the result
obtained with unpacked flotation column (UFC). Additionally, they clarified the mechanism
of how fine bauxite recovery was improved in a PFC by population balance model (PBM)
incorporated with computational fluid dynamics (CFD) techniques; that is, installing the
packing-plates significantly reduces the turbulent kinetic energy, which contributed to
the formation of small-sized bubbles in the flotation column. A study by Liu et al. [14]
demonstrated the recovery of elemental sulfur from the pressure acid leaching residue of
ZnS concentrate. The recovery of elemental sulfur from high-sulfur residue can not only
add economic value, as it is an important chemical material used for many applications, but
also protect the environment. They compared three collectors (e.g., O-Isopropyl-N-Ethyl
thionocarbamate (IPETC), ammonium dibutyl dithiophosphate (ADDTP), and sodium
ethyl xanthate (SEX)), and among them, IPETC exhibited a superior collecting ability and
selectivity to the elemental sulfur, which was further proved by density functional theory
(DFT) calculation [14].

2.2. Hydrometallurgy

In this Special Issue, four articles deal with hydrometallurgical processing for Cu, gold
(Au), and rare earth metals (REMs) [15–18]. Chae et al. [15] studied hydrochloric acid (HCl)
leaching behaviors of Cu and antimony (Sb) in speiss obtained from top submerged lance
(TSL) furnace. In general, the speiss containing Cu, Sb, and precious metals (e.g., Au, silver
(Ag), etc.) is first processed by sulfuric acid (H2SO4) leaching to extract Cu. However, it is
reported that the leaching efficiency of Cu from the speiss in H2SO4 media is decreased due
to the increased amount of Sb in the speiss caused by the co-treatment of various secondary
resources during the TSL process. The solubility of Sb in H2SO4 is low, which hinders the
leaching of Cu. In other words, Sb should be dissolved to improve the leaching efficiency
of Cu, so HCl leaching experiments under various conditions were conducted by Chae
et al. [15]. As a result, they found the optimum condition of HCl leaching where more than
99% of Cu could be dissolved.
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As high-grade ores are depleted, the reprocessing of mine tailings to extract residual
valuable metals/minerals is now getting increased attention. Godirilwe et al. [16] studied
Cu recovery from mine tailings via flotation, high pressure oxidation leaching (HPOL),
and SX-EW process. After flotation of mine tailings, the grade of Cu was upgraded from
0.24% to 0.65%, and the HPOL process of the concentrate yielded a high Cu leaching rate of
94.4%. Afterward, the pregnant leach solution (PLS) containing 2.9 g/L Cu and 102.9 g/L
Fe was purified by solvent extraction using LIX-84I, which produced the stripped solution
comprising of 44.8 g/L Cu and 1.4 g/L Fe where Cu could be electrowon with a current
efficiency of about 95%.

The Cu-catalyzed ammonium thiosulfate leaching is one of the most promising alter-
natives to cyanidation for extracting gold from ores [17]. A major problem of thiosulfate
leaching is its difficulty in recovering gold from the PLS; that is, the conventional Au recov-
ery techniques (e.g., activated carbon (AC) adsorption and cementation using base metals)
are inefficient. To address this problem, Jeon et al. [19,20] developed a novel recovery
technique called enhanced cementation using AC and zero-valent aluminum (ZVAl), which
yielded Au recovery of >99%. However, the previous studies on enhanced cementation
using AC and ZVAl were conducted with relatively pure gold thiosulfate solutions [19,20],
which significantly differs from the actual PLS where a variety of metal ions coexist. Thus,
Jeon et al. [17] investigated the effects of coexisting metal ions (e.g., cobalt (Co), Cu, Fe,
nickel (Ni), and zinc (Zn)) on Au recovery via enhanced cementation, and they found that
the presence of Fe2+, Co2+, Ni2+, and Zn2+ showed the detrimental effects on Au recovery.
However, Cu2+ acted as a catalyst that minimized the negative effects of these metal ions
on Au cementation, yielding 85–90% of Au recovery.

Rare earth metals are essential to achieve a carbon-neutral society because significant
quantities of REMs are utilized for manufacturing strong permanent magnets, a critical
component used in generators for wind turbines and traction motors for electric vehicles
(EVs) [21,22]. There are, however, only a few countries with exploitable rare earth de-
posits, so the production of REMs through the recycling of wastes is of topical importance.
Choubey et al. [18] developed the hydrometallurgical process to extract REMs from Nd-
FeB permanent magnets of waste hard disks. The demagnetized magnet was completely
dissolved in 2 M H2SO4 at 75 ◦C in 60 min, and then dissolved REMs and Fe were selec-
tively precipitated from the leach liquor at pH 1.75 and 3.5–4.0, respectively. Finally, the
precipitated REM hydroxides were converted to their oxides by heating at 120 ◦C for 2 h.

3. Conclusions and Outlook

A variety of topics have been covered in this Special Issue, presenting recent develop-
ments of flotation and leaching. Furthermore, the published articles effectively demonstrate
the diversity of the recent research and development in the field. Nevertheless, there are
still many challenges to overcome in this research field, so we hope that this Special Issue
will serve as a springboard for future discussions and scientific debates on challenging
topics related to flotation and leaching.

Having served as a Guest Editor, I am delighted by how well the contributions met
the high standards of quality and originality that contributed to the success of this Special
Issue. I would like to warmly thank all the authors for their contributions as well as the
reviewers for their efforts to ensure a high-quality publication. In addition, I wish to
extend my gratitude to the Editors of Metals for their continuous support and the Metals
Editorial Assistants for their valuable and inexhaustible engagement and support during
the preparation of this volume. My special thanks go to Mr. Toliver Guo for his support
and assistance.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Porphyry copper deposits (PCDs) are some of the most important sources of copper
(Cu) and molybdenum (Mo). Typically, the separation and recovery of chalcopyrite (CuFeS2) and
molybdenite (MoS2), the major Cu and Mo minerals, respectively, in PCDs are achieved by two-step
flotation involving (1) bulk flotation to separate Cu–Mo concentrates and tailings (e.g., pyrite, silicate,
and aluminosilicate minerals) and (2) Cu–Mo flotation to separate chalcopyrite and molybdenite.
In Cu–Mo flotation, chalcopyrite is depressed using Cu depressants, such as NaHS, Na2S, Nokes
reagent (P2S5 + NaOH), and NaCN, meaning that it is recovered as tailings, while molybdenite is
floated and recovered as froth product. Although conventionally used depressants are effective in the
separation of Cu and Mo, they have the potential to emit toxic and deadly gases such as H2S and HCN
when operating conditions are not properly controlled. To address these problems caused by the
use of conventional depressants, many studies aimed to develop alternative methods of depressing
either chalcopyrite or molybdenite. In this review, recent advances in chalcopyrite and molybdenite
depressions for Cu–Mo flotation separation are reviewed, including alternative organic and inorganic
depressants for Cu or Mo, as well as oxidation-treatment technologies, such as ozone (O3), plasma,
hydrogen peroxide (H2O2), and electrolysis, which create hydrophilic coatings on the mineral surface.

Keywords: porphyry copper deposits; chalcopyrite; molybdenite; flotation; conventional and
alternative depression techniques

1. Introduction

Porphyry copper deposits (PCDs) are the world’s most important sources of copper (Cu) because
they account for more than 60% of global annual copper production [1,2]. Although these deposits
are widespread, they seem to be localized in time and space within the overall evolutionary pattern
of magmatic arcs along plate convergent margins; that is, they are predominantly associated with
(i) Mesozoic to Cenozoic orogenic belts in western North and South America, (ii) Tethyan orogenic
belts in eastern Europe and southern Asia, and (iii) Paleozoic orogens in Central Asia and eastern
North America (Figure 1) [1,3–5]. PCDs are low-grade (around 0.3–2.0% Cu; average 0.44% copper in
2008); however, they have significant economic value due to their large size (typically greater than
100 million tons), long mine lives (spanning several decades), and high production rates (i.e., millions
of tons of copper per year) [1]. These deposits are also important sources of molybdenum (Mo),
gold (Au), and silver (Ag) [1,5]. PCDs greatly contribute to the world’s supply of Mo, accounting
for more than 50% of the total supply [6]. In addition, elevated concentrations of rhenium (Re),
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tellurium (Te), and platinum-group elements (PGEs) are incorporated in PCDs, which are recovered
as byproducts; that is, Re, Te, and PGEs are mostly recovered from processes related to molybdenite
(MoS2), anode slimes generated from the electrorefining of copper anodes, and the smelting of copper
ores, respectively [1].

 

Figure 1. Occurrence of porphyry copper deposits through time (reprinted with permission from Lee
and Tang [3], copyright (2020) Elsevier).

Typically, the recovery of copper sulfides (mostly chalcopyrite) and molybdenite from PCDs is
conducted via a series of processes; that is, open-pit mining of PCDs to excavate the ores, closed-circuit
comminution to liberate valuable and nonvaluable minerals, and multistep flotation of ground ores to
separate Cu–Mo concentrates and tailings (e.g., pyrite and silicate minerals), followed by the separation
of Cu and Mo minerals from Cu–Mo concentrates by flotation using Cu depressants (e.g., NaHS, Na2S,
Nokes reagent (P2S5 + NaOH), and NaCN)—the detailed processes for PCDs are discussed in the
following section. Afterwards, Cu concentrates are treated by a pyrometallurgical process to produce
Cu metal, while Mo concentrates are treated by leaching using HCl–FeCl3 to produce the high-grade
MoS2 used for lubricants, or by roasting and acid pressure-oxidation processes to produce technical
Mo oxide (MoO3) [7].

During Cu–Mo flotation separation, Cu depressants work effectively to separate Cu and Mo
minerals, but there are serious drawbacks, such as (i) the potential to release toxic and deadly gases
(e.g., H2S and HCN) when pulp pH is not properly maintained; (ii) the corrosive nature of Cu
depressants, which destroy pipelines; (iii) the imperfect recovery of molybdenite; and (iv) considerable
losses of precious metals such as gold and silver when cyanide is used [8–10]. In order to replace
conventionally used Cu depressants, which have the above limitations, many studies have been
conducted to develop alternative methods, including the use of environmentally friendly organic and
inorganic depressants to reduce the floatability of either chalcopyrite or molybdenite, and oxidation
treatments involving the use of ozone (O3), plasma, hydrogen peroxide (H2O2), and electrolysis to
create hydrophilic coatings on the surfaces of the chalcopyrite. Despite the existence of extensive
studies, there is no review that summarizes all findings on this important topic. In this review,
therefore, newly developed techniques for Cu–Mo flotation separation are reviewed. Specifically,
we discuss mechanisms involved in selective depression for either chalcopyrite or molybdenite, and the
advantages and disadvantages of each technique.
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2. Typical Process of Cu–Mo Sulfide Ores

Figure 2 shows the typical flow sheet for the beneficiation of Cu–Mo sulfide ores, consisting of
three steps: (1) comminution to liberate target minerals, (2) bulk flotation to recover Cu–Mo minerals
from gangue minerals, and (3) selective flotation of Mo minerals (mostly molybdenite) from Cu–Mo
bulk concentrates [10]. The ores are first crushed by a primary crusher, such as a jaw or gyratory
crusher, and then ground with a semi-autogenous (SAG) and/or ball mill where conditioning agents
such as a Cu–Mo collector (e.g., xanthate- and/or oil-based collector(s)) and pH adjuster (e.g., lime
(CaO)) are introduced to improve the separation of Cu–Mo and gangue minerals during bulk flotation.
The purpose of adding lime is to make the pulp pH alkaline, at which pyrite, one of the representative
gangue minerals, could be effectively depressed. This depression of pyrite under alkaline conditions
could be explained by the competitive adsorption of OH− and the xanthate-based collector. There are
critical pH values for sulfide minerals, below which xanthate ion can be adsorbed, while above which
its adsorption is inhibited due to the competitive adsorption of OH− [11]. For instance, critical pH
values for pyrite and chalcopyrite in the solution containing 25 mg/L potassium ethyl xanthate at room
temperature are 10.5 and 11.8, respectively, so the selective flotation of chalcopyrite could be achieved
when pulp pH is adjusted to be between 10.5 and 11.8 [11]. There are two additional mechanisms of
pyrite depression under alkaline conditions: (i) dixanthogen, an adsorbed form of xanthate-based
collector on pyrite surface, becomes thermodynamically unstable; and (ii) pyrite surface is covered
with ferric hydroxide having a hydrophilic nature [12]. After bulk flotation, tailings are disposed of
into the tailings storage facility (TSF), while concentrates are transferred to the conditioning process,
followed by flotation for the separation of Cu and Mo minerals. As shown in Figure 2, the conditioning
process is aimed at depressing Cu minerals by using Cu depressants such as NaHS. This depressant is
readily dissociated in the aqueous solution, and produces NaOH and H2S (Equation (1)). At pH 9–10,
H2S is transformed into HS− (Equation (2)), which reacts with xanthate-adsorbed Cu minerals; thereby,
the surfaces of Cu minerals are modified from hydrophobic to hydrophilic due to the desorption
of xanthate adsorbed on them (Equation (3), where CuX denotes the surface of xanthate-adsorbed
Cu minerals). After pretreating Cu–Mo bulk concentrates with NaHS, Mo minerals are recovered
as froth products, while Cu minerals are recovered as tailings. According to Hirajima et al. [13],
the pretreatment of Cu–Mo bulk concentrates using NaHS significantly decreased Cu recovery from 85
to 10%, while Mo recovery was increased from 85 to 99% (Figure 3), indicating that NaHS was effective
in selectively depressing Cu minerals. As a result of a single stage of Cu–Mo flotation using NaHS,
the froth product contains around 10% Cu, which is most likely caused by entrainment. In industry,
thus, froth products are further processed via multiple cleaning stages to meet the requirement of
saleable Mo concentrates.

NaHS + H2O↔ NaOH + H2S (1)

H2S↔ H+ + HS− (2)

2CuX + HS− ↔ Cu2S + 2X− + H+ (3)

Similarly, the Nokes reagent (P2S5 + NaOH), Na2S, and NaCN were also adopted as Cu
depressants [7,10,14,15]. The function of the Nokes reagent and Na2S is the same as that of NaHS for
producing HS−, which desorbs the adsorbed xanthate on Cu minerals (Equations (2)–(6)).

P2S5 + 6NaOH↔ 2Na3PO2S2 + H2S + 2H2O (4)

P2S5 + 10NaOH↔ Na3PO2S2 + Na3PO3S + 2Na2S + 5H2O (5)

Na2S + 2H2O↔ H2S + 2NaOH (6)

7
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Figure 2. Beneficiation flowsheet of Cu–Mo sulfide ores [7].

Figure 3. Effects of NaHS on recovery of (a) chalcopyrite and (b) molybdenite (reprinted with permission
from Hirajima et al. [13], copyright (2017) Elsevier).
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In the case of NaCN, its depressive mechanism is different, as NaCN is hydrolyzed in aqueous
solution to form NaOH and HCN (Equation (7)). Then, the latter dissociates to CN− under alkaline
conditions (Equation (8)). The action of CN− as a Cu depressant lies in its strong ability to form a
copper–cyanide complex (Equation (9)) [14].

NaCN + H2O↔ NaOH + HCN (7)

HCN↔ H+ + CN− (8)

2Cu2+ + 6CN− ↔ 2[Cu(CN)2]− + C2N2 (9)

By increasing the concentration of CN−, it creates additional species of the copper–cyanide
complex such as [Cu(CN)3]2– and [Cu(CN)4]3− [16]. Cyanide reacts with not only Cu2+, but also
copper–xanthate formed on the surfaces of Cu minerals, resulting in a decrease in their hydrophobicity
due to the replacement of xanthate with cyanide. In addition, cyanide can directly react with the
surface of Cu minerals where CN− is adsorbed, thereby making it impossible to adsorb xanthate [16],
and it is a reducing agent that reduces pulp potential in which chalcopyrite does not float.

Although effective, these depressants typically used for Cu–Mo separation have the potential to
generate toxic and lethal gases if used haphazardly. As shown in Figure 4, the protonated forms of H2S
and HCN start forming at a pH below 10 and 12, respectively. Once they exist in aqueous solution,
their vaporizations are readily progressed even under ambient conditions due to their relatively
high vapor pressure (i.e., PH2S = 20.03 atm at 25 ◦C; PHCN = 0.98 atm at 25 ◦C) [17,18]. The problem
of the formation of vaporized H2S and HCN lies in its serious toxicity to human beings, the toxic
actions of which occur via the inhibition of cytochrome oxidase that prevents the cellular utilization of
oxygen, followed by the inhibition of the terminal step of electron transport in brain cells, resulting
in loss of consciousness, respiratory arrest, and ultimately death [19,20]. Another problem of using
NaCN in flotation is the significant losses of precious metals such as gold and silver incorporated
in PCDs because cyanide is known to dissolve them by forming stable complexes [10]. Because of
these problems, mineral-processing plants in which conventional depressants are used should either
consist of covered flotation cells with an active ventilation system or always maintain pulp pH at above
around 9.5 [21].

Figure 4. pH-dependent speciation of (a) sulfide (pKa1 = 7.1 and pKa2 = 12.9; [S]tot = 1 M) and
(b) cyanide (pKa = 9.3; [CN]tot = 1 M).
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3. Alternative Options for Selective Flotation of Cu–Mo Bulk Concentrates

3.1. Molybdenite Depression

To replace the use of potentially toxic depressants such as NaHS and NaCN, there have been
significant efforts to find suitable alternative depressants for molybdenite, for example, dextrin,
lignosulfonate, carboxymethyl-based organic compounds, and humic acid. The summary of this
section is present in Table 1.

Table 1. Summary of molybdenite depression.

Mo Depressant Feed Results Features

Dextrin [22–26]
Natural MoS2 [24], Cu
ore (0.7–3.03% Cu,
0.011–0.14% Mo) [26].

� Mo recovery (RMo)
decreased from 92% to
1.5% with 100 mg/L
dextrin [24].

� Recovery of Cu (RCu)
and Mo (RMo) was
88.2% and 18.5%,
respectively, with 200
g/t dextrin [26].

� In the presence of
organic compound (e.g.,
iso-octane), the
depressing efficiency of
dextrin decreased [24].

� Dextrin is effective in
depressing MoS2, but
increases water recovery,
causing the recovery of
unwanted minerals [26].

Lignosulfonate [27–31] Natural CuFeS2 and
MoS2 [28].

� Single
mineral-flotation tests
showed that
sodium-based
lignosulfonates were
effective in selectively
depressing MoS2 [28].

� Presence of Ca2+

introduced by
calcium-based
lignosulfonates and/or
lime (pH adjuster) to the
flotation system
depressed not only MoS2
but also CuFeS2 [28].

O-carboxymethyl
chitosan
(O-CMC) [32,33]

Natural CuFeS2 and
MoS2 [32].

� Selective depression of
MoS2 (RMo < 12%; RCu
> 90%) was achieved
using 150 ppm O-CMC
with 20 ppm
potassium isobutyl
xanthate (KIBX) and 20
ppm methyl isobutyl
carbinol (MIBC) at pH
5–9 [32].

� O-CMC could be
adsorbed on both
minerals but via
different mechanisms;
O-CMC was adsorbed
on CuFeS2 via weak
physical interactions,
while its adsorption on
MoS2 occurred via
hydrophobic
interactions [32,33].

Humic acid (HA) [34] Natural CuFeS2 and
MoS2 [34].

� Mixed-mineral
flotation with 20 ppm
HA resulted in >80%
RCu and RMo ≈ 20% at
pH 5–9 [34].

� Similar to O-CMC, the
adsorption mechanisms
of HA/CuFeS2 and
HA/MoS2 were defined
as electrostatic and
hydrophobic
interactions,
respectively [34].

Carboxymethylcellulose
(CMC) [35–37] Natural MoS2 [35].

� Two CMC polymers
(i.e., HSHB and LSLB)
were tested, and both
were effective in
depressing MoS2; in
SPW, RMo was 8% with
5 ppm HSHB and 2%
with 5 ppm LSLB [35].

� CMCs act as both a Mo
and a Cu
depressant [36,37].

� Depending on the type
of ore, two approaches
(i.e., (1) depressing MoS2
with floating CuFeS2 and
(2) depressing CuFeS2
with floating MoS2) can
be applicable [35–37].

3.1.1. Dextrin

Hernlund [22], for example, used dextrin as a Mo depressant. Dextrin is a water-soluble
polysaccharide having the general formula of (C6H10O5)n, produced by the enzymatic hydrolysis
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of starch [23,24]. The adsorption mechanism of dextrin molecules on the surface of molybdenite
was proposed to occur via hydrophobic interaction [24,25]. As a result, the molybdenite surface
is rendered hydrophilic, so its recovery decreased significantly from 92% to 1.5% when 100 mg/L
dextrin was added [24]. A similar result was obtained by Jorjani et al. [26], who investigated the
flotation behavior of porphyry copper ores containing Cu minerals (e.g., chalcopyrite and chalcocite),
molybdenite, and aluminosilicates (e.g., albite, illite, kaolinite, muscovite, orthoclase, and vermiculite).
This depressant could work well to decrease molybdenite recovery from around 50% to 15%; however,
at a certain amount of added dextrin (i.e., 200 g/ton), it causes an increase in water content in
froth products, resulting in the recovery of unwanted gangue minerals such as aluminosilicates by
entrainment. In other words, it is recommended for froth products to be washed to obtain better products
with low contents of undesired minerals [26]. Moreover, dextrin could not act as a Mo depressant in the
presence of oily collectors, e.g., iso-octane (2,2,4-trimethylpentane, (CH3)3CCH2CH(CH3)2), which is
another disadvantage of the use of dextrin for Cu–Mo flotation [24].

3.1.2. Lignosulfonates

Lignosulfonates, a group of water-soluble and strong anionic polyelectrolytes typically obtained as
a byproduct of wood processing for the extraction of cellulose [27,28], were first used for the separation of
molybdenite and talc, both of which are hydrophobic in nature [29–31]. For molybdenite/talc separation,
the reverse flotation of talc was proposed, where talc-bearing molybdenite ores are conditioned by
lignosulfonate, with lime used as pH adjuster to increase the pH to around 11.5, resulting in the
selective depression of molybdenite while talc is floated. In the case of chalcopyrite/molybdenite
separation, however, the combination of lignosulfonate and lime depressed not only molybdenite but
also chalcopyrite at pH ~11, making their separation impossible [28]. The floatability of chalcopyrite at
the same pH but adjusted using KOH was unaffected by the presence of lignosulfonates. From these
results, it can be concluded that Ca2+ has a strong effect on chalcopyrite depression, especially under
alkaline conditions most likely due to the formation of Ca(OH)2 on its surface. There are two possible
mechanisms of how the formation of Ca(OH)2 depresses the floatability of chalcopyrite: (1) Ca(OH)2

is a hydrophilic compound, so it directly prevents the bubble attachment; and (2) the formation of
Ca(OH)2 changes the surface charge of chalcopyrite from negative to positive, making lignosulfonates
(i.e., strong anionic polyelectrolytes) favorable to be adsorbed [27,28]. On the other hand, the floatability
of molybdenite was strongly depressed by lignosulfonate in a wide pH range of 5–11, regardless of
used pH adjusters (e.g., CaO, Na2CO3, and KOH). These results suggest that chalcopyrite/molybdenite
separation could be achieved by using (not calcium-based) sodium sulfonates in the absence of Ca2+.
This means that lime, the most commonly used pH adjuster for depressing pyrite in bulk Cu/Mo
flotation, is required to be replaced with other basic materials to eliminate the presence of Ca2+ in the
pulp. Similar to the case of dextrin, lignosulfonates also lose their ability to depress molybdenite when
the mineral surface is rendered hydrophobic by an oily collector such as dodecane (CH3(CH2)10CH3)
prior to depressant adsorption [28].

3.1.3. Carboxymethyl-Based Organic Compounds and Humic Acid

O-carboxymethyl chitosan (O-CMC), a derivative of the second most abundant natural
polysaccharide (i.e., chitosan), is nontoxic, biodegradable, cost-effective, and has better solubility in
water compared to that of chitosan, which make it suitable for uses in a wide range of technologies.
Yuan and coworkers [32,33] utilized O-CMC for the depression of molybdenite during Cu–Mo flotation.
As shown in Figure 5a, the result of single-mineral flotation with 20 ppm potassium isobutyl xanthate
(KIBX) showed that both minerals were highly recoverable (~97%) in the absence of O-CMC; however,
with the addition of 150 ppm O-CMC, molybdenite was significantly depressed, and its recovery
decreased to around 11%, whereas the floatability of chalcopyrite was not affected by O-CMC [32].
This selective depression of molybdenite was also achieved during the flotation of a Cu–Mo mixture in
the presence of 150 ppm O-CMC (Figure 5b). The topographic atomic-force-microscopy (AFM) images
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of chalcopyrite and molybdenite before and after treatment with O-CMC are illustrated in Figure 5c–f,
showing that O-CMC created aggregates (100–200 nm diameter with ~2 nm height) that were only
present on the surface of molybdenite. This result implies that O-CMC cannot be adsorbed on the
chalcopyrite surface, but it is indeed possible according to their follow-up study [33]. Electrokinetic
studies showed that the zeta potential of chalcopyrite treated with O-CMC notably decreased and
was close to that of O-CMC macromolecules. In addition, X-ray photoelectron-spectroscopy (XPS)
measurements of O-CMC-treated chalcopyrite indicated that apparent signatures of O-CMC were
detected in the spectra of C 1s, N 1s, and O 1s. Although O-CMC could be adsorbed on the chalcopyrite
surface, its adsorption is reversible due to the weak physical interactions (e.g., electrostatic interactions),
which means that it could be mechanically desorbed. After washing O-CMC-treated chalcopyrite with
Milli-Q water, in fact, the signals of adsorbed O-CMC disappeared in AFM and time-of-flight secondary
ion-mass spectrometry (ToF-SIMS) imaging and diffused-reflectance infrared Fourier transform (DRIFT)
spectroscopy [33]. However, O-CMC is adsorbed on the molybdenite basal planes via hydrophobic
interactions that are more irreversible than those between O-CMC and chalcopyrite. Due to the different
adsorption characteristics of O-CMC on chalcopyrite/molybdenite, selective depression of molybdenite
could be achieved during Cu–Mo flotation. Yuan and coworkers [34] investigated the selective
depression of humic acid (HA), a major organic constituent of soil and one of the most abundant
naturally occurring organic macromolecules, for Cu–Mo flotation, and their results indicated that HA
could selectively depress molybdenite by a similar adsorption mechanism as that of O-CMC; that is,
the adsorption of HA on chalcopyrite and molybdenite takes place via electrostatic and hydrophobic
interactions, respectively.

In the case of polymer adsorption on the mineral surface, electrolyte concentration and composition
had considerable impact on adsorbed layer properties (e.g., thickness, coverage, and roughness) [35].
For example, Kor et al. [35] investigated the effects of electrolyte concentration and composition on the
adsorption of two carboxymethylcellulose (CMC) polymers (high substitution, high blockiness (HSHB);
low substitution, low blockiness (LSLB)) onto the molybdenite surface, and confirmed that higher ionic
strength (2.76 × 10−2 M KCl) contributes to thicker layers with higher coverage compared to those
observed in 10−2 M KCl (Table 2). Moreover, simulated process water (SPW), a complex electrolyte
containing multivalent metal ions, further increases the thickness of adsorbed layers. As shown in
Figure 6a, the flotation recovery of bare molybdenite in 10−2 M KCl electrolyte is around 92%, but the
addition of 5 mg/L HSHB decreased Mo recovery to 30% in 10–2 M KCl, 14% in 2.76 × 10−2 M KCl,
and 8% in SPW. Compared with HSHB, the depressing effect of LSLB for molybdenite is stronger,
that is, the recovery of LSLB-treated molybdenite was 5% in in 10–2 M KCl, 4% in 2.76 × 10−2 M KCl,
and 2% in SPW (Figure 6b), indicating that a thicker layer with higher coverage results in the better
suppression of molybdenite floatability.

However, the floatability of chalcopyrite is also affected by HSHB and LSLB. In the absence of
CMCs, the maximal recovery (Rmax) of chalcopyrite is 91%± 5%, whereas Rmax is decreased to 66% ± 4%
with 25 mg/L HSHB and 38% ± 2% with 25 mg/L LSLB [36]. According to Qui et al. [37], CMCs can
be used for depressing chalcopyrite in Cu–Mo flotation separation. This means that the depressing
ability of CMCs is not limited to molybdenite, that is, CMCs can play roles in depressing chalcopyrite
and/or molybdenite, which is strongly dependent on operating conditions and ore compositions.
Similarly, the problems with the use of organic polymers (e.g., starches and dextrins), widely used as a
Pb depressant for Cu–Pb separation and as a pyrite depressant, are associated with the nonspecific
depression of all sulfides when an excessive dosage is introduced [38]; thus, the flotation circuits using
organic depressants need constant attention to avoid failure in sulfide separation.
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Figure 5. Effect of O-CMC on selective depression of molybdenite: (a) single-mineral flotation in 1 mM
KCl solution with 20 ppm KIBX at pH 9 under various concentrations of O-CMC; (b) flotation of
artificially mixed minerals (chalycopyrite:molybdenite = 1:1 by weight) in 1 mM KCl solution with
20 ppm KIBX and150 ppm O-CMC as function of pH, and atomic-force-microscopy (AFM) height
profiles of (c) bare chalcopyrite, (d) chalcopyrite treated with 150 ppm O-CMC, (e) bare molybdenite,
and (f) molybdenite treated with 150 ppm O-CMC (reprinted with permission from Yuan et al. [32],
copyright (2019) Elsevier).
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Table 2. Thickness and surface coverage (Γ) of adsorbed CMC (5 mg/L) at pH 9 on molybdenite
(reprinted with permission from Kor et al. [35], copyright (2014) American Chemical Society). HSHB,
high substitution, high blockiness; LSLB, low substitution, low blockiness; SPW, simulated process water.

Electrolyte
HSHB LSLB

Thickness (nm) Γ (%) Thickness (nm) Γ (%)

10−2 M KCl 1.1 ± 0.2 23 2.6 ± 0.2 100
2.76 × 10−2 M KCl 1.6 ± 0.6 95 4.0 ± 0.4 100

SPW * 2.7 ± 0.5 100 6.3 ± 0.4 100

* SPW consisted of 2.745 mM CaSO4, 0.411 mM Mg(NO3)2, 4.653 mM Na2SO4, and 1.458 mM KCl.

Figure 6. Single-mineral flotation of bare molybdenite and in presence of 5 mg/L CMC ((a) HSHB and
(b) LSLB) at three studied electrolyte conditions: 10–2 M KCl, 2. 76 × 10–2 M KCl, and SPW, all at pH 9
(reprinted with permission from Kor et al. [35], copyright (2014) American Chemical Society).

3.2. Depression of Cu Minerals

As discussed in an earlier section, many molybdenite depressants could effectively improve the
separation between Mo and Cu minerals. In the case of PCDs, however, the strategy of depressing
chalcopyrite has been more commonly adopted than depressing molybdenite has, primarily due
to mass-balance considerations [28], that is, the amount of molybdenite in PCDs is typically lower
than that of Cu minerals, which makes the flotation process that recovers molybdenite by depressing
chalcopyrite attractive. If the separation is done by the depression of molybdenite and the simultaneous
flotation of chalcopyrite, it may cause the mechanical entrainment of molybdenite within a large volume
of chalcopyrite concentrate [28], which lowers the grade of Cu concentrate, and leads to appreciable
loss of molybdenite. Alternative depression techniques for chalcopyrite, including inorganic/organic
depressants and oxidation treatments, are reviewed and summarized in Table 3.
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Table 3. Summary of chalcopyrite depression.

Cu Depressant Feed Results Features

Na2SO3 [39–45] Natural CuFeS2 and
MoS2 [44].

� With the addition of 0.1
M Na2SO3, CuFeS2
floatability dramatically
decreased to ≈ 0%, while
>95% MoS2 floated [44].

� Na2SO3 can also act as
an activator for CuFeS2,
of which the surface is
covered with ferric
oxyhydroxide [45].

Seawater [46–58] Natural CuFeS2 and
MoS2 [49].

� Mixed-mineral flotation
using artificial seawater
at pH 10 resulted in
lower recovery of both
minerals (around
10–15%), but separation
efficiency was greatly
improved by using 416
mg/L emulsified
kerosene (RCu > 70%,
RMo ≈ 20%) [49].

� The adsorption of
seawater precipitates
(e.g., Mg(OH)2 and
CaCO3) is the primary
cause of both minerals’
depression; however,
emulsified oil limits its
adsorption on MoS2 [49].

Organic depressants
(e.g., PGA [59],
DMSA [60], DBT [61],
chitosan [62–65],
ATDT [66], and
AHS [67])

Bulk Cu–Mo conc. [59],
Cu–Mo ore [60], Cu–Mo
rough conc. [61], natural
CuFeS2 and MoS2 [62],
CuFeS2 and MoS2
purified by
flotation [66,67].

� All reviewed organic
depressants were
effective in depressing
CuFeS2, while they were
negligible for MoS2
floatability [59–62,66,67].

� S and/or N atoms in
organic compounds have
strong affinity with Cu
atoms in CuFeS2,
making these organic
depressants highly
selective for
CuFeS2 [59–62,66,67].

Oxidation treatments
(e.g., ozone (O3) [68–73],
plasma [74],
H2O2 [13,75–77], and
electrolysis [78]).

Bulk Cu–Mo conc. [69],
natural CuFeS2 and
MoS2 [13,74,75], mineral
electrodes [78].

� After oxidation
treatments, chalcopyrite
is aggressively oxidized,
resulting in a decrease in
CuFeS2 floatability due
to the formation of
hydrophilic oxidation
products on its
surface [13,69,74,75,78].

� MoS2 was also oxidized,
and on its surface,
oxidation products (e.g.,
MoO3) were formed;
however, MoO3 is highly
soluble under alkaline
conditions, so its effect
on MoS2 floatability
becomes negligible
under typical Cu–Mo
flotation conditions
(pH > 9) [13,74,75,78].

3.2.1. Inorganic Depressants

The xanthate-induced flotation of sulfide minerals is significantly influenced by pulp
potential [39–42]. For example, the flotation of chalcopyrite using butyl xanthate shows that its
recovery was lowered with decreasing Eh (Figure 7). At the Eh of −0.4 V, the addition of a collector had
a negligible effect on the recovery of chalcopyrite, but was effective in the Eh range from −0.1 to 0.2 V
due to the formation of a Cu(I)–xanthate complex (−0.1 to 0.0 V; Equation (10)) as well as dixanthogen
(0.0 to 0.1 V; Equation (11)) [42].

CuX + FeS2 + e− → CuFeS2 + X−, E0 = −0.096 V (10)

X2 + 2e− → 2X−, E0 = −0.009 V (11)
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Figure 7. Recovery of chalcopyrite as function of Eh and butyl xanthate addition at pH 8.1 (reprinted
with permission from Grano et al. [39], copyright (1990) Elsevier).

At an Eh greater than 0.2 V, however, the recovery of chalcopyrite started decreasing because of
the decomposition of the Cu(I)–xanthate complex (Equation (12)), making the mineral surface less
hydrophobic [43].

2HCuO2
− + X2 + 6H+ + 4e− → 2CuX + 4H2O, E0 = −1.402 V (12)

On the basis of Eh dependence on chalcopyrite flotation, Miki et al. [44] used Na2SO3 as a
depressant that provided the reducing conditions where the floatability of chalcopyrite decreased.
The flotation results using a TMD solution (mixture of TX15216 (alkyl mercaptan), MX-7017 (modified
thionocarbamate), and diesel oil), and methyl isobutyl carbinol (MIBC) as collector and frother,
respectively, indicated that molybdenite was recovered by more than 95%, while the recovery of
chalcopyrite was almost 0% when conditioned with 0.1 M Na2SO3 at pH 10.8 for 1 h (Figure 8a).
XPS spectra of chalcopyrite treated with Na2SO3 showed that various hydrophilic species (i.e., CuO,
Cu(OH)2, FeOOH, and Fe2(SO4)3) were formed on its surface. Miki and coworkers [44] proposed
the mechanism on the formation of hydrophilic compounds that occurs via a series of reactions; that
is, reductive dissolution of chalcopyrite by Na2SO3 (Equation (13)), oxidative dissolution of Cu2S
(Equation (14)), and hydrolysis/precipitation of Cu2+ and Fe3+ (Equations (15)–(18)).

2CuFeS2 + 6Cu2+ + 3SO3
2- + 6OH− → 4Cu2S + 2Fe3+ + 3SO4

2− + 3H2O (13)

Cu2S→ 2Cu2+ + S + 4e− (14)

Cu2+ + H2O→ CuO + 2H+ (15)

Cu2+ + 2H2O→ Cu(OH)2 + 2H+ (16)

Fe3+ + 2H2O→ FeOOH + 3H+ (17)

2Fe3+ + 3SO4
2− → Fe2(SO4)3 (18)
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Figure 8. Recovery of chalcopyrite and molybdenite with varying concentrations of (a) Na2SO3 in
TMD solution (mixture of TX15216 (alkyl mercaptan), MX-7017 (modified thionocarbamate), and
diesel oil) [43] and (b) kerosene in MgCl2 solution (reprinted with permission from Hirajima et al. [54],
copyright (2016) Elsevier).

Meanwhile, the change in molybdenite surface after Na2SO3 treatment was almost negligible,
indicating that the molybdenite surface remained hydrophobic. These results support the potential
of Na2SO3 as a Cu depressant for Cu–Mo flotation separation. However, Na2SO3 does not always
depress the floatability of chalcopyrite, but it can act as an activator depending on the state of the
chalcopyrite surface. In the case of chalcopyrite, of which the surface is significantly covered with ferric
oxyhydroxide, for example, the floatability of chalcopyrite is depressed to entrainment level (i.e., <10%)
due to the presence of the hydrophilic nature of ferric oxyhydroxide on its surface. Meanwhile,
the depressing effect of adsorbed ferric species is diminished when Na2SO3 is introduced because
ferric species are reductively dissolved by SO3

2− (Equations (19) and (20)), resulting in the exposure of
iron-deficient chalcopyrite [45]. Therefore, the use of Na2SO3 as a Cu depressant should be carefully
designed to avoid the failure of Cu–Mo separation.

SO4
2− + H2O + 2e− → SO3

2- + 2OH−, E0 = −0.93 V (19)

Fe(OH)3 + e− → Fe(OH)2 + OH−, E0 = −0.56 V (20)

In arid and semiarid regions where the supply of fresh water is limited, the use of seawater in
mineral-processing plants is a sustainable option. However, seawater, a concentrated solution of
NaCl (around 0.6 M) with various secondary ions (e.g., 0.41 g/L Ca2+, 1.28 g/L Mg2+, 2.71 g/L SO4

2−,
and 0.11 g/L HCO3

−), significantly changes the flotation behavior of molybdenite [46–49]. For example,
the floatability of chalcopyrite is not affected by types of water sources (i.e., fresh and sea water) in
the pH range of 7.5–11.5, but molybdenite is dramatically depressed in seawater when pH is higher
than 9.5–10.0 [47,50–52]. This indicates that a significant amount of molybdenite is lost during rougher
and cleaner flotation if the pulp pH is adjusted to 10–12 by using lime for depressing pyrite [47].
The primary detrimental effect on molybdenite floatability is due to the adsorption of magnesium
hydroxy complexes (Mg(OH)+(aq)) and magnesium hydroxide precipitates (Mg(OH)2(s)), which start
forming at a pH above around 9.5 [50]. Qui et al. [53] analyzed the surface of molybdenite conditioned
in seawater at pH 11 by using scanning electron microscopy (SEM), auger electron spectroscopy (AES),
XPS, and ToF-SIMS, and confirmed that colloidal Mg(OH)2 and crystallized CaCO3 were deposited
on the molybdenite surface. Meanwhile, Hirajima et al. [54] reported that Mg(OH)2 depressed not
only molybdenite but also chalcopyrite at pH > 9. Similarly, Nagaraj and Farinato [55] also reported
that both molybdenite and chalcopyrite floatability was decreased in Mg2+-containing solution at
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pH > 9.5 although the former was more strongly affected than the latter was. These indicate that
seawater does not always show identical impact on Cu recovery, which changes depending on the
type of used reagents and ore compositions [49]. In the case that both Cu and Mo were depressed
by Mg(OH)2, Hirajima and coworkers [54] proposed the utilization of kerosene emulsion for the
flotation separation of chalcopyrite and molybdenite in a 0.01 M MgCl2 solution (equivalent to about
243 mg/L Mg2+). As shown in Figure 8b, the recoveries of chalcopyrite and molybdenite in 0.01 M
MgCl2 solution at pH 11 decreased from 90% to 18% and from 75% to 50%, respectively; however,
molybdenite recovery was selectively improved with the addition of kerosene emulsion. Comparing
the dynamic-force-microscopy (DFM) images of molybdenite surfaces conditioned in 0.01 M MgCl2 at
pH 11 with and without emulsified kerosene, the coverage of precipitate on molybdenite surface was
apparently lower when kerosene was conditioned together. This is most likely because kerosene is a
nonpolar oily collector that has strong affinity with molybdenite; thus, it is preferably adsorbed on
the molybdenite surface, which limits the attachment of Mg(OH)2. The study of Suyantara et al. [49],
a follow-up study of Hirajima et al. [54], reported that kerosene emulsion could also be used for
improving Cu–Mo flotation separation in artificial seawater. In the case that only molybdenite is
depressed in seawater under alkaline conditions (i.e., pH 10–12), three options can be proposed:
(1) the use of dispersants (e.g., sodium hexametaphosphate (SHMP)) to disperse seawater precipitates
adsorbed on molybdenite surface [56,57]; (2) the removal of problematic ions (e.g., Ca2+ and Mg2+)
using Na2CO3 and CaO prior to rougher/cleaner flotation [58]; and (3) the operation of rougher/cleaner
flotation at a pH lower than 9.5, where Ca2+/Mg2+ precipitations are limited, with alternative pyrite
depressants that can act at pH < 9.5 [47].

3.2.2. Organic Depressants

Along with the investigation on inorganic depressants, there have been many
studies on organic depressants; for example, pseudo-glycolythiourea acid (PGA) [59],
2,3-disulfanylbutanedioic acid (DMSA) [60], disodium bis (carboxymethyl) trithiocarbonate
(DBT) [61], chitosan [62], 4-amino-3-thioxo-3,4-dihydro-1,2,4-triazin-5(2H)-one (ATDT) [66], and acetic
acid-[(hydrazinylthioxomethyl)thio]-sodium (AHS) [67]. Chen and coworkers [59] used PGA (Figure 9a)
and investigated its effect on Cu–Mo separation. Under the optimized conditions, Mo recovery reached
around 90% with a grade of 26% (original grade in feed = 0.4%) via one rougher (375 g/t Na2SiO3,
4000 g/t PGA, and 200 g/t kerosene), one scavenger (500 g/t PGA and 200 g/t kerosene), and two cleaners
(62 g/t Na2SiO3, 1000 g/t, and 66 g/t kerosene), where Na2SiO3, PGA, and kerosene were used as a
dispersant, Cu depressant, and Mo collector, respectively. Meanwhile, the recovery of Cu was around
0.7%, and its grade decreased from 18% (Cu grade in feed) to 10% (Cu grade in concentrate), indicating
that PGA could be used as a Cu depressant in Cu–Mo flotation. To understand the mechanism of
how PGA selectively depresses chalcopyrite, Chen et al. [59] conducted PGA adsorption tests with
single minerals of chalcopyrite and molybdenite, and the results suggested that PGA was adsorbed
on both minerals’ surfaces, but the adsorption capacity of chalcopyrite was much larger compared to
that of molybdenite. Infrared (IR) analyses of minerals after PGA adsorption tests indicated that the
IR spectrum of PGA-adsorbed chalcopyrite was significantly changed with the appearance of new
peaks (e.g., —COOH and —CS— of PGA), the disappearance of chalcopyrite peaks, and the great
shift of SO4

2− peaks. These changes in IR signatures were most likely caused by the chemisorption
between S atoms in PGA, the most reactive site based on its largest electron density of highest occupied
molecular orbital (HOMO), and Cu atoms on the chalcopyrite surface. On the other hand, the IR
spectrum of molybdenite showed only small shifts of absorption peaks less than 3 cm–1, which
indicated that PGA is physically adsorbed on the surface of molybdenite. Even in the presence of butyl
xanthate (BX), the most common collector for sulfide flotation, PGA could be adsorbed on chalcopyrite
and molybdenite surfaces. The adsorption capacity of BX on both minerals’ surfaces decreased as
PGA concentration increased, which means that BX adsorption was limited due to the competitive
adsorption between PGA and BX on chalcopyrite and molybdenite surfaces. Moreover, PGA has strong
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reducibility that can reduce dixanthogen molecules formed on chalcopyrite and molybdenite surfaces
via the electrochemical reaction of BX. Fermi energies (EF) of PGA, molybdenite, and chalcopyrite are
−3.936, −4.138, and −5.433 eV, respectively. The direction of electron transition is always from a high-
to a low-energy level; thus, PGA preferably gave the electrons to chalcopyrite than to molybdenite
when the two minerals coexisted.

Figure 9. Molecular structure of organic depressants: (a) pseudo-glycolythiourea acid (PGA),
(b) 2,3-disulfanylbutanedioic acid (DMSA), (c) disodium bis (carboxymethyl) trithiocarbonate
(DBT), (d) chitosan (reprinted with permission from Crini and Badot [65], copyright
(2008) Elsevier), (e) 4-amino-3-thioxo-3,4-dihydro-1,2,4-triazin-5(2H)-one (ATDT), and (f) acetic
acid-[(hydrazinylthioxomethyl)thio]-sodium (AHS).

A novel and selective depressant named DMSA was first used in the flotation of Cu–Mo sulfides
by Li and coworkers [60]. As illustrated in Figure 9b, DMSA contains two carboxyl and two sulfhydryl
groups. Adsorption tests showed that DMSA can be adsorbed more intensively on chalcopyrite than
molybdenite can; that is, the adsorption capacities of DMSA on chalcopyrite and molybdenite were 0.29
and 0.05 mg/g, respectively. According to the calculation based on frontier-molecular-orbital (FMO)
theory, the largest electron density of HOMO is located on two S atoms, both of which actively interact
with minerals. Additionally, it is interesting to note that the Fermi energies of DMSA, molybdenite,
and chalcopyrite are −5.573, −4.353, and −6.110 eV, respectively, which indicate that the electron
transfer between DMSA and chalcopyrite, an essential process for the adsorption of organic with a
strong reducibility, occurs more easily than that between DMSA and molybdenite, consistent with
the adsorption results. A similar result was obtained from the study of Yin et al. [61] who used DBT
as a depressant (Figure 9c). The IR spectrum of molybdenite after DBT treatment showed that the
characteristic bands of DBT were not observed; however, the IR spectrum of DBT-treated chalcopyrite
showed the appearance of new peaks of C=S stretching, C—O stretching, CH2 wagging, CH2 scissoring,
and C—C stretching, not observed in the IR spectrum of chalcopyrite without DBT treatment, indicating
that DBT was notably adsorbed on the chalcopyrite surface. The DBT-treated chalcopyrite was further
analyzed by XPS, and the C 1s and S 2p spectra also proved the presence of DBT on its surface. The S
2p3/2 peaks of DBT adsorbed on the chalcopyrite surface were shifted to higher binding energies than
those of DBT, while the binding energies of Cu 2p3/2 and Cu 2p1/2 were shifted to lower positions
after DBT was adsorbed. From these results, Yin and coworkers [61] concluded that S atoms in DBT
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(i.e., the electron donor) might interact with the Cu atoms in chalcopyrite (i.e., the electron acceptor).
Due to the selective and strong affinity of DMSA and DBT with chalcopyrite, those organic compounds
could be successfully used as a Cu depressant in Cu–Mo flotation.

As such, organic depressants that contain S atom(s) as a constituent in their molecules, such as PGA,
DMSA, and DBT, have the strong ability to selectively depress chalcopyrite in Cu–Mo concentrates.
Another attempt of using chitosan (Figure 9d) has also been made for the same purpose [62–64].
Chitosan, a natural biodegradable and nontoxic polyaminosaccharide, contains an amino functional
group (—NH2) known to have strong affinity with Cu2+, which implies that it can specifically interact
with Cu-bearing minerals. Li and coworkers [62] used chitosan as a Cu depressant in Cu–Mo
flotation. According to the result of single-mineral flotation, chitosan depressed both chalcopyrite and
molybdenite, but it was effective in selectively depressing chalcopyrite when both minerals existed
together in the pulp. This result could be explained by the competitive adsorption of chitosan between
the two minerals, proved by adsorption isotherm tests, which showed that the adsorption density of
chitosan on chalcopyrite was greater than that on molybdenite. As a result, chitosan could succeed in
the selective flotation of molybdenite from Cu–Mo concentrates, that is, the recoveries of molybdenite
and chalcopyrite in the froth product were around 70% and 24%, respectively. Furthermore, organic
compounds that contained both amine- and thione-functional groups, such as ATDT (Figure 9e) and
AHS (Figure 9f), were reported to be effective in depressing chalcopyrite due to bidentate coordination to
CuI/II via S and N atoms to form a stable five-membered chelating ring (Figure 10) [66,67]. The selectivity
index (SI) of Mo/Cu in the absence of a depressant was around 1.44, but considerably improved to 2.98
with ATDT and to 5.77 with AHS.

Figure 10. Proposed adsorption models of AHS and ATDT on chalcopyrite surface.

3.3. Oxidation Treatments for Depressing Cu Minerals

3.3.1. Ozone Oxidation

In the early 1990s, the application of ozone (O3) for the depression of Cu minerals (e.g., chalcopyrite
and chalcocite) and the selective recovery of molybdenite from Cu–Mo bulk concentrates was
studied [68,69]. Ozone, a strong oxidant, as illustrated in Equations (21) and (22), is widely used
for water treatment due to its exceptional ability to oxidize organic compounds and to disinfect
bacteria [70,71].

O3 + 6H+ + 6e− → 3H2O, E0 = 1.51 V (21)

O3 + 2H+ + 2e− → O2 + H2O, E0 = 2.07 V (22)

Moreover, the decomposition of ozone in water produces hydroxyl radicals (HO•) (Equation (23)),
which are among the most reactive free radicals and among the strongest oxidants (Equation (24)) [71,72].

O3 + H2O→ 2HO• + O2 (23)

HO• + H+ + e− → H2O, E0 = 2.33 V (24)
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In the typical flotation process of Cu–Mo ores (Figure 2), the flotation separation of Cu and Mo
from Cu–Mo bulk concentrates is achieved by using NaHS, which desorbs the adsorbed xanthate on the
chalcopyrite surface, that is, chalcopyrite becomes unrecoverable as a froth product while molybdenite
is selectively floated and recovered. Although xanthates are known as weak collectors of molybdenite,
it can also be adsorbed on the surface of molybdenite [73]. However, the molybdenite surface is
naturally hydrophobic, so even in the absence of xanthate on its surface, molybdenite is still floatable
with nonpolar oily collectors (e.g., diesel oil and kerosene), which makes the desorption of xanthate
by NaHS strongly affect the floatability of chalcopyrite rather than that of molybdenite. Similar to
NaHS, the utilization of ozone, having strong potential to oxidize organic compounds, can improve
Cu–Mo flotation separation by destroying xanthate adsorbed onto the mineral surface. Ye et al. [69]
utilized ozone as a conditioning process for Cu–Mo separation, and reported that ozone conditioning
oxidized all tested minerals (e.g., chalcocite, chalcopyrite, and molybdenite), leading to their floatability
lowering. However, Cu minerals are more sensitive to ozone compared to molybdenite, so the selective
depression of Cu minerals is possible by employing ozone-based oxidation treatment. For example,
a flotation circuit that consists of a rougher flotation with ozone conditioning for 2 min, followed
by a cleaner flotation after 3 min of ozone treatment of low-grade Cu–Mo concentrate (0.25% Mo),
can produce a Mo concentrate of which grade and recovery are 26% and 82.5%, respectively [69].
After rougher flotation, 10.5% of molybdenite still remained in rougher tailing, which was further
conditioned with ozone for 1 min, followed by scavenger flotation. The distributions of Mo in scavenger
concentrate and cleaner tailings are 9.4% and 7.0%, respectively, indicating that overall Mo recovery
would be expected to reach 98.9% when they were reintroduced to the process (denoted as dotted lines
in Figure 11).

Figure 11. Flowsheet for selective flotation of molybdenite from Cu–Mo concentrates using three-stage
ozone conditioning. Dotted lines represent possible recycle streams (reprinted with permission from
Ye et al. [69], copyright (1990) Springer Nature).

3.3.2. Plasma Oxidation

Similarly, Hirajima et al. [74] examined oxidation treatment using plasma as a conditioning process
for the selective flotation of chalcopyrite and molybdenite. After 10 min treatment of chalcopyrite with
plasma at 10 W, AFM images showed that the chalcopyrite surface became rough (3.979 nm) compared
to the one without plasma treatment (1.280 nm), and there was no significant effect of washing on the
change in surface roughness (Figure 12). In the case of molybdenite, its surface roughness increased
from 3.797 to 5.176 nm after plasma treatment (10 W) for 10 min, but it became smooth when washing
followed; that is, the washing of plasma-treated molybdenite for 30, 60, and 120 min decreased its
surface roughness to 4.263, 3.484, and 3.289 nm, respectively. The presence of reaction products on the
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surfaces of chalcopyrite and molybdenite after plasma treatment significantly affected their floatability.
As shown in Figure 13a, the recovery of untreated chalcopyrite and molybdenite was around 90%,
but dramatically decreased to 10–30% after plasma treatment. Washing following could improve the
floatability of molybdenite treated with plasma, whereas chalcopyrite recovery was kept constant
regardless of washing. To clarify the flotation behaviors of chalcopyrite and molybdenite with plasma
treatment followed by washing, Hirajima et al. [74] conducted XPS analysis of plasma-treated minerals
with various washing times. The result of XPS analysis of plasma-treated molybdenite showed that
it was covered with molybdenum(VI) oxide (MoO3); however, the peaks of MoO3 in Mo 3d and O
1s spectra were lowered after washing. In the case of plasma-treated chalcopyrite, its surface was
covered with goethite (FeOOH) and iron(III) sulfate (Fe2(SO4)3), both of which are oxidation products
of chalcopyrite having hydrophilic properties. After washing, the peaks of iron(III) sulfate disappeared,
while goethite still remained on the surface of chalcopyrite. This is the reason why the floatability
of plasma-treated chalcopyrite did not increase even after washing for 120 min. Washing cannot
improve molybdenite floatability when both minerals are treated together by plasma. This might
be due to iron ions (e.g., Fe2+ and/or Fe3+) being released from chalcopyrite that are precipitated
on the surface of not only chalcopyrite but also molybdenite, reducing the hydrophobicity of both
minerals. To overcome this limited recovery of molybdenite, Hirajima and coworkers [74] investigated
the addition of kerosene, a commonly used reagent for Mo flotation. As a result of the addition of
25 μL emulsified kerosene, molybdenite recovery increased from around 40% to 80%, while it had a
negligible effect on chalcopyrite recovery, increasing from 20% to 30%.

Figure 12. AFM images of chalcopyrite and molybdenite: (a) untreated samples and one treated with
plasma at 10 W for 10 min followed by washing by pH 9 solution for (b) 0, (c) 30, (d) 60, and (e) 120 min
(reprinted with permission from Hirajima et al. [74], copyright (2014) Elsevier).
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Figure 13. Flotation recovery of chalcopyrite and molybdenite treated (a) with and without 10 W
plasma for 1 or 10 min followed by washing (single system), and (b) with 10 W plasma for 1 min
followed by washing (single and mixed system) (reprinted with permission from Hirajima et al. [74],
copyright (2014) Elsevier).

3.3.3. H2O2 Oxidation

Although plasma treatment for Cu–Mo ores prior to flotation was effective in improving the
separation of chalcopyrite and molybdenite, its application on an industrial scale remains difficult to
realize [75]. Because of this limitation, Hirajima and coworkers [13] examined another oxidation process
using hydrogen peroxide (H2O2), which acts as an oxidant under acidic conditions (Equation (25)), but
behaves as a reductant under alkaline conditions (Equation (26)).

H2O2 + 2H+ + 2e− → 2H2O, E0 = 1.78 V (25)

H2O2 → 2H+ + O2 + 2e−, E0 = −0.68 V (26)

Moreover, H2O2 can produce hydroxyl and hydroperoxyl radicals (HO• and HOO•, respectively)
acting as powerful oxidizing agents in the presence of iron ions (e.g., Fe2+ and Fe3+) via Fenton
(Fe2+/H2O2) and Fenton-like (Fe3+/H2O2) reactions, as shown in the following equations:

Fe2+ + H2O2 → Fe3+ + HO• + OH−, (27)

Fe3+ + H2O2 → Fe2+ + HOO• + H+. (28)

After 10 min treatment of chalcopyrite using 0.1% H2O2, the floatability of chalcopyrite decreased
from 85% to 19%, most likely due to the formation of hydrophilic oxidation products (e.g., CuO, Cu(OH)2,
FeOOH, and Fe2(SO4)3) on the chalcopyrite surface. Meanwhile, the floatability of molybdenite was
not affected by H2O2 treatment (the recoveries of untreated and H2O2-treated molybdenite were 73%
and 79%, respectively) because the oxidation products of molybdenite (e.g., MoO2 and MoO3) are
soluble under alkaline conditions. Hirajima et al. [13] also compared the effectiveness of oxidation
treatments using ozone and H2O2 on Cu–Mo flotation separation, and it was confirmed that H2O2

treatment showed better separation efficiency compared to that of ozone treatment because ozone
reduced the recovery of not only chalcopyrite (from 85% to 28%), but also molybdenite (from 73% to
53%). Although effective, the application of H2O2 treatment to Cu–Mo bulk concentrates with high
pulp density (around 50%) has some drawbacks compared to the NaHS method: (1) molybdenite
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recovery by H2O2-based flotation is lower than that of conventional flotation process using NaHS; (2) it
requires a prolonged treatment of around 4.5 h to effectively depress the floatability of chalcopyrite,
while 10 min is enough for the NaHS method; and (3) it uses a high concentration of H2O2 (i.e., 2%),
which makes H2O2-based flotation costly [75]. To overcome these limitations of H2O2 oxidation
treatment, Suyantara and coworkers [75] investigated the simultaneous use of H2O2 and FeSO4, which
can stimulate a Fenton-like reaction. In an alkaline solution, FeSO4 releases Fe2+, which is then
transformed into iron oxyhydroxide (goethite, α-FeOOH; lepidocrocite, γ-FeOOH) and/or ferrihydrite,
where a Fenton-like reaction occurs in the presence of H2O2 as shown in the following equations [76]:

≡FeIII–OH + H2O2 → (H2O2)s (29)

(H2O2)s →≡FeII + H2O + HOO• (30)

≡FeII + H2O2 →≡FeIII–OH + HO• (31)

HOO• → H+ + O2
•− (32)

≡FeIII–OH + HOO•/O2
•− → ≡FeII + H2O/OH− + O2. (33)

According to Li et al. [77], who evaluated the decomposition rate of H2O2 in the absence and
presence of FeOOH, it was confirmed that the addition of FeOOH significantly enhanced H2O2

decomposition compared to the one without FeOOH. Suyantara et al. [75], who used H2O2 with FeSO4

for the oxidation treatment of Cu–Mo bulk concentrates prior to flotation, confirmed that the addition
of FeSO4 could reduce the amount of added H2O2 from 2.0% to 0.5% and treatment time from 4.5 h
to 5 min. Due to these positive effects of FeSO4 addition to H2O2 oxidation treatment, the process
of using H2O2 and FeSO4 is predicted to reduce operating costs, that is, the costs for NaHS, H2O2,
and H2O2/FeSO4 methods were calculated to approximately 20, 100, and 15 USD/t, respectively [75].

3.3.4. Electrolysis Oxidation

The electrical resistivities of chalcopyrite and molybdenite are 234 Ω and 1.2–1.5 MΩ, respectively,
which means that chalcopyrite is more electrochemically active than molybdenite is [78]. From the
difference in the minerals’ electrical resistivity, Miki et al. [78] attempted to apply electrolysis, a technique
that applies a fixed potential in which mineral undergoes oxidation process(es) to selectively render the
chalcopyrite surface hydrophilic. Anodic polarization results at an applied potential of 1.2 V showed
that a high current density of chalcopyrite electrodes (around 0.4 mA/m2) was observed, indicating
that the oxidation of chalcopyrite was actively progressed, as shown in the following equation:

CuFeS2 + 8H2O→ Cu2+ + Fe2+ + 2SO4
2− + 16H+ + 16e−. (34)

On the other hand, the current density of molybdenite electrodes was around 0.05–0.15 mA/m2,
substantially lower compared to that of chalcopyrite. This most likely resulted from the high
resistivity of molybdenite, which makes it difficult to be oxidized. After treating chalcopyrite and
molybdenite electrodes by electrolysis oxidation at 1.2 V for 800 s, the contact angle of chalcopyrite
changed from 71.7◦ to 42.4◦, whereas there was almost no effect on the contact angle of molybdenite,
changing from 68.6◦ to 67.0◦. The contact-angle results indicate that electrolysis treatment could
selectively convert the wettability of chalcopyrite from hydrophobic to hydrophilic. Although flotation
tests of electrolysis-treated chalcopyrite/molybdenite were not conducted, electrolysis oxidation
is in a promising state as pretreatment for improving the selective flotation of molybdenite from
Cu–Mo concentrates.

3.4. Microencapsulation Techniques for Depressing Cu Minerals

As discussed in Section 3.3.4, chalcopyrite and molybdenite have different electrical resistivities,
which means that the depression techniques involved in electrochemical processes have the potential to
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be applied to Cu–Mo flotation separation. For example, the authors studied carrier microencapsulation
(CME), a technique that creates metal-oxyhydroxide coatings on the surfaces of semiconducting
minerals such as pyrite and arsenopyrite (FeAsS) [79–84]. In CME, metal ions (e.g., Al3+, Fe3+, Si4+,
and Ti4+) and the organic carrier (e.g., catechol, 1,2-dihydroxybenzene, and C6H4(OH)2) are used,
and they produce various forms of metal–catecholate complexes (e.g., [Al(cat)n]3–2n, [Fe(cat)n]3–2n,
[Si(cat)3]2− and [Ti(cat)3]2−, where n is 1–3). These complexes undergo oxidative decomposition only
on the surface of semiconducting minerals such as pyrite and arsenopyrite (FeAsS), and metal ions
released from the complexes are then precipitated as metal oxyhydroxides (Figure 14). Similar to
CME, other microencapsulation techniques involved in electrochemical process(es) are most likely
able to selectively form hydrophilic coatings on the surface of chalcopyrite having relatively low
electrical resistivity, while the molybdenite surface is not covered with the coatings because it is hard
for electrochemical reactions to occur on its surface. Although there is no study on this topic, it is of
importance to develop environmentally friendly processes for Cu–Mo flotation separation.

 
Figure 14. Schematic diagram of carrier microencapsulation (reprinted with permission from
Park et al. [83], copyright (2019) Elsevier).

4. Summary

Porphyry copper deposits are one of the most important sources of copper and molybdenum.
The separation/recovery of copper and molybdenum from these deposits is typically processed by a
flotation series, that is, bulk flotation to remove gangue minerals and produce Cu–Mo concentrates
that are then processed by Cu–Mo flotation to separate them. In Cu–Mo flotation, various types of Cu
depressants (e.g., NaHS, Na2S, Nokes reagent, and NaCN) have been adopted for selective depression
of Cu minerals. However, these reagents are potentially dangerous due to the possibility of emitting
toxic and deadly gases, such as H2S and HCN, when operating conditions are not properly controlled.
To avoid accidents caused by the use of conventional Cu depressants, there are many studies on the
utilization of environmentally friendly depressants for molybdenite or chalcopyrite, and oxidation
treatments for chalcopyrite.

For the depression of molybdenite, various organic compounds, such as dextrin, lignosulfonate,
O-carboxymethyl chitosan, carboxymethyl cellulose, and humic acid, were adopted. Molybdenite is
well-known to have strong hydrophobicity, so those organic compounds are favorably and selectively
adsorbed on the molybdenite surface via hydrophobic interactions. The utilization of Mo depressants
is effective for the separation of Cu and Mo minerals, but there is a serious drawback, lowering the
purity of froth products. This is because the content of molybdenite in PCDs is substantially lower
than that of chalcopyrite, so the strategy of recovering chalcopyrite with the depression of molybdenite
can cause the mechanical entrainment of molybdenite within a large volume of Cu concentrate, which
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lowers the grade of Cu concentrate and leads to appreciable loss of molybdenite. Another option
for Cu–Mo flotation separation is to depress Cu minerals while recovering molybdenite. For this,
alternative organic/inorganic depressants were extensively examined. Moreover, oxidation treatments
using ozone, plasma, H2O2, and electrolysis to destroy adsorbed xanthate and/or to create hydrophilic
coatings on the surface of chalcopyrite were studied. The obtained results are promising for Cu–Mo
separation; however, there still remain important topics on the optimization and scaling-up of the
process that are necessary for the application of newly developed depression techniques to actual
Cu–Mo flotation separation.
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Abstract: Porphyry Cu-Mo deposits, which are the most important sources of copper and
molybdenum, are typically processed by flotation. In order to separate Cu and Mo minerals
(mostly chalcopyrite and molybdenite), the strategy of depressing chalcopyrite while floating
molybdenite has been widely adopted by using chalcopyrite depressants, such as NaHS, Na2S,
and Nokes reagent. However, these depressants are potentially toxic due to their possibility to
emit H2S gas. Thus, this study aims at developing a new concept for selectively depressing
chalcopyrite via microencapsulation while using Fe2+ and PO4

3− forming Fe(III)PO4 coating. The cyclic
voltammetry results indicated that Fe2+ can be oxidized to Fe3+ on the chalcopyrite surface, but not
on the molybdenite surface, which arises from their different electrical properties. As a result of
microencapsulation treatment using 1 mmol/L Fe2+ and 1 mmol/L PO4

3−, chalcopyrite was much
more coated with FePO4 than molybdenite, which indicated that selective depression of chalcopyrite
by the microencapsulation technique is highly achievable.

Keywords: porphyry deposits; chalcopyrite; molybdenite; flotation; microencapsulation; FePO4 coating

1. Introduction

Porphyry Cu-Mo deposits are the most important sources of copper (Cu) and molybdenum (Mo),
because they account for about 60% and 50% of the world’s Cu and Mo productions [1]. In porphyry
Cu-Mo deposits, chalcopyrite (CuFeS2) and molybdenite (MoS2) are the predominant Cu and Mo
minerals [2,3], and they are separately recovered as Cu and Mo concentrates via a two-step process:
(i) bulk flotation in order to produce Cu-Mo bulk concentrates; (ii) the selective flotation of molybdenite
from Cu-Mo bulk concentrates. Bulk flotation is conducted with the assistance of proper collectors,
such as xanthate for chalcopyrite and insoluble nonpolar oily collectors (e.g., diesel, kerosene, or fuel
oil) for molybdenite [4,5], and pH adjuster (e.g., quick lime (CaO) or slaked lime (Ca(OH)2) to increase
the pulp pH at >10 where iron sulfides (mostly pyrite (FeS2)) are depressed due to the competitive
adsorption of OH– that inhibits xanthate adsorption on the surface of iron sulfides [6]. After this,
the Cu-Mo bulk concentrates are treated with chalcopyrite depressant (e.g., sodium hydrosulfide
(NaHS), sodium sulfide (Na2S), and Nokes reagent (P2S5 +NaOH)) in order to depress chalcopyrite
while floating molybdenite [5]. These reagents function as chalcopyrite depressants by producing
HS– that desorbs the adsorbed xanthate on the chalcopyrite surface and/or reduces the pulp potential,
in which chalcopyrite does not float [7].

Although the conventional chalcopyrite depressants are effective in separating Cu and Mo minerals
from bulk Cu-Mo bulk concentrates, these have the potential to generate toxic hydrogen sulfide gas

Metals 2020, 10, 1667; doi:10.3390/met10121667 www.mdpi.com/journal/metals31
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(H2S(g)) when pulp pH is not properly controlled [3,5,8]. At a pH below 10, for example, H2S(aq) species
starts forming and it is readily vaporized due to its high vapor pressure [7]. Thus, the flotation circuits
should consist of covered flotation cells with an active ventilation system to avoid the accident that is
caused by H2S emission [5,7,9]. Moreover, the corrosive nature of H2S that destroys pipelines and
imperfect molybdenite recovery are other drawbacks of using conventional depressants [3,7,8,10].

Because of the above-mentioned limitations, there have been many attempts to replace the
conventional chalcopyrite depressants with alternative depressants for molybdenite (e.g., dextrin [11,12],
lignosulfonates [13], O-carboxymethyl chitosan [14,15], carboxymethylcellulose [16], humic acid [17], etc.)
and chalcopyrite (e.g., sodium sulfite (Na2SO3) [3], pseudo-glycolythiourea acid (PGA) [18],
2,3-disulfanylbutanedioic acid (DMSA) [19], disodium bis (carboxymethyl) trithiocarbonate (DBT) [20],
chitosan [21], etc.). Between these two approaches, the strategy of depressing chalcopyrite is more
preferred than depressing molybdenite, because, in porphyry deposits, the amount of molybdenite
is lower when compared to that of chalcopyrite (i.e., Cu grade, 0.44%; Mo grade, 0.018%) [2]. In the
case that molybdenite depresses while chalcopyrite floats, the mechanical entrainment of molybdenite
could occur within a large volume of froth products, resulting in the loss of valuable molybdenite,
which is critical, because molybdenite recovery is of importance for Cu-Mo processing plants to be
economically viable [22].

Miki et al. [9] reported that the difference in electrical resistivity between chalcopyrite and
molybdenite can be utilized for reducing the floatability of chalcopyrite selectively. The electrical
resistances of chalcopyrite and molybdenite are 234 Ω and 1.2–1.5 MΩ, respectively, so electrochemical
reactions occur more preferably on the surface of chalcopyrite than that of molybdenite [9]. Based on
these distinctively different electrical properties of minerals, this study investigated the application of
microencapsulation technique while using ferrous (Fe2+) and phosphate (PO4

3−) ions as a pretreatment
for depressing the floatability of chalcopyrite. Due to the extremely high electrical resistivity of
molybdenite, Fe2+ is hardly oxidized to ferric ion (Fe3+); however, chalcopyrite has a low electrical
resistivity and, thus, Fe2+ can be oxidized to Fe3+, which then reacts with PO4

3− and forms ferric
phosphate (FePO4) on the surface of chalcopyrite, rendering it hydrophilic. This is the first part of
a two-part paper, the aim of which is to investigate whether microencapsulation while using Fe2+

and PO4
3− can selectively create FePO4 coating on the surface of chalcopyrite rather than that of

molybdenite. Specifically, the overall scope of this part is as follows: (i) elucidating the mechanism
of selective coating formation via an electrochemical technique (i.e., cyclic voltammetry (CV)) and
(ii) confirming whether chalcopyrite is selectively coated with FePO4 via shake-flask experiments that
are coupled with surface characterizations (i.e., scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDX) and X-ray photoelectron spectroscopy (XPS)). A follow-up paper
will discuss the effect of microencapsulation using Fe2+ and PO4

3− on the selective depression of
chalcopyrite in Cu-Mo flotation separation.

2. Materials and Methods

2.1. Mineral Samples

Chalcopyrite and molybdenite were obtained from Copper Queen Mine, Cochise County, AZ,
USA and Spain Mine, Renfrew County, ON, Canada, respectively. The samples were crushed by a
jaw crusher (BB 51, Retsch Inc. Haan, Germany), ground by a vibratory disc mill (RS 100, Retsch Inc.,
Haan, Germany), and then screened in order to obtain a size fraction of less than 75 μm. Mineralogical
and chemical compositions of the samples were determined by X-ray diffraction (XRD; Figure 1)
and X-ray fluorescence (XRF; Table 1). The chalcopyrite sample is composed of mainly chalcopyrite
with pyrite and silicate minerals (e.g., quartz (SiO2), amesite (Mg2Al2SiO5(OH)4), and actinolite
(Ca2(Mg,Fe2+)5Si8O22(OH)2)) as impurities, while molybdenite sample is highly pure and only
contains trace amounts of impurities, as can be seen.
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Figure 1. X-ray diffraction (XRD) patterns of (a) chalcopyrite and (b) molybdenite.

Table 1. Elemental compositions of chalcopyrite and molybdenite.

Chalcopyrite Molybdenite

Elements wt.% Elements wt.%

Cu 23.2 Mo 56.8
Fe 32.6 S 43.0
S 29.4 Others 0.2
Si 9.5 - -

Others 5.3 - -

2.2. Stability of Fe2+ in the Presence of PO4
3− vs. pH

The stability of Fe2+ in the presence of PO4
3− was investigated as a function of pH in order to

decide the suitable pH condition for FePO4 coating formation on chalcopyrite to be selective. For this,
a solution containing 1 mmol/L FeSO4·7H2O and 1 mmol/L KH2PO4 was prepared, and its pH was
adjusted in the pH range of 2–6 while using dilute HCl and NaOH. All of the chemicals used in
this study were of reagent grade (Wako Pure Chemical Industries, Ltd., Osaka, Japan). After pH
adjustment, the solution was allowed to stabilize for 10 min. at room temperature under magnetic
stirring (400 rpm). Afterwards, the solutions were filtered through 0.2 μm syringe-driven membrane
filters (LMS Co. Ltd., Tokyo, Japan), and then analyzed by inductively coupled plasma atomic emission
spectrometer (ICP-AES, ICPE-9820, Shimadzu Corporation, Kyoto, Japan) in order to identify the
changes in dissolved Fe concentration.

2.3. Electrochemical Behaviors of Fe2+ on Chalcopyrite and Molybdenite

The electrochemical behaviors of Fe2+ on chalcopyrite and molybdenite were investigated by
CV while using an electrochemical measurement unit (SI 1280B, Solartron Analytical, Farnborough,
UK) with a conventional three-electrode system consisting of a mineral (chalcopyrite or molybdenite)
working electrode, a platinum (Pt) counter electrode, and an Ag/AgCl (saturated KCl) reference
electrode. The mineral electrodes were prepared in an identical way that was illustrated in our
previous works [23,24]. Two types of electrolyte solutions were prepared: (i) 0.1 mol/L Na2SO4 and
(ii) 1 mmol/L FeSO4·7H2O and 0.1 mol/L Na2SO4, both of which were adjusted to pH 4. The solution
was equilibrated at 25 ◦C and then deoxygenated by N2 purging for 30 min. After this, three electrodes
were inserted and equilibrated at open circuit potential (OCP), and then CV was measured under
the following conditions: initial scan polarity, positive; potential scan range, −0.8 to +0.8 V; scan rate,
30 mV/s.

2.4. Microencapsulation Treatment

Prior to the microencapsulation treatment, mineral samples were washed in order to remove
the effects that are caused by the presence of oxidized layers formed during sample preparation.
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The washing procedure is as follows: ultrasonic cleaning in ethanol, acid washing (1.0 M HNO3),
triple rinsing with de-ionized (DI) water (18.2 MΩ·cm), dewatering with acetone, and drying in a
vacuum desiccator [25].

For the microencapsulation treatment, 1 g of washed mineral (e.g., chalcopyrite or molybdenite)
and 10 mL of a solution containing 1 mmol/L Fe2+ and 1 mmol/L PO4

3− (pH 4) were put into a 50-mL
Erlenmeyer flask and then shaken in a constant temperature water bath at 25 ◦C and 120 min−1 for
1–6 h. After predetermined time intervals, the suspensions were filtered through 0.2 μm syringe-driven
membrane filters and then analyzed by ICP-AES. Treated minerals were thoroughly washed with DI
water, dried in a vacuum dry oven (40 ◦C), and then analyzed by SEM-EDX (JSM-IT200, JEOL Ltd.,
Tokyo, Japan) and XPS (JPS-9200, JEOL Ltd., Tokyo, Japan). The XPS analysis was conducted using
an Al Kα X-ray source operated at 100 W (Voltage, 10 kV; Current, 10 mA) under ultrahigh vacuum
conditions (approximately 10−7 Pa). The narrow scan spectra were calibrated while using the binding
energy of adventitious carbon (C 1s) (285.0 eV) for charge correction. For deconvolutions of the spectra,
XPSPEAK version 4.1 (Raymond WM Kwok, Chinese University of Hong Kong, Hong Kong, China)
was used with an 80% Gaussian–20% Lorentzian peak model and a true Shirley background [26,27].

3. Results

3.1. Stability of Fe2+ in the Presence of PO4
3− vs. pH

The oxidation rate of Fe2+ to Fe3+ by dissolved oxygen (DO) is known to be pH-dependent [28,29].
Fe2+ oxidation rate under acidic conditions (i.e., pH < 4) is very slow and independent of pH, as shown
in Figure 2a. However, at pH ≥ 5 Fe2+, the Fe2+ oxidation rate shows the second order dependence
on [OH−], indicating that a 100-fold increase in the rate occurs for a unit increase in pH [28]. In the
studied system, not only Fe2+, but also PO4

3− coexist, so the stability of Fe2+ in the presence of PO4
3−

as a function of pH was investigated (Figure 2b). The concentration of Fe2+ was almost not changed
between pH 2 and 4, but above which Fe2+ concentration decreases rapidly. This result is identical to
that reported by previous works [28,29], indicating that Fe2+ is stable at pH < 4, even in the presence
of PO4

3−. The oxidation of Fe2+ by DO is not preferred, because the selective coating formation could
only be achieved when Fe2+ oxidation occurs on the surface of chalcopyrite. Thus, pH 4 was selected
for microencapsulation treatment to be selective.

Figure 2. (a) Oxidation rate of ferrous iron species as a function of pH (reprinted with permission from
Morgan and Lahav [29], copyright (2007) Elsevier) and (b) the change in dissolved Fe concentration
([Fe2+]initial = 1 mmol/L) in the presence of 1 mmol/L PO4

3− as a function of pH.

3.2. Electrochemical Behavior of Fe2+ on Chalcopyrite and Molybdenite

Figure 3 shows the cyclic voltammograms of chalcopyrite (Figure 3a) and molybdenite (Figure 3b)
in the absence and presence of 1 mmol/L Fe2+. The current density was continuously increased as the
applied potential increased, which means that chalcopyrite as well as its oxidation products (e.g., Fe2+)
were oxidized (Equations (1) and (2)), as shown in the first anodic scan of chalcopyrite in the absence
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of Fe2+ (Figure 3(a2)) [30–32]. When 1 mmol/L Fe2+ was present, the current density was apparently
increased as compared to that without Fe2+. This increase in current density most likely resulted from
the oxidation of Fe2+ to Fe3+ (Equation (2)).

CuFeS2 → Cu(1 − x)Fe(1 − y)S(2 − z) + xCu2+ + yFe2+ + zS0 + 2(x + y)e− (1)

Fe2+→ Fe3+ + e− (2)

Figure 3. Cyclic voltammograms of (a) chalcopyrite (a1: cathodic scan from −0.2 to −0.8 V, a2: anodic
scan from open circuit potential (OCP) to 0.8 V) and (b) molybdenite in the absence and presence of
1 mmol/L Fe2+. Note that the arrows in Figure 3(a1,a2) denote the sweep direction.

During the cathodic scan in the absence of 1 mmol/L Fe2+, it exhibited four cathodic peaks (C1, C2,
C3, and C4), as shown in Figure 3a,(a1). According to Holiday and Richmond [31], the first two
cathodic peaks (C1 and C2) were due to the reduction of dissolved species, like Fe3+ and Cu2+. Holiday
and Richmond [31] executed cathodic linear-sweep voltammetry while using stationary and rotating
chalcopyrite electrodes, both of which were pretreated at 0.65 V vs. SCE for 2 min., and found out
that two cathodic peaks at 0.38 and 0.15 V vs. SCE observed in the voltammogram using a stationary
electrode were absent when the electrode was rotated. Thus, the appearance of C1 and C2 can be
explained by the reduction of Fe3+ to Fe2+ at 0.3–0.4 V (Equation (3)) and the formation of covellite
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(CuS) at 0.1–0.2 V (Equation (4)), respectively. At the applied potential between −0.4 and −0.7 V,
two additional peaks (C3 and C4) were observed (Figure 3(a1)), which resulted from the reduction of
CuS to chalcocite (Cu2S) and S0 to H2S, as illustrated in Equations (5) and (6) [30–32].

Fe3+ + e− → Fe2+ (3)

Cu2+ + S0 + 2e− → CuS (4)

2CuS + 2H+ + 2e− → Cu2S + H2S (5)

S0 + 2H+ + 2e− → H2S (6)

Similarly, these four cathodic peaks (C1, C2, C3, and C4) were also observed in the voltammogram
in the presence of 1 mmol/L Fe2+; however, it is important to note that the current density of C1

was obviously increased. This indicates that more Fe3+ was generated during the anodic scan of
chalcopyrite in the presence of 1 mmol/L Fe2+ as compared to that of control. On the other hand,
cyclic voltammograms of molybdenite showed that there is no clear difference between the absence
and presence of 1 mmol/L Fe2+ (Figure 3b). It is most likely attributed to the low electrical conductivity
of molybdenite, making the electrochemical reactions of Fe2+/Fe3+ redox couple hard to occur on its
surface. Therefore, the cyclic voltammetry results imply that the selective oxidation of Fe2+ on the
chalcopyrite surface is highly possible.

3.3. Microencapsulation Treatment for Chalcopyrite and Molybdenite

Figure 4 shows the precipitation rates of dissolved Fe and P during microencapsulation treatment
for chalcopyrite and molybdenite. The precipitation rate is calculated by the following equation:

Precipitation rate (%) = (Ci − Ct)/Ci × 100% (7)

where Ci is the initial concentration of dissolved Fe or P in mg/L, and Ct is the concentration of dissolved
Fe or P in mg/L at time t. As shown in Figure 4a, the precipitation of dissolved Fe considerably occurred
in the presence of chalcopyrite; that is, around 60% of Fe2+ was precipitated after 1 h treatment and
it reached 93% after 6 h. Similarly, dissolved P was also significantly precipitated with chalcopyrite
(Figure 4b). When compared to the precipitation rate of dissolved P, the precipitated amount of
dissolved Fe was a bit low. This is probably due to chalcopyrite dissolution that releases Fe2+/3+,
resulting in the lowering of the Fe precipitation rate. These results indicate that Fe2+ is oxidized to Fe3+

on the surface of chalcopyrite, then, the resultant product (i.e., Fe3+) reacts with H2PO4
−, a dominant

species of phosphate at pH 4, forming FePO4, as shown in the following equation:

Fe3+ + H2PO4
− → FePO4↓ + 2H+ (8)

It is interesting to note that, even during microencapsulation treatment for molybdenite, around
20–40% of dissolved Fe and P were precipitated (Figure 4a,b). Although the CV results indicated
that Fe2+ oxidation could not occur on the surface of molybdenite (Figure 3b), the precipitation of
dissolved Fe and P apparently occurred in the presence of molybdenite. These opposite results
are attributed to the different electrical resistivity of different sides (e.g., basal and edge planes)
of molybdenite [9]. Miki et al. [9] investigated electrolysis oxidation treatment while using basal-
and edge-plane-oriented molybdenite electrodes and confirmed that electron transfer was actively
pursued through the edge plane when compared to that through the basal plane. At an applied
potential of 1.0 V vs. SHE, for example, the current density of the edge-plane electrode was around
0.1 mA/cm2, lasting for 800 s, while it was closed to 0 mA/cm2 in the case of the basal-plane electrode.
The particle size of molybdenite used in this study is less than 75 μm. As the size of molybdenite
particle reduces, the ratio of basal-plane/edge-plane also decreases [33]. This means that electron
transfer reactions, like Fe2+ oxidation on fine molybdenite, become easier to occur when compared to
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coarse molybdenite. Thus, approximately 20–40% of dissolved Fe and P were precipitated during the
reaction with molybdenite (Figure 4).

Figure 4. Precipitation rates of dissolved Fe (a) and P (b).

Figure 5 shows the SEM-EDX results of untreated- and treated-chalcopyrite. As can be seen in the
SEM image of untreated chalcopyrite, its surface was smooth and clear; however, after microencapsulation
treatment, the surface morphology dramatically changed the secondary precipitates that covered the
surface of chalcopyrite. Untreated chalcopyrite exhibited strong signals of Cu, Fe, and S, while treated
chalcopyrite showed that the signals of Cu and S were decreased, but signals of Fe and O were
increased, as shown in the EDX spectra of these samples. In addition, the P signal appeared in the
spectrum of treated chalcopyrite. These increased (i.e., Fe, P, and O) and decreased (i.e., Cu and S)
signals were also found in the elemental maps of treated chalcopyrite. These results indicate that,
after microencapsulation treatment, Fe–P–O-containing coatings were formed on the chalcopyrite
surface. On the other hand, the SEM-EDX results of molybdenite with and without treatment (Figure 6)
showed that there is no clear difference between the two samples, although 40% of dissolved Fe and P
were precipitated (Figure 4). It could be speculated that the signals of Fe and P are almost noise levels
due to the small amount of precipitate present on the molybdenite surface or the precipitates do not
exist on the molybdenite surface.

In order to further characterize the surfaces of untreated and treated minerals, XPS analysis was
adopted, which can analyze a very thin layer of coating (around ~6 nm) and give the information on the
chemical state of the element. Figure 7a shows the XPS P 2p spectra of untreated and treated chalcopyrite.
As it can be seen, treated chalcopyrite exhibited a broad peak that was centered at around 133.5 eV
composed of adsorbed PO4

3− (130.0, 131.4 and 132.8 eV) [34] and P(V) of FePO4 (133.7 eV) [34,35],
which support that FePO4 coating was formed on the chalcopyrite surface by microencapsulation
while using Fe2+ and PO4

3−. In the case of the XPS spectrum of treated molybdenite (Figure 7b),
a weak and gentle peak of FePO4 was observed. The peak area of FePO4 in the XPS spectrum of
treated chalcopyrite was three times higher than that of treated molybdenite, which indicated that
more FePO4 is present on the chalcopyrite surface, as confirmed by Figures 4–6. All of the results that
were obtained in this study imply that Fe2+ oxidation, followed by FePO4 precipitation, preferably
occurs on the chalcopyrite surface rather than on the molybdenite surface, so the selective depression
of chalcopyrite in the flotation of bulk concentrates is highly achievable, which will be evaluated in
detail in Part 2 of this study.
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Figure 5. Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) results
of chalcopyrite with and without microencapsulation treatment.

Figure 6. SEM-EDX results of molybdenite with and without microencapsulation treatment.

Figure 7. X-ray photoelectron spectroscopy (XPS) P 2p spectra of (a) chalcopyrite and (b) molybdenite
with and without microencapsulation treatment.
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4. Conclusions

This study investigated microencapsulation while using Fe2+ and PO4
3− in order to selectively

coat chalcopyrite with FePO4 with the aim of improving Cu-Mo flotation separation. The findings of
this study are summarized, as follows:

1. In the presence of phosphate ion, Fe2+ was stable at pH ≤ 4, above which, however, Fe2+ became
unstable due to its rapid oxidation to Fe3+, which was then precipitated as FePO4 and/or FeO(OH).
Thus, microencapsulation treatment using Fe2+ and PO4

3− is recommended to be conducted at
pH 4 in order to achieve the selective Fe2+ oxidation on chalcopyrite surface.

2. The CV results indicated that Fe2+ oxidation can occur on the chalcopyrite surface, but not on the
molybdenite surface, due to their different electrical properties.

3. After microencapsulation treatment using Fe2+ and PO4
3−, SEM-EDX and XPS analyses confirmed

that chalcopyrite was more coated with FePO4 than molybdenite.
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Abstract: Porphyry-type deposits are the major sources of copper and molybdenum, and flotation
has been adopted to recover them separately. The conventional reagents used for depressing copper
minerals, such as NaHS, Na2S, and Nokes reagent, have the potential to emit toxic H2S gas when
pulp pH was not properly controlled. Thus, in this study the applicability of microencapsulation (ME)
using ferrous and phosphate ions as an alternative process to depress the floatability of chalcopyrite
was investigated. During ME treatment, the use of high concentrations of ferrous and phosphate ions
together with air introduction increased the amount of FePO4 coating formed on the chalcopyrite
surface, which was proportional to the degree of depression of its floatability. Although ME treatment
also reduced the floatability of molybdenite, ~92% Mo could be recovered by utilizing emulsified
kerosene. Flotation of chalcopyrite/molybdenite mixture confirmed that the separation efficiency
was greatly improved from 10.9% to 66.8% by employing ME treatment as a conditioning process for
Cu-Mo flotation separation.

Keywords: porphyry deposits; chalcopyrite; molybdenite; microencapsulation; flotation

1. Introduction

Porphyry-type deposits are the major sources of copper (Cu) and molybdenum (Mo)—
approximately 60% of Cu and 50% of Mo are annually produced from these deposits [1–3].
Apart from Cu and Mo, precious metals (e.g., gold (Au), silver (Ag), and platinum group el-
ements (PGEs)) and several strategic/high-tech elements (e.g., rhenium (Re), tungsten (W),
bismuth (Bi), indium (In), tellurium (Te), and selenium (Se)) may reach economic concentra-
tions, thus being recovered as by-products during porphyry ore processing [3,4]. Typically,
porphyry-type deposits are developed via a series of processes: (i) open-pit mining to
excavate the ores, (ii) closed-circuit comminution to liberate valuable and non-valuable
minerals, (iii) bulk flotation to recover Cu and Mo minerals (i.e., mainly chalcopyrite
(CuFeS2) and molybdenite (MoS2)) as Cu-Mo bulk concentrates, and (iv) Mo flotation to
separate Cu and Mo minerals from bulk concentrates [2].

At the final stage of porphyry ore processing (i.e., flotation separation of Cu and Mo
minerals), Cu-Mo bulk concentrates are conditioned with Cu depressants (e.g., sodium
hydrosulfide (NaHS), sodium sulfide (Na2S), and Nokes reagent (P2S5 + NaOH)) to reduce
the floatability of chalcopyrite while floating molybdenite [1,2]. Although effective, these
reagents have the potential to emit hydrogen sulfide (H2S) gas—known as toxic and
deadly gas—when the pulp pH is not properly maintained; for example, at pH < 10, HS−
ion derived from Cu depressants starts forming H2S(aq) species, which is then readily
transformed into the gaseous phase, i.e., H2S(g), due to its extremely high vapor pressure
(PH2S = 20.03 atm at 25 ◦C) [2,5]. To avoid the accident that is caused by H2S emission, the
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flotation circuits should consist of covered flotation cells together with active ventilation
systems as well as a NaOH-solution scrubber treating any process off-gas [6]. However,
the use of covered flotation cells obviously obstructs visual inspection of the froth, which
lowers the efficiency of operations of flotation process [6]. Not only this, but the use of
above-mentioned reagents may destroy the pipelines due to the corrosive nature of H2S
and yield imperfect molybdenite recovery [7–9], so the attention should be paid to the
development of alternative techniques.

This paper is Part II of a two-part basic study to investigate how the application of
microencapsulation technique affects flotation behaviors of chalcopyrite and molybdenite.
Microencapsulation is a technique that encloses the target material with coatings com-
posed of small discrete solid particles or small liquid droplets. It has been reported that
microencapsulation using redox-sensitive compounds has an ability to selectively form the
coating on the surface of conductive minerals [10–14]. In Part I of this study, microencapsu-
lation using ferrous and phosphate ions was investigated with the aim of creating ferric
phosphate (FePO4) coating selectively on the chalcopyrite surface [15]. Electrochemical
study revealed that ferrous oxidation occurred preferably on the surface of chalcopyrite
rather than molybdenite. Moreover, the results of shake-flask experiments coupled with
surface characterizations were consistent with electrochemical study; that is, ferrous oxi-
dation followed by FePO4 formation occurred predominantly on the chalcopyrite surface.
However, it remains unclear how FePO4 coating formed via microencapsulation affects the
floatability of chalcopyrite and molybdenite. In Part II, thus, flotation tests of chalcopyrite
and/or molybdenite with and without microencapsulation treatment were carried out
to evaluate its effect on the floatability of chalcopyrite and molybdenite as well as their
separation efficiency.

2. Materials and Methods

2.1. Mineral Samples

Chalcopyrite and molybdenite were obtained from Copper Queen Mine, Cochise
County, AZ, USA and Spain Mine, Renfrew County, ON, Canada, respectively. The
samples were crushed by a jaw crusher (BB 51, Retsch Inc. Haan, Germany), ground by a
vibratory disc mill (RS 100, Retsch Inc., Haan, Germany), and then screened in order to
obtain a size fraction of 38–75 μm. Chalcopyrite sample mainly consists of chalcopyrite
(~70%) with minor amounts of impurities like pyrite (FeS2) and silicate minerals (e.g.,
quartz (SiO2), amesite (Mg2Al2SiO5(OH)4), and actinolite (Ca2(Mg, Fe2+)5Si8O22(OH)2)),
while molybdenite sample is highly pure (~99.8%). The detailed sample characterizations
can be found in Part I of this study [15].

2.2. Microencapsulation Treatment

Prior to microencapsulation (ME) treatment, mineral samples were deslimed by ultrason-
ication in ethanol for 1 min, followed by decantation after 1 min sedimentation. Afterward,
the sediments were rinsed with acetone four times and dried in vacuum desiccators.

Microencapsulation treatments were conducted using an agitator-type flotation ma-
chine (FT-1000, Heiko, Japan). In a 400-mL flotation cell, 20 g of mineral sample (i.e.,
chalcopyrite, molybdenite, or chalcopyrite/molybdenite mixture (1:1, w/w)) and 200 mL
of coating solution containing ferrous and phosphate ions were mixed at 1000 rpm for 1 h.
Coating solution was prepared using FeSO4·7H2O and KH2PO4, and its pH was adjusted
to 4.0 ± 0.1 while using dilute HCl and NaOH. All the chemicals used in this study were
of reagent grade (Wako Pure Chemical Industries, Ltd., Osaka, Japan). To investigate
the suitable conditions for depressing the floatability of chalcopyrite, the effects of the
concentrations of ferrous and phosphate ions (1 and 10 mM) and the introduction of air
(1 L/min) during ME treatment were examined.

After ME treatment, the suspension was filtered and washed with deionized (DI) water
4 times to remove the remaining ferrous and phosphate ions, and then used for flotation
experiments. Filtrates were collected using 0.2 μm syringe-driven filters (LMS Co. Ltd.,
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Tokyo, Japan) and analyzed by inductively coupled plasma atomic emission spectrometer
(ICP-AES, ICPE9820, Shimadzu Corporation, Kyoto, Japan) in order to identify the changes
in dissolved Fe and P concentrations.

2.3. Flotation Tests

Flotation tests were conducted using an agitator-type flotation machine (FT-1000,
Heiko, Japan) equipped with a 400-mL flotation cell in which 20 g of washed sample, 10 g
of quartz (99.9% SiO2, Wako Pure Chemical Industries, Ltd., Osaka, Japan), and 400 mL
DI water were added. The purpose of adding quartz is to measure the amounts of chal-
copyrite/molybdenite recovered by entrainment. The pulp was suspended at 1000 rpm
for 3 min, and then conditioned with 25 μL/L of frother (methyl isobutyl carbinol, MIBC,
Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) for another 3 min. In the flotation of
molybdenite and chalcopyrite/molybdenite mixture, 2.5 L/t of emulsified kerosene was
added as a collector for molybdenite and conditioned for 3 min. Emulsified kerosene was
prepared as follows: (i) kerosene (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was
mixed with distilled water in the concentration of 20 wt.%; (ii) emulsification was carried
out using an ultrasonic homogenizer (ULTRA-TURRAX, IKA, Königswinter, Germany) for
60 s [16,17]. Afterward, air was injected into the suspension at a flow rate of 1 L/min, and
flotation was carried out for 3 min (for the case of flotation of chalcopyrite/molybdenite
mixture, it was conducted for up to 6 min). Froth products and tailings obtained after flota-
tion were weighed after drying at 105 ◦C for 24 h, and their elemental compositions were
determined using X-ray fluorescence spectrometer (XRF, EDXL300, Rigaku Corporation,
Tokyo, Japan).

2.4. Contact Angle Measurements

Contact angle measurements were carried out in order to estimate the changes in
the surface wettability of molybdenite before and after ME treatment (with and without
kerosene addition). For this, molybdenite specimen was cut using a diamond cutter
to obtain a small cuboid crystal (~5 mm (w) × 5 mm (d) × 10 mm (h)), which was then
polished using a polishing machine (SAPHIR 250 M1, ATM GmbH, Mammelzen, Germany)
with a series of silicon carbide papers (P320, P600, and P1200) and diamond suspensions
(3 and 1 μm). Afterward, the contact angles of (i) untreated molybdenite, (ii) ME-treated
molybdenite with 10 mM Fe2+/H2PO−

4 at 1 L/min air introduction for 1 h, and (iii) ME-
treated molybdenite with conditioning using 2.5 L/t of emulsified kerosene for 3 min were
measured by a high-magnification digital microscope (VHX-1000, Keyence Corporation,
Osaka, Japan) with built in image analysis capability. Each measurement was repeated 3
times at different spots on the mineral surface to ascertain that the differences observed
were statistically significant.

3. Results and Discussion

3.1. Flotation of Chalcopyrite

Figure 1 shows the effect of ME treatment on the floatability of chalcopyrite. For the
case of untreated chalcopyrite, about 77% of Cu was recovered after 3 min flotation even
in the absence of any collector. When chalcopyrite was treated by ME with 1 mM Fe2+

and 1 mM H2PO−
4 prior to flotation, Cu recovery was almost the same as the one without

ME treatment. In Part I of this study [15], it was confirmed that after ME treatment using
1 mM Fe2+ and 1 mM H2PO−

4 , chalcopyrite was obviously coated with FePO4; however,
its floatability was not affected by FePO4 coating.

One of the possible reasons for why ME treatment did not affect the floatability of
chalcopyrite could be due to the insufficient amount of FePO4 coating for depressing chal-
copyrite. After 1 h ME treatment, ~80% of dissolved Fe and P were precipitated as FePO4,
indicating that the wt.% of FePO4 present on the chalcopyrite surface was approximately
0.12% [15]. If chalcopyrite is covered with a large amount of FePO4 coating (i.e., >0.12%),
its floatability may be decreased. Thus, an attempt was made to increase the amount of
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FePO4 coating formed on the chalcopyrite surface by increasing the concentrations of Fe2+

and H2PO−
4 from 1 to 10 mM during ME treatment. As shown in Figure 2, Cu recovery

was decreased from ~80% to ~70% when Fe2+/H2PO−
4 concentrations increased from 1

to 10 mM. Although increasing Fe2+/H2PO−
4 concentrations during ME treatment could

reduce the floatability of chalcopyrite, the degree of chalcopyrite depression is not enough
for separating chalcopyrite and molybdenite.

Figure 1. Effect of ME treatment on the floatability of chalcopyrite.

Figure 2. Effect of the concentration of Fe2+ and H2PO−
4 on the floatability of chalcopyrite.

The concentration of FePO4 formed after ME treatment was 0.66 mM for the case using
1 mM Fe2+/H2PO−

4 , while ~1 mM of FePO4 was formed when 10 mM Fe2+/H2PO−
4 was

used. These results support our deduction that increasing the amount of FePO4 coating
can enhance the depression of chalcopyrite. However, there are large amounts of unreacted
ferrous and phosphate ions that remained in the solution after ME treatment. As illustrated
in Equation (1), oxygen is an essential reactant for ferrous oxidation.

2Fe2+ + 2H+ + 1/2O2 = 2Fe3+ + H2O (1)
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To facilitate the formation of more coatings on the surface of chalcopyrite, thus, the air
was introduced during ME treatment in the presence of 10 mM Fe2+/H2PO−

4 . As shown
in Figure 3, air introduction during ME treatment obviously improved the depression of
chalcopyrite floatability; that is, Cu recovery decreased from about 70% (without air intro-
duction) to <15% (with air introduction). Control experiment—flotation of chalcopyrite
treated under air introduction (1 L/min) for 1 h in the absence of Fe2+/H2PO−

4 —confirmed
that air introduction did not play an important role in depressing the floatability of chal-
copyrite because Cu recovery was almost the same as that of untreated chalcopyrite (data
not shown). The main role of introducing air is to promote the cathodic half-cell reaction oc-
curring on the surface of chalcopyrite (i.e., oxygen reduction reaction; Equation (2)), thereby
enhancing the anodic half-cell reaction (i.e., ferrous oxidation reaction; Equation (3)). When
the air was injected during ME treatment, ~4 mM of FePO4 was formed, indicating that the
formation of large amounts of FePO4 coating is effective in depressing chalcopyrite.

2H+ + 1/2O2 + 2e− = H2O (2)

Fe2+ = Fe3+ + e− (3)

Figure 3. Effect of air introduction during ME treatment with 10 mM Fe2+/H2PO−
4 on the floatability

of chalcopyrite.

3.2. Flotation of Molybdenite

The main purpose of ME treatment is to depress the floatability of chalcopyrite, so
molybdenite was also treated by ME under the same conditions where chalcopyrite was
effectively depressed (i.e., 10 mM Fe2+/H2PO−

4 ; 1 L/min air introduction). As shown
in Figure 4, ME treatment had a detrimental effect on the floatability of molybdenite;
that is, after ME treatment, Mo recovery decreased from ~45% to ~6%. For the flotation
separation of chalcopyrite and molybdenite, the former should be depressed while floating
the latter; thus, this is an unwelcome result because molybdenite was also depressed after
ME treatment. As confirmed by XPS analysis of ME-treated chalcopyrite and molybdenite
shown in Part I of this study [15], the amount of FePO4 coating formed on the molybdenite
surface was obviously smaller than that formed on the chalcopyrite surface; however,
molybdenite was strongly depressed as much as chalcopyrite was (Figures 3 and 4).
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Figure 4. Effect of ME treatment on the floatability of molybdenite. Note that ME treatment was
conducted with 10 mM Fe2+/H2PO−

4 and 1 L/min air introduction.

The presence of precipitates on the molybdenite surface has been reported to reduce its
floatability; for example, (i) flotation of Cu-Mo ores in seawater where seawater precipitates
(e.g., Mg(OH)2 and CaCO3) formed at pH > 9.5 are accumulated on the molybdenite sur-
face [18–21]; (ii) flotation of chalcopyrite/molybdenite mixture after plasma pretreatment
resulting in the formation of Cu/Fe oxyhydroxides on the surface of molybdenite [22].
Hirajima and coworkers [20–22] reported that the reduced floatability of molybdenite
caused by precipitates can be healed by adding kerosene—a commonly used collector for
molybdenite. In this study, thus, kerosene was also adopted after ME treatment to improve
the recovery of molybdenite. As can be seen in Figure 5, the addition of kerosene was
remarkably effective in improving the floatability of ME-treated molybdenite; that is, Mo
recovery was increased from ~6% to ~92% when 2.5 L/t of kerosene was added.

Figure 5. Effect of kerosene dosage on the floatability of ME-treated molybdenite.

The increased Mo recovery achieved by kerosene addition most likely resulted from
the improvement of hydrophobicity of molybdenite surface. As illustrated in Figure 6,
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the contact angle of untreated molybdenite was ~94◦ but decreased to ~39◦ after ME
treatment due to the presence of hydrophilic FePO4 precipitates on its surface. When ME-
treated molybdenite reacted with kerosene, however, the contact angle increased to ~109◦,
indicating that the hydrophobicity of molybdenite was improved, even better than that of
bare molybdenite surface. This increased hydrophobicity of ME-treated molybdenite can
be explained as follows: kerosene is adsorbed on molybdenite surface where FePO4 is not
present and/or covers not only molybdenite but also the attached FePO4 precipitates.

Figure 6. Effect of kerosene dosage on the contact angle of ME-treated molybdenite. Note that G, L,
and S on the right side of the photos indicate gas (air), liquid (water droplet), and solid (molybdenite)
phases, respectively.

Based on the results of Sections 3.1 and 3.2, Cu-Mo flotation separation could be
achievable under the following conditions: ME treatment with 10 mM Fe2+/H2PO−

4 while
introducing air at 1 L/min air introduction, and flotation with 2.5 L/t kerosene. Although
ME treatment followed by flotation of single minerals (i.e., chalcopyrite or molybdenite)
looked promising, flotation results can be differed when they are mixed, so the following
section deals with the mixed minerals system.

3.3. Flotation of Chalcopyrite/Molybdenite Mixture

Figure 7 shows flotation results of chalcopyrite/molybdenite mixture with and without
ME treatment. As illustrated in Figure 7a, flotation of untreated chalcopyrite/molybdenite
mixture showed that both minerals were floated well and, after 6 min flotation, the recovery
of Cu and Mo reached about 83% and 92%, respectively. On the other hand, Cu and Mo
recoveries after 6 min flotation of ME-treated mixture were ~33% and ~93%, respectively
(Figure 7b). In the case of ME-treated mixture, froth products with higher Mo grade
(46.33–49.3%) and lower Cu grade (3.8–5.2%) compared to those of untreated mixture (i.e.,
Mo grade, 33.8–34.6%; Cu grade, 9.6–9.8%) were obtained. These results indicate that the
application of ME treatment prior to flotation of chalcopyrite/molybdenite mixture could
selectively depress the floatability of chalcopyrite.

The effect of ME treatment on flotation of chalcopyrite/molybdenite mixture was
evaluated by the classical first-order flotation kinetic model (Equation (4)) [23]:

R(t) = R∞ [1 − exp(−kt)], (4)

where R(t) and R∞ are the recovery of chalcopyrite/molybdenite at time t and an infinite
time, and k is the first-order rate constant. A nonlinear least square regression was used to
calculate R∞ and k from the best fit with experimental data. The obtained R∞ and k were
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used for calculating the modified rate constant (Equation (5)) and the selectivity index of
mineral I over mineral II (Equation (6)) [24]:

KM = R∞·k, (5)

S.I. (I/II) = (KM of mineral I)/(KM of mineral II). (6)

Figure 7. Effect of ME treatment on the floatability of chalcopyrite and molybdenite in the mixed mineral flotation: (a)
untreated and (b) treated chalcopyrite/molybdenite mixture. Note that makers indicate experimental data while lines
denote calculated values based on the first-order flotation kinetic model (Equation (4)).

The regression coefficients (e.g., R∞ and k), KM, and S.I. (Mo/Cu) were summarized in
Table 1. The maximum recovery (R∞) of molybdenite was almost the same irrespective of
ME treatment (i.e., 97.0% without ME; 93.5% with ME), whereas R∞ of ME-treated chalcopy-
rite decreased significantly from 87.3% to 35.7%. After ME treatment, the rate constant (k)
and modified rate constant (KM) increased for molybdenite but decreased for chalcopyrite.
Moreover, the selectivity index of Mo/Cu of ME-treated chalcopyrite/molybdenite mixture
was about five-fold higher than that of untreated mixture, indicating that ME treatment
has an ability to selectively depress the floatability of chalcopyrite.

Table 1. Non-linear regression results for the first-order kinetic model fitting to the experimental
data (Figure 6).

Parameters
Untreated Treated

Chalcopyrite Molybdenite Chalcopyrite Molybdenite

R2 0.99 0.99 0.93 0.99
R∞ (%) 87.3 97.0 35.7 93.5

k (min−1) 0.54 0.56 0.41 0.96
KM (min−1) 0.47 0.54 0.15 0.89

S.I. (Mo/Cu) 1.16 6.08
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Figure 8 shows the relationship between Mo recovery in the froth and Cu recovery
in the tailing after flotation with and without ME treatment, which is often used for the
assessment of the separation efficiency (Equation (7)) [16,25–27]:

η = Rc − (1 − Rt), (7)

where η is Newton’s efficiency, Rc is the recovery of molybdenite in the froth, and Rt is the
recovery of chalcopyrite in the tailing. For the case of untreated chalcopyrite/molybdenite
mixture, the separation efficiencies were in the range of 4.0–10.9% (Figure 8). Compared
to this, the application of ME treatment greatly improved the separation efficiency. Until
3 min of flotation, Mo recovery was rapidly increased up to ~90% but, afterward, slightly
increased up to 93.5%. On the other hand, Cu recovery was apparently lower than Mo
recovery but continuously increased up to 35.7% with time, which results in the highest
separation efficiency at 3 min. In short, the separation efficiencies of untreated and treated
mixture obtained after 3 min flotation were 10.9% and 66.8%, respectively. This suggests
that the application of ME treatment as a Cu depression process prior to Cu-Mo flotation
separation is effective in improving Mo/Cu separation efficiency.

Figure 8. Relationship between Mo recovery in froth and Co recovery in tailing obtained in the mixed
mineral flotation.

4. Conclusions

This study investigated the effect of microencapsulation using Fe2+/H2PO−
4 as a

pretreatment for Cu-Mo flotation separation. The findings of this study are summarized,
as follows:

1. ME treatment using 10 mM Fe2+/H2PO−
4 had a negligible effect on the depression

of chalcopyrite floatability, but air introduction during ME treatment dramatically
reduced Cu recovery from ~70% to ~15%. The air introduction played an important
role in enhancing ferrous oxidation occurring on the surface of chalcopyrite, thereby
improving the formation of FePO4 coating on its surface.

2. Not only chalcopyrite, but the floatability of molybdenite was also depressed after
ME treatment. The reduced floatability of ME-treated molybdenite, however, could
be improved by utilizing emulsified kerosene during flotation.

3. The application of ME treatment was also effective for mixed minerals system that
the separation efficiency increased from 10.9% (without ME treatment) to 66.8% (with
ME treatment).
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Abstract: Flotation is the conventional method for processing porphyry copper deposits, one of the
most economically important sources of copper (Cu) worldwide. The rapidly decreasing grade of this
type of Cu ore in recent years, however, presents serious problems with fine particle recovery using
conventional flotation circuits. This low recovery could be attributed to the low collision efficiency
of fine particles and air bubbles during flotation. To improve collision efficiency and flotation
recovery, agglomeration of finely ground chalcopyrite (CuFeS2) (D50 = 3.5 μm) using emulsified oil
stabilized by emulsifiers was elucidated in this study. Specifically, the effects of various types of
anionic (sodium dodecyl sulfate (SDS), potassium amyl xanthate (KAX)), cationic (dodecyl amine
acetate (DAA)), and non-ionic (polysorbate 20 (Tween 20)) emulsifiers on emulsified oil stability and
agglomeration–flotation efficiency were investigated. When emulsifiers were added, the average
size of agglomerates increased, resulting in higher Cu recovery during flotation. This dramatic
improvement in flotation efficiency could be attributed to the smaller oil droplet size in emulsified
oil and their higher stability in the presence of emulsifiers. The utilization of emulsifiers during
agglomeration–flotation not only lowered the required agitation strength for agglomeration but also
shortened the agglomeration time, both of which made the process easier to incorporate in existing
flotation circuits.

Keywords: agglomeration; emulsified oil; emulsifiers; flotation; fine chalcopyrite

1. Introduction

Porphyry copper deposits are economically the most important source of copper (Cu) worldwide
because of their wide distribution and enormous volume of minable ore materials. Some porphyry
copper deposits have over 1 billion metric tons (t) of ore at > 0.5% of Cu [1], and many of these deposits
typically contain other valuable metals aside from Cu, such as gold (Au) and molybdenum (Mo),
making their exploitation economically attractive. For example, the largest open pit porphyry copper
mine in the world—the Escondida mine in Chile—processes a porphyry copper deposit containing
0.25 g/t Au and 0.0062 wt% Mo [2]. The conventional technique used to recover valuable minerals
from porphyry copper ores is flotation, a technique whereby fine particles of Cu-bearing minerals
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like chalcopyrite (CuFeS2) are separated from gangue minerals and collected by bubbles after surface
modifications using emulsifiers called collectors [3,4]. Flotation, including its concept of using bubbles
to induce separation of materials with different surface wettability properties, is a popular and widely
used technique not only in the mineral processing and coal cleaning/washing industries but also in
electronic waste and plastic recycling industries [5–11].

Despite its popularity and widespread application, one major drawback of flotation is the
dramatic drop in its efficiency when particle sizes become very small [12]. The low recovery of fine
particles during flotation is attributed to the low collision probability between fine mineral particles
and air bubbles [13–15]. Many studies have suggested ways to overcome the poor fine particle
recovery during flotation using two approaches: (1) bubble size reduction, and (2) particle aggregation.
Column flotation [16], microbubble flotation [17], electro-flotation [18], and dissolved air flotation [19]
are some examples of bubble size reduction approaches, while particle aggregation strategies include
shear flocculation [20], carrier flotation [21], polymer flocculation [22], and oil agglomeration [13].

All of these techniques have their own advantages and disadvantages, but from the perspective of
economics, oil agglomeration—a method to increase the apparent particle size using oil as a “bridging”
liquid under intense mixing—is considered as one of the most promising techniques for industrial-scale
applications. Oil is relatively inexpensive, and the process could be easily integrated into existing
flotation circuits. Although oil agglomeration has been extensively studied for coal cleaning [23,24],
there is still one serious issue with this technique when applied to porphyry copper ores: the amount
of oil required remains huge (up to 5–10% of total weight of coal for agglomeration-screening
technique or around 0.1–1.0% for agglomeration–flotation technique) [25]. To address this problem,
agglomeration–flotation using emulsified oil instead of simply adding oil during the agglomeration
step has been proposed [26–28]. Emulsification of oil reduces the size of oil droplets, which lowers the
amount of oil required for agglomeration dramatically.

With the decreasing grade and quality of porphyry copper deposits, flotation is increasingly
becoming less efficient because of the smaller grain size of Cu-bearing minerals that require finer
grinding for sufficient liberation [29]. As a result, fine particles cannot be recovered by conventional
flotation, resulting in loss of valuable minerals. Trahar [15], for example, studied chalcopyrite–quartz
flotation and reported that the recovery of chalcopyrite was lower when the median particle size
decreased from 20 to 3 μm. In the previous work of the authors, agglomeration–flotation using
emulsified oil instead of directly adding oil during the agglomeration step was conducted using finely
ground chalcopyrite [4]. The results showed that the stability of emulsified oil was relatively short,
so strong agitation strength is required to disperse oil droplets into water, maintain the small size
of oil droplets, and facilitate particle agglomeration [4]. This strong agitation during agglomeration
requires high energy, which make the process costly and problematic when integrated into actual
flotation circuits.

One way to address this issue is to stabilize emulsified oil using emulsifiers during
agglomeration–flotation. Emulsifiers are compounds that lower the surface tension between two
immiscible liquids and have been reported to enhance not only the formation of small oil droplets but
also stabilize them in aqueous medium [30]. To the best of our knowledge, agglomeration–flotation
using emulsified oil stabilized by emulsifiers on finely ground chalcopyrite has never been studied
before. In this study, the effects of emulsified oil stabilized by various types of emulsifiers on
agglomeration and flotation of finely ground chalcopyrite were investigated.
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2. Materials and Methods

2.1. Materials

The chalcopyrite sample used in this study was obtained from Copper Queen Mine, Arizona, USA.
The sample was characterized by X-ray fluorescence (XRF) (EDXL300, Rigaku Corporation, Tokyo,
Japan), X-ray powder diffraction (XRD, MultiFlex, Rigaku Corporation, Tokyo, Japan), and scanning
electron microscopy (SEM, SM-IT200, JEOL Ltd., Tokyo, Japan).

The sample was crushed using a jaw crusher (1023-A, Yoshida Manufacturing Co., Ltd, Sapporo,
Japan) and ground by a vibratory disc mill (RS100, Retsch Inc., Haan, Germany), then screened to obtain
a size fraction of less than 75 μm. The ground sample (<75 μm) was ground again in the vibratory
disc mill to obtain fine particles. The particle size distribution of the chalcopyrite sample used in
this study was measured in water after ultrasonication using laser diffraction (Microtrac®MT3300SX,
Nikkiso Co., Ltd., Tokyo, Japan).

Potassium amyl xanthate (KAX) (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan),
kerosene (Wako Pure Chemical Industries, Ltd., Osaka, Japan), methyl isobutyl carbinol (MIBC)
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), sodium dodecyl sulfate (SDS) (Tokyo Chemical
Industry Co., Ltd., Japan), dodecyl amine acetate (DAA) (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan), and polysorbate 20 (Tween20) (Tokyo Chemical Industry Co., Ltd., Tokyo Japan) were used in
this study. The chemical structures of the four emulsifiers (SDS, KAX, DAA, and Tween 20) used in
this study are shown in Figure 1.

Figure 1. Chemical structures of emulsifiers: (a) SDS, (b) KAX, (c) DAA, and (d) Tween 20.

2.2. Methods

2.2.1. Preparation of Emulsified Oil with Emulsifiers

Anionic (SDS, KAX), cationic (DAA), and non-ionic (Tween 20) emulsifiers were used as
emulsifying reagents. First, 10 mL of kerosene was mixed with 40 mL of deionized (DI) water, and then
0.1 g of the emulsifiers (SDS, KAX, DAA, or Tween 20) was added (i.e., concentration of emulsifiers,
2000 ppm). Emulsification of the mixture was then carried out before agglomeration using an ultrasonic
homogenizer (ULTRA-TURRAX, IKA, Königswinter, Germany) for 60 s. After emulsification, oil droplet
size was measured using laser diffraction.

2.2.2. Stability Tests of Emulsified Oil

Stability tests of emulsified oil containing different emulsifiers were carried out to evaluate the
stability of the suspensions [31]. The emulsified oil after emulsification was equilibrated for 5 min until
the bubble foams disappeared. Then, 50 mL of emulsified oil was centrifuged at 3500 rpm for 20 min.
The volume ratios of oil and emulsion layer were calculated by measuring the thickness of oil layer.

57



Metals 2020, 10, 912

2.2.3. KAX Conditioning and Agglomeration

Two conditions were evaluated during KAX conditioning and agglomeration as follows:
(a) Agglomeration at an agitation speed of 1000 rpm
i. KAX conditioning: Before agglomeration, 20 g of sample (D50 = 3.5 μm) was suspended in

400 mL of distilled water and then conditioned with the surface modifier, KAX (200 g/t), to improve
hydrophobicity for 5 min at 1000 rpm in the flotation cell (FT-1000, Heiko, Tokyo, Japan).

ii. Agglomeration: After conditioning, emulsified oil (15 L kerosene/t sample, with and without
surfactant) was added to the suspension, and agitation was carried out at 1000 rpm for 30 min in the
flotation cell.

(b) Agglomeration at an agitation speed of 15,000 rpm
i. KAX conditioning: Before agglomeration, 20 g of sample (D50 = 3.5 μm) was suspended in

400 mL of distilled water and then conditioned with the surface modifier, KAX (200 g/t) for 5 min at
1000 rpm in the flotation cell.

ii. Agglomeration: After conditioning, the suspension was transferred to an agglomeration vessel
(high speed mixer with a s-shaped impeller, SPB-600J, Cuisinart, Stamford, CT, USA; fixed rotation
speed of 15,000 rpm), emulsified oil (15 L kerosene/t sample, with and without surfactant) was added,
and agitation was carried out for 30 min. Suspension after agglomeration was then transferred to a
500 mL flotation cell.

The emulsified oil with emulsifiers was allowed to equilibrate for 5 min after emulsification
prior to its use in the agglomeration step. In contrast, emulsified oil without any surfactant was
used immediately because of the short stability of suspension. After agglomeration, the particle size
distribution was measured by laser diffraction.

2.2.4. Flotation Tests

Flotation was carried out using a mechanical flotation machine (FT-1000, Heiko, Tokyo, Japan).
MIBC (25 μL/L) was added as a frother, and the suspension was stirred for 3 min with an impeller
speed of 1000 rpm. Air was then injected into the suspension at a flow rate of 1 L/min, and flotation
was carried out (total flotation time of 10 min). Froths were collected at predetermined time intervals,
and both froth products and tailings were weighed after drying at 105 ◦C for 24 h, and their chemical
compositions were determined by XRF.

3. Results and Discussion

3.1. Characteristics of Chalcopyrite Samples

Chalcopyrite sample used in this study were characterized by XRF, XRD, SEM-EDX, and laser
diffraction sizer. The chemical composition of the chalcopyrite sample (XRF) is shown in Table 1.
Figure 2a,b shows the results of XRD and SEM-EDX analysis, respectively, of finely ground chalcopyrite.
XRD analysis showed that the sample was mainly composed of chalcopyrite with minor amounts of
actinolite (Ca2Mg3Fe2Si8O22(OH)2) and quartz. Figure 3 shows the particle size distributions of finely
ground chalcopyrite (median particle diameter (D50) of 3.5 μm), which was used in this study.

Table 1. Chemical composition of chalcopyrite sample.

Elements Cu Fe S Zn Si Ca

wt% 26 27 26 0.8 6 2
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Figure 2. Chalcopyrite sample: (a) XRD patterns, and (b) SEM image.

Figure 3. Particle size distribution of chalcopyrite sample.

3.2. Effects of Emulsifiers on Emulsified Oil Droplet Size and Stability

Anionic emulsifiers (SDS, KAX), cationic surfactant (DAA), and non-ionic surfactant (Tween 20)
were used as emulsifying agents during the preparation of emulsified oil. These emulsifiers were
chosen to represent three main types of flotation collector that have great potential to be used as
emulsifying agents. Figure 4 shows the size distribution of oil droplets with and without addition of
emulsifiers, and the results indicate that the mode size of oil droplets became smaller with emulsifiers.
The smaller oil droplet generated in the presence of emulsifiers could be attributed to the reduction in
interfacial tension of oil–water [32]. In the previous study of the authors [4], emulsified oil was added
to the agglomeration vessel immediately because emulsified oil without surfactant was unstable. In a
commercial plant, stability of emulsified oil is important to maintain the small size of oil droplets for
oil agglomeration. To check the stability of the suspensions, stability tests were carried out. In this
test, centrifugation was used to accelerate oil droplet coalescence, and because the thickness of oil
layer relies on ease of coalescence and oil droplet size, this technique could be used to estimate the
stability of emulsion. The volume ratios of oil and emulsion layers are shown in Figure 5. The volume
of the oil layer after centrifugation was smaller when emulsifiers were present, indicating that these
compounds were effective in stabilizing oil droplets and prolonging the usability of emulsified oil.
Chen and Tao [32] defined the stability of an emulsion as the resistance by the dispersed oil droplets
against coalescence and noted that emulsifying agents maintain the emulsion by forming a thin
interfacial film between the two liquids that minimize contact, coalescence, and aggregation of the
internal dispersed phase.
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Figure 4. Size distribution of oil droplets after emulsification with and without addition of emulsifiers.

Figure 5. Volume ratio of oil and emulsion layers with and without emulsifiers after emulsification
and centrifugation. Note that the red line indicates volume ratio without emulsification (80% water,
20% oil).

3.3. Effects of Emulsifiers on Agglomeration

In the previous section, SDS, KAX, DAA, and Tween 20 were shown to reduce the size of oil
droplets and sustain the stability of emulsified oil. The effects of theses emulsifiers on agglomeration of
chalcopyrite were investigated. Agglomeration in this study consisted of two stages: (1) conditioning in
the flotation cell with 200 g/t of KAX, and (2) agglomeration using emulsified oil containing 2000 ppm of
emulsifier (15 L kerosene/t). Figure 6 shows the apparent particle size distribution after agglomeration
(1000 or 15,000 rpm for 30 min). The results showed that when SDS, KAX, and DAA were used,
the mode size of agglomerate increased more than that without emulsifiers even at a high agitation
speed (15,000 rpm). As shown in Figure 4, the droplet size of emulsified oil containing emulsifiers were
relatively smaller than that without emulsifiers. When the size of oil droplets decreased, the number of
droplets in the agitator increased. Because the frequency of collisions of the oil droplets and particles
during agglomeration is proportional to the number of oil droplets, it is reasonable to deduce that the
number of oil droplets attached to particle surfaces increased due to the higher collision probability
between oil droplets and particles. Because of this, agglomerate size became bigger when emulsified
oil containing emulsifiers were used.
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Figure 6. Size distribution after agglomeration (agglomeration conditions: 30 min; 1000 rpm with
emulsifiers, 1000 and 15,000 rpm without emulsifiers).

When Tween 20 was used, the mode size of agglomerates was similar to that without
surfactant. Agglomeration kinetics and agglomerate size are mainly determined by three processes:
(1) particle–particle collision, (2) particle–particle attraction, and (3) decomposition of agglomerate [33].
As shown in Figure 4, the size of droplets with Tween 20 were similar to those with other types of
emulsifiers, indicating that the probability of collision between particles and oil droplets may be similar.
However, the probability of attraction of particles and oil droplets stabilized by Tween 20 may be lower
than those with the other emulsifiers.

3.4. Effects of Emulsifiers on Flotation

In this flotation test, agglomeration using emulsified oil with and without emulsifiers was carried
out, and flotation of the agglomerates was conducted. Figure 7 shows the Cu recovery with time
(agglomeration conditions: 30 min; 1000 rpm with emulsifiers, 1000 and 15,000 rpm without emulsifiers).
Without emulsifiers, Cu recovery with agglomeration using high agitation strength (15,000 rpm) was
higher than that with low agitation strength (1000 rpm), indicating that intense agitation is required for
agglomeration–flotation without emulsifiers due to the low stability of emulsified oil.

Figure 7. Cu recovery with time (agglomeration conditions: 30 min; 1000 rpm with emulsifiers,
1000 and 15,000 rpm without emulsifiers).
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In the case of agglomeration–flotation with Tween 20, Cu recovery showed a similar trend with
that without emulsifiers. This result is in-line with the result of size distribution of agglomerate; that is,
the size of agglomerate using Tween 20 was almost the same as that without emulsifier. The recovery rate
of chalcopyrite treated with Tween 20 was lower than those treated with other emulsifiers. Cu recovery
rate was affected by the size of agglomerate, as described before and agglomerate size may have
been influenced by the affinity between the oil-emulsion and the KAX-adsorbed chalcopyrite surface
(KAX was used as the surface modifier to increase the hydrophobicity). Interaction forces between
hydrophobic minerals surface and oil emulsion may be determined by the balance of hydrophobic
interaction, van der Waals attraction, and steric repulsion of the structure of the hydrophilic head
of surfactants. Hydrophilic lipophilic balance (HLB), an indicator of the balance of hydrophilic and
hydrophobic groups of surfactants, strongly affects the properties of emulsions, including oil droplet
size. HLB values of Tween 20 and SDS are similar, resulting in similar oil droplets sizes [34,35].
However, the size of agglomerate in Tween 20-stabilized emulsion was smaller than that with SDS,
indicating that interactions between chalcopyrite and oil droplets with Tween 20 or SDS were different.
One possible explanation for the low efficiency of Tween 20 in agglomerating finely ground chalcopyrite
is its complex structure consisting of numerous types of hydrophilic heads compared to SDS, as shown
in Figure 1. In other words, Tween 20, having hydrophilic heads, may have lowered the hydrophobicity
of the oil-emulsion, thereby decreasing the affinity between oil droplets and chalcopyrite.

In the case of agglomeration–flotation with SDS, DAA, and KAX, Cu recovery with agglomeration
using these emulsifiers was higher than that in agglomeration with intense agitation strength
(15,000 rpm) without emulsifiers. These results indicate that less intense agitation strength (1000 rpm)
was sufficient for agglomeration–flotation when emulsifiers were present because of the smaller droplet
size and better stability of emulsified oil. This means that when emulsifiers are used, specialized
equipment with high agitation strengths are not required, and the process could be easily integrated
into existing flotation circuits.

Figure 8 shows the Cu recovery of agglomerate with SDS at agglomeration times of 15 and 30 min,
and the results showed that Cu recovery was very similar, indicating that agglomeration for 15 min was
enough to achieve high Cu recovery. In other words, utilization of emulsifiers–stabilized oil emulsion
could shorten the agglomeration time.

Figure 8. Cu recovery of agglomerate with SDS at agglomeration time of 15 and 30 min.
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4. Conclusions

The following conclusions can be drawn from the agglomeration–flotation study using emulsified
oil with emulsifiers:

• Addition of emulsifiers (e.g., SDS, KAX, DAA, and Tween 20) reduced the size of oil droplets and
maintained the stability of emulsified oil longer.

• Addition of emulsifiers (SDS, KAX, and DAA) to emulsified oil contributed to the formation
of bigger agglomerates, thus improving Cu recovery by agglomeration–flotation even at low
agitation strength and shorter agglomeration time.

• When emulsified oil with emulsifiers is used, specialized equipment with higher agitation strength
during agglomeration is not required, and thus the process could be easily integrated into existing
flotation circuits.
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Abstract: The purpose of this study is to propose the flotation procedure of seafloor massive sulfide
(SMS) ores to separate chalcopyrite and galena as froth and sphalerite, pyrite, and other gangue
minerals as tailings, which is currently facing difficulties due to the presence of water-soluble
compounds. The obtained SMS ore sample contains CuFeS2, ZnS, FeS2, SiO2, and BaSO4 in addition
to PbS and PbSO4 as Pb minerals. Soluble compounds releasing Pb, Zn2+, Pb2+, and Fe2+/3+ are also
contained. When anglesite co-exists, lead activation of sphalerite occurred, and thus sphalerite was
recovered together with chalcopyrite as froth. To remove soluble compounds (e.g., anglesite) that
have detrimental effects on the separation efficiency of chalcopyrite and sphalerite, surface cleaning
pretreatment using ethylene diamine tetra acetic acid (EDTA) was applied before flotation. Although
most of anglesite were removed and the recovery of chalcopyrite was improved from 19% to 81%
at 20 g/t potassium amyl xanthate (KAX) after EDTA washing, the floatability of sphalerite was
not suppressed. When zinc sulfate was used as a depressant for sphalerite after EDTA washing,
the separation efficiency of chalcopyrite and sphalerite was improved due to deactivation of lead-
activated sphalerite by zinc sulfate. The proposed flotation procedure of SMS ores—a combination of
surface cleaning with EDTA to remove anglesite and the depression of lead-activated sphalerite by
using zinc sulfate—could achieve the highest separation efficiency of chalcopyrite and sphalerite;
that is, at 200 g/t KAX, the recoveries of chalcopyrite and sphalerite were 86% and 17%, respectively.

Keywords: seafloor massive sulfide; flotation; lead-activated sphalerite; anglesite; EDTA

1. Introduction

Seafloor massive sulfide (SMS) deposits, also referred to as submarine hydrothermal
polymetallic sulfide deposits, have gained increasing attention as new metal resources
because they consist of various forms of polymetallic sulfide including Cu, Pb, Zn, Au, Ag,
etc. SMS deposits were found in a variety of volcanic and tectonic settings on the modern
ocean floor in worldwide [1,2]. A number of scholars have studied SMS deposits, examples
of which include formation mechanisms [3–5], exploration [6–8], mining methods [9–12],

Metals 2021, 11, 253. https://doi.org/10.3390/met11020253 https://www.mdpi.com/journal/metals

65



Metals 2021, 11, 253

and environmental impacts [13–15]; however, only a few studies on mineral processing of
SMS ores have been carried out [16,17].

In Japan, the program for the development of SMS deposits around Japan has been
conducted by the Ministry of Economic, Trade and Industry (METI) and Japan Oil, Gas
and Metals National Corporation (JOGMEC). Not only seafloor mining, but also mineral
processing and extractive metallurgy of SMS ores have been studied. Masuda (2011) [18]
reported that SMS resembles the Kuroko on land in terms of deposit origin, which implies
that similar processing and refining technologies applied to Kuroko can also be utilized for
SMS ores. However, the previous studies on mineral processing of SMS ores conducted by
JOGMEC indicated that mineral processing behaviors of the SMS ores are quite different
compared to those of Kuroko [17]. METI and JOGMEC (2018) [16] reported distinct features
of SMS ores obtained from around Japan: (1) lead minerals in the SMS ores are mostly present
as anglesite (PbSO4) with a minor amount of galena (PbS), and (2) metal ions are highly
dissolved from the SMS ores (e.g., [Zn2+], 1700–3000 ppm). Moreover, some researchers
reported various metal ions like Cu2+, Pb2+, and Zn2+ are released from the SMS ores obtained
from the Trans-Atlantic Geotraverse active mound on the Mid-Atlantic Ridge [10] and the
Izena Hole in the middle Okinawa Trough, Japan [11]. These distinct features of SMS ores
around Japan—the presence of anglesite and the release of metal ions—would make mineral
processing of SMS ores composed of Cu-Pb-Zn sulfide minerals complicated.

Cu-Pb-Zn sulfide minerals are generally processed via two flotation stages whereby
Cu- and Pb-sulfide minerals are first recovered, followed by floating Zn-sulfide miner-
als [19]. When anglesite is contained in Cu-Pb-Zn sulfide minerals, it is readily dissolved
and releases Pb2+ that activates sphalerite via the formation of PbS-like compounds on
sphalerite surface, as explained in Equation (1). Activation of sphalerite by Pb2+ is known
to increase the sphalerite floatability because the PbS-like compound has a higher affinity
with xanthate than sphalerite [20–23].

ZnS(s) + Pb2+ = PbS(s) + Zn2+ (1)

Thus, activation of sphalerite by Pb2+ is an unwelcomed side reaction because it dra-
matically limits the separation of Cu-Pb-Zn sulfide minerals. To improve their separation
efficiency in the presence of anglesite, depression of lead-activated sphalerite is necessary.
In practice, zinc sulfate and sulfoxy reagents (e.g., sulfite, metabisulfite, and bisulfate) are
used as depressants for sphalerite [24] and, moreover, the former can also be used for
the depression of lead-activated sphalerite [25,26]. The aim of this study is to propose
a flotation procedure of SMS ores that is facing difficulty of separating chalcopyrite and
sphalerite due to the presence of water-soluble compounds like anglesite. To improve the
separation efficiency of chalcopyrite and sphalerite, depression effects of sodium sulfite
and zinc sulfate on sphalerite floatability in the flotation of SMS ores were examined. In ad-
dition, a chemical pretreatment using ethylene diamine tetra acetic acid (EDTA) to remove
anglesite and other soluble species (e.g., oxidation products) having potentials to affect
flotation process was investigated. Finally, a flotation procedure of SMS ores to separate
chalcopyrite and sphalerite in the presence of soluble compounds like anglesite using a
combination of surface cleaning with EDTA and depression of lead-activated sphalerite by
zinc sulfate was proposed.

2. Materials and Methods

2.1. Samples

A submarine hydrothermal polymetallic sulfide ore sample (named as sample A) ob-
tained from around Japan and provided by JOGMEC, and seven types of minerals were
used in this study: chalcopyrite (CuFeS2, Copper Queen Mine, Cochise County, AZ, USA),
sphalerite (ZnS, Kamioka Mine, Hida, Japan), galena (PbS, Beni Tadjit, Figuig, Morocco),
anglesite (PbSO4, Puit 9 Touissit, Oujda„ Morocco), pyrite (FeS2, Huanzala Mine, Huanuco,
Peru), quartz (SiO2, 99% purity, Wako Pure Chemical Industries Co., Ltd., Tokyo, Japan), and
barite (BaSO4, Jungcheon Changdo Mine, Kimhwa County, South Korea). The mixtures of

66



Metals 2021, 11, 253

chalcopyrite, sphalerite, pyrite, quartz, and barite with galena or anglesite were used as model
samples for flotation experiments. Sample A and the above-mentioned mineral samples were
characterized using X-ray fluorescence spectroscopy (XRF, EDXL300, Rigaku Corporation,
Tokyo, Japan) and X-ray powder diffraction (XRD, MultiFlex, Rigaku Corporation, Tokyo,
Japan), and the chemical and mineralogical compositions of these samples are summarized in
Table 1 and shown in Figure 1, respectively. The XRD pattern of the submarine hydrothermal
polymetallic sulfide ore sample (sample A) shows that it contains chalcopyrite, sphalerite,
galena, anglesite, barite, pyrite, and quartz (Figure 1a).

Table 1. Chemical composition of sample A based on X-ray fluorescence spectroscopy (XRF).

Sample
Mass Fraction (%)

Cu Zn Pb Fe S Si Ba

Sample A 7.4 13.6 7.1 24.5 35.7 3.5 1.5
Chalcopyrite 24.5 0.7 - 34.1 26.0 8.8 -

Sphalerite - 66.5 0.1 3.5 24.8 2.7 -
Galena - - 84.8 - 8.3 1.5 -

Anglesite 1.3 0.7 88.0 0.2 7.6 0.7 -
Pyrite - - - 42.3 52.5 1.0 -
Barite - - - - 17.9 0.3 67.8

The samples were ground by using a vibratory disc mill (RS 100, Retsch Inc., Haan,
Germany) and were screened to obtain a size fraction of −75μm. For the flotation experiments,
potassium amyl xanthate (KAX, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) as a
collector, Methyl Isobutyl Carbinol (MIBC, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
as a frother, and sodium sulfite (Na2SO3, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
and zinc sulfate (ZnSO4, Wako Pure Chemical Industries Ltd., Osaka, Japan) as depressants
were used. Sodium hydroxide (NaOH, Wako Pure Chemical Industries Ltd., Osaka, Japan)
and sulfuric acid (H2SO4, Wako Pure Chemical Industries, Ltd., Osaka, Japan) were used
as pH adjusters. For surface cleaning to remove the oxidation products present on mineral
surface and/or contained in sample A, ethylene diamine tetra acetic acid (EDTA, Wako Pure
Chemical Industries, Ltd., Osaka, Japan) was used [27,28].

2.2. Experimental Methods
2.2.1. Flotation

Prior to flotation tests, samples were deslimed by the following procedure: (1) a 20 g sample
was added into 300 mL distilled water and then ultrasonication using high-speed switching oscil-
lation between 24 kHz and 31 kHz (W-113 MK-II, Honda Electronics Co., Ltd., Toyohashi, Japan)
was carried out for 1 min, (2) the suspension was allowed to be settled down for 5 min, and then
the supernatant was removed. These treatments were done in triplicate, and the settled portion
was used for flotation experiments.

An agitator-type flotation machine (FT-1000, Heiko-Seisakusyo, Tokyo, Japan) equipped
with a 400-mL flotation cell was used and flotation experiments were conducted under the
following conditions: pH, 6.5; temperature, 25 ◦C; pulp density, 5%; impeller speed, 1000 rpm;
air flow rate, 1 L/min. After flotation, froth and tailing products were dried in an oven at
105 ◦C for 24 h and analyzed by XRF to determine the recovery of Cu, Zn, Pb, Fe, Si, and Ba.
Flotation experiments were carried out based on the flowchart, as illustrated in Figure 2.
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Figure 1. The X-ray powder diffraction (XRD) patterns of (a) sample A, (b) chalcopyrite, (c) sphalerite, (d) galena,
(e) anglesite, (f) pyrite, and (g) barite. Note differences in the scale of the y-axes.

68



Metals 2021, 11, 253

Figure 2. Flotation procedure with sequential addition of collector (KAX).

2.2.2. Surface Cleaning of Sample A

Surface cleaning with EDTA: (1) a 20 g sample was added into 300 mL solution
containing EDTA (25 g/L) and then ultrasonicated for 1 min, (2) the supernatant of the
suspension was removed after settling for 5 min. These treatments were done in triplicate
and flotation experiments were conducted immediately after this surface cleaning.

2.2.3. Leachability Test of Sample A with DI Water

To check the amounts of soluble species in sample A, a leachability test was carried
out. To achieve this, 0.4 g of sample A and 40 mL distilled water (i.e., pulp density: 1%)
were added into a 50-mL centrifuge tube and shaken by a roller shaker (MIX ROTOR
VMR-5R, AS ONE Co., Ltd., Osaka, Japan) at 100 rpm for 10 min. Afterward, the leachate
was collected by filtration using 0.2 μm syringe-driven membrane filters and immediately
analyzed by an inductively coupled plasma atomic emission spectrometer (ICP-AES,
ICPE 9820, Shimadzu Corporation, Kyoto, Japan) (margin of error = ±2%) to measure the
concentration of Cu2+, Pb2+, Zn2+, and Fe2+/3+ released from sample A.

3. Results and Discussion

3.1. Effect of Sodium Sulfite on the Separation of Chalcopyrite and Sphalerite in the Flotation of
Sample A

Figure 3 shows the flotation results of sample A with various dosages of sodium
sulfite (0, 5, or 20 kg/t) to evaluate its suppressive effect on the floatability of pyrite
as well as sphalerite. The floatability of pyrite was apparently suppressed as Na2SO3
dosage increased; that is, about 45% of pyrite was recovered at 100 g/t KAX in the absence
of Na2SO3 (Figure 3a), but it decreased to ~30% with 5 kg/t Na2SO3 and ~22% with
20 kg/t Na2SO3 (Figure 3b,c). However, sphalerite was recovered as froth together with
chalcopyrite, irrespective of the amount of depressant added. In the case of Pb minerals
(i.e., anglesite and galena), their recovery was low at around 30–40%, suggesting that
anglesite is most likely the main Pb mineral in sample A. As mentioned earlier, the presence
of anglesite can dramatically change the flotation behavior of sphalerite because of Pb2+

released from anglesite that activates sphalerite.
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Figure 3. Flotation results of sample A with sodium sulfite (a) 0 kg/t, (b) 5 kg/t, and (c) 20 kg/t.

To clarify the effects of Pb minerals on the floatability of sphalerite, flotation tests were
conducted using model samples, prepared based on the actual mineralogical composition
of sample A obtained by norm calculation (Table 2).

Table 2. Norm calculation results of sample A.

Mass Fraction (%)

CuFeS2 ZnS PbS FeS2 SiO2 BaSO4

21.7 20.6 8.4 39.2 7.5 2.6

Specifically, two types of model samples (PbS-type and PbSO4-type) were prepared
considering PbS or PbSO4 as the only Pb mineral. Flotation experiments using the PbS-type
or the PbSO4-type model sample were carried out with 5 kg/t Na2SO3. As shown in
Figure 4, chalcopyrite and galena were floated first followed by sphalerite in the flotation
of the PbS-type model sample, whereas sphalerite was floated together with chalcopyrite
in the flotation of the PbSO4-type model sample. In general, Cu-Pb-Zn sulfide ores are
processed via two flotation stages whereby Cu- and Pb-sulfide minerals are first recov-
ered, followed by Zn-sulfide minerals. The flotation result of the PbS-type model sample
(Figure 4a) is in good agreement with the report of Woodcock et al. (2007) [19]. On the
other hand, Zn was floated together with Cu in the flotation of the PbSO4-type model
sample (Figure 4b), indicating that the floatability of sphalerite increased in the presence
of anglesite, and this increased floatability of sphalerite was also observed in the real
sample (sample A, Figure 3). In the case of the PbSO4-type model sample (Figure 4b), the
recovery of Pb was lower than 20% because anglesite has low affinity with xanthate [29,30].
Trahar et al. (1997) [23] and Wills and Napier–Munn (2005) [31] reported that the floatabil-
ity of sphalerite can be increased by metal ions (e.g., Cu2+ and Pb2+) due to the formation
of CuS/PbS-like compounds which have higher affinity with xanthate than ZnS. In the
case of the PbSO4-type model sample, sphalerite may be activated by Pb2+ released from
anglesite because of its higher solubility than that of PbS (Ksp of anglesite and galena are
10−7.79 and 10−26.77, respectively) [32]. These results indicate that the conventional flotation
procedure of Cu-Pb-Zn ores is not applicable for SMS ores and needs to be modified to
minimize the effect of anglesite on the floatability of sphalerite.
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Figure 4. Flotation results of (a) PbS-type model sample and (b) PbSO4-type model sample.

3.2. Leachability Test of Sample A with DI Water

Leachability test of sample A with DI water was conducted to confirm how much
dissolved metal ions are released from sample A. As shown in Table 3, the concentrations of
Pb2+ and Zn2+ were 38 ppm and 20 ppm, respectively, while the concentrations of Cu2+ and
Fe2+/3+ were below the detection limit of ICP-AES (final pH: 5.12). Fuchida et al. (2018) [11]
reported that Pb2+ and Zn2+ were released in the saline water from sulfide samples col-
lected by seafloor drilling from the Izena Hole in the middle Okinawa Trough, Japan.
Other authors also reported the release of metal ions like Cu2+, Pb2+ and Zn2+ from the
samples obtained from SMS deposits such as the Trans-Atlantic Geotraverse (TAG) active
mound on the Mid-Atlantic Ridge [10] and Hakurei Site in the Okinawa Trough, Japan [16].
These suggest that metal ions are released from SMS ores, which supports our deduction
that Pb2+ and Zn2+ are released from sample A. According to Aikawa et al. (2020) [33],
Rashchi et al. (2002) [22], and Trahar et al. (1997) [23], lead activation of sphalerite can
occur above 5 ppm of Pb2+, resulting in dramatic increase in the floatability of sphalerite.
This indicates that activation of sphalerite by Pb2+ would occur during flotation of sample
A, making not only CuFeS2 but also ZnS float, so their separation becomes difficult in the
presence of soluble Pb minerals like anglesite.

Table 3. Results of leaching tests of sample A with DI water.

Concentration (ppm)
Final pH

Cu Zn Pb Fe

- 20 38 - 5.12
Note: “-” denotes below the detection limit.

3.3. Effect of Surface Cleaning Pretreatment Using EDTA on the Separation of Chalcopyrite and
Sphalerite in the Flotation of Sample A

The SMS ores have undergone the natural oxidation process under atmosphere and/or
seafloor, resulting in the formation of oxidized phases [10,34]. According to Fuchida et al.
(2019) [35] who compared metal leaching of both non-oxidized (non-exposed to atmosphere
before and during exploitation) and oxidized (exposed to atmosphere after lifting and
recovery) seafloor hydrothermal sulfides, the oxidized sulfides readily released large
amounts of various metal(loid)s (e.g., Mn, Fe, Zn, Cu, As, Sb, and Pb) compared to non-
oxidized ones. These suggest that oxidation products (e.g., oxide, hydroxide, sulfate, and
carbonate) may be deposited on the surface of minerals and/or contained in sample A.
These oxidation products present on mineral surface would contribute to the decrease in
the floatability of sulfide minerals, especially chalcopyrite [36–39]. In addition, sample
A contains the oxidation product, anglesite (lead sulfate), which makes the separation of
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chalcopyrite and sphalerite difficult due to the improved floatability of the latter by lead
activation. To minimize the effects of oxidation products, surface cleaning pretreatment
using EDTA was applied prior to flotation tests with the aim of improving the floatability
of chalcopyrite, as well as depressing the floatability of sphalerite. EDTA was used for
surface cleaning because of its ability to form stable complexes with metal ions dissolved
from anglesite (lead sulfate)—a problematic mineral for Cu-Zn separation—as well as other
oxidation products, while it does not react with metal sulfides [37,40–42].

Figure 5 shows the flotation results of sample A with and without surface cleaning
pretreatment using EDTA. The dosage of sodium sulfite as a depressant in this flotation
experiment was fixed at 20 kg/t. After EDTA washing, chalcopyrite was floated first
followed by sphalerite (Figure 5b). Moreover, the recovery of Pb minerals was high
(i.e., ~80% at 100 g/t KAX) compared to that without EDTA washing (Figure 5a). This
increase in the floatability of Pb minerals is due most likely to the dissolution of most
of anglesite after EDTA washing. Comparing the XRD patterns of sample A before and
after EDTA washing (Figure 6), the latter showed that the peak intensity of anglesite
apparently decreased while that of galena was not changed. This implies that the ratio
of galena/anglesite increased, so the recovery of Pb minerals became high. Not only
Pb minerals, but also the recovery of chalcopyrite at 20 g/t KAX increased from 19% to
81% after EDTA washing (Figure 5a,b). This may have been achieved by the removal of
oxidation products present on the surface of chalcopyrite by EDTA. After EDTA washing,
leachate contains a large amount of dissolved Pb (3200 ppm) with minor amounts of other
metals (e.g., [Cu2+], 9 ppm; [Zn2+], 137 ppm; [Fe2+/3+], 6 ppm) (Table 4), confirming that
oxidation products and anglesite were dissolved after EDTA washing (Figure 6).

Due to the increase in the floatability of chalcopyrite, the separation efficiency of
chalcopyrite and sphalerite was improved; however, the depressive effect of EDTA washing
on the floatability of sphalerite was limited. In the flotation of sample A with EDTA
washing, Zn was recovered as froth together with Pb, suggesting that sphalerite may be
activated by Pb2+ forming PbS-like compounds on the surface of sphalerite. To further
improve the separation efficiency of chalcopyrite and sphalerite, the depression of lead-
activated sphalerite by zinc sulfate, a common depressant for sphalerite, was investigated
in the next subsection.

Table 4. The concentrations of dissolved metals in the supernatant after surface cleaning with EDTA.

Concentration (ppm)

Cu Zn Pb Fe

9 137 3200 6

Figure 5. Flotation results of sample A (a) without surface cleaning and (b) with ethylene diamine
tetra acetic acid (EDTA) washing.
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Figure 6. XRD patterns of sample A (a) without and (b) with EDTA washing.

3.4. Suppression of Lead-Activated Sphalerite by Zinc Sulfate after EDTA Washing

Figure 7a–c show the flotation results of sample A without both EDTA washing and
the addition of zinc sulfate (a), with the addition of zinc sulfate (1000 ppm of Zn2+) (b),
and with EDTA washing followed by the addition of zinc sulfate (1000 ppm of Zn2+)
(c). As illustrated in Figure 7a,b, the effect of zinc sulfate in depressing the floatability of
sphalerite was almost negligible; that is, sphalerite was recovered as froth together with
chalcopyrite. However, when EDTA washing was adopted prior to the addition of zinc
sulfate, the floatability of chalcopyrite was not affected, while it had a detrimental effect on
the floatability of sphalerite (Figure 7c); for example, the recovery of sphalerite at 100 g/t
KAX decreased from 88% to 8% by employing EDTA washing and the addition of zinc
sulfate (Figure 7b,c). These results indicate that EDTA washing followed by Zn2+ addition
could be an effective approach to depress the floatability of lead-activated sphalerite in the
flotation of SMS ores which contain anglesite.

Figure 7. Flotation results of sample A (a) without both EDTA washing and the addition of zinc
sulfate, (b) with the addition of zinc sulfate, and (c) with EDTA washing followed by the addition of
zinc sulfate. Note that the recoveries of all minerals at 0 g/t of collector in Figure 7b,c were assumed
to be zero due to the lack of froth amounts for the XRF analysis.
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El–Shall et al. (2000) [25] calculated the change in free energy based on the equilibrium
constant (Equations (1) and (2), where K = 1000) to evaluate the possibility of depression of
lead-activated sphalerite in the presence of 1 × 10−4 mol/L of Pb2+ and 1 × 10−4 mol/L
of Zn2+ at about pH 7.0. It was concluded that depression of lead-activated sphalerite
by zinc sulfate is most probably due to the following reaction: PbSsurface + Zn2+ → ZnS
+ Pb2+. Basilio et al. (1996) [43] also calculated the equilibrium constant of Equation
(1) to evaluate the possibility of lead activation of sphalerite based on the change in
free energy (Equation (2)); however, the calculated value of K was different from the
one used by El–Shall et al. (2000) [25]. As confirmed by the above two cases, the free
energy strongly depends on the conditions (e.g., pH and concentrations of reactants and
products), so the change in free energy in our flotation system needs to be calculated using
the measured values in this study—4.08 ppm of Pb2+ and 1070 ppm of Zn2+ obtained
from the suspension after addition of zinc sulfate in the flotation without EDTA washing
(Figure 7b), and 1.21 ppm of Pb2+ and 949 ppm of Zn2+ obtained from that with EDTA
washing (Figure 7c). For calculating the change in free energy in the flotation system of this
study, the following equilibrium constants were considered: 1000 [25], 704 [44], 1059 [45],
and 1127 [46]—the last three values were calculated based on Equation (3) using Ksp values
of ZnS and PbS summarized in Table 5 [43–46].

ΔG = −RT lnK + RT ln(Zn2+/Pb2+) (2)

K =
KZnS

sp

KPbS
sp

(3)

Table 5. Ksp values of ZnS and PbS in the literature.

KZnS
sp KPbS

sp Reference

1.9 × 10−26 2.7 × 10−29 Helgeson (1969) [44]
7.2 × 10−26 6.8 × 10−29 Latimer (1952) [45]
7.1 × 10−26 6.3 × 10−29 Leckie & James (1974) [46]

As shown in Table 6, the calculated values of change in free energy in the flotation with
the addition of zinc sulfate (Figure 7b) were negative except the value using the equilibrium
constant reported by Helgeson (1969) [44]. On the other hand, those in the flotation with
the addition of zinc sulfate after EDTA washing (Figure 7c) were all positive. These results
support our flotation results that the depression of lead-activated sphalerite was only
achieved by the combination of EDTA washing which decreased Pb2+ concentration due
to the removal of anglesite and the addition of zinc sulfate due to the reverse reaction of
Equation (1).

Table 6. The calculation results of the change in free energy at pH 6.5 in the flotation system of
sample A.

K
ΔG (kJ/mol)

With Zinc Sulfate and Without EDTA
Washing (Figure 7b)

ΔG (kJ/mol)
With Zinc Sulfate after EDTA

Washing (Figure 7c)

1000 −0.46 2.26
704 0.41 3.13

1059 −0.60 2.11
1127 −0.76 1.96

Figure 8 shows the relationship between Cu recovery and Zn recovery in flotation
experiments using EDTA washing and/or zinc sulfate addition. The efficiencies of pretreat-
ments on the separation of Cu and Zn were in the following orders: with zinc sulfate after
EDTA washing >with EDTA washing >with zinc sulfate. Thus, it can be concluded that
EDTA washing improves the recovery of chalcopyrite, removes anglesite, and enables the
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depression of lead-activated sphalerite by the addition of zinc sulfate. This proposed flotation
procedure to separate chalcopyrite and sphalerite in the presence of soluble compounds like
anglesite could be applied to not only SMS ores but also Cu-Pb-Zn ores in terrestrial deposits,
which contain soluble compounds formed by the natural oxidations of minerals.

Figure 8. Relationship between Cu recovery and Zn recovery in flotation experiments with sodium
sulfite 20 kg/t.

While El–Shall et al. (2000) [25] and Basilio et al. (1996) [43] estimated the possibility
of lead activation of sphalerite using the measured ion concentration of Pb2+ and Zn2+,
Trahar et al. (1997) [23] reported that lead activation of sphalerite may occur even when
solubility of Pb2+ is extremely low (e.g., at pH 10) where Pb precipitates like lead hydroxide
are present. This means that sphalerite would be activated by not only Pb2+ but also Pb-
precipitates (e.g., lead hydroxide and lead sulfate (anglesite)), and thus it is impossible to
estimate whether lead activation of sphalerite occurs or not based on the concentration of
dissolved Pb species. In other words, the required amount of Zn2+ to facilitate the depression
of lead-activated sphalerite may increase when Pb-precipitates co-exist. As described above,
sample A contains secondary products (e.g., oxidation products) and soluble Pb-bearing
minerals (e.g., anglesite), both of which could be almost removed by EDTA washing. When
the contents of soluble Pb-bearing minerals are high, however, EDTA washing cannot
completely remove all the soluble Pb-bearing minerals, indicating that large amounts of
residual Pb-bearing minerals most likely remain in the system. Therefore, detailed studies
addressing the effects of co-existence of soluble Pb- bearing minerals on the suppression of
sphalerite flotability by zinc sulfate will be of topical importance in the future.

4. Conclusions

This study investigated the applicability of surface cleaning with the addition of
depressants for flotation separation of chalcopyrite and sphalerite from SMS ores. The
findings of this study can be summarized as follows:

1. The obtained SMS ore sample contains CuFeS2, ZnS, FeS2, SiO2, and BaSO4 in addition
to PbS and PbSO4 as Pb minerals. Not only these minerals but soluble compounds
which release Cu2+, Zn2+, Pb2+, and Fe2+/3+ are also contained in the sample.

2. When anglesite co-existed, lead activation of sphalerite occurred, which made the
floatability of sphalerite increase.

3. In the flotation of sample A with sodium sulfite as a depressant for Zn- and Fe-
minerals, the floatability of pyrite could be suppressed, while it was not able to
depress the floatability of sphalerite because Pb2+ released from anglesite and other
soluble compounds activated sphalerite.
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4. Surface cleaning using EDTA was effective in removing anglesite and improving
the recovery of chalcopyrite by dissolving secondary products formed via natural
oxidation processes. However, sphalerite was floated together with chalcopyrite, even
after EDTA washing.

5. The proposed flotation procedure of SMS ores, a combination of surface cleaning with
EDTA to improve chalcopyrite floatability and remove anglesite and the depression
of lead-activated sphalerite by using zinc sulfate, could achieve high separation
efficiency of chalcopyrite and sphalerite.
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Abstract: In this investigation, the fine-grained bauxite ore flotation was conducted in a plate-packed
flotation column. This paper evaluated the effects of packing-plates on recovering fine bauxite
particles and revealed the fundamental mechanisms. Bubble coalescence and break-up behaviors in
the packed and unpacked flotation columns were characterized by combining Computational Fluid
Dynamics (CFD) and Population Balance Model (PBM) techniques. Flotation experiments showed
that packing-plates in the collection zone of a column can improve bauxite flotation performance
and increase the smaller bauxite particles recovery. Using packing-plates, the recovery of Al2O3

increased by 2.11%, and the grade of Al2O3 increased by 1.85%. The fraction of −20 μm mineral
particles in concentrate increased from 47.31% to 54.79%. CFD simulation results indicated that the
packing-plates optimized the bubble distribution characteristics and increased the proportion of
microbubbles in the flotation column, which contributed to improving the capture probability of fine
bauxite particles.

Keywords: plate-packed flotation column; fine bauxite particles; bubble characteristics

1. Introduction

Most of the valuable minerals in ores are required concentration to reduce the operation costs of
downstream extractive metallurgical processes. The concentration process is known as the key step
of mineral processing. In the field of mineral processing, recovering fine minerals is difficult thus
resulting in a lot of economic losses [1,2]. To solve these problems, column flotation technology has
been developed in the past few decades [3,4]. Due to the structural features, flotation columns usually
provide a higher recovery of fine minerals compared with other flotation equipment [5]. The mechanism
of a traditional countercurrent flotation column is to make bubbles and mineral particles move towards
each other, and then the hydrophobic particles are captured by the bubbles from the slurry, and rise
with the bubbles to a froth zone. With the continuous flow of bubbles, these captured mineral particles
gradually get out of the column. Consequently, the bubble size and distribution characteristics in
flotation column have significant effects on the concentration performance.

After decades of progress, many different types of flotation columns have been derived and used
in the industrial processing of various minerals [6–8]. Flotation columns packed with plates have
specific internal structures, which impose direct effects on the flow characteristics of slurry inside the
column, thereby affecting the flotation process of minerals [9–11]. For instance, a honeycomb tube
is designed as packing-plates in previous research works [12,13]. Experimental results showed that
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honeycomb tube can promote the generation of smaller bubbles, thereby increasing gas content, as
well as particle–bubble collision probability. Moreover, the honeycomb tube packing causes turbulent
rotating flow into a mild flow in the column, forming a static hydrodynamic environment and reducing
the probability of detachment. The bubble behaviors was also investigated in a lab-scale cyclonic-static
micro-bubble flotation column packed by sieve plates [14]. Based on Particle Image Velocimetry (PIV)
and Charge-Coupled Device (CCD) camera techniques, it was found that packing non-uniform sieve
plates was more effective in terms of bubble distribution equalization, air column inhabitation, and
non-axial velocity decreasing.

In a previous study of fine bauxite ore column flotation [15], square packed-plates were installed
in the collection zone of a flotation column in a multi-layer packing manner. Based on flotation
experiments, the addition of packing-plates led to a better separation of bauxite from gangue minerals
and a higher recovery of fine mineral particles. Computational Fluid Dynamics (CFD) simulation
results indicated that the original intensively turbulent environment was weakened and dispersed
into several units with different turbulent intensities in axial, which enhanced the separation of
mineral particles with different properties. But the mechanism of improved recovery of fine mineral
particles by the packing-plates has not been fully described and presented. In this present work,
CFD combined with Population Balance Model (PBM) simulations were performed to characterize
the bubble coalescence and break-up behaviors in the unpacked flotation column (UFC) and the
plate-packed flotation column (PFC). Additionally, the effects of bubble diameter on recovering finer
bauxite particles was also evaluated.

2. Materials and Methods

2.1. Flotation Apparatus and Procedures

Flotation experiments were conducted using a squared-plates column flotation apparatus (Figure 1).
The flotation column has a dimension of ϕ80 mm × 2000 mm. This apparatus primarily consists of
three subsystems: a Plexiglas flotation column, an air injection system, and a slurry circulation system.
The packing-plates was made by polyethylene plates (thickness δ = 1 mm); its structure was shown
in different viewpoints (see Figure 1). Three layers of packing-plates were evenly installed along the
column between the slurry inlet and air inlet.

Experimental procedures of the column flotation tests were described as follows:

(1) Grind 2 kg of the bauxite ore (collected from a bauxite mine located in Henan Province, Luoyang,
China) until its average particle size (D50) reaches about 20 μm;

(2) Condition the feed slurry in the slurry mixing tank at room temperature and pH 9.5
(sodium carbonate as pH modifier). Add 100 g/t hexametaphosphate into the feed slurry
then stir for 3 min. Followed by adding 1200 g/t sodium oleate and conditioning for 4 min. All
three reagents are analytical grade supplied by Aladdin Biochem. Tech., Shanghai, China. The
initial slurry solid concentration is 15%;

(3) Turn on the air compressor (0.6 MPa), and adjust air inlet flowrate to 2.5 L/min; Turn on the
peristaltic pump, and adjust feed flowrate to 3.34 L/min. When foams start to flow out from the
top of the column, collect the froth product as concentrate K for a period of 12 min, after which
the slurry remaining in the column is collected in mixing tank as tailings X. The column flotation
test is running at batch mode;

(4) Filter and dry the concentrate K and tailings X, followed by elemental analysis using X-ray
fluorescence. Additionally, perform particle size analysis on the concentrate K using a laser particle
size analyzer (Mastersize 2000). Both instruments are from Malver Panalytical, Malvern, UK.

Additionally, bubbles were observed in an area circled in the red box shown in Figure 1. Due to
the problem of poor light transmittance during the flotation process of the bauxite ore, it was hard to
directly observe the distribution characteristics of bubbles. Therefore, bubbles were only observed in
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the tests without adding any mineral particles. Photos of the bubbles were captured using a Canon
camera (EOS 800D, Canon, Tokyo, Japan).

Figure 1. Experiment apparatus used for fine bauxite ore flotation: 1—Washing water device;
2—Plexiglass column; 3—Slurry inlet; 4—Packed plates; 5—Peristaltic pump; 6—Air-bubble sparger;
7—Air flowmeter; 8—Regulating valve; 9—Air compressor; 10—Slurry mixing tank.

The bauxite ore used in this research contains 44.67% of Al2O3 and 20.68% of SiO2, corresponding to
an aluminum oxide to silicon oxide grade (Al2O3/SiO2) ratio of 2.16. Due to the relatively high content
of SiO2, the ore needs to be concentrated to improve the Al/Si ratio in order to meet the requirements on
feed grade of the Bayer process. Other major components of the ore included Fe (5.19%), TiO2 (3.76%),
CaO (2.77%), K2O (2.76%), and S (0.97%). Mica, siderite, kaolinite, anatase, quartz, calcite, and pyrite
were the dominant gangue minerals.

2.2. Simulation Procedures

The simulation work was conducted in water-air two phase system using ANSYS Fluent 18.2
software (Ansys Inc., Canonsburg, PA, USA). Detailed procedures were as follows: (a) pre-processing
uses ICEM for model extraction and meshing; (b) numerical calculation uses Fluent; and (c)
post-processing uses CFD-post for data processing and output. This research focus on bubble
characteristics affected by packing-plates in the flotation column. The collection zone of flotation
column was selected as the computing domain. A geometric model of the flotation column used in
the experimental apparatus was set-up as shown in Figure 2. Due to symmetry of the column in axial
direction, simulation was only performed on half of the column. Additionally, boundary conditions of
the calculation were based on flotation parameters. The mesh dependent tests for CFD simulation of
flow calculation were conducted. The test results showed that 380,000 grids are an appropriate number
to be used for UFC. Thus, a total of 380,000 grids were used for simulating flow in UFC. In case of
PFC, the grid surrounding the plates was refined using the function of density box. Eulerian-Eulerian
multiphase model and standard k-epsilon model were used for calculation. The bubble coalescence
and break-up processes were simulated by population balance model (PBM). Parameter settings of the
PBM are given in Table 1.
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Figure 2. Geometry and boundary conditions of the flotation column for simulation.

Table 1. The parameters of population balance model (PBM).

Parameters Value

Method Discrete
Kv 0.52

Bubble Diameter Range 0.40~4.03 mm
Initial Bubble Diameter 1 mm

Aggregation Kernel Luo model [16]
Breakage Kernel Frequency-Luo model [16]; Formulation-Hagesather
Surface Tension 0.04 N/m

3. Results

3.1. Flotation Results

Flotation experiments were performed using both UFC and PFC to evaluate the effects of
packing-plates on bauxite flotation performance. Figure 3 presents the flotation grade and recovery
of Al2O3, as well as Al2O3/SiO2 ratio, obtained by using UFC and PFC. It can be seen that a
concentrate containing 58.4% Al2O3 was obtained using PFC at a recovery of 52.68%. Compared
UFC, Al2O3 recovery and Al2O3 grade were increased by 2.11% and 1.85%, respectively, by using PFC.
These results indicated that flotation performance of the bauxite ore was improved by packing-plates.
More aluminum-enriched particles were recovered using PFC. Al2O3/SiO2 ratio of the concentrated
obtained using PFC reached 9.72, which is much higher than UFC. Therefore, it could be inferred that
the packing-plates was able to improve the separation of aluminum minerals from silicon minerals
occurring in the bauxite ore.

Particle size analysis was conducted on the concentrate obtained by using UFC and PFC. As shown
in Figure 4, the fraction of −20 μm particles in UFC concentrate was 47.31 (volumetric fraction, %),
however for PFC concentrate, the fraction increased up to 54.79. For particles of 20~37 μm size range,
the volumetric fraction was increased by 3.06 by using PFC. Totally, the fraction of−37μm particles in the
concentrate generated from PFC increased by 10.54. Moreover, the flotation experimental results showed
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that PFC concentrate had a higher Al2O3 grade with improved recovery (see Figure 3). Based on these
findings, it can be concluded that the preferential recovery of Al2O3 enriched particles is attributable to
the increased fraction of finer bauxite particles in the flotation concentrate. The packing-plates inside
the flotation column led to improvements in the recovery of fine bauxite particles.
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Figure 3. Flotation concentrate obtained by using unpacked flotation column (UFC) and plate-packed
flotation column (PFC): (a) Al2O3 grade and recovery; (b) Al2O3/SiO2 ratio.
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Figure 4. Particle size distribution of flotation concentrate by using (a) UFC and (b) PFC.

3.2. Bubble Characteristics

Figure 5a,b present the bubble size distribution of flows in UFC and PFC, respectively. It can
be seen that bubble size increased along the axial direction and decreased along the radial direction.
The bubble sizes were distributed in the range of around 0~4.2mm. When the packing-plates was used,
the bubble diameter decreased in the entire flotation zone of the column. Comparing the distribution
of bubbles in UFC and PFC, it can be seen that in the presence of packing-plates, bubbles in PFC
have more obvious size differences, and the proportion of bubbles with smaller diameters increased.
According to the simulation results, it was calculated that the mean diameter of bubbles was reduced
from 3.03 mm (in UFC) to 2.80 mm (in PFC). The fractional distribution of bubbles in the column were
also studied based on the simulation data. The results are shown in Figure 5c,d. It can be seen that
the bubble diameter in UFC was primarily concentrated in the range of 2.5~4 mm. Bubbles with a
diameter of 3.5 mm or larger accounted for the largest proportion, reaching 37.17%. When the column
used packing-plates, the proportion of small-sized bubbles increased significantly, and the bubbles
were primarily concentrated in the size range of 2.3~3.7 mm. It indicates that packing-plates could
increase the proportion of microbubbles and reduce the average diameter of bubbles.
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Figure 5. Bubble distribution in UFC and PFC: (a,b) Bubble size distribution in specific plane Y = 2 mm;
(c,d) the fractional distribution of bubble size.

In order to verify the simulation results of bubble distribution in UFC and PFC, images of the
bubbles generated in the columns under conditions similar to those used for the simulation were
captured. Flows in the flotation column are three dimensional, however the images obtained using a
digital camera are two dimensional. Therefore, only qualitative analysis was completed in this study.
Based on the images shown in Figure 6, it can be observed that the fraction of large-size bubbles in
UFC was less than PFC. Moreover, the coalescence between bubbles was reduced after packed-plates
were used. This is consistent with the numerical simulation results. It is inferred that packing-plates in
flotation column will inhibit bubble coalescence and promote the formation of small-size bubbles.

  

(a) (b) 

Figure 6. Images of the bubbles captured in UFC and PFC: (a) Bubbles in UFC; (b) Bubbles in PFC.

3.3. Turbulence Characteristics

The movement and collision of bubbles and particles are mainly caused by fluid pulsation. In fluid
mechanics, turbulent kinetic energy k is used to characterize the pulsation of large-scale vortex. The
larger the value of k, the higher the pulsation velocity of large-scale vortex. Figure 7 presents the
turbulent kinetic energy (TKE) distribution characteristics in UFC and PFC. It can be seen from the
figure that without packing, the areas with high values of TKE were concentrated near the central
axis, and decreased along both the axial and the radial direction. TKE was higher than 1 × 10−2 m2/s2.
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After adding the packing-plates to the flotation column, the TKE inside the entire flotation column was
significantly reduced. The area associated with high-value TKE was obviously reduced, and the TKE
in the plates-filled area was reduced to 3.75 × 10−3 m2/s2. This showed that the packed plates could
effectively reduce the TKE in the collection area of the flotation column, reduce the pulsating velocity
of the turbulent vortex, and form a relatively mild turbulent environment.

 

   

 (a) (b) (c) 

Figure 7. Turbulent kinetic energy (TKE) distribution characteristics in UFC and PFC: (a) Front view;
(b) Sside view; (c) Rear view.

According to the simulation results, the cumulative curves of the volumetric percent of different
turbulent kinetic energies are shown in Figure 8. From the results, it can be seen that the TKE in PFC
was evenly distributed in the majority of the flotation column collection area. Rapid rises in the energy
occurred at volume percent of 90, indicating that the volume of the area with high turbulence occupied
about 10% of the collection area. In this area, the value of TKE was concentrated, the pulsating velocity
of the fluid was greater, and the intensity of turbulence was greater. Compared with PFC, UFC had
a higher cumulative TKE of about 0.03 m2/s2, which was about 3 times the value of the TKE of PFC.
It showed that packing-plates in the flotation column could significantly reduce the TKE.
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Figure 8. Turbulence kinetic energy of cumulative volume as the function of UFC and PFC.
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4. Discussion

In a multiphase flow, the coalescence and break-up behaviors of bubbles are mainly affected by
the surface tension of liquid phase and the hydrodynamic environment as stated by Laari and Turunen,
as well as Sattar et al. [17,18]. Based on this point, a series of mathematical models about bubble
coalescence and break-up have been developed by Luo and Svendsen, as well as Lehr et al. [16,19].
The main factor leading to bubble breakage is the turbulent vortex generated by the pulsation of fluid.
When the turbulent vortex carries more energy than the surface energy of newly-formed bubbles,
the bubble break-up may occur, and the TKE of the vortex is converted into the surface energy of
the newly formed bubble. The high-energy turbulent pulsation will aggravate the collision, merging,
and fragmentation behaviors of bubbles, leading to an increase in the average geometric size of
the bubbles. The addition of packing-plates in the collection area of flotation column weakens the
turbulent energy of flows, thus forming a milder turbulent environment (see Figure 8). Consequently,
it contributes to the formation of small-size bubbles in flotation column.

According to the reports of Zhang et al. [12,13], using packed-honeycomb tubes in flotation
column can increase the gas holdup of column and generate small-size bubbles. Thereby, the packed
cyclonic-static micro bubble flotation column performs better in copper sulfide flotation. Xia et al. [10]
performed a two-dimensional Euler–Lagrangian model to simulate the multiphase flow for some cases
of baffled and packed columns. It has been found that the presence of baffles and packing will trap
bubbles or hinder the upward movement of bubbles and increase the gas hold up. Combined with
the simulation and test results in this study, the average diameter of the bubble group decreased after
the flotation column was packed with a plates. It is easy to infer that the number of bubbles in the
collection area was increased after use of packing-plates. For mineral flotation process, a higher bubble
number and a smaller bubble size usually mean that the mineral particles have a higher capture rate.
For fine mineral particles, the capture rate can be calculated as

P = PcPa. (1)

The particle collision rate formula is given by Tao et al. [20]:

Pc =

⎛⎜⎜⎜⎜⎝
3
2
+

4Re0.72
b

15

⎞⎟⎟⎟⎟⎠(
Rp

Rb
)

2

. (2)

The particle adhesion rate formula is given by Yoon and Luttrell [21]:

Pa = sin2

⎧⎪⎪⎨⎪⎪⎩2arctan exp

⎡⎢⎢⎢⎢⎣
−(45 + 8Re0.72

b )Ubti

30Rb(Rb/Rp + 1)

⎤⎥⎥⎥⎥⎦
⎫⎪⎪⎬⎪⎪⎭, (3)

where Reb is the Reynolds number of bubble, and the formula is as follows:

Reb =
ρ f Ubdb

μ f
. (4)

The relative velocity of bubble is calculated using the following formula given by Schubert, as well
as Shubert and Bischofberger [22,23]:

√
U2

b = 0.33
ε4/9d7/9

b

ν f
1/3

(
ρb − ρ f

ρ f
)

2/3
. (5)

The particle induction time formula given by Koh and Schwarz [24] is

ti =
75
θ

d0.6
p . (6)
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An approximate relationship exists between the particle capture rate PPFC with packing and the
capture rate PUFC without packing. It can be expressed as

PPFC = CPUFC, (7)

where C is “Correlation coefficient”. According to simulation results given above, the specific values
are given as follows: μ f = 1.003 × 10−3 Pa·s; ν f = 1.004 × 10−6 m2/s; ρ f = 998.2 kg/m3; ρb = 1.225 kg/m3;
and dp = 20 μm; θ = 60◦. Turbulent dissipation rate ε and bubble diameter db are calculated based on
the average value from the numerical simulation results. For UFC ε1 = 3 × 10−5 m2/s3, db1 = 3.03 mm;
for PFC ε2 = 1 × 10−5 m2/s3, db2 = 2.80 mm. Substituting the specific values into the formula, it can be
calculated C = 1.14. As shown in Equation (7), this means, for a mineral particle with a diameter of
20 μm, the capture probability with packing-plates is 1.14 times that of without packing.

In flotation process, reducing the size of the bubbles can not only improve the collection capacity
of finer mineral particles, but also increase the volumetric concentration of bubbles in the slurry and
improve the capture probability. Giving an analysis of bauxite flotation concentrate results (Figure 3)
and the particle size distribution results (Figure 4), it can be seen that in PFC, the recovery of particles
of smaller than 37 μm was increased by 10.54%. Among them, the proportion of particles smaller than
20 μm increased by 7.48%. The Al2O3 grade in the concentrate increased by 1.85%, and the recovery
increased by 2.11%. These findings collectively confirmed that packing-plates inside the flotation
column can increased the recovery of fine-grained mineral particles by reducing bubble diameters.

5. Conclusions

In this research, PBM incorporated with CFD techniques was performed to characterize the
bubble coalescence and break-up behaviors in UFC and PFC. The effects due to application of the
squared packed-plates on recovering fine bauxite particles was evaluated, and understanding of the
fundamental mechanisms are achieved. The conclusions are as follows:

1. The packing-plates can significantly reduce the turbulent kinetic energy and promote the formation
of a milder turbulent environment in the collection area. This will weaken the collision, merging,
and fragmentation behaviors of bubbles, contributing to the formation of small-sized bubbles in
flotation column.

2. Packing-plates can optimize bubble size distribution in the flotation column, and increase the
proportion of micro-bubbles. According to the simulation results, the mean diameter of bubbles
was reduced from 3.03 mm to 2.80 mm by packing-plates in flotation column. For mineral
particles with a diameter of 20 μm, the capture probability with packing-plates is 1.14 times that
of without packing.

3. Packing-plates in the collection zone of a column can improve bauxite flotation performance and
enhance the recovery of fine bauxite particles. With packing, the Al2O3 recovery increased by
2.11%, and the Al2O3 grade increased by 1.85%.
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Nomenclature

ϕ Diameter of column (mm)
δ Thickness of plate(mm)
k Turbulent kinetic energy (m2/s2)
P Capture rate (%)
Pc Collision rate (%)
Pa Adhesion rate (%)
Rp Particle radius (μm)
Rb Bubble radius (mm)
Reb Reynolds number of bubbles
Ub Relative velocity of bubble (m/s)
ti Induction time (s)
θ Contact angle of mineral (◦)
ε Turbulent energy dissipation rate (m2/s3)
ρ f Fluid density (Kg/m3)
μ f Dynamic viscosity of fluid (Pa·s)
ν f Kinematic viscosity of fluid (m2/s)
db Bubble diameter (mm)
ρb Bubble density (Kg/m3)
PPFC Capture rate of PFC
PUFC Capture rate of UFC
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Abstract: O-isopropyl-N-ethyl thionocarbamate (IPETC) collector was used to selectively recover
elemental sulfur from a high-sulfur residue, and its flotation performance, structure–property re-
lationship and adsorption mechanism to elemental sulfur were studied. The raw ore flotation test
showed that IPETC displayed superior flotation performance to the elemental sulfur compared with
sodium ethyl xanthate (SEX) and ammonium dibutyl dithiophosphate (ADDTP) collectors. Pure
mineral flotation and adsorption experiments further demonstrated that among the three collectors,
IPETC had the strongest collecting power and the optimum selectivity towards elemental sulfur. The
structure–property relationship research based on density functional theory (DFT) calculation sup-
ported the above conclusion. The adsorption mechanism analysis manifested that IPETC adsorption
on elemental sulfur surface was a chemical process by separately generating normal covalent bond
between carbonyl S atom and S atom and a backdonation covalent bond between O atom and S atom,
which was confirmed by the FTIR spectrum analysis result. IPETC exhibits excellent collecting ability
and selectivity for elemental sulfur and therefore it has bright application prospects.

Keywords: O-isopropyl-N-ethyl thionocarbamate (IPETC); elemental sulfur; flotation performance;
structure–property relationship; adsorption mechanism

1. Introduction

Elemental sulfur is an important chemical material and has been widely used for
producing sulfuric acid and other products such as fertilizers, matches, food preservation
agents, carbon disulfide, cement, gun powder, surfactants, detergents, pharmaceuticals,
pesticides and vulcanized rubbers [1–7]. Elemental sulfur is usually the by-product of
hydrometallurgical leaching of nonferrous sulfide ores. For example, oxygen pressure acid
leaching of zinc concentrate (sphalerite) can yield large amounts of elemental sulfur [8–14],
and the overall reaction is shown in Equation (1).

ZnS + H2SO4 + 0.5O2 = ZnSO4 + H2O + S (1)

As indicated, zinc in sphalerite is transformed into zinc sulfate which can be used to
produce zinc metal through electrowinning and sulfur remains in the residue in the form
of elemental sulfur [15–18]. The residue is considered to be acid-producing since its sulfur
component can react with oxygen and water to generate thiosalts and sulfuric acid [19].
At present, the produced high-sulfur residue is usually subjected to safe storage for most
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zinc refineries in China, which not only causes serious resource waste but also poses huge
threat to the environment and human health [20,21]. Therefore, it is necessary to recover
elemental sulfur from the residue with effective technology.

Elemental sulfur has good natural hydrophobicity, and therefore without the use of
any additional agent, it can be efficiently enriched by froth flotation, an extensively used
technology in mineral processing for separating target mineral from gangue mineral by
using their natural hydrophobicity difference [22–25]. However, the nonferrous metal
sulfides (ZnS, FeS2, PbS and Ag2S) that are not completely oxidized during pressure
leaching also remain in the residue [26], and inevitably they will float upward together
with elemental sulfur and enter the concentrate because of their similar floatability and
intimate association relationship [27,28]. This leads to the decrease of elemental sulfur
grade in the concentrate product. To enhance the grade, a hot filtration procedure is usually
implemented for the concentrate, which can realize the efficient separation of elemental
sulfur from the concentrate by melting and filtration at 115–155 ◦C [19]. Nevertheless, a
significant portion of the elemental sulfur is still hard to separate from the concentrate
with hot filtration since this process generally needs raw material whose elemental sulfur
content is more than 70% to ensure a satisfactory performance [26]. The elemental sulfur
content in most of the high-sulfur residue is usually in 40–60% [15], and thus it is difficult
to obtain a high elemental sulfur recovery. A feasible method to solve the above problem is
to add suitable collector during the flotation procedure to realize the selective flotation of
elemental sulfur.

The study aims to find an efficient collector to selectively separate elemental sulfur
from a high-sulfur pressure acid leaching residue of zinc sulfide concentrate. First, the flota-
tion performance of O-Isopropyl-N-Ethyl thionocarbamate (IPETC), ammonium dibutyl
dithiophosphate (ADDTP) and sodium ethyl xanthate (SEX) for elemental sulfur were
compared through a raw ore flotation experiment. Then, pure mineral flotation and ad-
sorption tests were performed to further compare their flotation properties. After that, the
structure-activity relationships of three collectors were researched using density functional
theory (DFT) calculation through comparing their geometric configurations, electronic
structures and corresponding flotation performances. Based on the above results, IPETC
was selected as the optimum elemental sulfur collector, and its adsorption mechanism on
the elemental sulfur surface was investigated using adsorption simulation calculation and
Fourier-transform infrared spectroscopy (FTIR) analysis.

2. Experimental

2.1. Material and Reagents

The pressure acid leaching residue of zinc sulfide concentrate used in this study was
provided by Hulun Buir Chihong Mining Industry Co., Inner Mongolia, China, and it
has been used in our previous work [15]. The chemical composition analysis showed
that the sulfur content arrived at 46.21%, and 81.97% of the sulfur occurred in the form
of elemental sulfur. Therefore, it was a high-sulfur residue and used for closed-circuit
flotation experiment to recover elemental sulfur.

Previous literature showed that natural minerals and minerals after leaching have
similar surface properties [29,30], and thus natural minerals are usually adopted as the raw
materials for mineral flotation study. According to the result of the X-ray diffraction (XRD)
spectra analysis [15], elemental sulfur, sphalerite, pyrite, chalcopyrite, albite and anglesite
were the main minerals in the residue, and therefore these pure mineral samples obtained
from Guangdong Province in China were chosen for the pure mineral flotation experiment.
The high-purity minerals were first collected by handpicking, and then crushed and ground
in a porcelain ball mill. Afterwards, the samples were dry-sieved to obtain the −74 + 38 μm
fractions for the flotation experiment, and the fractions of less than 5 μm were used for
FTIR spectrum measurement. The X-ray fluorescence (XRF) analysis results for the samples
in Tables 1–3 showed that their purities were over 96%, which could meet the desirable
requirement in this study.
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Table 1. Chemical compositions of pure minerals of elemental sulfur, sphalerite, pyrite and chalcopy-
rite (wt %).

Mineral Cu Pb Zn Fe S Purity

Elemental sulfur —- —- —- 0.02 98.68 98.68
Sphalerite —- 0.04 66.20 0.52 32.9 98.65

Pyrite —- 0.21 0.07 45.25 53.26 97.21
Chalcopyrite 34.13 0.01 0.27 30.10 34.22 98.76

Note: “—-” indicates that the element was not detected.

Table 2. Chemical composition of pure albite mineral (wt %).

Mineral Na2O Al2O3 SiO2 Purity

Albite 11.36 19.19 67.86 96.27

Table 3. Chemical composition of pure anglesite mineral (wt %).

Mineral PbO SO3 Fe2O3 Purity

Anglesite 69.32 28.23 0.052 96.27

In order to investigate the difference of flotation property of pure minerals and pure
minerals after oxygen pressure acid leaching, a comparative experiment was conducted,
and the result is shown in Table 4. The method of the flotation test was the same as that in
Section Pure Mineral Flotation, and the collector (IPETC) dosage and pulp pH value are
3 × 10−5 mol/L and 8.0, respectively. The recoveries of pure minerals of elemental sulfur,
sphalerite, pyrite, chalcopyrite, albite and anglesite were 99.2%, 51.6%, 78.3%, 82.5%, 23.6%
and 13.3%, respectively, while the recoveries of the above pure minerals after leaching were
99.0%, 51.3%, 78.2%, 82.1%, 23.4% and 13.5%, respectively. Thus, a very close flotation
recovery was obtained for each pure mineral and pure mineral after leaching, which can
be ascribed to their close floatability. Therefore, it can be deduced that the physical and
chemical properties of the surfaces of the pure minerals and pure minerals after leaching
are very close.

Table 4. The flotation results of pure minerals and pure minerals after oxygen pressure acid leaching whose conditions are
the following: initial sulfuric acid concentration, 60 g/L, temperature, 150 ◦C, oxygen partial pressure, 1.0 MPa and time,
2.5 h.

Raw Material
Recovery (%)

Elemental Sulfur Sphalerite Pyrite Chalcopyrite Anglesite Albite

Pure minerals 99.2 51.6 78.3 82.5 23.6 13.3
Pure minerals after oxygen pressure acid leaching 99.0 51.3 78.2 82.1 23.4 13.5

The analytically pure O-Isopropyl-N-Ethyl thionocarbamate (IPETC), ammonium
dibutyl dithiophosphate (ADDTP) and sodium ethyl xanthate (SEX) were bought from a
commercial company of Hunan Province, China, and used as the collector. Methyl isobutyl
carbinol (MIBC) from the same company was used as the foaming agent. The other reagents
used are also analytically pure. Ultrapure water was used throughout all experiments.

2.2. Experimental Methods
2.2.1. Flotation Experiment
Raw Ore Flotation

The flotation experiment of pressure acid leaching residue was carried out in a self-
aeration XFD-63 flotation machine from Jilin Prospecting Machinery Factory, China [31].
The residue and ultrapure water were first put into the cell to form the pulp with 25%
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density, and then slime was added to adjust the pulp pH to about 8.0. Afterwards, the
inhibitor (Na2S + Na2SO3 + ZnSO4), collector and foaming agent (MIBC) were successively
added into the pulp which was agitated at 1650 rpm for 3 min after adding each reagent.
The flotation was conducted for 5 min, and elemental sulfur concentrate and tailing were
collected, filtrated, dried, weighed and assayed to calculate elemental sulfur recovery.

Pure Mineral Flotation

The pure mineral flotation experiment was performed in an XFG5-35 flotation machine
(Jilin Prospecting Machinery Factory, Jilin, china) with a 40 mL plexiglass cell [32]. The
agitating speed was kept at 1650 r min−1 with a mechanical impeller. In each test, 2.0 g
pure mineral sample was placed into an ultrasonic bath for 5 min of cleaning, and then
transferred into the flotation cell. After that, the pulp pH was adjusted to a desired value
with dilute NaOH or H2SO4 solution. Finally, the collector and the foaming agent were
sequentially added into the pulp which was agitated for 2 min. The flotation was carried
out for 5 min, and the obtained concentrate and tailing were weighted and analyzed after
filtration and drying to calculate mineral recovery.

2.2.2. FTIR Spectrum

IPETC solution (1 × 10−2 mol/L) was first mixed with elemental sulfur sample (0.5 g,
−38 μm). After magnetically stirring for 60 min, the solution was filtered, and the obtained
solid product was dried at 35 ◦C under vacuum for 24 h for subsequent infrared detection.
The Fourier-transform infrared (FTIR) spectra were recorded by a G510PFTIR infrared
spectrometer (Nicolet Company, Madison, USA) in the wavenumber range from 400 cm−l

to 4000 cm−l using the KBr technique.

2.2.3. DFT Calculation

The initial molecular/ion model of collector was constructed and then optimized by
MM2 and PM3 methods in Chemoffice 2008 program. The obtained geometry was further
optimized by DFT method at the B3LYP/6-31G (d, p) level in the Gaussian 03 program [31].
Finally, periodic structure optimization was completed in the CASTEP module of Materials
Studio 4.4 and then the optimized structure was subjected to DFT calculations.

The calculations of mineral plane and crystal were completed by CASTEP and Dmol3
modules in Materials Studio 4.4 program, in which CASTEP module was used for the
establishment of plane and crystal models as well as geometric structure optimization,
state density analysis and Mulliken population analysis, and Dmol3 module was used
to analyze frontier orbital energy. The plane wave basis set and DND basis set were
separately implemented in the CASTEP and Dmol3 modules for the DFT calculations. The
establishment and optimization of adsorption model of IPETC on elemental sulfur surface
and related calculation were both performed in the CASTEP module of Materials Studio 4.4.

2.3. Analytical Methods

The elemental sulfur content in the high-sulfur residue and flotation concentrate was
detected by carbon tetrachloride dissolution followed by gravimetric analysis [33]. The
concentrations of sulfhydryl collectors were determined by UV-Vis spectroscopy [34].

3. Results and Discussion

3.1. Flotation Performance of Collectors

Before the use of three collectors IPETC, ADDTP and SEX, single foaming agent MIBC
and non-polar collector kerosene were separately used for recovering elemental sulfur
from the high-sulfur residue. The flotation sheets are displayed in Figure 1a,b, and the
flotation results are shown in Table 5. It can be seen that a low and close elemental sulfur
recovery was obtained for MIBC and kerosene. Furthermore, the elemental sulfur grades
in the concentrate were low, which is because large amounts of sulfide minerals such as
sphalerite, pyrite, chalcopyrite in the residue entered the concentrate with elemental sulfur.
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The above results indicated that the selective and effective separation of elemental sulfur
from the high-sulfur residue cannot be realized using MIBC and kerosene.

Figure 1. The flotation sheets of high-sulfur residue with MIBC (a) and kerosene (b).

Table 5. The flotation results of high-sulfur residue with MIBC and kerosene.

Collector Product Yield (%) Elemental Sulfur Grade (%) Elemental Sulfur Recovery (%)

MIBC
Elemental sulfur concentrate 57.31 71.17 88.83

Tailing 42.69 12.02 11.17
Feed residue 100.00 45.92 100.00

Kerosene
Elemental sulfur concentrate 56.70 71.24 88.00

Tailing 43.30 12.72 12.00
Feed residue 100.00 45.90 100.00

The flotation performances of IPETC, ADDTP and SEX collectors for elemental sulfur
in the high-sulfur residue were compared. After detailed conditional experiment in our
laboratory, the closed-circuit flotation flowchart in Figure 2 was ascertained and adopted,
and the obtained results are listed in Table 6. Despite the high pulp pH, the collectors
will also adsorb a small amount of sphalerite. Thus, zinc sulfate is added to increase the
inhibitory effect on sphalerite, even though some zinc ions are present in the pulp itself. It
is not necessary to inhibit the gangue minerals in the residue, such as albite and anglesite,
because they have poor natural floatability and the sulfhydryl collector (i.e., IPETC) hardly
adsorbs on their surfaces.

Figure 2. Flowchart of closed-circuit flotation of high-sulfur residue with IPETC, ADDTP and SEX collectors.
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Table 6. The result of closed-circuit flotation of the high-sulfur residue with IPETC, ADDTP and SEX collectors.

Collector Product Yield (%)
Grade (%) Recovery (%)

Elemental Sulfur Zinc Elemental Sulfur Zinc

SEX
Elemental sulfur concentrate 43.55 81.53 1.33 93.67 13.33

Tailing 56.45 4.25 6.67 6.33 86.67
Feed residue 100 37.91 4.34 100 100

ADDTP
Elemental sulfur concentrate 45.47 82.25 1.15 97.83 12.08

Tailing 54.53 1.52 6.98 2.17 87.92
Feed residue 100 38.23 4.33 100 100

IPETC
Elemental sulfur concentrate 44.78 84.47 0.88 99.87 9.06

Tailing 55.22 0.09 7.16 0.13 90.94
Feed residue 100 37.88 4.35 100 100

From Table 6, the elemental sulfur recoveries for SEX, ADDTP and IPETC were 93.67%,
97.83% and 99.87% while their elemental sulfur grades in the concentrate were 81.53%,
82.25% and 84.47%, respectively. Thus, both the maximum elemental sulfur recovery and
grade were achieved using IPETC collector. The zinc flotation result was also shown in
Table 6. The zinc grades in the elemental sulfur concentrate were 1.33%, 1.15% and 0.88% for
SEX, ADDTP and IPETC, and their recoveries were 13.33%, 12.08% and 9.06%, respectively.
Thus, compared with elemental sulfur, only a small amount of zinc was floated and entered
the concentrate. Moreover, the zinc grade in the concentrate and its recovery were the
lowest for IPETC. The above results indicated that in comparison with SEX and ADDTP,
IPETC exhibited more excellent collecting ability and selectivity for elemental sulfur in the
high-sulfur residue, and thus it has good industrial application potential.

3.2. Pure Mineral Flotation and Adsorption Experiments
3.2.1. Pure Mineral Flotation Experiment

The collecting performances of IPETC, ADDTP and SEX for pure minerals of elemental
sulfur, sphalerite, pyrite, chalcopyrite, albite and anglesite were compared, and the results
of effects of collector dosage and pulp pH on pure mineral recovery are displayed in
Figures 3a–c and 4a–c.

As shown in Figure 3a–c, the recoveries of elemental sulfur, sphalerite, pyrite and
chalcopyrite went up with the increase of IPETC, ADDTP and SEX dosages in their initial
ranges of (2–3) × 10−5, (0.4–1.2) × 10−4 and (0.4–1.2) × 10−4 mol/L. Afterwards, no
obvious increases of the recoveries of four pure minerals were observed with the further
increase of collector dosage. Therefore, the optimal IPETC, ADDTP and SEX dosages
were separately 3 × 10−5, 1.2 × 10−4 and 1.2 × 10−4 mol/L. The recoveries of albite and
anglesite were low in the whole abscissa range, and collector dosage had little effect on
them, which could be ascribed to their poor natural floatability.

As indicated in Figure 4a–c, the recoveries of elemental sulfur and three sulfides were
all augmented as the pulp pH increased in the initial range of 2–8. Nevertheless, further
increase of pulp pH from 8 to 12 resulted in the decrease of the recoveries, but the decrease
degrees of recoveries of three sulfides were larger than that of elemental sulfur, suggesting
that increased pH had less negative impact on elemental sulfur flotation in this pH range.
Thus, the optimal pulp pH for the four minerals was 8. The pulp pH exerted similar
effect on anglesite recovery, but its optimum pH was 6 where the maximum recovery was
achieved. The albite recovery gradually dropped in the pulp pH range of 2–8 and then
basically remained steady.

In addition, for each collector, both the maximum elemental sulfur recovery and
the differences between the maximum recoveries of elemental sulfur and the other five
pure minerals followed the order of IPETC > ADDTP > SDD. Therefore, among the three
collectors, IPETC presented the optimal collecting ability and selectivity to elemental sulfur.
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Figure 3. Effect of collector dosage on pure mineral recovery at pulp pH value 8 ((a) IPETC; (b) ADDTP; (c) SEX).

Figure 4. Effect of pulp pH on pure mineral recovery at optimum collector dosage ((a) IPETC; (b) ADDTP; (c) SEX).97
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3.2.2. Pure Mineral Adsorption Experiment

The adsorption amounts of IPETC, ADDTP and SEX on pure mineral surfaces were
also compared, and the effect of initial collector concentration is shown in Figure 5a–c.
With the increase of concentrations of three collectors, their adsorption amounts on the
surfaces of elemental sulfur, albite and anglesite basically remained steady, but the ad-
sorption amount on elemental sulfur surface kept at a high level while those on the
surfaces of albite and anglesite were very low. For sphalerite, pyrite and chalcopyrite,
the adsorption amounts of three collectors on their surfaces first increased and then were
roughly unchanged.

Figure 5. Effect of initial collector concentration on their adsorption amounts on pure mineral surfaces at pulp pH 8
((a) IPETC; (b) ADDTP; (c) SEX).

However, among the three collectors, the adsorption amount of IPETC on elemental
sulfur surface was the biggest under the same collector concentration, suggesting that
IPETC possessed the strongest interaction with elemental sulfur surface. Moreover, IPETC
exhibited the greatest difference between adsorption quantities on elemental sulfur surface
and the surfaces of other pure minerals. The above results indicated that IPETC not only
possessed the biggest adsorption amount on elemental sulfur surface but also displayed
the best adsorption selectivity for elemental sulfur, which is consistent with the result of
the pure mineral flotation test in Section 3.2.1.

3.3. Structure–Property Relationships of Collectors
3.3.1. Geometry Configuration

The simulation calculations of collector molecules/ion were carried to study their
structure–property relationships. The optimized geometry configurations of ADDTP, SEX
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and IPETC are presented in Figure 6a–c, and the bond lengths and dihedral angles are
displayed in Table 7.

Figure 6. Optimized geometry configurations of collector molecules or ions ((a) IPETC; (b) ADDTP;
(c) SEX).

Table 7. Bond lengths and dihedral angles of collectors.

Collector Bond Length (Å) Dihedral Angle (◦)

SEX
1C-10S 1C-11S 9O-1C-10S-11S
1.707 1.699 −179.992

ADDTP
29S-31P 30S-31P 14C-27O-31P-29S 9C-26O-31P-30S

2.006 2.006 −59.008 −59.003

IPETC
8C-13S 13S-8C-11N-2C 11N-8C-14O-9C
1.679 −178.654 177.847

The bond length of carbonyl S atom in SEX is longer than that in IPETC, indicating
that carbonyl S in IPETC is less likely to lose electrons. As a result of this, normal covalent
bond is easier to be generated in SEX, which is not unbeneficial to its selectivity. Therefore,
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IPETC presents a better collecting selectivity for elemental sulfur in terms of bond length
of carbonyl S atom. The carbonyl S atom in ADDTP bonds with the P atom to form a P=S
bond which is different with C=S bond in SEX and IPETC, and thus their bond lengths are
not comparable.

Judging from the dihedral angle of three collectors, the atoms of -S-C=N-C- and -N-
C=O-C- groups in IPETC and -O-C(=S)-S- group in SEX are nearly located in the same
plane, respectively. Furthermore, the p orbitals that are not involved in hybridization exist
in the valence electron layers of these atoms. Thus, conjugated big π-bond is easy to be
formed in the three groups.

3.3.2. Electronic Structure
Mulliken Population Analysis

The Mulliken populations of bond and atom charge of SEX, ADDTP and IPETC are
indicated in Table 8. The sequence of bond populations of C=S or P=S bonds in the three
collectors is IPETC > ADDTP > SEX. A larger population means stronger covalency of the
covalent bond. Thus, in comparison with IPETC, it is more likely for the carbonyl S atoms
in ADDTP and SEX to offer electrons, leading to the easier generation of a normal covalent
bond between collector and mineral surface. Therefore, in terms of the bond population,
IPETC shows better selectivity to elemental sulfur.

Table 8. Mulliken populations of C=S or P=S bond and atom charge of collectors.

Collector Bond Population Atom Charge Population

SEX
10S-1C 11S-1C 1C 9O 10S 11S

0.41 0.31 −0.099 −0.174 −0.379 −0.405

ADDTP
29S-31P 30S-31P 27O 29S 30S 31P

0.72 0.74 −0.729 −0.759 −0.811 1.521

IPETC
8C-13S 8C 11N 13S 14O

1.00 0.067 0.022 −0.206 −0.238

The absolute values of Mulliken charge populations of carbonyl S atoms follow the
order of ADDTP > SEX > IPETC. A larger absolute value means stronger electrostatic
attraction between carbonyl S atom in collector and S atom in elemental sulfur surface.
Nevertheless, electrostatic interaction has no directivity, and therefore the larger absolute
value is unfavorable to the collector selectivity. Thus, in terms of atom charge population,
IPETC also exhibits better selectivity for elemental sulfur than ADDTP and SEX.

Density of States Analysis

The densities of states of three collectors are indicated in Figure 7a–c. The valence
band tops of SEX, ADDTP and IPETC are mainly comprised of 3p orbitals of 10S and 11S,
29S and 30S, and 13S atoms, respectively. Their conduction band bottoms are primarily
comprised of 2p orbitals of 1C and 9O atoms and 3p orbitals of 10S and 11S atoms, 2p
orbitals of 26O, 27O and 31P atoms and 3p orbitals of 29S and 30S atoms, and 2p orbitals
of 8C, 11N and 14O atoms and 3p orbital of 13S atom, respectively. According to the
band theory, the valence band top is the highest occupied molecular orbital (HOMO), and
the conduction band bottom is the lowest unoccupied molecular orbital (LUMO), and
they have the highest chemical activity and are separately apt to lose and gain electrons.
Therefore, it can be concluded that the oxidation reaction centers of SEX, ADDTP and
IPETC are separately 10S and 11S, 29S and 30S, and 13S atoms. Accordingly, the reduction
reactions can occur on 1C, 9O, 10S and 11S atoms for SEX, 26O, 27O, 29S, 30S and 31P
atoms for ADDTP, and 8C, 11N, 13S and 14O atoms for IPETC, respectively.
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Figure 7. Densities of states of collectors ((a) IPETC; (b) ADDTP; (c) SEX).

Frontier Orbital Analysis

The electronic cloud pictures of frontier molecular orbitals of three optimized SEX,
ADDTP and IPETC models are given in Figure 8a–f. From these subgraphs, the HOMOs of
SEX, ADDTP and IPETC are mainly composed of electron orbitals of 10S and 11S, 29S and
30S, and 13S atoms, respectively. The LUMOs are primarily constituted by electron orbitals
of 1C, 9O, 10S and 11S atoms for SEX, 26O, 27O, 29S, 30S and 31P atoms for ADDTP, and
8C, 11N, 13S and 14O atoms for IPETC, respectively. The above results are consistent with
the results of density of states analysis in Section Density of States Analysis. Furthermore,
the atoms of -S-C=N-C- and -N-C=O-C- groups in IPETC and -O-C(=S)-S- group in SEX are
all almost in the same plane based on the dihedral angle values in Table 7. Moreover, it can
be known from the result of density of states analysis in Section Density of States Analysis
that the LUMO orbitals of IPETC and SEX all constitute the p orbital of each atom in these
functional groups. Therefore, it can be inferred that the LUMO orbitals of IPETC and SEX
both are conjugated big π-bonds formed by electron orbitals of these functional groups.
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Figure 8. Electron cloud pictures of frontier molecular orbitals of optimized collector models ((a) HOMO of SEX; (b) LUMO
of SEX; (c) HOMO of ADDTP; (d) LUMO of ADDTP; (e) HOMO of IPETC; (f) LUMO of IPETC).

The frontier orbital energies of three collectors and energy differences between col-
lectors and minerals (ΔE) are shown in Table 9. According to frontier molecular or-
bital theory, a smaller absolute value of energy difference between the HOMO of one
reactant and the LUMO of another one means that they are prone to react with each
other. ΔE1 are all evidently smaller than ΔE2, suggesting that the chemical reaction be-
tween collectors and minerals is led by the electron transfer from collectors to minerals.
Thus, the normal covalent bond predominates in the interaction. ΔE1 between each
collector and elemental sulfur is smaller than that between each collector and chalcopy-
rite/sphalerite/pyrite/anglesite/albite, indicating that the normal covalent bond between
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each collector and elemental sulfur is stronger than that between each collector and five
other minerals. In comparison with SEX and ADDTP, both ΔE1 between IPETC and ele-
mental sulfur and ΔE1

elemental sulfur/ΔE1
five other minerals of IPETC are the minimum. Thus,

IPETC displays the optimal collecting power and selectivity for elemental sulfur among
the three collectors.

Table 9. Frontier orbital energies of collectors and energy differences between collectors and minerals.

Collector Orbital Energy (eV) ΔEa Elemental Sulfur Chalcopyrite Pyrite Sphalerite Anglesite Albite

SEX
HOMO −4.57 ΔE1 0.39 0.64 0.78 1.54 1.69 1.77
LUMO −3.07 ΔE2 2.55 2.60 2.21 2.38 2.44 2.67

ADDTP
HOMO −5.56 ΔE1 0.32 0.51 0.53 0.73 0.95 1.23
LUMO −4.67 ΔE2 2.42 1.00 1.37 2.04 2.31 2.45

IPETC
HOMO −5.18 ΔE1 0.15 0.76 1.04 1.43 1.51 1.76
LUMO −3.76 ΔE2 1.91 1.86 1.77 1.91 1.97 2.12

aΔE1 = |E(HOMO, collector)−E(LUMO, mineral)| and ΔE2 = |E(HOMO, mineral)−E(LUMO, collector)|.

3.4. Mechanism of IPETC Adsorption on Elemental Sulfur Surface
3.4.1. Adsorption Configuration and Adsorption Energy

After many adsorption position tests, six possible configurations of IPETC adsorption
on perfect elemental sulfur (110) plane are indicated in Figure 9a–f, and the adsorption
energies are shown in Table 10. The adsorption energies of six configurations are all
negative, and therefore these adsorption reactions can happen spontaneously. Nevertheless,
the adsorption energy is the lowest for the configuration of simultaneous adsorption of
carbonyl S together with O, suggesting that this configuration is the most stable.

Figure 9. Cont.
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Figure 9. Adsorption configurations of IPETC on perfect elemental sulfur (100) crystal plane ((a) adsorption of carbonyl S
atom; (b) adsorption of N atom; (c) adsorption of O atom; (d) adsorption of carbonyl S together with N atoms; (e) adsorption
of carbonyl S together with O atoms; (f) adsorption of N together with O atoms).

Table 10. Adsorption energy of each adsorption configuration of IPETC on elemental sulfur (110)
crystal plane.

Adsorption Configuration Adsorption Energy (kJ/mol)

Adsorption of carbonyl S −19.79
Adsorption of N −10.23
Adsorption of O −6.16

Simultaneous adsorption of carbonyl S together with N −21.82
Simultaneous adsorption of carbonyl S together with O −26.98

Simultaneous adsorption of N and O −16.53

The adsorption energies of six configurations of IPETC adsorption on the perfect
crystal planes of chalcopyrite (112), sphalerite (110), pyrite (100), anglesite (001) and albite
(001) are displayed in Table 11. Obviously, the most stable adsorption configuration of
IPETC on the five crystal planes is also the simultaneous adsorption of carbonyl S together
with O. Nevertheless, the adsorption energies for the first four minerals are negative and
obey the sequence of chalcopyrite < pyrite < sphalerite < anglesite, which are all larger than
that for elemental sulfur in Table 9. Thus, it is easier for IPETC adsorption on elemental
sulfur surface to occur. The adsorption energies for albite are all positive, and therefore
IPETC adsorption on albite surface is difficult, which supported the results of pure mineral
flotation and adsorption experiments in Section 3.2 that both the albite recovery and its
adsorption amount on albite surface are very low.

Table 11. Adsorption energy of each adsorption configuration of IPETC on each crystal plane.

Adsorption Configuration

Adsorption Energy (kJ/mol)

Chalcopyrite
(112) Plane

Pyrite
(100) Plane

Sphalerite (110)
Plane

Anglesite
(001) Plane

Albite (001)
Plane

Adsorption of carbonyl S −12.53 −11.12 −10.02 −3.53 1.54
Adsorption of N −6.88 −3.78 −2.12 −1.38 4.10
Adsorption of O −9.12 −8.00 −7.79 −3.19 2.16

Simultaneous adsorption of carbonyl S together with N −8.01 −4.56 −3.45 −2.41 2.33
Simultaneous adsorption of carbonyl S together with O −16.89 −14.69 −12.21 −4.67 1.23

Simultaneous adsorption of N and O −5.13 −6.69 −5.63 −0.43 3.49

The steadiest adsorption configurations of IPETC on perfect planes of chalcopyrite,
pyrite, sphalerite and anglesite are presented in Figure 10a–d, and the Mulliken populations
of corresponding adsorption bonds are shown in Table 12. For each configuration, the
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population of carbonyl S adsorption bond is much bigger than that of O adsorption bond.
Thus, the interaction between carbonyl S and bonding atom in mineral surface is stronger.

Figure 10. The steadiest adsorption configurations of IPETC on perfect crystal planes of chalcopyrite (112) (a), pyrite (100)
(b), sphalerite (110) (c) and anglesite (001) (d).

Table 12. Mulliken population of adsorption bonds of each steadiest adsorption configuration of
IPETC on each crystal plane.

Crystal Plane Adsorption Bond Bond Length (Å) Mulliken Population

Elemental sulfur (110)
S-S 1.985 0.42
O-S 2.587 0.15

Chalcopyrite (112) S-Cu 2.461 0.35
O-Cu 2.667 0.12

Pyrite (100) S-Fe 2.561 0.33
O-Fe 2.773 0.08

Sphalerite (110) S-Zn 2.791 0.23
O-Zn 2.891 0.11

Anglesite (001) S-Pb 2.956 0.19
O-Pb 2.983 0.12
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3.4.2. Mulliken Population and Density of States Analyses

The Mulliken populations and densities of states of bonding atoms before and after
IPETC adsorption on perfect elemental sulfur (100) plane are presented in Table 13 and
Figure 11, respectively. The 3p orbital of carbonyl S atom of IPETC donates some electrons
to the 3p orbital of S atom on elemental sulfur surface to form a normal covalent bond,
while the 2p orbital of O atom of IPETC accepts the electrons from the 3p orbital of S atom
in elemental sulfur surface to form a backdonation covalent bond.

Table 13. Mulliken charge populations of bonding atoms before and after adsorption.

Bonding Atom Adsorption State
Electron Charge (e)

Charge Population
s p d

O (O-S)
Before adsorption 1.77 4.66 0.00 −0.44
After adsorption 1.77 4.71 0.00 −0.46

S (O-S)
Before adsorption 1.89 4.19 0.00 −0.01
After adsorption 1.89 4.12 0.00 −0.07

Carbonyl S (S-S)
Before adsorption 1.82 4.41 0.00 −0.23
After adsorption 1.82 4.10 0.00 0.05

S (S-S)
Before adsorption 1.89 4.10 0.00 0.01
After adsorption 1.89 4.12 0.00 −0.01

Figure 11. Densities of states of bonding atoms before and after IPETC adsorption on elemental
sulfur (100) plane.

The 2p state of O atom of IPETC slightly shifts to the higher energy direction, which
means that it gets some electrons in the reaction. However, there is no evident variation in
the 3p state of bonding S atom on elemental sulfur surface, indicating that the interaction
between O and S atoms is weak. The 3p state of carbonyl S atom of IPETC moves towards
the lower energy direction, which indicates that when the S atom of IPETC reacts with an S
atom on elemental sulfur surface, it loses some electrons and its oxidation is strengthened.
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At the same time, the localization of 3p state of bonding S atom on elemental sulfur surface
declines and evident hybridization happens on the 3p orbital of carbonyl S atom and 3p
orbital of S atom from −5 eV to 0 eV. Thus, the interaction between carbonyl S atom in
IPETC and S atom in elemental sulfur surface is strong.

Based on the above results, it can be concluded that when IPETC interacts with
elemental sulfur surface, carbonyl S of IPETC offers some electrons to the S atom on
mineral surface to form a normal covalent bond, while O of IPETC accepts some electrons
from the S atom to generate a backdonation covalent bond. The backdonation covalent
bond is relatively weak, and thus a normal covalent bond plays a leading role.

3.4.3. FTIR Spectrum Analysis

The infrared spectra of IPETC, elemental sulfur and IPETC-adsorbed elemental sulfur
are presented in Figure 12. After interaction with IPETC, the infrared spectrum of elemental
sulfur changed significantly, suggesting that IPETC chemisorbed on elemental sulfur
surface. Two new strong absorption peaks occurred at 2318.44 cm−1 and 503.42 cm−1,
which are separately attributed to C=S-S and C-O-S coupled vibrations. The possible reason
for this may be that when IPETC reacted with elemental sulfur, the S and O atoms of C=S
and C-O bonds separately lost and obtained some electrons. As a result of this, a normal
covalent bond and a backdonation covalent bond were formed between C=S and C-O
bonds in IPETC and S atoms in elemental sulfur surface, resulting in the generation of two
new coupled vibration peaks.

Figure 12. FTIR spectra of IPETC, elemental sulfur and IPETC-adsorbed elemental sulfur.

4. Conclusions

In this research, O-Isopropyl-N-Ethyl thionocarbamate (IPETC) collector was used
to selectively recover elemental sulfur from a high-sulfur residue. The raw ore flotation
test showed that in comparison with sodium ethyl xanthate (SEX) and ammonium dibutyl
dithiophosphate (ADDTP) collectors, IPETC exhibited a superior collecting ability and
selectivity to the elemental sulfur. Pure mineral flotation and adsorption experiments
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further proved that the collecting power and selectivity of IPETC to elemental sulfur are
the optimum among the three collectors.

The bond length of C=S/P=S covalent bond, Mulliken population and frontier orbital
energy difference between collectors and minerals manifested that the selectivity of three
collectors to elemental sulfur is in the order of IPETC > ADDTP > SEX. The density of states
and frontier orbital analyses showed that the HOMO of each collector is mainly constituted
by electron orbitals of carbonyl S atom, the LUMOs of IPETC and SEX are comprised of
conjugated big π-bond formed by electron orbitals of the coplanar functional groups, and
the LUMO of ADDTP is composed of the electron orbitals of O, S and P atoms.

The adsorption configuration analysis indicated that the steadiest adsorption con-
figuration of IPETC on the surfaces of elemental sulfur, chalcopyrite, sphalerite, pyrite,
anglesite and albite is the simultaneous adsorption of carbonyl S together with O, and
IPETC adsorption on elemental sulfur surface is the most stable. The Mulliken population
and density of state analyses of bonding atoms indicated that when IPETC reacts with the
elemental sulfur surface, the 3p orbital of carbonyl S atom of IPETC donates electrons to the
3p orbital of S atom in elemental sulfur surface to form normal covalent bond while the 2p
orbital of O atom of IPETC obtains the electrons from the 3p orbital of S atom in elemental
sulfur surface to generate a backdonation covalent bond, and the stronger normal covalent
bond plays a dominant role. The FTIR spectrum analysis supported the generation of a
normal covalent bond and a backdonation covalent bond during IPETC adsorption on
elemental sulfur surface.
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Abstract: Copper (Cu) has been recovered from speiss generated from top submerged lance furnace
process, but it was reported that the leaching efficiency of Cu in sulfuric acid solution decreased with
increasing antimony (Sb) content in the speiss. Scanning electron microscopy (SEM)–energy-dispersive
X-ray spectroscopy (EDS) results indicate that Sb exists as CuSb alloy, which would retard the leaching
of Cu. Therefore, hydrochloric acid leaching with aeration was performed to investigate the leaching
behaviors of copper and antimony. The leaching efficiency of Cu increased with increasing agitation
speed, temperature, HCl concentration, and the introduction ratio of O2, but also with decreasing
pulp density. The leaching efficiency of Cu increased to more than 99% within 60 min in 1 mol/L HCl
solution at 600 rpm and 90 ◦C with 10 g/L pulp density and 1000 cc/min O2. The leaching efficiency
of Sb increased and then decreased in all 1 mol/L HCl leaching tests, and precipitate was observed
in the leach solution, which was determined to be SbOCl or Sb2O3 by XRD analyses. However,
in 2 mol/L–5 mol/L HCl solutions, the leaching efficiency of Sb increased to more than 95% (about
900 mg/L) and remained, so more than 2 mol/L HCl could stabilize Sb ion in the HCl solution.

Keywords: copper; antimony; hydrochloric acid leaching; speiss

1. Introduction

Top submerged lance (TSL) technology has been used to recover valuable metals from the
by-product of zinc smelting or industrial waste [1–3]. The valuable metals are concentrated in speiss,
and impurities such as Fe are discarded as slag [4]. Although the composition of the speiss generated
in the TSL process varies depending on input materials, generally, in South Korea, the speiss contains
Cu, Sb, and precious metals as the main components. The recovery process of valuable metals from
the speiss is summarized as shown Figure 1. From the speiss, Cu component is leached with sulfuric
acid, and so the precious metals are concentrated in leach residue. Other impurities, such as Sb and
Pb, are discarded pyrometallurgically, and Ag and Au components are recovered by electrorefining
processes in turn.

Metals 2020, 10, 1393; doi:10.3390/met10101393 www.mdpi.com/journal/metals111
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Figure 1. Schematic diagram of metal recovery process from speiss of top submerged lance process.

The high leaching efficiency of Cu from the speiss was required during the sulfuric acid leaching
process because Cu in the residue reduces the purity of precious metal during the Au and Ag recovery
process. Recently, as various secondary resources have been added to the TSL process, it was observed
that the amount of antimony (Sb) increased and the leaching efficiency of Cu decreased. These facts,
as a result, reduced the recovery efficiency of Au and Ag from subsequent processes. Therefore,
although the leaching process of the speiss containing Cu and Sb should be improved, the leaching
behaviors of materials containing Cu and Sb have been rarely reported.

The standard reduction potential of Cu is found to be 0.34 V [5,6], which indicates that Cu metal
cannot be oxidized and dissolved by sulfuric acid. Additional oxidants such as Fe3+ [7,8], O2 [9], Cl2 [10]
and H2O2 [11] or leaching media such as HNO3 [12,13], HCl [14–17], and NH3 [18,19] have been used
to leach Cu metals. The leaching of Sb in sulfuric acid solution has rarely been investigated, and the
solubility of Sb2O3 or Sb2O5, which could be generated from the oxidation of Sb, was found to be
low [20]. The leaching of Sb has been investigated in sulfides using alkaline solution with Na2S [21,22]
and HCl with ozone [23], and from Pb dross [24] or fly ash [25] using hydrochloric acid. However,
there have been few reports regarding Sb leaching, and the effect of Sb on the Cu leaching has not
been reported.

Therefore, in the present study, the leach residue of the speiss was examined with SEM-EDS to
understand the effect of Sb on the sulfuric acid leaching of the speiss, and then hydrochloric acid
leaching tests with oxygen were performed to enhance the Cu leaching efficiency from the speiss.
The effects of leaching factors such as temperature, agitation speed, HCl concentration, pulp density,
and the flow rate of O2 on the leaching behaviors of Cu and Sb were investigated in hydrochloric
acid solution.

2. Materials and Methods

The speiss samples used in this study were obtained from a zinc smelter in Korea, and the D50

and D90 of the speiss samples were 307.4 μm and 795.5 μm, respectively. The speiss contained 77.16%
Cu, 8.82% Sb, and 5.15% Pb as main components. Sulfuric acid (H2SO4, 95%, Junsei Co., Ltd.: Tokyo,
Japan) and hydrochloric acid (HCl, 35%, Junsei Co., Ltd.: Tokyo, Japan) were used as leaching media,
and purities of O2, and N2 were 99.99% and 99.5%, respectively.
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Leaching tests of the speiss were performed in a 500 mL five-necked Pyrex glass reactor using a
heating mantle to maintain temperature. The reactor was fitted with an agitator and a reflux condenser,
which was used to prevent solution loss at high temperatures. In a typical run, 200 mL of acid solution
(2 mol/L H2SO4 or 0.1–5 mol/L HCl) was poured into the reactor and, after the temperature of solution
reached the thermal equilibrium (30–90 ◦C) at 200–800 rpm agitation speed, 2 g of the speiss sample
was added to the reactor in the experiments except the pulp density test. During the tests, gases such as
O2, air, and N2 were introduced at 200 cc/min–1000 cc/min, and 3 cm3 of the solution was withdrawn
periodically at desired time intervals (5–360 min) with a syringe. The samples were filtered with a
0.22 μm membrane filter and then the filtrate was diluted with 2% HNO3 solution for Cu analysis and
3 mol/L HCl solution for Sb measurement, respectively.

The concentration of Cu and Sb in the solutions was measured with an inductively coupled
plasma-atomic emission spectrometry (ICP-OES, Optima-8300, Perkin Elmer Inc.: Waltham, MA, USA).
The precipitate generated during the leaching test was filtered and then dried at 105 ◦C. The precipitate
was analyzed with an X-ray diffractometer (XRD, Smartlab, Rigaku Co.: Tokyo, Japan). The leaching
residue obtained from the sulfuric acid leaching test was polished and then analyzed with a Scanning
Electron Microscope (SEM, MIRA-3, Tescan Co.: Brno, Czech).

3. Results and Discussion

After sulfuric acid leaching of the speiss had been performed in 2 mol/L sulfuric acid solution at
400 rpm and 90 ◦C with 1% pulp density and 1000 cc/min introduction of O2, the leaching residue was
obtained and then examined with SEM-EDS. Figure 2 shows the SEM image of the leaching residue,
and the center and outer parts of the particle shows different shapes. A net shape was observed in
the entire cross section of the particle, and the net shape was found to be a CuSb intermetallic alloy,
based on the result of SEM-EDS analysis. In the center of the particle, the net shape is full of dark parts,
which were found to be Cu, while only the net shape was observed, without Cu, in the outer part of
the particle. These results indicate that Cu was leached from the outer of particle, but Cu remained
inside the CuSb alloy net shape in the center of particle because CuSb would prevent leaching of Cu.
It has been reported that the leaching efficiency of Sb is lower or slower than Cu [26], and that the
solubility of Sb is low in sulfuric acid [20]. Therefore, Sb should be dissolved to enhance the leaching
efficiency of Cu, so hydrochloric acid leaching tests were performed because chloride ion could make
complex ions with metal, thus enhancing the solubility of the metal [27].

 
Figure 2. SEM image of sulfuric acid leaching residue of the speiss.
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Leaching tests of the speiss at agitation speeds in the range of 200–800 rpm were performed to
investigate the effect of the liquid film boundary diffusion surrounding the particles on the leaching
efficiency of Cu and Sb in 1 mol/L HCl at 90 ◦C with 1% pulp density and 1000 cc/min O2. As shown in
Figure 3a, the leaching efficiency of Cu increased rapidly, and then gradually. The efficiency increased
when the agitation speed was increased from 200 rpm to 600 rpm, while the efficiencies show similar
leaching behaviors at 600 rpm and 800 rpm, so working agitation speed was fixed at 600 rpm to ensure
effective particle suspension in the solution in all the subsequent leaching tests. Figure 3b shows the
leaching behaviors of Sb, where the leaching efficiency of Sb increased to more than 99% and then
decreased with time. The efficiency at 200 rpm decreased more slowly than those between 400 rpm
and 800 rpm, and, at 360 min, lower leaching efficiency of Sb was observed at higher agitation speeds.
When the concentration of Sb began to decrease, precipitate was observed in the solution. Figure 4
shows the XRD pattern of the precipitate, which was determined to be antimony oxychloride (SbOCl).
These results indicate that Cu was leached from the speiss by HCl leaching, while Sb dissolved and
was then precipitated as SbOCl.

Figure 3. Leaching efficiencies of (a) Cu and (b) Sb with time in the function of agitation speed.

Figure 4. XRD pattern of leaching residue obtained from HCl leaching test in Figure 3.

In the TSL process, the metal product was generated as elemental metal or intermetallic alloy, as
shown in Figure 1. The leaching of Cu metal can be summarized using the following equation [28]:

Cu2+ + Cu = 2Cu+, (1)

where cupric ion (Cu2+) could oxidize Cu metal in hydrochloric acid or ammonia solution [18,19,28]
into cuprous ion (Cu+). This Cu+ ion is unstable, an so is easily oxidized into Cu2+ as follows [6]:

2Cu+ + 2H+ + 1/2O2 = 2 Cu2+ + H2O (2)
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The regenerated Cu2+ could be reused as an oxidant for Cu metal leaching. Therefore, it is
important to introduce oxygen into the leaching solution for Cu metal leaching. The leaching tests
of the speiss were performed to investigate the effect of gas introduction on the leaching efficiency
of Cu and Sb in 1 mol/L HCl at 90 ◦C and 600 rpm with 1% pulp density. The O2 introduction rate
was adjusted from 200 cc/min to 1000 cc/min, and 1000 cc/min air and N2 were also introduced into
the solution for comparison. As shown in Figure 5a, the leaching efficiency of Cu increased to more
than 99% within 60 min in the cases of O2 introduction, whereas the efficiency with air introduction
increased rapidly and then gradually to 99% within 360 min. When N2 was introduced, the efficiency
increased gradually to 18% within 360 min. These results indicate that the anoxic condition prevents
leaching of Cu, because the regeneration of Cu2+, as shown in Equation (2), is suppressed, although
18% of Cu dissolved under the N2 introduction, which is due to partly oxidized surface of Cu [9].
Therefore, O2 should be introduced into the leach solution for Cu metal leaching, but the leaching
efficiency of Cu increased regardless of the O2 introduction rate. Figure 5b shows that the leaching
efficiency of Sb increased and then decreased with time except with the introduction of N2, where the
leaching efficiency of Sb was very low. An introduction rate of 1000 cc/min of O2 could retard the
decrease in Sb concentration, so the gas introduction rate was fixed at 1000 cc/min O2 in all subsequent
leaching tests.

Figure 5. Leaching efficiencies of (a) Cu and (b) Sb with time in the function of gas introduction rate.

The effects of HCl concentration on the leaching efficiency of Cu and Sb were investigated under
the following leaching conditions: 600 rpm at 90 ◦C with 1% pulp density and 1000 cc/min O2. In the
case of Cu leaching, as shown in Figure 6a, higher leaching efficiency of Cu was observed at higher HCl
concentrations at 15 min, and then similar leaching behaviors of Cu were observed except for the test
in 0.1 mol/L HCl. In Figure 6b, low leaching efficiency of Sb was observed in 0.1 mol/L HCl solution
over the entire leaching time, and the efficiency increased and then decreased with time in the 1 mol/L
HCl solution. When HCl concentration was increased to more than 2 mol/L, the leaching efficiency of
Sb increased to more than 95% and then remained there. The concentration of Sb was measured to
be about 900 mg/L. These results indicate that more than 2 mol/L HCl could stabilize Sb ions in the
solution with the Sb concentration range, and this fact has rarely been reported in conventional studies.

The leaching tests of the speiss were performed to investigate the effect of temperature on the
leaching efficiency of Cu and Sb in 1 mol/L HCl at 30–90 ◦C and 600 rpm with 1% pulp density and
1000 cc/min O2. Figure 7a shows that the leaching efficiency of Cu increased more rapidly at higher
temperature, and that the efficiency increased to more than 99% within 120 min at 50–90 ◦C and
within 360 min at 30 ◦C. In the case of Sb leaching as shown in Figure 7b, the leaching efficiency of Sb
increased more rapidly at higher temperature during the early leaching time, except the test at 30 ◦C,
and the efficiency decreased gradually. Although the leaching efficiency of Sb at 30 ◦C increased to
53% at 60 min, that of Cu increased as shown in Figure 7a. Since the precipitate of Sb was observed
in the solution during the leaching test at 30 ◦C, Cu continued to dissolve while Sb dissolved and
then precipitated.
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Figure 6. Leaching efficiencies of (a) Cu and (b) Sb with time in the function of HCl concentration.

Figure 7. Leaching efficiencies of (a) Cu and (b) Sb with time as a function of temperature.

The effects of pulp density on the leaching efficiency of Cu and Sb were investigated in 1 mol/L
HCl solution at 90 ◦C and 600 rpm with 1000 cc/min O2. As shown in Figure 8a, the leaching efficiency
of Cu decreased when increasing pulp density from 10 g/L to 50 g/L. In the case of Sb leaching, except
the pulp density of 10 g/L, Figure 8b shows that the concentration of Sb increased and then decreased
rapidly to about 10%, and that the concentration of Sb in the leaching test with 10 g/L increased and
then decrease gradually to 40%. The precipitates formed in the leaching test with 20 g/L to 50 g/L
were collected and analyzed with XRD. As shown in Figure 9, CuCl2·3Cu(OH)2 was observed in the
precipitate formed in the test with 50 g/L, and, in the test with 20 g/L or 30 g/L, the precipitate is
determined to be Sb2O3. The pHs of the leaching solution increased to 3.8 and 4.2 in the leaching tests
with 20 g/L and 50 g/L, respectively. Therefore, the Cu precipitate in the test with 50 g/L resulted from
the higher pH and pulp density.

Figure 8. Leaching efficiencies of (a) Cu and (b) Sb with time in the function of pulp density.
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Figure 9. XRD pattern of leaching residue obtained from HCl leaching test in Figure 8.

4. Conclusions

SEM-EDS analysis of the leaching residue obtained from H2SO4 leaching of speiss and HCl
leaching of speiss was performed to enhance the leaching efficiency of Cu and to investigate the
leaching behavior of Sb in HCl solution.

The SEM-EDS results showed that CuSb alloy remained in the leaching residue even after Cu
was leached by H2SO4 leaching, which indicates that the leaching rate of CuSb is slower than Cu,
and that CuSb could retard the leaching of Cu. Therefore, HCl was used as a leaching agent to leach
the speiss. The leaching efficiency of Cu increased with increasing agitation speed, temperature,
HCl concentration, gas introduction rate but with decreasing pulp density. More than 99% of Cu
was dissolved for 60 min in 1 mol/L HCl solution at 600 rpm and 90 ◦C with 10 g/L pulp density and
1000 cc/min O2. The leaching efficiency of Sb increased, and then was precipitated in all 1 mol/L HCl
leaching tests, and the precipitate was determined to be SbOCl. However, since more than 95% of Sb
(about 900 mg/L) was dissolved and remained in 2 mol/L–5 mol/L HCl solutions, this result indicates
that 2 mol/L or more concentrated HCl could stabilize Sb ion in the HCl solution after 60 min.
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Abstract: The flotation tailings obtained from Bor Copper Mine contain pyrite (FeS2) and chalcopyrite
(CuFeS2), these sulfide minerals are known to promote acid mine drainage (AMD) which poses a
serious threat to the environment and human health. This study focuses on the treatment of mine tail-
ings to convert the AMD supporting minerals to more stable forms, while simultaneously valorizing
the mine tailings. A combination of hydrometallurgical processes of high-pressure oxidative leaching
(HPOL), solvent extraction (SX), and electrowinning (EW) were utilized to recover copper from mine
tailings which contain about 0.3% Cu content. The HPOL process yielded a high copper leaching rate
of 94.4% when water was used as a leaching medium. The copper leaching kinetics were promoted
by the generation of sulfuric acid due to pyrite oxidation. It was also confirmed that a low iron
concentration (1.4 g/L) and a high copper concentration (44.8 g/L) obtained in the stripped solution
resulted in an improved copper electrodeposition current efficiency during copper electrowinning.
Moreover, pyrite, which is primarily in the mine tailings, was converted into hematite after HPOL. A
stability evaluation of the solid residue confirmed almost no elution of metal ions, confirming the
reduced environmental loading of mine tailings through re-processing.

Keywords: tailings valorization; high-pressure leaching; copper recovery; acid mine drainage;
metal elution

1. Introduction

Mine tailings are waste material generated from the flotation process and there are
billions of tons of already existing tailings all over the world. Moreover, several billion
tons of additional mine tailings will inevitably be produced, as lower-grade and complex
ores are being mined to sustain the world’s growing demand for mineral resources [1,2].
Schlesinger et al. [3] (p.68) estimated that flotation tailings account for 98% of the ore fed in
to concentrators, which are stored in large tailings dams near their mines. Unfortunately,
the storage of mine tailings is associated with severe environmental challenges. If not
managed properly, the failure of mine tailings storage facilities can result in catastrophic
ramifications and environmental pollution, such as the well-known Brumadinho and
Mariana tailings dam disasters in Brazil. The most serious environmental impact resulting
from mine tailings is the generation of acid mine drainage (AMD). Mine tailings that
contain metal sulfides, such as pyrite (FeS2), are a major source of AMD [4–6]. Pyrite is a
gangue mineral that is commonly found in mine tailings, when exposed to an environment
with oxygen and water, oxidation of pyrite is promoted via reaction 1, which results in low
pH conditions of less than 3 [5,7–9].
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2FeS2 + 7.5O2 + H2O → Fe2(SO4)3 + H2SO4 (1)

The low pH conditions are detrimental because they increase the dissolution and
mobility of toxic and heavy metals/metalloids such as Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn,
As, and Se [6,10]. When these toxic metals accumulate in the environment, they become a
major source of contamination to water sources and potentially endanger ecosystems and
human health [5,6,8,11]. The flotation tailings from Bor Copper Mine contain pyrite and
chalcopyrite, therefore, management of these mine tailings is extremely important, as well
as developing effective long-term strategies to reduce the environmental footprint of the
mining industry.

The reprocessing of mine tailings is now being globally explored as an approach to be
sustainable in both active and inactive mining operations. As new technologies emerge,
valuable metals can efficiently be extracted from mine tailings with reduced environmen-
tal impacts. Most old copper mine tailings have a comparable copper grade to that of
low-grade ores (0.2–0.3%) and considering their vast amount, they present a potential
source of secondary raw material for copper production [6,7,12–15]. Several technologies
have been used for the treatment of mine tailings to extract valuable metals, these mostly
include bioleaching [12,15–17], flotation [10,14,18], hydrometallurgical methods [4,6,7,19],
or a combination of these treatment methods [13,20]. Hydrometallurgical methods are
commonly considered for the treatment of low-grade sulfide material because of compre-
hensive metal recovery and shorter retention times. Antonijevi’c et al. [7] investigated
the leaching of flotation tailings from Bor Copper Mine using sulfuric acid and iron (III)
sulfate as an oxidant and obtained a copper recovery of 80% after 2 h, highlighting that the
flotation tailings should be valorized rather than used for land reclamation. Chen et al. [6]
demonstrated that low-grade copper sulfide tailings with pyrite proportions of 31.50%, can
be recycled for environmentally friendly disposal through leaching and fractional precipi-
tation methodology, from which a copper recovery of 98.45% could be achieved. Selective
extraction of copper from tailings was successively investigated by Turan et al. [21] using a
mixture of ammonia salts as leaching reactants and managed to obtain a copper recovery
of 91.47% with no iron tenors to the leachate after 6 h of leaching at 30 ◦C.

This study evaluates the high-pressure oxidative leaching (HPOL) method as an
effective way to recover copper and reduce the environmental loading from the mine
tailings obtained from Bor Copper Mine, Serbia. The advantages of pressure leaching
include fast kinetics, enhanced metal selectivity, and the generation of stable residues [22].
Han et al. [23] have already presented in full detail about high-pressure leaching of the
concentrate obtained after the flotation of the mine tailings. This study considers high-
pressure leaching directly on the mine tailings as well as environmental evaluation of the
leach residue stability. Particular interest was given to the high-temperature oxidation
treatment of the mine tailings to convert the reactive and harmful minerals such as pyrite,
to more stable forms such as hematite (Fe2O3). Chalcopyrite (CuFeS2) has also been listed
as one of the sulfide minerals important in AMD formation [5]. Therefore, alongside the
conversion of pyrite to hematite, the dissolution of residual chalcopyrite from flotation
tailings will also aid in the prevention of AMD. To evaluate the effectiveness of this method
in reducing the environmental loading caused by flotation tailings, metal elution tests
were performed on the solid residue obtained after HPOL and on the flotation tailings. In
addition to Han et al.’s [23] study, this research further investigates the electrowinning
process for final copper recovery, in order to demonstrate the feasibility of a complete
hydrometallurgical process when utilizing the discarded mine tailings. The electrowinning
process was carried out to examine the effect of iron and copper concentration of the
stripped solution on current efficiency for copper electrodeposition.
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2. Materials and Methods

2.1. Experimental Sample

The mine tailings sample used in this study was obtained from Bor Mine in Serbia.
The sample was obtained 14 m below the ground surface of the tailings dam. The average
particle size of the mine tailings sample was 27 μm (D50). Table 1 shows the chemical
compositions of the two samples utilized in this study; the mine tailings and the concen-
trate obtained after the flotation of the mine tailings. X-ray diffraction (XRD) analysis
(Figure 1) showed that the main mineral compositions of the mine tailings and concentrate
of the mine tailings were quartz (SiO2), pyrite (FeS2), and kaolinite (Al2Si2O5(OH4). The
main copper mineral in the mine tailings was identified as chalcopyrite (CuFeS2) using
scanning electron microscope-energy dispersion spectroscopy (SEM-EDS) (Figure 2). The
copper concentrate used in this study was prepared by flotation under determined optimal
conditions: pH 10, pulp density 25%, PAX collector dosage 100 g/t-ore, NaHS sulfidizer
dosage 1000 g/t-ore, MIBC frother dosage 200 g/t, flotation time 5 min [24]. The obtained
copper concentrate and the original mine tailings were both used as feed samples in the
subsequent leaching experiments.

Table 1. Chemical compositions of the mine tailings and concentrate.

Grade (mass%)

Elements Cu Fe Al S SiO2

Mine tailings 0.24 3.51 3.45 4.88 61.7
Concentrate from mine tailings 0.65 33.20 2.63 32.72 23.41

Figure 1. XRD patterns of mine tailings from Bor Copper Mine and concentrate of mine tailings.
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Figure 2. SEM image of the mine tailings from Bor Copper Mine.

2.2. Experimental Procedure
2.2.1. High-Pressure Leaching

An autoclave of a 200 mL Teflon beaker was used as a leaching reactor in the high-
pressure oxidative leaching experiment (Figure 3) for the mine tailings and concentrate
from mine tailings. A sample weight of 10 g was mixed with 0–1.0 M sulfuric acid (H2SO4)
solution, where 0 M was distilled water, to obtain a pulp density of 100 g/L. The slurry
was then placed inside the autoclave and heated. After the temperature reached 180 ◦C,
oxygen gas was injected at 2 MPa into the slurry to provide an oxidative environment. The
leaching duration was set to 1 h. After the HPOL experiment, the sample was cooled and
filtered to obtain a pregnant leach solution (PLS) and a solid residue, which were taken for
chemical and mineralogical analysis using ICP-OES and XRD, respectively.

Figure 3. Illustrative setup of an autoclave reactor used for high-pressure oxidative acid leaching.

2.2.2. Elution Test

Elution properties of the mine tailings and the solid residue obtained after HPOL
were evaluated. A sample weight of 0.4 g was placed in a sample tube (capacity: 5 mL)
together with 4 mL of different pH solutions (pH 2 (adjusted with H2SO4), pH 4 (distilled
water), and pH 7 (adjusted with Ca(OH)2)). The solutions were shaken for 6 h at 200 rpm,
using a shaker (MMS-4020, EYELA). Afterward, the slurry was subjected to solid-liquid
separation by centrifugation. Quantitative analysis of each metal in the solution was carried
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out using ICP-OES (SPS5500, SII nanotechnology). The elution rate was calculated as per
Equation (2).

Elution rate(%) =
CS ∗ VS
CR ∗ mR

∗ 100 (2)

where CS is the concentration of metal in the solution obtained from the elution test (mg/L),
and CR is the concentration of metal in the sample (leach residue/mine tailings), (mg/kg).
VS is the volume of solution (L) and mR is the dry mass of the sample used (kg).

2.2.3. Solvent Extraction Test

Extraction of copper from the PLS obtained after HPOL of the concentrate from
mine tailings was previously carried out by Han et al. [23] using LIX-84I (2-hydroxy-5-
nonylace-tophenone oxime) extractant. Kerosene was used to dilute the extractant at a
phase ratio of 1. A 10 mL of the PLS and 2 mL of diluted extractant (organic/aqueous
phase ratio = 0.2) were placed in a plastic tube and the pH was adjusted to the desired
value using a 1.0 M NaOH solution. The solution was mixed using an agitator at 600 rpm
and the extraction time was set to 15 min. Afterward, the solution was centrifuged for
5 min at 4000 rpm to ensure a rapid phase separation. To determine the metal extraction
efficiency, the raffinate was analyzed using ICP-OES. The Cu-loaded organic obtained from
the optimal copper extraction conditions was subjected to stripping experiments where
different sulfuric acid concentrations (0.5, 1.0, and 1.5 M) were mixed with the Cu-loaded
organic (organic/aqueous phase ratio = 5) at 600 rpm and 15 min contacting time. The
stripped solution was analyzed by ICP-OES for the determination of the stripping efficiency
and copper concentration [23].

2.2.4. Electrowinning Test

Electrowinning of copper was carried out with a simulated solution prepared in
consideration of the copper and ferric ion concentrations of the stripped solution from the
solvent extraction stage (44.8 g/L Cu and 1.4 g/L Fe) using distilled water, copper sulfate
(II) pentahydrate (CuSO4·5H2O) and iron (III) sulfate n-hydrate (Fe2(SO4)3·nH2O), where
n was analyzed to be 6.33. The electrolyte also contained 170 g/L of free H2SO4, and no
additives were used. The electrolyte temperature was maintained at 40 ◦C with a bath
heater and the volume of the electrolyte was 0.5 L. The anode and cathode were made from
a platinum plate of 1 cm2 surface area and mounted on epoxy resin with a conducting wire.
The anode and cathode were positioned in a fixed mount facing each other, the distance
between the electrodes was 3 cm and the mount was placed in the preheated electrolyte cell.
A regulated DC power supply (Takasago, Ltd. GP025-5) was used, the operating current
density was set at 250 A/m2, and the electrolysis time was 4 h. To further study the effects
of metal concentration in the electrolyte, the copper and iron concentrations were varied
between 25–45 g/L and 0–1.5 g/L, respectively. The cathode was weighed before and after
the electrolysis test to determine the weight of copper plated. The current efficiency was
calculated as per Equation (3). The theoretical mass of the copper deposited was calculated
using Equation (4):

Current E f f iciency, (C.E) =
mass o f Cu deposited (actual)

mass o f Cu deposited (theoretical)
∗ 100 (3)

Cu deposited (g) =
mm ∗ j ∗ A ∗ t

nF
(4)

where mm is the molar mass of copper, j is the current density, A is the electrode surface
area, t is the electrolysis time, n is the number of electrons and F is faradays constant.
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3. Results and Discussion

3.1. High-Pressure Leaching
3.1.1. Leaching of Mine Tailing

The effect of sulfuric acid concentration on direct pressure leaching of mine tailings
was investigated using distilled water and 0.2–1.0 M H2SO4. Other leaching conditions
were kept the same as in Han et.al [23] at a fixed pulp density of 100 g/L, total pressure
of 2 MPa, leaching temperature of 180 ◦C, and leaching time of 1 h. As shown in Figure 4,
the highest achieved leaching rate of Cu was 98.72% when distilled water was used as a
leaching medium, while the lowest achieved leaching rate of Fe was 16.31% at the same
leaching conditions. The Cu and Fe concentrations in the leachate were 0.23 g/L and
0.28 g/L, respectively. The high leaching rate of Cu can be attributed to the oxidation of
pyrite which is one of the main minerals in the mine tailings. The pyrite was oxidized
as per reaction 1 under a total pressure of 2 MPa and leaching temperature of 180 ◦C,
thus generating sulfuric acid [7,9,25]. This was verified by a decline in the pH value from
3.12 before leaching to 0.8 after leaching. The sulfuric acid generated by pyrite oxidation
promoted the leaching of chalcopyrite via reaction 5. Han et al. [23] confirmed that the
presence of pyrite (FeS2) in the feed has an efficient effect on copper dissolution. Antonijevic
et al. [7] also found that with the increasing concentration of H+ ions in the leach solution,
the dissolution of copper increased. Figure 5 shows the Eh–pH diagram, where the point
indicates the pH and Eh (pH: 0.8, Eh: 676 mV) of the solution obtained after leaching. The
stability of Cu2+ in solution is favored by the leaching conditions of a high temperature and
high pressure thus enabling a high leaching rate. XRD measurement of the solid residue
(Figure 6) showed the presence of hematite (Fe2O3) and the absence of pyrite which was
initially in the mine tailings. This indicates that the majority of ferric sulfate is hydrolyzed
at a high temperature and total pressure to form hematite as shown by reaction 6. The
precipitation of Fe as hematite resulted in a high metal selectivity of dissolved copper over
iron when only water was used as a leaching medium.

2CuFeS2 + H2SO4 + 8.5O2 → 2CuSO4 + Fe2(SO4)3 + H2O (5)

Fe2(SO4)3 + 3H2O → Fe2O3 + 3H2SO4 (6)

Figure 4. Effect of sulfuric acid concentration on the leaching rate of copper and iron. (Conditions:
100 g/L, 1 h, 700 rpm, 180 ◦C, 2.0 MPa total pressure).
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Figure 5. Eh−ph diagram for Cu−S−water system calculated by STABCAL (Condition: 180 ◦C,
2 MPa).

Figure 6. XRD patterns of the residue obtained after leaching of mine tailings with distilled water
and the mine tailings.

3.1.2. Elution Test of Leaching Residue Obtained from High-Pressure Leaching

The elution test results are displayed in Figure 7a,b, showing copper and iron con-
centrations in the solution, respectively. The national effluent standards of copper and
iron in Serbia could not be identified, therefore Japan was used for comparison of the
results obtained from the elution test. Based on the wastewater discharge standards spec-
ified by the Ministry of the Environment in Japan the upper limit for Cu and Fe in the
wastewater discharge is 3 mg/L and 10 mg/L, respectively [26]. The concentration of
copper in the solution of mine tailings exceeded this criterion at all the investigated pH
values (Figure 7a), while the iron concentration in solution exceeded this criterion at a
low pH value of 2 (Figure 7b). The elution rate of copper and iron from the mine tailings
was calculated to be 4.58% and 0.46% respectively. On the other hand, the solid residue
obtained from leaching the mine tailings could meet the regulatory metal criterion with
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a very low metal concentration below the detection limit (<0.1 ppm) of ICP-EOS. Under
various pH conditions, Fe did not elude, mainly because hematite is thermodynamically
stable and therefore, less soluble. Furthermore, the elution rate of copper in the solid
residue remained undetectable because 98.72% of copper has been recovered in the PLS. It
can thus be confirmed that the elution rate of the mine tailings can be reduced by the HPL
process, generating a benign solid residue of a reduced environmental loading.

Figure 7. Metal concentration in the solution obtained from the elution test of mine tailings (before leaching) and solid
residue (after leaching): (a) copper; (b) iron. ND = not detected.

3.1.3. Leaching of Concentrate from Mine Tailings

The grade of copper in mine tailings was upgraded from 0.24% to 0.65% through flota-
tion. The concentrate was subjected to high-pressure leaching under the optimal conditions
obtained from leaching the mine tailings (leaching medium distilled water, leaching time
1 h and total pressure 2 MPa controlled by O2 gas, temperature 180 ◦C) [23]. To concentrate
copper by solvent extraction and obtain a solution suitable for electrowinning, a higher
copper concentration in the PLS than that obtained from high-pressure leaching of mine
tailings (0.23 g/L) is necessary. For this reason, the pulp density was adjusted to 400 g/L.
Muravyov and Fomchenko [20], Antonijevic et al. [7], and Muravyov et al., [4] found that
the pulp density has no significant effect on the leaching of metals from flotation tailings
after obtaining similar values of dissolution degree with various pulp densities. Han
et al. [23] achieved a high copper leaching rate of 94.4%, showing no significant change
when compared to the leaching rate of Cu from mine tailings (98.72%) at a lower pulp
density of 100 g/L. However, increasing the pulp density to 400 g/L increased the leaching
rate of iron up to 65.9%. This is attributed to the increase in the added amount of pyrite,
which resulted in an increase in free acid concentration in the solution and thus an increase
in iron solubility [23]. The obtained PLS consisted of 2.9 g/L of Cu and 102.9 g/L of Fe
with a pH of 0.23. For further recovery of copper from the PLS, solvent extraction was
carried out.

3.2. Solvent Extraction of the Pregnant Leach Solution from HPOL

Han et al. [23] reported on the results of the extraction of copper from the PLS under the
optimal HPOL conditions and extraction conditions stipulated in Section 2.2.3. Figure 8 was
drawn based on the results obtained from Han et al. [23], which show that the extraction of
copper increased from 10.1 to 93.7% as the pH was increased. However, the iron extraction
rate remained below 11.3% yielding a good separation efficiency of 82.4% between copper
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and iron. The pH of 2.0 was established as an optimal pH for the selective extraction of
copper from the PLS.

Figure 8. The extraction behavior of metals as a function of pH (Conditions: LIX-84I/Kerosene
mixing ratio 1, organic/aqueous phase ratio 0.2, agitating speed 600 rpm, and contact time 15 min).

Han et al. [23] also examined the stripping efficiency of copper from the Cu-loaded
organic phase using three different H2SO4 concentrations of 0.5, 1.0, and 1.5 M. The highest
copper stripping efficiency of 97.4% was obtained at an H2SO4 concentration of 1.5 M
and was selected as the most suitable H2SO4 concentration for stripping copper from the
Cu-loaded organic phase. Figure 9 was prepared considering the data from Han et al. [23]
of the metal concentrations in stripped solution as a function of H2SO4 concentration. As
the H2SO4 concentration was increased, the copper concentration in the stripped solution
increased while the iron concentration decreased. The optimal stripped solution contained
approximately 44.8 g/L copper and 1.4 g/L iron [23]. This is comparable to the industrial
electrolyte from the solvent extraction stage which typically contains 45 g/L Cu and less
than 2.0 g/L of Fe concentration [3] (p. 356).

Figure 9. The metal concentration in stripped solution as a function of sulfuric acid concentration.
(Conditions: organic/aqueous phase ratio 5, agitation speed 600 rpm, and contact time 15 min).
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3.3. Electrowinning of the Simulated Stripped Solution

Current efficiency is an important parameter in electrowinning as it indicates the effec-
tiveness of the electrowinning process. Ferric ion concentration is known to have negative
interactions that significantly affect the current efficiency of copper electrodeposition dur-
ing electrowinning. Therefore, to evaluate the efficiency of carrying out the electrowinning
process on the obtained stripped copper solution, it is relevant to examine the current
efficiency of the electrowinning process due to the inevitable Fe contamination during
leaching. Figure 10 shows the influence of ferric ion concentration on the current efficiency
of copper electrodeposition. As expected, a strong inverse relationship is observed, as
the ferric ion concentration increases, the current efficiency of copper electrodeposition
decreases. This is due to the presence of iron in the copper electrolyte which undergoes
reduction from Fe3+ to Fe2+ at the cathode and re-oxidation to Fe3+ from Fe2+ at the anode.
The cycle proceeds and consumes power that could be used for the deposition of copper.
Considering the obtained Fe concentration of 1.4 g/L in the stripped solution, the expected
current efficiency is approximately 95%, which is in the upper limit of the industrial range
of 85–95% [3] (p. 358). Current efficiency loss was determined to be 2.8% per g/L of
ferric ions, which agrees with Khouraibchia and Moats [27] ’s empirical model of current
efficiency (Equation (7)) and Schlesinger et al., [3] (p. 361)’s findings that current efficiency
drops by approximately 2.5% for each addition of 1 g/L of ferric ions.

Current efficiency (Khouraibchia and Moats ′s empirical model)
= 88.19 − 4.19 ∗ [Fe3+](g/L) + 0.52∗ [Cu2+](g/L)

+ 1.81 ∗ 10−3 ∗ j
(
A/m2)− 6.83 ∗ 10−3 ∗

[
Cu2+

]2
(g/L)

+ 0.028 ∗ [Fe3+] (g/L) ∗ [Cu2+
]
(g/L) + 4.015 ∗ 10−3

∗ [Fe3+](g/L) ∗ j
(
A/m2)

(7)

where j is the current density.

Figure 10. Effect of Fe3+ on current efficiency (C.E) of copper deposition. (Conditions: current density
250 A/m2, temperature 40 ◦C, electrolysis time 4 h, Cu2+ concentration 45 g/L).

Alongside the targeting of a low Fe concentration in the stripped solution, enriching
copper concentration was also an important factor during the extraction process. To
demonstrate the importance of obtaining a high Cu2+ concentration in the stripped solution,
the effect of three copper concentrations (25, 35, and 45 g/L) on current efficiency during
electrowinning was investigated. The Fe3+ concentration in the electrolyte was varied from
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0 to 1.5 g/L for each copper concentration investigated. Figure 11 displays the results
obtained, showing that current efficiency losses are higher on dilute copper solutions than
on concentrated copper solutions. From the gradients of the three plots, current efficiency
loss per g/L of Fe3+ was determined and is shown in Table 2. A solution of 45 g/L copper
concentration had the lowest current efficiency loss. This could be explained by the way
that a high Cu2+ concentration in the electrolyte constantly provides sufficient copper
ions to the cathode surface, thus improving deposition rate as well as the copper current
efficiency [28]. Das and Krishna [29] also wrote that increasing the bath Cu2+ concentration
increases the electrolyte viscosity, which impedes the distribution of Fe3+ over the cathode
surface. Therefore, in this investigation, obtaining a high copper concentration of 44.8 g/L
significantly contributed to achieving a good current efficiency of about 95%.

Figure 11. Effect of Fe3+ and Cu2+ concentration on Cu current efficiency. (Conditions: current
density 250 A/m2, temperature 40 ◦C, electrolysis time 4 h).

Table 2. The effect of copper concentration on current efficiency loss per g/L of Fe after the elec-
trowinning experiments.

Cu2+ Concentration (g/L) Current Efficiency Losses (Loss per g/L Fe (%))

25 3.62
35 2.88
45 1.95

In hydrometallurgical processes like these, where pyrite is vital to the leaching stage,
an Fe contamination in the stripped solution is inevitable. Therefore, obtaining a high
copper concentration in the stripped solution is important as it is less susceptible to
current efficiency losses during electrowinning. Since the electrowinning experiments
were conducted using synthetic solutions, the expected current efficiency on the real
solution obtained from solvent extraction may be slightly lower than that obtained when
utilizing a synthetic solution. This is due to the complexity of the stripped solution
composition because of several other impurities that may cause side reactions. However,
current efficiency loss due to ferric ions reduction has been found to have a significant
effect on current efficiency compared to other impurities which showed no effect [30].
Therefore, the results obtained from the electrowinning of a simulated solution can be
highly comparable to those obtained from electrowinning the real stripped solution under
optimized conditions.
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4. Conclusions

This study demonstrated that leaching mine tailings could alleviate the possible
environmental effects they can pose if left untreated, while simultaneously valorizing them.
As an AMD preventative technique, the removal of pyrite from mine tailings through
oxidative high-pressure leaching was successively achieved, resulting in the formation
of hematite in the solid residue. The obtained residue from leaching the mine tailings,
and the original sample of the mine tailings, were subjected to standardized elution
tests. The eluded metal concentrations for the solid residue could meet the Ministry of the
Environment of Japan’s set limits for copper and iron in the wastewater discharge, while the
original mine tailings exceeded the set limits, thus confirming the reduced environmental
loading of the proposed copper recovery process.

A viable copper recovery process for re-treatment of mine tailings was developed by
employing hydrometallurgical methods of high-pressure leaching, solvent extraction, and
electrowinning. During high-pressure leaching, the generation of sulfuric acid due to pyrite
oxidation promoted copper leaching kinetics when water was used as a leaching medium,
thus yielding a high copper leaching rate of 94.4%. Under the optimized solvent extraction
conditions, over 93.7% of copper was extracted from the PLS while most of the iron was left
in the organic phase. A high copper stripping efficiency of 97.4% was obtained resulting
in an enriched solution containing 44.8 g/L Cu and 1.4 g/L Fe. Due to a minimized iron
carryover from the stripped solution, electrowinning power consumption by iron was
greatly reduced and current efficiency for copper electrodeposition was over 95%.
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Abstract: The use of galvanic interactions between zero-valent aluminum (ZVAl) and activated
carbon (AC) to recover gold (Au) ions is a promising technique to overcome the challenges due
to the poor recovery in ammonium thiosulfate systems, but the applicability to practical Au ore
processing remains elusive so far. The present study describes (1) the recovery of Au ions from
low Au concentrations, which are typical concentrations used in Au ore processing; and (2) an
investigation into the effects of various coexisting base metal ions that can be present in pregnant
ore-leached solutions. The results showed that high Au recovery (i.e., over 85%) was obtained
even at low Au concentrations under the following conditions: 1:1 of 0.15 g of ZVAl and AC with
10 mL of ammonium thiosulfate solution containing 5 mg/L of Au ions at 25 ◦C for 1 h in an anoxic
atmosphere. Selected coexisting metal ions (i.e., copper, iron, cobalt, nickel, and zinc) were studied to
establish their effects on Au recovery, and the results showed that the Au recovery was enhanced
(about 90%) when copper ions coexist in the solution with minimal effects from other competing base
metal ions.

Keywords: ammonium thiosulfate; gold; cementation; galvanic interaction; zero-valent aluminum;
activated carbon

1. Introduction

Changing international regulations, consumer perceptions, and investor expectations
in recent years have pushed for more sustainable and eco-friendly mineral processing and
metal extraction technologies [1,2]. In gold (Au) hydrometallurgy, cyanide-based technolo-
gies such as carbon-in-pulp (CIP) and carbon-in-leach (CIL) remain widely used in both
medium- and large-scale Au mining operations [3]. Unfortunately, cyanide is a very toxic
compound that poses serious environmental and health hazards when improperly handled
and disposed of, so its use is strictly controlled and prohibited in many countries [1,4].

Among the many alternative methods for Au extraction, copper (Cu)-catalyzed am-
monium thiosulfate leaching is one of the most promising because it uses lixiviants that
are non-toxic and less corrosive (Equation (1)) [4,5].

Au + 5S2O3
2− + Cu(NH3)4

2+ → Au(S2O3)2
3− + 4NH3 + Cu(S2O3)3

5− (1)
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Furthermore, this approach is effective for the treatment of secondary resources such
as e-wastes that contain various types of materials such as plastics, resins, and ferrous,
base, and precious metal alloys. Ha et al. [6], for example, reported that over 98% of Au
was leached from waste mobile phones. Similarly, Jeon et al. [7] successfully leached 99%
of Au from the printed circuit boards (PCBs) of waste mobile phones under the following
conditions: 1 M of thiosulfate, 1 M of ammonia/ammonium, and 10 mM of Cu ions for 24 h
at 25 ◦C. Another potential application of Cu-catalyzed ammonium thiosulfate leaching is
in the treatment of carbonaceous-type and pyritic Au ores that are unsuitable for cyanide-
based methods with the absence of preg-robbing. As a result, remarkable leaching studies
for Au ores also have been reported as follows: Molleman and Dreisinger [8] extracted
about 84% of Au from pyritic Au concentrate after 24 h using this method, while Ficeriova
et al. [9] dissolved 99% of Au within 45 min with complex sulfide concentrates. Despite
these promising results, applications of Cu-catalyzed ammonium thiosulfate leaching in
industrial-scale plants remain limited to date because an acceptable method for Au ion
recovery from pregnant leach liquors/solutions remains elusive [4,7].

Conventional CIP and CIL technologies employ activated carbon (AC) to recover Au
ions from pregnant leach solutions, an approach that is simple and highly efficient [1,10].
Although activated carbon is very efficient when used with cyanide, it is ineffective when
thiosulfate is employed because of the low adsorption affinity of the larger, more negative
Au thiosulfate complex adsorption to the AC [1]. According to Navarro et al. [11], Au
recovery by AC adsorption from an ammonium thiosulfate medium was only about 50%
after 8 h. Cementation (reductive precipitation), an electrochemical process whereby Au
ions are reduced to metallic Au by reductants, is also a well-established recovery technique
for cyanide-based technologies. Metal reductants or cementation agents such as zero-
valent base metals (e.g., copper (Cu), zinc (Zn), aluminum (Al), and iron (Fe)) are often
used. In ammonium thiosulfate, however, cementation of Au ions is difficult because of
various unwanted side reactions [7,12–15]: (1) reduction of Cu ions employed as a catalyst;
(2) dissolution of the cementation agents, which leads to high reagent consumption; and
(3) formation of oxide/sulfide layers on cementation agents that inhibit Au recovery.
Furthermore, abundant sulfur and Cu ions present in the solution restrict the application
of solvent extraction and electrowinning for Au ion recovery [1,15].

In our previous study, a novel recovery technique that uses synergistic interactions
between zero-valent aluminum (ZVAl) and AC for enhanced Au recovery in the ammonium
thiosulfate system was developed [15]. The results showed that ZVAl or AC alone could
not recover Au ions, consistent with the results of many previous studies. When mixed,
however, over 99% of Au ions could be recovered through the following mechanisms:
(i) ZVAl acts as an electron donor while AC as an electron mediator to an Au thiosulfate
complex; and (ii) making a galvanic cell, which finally leads to enhanced Au recovery [15].
Although the previous study established a high recovery of Au ions from ammonium
thiosulfate solutions, this was obtained in a model solution, which contains only a high
concentration of Au ions. This means that the applicability of this technique to real Au ore
processing and/or e-waste recycling with a low Au ion concentration and coexisting metal
ions remains untested.

The present study aims to assess the applicability of this simple and highly efficient
novel recovery technique (ZVAl-AC recovery technique) to real Au ore processing. The
objectives of this paper are specifically as follows: (a) to recover Au from the solution with
less than 10 mg/L Au, and (b) to investigate the effects of various coexisting metal ions on
Au recovery. The previous study on Au ion recovery by the ZVAl-AC technique obtained
high Au recovery (i.e., 99%) from the solutions but contained a 100 mg/L concentration
of Au ions, which is much higher than the typical Au concentration in ores. There are
surely mines containing high Au concentrations such as 150 g/t in Australia [16], 94 g/t
in Korea [17], and 60 g/t in China [18], but those mines with high Au contents have
been actively explored; hence, currently operating/investigating mines mainly deal with
refractory or complex ores with relatively low Au concentrations such as 6 g/t in Laos [19],
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6.2 g/t in China [20], 6.2 g/t in Iran [21], or 11.2 g/t in Ghana [22]. Furthermore, Au ore
contains minerals such as pyrite, arsenopyrite, chalcopyrite, and/or malachite in which
various elements (e.g., Cu, Fe, Co, Ni, and Zn) are incorporated [23–28]. Once these
elements are dissolved in the solution, they can affect Au recovery by competing and/or
co-depositing with Au during the recovery process. Thus, identification of Au recovery
mechanisms in solutions with low Au concentrations and coexisting metal ions will be
essential in the industrial-scale application of ammonium thiosulfate leaching.

The first objective was achieved by batch-type experiments in ammonium thiosulfate
solution containing only Au ions (i.e., Au-thiosulfate solution) at low concentrations (i.e., 5
and 10 mg/L), while for the second objective, different concentrations of coexisting metal
ions (i.e., Cu, Fe, Co, Ni, or Zn ions) were added to the Au-thiosulfate solutions with and
without Cu ions. The residues were also observed using a scanning electron microscope
with energy dispersive X-ray spectroscopy. This study provides a bridge for the application
of this simple, highly efficient recovery technique, which has remained in model testing for
Au ore processing, and will be helpful for researchers interested in the recovery of Au ions
as well as in the behavior of base metal ions in thiosulfate systems.

2. Materials and Methods

2.1. Recovery of Au Ions from Solutions with a Low Au Concentration

The stock ammonium thiosulfate solution containing Au ions (i.e., Au-thiosulfate
solution) was prepared by dissolving 5 or 10 mg/L of Au powder (99.999%, Wako Pure
Chemical Industries, Ltd., Osaka, Japan) in an ammonium thiosulfate solution containing
1 M of Na2S2O3, 0.5 M of NH3, 0.25 M of (NH4)2SO4, and 10 mM of CuSO4 (pH between
9.5 and 10) using a 300 mL Erlenmeyer flask shaken in a thermostat water bath shaker at
25 ◦C for 24 h with constant shaking at 120 min−1. The concentration of Au ions in the
stock solution was measured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES, ICPE-9820, Shimadzu Corporation, Tokyo, Japan) (margin of error = ±2%).
Subsequently, 0.15 g of ZVAl (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan)
and/or 0.15 g of AC (99.99%, Wako Pure Chemical Industries, Ltd., Osaka, Japan) was
mixed with 10 mL of Au-thiosulfate solution in 50 mL Erlenmeyer flasks at 25 ◦C (shaking
at 120 min−1) under nitrogen purging conditions to remove the dissolved oxygen in the
solution. After 1 h, the filtrate and residue were separated by filtration using 0.2 μm
syringe-driven membrane filters (LMS Co., Ltd., Tokyo, Japan). The residues were washed
thoroughly with deionized water (18 MΩ·cm, Mill-Q® Integral Water Purification System,
Merck Millipore, Billerica, MA, USA), dried in a vacuum oven at 40 ◦C, and analyzed by
a scanning electron microscope with energy-dispersive X-ray spectroscopy (SEM-EDX,
Superscan SSX-550, Shimadzu Corporation, Tokyo, Japan). Meanwhile, the concentrations
of Au ions remaining in the filtrates were analyzed by ICP-AES. For validity, accuracy, and
replicability of results, experiments were conducted in triplicates.

2.2. Recovery of Au Ions from Solutions Containing Coexisting Metal Ions

In order to investigate the effects of coexisting metal ions on Au recovery using the
ZVAl-AC technique, Au-thiosulfate solutions together with base metal ions (Cu, Fe, Co, Ni,
and Zn ions) of concentration varying from 0 to 50 mM with and without Cu ions were
prepared. The reagents used as sources of competing ions were analytical-grade powders
of CuSO4·5H2O, NiSO4·6H2O, FeSO4·7H2O, ZnSO4·7H2O, and CoSO4·7H2O (Wako Pure
Chemical Industries Ltd., Osaka, Japan). Subsequently, 10 mL of Au-thiosulfate solution
containing each base metal ion was purged with ultra-pure N2 to remove any dissolved
oxygen, and then mixed with 0.15 g of ZVAl and AC at 25 ◦C for 1 h, shaking at 120 min−1.
After the predetermined mixing time, the suspension was filtered and the residues were
washed thoroughly with deionized water, dried in a vacuum oven at 40 ◦C, and analyzed
by SEM-EDX. Meanwhile, the filtrates were analyzed by ICP-AES. For validity, accuracy,
and replicability of results, experiments were conducted in triplicates.
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3. Results

3.1. Recovery of Au Ions from Solutions Containing a Low Au Concentration

Figure 1 shows the recovery of Au ions from the ammonium thiosulfate solution
containing Au concentrations of 5, 10, and 100 mg/L by ZVAl and AC. Au recovery was
calculated according to the following equation:

Au recovery (%) =
[Au](i)− [Au](f)

[Au](i)
× 100% (2)

where [Au](i) and [Au](f) are the initial and final Au concentrations, respectively.

 

Figure 1. (a) Recovery of Au ions from ammonium thiosulfate solutions with varying initial concen-
trations from 5 to 100 mg/L, and (b) SEM photomicrographs with corresponding elemental maps of
the recovery residue at 10 mL/L of Au initial concentration.

The results showed that over 99% of Au was recovered when the initial concentration
was 100 mg/L, while about 90% of Au was recovered when the initial concentration was
5 mg/L. The results indicate that recovery slightly decreases as the initial concentration
decreases, similar to the results reported by Wang et al. [29] and Nguyen et al. [30] for the
cementation of Au ions, but still showed a high recovery of 90%. Figure 1b shows the SEM
photomicrographs with corresponding elemental maps of the residue at 10 mL/L of Au
initial concentration, and the results showed that Au and Cu were detected on the surface
of ZVAl.

3.2. Recovery of Au Ions from Solutions Containing Coexisting Metal Ions
3.2.1. Recovery of Au Ions with Varying Cu Concentrations in the Solution

This section focuses on the effects of Cu ions on Au recovery for the following reasons:
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• Cu ions are an essential catalyst in ammonium thiosulfate systems, increasing Au
dissolution in ammonium thiosulfate systems 20- to 25-fold (Equation (1)) [1,4];

• Cu ions could be introduced via the dissolution of Cu minerals such as chalcopyrite
and malachite [23–28] found in Au ores.

Figure 2 presents how Cu ions affect Au recovery when using ZVAl and AC. The
results show that the initial increase in Cu ion concentration by 10 mM enhanced Au
recovery. This could be attributed to the formation of galvanic cells as a consequence of
Cu cementation. Galvanic interactions enhance electron transfer from ZVAl to the Au
thiosulfate complex, increasing Au recovery [15]. In the second region from 10 to 40 mM
Cu, Au recovery was high and consistent at about 90%. In this region, all the Au that can be
recovered was already cemented on the ZVAl; hence, increasing Cu ions did not affect Au
recovery. In the final region above 40 mM Cu, excess Cu ions began to reduce Au recovery
while Cu precipitation still increased. As shown in Figure 3, the decrease in Au recovery
could be attributed to the competition between the reduction of Cu species (Equations (3)
and (4)) and Au species (Equation (5)) [4,7,12].

Figure 2. (a) Recovery of gold ions from ammonium thiosulfate solution with varying additions
of Cu ions with concentrations from 0 to 50 mM, and SEM photomicrographs with corresponding
elemental maps of the residues at (b) 0 mM, (c) 10 mM, and (d) 50 mM of Cu ion additions.
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Figure 3. Schematic diagram of the competitive electron transfer from ZVAl to the Cu complex and
the Au-thiosulfate complex.

SEM-EDX results showed that in the absence of Cu ions (residue at 0 mM Cu), Au
was recovered as small point-like depositions on the surface of ZVAl (Figure 2b), while
the area of Au deposition increased when Cu concentration increased by 10 and 50 mM
(Figure 2b,c), and showed that deposited Au occurs together with deposited Cu.

Cu(NH3)4
2+ + 3S2O3

2− +e− → Cu(S2O3)3
5− + 4NH3 (3)

Cu(NH3)4
2+ + 2e− → Cu + 4NH3 (4)

Au(S2O3)2
3− +e− → Au0 + 2S2O3

2− (5)

3.2.2. Recovery of Au Ions with Varying Fe, Co, Ni, and Zn Concentrations in the Solution

In this part of the study, various metal ions including Fe, Co, Ni, and Zn ions that
could coexist in pregnant Au ore solutions were selected and their effects on Au recovery
were elucidated.

The effects of Fe ions on Au recovery are shown in Figure 4. Figure 4a,b shows the
recovery of Au ions with varying addition concentrations of Fe ions in the absence and
presence of Cu ions in the solution, respectively. In both cases, the results showed that the
effects of Fe ions on Au recovery were negligible. This could be explained by the very low
solubility of Fe ions under basic conditions [31]; hence, Fe precipitates are readily formed in
the solution, which neither favors nor hinders Au recovery. The precipitate in the solution
was analyzed by SEM-EDX and showed that Fe precipitates were formed in the solution as
shown in Figure 4c. When 10 mM of Cu ions were added to the solution, Au recovery was
enhanced and consistently showed about 85–90% Au recovery (Figure 4b), which indicates
that Au can be successfully recovered regardless of the presence of Fe ions.

Figure 5a,b shows the results of Au recovery with varying Co ion additions without
and with Cu ions, respectively. In the absence of Cu ions (Figure 5a), Au recovery increased
to 60% with the addition of 1 mM of Co ions, then decreased as the addition of Co ions
increased due to the competitive reduction of Co ions and Au ions. In the presence of Cu
ions in the solution, however, Au recovery was about 90%, indicating that the negative
effects of Co ions on Au recovery were hindered in the presence of Cu ions and high
Au recovery could be obtained (Figure 5b). Figure 5c presents the residue analysis by
SEM-EDX. The results show that Co, Au, and Cu were recovered on the surface of ZVAl
and deposition areas of Au were very close to that of Cu.

Figure 6a,b shows the effects of Ni ions on Au recovery with varying concentrations
without and with Cu ions, respectively. The results showed that in the absence of Cu
ions, Au recovery increased to 83% with the addition of 10 mM of Ni ions, then recovery
decreased as the addition of Ni ions increased by the competitive reduction. In the presence
of Cu ions, however, Au recovery was constantly high at all ranges of Ni ion additions [32].
Figure 6c presents the SEM-EDX analysis of the residue, showing that Ni, Cu, and Au were
co-cemented on ZVAl particles.
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Figure 4. Recovery of gold ions from an ammonium thiosulfate solution with varying addition of Fe
ion concentrations from 0 to 50 mM (a) without and (b) with 10 mM of Cu ions in the solution, and
(c) SEM photomicrographs with corresponding elemental maps of the precipitates in the solution.

Figure 5. Recovery of gold ions from ammonium thiosulfate solutions with varying additions of Co
ion concentrations from 0 to 50 mM (a) without and (b) with 10 mM of Cu ions in the solution, and
(c) SEM photomicrographs with corresponding elemental maps of residue.
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Figure 6. Recovery of gold ions from ammonium thiosulfate solution with varying additions of Ni
ion concentrations from 0 to 50 mM (a) without and (b) with 10 mM of Cu ions in the solution, and
(c) SEM photomicrographs with corresponding elemental maps of the residue.

Figure 7a,b shows the recovery of Au ions with varying additions of Zn ions in the
solution from 0.1 to 50 mM without and with Cu ions in the solution, respectively. Without
Cu ions, Au recovery increased with the increase in Zn ion addition, while Au recovery
remained at an almost constant value of 90% with Cu ions, regardless of the addition of Zn.
The SEM photomicrograph with corresponding elemental maps shows that both Zn and
Cu were recovered on the surface of ZVAl with Au.

Figure 7. Recovery of gold ions from an ammonium thiosulfate solution with varying additions of
Zn ion concentrations from 0 to 50 mM (a) without and (b) with 10 mM of Cu ions in the solution,
and (c) SEM photomicrographs with corresponding elemental maps of residue.
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The observed results can be summarized by the following four effects with Figure 8:

• Effect 1: Fe ions precipitated from solution phase, and they did not affect Au recovery.
• Effect 2: Zn ions and low concentrations of Co and Ni ions enhanced Au recovery.
• Effect 3: Higher concentrations of Co and Ni ions suppressed Au recovery.
• Effect 4: In the presence of Cu ions, the effects of other coexisting metal ions were

hindered, i.e., Au recovery was almost constant (the orange section illustrated in
Figure 8), regardless of the presence of other coexisting metal ions.

Figure 8. The competitive cementation tendency between Au ions and other base metal ions reacted
on the surface of AC attached to ZVAl in the absence of Cu ions.

For Effect 1, Fe ions had low solubility and precipitated in the current system and
had no effect on Au recovery. Effect 2 (enhanced Au recovery with some of the metal
ions) may have occurred due to the formation of new reaction sites for Au deposition: the
coexisting metal ions were reduced on the AC (electron mediator) attached to ZVAl, and
the deposit elemental metals acted as secondary electron mediators or new cathode sites
for Au deposition. Effect 3 (suppressive effect of the coexisting metal ions on Au recovery)
can be interpreted by assuming the competition of cementation reactions (reduction of
metal ions) between Au and coexisting metal ions: a limited amount of electron flow
from the donor (ZVAl) was shared with both the Au and coexisting metal ions, causing
a decrease in the amount of Au deposition. At a certain concentration of metal ions, the
enhanced effect (Effect 2) shifted to suppressive effect (Effect 3) and Au recovery reached its
maximum at that point. The concentrations of coexisting metal ions promoting maximum
Au recovery are shown as Memax in Figure 8. The Memax concentration was lowest for Co,
followed by Ni, then highest for Zn. This order may correspond to the order of the standard
redox potential of these metal ions, as shown in Table 1: the standard redox potential for
Co(NH3)6

3+/Co is higher than that of the others, suggesting that reductive deposition of Co
occurs at lower concentrations. This could be the reason why the enhanced Au cementation
occurred at low concentrations of Co. For the Ni and Zn, the standard redox potentials are
lower than Co, and higher concentrations are needed to form the new cathode site for Au
deposition; hence, higher concentrations of Ni and Zn were needed for the enhanced Au
recovery.
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Table 1. Standard redox potentials of Au, Cu, Co, Ni, and Zn in ammonium thiosulfate systems [33–37].

Metals E0/V

Au(S2O3)2
3−/Au 0.27

Cu(NH3)4
2+/Cu (S2O3)2

3− 0.22
Co(NH3)6

3+/Co(NH3)x
2+ (x is mainly 5 under the current conditions) 0.21

Co(NH3)6
3+/Co 0.1

Cu(NH3)4
2+/Cu –0.05

Cu(NH3)4
2+/Cu2S –0.2

Ni(NH3)6
2+/Ni –0.49

Zn(NH3)4
2+/Zn –1.04

From an engineering viewpoint, Effect 4 is probably the most noteworthy result here.
In the presence of Cu ions, the effects of other coexisting metal ions were hindered, and high
Au recovery was achieved (i.e., 85–95%). As show in Table 1, with the exception of Co ions,
standard redox potentials of Cu ions are higher than other metal ions [37,38]. When a high
concentrations of Cu ions coexists, Cu ions would preferentially be reduced and deposited
on AC/ZVAl surfaces [39]. Cu is an electro-conductor, and its conductivity is much higher
than that of other metals (Table 2), and it acts as a high-efficiency secondary electron
mediator or cathode site, enhancing electron transfer from ZVAl to Au ions (Figure 9). For
that, the effects of other coexisting metal ions (especially the suppressive effect of the ions)
on Au recovery would be minimized in the presence of Cu ions, and this is schematically
illustrated in Figure 9.

Table 2. Conductivity of Cu, Zn, Co, and Ni [40,41].

Metals Conductivity (S/m × 107 at 25 ◦C)

Cu 5.98
Zn 1.7
Co 1.6
Ni 1.4

Figure 9. Schematic diagram of the competitive electron transfer from ZVAl to Cu-ammine, Co-
ammine, and Au-thiosulfate complex (a) without and (b) with Cu ions in the system.

3.2.3. Recovery of Au Ions from Solutions Containing Various Coexisting Metal Ions

Figure 10 shows the results of the experiment using the solution containing 10 mM
of all base metal ions together with Au ions, like a model solution of pregnant leached
solution. The results showed that over 90% of Au was recovered together with Co, Cu, Zn,
and Ni, except for Fe ions, and SEM-EDX analysis of the solid product showed that Au
and other base metals were deposited on the same sites. This result confirms that high Au
recovery is achieved even when other base metal ions coexist in the presence of Cu ions.

142



Metals 2021, 11, 1352

Figure 10. (a) Metal ion recovery from the ammonium thiosulfate solution containing all metal ions
(i.e., Au, Co, Cu, Fe, Ni, and Zn ions) over time, and (b) SEM photomicrographs and corresponding
elemental maps of the residue.

The components/concentrations of the elements are different depending on the type
as well as the location of the ores. Based on previous studies, typical Cu, Co, Ni, and
Zn concentrations in the ore are: Cu at about 250 to 5000 ppm [38,42], Co at about
12 to 50 ppm [39,40], Ni at about 0.002% to 0.03% [43,44], and Zn at about 0.002% to
1.7% [5,43–45] (explanation of Fe content was excluded since it does not affect the current
leaching/recovery system). In the absence of Cu ions in the solution, the results showed
that Au recovery decreased from 0.03 Co/Al mass ratio and 0.04 Ni/Al mass ratio (in
the case of Zn ion addition, Au recovery continuously increased to over 0.22 Zn/Al mass
ratio) while high and constant Au recovery was obtained in the presence of Cu ions in the
solution regardless of the Me/Al mass ratio under the current conditions. In the ammo-
nium thiosulfate system, Cu ions are essentially employed as a catalyst for enhancing the
Au extraction rate by 25-fold, and successful Au recovery was obtained from a solution
containing various base metal ions. Note that a much higher concentration of the elements
can be present in the ore and affect the recovery system, even in the presence of proper Cu
ions. In this case, an increase in ZVAl mass ratio could be expected to increase Au recovery.
Thus, this novel recovery technique using galvanic interactions between ZVAl and AC can
be employed in the treatment of Au ore containing various elements.

4. Conclusions

The present study describes the applicability of a simple and high-efficiency recovery
technique by enhanced cementation of galvanic interaction between ZVAl and AC for Au
ore processing, which includes:

• Recovery of Au ions from the solution with low Au concentrations of about less than
10 mg/L;
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• Investigation of the effects of various coexisting metal ions that could be present in
ore for Au recovery.

The recovery results showed that recovery efficiency slightly decreases as the initial
concentration decreases, but still showed over 85% recovery. Selected coexisting Cu, Fe,
Co, Ni, and Zn ions were studied to establish their effects on Au recovery, and the results
showed that the Au recovery improved (>85–90%) when Cu ions were present in the
solution with minimal effects of other competing base metal ions. The recovery of Au
ions from the solution containing Cu, Fe, Co, Ni, and Zn ions was also carried out and
the results showed that even if various metal ions coexisted together with Au ions in the
solution, over 90% of Au could be recovered. In the ammonium thiosulfate system, Cu
ions are employed as an essential catalyst; thus, the results showed a high possibility of
applicability to Au ore mining processes.
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Abstract: Non-availability of rich primary resources of rare earth metals (REMs) and the generation
of huge amounts of discarded magnets containing REMs, compelled the researchers to explore
the possibilities for the recovery of REMs from discarded magnets. Therefore, the present paper
reports the recovery of REMs (Nd, Pr, and Dy) from discarded Nd-Fe-B magnets. The process
consists of demagnetization, pre-treatment, and hydrometallurgical processing to recover REMs as
salt. Leaching studies indicate that 95.5% Nd, 99.9% Pr, and 99.9% Dy were found to be dissolved at
the optimized experimental condition i.e., acid concentration 2 M H2SO4, temperature 75 ◦C, pulp
density 100 g/L, and mixing time 60 min. Solvent extraction technique was tried for the selective
extraction/separation of REMs and Fe. The result indicates that 99.1% (24.42 g/L) of Nd along with
90% (1.08 g/L) of Pr and total Fe were co-extracted using 35% Cyanex 272 at organic to aqueous
(O/A) ratio 1/1, eq. pH 3.5 in 10 min of mixing time. It requires multistage separation and therefore,
not feasible in view of economics. Thus, direct precipitation of REMs salt and iron oxide as pigment
was studied using two stages of precipitation at different pH. The obtained precipitate of REMs
and Fe hydroxides were dried separately to remove the moisture and further treated at elevated
temperature to get pure REMs oxide and red oxide.

Keywords: REMs; secondary resources; recycling; pretreatment; hydrometallurgy; Nd-Fe-B magnet

1. Introduction

Due to rapid industrialization and technological advancement, old electronic devices
are replaced with new ones, resulting in the generation of massive amounts of discarded
electronic scraps such as personal computers, mobile phones, televisions, etc. [1]. It has
been reported that 53.5 million tons (Mt) of e-waste were generated in 2019 and it has
been expected that 74.7 Mt of e-waste will be generated by 2030 [2]. The discarded e-waste
contains a variety of metals such as base metals (Cu, Ni, Sn, Pb, etc.), rare earth metals (Nd,
Pr, Dy, etc.) including hazardous metals that may cause a serious environmental threat if
disposed into the landfilling without treatment, as well as the loss of valuables. Therefore,
it is needed to develop a sustainable process for the extraction of metals from e-waste,
which may also minimize the dependency on primary natural resources.

Various studies have been made to recover rare earth metals (REMs) using pyro-
/hydro-metallurgy and hybrid processes. Onal et al. [3] reported the nitration of Nd-Fe-B
magnet at 200 ◦C to convert the refractory magnet into soluble species of REMs. Further,
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calcined magnets were leached in water at room temperature to dissolve more than 95%
REMs while maintaining a pulp density of 60 g/L. In addition, a magnet was roasted
at 800 ◦C to transform the refractory magnet into soluble species of REMs. The roasted
product was pressure leached in 0.6 M hydrochloric acid at 180 ◦C to leach 99% REMs [4].
The mechano-chemical studies have also been made with the addition of ferric sulfate to
convert the refractory magnet into their sulfate salt to make the subsequent leaching step
easier. The pre-treated product was further leached in water at elevated temperature and
subsequently, REMs were precipitated with oxalic acid at pH 1.9 [5].

In addition, oxidative roasting followed by organic acid leaching has been used to
recover the REMs from Nd-Fe-B magnet. The refractory Nd-Fe-B magnet was oxidized into
the acid susceptible species by heating at 900 ◦C for 480 min. The oxidized product was
dissolved in a mixture of malic and citric acids at 90 ◦C to leach more than 90% REMs [6].
Kumari et al. [1] reported the sulfuric acid leaching and precipitation process for recovery
of Nd, almost ~99.99% REMs (Nd, Dy and Pr) were leached in 1 M sulfuric acid at room
temperature. Further, Nd was precipitated with ~98% purity by using ammonia to get Nd
salt at pH 1.65; however, minor co-precipitation of Dy and Pr also occurred. In a subsequent
study, electrochemical leaching was conducted in a mixture of 0.1 M H2SO4 and 0.05 M
H2C2O4 at the current density of 20 A/dm2 to enhance the leaching efficiency of REMs [7].
The obtained leach liquor was subjected to separation and purification studies to extract
the REMs. Pavon et al. [8] extracted 99.9% Nd from the leach liquor of Nd-Fe-B magnet at
eq. pH 0.8 to 1.5 with 0.3 M Cyanex 572. Further, 58.62% Nd, 98.46% Dy, and 85.59% Pr
were extracted at pH 2 with 1 M D2EHPA and stripped with 2 M nitric acid [9].

Besides the solvent extraction, precipitation studies have also been investigated for
the extraction of REMs from leach liquor of Nd-Fe-B magnet. Lee et al. [10] used sodium
hydroxide to precipitate Nd as Nd(OH)3 at pH 0.6. Rabatho et al. [11] leached 98% of Nd
and 81% of Dy in 1 M HNO3 at 25 ◦C in presence of 0.3 M H2O2, but Fe remained in the
residue. Further, 81.8% Dy and 91.5% Nd were recovered by precipitation using oxalic acid
(H2C2O4) in a range of pH 8 at room temperature [11]. A lot of research on this topic is
reported, but due to various factors it is still not applied for commercial exploitation in
industries. Another aspect of this research is recycling, which will play an important role
in the circular economy as well as in the conservation of natural resources. The important
findings in the developed process are closed-loop, which means all the materials will be
recycled in the production flow with no waste, i.e., zero waste generation.

Keeping in view of the above, the present paper reports the novel process for selective
recovery of REMs oxides (Nd, Pr, and Dy) from discarded magnets of the hard disk
considering the cost of the process. The magnets were separated by being dismantled,
demagnetized by heat treatment, crushed to reduce the particle size, leached to dissolve the
REMs, and selective extraction of REMs using solvent extraction/precipitation to produce
REMs oxides. Compared to previous studies, the developed process reports less energy for
demagnetization of discarded Nd-Fe-B magnets as well as a smaller number of stages to
get REMs like rare earth oxides.

2. Materials and Methods

2.1. Pre-Treatment of Nd-Fe-B Magnets

At first, a discarded hard disk of CPUs was dismantled to separate the Nd-Fe-B
magnets for recovery of rare earth metals including iron. Further, Nd-Fe-B magnets were
demagnetized by heating at 300 ◦C for 3 h. The demagnetized material was crushed into
small sizes (2 × 2 mm) using the mortar pestle to make the particle surface area higher,
which will enable effective leaching. The process flow-sheet for the pre-treatment of Nd-Fe-
B magnet is presented as Figure 1. The composition of Nd-Fe-B magnet was determined by
the chemical analysis method and presented in Table 1.
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Figure 1. Pre-treatment of magnets prior to leaching of REMs.

Table 1. Composition of metals present in Nd-Fe-B magnet.

REMs Contents (wt %) Non-REMs Contents (wt %)

Nd 29.5 Fe 59.5
Dy 2.5 Ni 4.1
Pr 1.3 Co 3.1

2.2. Leaching Procedure

Dissolution experiments were carried out in a leaching reactor of capacity: 100 mL
(Borosil, Mumbai, India) equipped with a condenser facility to avoid the loss of liquid
through evaporation due to heating. Leaching studies were carried out using a hot plate
fitted with a temperature controller and sensor. To optimize the process parameters
for the effective dissolution of REMs, the concentration of sulfuric acid leachant and
temperature were varied between 0.5 to 2.5 M and 25 to 90 ◦C, respectively. To study the
dissolution behavior of REMs along with other metals, the samples of slurry/leach liquor
were collected at regular intervals of time during the leaching experiment. The leach liquor
was separated from the leached residue using filtration method. The metals present in the
leached residue and leach liquor were checked to see the material balance. Satisfactory
material balance was obtained for each set of leaching experiments by calculating the
weight of the sample before leaching, which is equal to the amount of metals concentration
in solution plus the weight of leached residue. Further, the leach liquor was processed for
REMs extraction using the solvent extraction technique.

2.3. Solvent Extraction Procedure

Solvent extraction studies were carried out in a conical flask using a magnetic stirrer
(Borosil, Mumbai, India) at room temperature. The equal volume of leach liquor and
extractant Cyanex 272 (Figure 2) (50 mL/50 mL) were put in the conical flask for proper
mixing. Ammonium hydroxide was used to maintain the eq. pH in the range of 1 to
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3.5. When the solution attained the equilibrium, the metal-loaded organic extractant and
raffinate were separated using a separating funnel. The metals-loaded organic extractant
was stripped using dil. sulfuric acid. The concentration of metal ions in the loaded
extractant and raffinate were analyzed by using ICP-OES (VISTA–PMX, CCD Simultaneous,
Make: Australia). The material balance was checked by calculating the metal ions present
in the strip solution obtained from loaded extractant, raffinate, and the head sample.

Figure 2. Structure of Cyanex 272 [bis (2,2,4 trimethylpentyl) phosphinic acid].

2.4. Precipitation Procedure

Precipitation experiments were conducted in a beaker (capacity: 100 mL) under the
constant stirring speed (300 rpm) at standard temperature using ammonium hydroxide
as a precipitant. The solution pH was varied in the range of 1.0 to 2.5 by the addition of
ammonium hydroxide (25.96 M) for the precipitation of REMs. During the precipitation
reaction, samples were collected at regular intervals of time to observe the precipitation
behavior of metals at various pH and time.

2.5. Characterization and Analysis of Samples

Non-ferrous metals were analyzed using Atomic Absorption Spectrophotometer, AAS,
Analyst 200 (Perkin Elmer, Waltham, MA, USA), and REMs were analyzed using Induc-
tively Coupled Plasma-Optical Emission Spectrophotometer, ICP-OES, VISTA-PMX, CCD
Simultaneous (Australia). X-ray diffraction (XRD, Bruker AXS D8 instrument) (Bruker, Wis-
consin, WI, USA) and scanning electron microscope energy dispersive X-ray spectroscopy
(SEM-EDS, JXA-8230 Electron Probe Micro Analyzer, JEOL) (JEOL, Tokyo, Japan) were
carried to analyze the phases as well as morphological appearances of the beneficiated
magnet. XRD pattern shows that Nd-Fe-B magnet mainly contains the peak of Nd2Fe14B
(Figure 3) and was also confirmed by EDS analysis (Figure 4). The Eh- pH of the solution
was analyzed (Eh: 0.55 to 1.05 V) using Eutech pH 700 (Thermo Fisher Scientific, 7 Gul
Circle, level 2M, Keppel Logistic Building, Singapore). Analytical grade (AR) ammonium
hydroxide, sulfuric acid, hydrochloric acid supplied by Rankem, India, were used for
experimental purposes.

Figure 3. XRD pattern of crushed magnet.
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Figure 4. EDS pattern of demagnetized crushed Nd-Fe-B magnet.

3. Results and Discussion

In order to recover the REMs from discarded Nd-Fe-B magnets, leaching, solvent
extraction, and precipitation experiments were carried out. At first, Nd-Fe-B magnets
were demagnetized by heat treatment. The demagnetized material was crushed to get fine
powder for making it suitable for the effective leaching of REMs. The leaching studies were
conducted varying different experimental parameters to get suitable conditions for metals
dissolution. Further, from the leach liquor, solvent extraction studies were made to extract
the REMs, particularly, Nd from the leach liquor. The loaded organic was stripped to get Nd
enriched solution. Finally, the precipitation studies were carried out to recover the Nd as
precipitate with other elements as minor/trace. The obtained results are discussed below.

3.1. Leaching Study

For the effective dissolution of metals from waste Nd-Fe-B magnets, the various
experimental parameters, i.e., acid concentration, reaction time, temperature, pulp density,
etc. were studied to leach the REMs effectively from the demagnetized and crushed powder
of magnets.

3.1.1. Effect of Acid Concentration

Leaching experiments were performed using different acid concentrations of leachant
varied from 0.5 to 2.5 M at temp. 60 ◦C and mixing time 60 min maintaining pulp density
100 g/L. Results (Figure 5) show that the dissolution of REMs (Nd, Pr and Dy) was found
to be increased with increasing acid concentration due to the increase in the acidic strength
of the leachant. But, above the acid concentration of 2 M, the leaching efficiency of REMs
remained the same. This indicates that 2 M H2SO4 has enough acidity to leach the REMs.
Hence, 2 M H2SO4 was chosen as the optimum concentration of acid for the dissolution of
REMs from spent Nd-Fe-B magnets. The chemical reaction involved during the leaching of
REMs is presented in Equation (1):

2Nd2Fe14B + 37H2SO4 → 2Nd2(SO4)3 + 28FeSO4 + B2(SO4)3 + 18.5H2 (1)

3.1.2. Effect of Temperature

To optimize the temperature for leaching of REMs, experiments were performed at
various experimental temperatures varying in the range of 60 to 90 ◦C at a pulp density
of 100 g/L. Figure 6 showed that leaching efficiency of Nd, Pr, and Dy enhanced with
the increase in solution temperature due to the increase in the rate of reaction. A total of
~95.5% Nd was found to be leached at 75 ◦C and a further increase in solution temperature
above 75 ◦C had no significant enhancement on the dissolution of REMs. Therefore,
75 ◦C was chosen as the optimum temperature for leaching of REMs for further sets of
leaching experiments.
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Figure 5. Effect of acid concentration on leaching of REMs from Nd-Fe-B magnets (Solid: Crushed
magnet; Liquid: 0.5 to 2 M H2SO4; Pulp density: 100 g/L; Temp.: 60 ◦C; Time: 60 min).

Figure 6. Effect of temperature on leaching of REMs from Nd-Fe-B magnets (Solid: Crushed magnet;
Liquid: 2 M H2SO4; Pulp density: 100 g/L; Time: 60 min).

3.1.3. Effect of Pulp Density

For the optimization of solid to liquid ratio, experiments were performed in a range of
pulp density variations from 25 to 200 g/L at 60 ◦C in 60 min. It was found that leaching of
REMs remains the same in the range of pulp density 25 to 100 g/L (Figure 7), but leaching
efficiency of REMs was found to be decreased at the pulp density above 100 g/L. This
indicates that the number of moles of metallic constitutes (Nd, Pr, and Dy) of REMs became
higher than that of leachant molecules, resulting in the decrease in the leaching efficiency
of REMs above the pulp density of 100 g/L. Therefore, 100 g/L pulp density was chosen as
the optimum condition for the dissolution of REMs from the discarded magnet.

3.2. Solvent Extraction of Nd and Pr

Selective extraction and stripping of REMs/Fe using solvent extraction technique
were tried. Experiments were carried out to recover Nd from the obtained leach liquor
containing 24.45 g/L Nd, 1.2 g/L Pr, 2.49 g/L Dy, and 49.76 g/L Fe using Cyanex 272. It
was found that extraction of Nd increases with the increase in eq. pH, while Pr and Fe
also co-extracted (Figure 8). About 15.59 g/L Nd were extracted using 35% Cyanex 272
at eq. pH 0.75 in 10 min mixing time, while complete extraction of Nd occurred at eq.
pH 3. Further increase in eq. pH had no significant effect on the extraction of Nd. Further
increase in eq. pH had no significant effect on the extraction of Nd. Hence, eq. pH 3 was
considered as optimum pH for the extraction of Nd from leach liquor. Further, extraction
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co-efficient (Kd) (Equation (2)) and separation factor (βNd/Pr) (Equation (3)) of Nd were
calculated and found to be 1.5 and 4.42, respectively. The low value of separation factor and
extraction co-efficient for Nd indicates that the separation can be possible using multistage
extraction. The pH was adjusted during the solvent extraction experiment. The pH was
not adjusted separately for aqueous feed, therefore, no precipitation occurred. As per
the Eh-pH diagram, the REMs (Nd, Pr) were precipitated as their hydroxides at or above
pH 1.5. However, at the same pH, REMs form their complexes and had a tendency to be
transferred into the organic phase during solvent extraction. The solvent extraction reaction
is very fast in comparison to the slow precipitation reaction. Hence, no precipitation was
observed during the solvent extraction of REMs under the studied conditions.

Kd =
Conc. o f Nd in organic phase
Conc. o f Nd in aqueous phase

(2)

β =
Extraction coe f f icient o f metal Nd
Extraction coe f f icient o f metal Pr

(3)

Figure 7. Effect of pulp density on leaching of REMs from Nd-Fe-B magnets (Solid: Crushed magnet;
Acid concentration: 2 M H2SO4; Temp.: 60 ◦C; Time: 60 min).

Figure 8. Extraction of Nd and Pr from leach liquor of spent Nd-Fe-B magnet (Extractant: 35%
Cyanex 272; Solution: Leach liquor containing 24.45 g/L Nd, 1.2 g/L Pr, 2.49 g/L Dy, and 49.76 g/L
Fe; Time: 10 min; O/A ratio: 1/1).
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The multistage solvent extraction process for the separation of REMs and Fe will
increase the production cost. Therefore, to make the process feasible and economical, direct
precipitation studies were carried out.

3.3. Recovery of REMs from Leach Liquor by Precipitation

Further, the precipitation studies were carried out to recover REMs from the obtained
leach liquor 24.45 g/L Nd, 1.2 g/L Pr, 2.49 g/L Dy and 49.76 g/L Fe using the precipitation
technique. The pH of the solution was varied in the range of 0.5 and 2.0 using ammonium
hydroxide to precipitate selectively the REMs at room temperature, where REEs represents
the rare earth elements (Equations (4) and (5)):

REE2(SO4)3 + 6NH4OH → 2REE(OH)3 + 3(NH4)2SO4 (4)

2REE(OH)3 → REE2O3 + 3H2O (5)

The precipitation of Nd, Pr, and Dy (Figure 9) was found to be increased with the
increase in pH from 0.5 to 2.0 due to the low solubility of REMs at eq. pH 2. Eh-pH diagram
drawn using the HSC chemistry version 6.0, which shows that Nd exists as Nd(OH)3 above
pH 0.5 (Figure 10), while iron hydroxide formed at pH above 1.5 (Figure 11). Therefore, the
pH of the solution was kept between 0.5 to 2 to avoid the co-precipitation of iron during the
recovery of REMs hydroxides. The precipitated product was characterized by SEM-EDS
(Figure 12), which shows that a strong peak of Nd appeared for the precipitated products.
The composition of the precipitated product is shown in Table 2. It confirmed the formation
of Nd product in the precipitated sample leaving iron in the solution.

Figure 9. Effect of pH on precipitation of REMs from the liquor of Nd-Fe-B magnets (Solution:
Leach liquor containing 24.45 g/L Nd, 1.2 g/L Pr, 2.49 g/L Dy and 49.76 g/L Fe; Precipitant: Dil.
Ammonium hydroxide; Time: 15 min).
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Figure 10. Eh-pH diagram of neodymium.

Figure 11. Eh-pH diagram of iron.

  

Figure 12. SEM-EDS of precipitated salts of REMs.
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Table 2. Composition (EDS) of precipitated salts of REMs.

Element Wt % At %

O K 26.1 62.9
S K 16.8 20.2
Pr L 6.10 1.67
Nd L 41.6 11.1
Fe K 1.02 0.70
Dy L 5.03 1.20
Co K 0.91 0.65
Ni K 0.47 0.23

After the separation of REMs, iron (49.7 g) was completely removed by maintaining
the pH above 3 using ammonium hydroxide as a precipitant at 60 ◦C as shown in Equa-
tions (6) and (7). It has been assumed that iron was precipitated as Fe3+ due to the high
stability of ferric ion. The complete process flow sheet has been developed for the dissolu-
tion/extraction of REMs from waste Nd-Fe-B magnets of hard disks as shown in Figure 13.
Further, comparative data for extraction of REMs from discarded Nd-Fe-B magnets are
summarized in Table 3, which reflects that high temperature is required for pre-treatment
(demagnetization, roasting) of magnets prior to hydrometallurgical extraction of REMs.
However, demagnetization temperature is comparatively low in the present study, which
makes the process feasible from an energy point of view.

Fe2(SO4)3 + 6NH4OH → 2Fe(OH)3 + 3(NH4)2SO4 (6)

2Fe(OH)3 → Fe2O3 + 3H2O (7)

 
Figure 13. Developed process flow-sheet to recover REMs from spent Nd-Fe-B magnets.
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Table 3. Literature review on the extraction of rare earth elements from discarded Nd-Fe-B magnets.

Demagnetization and
Roasting Conditions

Experimental Conditions
(Leaching and

Precipitation/Evaporation)
Salient Results References

Demagnetization and roasting
not done

Leachant: 2 M H2SO4, Temp.:
25 ◦C, Time: 24 h,
Evaporation: Temp.: 110 ◦C

~95% REEs were extracted Yingnakorn et al. [12]

Demagnetization: 500 ◦C,
Time: 60 min

Not done Demagnetized Lee et al. [10]

Demagnetization: 400 ◦C,
Time: 120 min

Not done Demagnetized Feng et al. [13]

Demagnetization: 350, Time:
60 min, Roasting: 800 ◦C,
Time: 120 min

Temp.: 180 ◦C, Time: 120 min;
Acid concentration: 0.6 M
HCl, Pulp density: 100 g/L
Precipitation: Temp.: 50 ◦C,
Initial pH: 2.2, Time: 30 min

99% of REEs were extracted Liu et al. [4]

Demagnetization: 350 ◦C,
Roasting: 900 ◦C

Leachant: 1 M Citric/Maleic
Acid, Temp.: 90 ◦C, Pulp
density: 50 g/L

99% recovery of Nd occurred Reisdorfer et al. [6]

Roasting: 950 ◦C Leachant: 1.8 M HCl + 3.5 M
NH4Cl, Pulp density: 100 g/
L, Temp.: 100 ◦C, Time: 5 days
Precipitant: Oxalic acid

90% REMs were dissolved Hoogerstraete et al. [14]

Roasting: 950 ◦C Leachant: 5 M HNO3, Pulp
density: 1000 g/L, Temp.: 80
◦C, Time: 72 h
Precipitant: Ammonium
nitrate, Eq. pH: 2, Time: 60
min, Temp.: 70 ◦C

Nd and Dy recovered as Nd2O3
and Dy2O3 with purity 99.6%
and 99.8%, respectively

Riano and Binnemans [15]

Roasting: 750 ◦C Leachant: Water, Pulp density:
20 g/L, Time:1 h, Temp.: 25 ◦C

95–100% REMs were extracted Onal et al. [16]

4. Conclusions

Based on the laboratory scale studies to recover REMs from discarded Nd-Fe-B magnet
of hard disks, the following conclusions have been made and are discussed below.

1. It was found that the magnetic strength of Nd-Fe-B hard disk magnet was lost by heat
treatment at 300 ◦C in 2 h.

2. The complete leaching of Nd, Pr, Dy, and Fe occurred from the demagnetized magnet
using 2 M H2SO4 at 75 ◦C in 60 min and pulp density 100 g/L.

3. It was found that 99.1% Nd, 94% Pr, and 99.9% Fe got extracted from leach liquor using
35% Cyanex 272 at O/A ratio 1/1 in 10 min. The selective extraction of REMs can only
be achieved by using multistage solvent extraction. Thus, direct precipitation studies
were carried out at different eq. pH for the selective extraction of REMs and Fe.

4. Further, ~93.15% Nd, ~85% Pr, and ~68% Dy were precipitated from the leach liquor
of discarded magnet at pH 1.75 at room temperature in 15 min. The precipitated
hydroxide of REMs was converted to their oxides by heating at 120 ◦C for 2 h.

5. Finally, 96.5% Fe was precipitated as ferric ion through the air sparging between eq.
pH 3.5 to 4 at 60 ◦C.
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