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Abstract: The low grade of copper deposits and the use of the froth flotation process have caused
excessive tailing production. In recent years, experts have looked for new alternative methods to
improve this situation. Black copper minerals are abundant resources not exploited by large-scale
copper mining and possess high Mn concentrations. On the other hand, manganese nodules are
submarine resources and show high concentrations of Cu, Ni, Fe, and, mainly, Mn. However, both
mineral resources are refractory to conventional leaching processes, and so a reducing agent is
necessary for their treatment. We studied the use of tailings obtained from the flotation of foundry
slags with a high content of Fe3O4 as reducing agents at different MnO2/tailings ratios and H2SO4

concentrations. Mn dissolution was compared in marine nodule and black copper minerals samples.
It was found that higher Mn dissolutions are obtained from marine nodules, likely due to the acid
consumption created by Cu dissolution from black copper minerals. The remnant elements in
manganese nodules were leached under an oxidant condition.

Keywords: leaching; reducing agent; MnO2

1. Overview

Due to the decrease in copper grades in the earth’s crust, mining countries such as
Chile have been forced to change their production systems, which were mainly based on
copper sulfides treated by froth flotation methods [1–3]. New alternatives are sought, such
as the extraction of other elements such as copper ore byproducts (black copper minerals),
waste generated by the industry, and even the exploitation of sea resources (manganese
nodules), which has become a promising solution [4,5].

Nowadays, leaching and flotation are the most commonly used processes for extract-
ing copper in Chile. Nevertheless, flotation processes raise environmental concerns due
to the volume of tailings they produce and the acid drainage created by pyrite oxidation
in tailing tanks, causing heavy element mobilization in the environment [6]. Therefore,
momentum must be built to overcome the impasse facing the growth capability of the
mining industry [7].
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Leaching is an adequate method to treat low- and medium-grade ores at an industrial
scale. Heap leaching has typically been used in mining with promising results [7,8]. In the
past years, agitation leaching (reactors) has been added to industrial processes to tackle
the new demands created by more refractory minerals and the appearance of impurities,
which are hard to eliminate through conventional processes.

Several Chilean sectors have excellent potential for submarine mining [9,10]:

(i) Marine phosphorites are abundant in the Caldera Basin, Bahia Inglesa, and Mejil-
lones Peninsula.

(ii) Massive submarine sulfide deposits are found in the Eastern Cordillera, and north
and south of Easter Island.

(iii) Manganese nodules are found around Robinson Crusoe Island and the mouth of the
Loa River.

(iv) Ferromanganese crusts are in the volcanic belt (Salas y Gomez, San Felix, and San
Ambrosio Islands).

Of the above resources, manganese nodules are attractive to the industry because of
the average Mn content (24%) [11], the large amounts of metals they contain (principally
cobalt, copper, nickel, and iron), and the small concentrations of tellurium, titanium,
platinum, and rare earth elements [12,13].

Black copper minerals are considered waste by large-scale copper mining and thus
are not added to heap leaching. These are found in deposits known as “exotic copper
deposits”, created by the interaction with geological agents, which oxidizes porphyry
minerals such as pyrite (Py) [14–16]. When the latter reacts with water, it creates sulfuric
acid, producing metals such as copper. Under certain conditions, these metals can be
transported downstream, creating deposits [17–19]. Black copper minerals, also known as
Si-Fe-Cu-Mn-rich silicates, have a complex structure that is neither crystalline nor amor-
phous [20]. Commercially important, they contain considerable amounts of manganese
and copper [19]. Minerals with high MnO2 contents (such as the ones above) have proven
to be refractory to conventional leaching processes. Thus, to dissolve marine nodules it is
necessary to work at low redox potential values [3,20,21]. Bafghi et al. [21] used sponge
iron in a manganese nodule study. They evaluated different MnO2/Fe ratios and H2SO4
particle sizes and concentrations. They found that the Fe concentration in the system was
the most critical variable in fast Mn dissolution kinetics.

Toro et al. [22] evaluated the use of tailings obtained from smelting slag by flotationand
with a high content of magnetite. The authors found that tailings are a good source when
working with high concentrations of a reducing agent (Fe3O4/MnO2 at 3/1). Saldaña
et al. [23] created an analytical model for evaluating several variables key to the dissolution
of manganese nodules, using Fe3O4 as a reducing agent. The authors found that when an
Fe3O4/MnO2 ratio of 2/1 or higher is used, other variables (H2SO4 concentration, particle
size, agitation speed, leaching time) are irrelevant when obtaining Mn dissolutions of
around 80%. There are few studies on black copper minerals, and recent studies report Cu
and Mn recovery when Fe-reducing agents are added [3,20,24]. Benavente et al. [24] added
ferrous ions to acid in order to reduce leaching of black copper minerals and found that
the dissolution of MnO2 immediately promoted Cu dissolution in black copper minerals.
Pérez et al. [20] proved that the Fe3O4 in tailings can be an efficient reducing agent of
MnO2 in black copper minerals when working with high concentrations, but showed lower
dissolution kinetics regarding ferrous ions.

To dissolve manganese nodules using tailings, the following reactions are proposed:

Fe2O3(s) + 3H2SO4(aq) = Fe2(SO4)3(s) + 3H2O(l) (1)

Fe3O4(s) + 4H2SO4(l) = FeSO4(aq) + Fe2(SO4)3(s) + 4H2O(l) (2)

2FeSO4(aq) + 2H2SO4(aq) + MnO2(s) = Fe2(SO4)3(s) + 2H2O(l) + MnSO4(aq) (3)



Metals 2021, 11, 817 3 of 10

To dissolve black copper minerals using tailings, the following series of reactions
is proposed:

Fe2O3(s) + 3H2SO4(aq) = Fe2(SO4)3(s) + 3H2O(l) (4)

Fe3O4(s) + 4H2SO4(l) = FeSO4(aq) + Fe2(SO4)3(s) + 4H2O(l) (5)

2FeSO4(aq) + 2H2SO4(aq) + MnO2(s) = Fe2(SO4)3(s) + 2H2O(l) + MnSO4(aq) (6)

(CuO × MnO2 × 7H2O)(s) + 3H2SO4(aq) + 2FeSO4(aq) = Fe2(SO4)3(aq) + MnSO4(aq) + CuSO4(aq) + 10H2O(l) (7)

There are a few studies on black copper minerals leaching. Most of them claim that
dissolution behaviors of Mn are similar to those of other minerals with high MnO2 con-
centrations, such as marine nodules. However, no studies have proven such a statement.
Despite the fact that Mn is abundant in the earth’s crust, high-grade deposits are increas-
ingly scarce. For example, in Chile all mining companies that exploit manganese are in
the process of being closed, due to the drop in mineral grades. On the other hand, the
deposits on the seabed have the highest concentrations of Mn on the planet and have two
main advantages: (i) the minerals are concentrated in small areas, and (ii) marine nodule
mining is two-dimensional, while land-based mining is three-dimensional, which generates
more pollution [10]. Nonetheless, it is important to continue researching tailings reuse
in metallurgical processes to provide a commercial value to this environmental liability.
Currently, 151 tons of tailings are produced for every ton of copper generated by flotation
processes. In addition, the tailings produced by the flotation of foundry slags are carried to
tailings dams and do not represent a commercial value in the industry.

A comparative study was made between the acid-reducing leaching of Mn between
black copper minerals and marine nodules in the present investigation. It evaluates tailings
as a reducing agent at different MnO2/tailings ratios and uses H2SO4 concentrations to
identify the difference between MnO2 dissolution speeds. For this, we worked under the
same operational conditions to discover the difference between the dissolution rates of
MnO2 in both mineral resources.

2. Materials and Methods
2.1. Manganese Nodule

The marine nodules used in this research were collected on the Blake Plateau, Atlantic
Ocean, in the 1970s. The sample was ground using a porcelain mortar and classified
using mesh until reaching a grained fraction of (−140)–(+100) µm. It was then chemically
analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Bruker,
Billerica, MA, USA)) at the Applied Geochemistry Laboratory, Geological Sciences Depart-
ment, Universidad Católica del Norte in Chile. Its chemical composition was 0.12% Cu,
0.29% Co, and 15.96% Mn. The mineralogical analysis is shown in Table 1. Micro X-ray flu-
orescence spectrometry (Micro-XRF, Fremont, CA, USA) is a method used for the elemental
analysis of non-homogeneous or irregular samples, small samples, and inclusions. The
sample material was analyzed in a Bruker® M4-Tornado µ-FRX table (Freemont, CA, USA).
This spectrometer includes an X-ray tube (Rh-anode), and the system contains polycapillary
X-ray optics that focus the tube radiation on small areas, reaching 20 µm spots for Mo K.
The elementary maps created with the built-in software ESPRIT of M4 TornadoTM ((FEI
Company, Brisbane, Australia)) indicate that nodules contained fragments of preexisting
nodules, forming the nucleus and concentric layers precipitating around the nucleus in
later stages.

Table 1. Mineralogical analysis of the manganese nodule.

Component MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO2 Fe2O3

Mass (%) 3.54 3.69 2.97 7.20 1.17 0.33 22.48 1.07 25.24 26.02
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2.2. Black Copper Minerals Sample

In this research, we worked with the same mineral sample (high grade, nearly
100% pure) used in the study of Torres et al. [3] from a mining company in the north
of Chile. Black oxide minerals were ground in a porcelain mortar until reaching sizes of
(−173)–(+147) µm. The chemical composition of the samples was assessed by ICP-AES,
as shown in Table 2. A QEMSCAN analysis using a modified (hardware and software)
scanning electron microscope identified and automatically quantified ranges of elemental
definitions that can be linked to inorganic solid phases (minerals, alloys, slags, and oth-
ers). The samples were mounted on briquettes and polished to identify the mineralogical
composition. The identification, 2-D distribution mapping, and quantification of inorganic
phases were carried out, combining the backscattered electron (BSE) emissions with a Zeiss
EVO, a Bruker AXS XFlash 4010 detector ((Bruker, Billerica, MA, USA), and iDiscover
5.3.2.501 software ((FEI Company, Brisbane, Australia)) (see Table 3).

Table 2. Chemical analysis of the mineral.

Mn (%) Cu (%)

22.01 40.24

Table 3. Mineralogical composition of the black copper mineral.

Mineral (% Mass) Black Copper Minerals

Native Cu/Cuprite/Tenorite 0.12
Copper Wad 78.90
Chrysocolla 16.72

Other Cu Minerals 2.69
Goethite 0.01
Quartz 1.41

Feldspars 0.02
Kaolinite Group 0.01

Muscovite/Sericite 0.01
Chlorite/Biotite 0.01

Others 0.09
Total 100

2.3. Tailings

The tailings used in this research were obtained by Cu slag flotation in a copper smelt-
ing plant. The methods used to assess their chemical and mineralogical composition were
the same as those used with the marine nodule. Table 4 shows the detailed mineralogical
composition of the tailings used.

2.4. Leaching Test

The leaching tests were carried out in a 200 mL glass reactor at 0.1 solid to liquid ratio
(100 mL of acid solution). A total of 10 g of the mineral (black copper minerals/manganese
nodule) was kept under agitation and suspension using a 5-position magnetic stirrer (IKA
ROS, CEP 13087-534, Campinas, Brazil) at 600 rpm and a particle size of (−75)–(+53) µm.
The temperature was controlled using an oil-heated circulator (Julabo, St. Louis, MO, USA).
The temperature range tested in the experiments was 25 ◦C. All tests were performed in
duplicate, and analyses were carried out using 5 mL undiluted samples and ASS with a
≤5% variation quotient and 5–10% relative difference. The pH and oxidation–reduction
potential were measurements of the leaching solutions and were carried out in a pH-ORP
meter (HANNA HI-4222, St. Louis, MO, USA). The ORP solution was measured using an
ORP electrode cell composed of a platinum-employed electrode and a saturated Ag/AgCl
reference electrode.
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Table 4. Mineralogical composition of tailings assessed by QEMSCAN.

Mineral Amount % w/w

Chalcopyrite/Bornite 0.47
Tennantite/Tetrahedrite 0.03

Other Cu Minerals 0.63
Cu-Fe Hydroxides 0.94

Pyrite 0.12
Magnetite 58.52

Specular Hematite 0.89
Hematite 4.47

Ilmenite/Titanite/Rutile 0.04
Siderite 0.22

Chlorite/Biotite 3.13
Other Phyllosilicates 11.61

Others 18.90
Total 100.00

3. Results
3.1. Reducing Agent Concentration in the System

Figures 1 and 2 show the same behavior over time for the MnO2 dissolution. In
both cases, fast dissolution kinetics were obtained at high reducing agent/MnO2 ratios,
reaching extractions of above 60% in 5 min. In contrast, lower concentrations of Fe3O4 in
the system led to a slower Mn dissolution, although similar extractions were obtained at
longer times (30 min). This agrees with the findings of Bafghi et al. [21], which indicate that
times of Mn dissolution from marine nodules can be significantly shortened by using twice
the concentration of reducing agent as the amount of MnO2 in the system. The authors
obtained extractions above 90% Mn in 20 min, working with sponge iron at an iron/MnO2
ratio of 1/1 and a molar concentration of acid to MnO2 of 2.
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Figure 1. Manganese dissolution from marine nodule at different ratios of MnO2/Fe3O4 and
0.1 mol/L H2SO4.
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Figure 2. Manganese dissolution from black copper minerals at different ratios of MnO2/Fe3O4 and
0.1 mol/L H2SO4.

In general, slightly superior extractions were obtained when dissolving Mn from
marine nodules regarding black copper minerals. Both tend toward passivation at high
concentrations of reducing agents, likely due to the tailings used. Tailings were reactive to
acid leaching because they were previously treated in flotation processes and exposed to
other chemical reagents [22,23]. They were obtained from smelting slag, which has an amor-
phous vitreous structure that could encapsulate Fe3O4 and prevent contact with MnO2.

3.2. Effect of Acid Concentration in the System

The results shown in Figures 3 and 4 are similar for Mn dissolution from marine
nodules and black copper minerals when working with high concentrations of H2SO4.
Previous studies have proven that the concentration of H2SO4 does not significantly af-
fect MnO2 dissolutions in acid-reducing leaching [21,25]. However, in previous results
(Figures 1 and 2), there was an appreciable difference in Mn extractions between the two
minerals studied. This is likely due to the higher consumption of protons from acid when
dissolving the Cu present in black copper minerals. The amorphous structure of black cop-
per minerals prevents copper dissolution through conventional methods; this is resolved
when the MnO2 present is dissolved [26]. Therefore, better results in Mn dissolution from
black copper minerals are obtained when working with high acid concentrations.

Figure 5 shows the potential and pH values during the dissolution of manganese nod-
ules and black copper minerals when working at a concentration of 1 mol/L sulfuric acid
and changing the ratios of MnO2/Fe3O4 (Figures 3 and 4). According to Senanayake [27],
potential and pH values must be between −0.4 and 1.4 V and −2 and 0.1 in an acid-
reducing dissolution of MnO2, using Fe-reducing agents [28]. This is consistent with the
results presented in Figure 5. Komnitsas et al. [29] indicate that when working in these
ranges and keeping a low potential in an acid medium, Mn ions remain in the solution.
This prevents their precipitation by oxidation–reduction reactions due to the presence of
ferric and ferrous ions (for example, MnO2 or other minerals such as CuFeO2).

It is evident that high concentrations of a reducing agent in the system (1:2 MnO2/Fe3O4)
allows better dissolution kinetics of Mn from MnO2 for both minerals, compared to a lower
ratio of reducing agent (1:1 MnO2/Fe2O3). This is observed in Figures 1–4, where Mn
extractions close to 70% are achieved in a time of 15 min for ratios of 1:2, while ratios of
1:1 double the time taken to extract 70%. By having a higher concentration of magnetite,
a more significant amount of ferrous sulfate is observed in a short time (see Figure 5). For
both cases, the Mn extraction curves show an asymptotic behavior, although at different



Metals 2021, 11, 817 7 of 10

times (15 and 30 min). This may be explained by the vitreous structure of the tailings used,
which prevented contact between MnO2 and ferrous sulfate, making the concentration of
the reducing agent at a longer amount of time irrelevant.
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4. Conclusions

This study presents comparative Mn extractions from two different raw materials
(marine nodules and black copper minerals) by acidic leaching using tailings as the reduc-
ing agent. Similar behaviors were observed in both minerals while working under the
same conditions, both in extraction rates and dissolution speed. The main findings of this
work are:

1. In general, greater Mn dissolutions are obtained from marine nodules.
2. Tailings obtained from smelting slag by flotation show positive results in leaching

at high concentrations and short periods (20 min). However, they tend toward
passivation likely due to their vitreous structure.

3. Black copper minerals have lower dissolutions in Mn than in marine nodules. This
is because of the consumption of protons from the acid when dissolving Cu, while
other elements of the nodules dissolve in oxidizing conditions.

4. The best operational condition for dissolving MnO2 from both minerals is to work
at a high concentration of reducing agent (1:2 MnO2/Fe3O4), low concentration of
sulfuric acid (0.1 mol/L), and for a short period of time (15 min).

In future works, it will be necessary to study the elimination of impurities from the
leaching liquor (including the oxidized Fe if reduced forms of iron are used as the reductant).
This problem has prevented an advance in the commercialization at an industrial level of
manganese nodules and black copper minerals.

Author Contributions: C.M. and N.T. contributed in research and wrote paper, P.R., J.G., E.C.-S. and
F.R.C.-P. contributed with research, review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: Pedro Robles thanks the Pontificia Universidad Católica de Valparaíso for the
support provided.

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



Metals 2021, 11, 817 9 of 10

References
1. COCHILCO. Proyeccion Agua Mineria del Cobre 2019–2030; COCHILCO: Santiago, Chile, 2020.
2. COCHILCO. Base de Datos del Cobre. Available online: http://www.cochilco.cl:4040/boletin-web/ (accessed on 10 Octo-

ber 2020).
3. Torres, D.; Pérez, K.; Trigueros, E.; Jeldres, R.I.; Salinas-Rodríguez, E.; Robles, P.; Toro, N. Reducing-Effect of Chloride for the

Dissolution of Black Copper. Metals 2020, 10, 123. [CrossRef]
4. Minería Submarina: A 150 Años del Descubrimiento de los Nódulos de Manganeso. Available online: https://www.mch.cl/

reportajes/mineria-submarina-150-anos-del-descubrimiento-los-nodulos-manganeso/# (accessed on 10 October 2020).
5. Marino, E.; Blasco, I.; Blanco, L.; González, F.J.; Somoza, L.; Medialdea, T. Llega la Era de la Minería Submarina; Tierra y Tecnología:

Madrid, Spain, 2017.
6. Kahou, Z.S.; Duchêne, S.; Brichau, S.; Campos, E.; Estrade, G.; Poujol, M.; Kathirgamar, J.; Testa, H.; Leisen, M.; Choy, S.; et al.

Mineralogical and chemical characterization of supergene copper-bearing minerals: Examples from Chile and Burkina Faso.
Ore Geol. Rev. 2021, 133, 104078. [CrossRef]

7. Saldaña, M.; Rodríguez, F.; Rojas, A.; Pérez, K.; Angulo, P. Development of an empirical model for copper extraction from
chalcocite in chloride media. Hem. Ind. 2020, 74, 285–292. [CrossRef]

8. Ghorbani, Y.; Kuan, S.H. A review of sustainable development in the Chilean mining sector: Past, present and future. Int. J. Min.
Reclam. Environ. 2017, 31, 137–165. [CrossRef]

9. Vergara Cortés, H. Recursos Minerales Oceánicos y Áreas potenciales dela ZEE de Chile. Su exploración y formación de recursos
humanos. Rev. Mar. 1999, 116, 479–583.

10. Toro, N.; Jeldres, R.I.; Órdenes, J.A.; Robles, P.; Navarra, A. Manganese Nodules in Chile, an Alternative for the Production of Co
and Mn in the Future—A Review. Minerals 2020, 10, 674. [CrossRef]

11. Hein, J.R.; Koschinsky, A.; Kuhn, T. Deep-ocean polymetallic nodules as a resource for critical materials. Nat. Rev. Earth Environ.
2020, 1, 158–169. [CrossRef]

12. Wasilewska-Błaszczyk, M.; Mucha, J. Possibilities and Limitations of the Use of Seafloor Photographs for Estimating Polymetallic
Nodule Resources—Case Study from IOM Area, Pacific Ocean. Minerals 2020, 10, 1123. [CrossRef]

13. González, F.J.; Somoza, L.; León, R.; Medialdea, T.; de Torres, T.; Ortiz, J.E.; Lunar, R.; Martínez-Frías, J.; Merinero, R. Ferro-
manganese nodules and micro-hardgrounds associated with the Cadiz Contourite Channel (NE Atlantic): Palaeoenvironmental
records of fluid venting and bottom currents. Chem. Geol. 2012, 310–311, 56–78. [CrossRef]

14. Sanchez, C.; Brichau, S.; Riquelme, R.; Carretier, S.; Bissig, T.; Lopez, C.; Mpodozis, C.; Campos, E.; Regard, V.; Hérail, G.; et al.
Exhumation history and timing of supergene copper mineralisation in an arid climate: New thermochronological data from the
Centinela District, Atacama, Chile. Terra Nov. 2018, 30, 78–85. [CrossRef]

15. Fernández-Mort, A.; Riquelme, R.; Alonso-Zarza, A.M.; Campos, E.; Bissig, T.; Mpodozis, C.; Carretier, S.; Herrera, C.; Tapia,
M.; Pizarro, H.; et al. A genetic model based on evapoconcentration for sediment-hosted exotic-Cu mineralization in arid
environments: The case of the El Tesoro Central copper deposit, Atacama Desert, Chile. Miner. Depos. 2018, 53, 775–795.
[CrossRef]

16. Kahou, Z.S.; Brichau, S.; Poujol, M.; Duchêne, S.; Campos, E.; Leisen, M.; D’Abzac, F.-X.; Riquelme, R.; Carretier, S. First U-Pb
LA-ICP-MS in situ dating of supergene copper mineralization: Case study in the Chuquicamata mining district, Atacama Desert,
Chile. Miner. Depos. 2021, 56, 239–252. [CrossRef]

17. Cuadra, P.; Rojas, G. Oxide Mineralization at the Radomiro Tomic Porphyry Copper Deposit, Northern Chile. Econ. Geol. 2001, 96,
387–400. [CrossRef]

18. Mora, R.; Artal, J.; Brockway, H.; Martínez, E.; Muhr, R. El Tesoro Exotic Copper Deposit, Antofagasta Region, Northern Chile.
In Andean Metallogeny; Society of Economic Geologists: Littleton, CA, USA, 2005; pp. 187–197.

19. Velásquez-Yévenes, L.; Lasnibat, R. Simultaneous recovery of copper and manganese from exotic copper ore in acid chloride
media using cane molasses as the reducing agent. Hydrometallurgy 2021, 199, 105531. [CrossRef]

20. Pérez, K.; Toro, N.; Campos, E.; González, J.; Jeldres, R.I.; Nazer, A.; Rodriguez, M.H. Extraction of Mn from Black Copper Using
Iron Oxides from Tailings and Fe2+ as Reducing Agents in Acid Medium. Metals 2019, 9, 1112. [CrossRef]

21. Bafghi, M.S.; Zakeri, A.; Ghasemi, Z.; Adeli, M. Reductive dissolution of manganese ore in sulfuric acid in the presence of iron
metal. Hydrometallurgy 2008, 90, 207–212. [CrossRef]

22. Toro, N.; Saldaña, M.; Castillo, J.; Higuera, F.; Acosta, R. Leaching of Manganese from marine Nodules at room temperature with
the use of Sulfuric Acid and the addition of tailings. Minerals 2019, 9, 289. [CrossRef]

23. Saldaña, M.; Toro, N.; Castillo, J.; Hernández, P.; Trigueros, E.; Navarra, A. Development of an analytical model for the extraction
of manganese from marine nodules. Metals 2019, 9, 903. [CrossRef]

24. Benavente, O.; Hernández, M.C.; Melo, E.; Ardiles, L.; Quezada, V.; Zepeda, Y. Copper Extraction from Black Copper Ores
through Modification of the Solution Potential in the Irrigation Solution. Metals 2019, 9, 1339. [CrossRef]

25. Zakeri, A. Dissolution Kinetics of Manganese Dioxide Ore in Sulfuric Acid in the Presence of Ferrous Ion. Iran. J. Mater. Sci. Eng.
2007, 4, 22–27.

http://www.cochilco.cl:4040/boletin-web/
http://doi.org/10.3390/met10010123
https://www.mch.cl/reportajes/mineria-submarina-150-anos-del-descubrimiento-los-nodulos-manganeso/#
https://www.mch.cl/reportajes/mineria-submarina-150-anos-del-descubrimiento-los-nodulos-manganeso/#
http://doi.org/10.1016/j.oregeorev.2021.104078
http://doi.org/10.2298/HEMIND200424031S
http://doi.org/10.1080/17480930.2015.1128799
http://doi.org/10.3390/min10080674
http://doi.org/10.1038/s43017-020-0027-0
http://doi.org/10.3390/min10121123
http://doi.org/10.1016/j.chemgeo.2012.03.030
http://doi.org/10.1111/ter.12311
http://doi.org/10.1007/s00126-017-0780-2
http://doi.org/10.1007/s00126-020-00960-2
http://doi.org/10.2113/gsecongeo.96.2.387
http://doi.org/10.1016/j.hydromet.2020.105531
http://doi.org/10.3390/met9101112
http://doi.org/10.1016/j.hydromet.2007.07.003
http://doi.org/10.3390/min9050289
http://doi.org/10.3390/met9080903
http://doi.org/10.3390/met9121339


Metals 2021, 11, 817 10 of 10

26. Pincheira, M.; Dagnino, A.; Kelm, U.; Helle, S. Copper Pitch Y Copper Wad: Contraste Entre Las Fases Presentes En Las Cabezas
Y En Los Ripios En Pruebas De Mina sur, Chuquicamata. In Proceedings of the 10th Chilean Geological Congress, Concepción,
Chile, 6–10 October 2003.

27. Senanayake, G. Acid leaching of metals from deep-sea manganese nodules—A critical review of fundamentals and applications.
Miner. Eng. 2011, 24, 1379–1396. [CrossRef]

28. Toro, N.; Rodríguez, F.; Rojas, A.; Robles, P.; Ghorbani, Y. Leaching manganese nodules with iron-reducing agents—A critical
review. Miner. Eng. 2021, 163, 106748. [CrossRef]

29. Komnitsas, K.; Bazdanis, G.; Bartzas, G.; Sahinkaya, E.; Zaharaki, D. Removal of heavy metals from leachates using or-
ganic/inorganic permeable reactive barriers. Desalin. Water Treat. 2013, 51, 3052–3059. [CrossRef]

http://doi.org/10.1016/j.mineng.2011.06.003
http://doi.org/10.1016/j.mineng.2020.106748
http://doi.org/10.1080/19443994.2012.748456

	Overview 
	Materials and Methods 
	Manganese Nodule 
	Black Copper Minerals Sample 
	Tailings 
	Leaching Test 

	Results 
	Reducing Agent Concentration in the System 
	Effect of Acid Concentration in the System 

	Conclusions 
	References

