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Abstract: Manganese nodules are an attractive source of base metals and critical and rare elements
and are required to meet a high demand of today’s industry. In previous studies, it has been
shown that high concentrations of reducing agent (Fe) in the system are beneficial for the rapid
extraction of manganese. However, it is necessary to optimize the operational parameters in order to
maximize Mn recovery. In this study, a statistical analysis was carried out using factorial experimental
design for the main parameters, including time, MnO,/Fe;Oj3 ratio, and HySO4 concentration. After
this, Mn recovery tests were carried out over time at different ratios of MnO,/Fe;O3 and H,SO4
concentrations, where the potential and pH of the system were measured. Finally, it is concluded that
high concentrations of FeSOy in the system allow operating in potential and pH ranges (0.2 to 1.2
V and -1.8 to 0.1) that favor the formation of Fe?* and Fe*, which enable high extractions of Mn
(73%) in short periods of time (5 to 20 min) operating with an optimum MnO,/Fe;Oj3 ratio of 1:3 and
a concentration of 0.1 mol/L of H,SOy.

Keywords: leaching; manganese nodules; optimization of parameters; tailings

1. Introduction

The oxides of Fe and Mn are formed by direct precipitation in ambient seawater and are mainly
deposited on the flat parts and the flanks of seamounts, where ocean currents prevent sedimentation [1,2].
These deposits are found in the oceans around the world [3] and among these are the manganese nodules [4].

The economic interest in ferromanganese (Fe-Mn) nodules is due to high grades of base, critical,
and rare metals [5]. These metals that provide mineral deposits on the seabed are necessary for the
rapid development of high technology application. They also support the growth and quality of
life of the middle class in densely populated countries with expanding markets and economies [6].
Manganese is the most abundant marine nodule metal, with an average content of around 24% [7].

In order to dissolve Mn present in marine nodules in acidic media, it is necessary to use a reducing
agent [8]. Studies have reported that the acid leaching of manganese nodules with the use of Fe as the
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reducing agent is efficient at room temperature [8-11]. In a study conducted by Zakeri et al. [8], ferrous
ions were added for the reductive dissolution of manganese nodules. The authors indicated that in
a molar H,SO4/MnO; ratio of 2:1 and a molar Fe2*/MnQOj ratio of 3:1, it was possible to dissolve 90%
of Mn in 20 min at 20 °C. Bafgui et al. [9] performed acid leaching of manganese nodules by adding Fe,
comparing their results with those previously obtained by Zakeri et al. [8]. The authors concluded that
when operating with high Fe/MnO, ratios, Fe” is a more efficient reducing agent compared to Fe?*
because it maintains high activity in the system through the regeneration of ferrous ions.

For the acidic leaching of marine nodules with the use of residues (tailings and slags) containing
Fe; O3, only two studies have been presented [10,11]. In the studies carried out by Toro et al. [10] and
Toro et al. [11], it was shown that variables, such as particle size and agitation speed, do not majorly
influence the dissolution of MnO; and that the most important variable is the Fe;O3 concentration in
the system. In the study carried out by Toro et al. [10] with the use of smelter slag, extraction of 70% of
Mn was achieved in 40 min when operating at a MnO,/Fe, O3 ratio of 1:2, a particle size of —47 + 38 um,
and a H,SO, concentration of 1 mol/L. In the later study carried out by Toro et al. [11], involving the
use of tailings, it was demonstrated that under the same operating conditions as in Toro et al. [10],
greater extraction of Mn (77%) was achieved because tailings are more amenable to leaching. In both
studies, the following Reactions (R1)-(R9) involving the use of Fe;O3 were proposed.

(Fe>* Fep>")04(s) + 2H™ (aq) = (Fe;*)03 + Fe?*(aq) + HyO(1) (R1)
3(Fe?* Ti)Os(s) + 6H*(aq) = 3TiO; + 3Fe**(aq) + 3H,O(1) (R2)

Fe,03 + HS0, = Fey(S04)3 + HyO(1) (R3)

Fe304(s) + 4H,S04(aq) = FeSOy + Fey(SOy)3 + 4H,0(1) (R4)
Fe(SO4)3 + HyO = Fe(OH);3 + Fe(s) + Hy(aq) + H2SO4(aq) + O, (R5)
FeSOy(s) + HyO(aq) = Fe(s) + HySO4(aq) + Oz (R6)

MnO,(s) + Fe?**(aq) + H"(aq) = Fe>*(aq) + Mn?*(aq) + H,O(l) (R7)
MnOs(s) + Fe(s) + 8H*(aq) = 2Fe** (aq) + Mn?*(aq) + 2H,O(1) + 2H;(g) (R8)
MnOs(s) + 2/3Fe(s) + 4H" (aq) = Mn**(aq) + 2/3Fe®* (aq) + 2H,O(l) (R9)

However, in previous studies [8,9], thermodynamic aspects were not considered.

Table 1 reports the statistical information of the reactions of interest with iron as a reducing
agent and its transformations during manganese leaching. It is emphasized that, unlike previous
investigations [11], under these conditions, elemental iron (Fe¥) was not formed, since this reaction is
not spontaneous (G = 744.22 kJ) and requires a lot of energy. On the other hand, the main reducing
agent is ferrous sulfate (FeSOy), which is produced from the reaction between magnetite (Fe3Oy,
mostly present in tailings) and sulfuric acid (Equation (2)). With this reducing agent, it is possible to
reduce manganese present in pyrolusite (Mn*"), obtaining a manganese sulphate (Mn?"), as observed
in Equation (5).

Table 1. Thermodynamic information of the reactions (based on HSC Chemistry 5.1).

Reaction
Reaction Equation  Coefficient (K)
25°C

AG® (K])
25°C

Fez03(5) + 3 HpSO04(aq) = Fea(SO4)3(s) + 3 H2Og ) 4.21 x 102 -163,37
Fe3Oy(s) + 4H2504() = FeSO4(aq) + Fe2(SO4)3(s) + 4 H2Oq )] 6.06 x 10% -261,30
Fey(SO4)3(5) + 6 HoOq) = 2 Fe(OH)35) + 3 HySO0y ®) 2.14 x 103 197,87
2 FeSOyaq) + 2 H2O() = 2 Fes) + 2 H2S04() + Onq) 4) 4.02 x 10131 744,22
2 FeSO4(aq) +2 HZSO4(aq) + MHOZ(S) = FeZ(SO4)3(S) +2 HzO(l) + MI‘ISO4(aq) 5) 9.06 x 1034 —199,52
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The smelting slag is one of the main solid wastes of the copper industry and the produced
volume increases day by day [12]. In Chile, the smelters produce 163 tons of slag per day [13]
and companies such as Altonorte perform slag flotation for the recovery of Cu. During flotation
for each ton of Cu obtained, 151 tons of tailings are generated [14], which are mainly disposed of
in tailing dams and represent the most significant environmental liability according to their size
and risk of a mining site [15]. Another example is what happened in Lavrio, Greece, due to the
intensive mining and metallurgical activities in the last century. This generated huge amount of waste,
including acid-generating sulfidic tailings, carbonaceous tailings, and slags. Quantification of the
human health risks indicated that direct ingestion of contaminated particles is the most important
exposure route for the intake of contaminants by humans [16]. Komnitsas et al. [17] conducted research
on waste generated by intensive mining and mineral processing activities in Navodari and Baia, on the
Romanian Black Sea coast. Analyzing the experimental results and the associated risks, the authors
conclude that it is necessary to rehabilitate the affected areas through removal of toxic and heavy
elements from sulphidic tailings and leachates with biosorption and biosolubilisation techniques and
development of a vegetative cover on phosphogypsnm stacks and sulphidic tailings dumps. For this
reason, it is important to highlight the importance of studying options to reuse waste generated from
metallurgical processes.

In Chile, ocean mining is not regulated and is also under-exploited for security reasons [18].
Due to this, it is not possible to carry out a cost-effectiveness study on the extraction of nodules from
sea depths. Mining technologies have been developed in the world for the extraction of polymetallic
nodules [19]. However, there is no study indicating cost differences between the different methods
available on the market. In spite of this, it is necessary to continue investigating processes for the
extraction of elements from marine nodules, because technologies are being developed to collect
minerals from sea beds and, in the near future, they could be considered as viable alternatives to meet
the high demand for metals.

In this investigation, the use of Fe,Os, which is present in tailings, to facilitate reductive leaching
of MnO; from marine nodules for the recovery of Mn is evaluated. The objective is to minimize these
environmental liabilities and optimize the most important process variables (time, acid concentration,
and MnO,/Fe; O3 ratio).

2. Materials and Methods

2.1. Manganese Nodule Sample

The marine nodules used in this work were the same as those previously used in Toro et al. [11].
They were analyzed by means of atomic emission spectrometry by induction-coupled plasma (ICP-AES),
developed in the applied geochemistry laboratory of the department of geological sciences of the
Catholic University of the North. They contained 15.96% Mn and 0.45% Fe; Mn was present as MnO,
(29.85%) and Fe as Fe, O3 (26.02%).

2.2. Tailings

The tailings used for the present investigation were the same as those used in Toro et al. [11].
The methods used to determine their chemical and mineralogical composition are the same as those
used for the analysis of the manganese nodules. Figure 1 shows the chemical species determined by
QEMSCAN. There were several phases that contained iron (mainly magnetite (58.52%) and hematite
(4.47%), while the content of Fe was estimated at 41.90%.
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Figure 1. Detailed modal mineralogy.

2.3. Reagents Used—Leaching Parameters

The sulfuric acid used for the leaching tests was grade PA, with 95-97% purity, a density of 1.84 kg/L,
and a molecular weight of 98.80 g/mol. The leaching tests were carried out in a 50 mL glass reactor
with a 0.01 solid:liquid ratio. A total of 200 mg of Mn nodules were maintained in suspension with the
use of a 5 position magnetic stirrer (IKA ROS, CEP 13087-534, Campinas, Brazil) at a speed of 600 rpm.
The tests were conducted at a room temperature of 25 °C, while the studied variables were additives,
particle size, and leaching time. Also, the tests were performed in duplicate and measurements
(or analyses) were carried out on 5 mL undiluted samples using atomic absorption spectrometry with
a coefficient of variation <5% and a relative error between 5% and 10%. Measurements of pH and
oxidation-reduction potential (ORP) of leach solutions were made using a pH-ORP meter (HANNA
HI-4222). The ORP solution was measured using a combination of an ORP electrode cell composed of
a platinum operating electrode and a saturated Ag/AgCl reference electrode. The solid waste obtained
was analyzed by XRD with the use of a Bruker brand diffractometer; the patterns of the main crystalline
phases were obtained using Eva software.

2.4. Estimation of Linear and Interaction Coefficients for Complete Factorial Designs of Experiments of 3

In previous studies [8-11], in which the dissolution of Mn from marine nodules was investigated
with the use of Fe as a reducing agent, it was demonstrated that for high concentrations of Fe in the system
(ratios of Fe/MnO, greater than 1), quite high extractions were obtained (over 70%) in short periods of time
(5 to 30 min). The studies conducted by Bafghi et al. [9] and Toro et al. [10] indicated that the concentration
of Fe in the system is the most important variable in order to shorten MnO, dissolution times; it was also
found that the concentration of H,SOj is not an important parameter. However, in these studies, it was not
possible to indicate an optimum MnO,/Fe ratio and H,SO4 concentration in relation to time. In order to
overcome this and elucidate Mn extraction from marine nodules, three independent variables were selected
for the factorial design of 3° experiments, namely time, sulfuric acid concentration, and MnO,/Fe,Oj3 ratio.
This approach allows the determination of the effect of the most relevant factors, as well as their levels,
and the development of an experimental model that allows through the determination of coefficients
the optimization of the response variable [20-22]. A factorial design was applied involving three factors,
each one having three levels; thus, 27 experimental tests were carried out. Minitab 18 software was used
for the experimental design and development of a multiple regression equation [23].
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Then, the response variable was expressed based on the linear effect of the variables of interest
and considering the effects of interaction and curvature, as shown in Equation (6).

Mn Extraction (%) = & + 1 X X1 + B2 X X0 + B3 X X3 + 12 X X1 X Xp + 13 X X1 X X3 +
B23 X Xa X X3 + B11 X X172 + B2 X X% + Bz X X32, (6)

Y72V
1

where « is an overall constant, x; is the value of the level of the factor x, 3; is the coefficient of
the linear factor x;, B3 is the coefficient of the interactions x; X xj, n is the level of the factor, and Mn
extraction is the dependent variable.

Table 2 shows the values of the levels for each factor, while Table 3 shows the recovery obtained

for each configuration.

Table 2. Experimental conditions.

Parameters/Values  Low Medium  High

Time (min) 10 20 30

MnO,/Fe,O3 2/1 1/1 12
H,S04 (mol/L) 0.1 0.5 1
Codifications -1 0 1

Table 3. Experimental configuration and Mn extraction.

Exp. Time MnO,/Fe;03 Sulfuric Acid Conc. Mn Extraction
No. (min) Ratio (mol/L) (%)
1 10 1/1 0.1 48.42
2 20 2/1 0.5 38.78
3 20 1/1 1 57.32
4 30 2/1 1 42.55
5 10 1/2 0.5 70.24
6 20 2/1 0.1 38.10
7 30 1/1 1 72.96
8 30 12 0.1 74.20
9 10 2/1 0.5 33.23
10 10 2/1 1 33.33
11 20 1/1 0.5 56.80
12 30 2/1 0.1 42.30
13 20 1/1 0.1 55.95
14 10 2/1 0.1 32.83
15 10 1/1 1 50.23
16 10 12 0.1 70.21
17 20 12 0.1 73.20
18 20 1/2 0.5 73.20
19 30 1/1 0.1 71.96
20 30 1/1 0.5 72.33
21 10 1/2 1 70.90
22 20 1/2 1 73.40
23 20 2/1 1 39.22
24 30 1/2 0.5 74.90
25 10 1/1 0.5 4891
26 30 1/2 1 75.21
27 30 2/1 0.5 42.00

3. Results and Discussion

3.1. Effect of Variables

From the principal components analysis, it is seen that there is no main effect of the sulfuric
acid concentration factor, which means that the average response is the same across all levels of the
factor, while the time and MnO,/Fe,O; ratio factors have a main effect since the variation between
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the different levels affects the response differently, as shown in main effects plot for Mn extraction of
Figure 2. Developing the ANOVA test and the multiple linear regression adjustment, the recovery
according to the predictive variables of time and MnO,/Fe;Oj ratio is given by Equation (7).

Mn Extraction (%) = 53.90 + 6.12 X x; — 17.40 X x, — 4.00 X x22, (7)

where x; represents the time factor and x; represents the MnO,/Fe;Oj3 ratio (previous coding). Then,
it is seen that the double and triple interaction factors, together with the curvature of time and HySO4
concentration factors, do not contribute to the explanation of the variability of the model.

A gradient analysis of manganese extraction, VMn Extraction (x1, xp) = (6.12, —23.40), indicates
an increase in the positive direction of the predictor variables. The response decreases faster with
respect to the variable x, than with respect to the variable x;, as shown in Figure 3.

Time (min) MnO2/Fe203 ratio H2S04 (mol/L)
75

70
65
60 /
=== —==-0
50
45
40

Low Medium High Low Medium High  Low Medium High

Mean Mn Extraction (%)
1921
a3

Figure 2. Linear effect plot for Mn extraction (%).

High

Mn
Extraction
(%)
< 40
I 40 - 50
I 50 - 60
Il 60 -70
W =70

Time (min)

Medium

Low Medium High
MnO2/Fe203 ratio

Figure 3. Contour plot of Mn extraction (%) versus MnO,/Fe;O3, time (min).

The ANOVA test indicates that the model adequately represents manganese extraction for the set
of sampled values. Also, the model does not require additional adjustments and is validated by the
following goodness-of-fit statistics. The p-value of the model (p < 0.05) indicates that it is statistically
significant. The value of the R? statistic is 94.94%, which indicates that approximately 95% of the total
variability is explained by the model, while the predictive R? is 92.79%, indicating that the model can
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adequately predict the response to new observations. The F test indicates the significance of the model,
given that Fregression(143.89) >> (Frable = F323(3.03)), while the residual normality test indicates that
these are distributed with media —7.41 x 1077, with a standard deviation of 3.5. The p-value of the
Kolmogorov-Smirnov test is greater than the level of significance, so it is not possible to reject the
assumption of the regression model, which is that the residuals are normally distributed.

3.2. Effect on Acid Concentration and MnO,/Fe,O3 Ratio

In Figure 4, it can be seen that the largest extractions of Mn from marine nodules are obtained
when operating at MnO,/Fe,O3 ratios less than 1:1, which agrees with the theories proposed by
Kanungo et al. [24], Zakeri et al. [8], Bafghi et al. [9], and Toro et al. [10], which mentioned that the
presence of more Fe than MnO, in the system improved Mn dissolution in short periods of time.
The highest Mn dissolution (76.10%) was obtained by operating at a MnO,/Fe;Oj3 ratio of 1:3 with
a HySO4 concentration of 1 mol/L at 30 min. However, this extraction is not far from that obtained when
operating at a MnO,/Fe; O3 ratio of 1:2 (75.50%) at the same acid concentration. For the MnO,/Fe,O3
ratios described in Figure 4b—d, it can be seen that, for leaching times of 30 min, very similar values
are obtained, but much higher dissolution kinetics are seen in 1:2 and 1:3 ratios where higher than
65% recoveries of Mn are obtained after 5 min. For a MnO,/Fe,Os ratio of 2:1 (Figure 4a), much lower
dissolution is obtained compared to the other cases under the same operating conditions; the maximum
dissolution achieved is 48.30% after 30 min when the H,SOy, concentration is 1 mol/L.

The concentration of H,SOj4 in the system is not significant when MnO,/Fe,O5 ratios are 1:2 and
1:3; this finding agrees with those of Toro et al. [10], who mention that high concentrations of Fe;O3 in
the system are independent of the acid concentration. However, it can be observed that this factor
has a greater impact as long as there is a lower concentration of reducing agent (FeSOy) in the system.
For a MnQO,/Fe, O3 ratio of 2:1, there is a difference of 3.30% between 0.1 and 1 mol/L of H,SOj.

For these two variables analyzed under the exposed operational parameters, it can be observed
that when operating at a MnO,/Fe,O; ratio of 1:2, at a concentration of H,SO4 of 0.5 mol/L at 20 min,
similar results like those obtained when operating in a MnO,/Fe,Oj3 ratio of 1:3 (73.50% approximately)
are obtained. This is consistent with what was proposed by Toro et al. [11], who indicated that,
when operating at high concentrations of Fe,Oj3 in the system, the dissolution kinetics of MnO,
were drastically increased and significant differences were only observed in short periods of time
(5 to 10 min). However, for the second case mentioned in Figure 4d, better results are obtained at low
acid concentrations (0.1 mol/L). For this reason, it can be concluded that it is more convenient to operate
at MnO,/Fe; O3 ratios of 1:3 and low concentrations of acid (0.1 mol/L) at 20 min. This is because the
tailings are wastes that do not have a commercial value and their reuse is beneficial, while the increase
of the acid concentration in the system results in a direct increase in the cost of the process.

50 4 75 -

45 - 65 -
X *
T 40 ——0.1 mol/L %5 ——0.1 mol/L
=] =]
e ~8—0.3 mol/L S 5 =03 mol/L
5 0.5 mol/L 5 0.5 mol/L
g 307 o1 mol/L s ¥ —¢1mollL

25 . . . ‘ 25 . . . ‘

0 10 20 30 40 0 10 20 30 40
Time, min Time, min
(a) (b)

Figure 4. Cont.



Minerals 2019, 9, 387 8of 11

77 I 77 -

76 1 76 -

75 - 75

74 74
o 731 . 734
s 72 A & 72 A
g 71 4 =&—0.1 mol/L g 71 4 =4—0.1 mol/L
£ 70 - £ 70
k3] =03 mol/L T =#-(.3 mol/L
69 - 8 69
X 68 - 0.5 mol/L X 68 - 0.5 mol/L
PR £ 67
S 66 =>=1mol/L S 66 =1 mol/L

65 | 65 -

64 . . . ) 64 : : : )

0 10 20 30 40 0 10 20 30 40
Time, min Time, min
(0) (d)

Figure 4. Effect on the acid concentration at different ratios of MnO,/Fe;Oj3: (a) Ratio 2:1; (b) ratio 1:1;
(c) ratio 1:2; and (d) ratio 1:3 (25 °C, 600 rpm, —=75 + 53 um).

Based on the results presented in Figure 4, Figure 5 shows that an optimum MnO,/Fe, O3 ratio
can be determined. It can be seen that there is no difference in manganese extractions when operating
at 1:3 and 1:4 ratios. For short periods of time (5 to 20 min), it can be observed that there are greater
extractions for ratios higher than 1:2, achieving dissolutions of Mn over 70% at 15 min. However, it can
be seen that at 30 min the results converge in extractions of approximately 75%. Finally, it can be
indicated that for times between 15 to 25 min, it is convenient to operate at a MnO,/Fe,Oj5 ratio of 1:3,
while at 30 min, the optimum ratio is 1:2. Figure 6 shows the potential and pH values obtained in the
tests presented in Figure 5, which vary between (—0.2 V to 1.2 V) and (-1.8 to 0.1), respectively.

79 A
77
75 A
73 A
71 -
69 -
67 -
65 -
63 -
61 - 1:4 MnO2/Fe203 ratio
59 A
57 -
55 T T T 1

0 10 20 30 40

Time, min

=4=—1:2 MnO2/Fe203 ratio

== 1:3 MnO2/Fe203 ratio

Mn Extraction, %

Figure 5. Effect of the MnO,/Fe;Oj3 ratio on manganese extraction (25 °C, 600 rpm, —75 + 53 um, acid
concentration of 0.1 mol/L).
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Figure 6. Effect of the potential and pH in solution at different MnO,/Fe, O3 ratios (25 °C, 600 rpm, —75
+ 53 wm, acid concentration of 0.1 mol/L).

Senanayake [25] stated that during reductive leaching of MnO, with the use of FeSOy as a reducing
agent, the values of potential and pH must be in the range of —0.4 to 1.4 V and -2 to 0.1 in order to
dissolve Mn. In addition, it is indicated that the divalent Fe (II), produced by the partial acid dissolution
of Fe30y, acts as a reducing agent for MnO,. Under these conditions, Mn ions remain in solution and
do not precipitate through oxidation-reduction reactions by the presence of Fe?* and Fe>* ions [26].
This can be seen in Figure 7, when analyzing the residues of the present study by XRD analysis and
mainly the presence of fayalite (Fe, > SiO,), magnetite (Fe304), and gypsum (CaSO4-2H,0) is observed.
It is concluded that, in these residues, no Fe precipitates were generated from the solution when tailings
were added. In future studies, it may be interesting to perform a kinetic study to elucidate the effect of
temperature in order to determine the Mn dissolution mechanisms from marine nodules in very short
periods of time (5 min).

=

Counts
2000
1

2Theta (Coupled TwoTheta/Theta) WL=1,54060

Figure 7. X-ray diffractogram of solid waste after leaching for 30 min at 25 °C using a MnO,/Fe;O3
ratio of 1:2, 600 rpm, =75 + 53 um, and an acid concentration of 0.1 mol/L.

4. Conclusions

The present study shows results by means of a statistical model as well as extraction curves versus
time to investigate the extraction of Mn from MnO, present in manganese nodules using tailings
obtained from slag flotation when operating in an acid medium and a room temperature of 25 °C.
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FeSOy proves to be a good reducing agent, shortening the dissolution time of MnO,. The main findings
are the following:

1. At 30 min, the optimum MnO,/Fe;O3 ratio is 1:2, with a H,SO4 concentration of 0.1 mol/L,
achieving a Mn extraction of 74%.

2. For short periods of time (5 to 20 min), the optimum MnO,/Fe,Oj ratio is 1:3, with a HySO4
concentration of 0.1 mol/L, achieving a Mn extraction between 68% and 73%.

3. When operating at MnO,/Fe; O3 ratios lower than 1:1, the concentration of acid in the system is
not an important factor.

4. High concentrations of FeSOj, in the system allow the operation in potential and pH ranges,
which favor the generation of Fe?* and Fe3*; thus, the formation of Fe precipitates is avoided.

The reductive leaching of marine nodules in an acidic medium with the addition of tailings is
an attractive and cost efficient alternative and results in high extraction of Mn in short periods of time
with the use of low concentrations of acid. In the future, a study should be carried out to improve the
economic viability of the process.
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