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Abstract: Polymetallic nodules are a potential source of industrially demanded metals such as
Ni, Co, Cu, and Mo (up to 3 wt %). Even if there is no deep-sea mining of manganese nodules
today, a forecasted gap between metal demand and supply as well as continuously high metal
prices may make seabed mining economically viable in the future. Up to now, a well-established
industrial-scale extraction method for manganese nodules has been missing. Therefore, the aim of
this study is to explore how economically interesting metals can be extracted from the nodules
in a cost- and energy-efficient way. Polymetallic nodules have a heterogeneous chemical and
structural composition without individual metal-rich particles. The economically interesting metals
are distributed between different mineral phases (Mn-Fe-(oxy)hydroxides) as well as different growth
structures that are intergrown with each other on a nm-µm scale. Because of that a typical ore
processing with the beneficiation of valuable particles is not feasible. The process presented here
starts with a pyro-metallurgical pre-treatment of the polymetallic nodules, with the aim of creating
artificial metal-rich (Ni, Cu, Co, Mo) particles with enrichment factors up to 10 compared to the
original average metal contents. Afterwards, these particles should be beneficiated by conventional
mineral processing steps to create a concentrate while reducing the mass stream in the process.
The resulting metal particles can be further treated in conventional hydrometallurgical and/or
pyro-metallurgical processes.
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1. Introduction

Polymetallic nodules occur at the sea floor of the Pacific, Atlantic, and Indian Ocean in water
depth between 1000 and 6000 m [1–7].

Detailed German exploration of nodules began in the early 1970s with the vessels Valdivia II
(1972–1978) and SONNE (up to 1982) because of the economic interest in nodules due to their metal
content. Nodules are enriched in Ni, Cu, Co, Mn, Li, V, and Mo as well as rare earth elements and Y
(REY; Table 1); because of the many metals, they are also called polymetallic nodules [8,9].
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Table 1. Average chemical composition (wt %) of polymetallic nodules from the eastern German
license area within the Clarion and Clipperton Zone (CCZ; N = 741; data from the Federal Institute for
Geosciences and Natural Resources (BGR)).

Mn Fe Si Al Mg Ca K Na Ni Cu Co Zn Ti Mo V Li REY

31.1 6.2 6.1 2.3 1.9 1.7 1.0 2.2 1.4 1.2 0.17 0.15 0.26 0.06 0.06 0.01 0.07

The interest in polymetallic nodules persisted up to the mid-1980s but, with metal prices dropping
on the global markets, interest in nodules decreased, too. However, because of the increasing demand
for and consumption of economically important metals, the interest in polymetallic nodules increased
again after the turn of the millennium. Germany needs to import valuable metals (Ni, Cu, Mn, Mo,
REEs) for high-technology applications, the green-tech industry, the electronic industry, and the steel
industry [8]. Due to Germany’s dependence on the import of metals, it is essential to discover new and
own potential ore resources/deposits since economic and political problems in supplying countries
may cause supply risks for certain commodities. A typical example is the global dependency on
cobalt from DR Congo, which has 64% of the world’s primary cobalt production [10]. The mining
of polymetallic nodules as well as Co-rich ferromanganese crusts from the deep seabed could be an
opportunity to lower this dependency.

Currently there are not only 15 licenses for the exploration of Mn nodules granted by the
International Seabed Authority, but there also are serious efforts to develop mining technology by both
private companies and state-owned organizations worldwide. Since 2006, Germany has held a license
area of 75,000 km2 for Mn nodule exploration within the Clarion and Clipperton Zone (CCZ) of the
Pacific Ocean [11].

The Federal Institute for Geosciences and Natural Resources has the assignment to investigate this
area with regard to nodule occurrence, distribution, coverage, and chemical composition. High nodule
abundance (>10 kg/m2) and a high concentration of economically important metals (Ni + Cu + Co up
to 3 wt %) [11,12] could be proven in several sub-regions of the German license area, which makes
them prospects for future mining [13,14].

In several research studies such as BlueMining, mining concepts and mining equipment for
further deep sea mining have been developed [15]. Consequently, the next step is to create a valuable
extraction method for economically interesting metals such as Ni, Cu, Co, and Mo. The technology
of processing of nodules is of particular importance for the assessment of the economic viability of
deep-sea mining since it covers about 50% of the investment costs [16].

The metallurgical treatment of polymetallic nodules to extract individual metals is very complex
because of the nodule composition and internal structures. In general, nodules are composed
of different Mn-oxides and Fe-(oxy)hydroxides with small particle sizes (<0.01 µm). Moreover,
the particles are intergrown with each other on a very fine scale through the whole nodule
(nm-µm) [17–19], which makes the metallurgical treatment challenging and conventional beneficiation
methods inapplicable.

In general, nodules consist of individual growth structures of different genesis, alternating with
each other around a nucleus (e.g., basaltic rock fragments, shark teeth, sediment) [1]. On the one hand,
hydrogenetic growth structures occur that form due to metal precipitation from oxygen-rich water
(near bottom water/sediment pore water). These growth structures contain on average ~23 wt %
Mn, ~14 wt % Fe, ~0.42 wt % Ni, ~0.33 wt % Cu, ~0.27 wt % Co, and ~0.04 wt % Mo (e.g., [9]).
Mineralogically hydrogenetic layer growth structures consist of Mn-oxides such as vernadite (δ-MnO2

Mn4+,Fe3+,Ca,Na)(O,OH)2·n(H2O)). This Mn-oxide consists of [MnO6] octahedra forming mono sheets,
which are epitaxially intergrown with an amorphous FeOOH phase [20].

On the other hand, diagenetic layer growth structures occur due to metal precipitation from
suboxic waters (near bottom water/pore water). These growth structures have higher concentrations
of Mn (~45 wt %), Ni (1.4 wt %), Cu (1.4 wt %), and Mo (~0.08) but lower contents of Fe (0.06–4 wt %)
as well as Co (0.05 wt %) (e.g., [9]) compared to hydrogenetic growth structures. Diagenetic growth
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structures consist of 7 and 10 Å phyllomanganates. These Mn-oxides consist of [MnO6] octahedral
sheets that are stacked with a defined separation from each other in the crystallographic c direction
and hydrated cations in interlayers between them (e.g., Mg, K, Na, Ca) [18,21,22]. Due to structural
vacancies within the octahedral sheets and/or because of the substitution of Mn3+ for Mn4+ within the
[MnO6] octahedral sheets, all three manganese phases have a negative layer charge deficit, which can
be compensated by the incorporation of metals into the vacancies or by the substitution of manganese
of lower valence [21,23–25].

Metals such as Ni, Cu, Co, and Mo are preferentially incorporated as inner-sphere complexes
within the octahedra of the sheets [25–29]. Therefore, those metals are structurally incorporated within
the Mn phases, which makes the extraction more difficult.

In addition to the main manganese and iron (oxy)hydroxides, sediment always occurs
within nodules and is incorporated within the cracks and pores (porosity: up to 60%) of those
nodules [5,9,30]. Typical accessory minerals are feldspar, zeolites (phillipsite), illite, kaolinite, barite,
quartz, and halite [19].

Due to the small particle size, the heterogeneous distribution of the metals in the nodules,
and the fact that the different Mn-Fe (oxy)hydroxides are epitaxially intergrown with each other,
a pre-concentration via mineral processing methods like density separation, flotation, and magnetic
separation to produce metal-rich concentrates appears impossible (e.g., [31]).

During the 1970s and 1980s, different studies were conducted to extract metals from polymetallic
nodules [32,33], but most of them were unsuccessful. Recently, different approaches were used to
extract metals from polymetallic nodules [34,35]. The metals have to be extracted in a cost- and
energy-efficient way. Conventional metallurgical processes for polymetallic nodules are based on
the treatment of 100% of the nodules mass to beneficiate 3% of valuable metals out of the mass
stream. This means a significant amount of thermal energy or chemicals is needed to separate metals
from waste.

Therefore, Leonhardt [31] conducted a selective reduction procedure using different reagents
such as coke and sulfur to produce metal-rich particles. The study of Leonhardt [31] is the basis
for this work. Here, we present high metal enrichment in newly formed, individually separated
particles by thermal pre-treatment of the polymetallic nodules in order to enable further conventional
mechanical separation of those particles from the remaining nodule matrix. The aims of the study
are to investigate: (1) the metallization degree of the economically interesting metals (Ni, Cu, Co,
and Mo); (2) the characteristics of the metal-rich particles; and (3) the grain size of the newly formed
metal-rich particles.

2. Materials and Methods

2.1. Polymetallic Nodules

Polymetallic nodule samples that were used for this study represent an average of nodules
occurring in the eastern German license area within the CCZ.

For the study nodules of different size and chemical composition were chosen for further heating
experiments. Nodule sizes range from ~3 cm to ~10 cm in diameter (Figure 1). In general, nodules from
the German license area are mixed-type nodules consisting of different proportions of hydrogenetic
and diagenetic growth structures [5,7,9]. Small nodules preferentially contain higher proportions of
hydrogenetic material, which means higher Fe (14 wt %) and Co (0.3 wt %) concentrations compared
to medium and large nodules (Fe: 6 wt %; Co: 0.15 wt %). Those nodules have higher proportions of
diagenetic material and therefore higher Mn (33 wt %), Ni (1.4 wt %) and Cu (1.2 wt %) concentrations.
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Figure 1. (A–C) Small to big nodules (3–>8 cm) with different proportions of hydrogenetic and 
diagenetic layer growth structures. Small nodules (A) are spherical to discoidal with smooth 
surfaces; Medium to large nodules (B,C) have a higher proportion of diagenetic material than the 
small ones. Those nodules are discoidal to ellipsoidal with a botryoidal rim, which indicates the 
interface between the upper (smooth) surface, which was in contact with the near bottom water, and 
the lower (rough) side, which was embedded within the sediment. The red dot marks the nodule’s 
upper surface during sampling. (D) Cross section of a typical large nodule. Dense and porous 
growth structures alternate with each other through the whole nodule. Pores and cracks are filled 
with siliceous ooze (marked with white arrow) [5]. 

Figure 2 represents the individual, genetically different growth structures that are intergrown 
with each other on a very fine scale and the metal distribution through those structures.  

 
Figure 2 (A) Backscattered electron (BSE) image and (B–F) element distribution maps of Mn, Fe, Ni, 
Cu, and Co of growth structures of a Mn nodule from the CCZ. Genetically different growth 
structures as well as the different Mn and Fe (oxy)hydroxides are intergrown with each other on a 
very fine scale (nm‒µm). 

2.2. Thermal Pre-Treatment of Polymetallic Nodules 

Figure 1. (A–C) Small to big nodules (3–>8 cm) with different proportions of hydrogenetic and
diagenetic layer growth structures. Small nodules (A) are spherical to discoidal with smooth surfaces;
Medium to large nodules (B,C) have a higher proportion of diagenetic material than the small ones.
Those nodules are discoidal to ellipsoidal with a botryoidal rim, which indicates the interface between
the upper (smooth) surface, which was in contact with the near bottom water, and the lower (rough)
side, which was embedded within the sediment. The red dot marks the nodule’s upper surface during
sampling. (D) Cross section of a typical large nodule. Dense and porous growth structures alternate
with each other through the whole nodule. Pores and cracks are filled with siliceous ooze (marked
with white arrow) [5].

Figure 2 represents the individual, genetically different growth structures that are intergrown
with each other on a very fine scale and the metal distribution through those structures.
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Figure 2. (A) Backscattered electron (BSE) image and (B–F) element distribution maps of Mn, Fe, Ni, Cu,
and Co of growth structures of a Mn nodule from the CCZ. Genetically different growth structures as well
as the different Mn and Fe (oxy)hydroxides are intergrown with each other on a very fine scale (nm–µm).
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2.2. Thermal Pre-Treatment of Polymetallic Nodules

For thermal pre-treatment experiments, nodules were ground down to ~200 µm and mixed
with different reactants (same particle size) such as coke, quartz, and elementary sulfur in different
proportions (Table 2). Coke and sulfur were already used in experiments in the 1970s [31] and
showed positive results. According to Beck and Messner [33], quartz increases the viscosity [36]
and the acidity as well as decreases the melting point in a metallurgical system. So, for the thermal
treatment of polymetallic nodules this could decrease the required energy input. To investigate the
influence of quartz, it was added to samples P5 and P6. To investigate the influence of the grain size,
one sample was ground to ≤315 µm and the other sample was ground down to a particle size of
≤45 µm. The reactants added are the same in both samples (Table 2). Nodule material (1–1.5 kg)
and reactants were heated within a rotary kiln at temperatures between 1050 and 1100 ◦C for 2 h.
The experiments were conducted under reduced conditions (inert gas atmosphere). Afterwards the
kiln was turned off and the samples cooled down for 10 h. Since nodules and reactants were added as
powders, providing large surfaces, and due to the rotary movement during the reaction period, almost
complete mixing and reaction of nodule and reactant particles could be guaranteed.

Table 2. Composition of the sample powder experiments.

Samples Coke [%] Quartz [%] Sulfur [%]

P1 (<200 µm) 8 0 0
P2 (<200 µm) 9 0 0
P3 (<200 µm) 12 0 1.2
P4 (<200 µm) 14 0 1.2
P5 (<315 µm) 20 10 2
P6 (<45 µm) 20 10 2

2.3. Scanning Electron Microscopy (SEM) and Mineral Liberation Analysis (MLA)

For the investigation of the thermally pre-treated samples, SEM analyses were conducted using a
Quanta 650 FEG SEM (FEI/Thermo Fisher Scientific, Eindhoven, The Netherlands) combined with
MLA software version 3.0 (FEI/Thermo Fisher Scientific) to characterize and quantify all particles
in the samples. The SEM is equipped with two Bruker energy-dispersive X-ray detectors (XFlash
Detector 5030, Silicon Drift Detector; Bruker Nano) (Bruker Corporation, Billerica, MA, USA) for
semi-quantitative element analysis without standardization.

For further investigations of each individual experiment (P1–P6), thin sections were prepared.
The mineralogical composition of the particles was quantitatively determined using SEM/mineral

liberation analysis techniques (SEM/MLA-XBSE (X-ray backscatter electron) [37,38]). In each section,
the chemical composition was identified using energy-dispersive X-ray spectrometry (EDS) combined
with backscattered electron (BSE) imaging. In a first step, BSE images are collected, and based on the
grey values of the particles in the images, an automated function performs de-agglomeration and
definition of individual particles. Afterwards, all distinct grains and their boundaries are accurately
defined. X-ray analyses are performed using a point procedure. Every particle with a different grey
value will be measured with EDS. The measured mineral spectra will be compared with spectra of
pre-defined mineral standards to determine the mineral identity for each grain.

Numerous parameters like modal mineralogy and grain size distribution (of each individual
mineral) can be deduced from the collected data.

2.4. Investigation of the Metallization Degree

The goal of heating experiments was to transfer valuable elements such as Ni, Cu, Co, and Mo,
which are incorporated in the crystal structure of Mn-oxides, into a separated metallic form. Before
nodules were heated they were analyzed for their general geochemical composition using the X-ray
fluorescence method in the laboratory of BGR.
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To investigate the amount of those elements in a metallic form, the metallization degree
has been investigated by the HuK Umweltlabor GmbH. To investigate the metallization degree,
experimental samples were treated according to the Bromine/Methanol-Extraction method developed
by Füchtjohann [39]. With this approach all of the metallic phases (except vanadium) were dissolved
and the solutions were analyzed via Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) to
investigate the individual metal proportion in the different samples [39].

2.5. Electron Probe Microanalysis (EPMA)

Electron probe microanalyses (EMP: JEOL JXA-8530F, JEOL, Akishima, Tokyo, Japan) were
conducted to investigate the chemical composition of the newly formed metal-rich particles of sample
P3 and P4, which have the highest metallization degrees. Analyses were done on polished thin
sections with 20 kV accelerating voltage and 40 nA beam current. The particles were measured with a
focused (~1 µm) beam. The counting times for the analyzed elements were 10 s for Mn and Fe, 20 s
for Ni and Cu, 30 s for V, Co and Zn, 90 s for Mo, and 20 s for S. Manganese metal (Mn), pyrrhotite
(Fe, S), cobalt metal (Co), pentlandite (Ni), chalcopyrite (Cu), sphalerite (Zn), molybdenite (Mo),
and vanadium metal (V) were used as standards (BGR standards).

3. Results

3.1. Metallization Degree

Table 3 and Figure 3 show the metallization degree of samples after the individual heating
experiments. Regarding the different metals, Cu (69–82%) is most enriched in the metallic phase within
all samples followed by Mo (48–75%), Ni (54–73%) and Co (51–73%). Additionally, Fe and Mn were
transformed from the oxic phase into the metallic phase, with more Fe (29–95%) being transformed
than Mn (3–17%; Table 3).Minerals 2018, 8, x FOR PEER REVIEW  7 of 17 
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Table 3. Metallization degree of samples P1–P6.

Metallization Degree [%] P1 P2 P3 P4 P5 P6

Mn 3.99 3.05 13.2 13.8 14.0 17.1
Fe 48.5 66.3 95.2 67.8 35.0 28.8
Ni 55.8 59.2 72.7 72.1 56.6 53.7
Cu 78.5 77.0 81.4 82.0 74.8 68.6
Co 55.6 52.1 73.4 70.6 51.6 51.2
Mo 65.7 66.1 74.2 74.6 48.0 55.8

According to these analyses, experiments P3 and P4 have the highest metallization degrees.
Within these samples, 70–80% of the target elements (Ni, Co, Cu, Mo, and Fe) were transferred from
the oxide phase into a metallic phase. However, the amount of Fe within the metallic phase is also
high (68% and 95%) in experiment P3 and P4, but only up to ~14% of Mn transforms from the oxide
into the metallic phase. Samples P5 and P6 represent the lowest metallization degrees (Figure 3).

3.2. High-Resolution Investigations of the Pre-Treated Material (SEM + MLA)

Investigations of the pre-treated experiments (P1–P6) using SEM showed that the internal
structures of the nodules have been partly changed (Figure 4A). That means that there are parts
of the nodules that still show the typical layered growth structures of the original nodules, such as is
visible in Figure 4B. However, in all samples bright spheroidal to elongated particles occur with sizes
between <1 µm to 20 µm (Figure 4A). Those particles occur predominantly within the transformed
nodule fragments. Only a few very small (<<1 µm) bright particles can be found within the nodule
fragments that have kept their original layered growth structures (Figure 4B). It should be noted that
these bright spots preferentially occur in areas of diagenetic growth layers (metal-rich layers) and have
not been found in the hydrogenetic layers (Figure 4B).Minerals 2018, 8, x FOR PEER REVIEW  8 of 17 
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Figure 4. (A) Backscattered electron (BSE) image of a transformed nodule fragment of sample P3
(element mappings in Figure 5). (B) BSE image of a non-transformed nodule fragment of sample
P1. Individual growth structures can still be recognized. Around the original fragment transformed
fragments can also be recognized (marked with an arrow).

EDS analyses of these bright particles in all samples (P1–P6) show that they are enriched in metals
such as Cu (5–10 wt %), Ni (10–16 wt %), Fe (~50–60 wt %), and some Mn (5–10 wt %). The concentration
of those metals differs between the individual samples as well as within each sample. Furthermore,
there are bright spheroidal metal-rich particles, which stick to coke particles in all samples. Those
particles preferentially show much higher Cu concentrations up to 70 wt % and Mn, Ni, and Fe occur
in minor amounts (for detailed measurements see EPMA analyses in Section 3.3). For the interpretation
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using MLA software, all bright particles were combined into one metal-bearing phase independent of
the concentration of the metals and assigned to one mineral phase called the Fe-Me-phase.
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Figure 5. Element maps of a transformed nodule fragment of sample P3 (see BSE image in
Figure 4A). Fe, Ni, and Cu are preferentially concentrated within the bright metal-bearing spots
and are characteristic for the Fe-Me-phase. Mn, Si, and S maps display three different Mn phases in
one fragment. Mn-rich areas without Si and S represent the Mn-oxide phase, Mn together with Si
characterize Mn-silicates, and S-rich areas stand for the MnS phase. Metals like Ni, Cu, and Co are not
highly enriched in these areas (<1 wt %).

In addition to these metal-rich particles, samples P3–P6 contain Mn-sulfides, which also
incorporate low amounts of metals in different proportions (Ni and Cu < 1 wt %; Figures 4 and 5.
These phases are assigned as MnS phase. The MnS phases show xenomorphic structures that are
intergrown with the remaining slag consisting of Mn-oxides and Mn-silicates (Figure 4A). In this study
it was important to investigate the distribution and amount of the general metal-bearing phases.

Element mappings of individual fragments (Figure 4A) were conducted to get an idea of the
distribution of the different phases (Figure 5). Figure 5 demonstrates that Fe, Ni, and Cu are
concentrated in the bright spheroidal spots visible in Figure 4A. The light grey matrix in which the
metal-rich particles are embedded consists of a mixture of the MnS phase, Mn-oxides, and Mn-silicates
(Figures 4 and 5).

Using MLA software, the two metal-bearing phases, Fe-Me-phase and MnS phase, were
investigated. Analyses of the data indicate that the MnS phases occur in higher proportions than the
Fe-Me-phases (Figure 6). For the precise chemical composition of both metal-bearing phases, EPMA
analyses were conducted (see Section 3.3, Table 4).
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Table 4. Chemical composition of metal-bearing phases of samples P3 and P4. All contents are given in wt %.

S V Mn Fe Co Ni Cu Zn Mo

P3

average (Fe-Me-phase) 0.03 0.02 6.53 58.2 3.34 18.06 11.84 0.00 0.34
stabw 0.05 0.02 3.41 8.75 3.89 5.40 4.83 u.d.l. 0.16

median 0.03 0.02 6.49 56.3 2.56 16.3 11.22 u.d.l. 0.32
min 0.00 0.00 1.13 43.7 1.21 8.05 3.37 u.d.l. 0.09
max 0.16 0.08 11.0 77.7 18.3 30.8 25.3 u.d.l. 0.65

P4

average (Fe-Me-phase) 0.04 0.02 4.78 67.1 1.86 14.1 9.25 u.d.l. 0.38
stabw 0.06 0.01 1.54 7.41 0.33 4.81 2.41 u.d.l. 0.12

median 0.04 0.03 4.93 65.9 1.87 14.7 9.08 u.d.l. 0.36
min 0.00 0.00 2.38 54.1 1.21 4.43 5.17 u.d.l. 0.23
max 0.23 0.04 6.89 80.8 2.44 23.9 14.5 u.d.l. 0.71

P3

average (MnS-phase) 36.1 0.01 61.5 0.27 0.01 0.03 0.11 u.d.l. 0.00
stabw 2.06 0.01 0.79 0.21 0.02 0.02 0.07 u.d.l. 0.01

median 36.9 0.01 61.6 0.19 0.00 0.03 0.09 u.d.l. 0.00
min 30.9 0.00 59.5 0.11 0.00 0.00 0.03 u.d.l. 0.00
max 38.1 0.03 63.0 0.75 0.08 0.05 0.21 u.d.l. 0.03

P4

average (MnS-phase) 34.7 0.01 59.8 0.31 0.00 0.06 0.12 u.d.l. 0.00
stabw 1.18 0.01 1.70 0.18 0.01 0.04 0.05 u.d.l. 0.01

median 35.4 0.01 60.1 0.21 0.00 0.04 0.09 u.d.l. 0.00
min 32.7 0.00 57.6 0.19 0.00 0.03 0.08 u.d.l. 0.00
max 35.5 0.02 61.5 0.63 0.02 0.12 0.20 u.d.l. 0.01

P4

average (Cu on cokes) 0.07 0.00 1.83 0.72 0.02 0.43 91.9 2.23 0.02
stabw 0.10 0.00 0.65 0.03 0.02 0.08 0.75 0.14 0.00

median 0.00 0.00 2.03 0.73 0.02 0.41 92.2 2.32 0.02
min 0.00 0.00 0.95 0.68 0.00 0.34 90.9 2.03 0.01
max 0.20 0.00 2.52 0.75 0.04 0.54 92.7 2.34 0.02

P3 average (Cu on cokes) 0–0.04 0.00 0.6–3.5 1.7–3.5 0.02–0.2 1.8–3.7 87–93 u.d.l. 0–0.02

P3

average (Cu-rich) 0.07 0.00 10.4 4.56 0.94 7.58 75.7 u.d.l. 0.01
stabw 0.05 0.00 0.56 1.64 1.61 0.82 2.72 u.d.l. 0.01

median 0.06 0.00 10.4 4.19 0.23 7.37 76.3 u.d.l. 0.01
min 0.00 0.00 9.72 2.80 0.12 6.74 71.5 u.d.l. 0.00
max 0.14 0.00 11.5 7.27 4.54 9.02 78.8 u.d.l. 0.03

P3

average (Co-rich) 0.14 0.00 6.67 6.50 73.7 8.13 5.88 u.d.l. 0.15
stabw 0.02 0.00 1.14 2.28 5.57 3.45 1.18 u.d.l. 0.11

median 0.14 0.00 6.35 5.27 75.0 8.61 5.36 u.d.l. 0.15
min 0.11 0.00 5.29 4.14 59.5 3.54 4.92 u.d.l. 0.04
max 0.17 0.01 8.81 10.3 78.4 14.8 8.68 u.d.l. 0.27

P3 Fe on cokes 0.04 0.00 0.20 93.7 0.04 0.96 1.53 u.d.l. 0.02

P3 Co-Fe phase 0.09–0.11 0.04–0.07 9.2–10.6 29–34 37–38.5 9.5–12.3 9.02–9.60 u.d.l. 0.30–0.50

P3 Fe-rich phase 0.00 0.00 1.30 85–89 1.2–1.4 4.8–7.7 2.5–3.0 u.d.l. 0.08

u.d.l. = under detection limit.
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3.3. Electron Probe Microanalysis

Electron probe microanalyses of metal-bearing phases were conducted to check their detailed
composition. Here we concentrate on samples P3 and P4 because both display the highest metallization
degrees (see Section 3.1). Table 4 summarizes the chemical composition of a range of different particles
that occur within the samples.

The bright particles of samples P3 and P4 show high chemical variability. These particles
(Figure 7A–F) mainly consist of different amounts of Fe, Mn, Ni, Cu, and Co, as well as Mo (Table 4).
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Figure 7. BSE images of different metal-bearing particles of samples P3 and P4, with bright
particles representing the metal-bearing phases. They have a high variability of the incorporated
economically interesting metals. (A,B) Bright particles are distributed within former nodule material,
which is transformed, now consisting of Fe-Me-phase and MnS phase intermixed with Mn-oxides and
Mn-silicates. (C–F) Metal-bearing particles that are preferentially enriched in Cu or Co, located near
coke particles.

The dominant particles in samples P3 and P4 consist of a mixture of Fe (44–81 wt %), Ni
(4–31 wt %), Cu (3–25 wt %), Co (1–18 wt %), Mn (1–11 wt %), and Mo (0.09–0.7 wt %), called
Fe-Me phase (Table 4, Figure 7).
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Furthermore, in both samples (P3 and P4) Cu-rich particles occur, which are predominantly stuck
to coke particles (Figure 7). Those metal-bearing particles consist of 87–93 wt % Cu and are depleted in
all other metals (Table 4). Only the Cu-rich phase of sample P4 includes up to 2.3 wt % Zn. In all other
metal-rich particles, Zn could not be detected.

Furthermore, sample P3 shows Co-rich particles with Co contents up to 78 wt %, with minor
amounts of all other target elements as well as some Mn and Fe. Additionally a Fe-bearing phase (Fe
content up to 94 wt %) occurred close to coke particles (Table 4). Moreover, it could be detected that
almost all metal-rich particles display zonation or a heterogenetic structure. Analyses of those particles
show that some parts are more Cu-rich than others (Figure 7B). Detailed analyses of the MnS phase
indicate very low contents of Ni + Cu + Co + Mo (<0.5 wt %; Table 4).

In summary, the main metal-bearing phases are the spheroidal–elongated particles, which are
interesting for further separation.

3.4. The Grain Size Distribution of Metal-Bearing Particles

The determination of the metal particle grain size is an important criterion for the determination
of the success of the heating process. Figure 8 represents the grain size distribution of the main
metal-bearing phase (Fe-Me-phase) of each sample (P1–P6). The analyses of the grain sizes were
conducted using the D-values, determined by the MLA software. D-values are operating numbers,
used in particle size distribution analysis. They describe percentages of particles of certain sizes. D90,
e.g., indicates that 90% of the measured particles are smaller than the determined D90 grain size.
Sample P1 shows the highest D90 value with up to 12.71 µm. In this sample 10% of those particles
are larger than 12.7 µm. Half of the Fe-Me-rich particles in sample P1 are even smaller than 3.85 µm
and 10% of the particles are smaller than 2.12 µm. Furthermore, sample P4 also shows high D90
values (10.5 µm) and 50% of the particles are larger than 4 µm. In sample P3, 90% of the metal-bearing
particles are smaller than 7.9 µm, and in samples P6 and P2 90% of the particles are <6 µm and 50% of
the particles are below <2.2 µm. P2 and P6 have the smallest Fe-Me particles.Minerals 2018, 8, x FOR PEER REVIEW  12 of 17 
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4. Discussion

Polymetallic nodules from the German license area contain up to 3 wt % Ni, Cu, Co, and Mo.
These metals are distributed heterogeneously through the nodules and are preferentially incorporated
in different Mn-oxide phases, which are furthermore intergrowth with FeOOH phases and detrital
minerals. Therefore, the separation of pure metals from the Mn and Fe (oxy)hydroxide matrix using
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conventional beneficiation methods is impossible. Thus, a process has to be investigated that releases
metals from the crystal structure of the minerals and enriches them within individual, newly formed
particles. The aim is to make the mineral processing separation steps feasible to create metal-rich
concentrates ready for further metallurgical treatment.

The present study demonstrates that a thermal pre-treatment of nodule material with different
reactants (cokes, quartz, sulfur) in a rotary kiln (1050–1100 ◦C/2 h) mobilizes metals from the
Mn-oxides of polymetallic nodules, similar to the investigation by Leonhardt [31]. During this thermal
pre-treatment, individual metal-enriched particles form.

All samples (P1–P6) were mixed with different amounts of coke. Coke is used as a reducing
agent for the metals to reduce them from their highest oxidation state into their elementary state [31].
Elementary sulfur in different proportions was added to samples P3–P6. In addition to coke, quartz
was added to samples P5 and P6 to increase the viscosity [16] as well as the acidity of the feed
material. Additionally, quartz decreases the melting point of the surrounding material [33] and
therefore increases the energy efficiency of the whole process.

Sulfur was added to form sulfides, which bind metals. The mechanical treatment of sulfides is the
state of the art in flotation processes and can be used for the separation of newly formed metal-rich
sulfides [40]. Furthermore, Leonhardt [31] found that adding sulfur to the material resulted in larger
metal particles, which is favorable for further metallurgical treatment.

According to Leonhardt [31], the reduction of Fe-oxides (Fe2O3) into Fe3O4 starts at 303 ◦C,
the further reduction of Fe3O4 into FeO occurs at 577 ◦C, and at 780 ◦C FeO can be reduced to
elementary iron.

The Mn phases (phyllomanganates; layered Mn-Oxide phases) start to transform mineralogically
at ≥160 ◦C into tectomanganates (Mn-oxide phases with tunnel structures). During this mineralogical
transformation, target elements such as Ni will be released from the phyllomanganate crystal
structures [29,41] into the slag. The target elements can be reduced by the coke into their elementary
state and can form metal particles, together with elementary iron. During further heating, reduction of
MnO2 to Mn2O3 occurs (at ~750 ◦C) and reduction of Mn3O4 to MnO occurs at around 861 ◦C [42].
During this transformation metals can be released from the octahedra structures into the slag
and be further reduced into elementary state and incorporated into the Fe-Ni metal particles.
The heterogeneous composition of the metal particles may be due to different thermodynamics of the
various elements involved. The slight enrichment of Ni over Cu and Co can be probably explained
by the first mineralogical transformation of the Mn phases, which takes place at lower temperatures.
During this reaction, up to 50% of Ni will be released from the structure [41]. In contrast, Co- and
Cu-rich particles will be released from the structure in a later phase of the Mn-oxide transformation at
higher temperatures. During this transformation, pure individual particles can be formed. Complete
reduction of Mn-oxides occurs at ~1414 ◦C [31]. At temperatures above 1000 ◦C, Mn-silicates and
probably MnS phases start to form [31]. The MnS phases do not contain high amounts of metals
because the metals were released in a former transformation phase during which Fe-Me phases form.

In all samples fragments of the original nodule growth structures can be identified.
A disadvantage of those pre-treatment experiments using powder is that the individual mixed particles
only remain in contact with each other for a short time through the whole heating process in a rotary
kiln and therefore the reaction time of the nodule sample with the reactants is probably too short to
react completely. Because of that, not all of the metals are transformed into the metallic form and a
part of the nodules remains in their original structural state. For this study, the reaction time in the
rotary kiln was 2 h. Longer reaction times should be tested; however, they will make the process more
energy-intense and a balance between reaction time and energy consumption must be found.

Comparing the six experiments, P3 and P4 seem to be the most successful and promising because
of their high metallization degrees (70–80%). These samples show high contents of Ni, Cu, Co, and Mo
in the metallic phases but also a high proportion of Fe and Mn, which were transformed from the
oxic into the metallic form. In contrast, samples P1 and P2 only reached a lower metallization degree
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(50–78%) of Ni, Cu, Co, and Mo; on the other hand, lower concentrations of Mn and Fe occur within
the metallic phases. The contents of Fe and Mn and their influence on further metallurgical treatments
have to be investigated. Here the metallization degree of the target elements (Ni, Cu, Co, and Mo) is
significant. In comparison to other extraction and beneficiation methods, a metallization degree of 80%
is necessary to make the process valuable.

Aside from the degree of metallization of the target elements, the success and applicability of this
beneficiation process also depends on the size of the newly formed particles.

Most of the target metals have been enriched in the Fe-Me-phase, which is distributed all over all
samples but most enriched in samples P3 and P4. The largest particles occur in sample P1, but the
majority of the particles are still very small (50% <4 µm). In contrast, sample P4 represents relatively
large metal-rich particles; here the size classes are more homogeneously distributed and almost 50%
of the particles are larger than 4 µm. Adding sulfur to the mixture also results in larger particles that
are more homogeneously distributed. However, the higher content of sulfur seems to lead to higher
contents of Fe in the metallic phase. Moreover, the addition of too much coke and sulfur lowers the
metal yield independent of the former material particle size [31].

The particle size, together with the high metallization degree of sample P4, indicates that the
experimental setup of P4 leads to the most valuable results.

However, the particle sizes of the formed metal-bearing particles in all samples are generally
relatively small (D90 <12.71 µm), which may cause problems for further separation. For instance,
the minimum size for conventional flotation is ~5 µm, and this average particle size has not been
reached during the heating experiments (Figure 8).

Furthermore, our work shows that Fe is not only enriched in all metal-bearing particles of all
samples but also is still remaining in the surrounding matrix. Because of the heterogeneous distribution
of Fe within all samples, beneficiation by magnetic separation is complicated or even impossible.

Moreover, the generally heterogeneous composition of the metal phases causes different chemical
behavior that makes a flotation process challenging. Consequently, it is assumed that several different
reagent regimes with several flotation steps may be necessary.

The particle size of the ground nodules also has an influence on the metallization degree, as our
experiments suggested. If the nodule material is ground to less than 45 µm the metallization degree is
lower compared to the material that is ground to 200–315 µm.

5. Conclusions

This study shows that it is possible to enrich different target metals (Ni, Cu, Co, Mo) of Mn
nodules that are dispersed heterogeneously in the nodule matrix into individual metal particles by
selective reduction.

In this study we show that the Mn-mineral structures of Mn nodules treated with reagents like
coke, sulfur and quartz under temperature (1050–1100 ◦C) break down and metals were released to
form individual metal-rich particles. Those particles can be separated afterwards via conventional
methods. However, current mineral processing methods such as density separation, magnetic
separation, and flotation are inefficient for metal beneficiation for particle sizes below 10–20 µm.
The particles created in this study have a D90 <12.71 µm, too small for successful beneficiation via
mineral processing steps. However, metal particles bigger than 20 µm were also created. This indicates
that with modified process parameters (e.g., longer reaction times in the rotary kiln and longer cooling
time to try to form larger metal-rich particles, by varying the reactants), metal particle sizes can be
increased. The metallization degrees achieved here (up to 80%) and the high concentration of the
target elements (e.g., Fe, Ni, Cu, Co, Mo) in individual particles make the process very successful.
The metallization of manganese is unwanted. To avoid the metallization of Mn, relatively low reaction
temperatures (1050–1100 ◦C) were used for the described tests. Higher temperatures (≥1500 ◦C) would
result in higher Mn contents within the metal particles.
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The microprobe analyses of the individual metal-rich particles display a very heterogenic
composition. However, the aim of this study was to create individual metal-rich particles that were as
large as possible; the composition of the particles was of minor priority. Based on the created data,
no composition pattern was identified. Further work and variation of the proportion of the used
reactants (variation in the coke/sulfur mixture) is needed to improve the method.

However, further investigations are necessary to optimize this processing and should cover
the following aspects: (1) longer reaction times between nodule material and the reactants within
the rotary kiln to make sure that all of the materials react with each other and all metals will be
released from the Mn-oxide structures, (2) longer cooling time to try to form larger metal-rich
particles, (3) variation of the proportion of the used reactants (variation in the coke/sulfur mixture).
Higher proportions of coke probably result in a higher amount of metal particles, which stick to the
coke particles. This conglomerate of smaller metal particles and coarser coke particles could result in a
significant density difference to the remaining metal-free particles. Investigations into whether these
particles could be concentrated by density separation steps to create a metal-rich concentrate have to
be conducted.

As the present work was conducted on a laboratory scale, a prediction on general energy and
economic effects is not reasonable. If an improved process with sortable metal particles is developed
in future studies, the overall processing chain has to be evaluated regarding environmental issues and
energy and economic consequences. This also includes a follow-up metallurgical treatment for a metal
particle concentrate that does not exist yet. Afterwards, this process can be compared to other pyro- or
hydrometallurgical processes.

As more than 90% of the feed material will be rejected during future mineral processing of
pre-treated polymetallic nodules, the question of waste disposal will be of importance, too. As the
potential tailings will include significant amounts of manganese and iron, a possible implementation
into ferromanganese production should be investigated. This would reduce the amount of tailings
and the environmental impact of their disposal. Furthermore, the parts of the tailings that are not
applicable for ferromanganese production should be studied in detail for any further use.
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