


 
Figure 2. Simplified pyrometallurgical process for the extraction of 

metal values from polymetallic nodules 

Thermo-chemical Models in FactSage™ 6.4 

Thermodynamic models present a great advantage to research of the 1970s and allow the theoretic 

verification of process routes, which were developed in the past. FactSage™ is a complete ther-

mochemical modelling program with many different applications e.g. phase diagram calculation, 

thermodynamic chemical reaction calculations, predominance as well as EpH modelling. The 

Equilib mode uses Gibbs free energy minimization calculations to simulate the reactions of differ-

ent reactants to reach a state of chemical equilibrium and therefore allows the modelling of phase 

equilibria. It employs a vast variety of thermodynamic databases of pure substances and solu-

tions. [14] 

Table I. Average chemical composition of nodules from the German 

license area [wt.-%] (wet basis; ~ 20 wt.-% LOI as water) 

Mn Ni Cu Co Mo V Fe Si Al Mg Ca Zn 

31 1.4 1.2 0.16 0.06 0.06 6.2 5.9 2.3 1.9 1.6 0.15 

MnO NiO CuO CoO MoO3 V2O5 FeO SiO2 Al2O3 MgO CaO ZnO 

40.02 1.73 1.46 0.20 0.09 0.11 7.98 12.62 4.35 3.15 2.24 0.19 

 

The FactSage™ models consider 15 elements as simple oxides (MnO, FeO, SiO2, NiO, etc.). Trace 

elements (< 500 ppm) were not taken into account in the calculation to simplify the model. Figure 

3 shows the relevant slag system for the first smelting step, a quasi-binary phase diagram of the 

main oxides is depicted. 
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Figure 3. Quasi binary phase diagram of the five main oxides (MnO, 

SiO2, FeO = 12 wt.-%, Al2O3 = 6 wt.-%, MgO = 5 wt.-%) 

The x-axis shows the correlation of varying MnO/SiO2 ratio and resulting equilibrium phases and 

the liquidus surface. The autogenic slag composition (compare Table I) is also indicated. The 

model predicts a liquidus temperature of approximately 1540°C, which was verified experimen-

tally in DTA/TGA trials. In the first reduction step (see Figure 2) the main separation of valuable 

metals from the manganese stream is conducted. However, in a temperature range above 1500°C 

carbothermic reduction of MnO is significant. This results in high Mn concentrations in the first 

alloy and subsequently Mn loss for the FeMn reduction, which needs to be minimized. 

Silica flux may be added to decrease the liquidus temperature of the slag to values below 1400°C. 

Different models were created in the “Equilib” mode of FactSage 6.4 to assess silica addition on 

the first reduction step. The addition of carbon as reductant was varied according to the percentage 

theoretically needed to reduce all NiO, CuO, CoO, MoO3 and V2O5 up to the quadruple amount 

needed (~ 29g/kg oxides). The first model with no SiO2 results in a metal phase with approximately 

6.1 wt.-% Mn at 300% C addition. Here the reduction temperature was set at 1650°C (roughly 

100°C above liquidus). In comparison, at a MnO/SiO2 ratio of 1 reduction temperature may be 

reduced to 1400°C, which results in an Mn content in the alloy of ~2 wt.-%. The target metals Ni, 

Cu, Co, Mo are reduced with recoveries > 95% at MnO/SiO2 of 1. Yet, with no flux addition Cu 

recovery is only about 84%, indicating potential metal loss to the slag. Vanadium is not reduced 

in this step, but remains in the slag at equilibrium composition. The reduction of iron may not be 

avoided thermodynamically, resulting in ~ 51 wt.-% in the alloy. 

MnO/SiO
2
 = 2 

Autogenic Slag 

MnO/SiO
2
 = 3.2 

MnO/SiO
2
 = 1 
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Similarly, the second reduction step of ferromanganese from the resulting slag was simulated and 

optimized using FactSage™ models. The ratio of (MnO+CaO)/SiO2 (i.e. basicity) was used to 

characterize the slag. Lime is used to form a calcium silica slag and thus minimize the co-reduction 

of Si, which is limited for most FeMn qualities to < 1.2 wt.-% [15,16]. Carbon additions were 

varied as well as the reduction temperature from 1500°C to 1800°C. As expected, Si co-reduction 

decreases with CaO additions and increases with the temperature. However, Mn reduction recov-

eries increase with the basicity of the initial slag mixture. Thus a trade-off between undesired Si 

reduction and maximized Mn recovery.  

Experimental Evaluation 

All experiments are conducted in a lab-scale DC electric arc furnace, which has a power supply of 

50 kW and a melt capacity of 6 liters. The furnace has a water-cooled copper bottom-electrode and 

a 5 cm diameter graphite top-electrode. The first melting and reduction experiments were con-

ducted in an alumina-chromia castable lining, which proved very stable against the slag and is 

suitable for temperatures up to 1800°C. The reduction of ferromanganese from the resulting slag 

was carried out in graphite crucibles. 

For the first reduction experiments, nodules were ground (< 0.5 mm) and pelletized with different 

SiO2 additions. The pellets were charged into the preheated lab EAF, during charging the furnace 

was run with an open arc. Once all pellets (~ 3 kg/trial) the graphite top-electrode was submerged 

into the liquid slag and held for 15 minutes (SAF operation). The solidified slags were broken up, 

mixed with varying CaO amounts, and charged once again into the preheated graphite crucible. 

For the reduction in SAF operation the electrode was submerged for 1.5 hours into the slag. During 

all trials, slag samples were taken in intervals and analyzed via XRF analysis. 

Reduction of FeNiCuCo alloy 

The alloy predicted in the models makes up approximately 7% of initial oxide input weight. Ex-

perimentally, metal weights of 5 to 8% of input weight were obtained, proving thermodynamic 

models. A phase distribution comparison between FactSage™ models and experimental results is 

given in Figure 4. 

 
Figure 4. Phase distribution comparison of experimental values and 

model results (MnO/SiO2 = 1, at a carbon addition of 200%) 
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The average metal composition of three different initial slag compositions is given in Table II. As 

may be seen Mn content in the alloy decreases dramatically when adjusting the MnO/SiO2 ratio of 

the slag. Differences in smelting and reduction temperature were also observed and correspond 

well with liquidus data simulated in FactSage™. The tapping temperature for smelted nodules with 

no flux addition was between 1600 and 1650°C, whereas tapping temperatures with silica flux 

could be decreased to values between 1350 and 1450°C. 

Table II. Comparison of alloy compositions after the first reduction step 

[wt.-%] 

MnO/SiO2 Fe Ni Cu Co Mo Mn 

3.2 54.3 13.4 9.1 0.7 0.5 18.5 

2 62.4 17.0 12.7 1.9 0.7 2.2 

1 60.4 17.8 10.8 2.0 0.6 2.5 

 

Reduction of FeMn from slag 

For the reduction of ferromanganese a slag with 47.4 wt.-% MnO was generated from a larger trail 

series with an adjusted MnO/SiO2 ratio of 2 in the first melting and reduction step. The full chem-

ical analysis of the slag is given in Table III. A value for the basicity was established to describe 

the reduction step: 

𝐵 =  
%𝑀𝑛𝑂+%𝐶𝑎𝑂

%𝑆𝑖𝑂2
 (1) 

The autogenic slag possesses a basicity value of 1.63. This highlights the challenge for the FeMn 

reduction from this slag, when compared to standard manganese ores; whereas the Mn content of 

the slag is comparable to low-grade manganese ores (B = 3…17) [17], the basicity (i.e. silica con-

tent) of the slag is significantly higher (i.e. more acidic). Thereof arises the need for CaO flux to 

hold Si in the slag. 

Table III. Chemical composition of slag for FeMn reduction [wt.-%] 

MnO SiO2 FeO MgO Al2O3 TiO2 CaO V2O5 P2O5 

47.4 31.0 3.5 4.0 5.1 0.58 3.0 0.11 0.41 

 

Due to limited supply of nodules and therefore limited amount of slag, initially four trials could be 

conducted. The results are illustrated in Figure 5. The basicity was increased (2.4, 2.6, 2.8 and 3.0) 

for this trial series. As can be seen from Figure 5 the lowest Mn content in the final slag may be 

achieved with the highest CaO additions. 

The metal phases showed a manganese content of > 85 wt.-% in initial XRF analysis. However, 

analysis of carbon content is yet outstanding. Fe content in the alloy is ~ 8 wt.-%, which is inside 

requirements for FeMn. Yet, titanium as well as vanadium content in the reduced metal is prob-

lematic with contents ~ 1.3 wt.-% and 0.4 wt.-% respectively. The control of these metals will be 

subject to further studies. The phosphorous contents on the other hand was not significant and 

below 0.1 wt.-%. Reduction temperature during SAF operation varied between 1600 and 1800°C 

as was calculated in the simulations.  
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Figure 5. Correlation of Mn content in the slag during reduction versus 

time (in SAF operation) and basicity 

Summary 

The first experimental investigation into the described pyrometallurgical process for polymetallic 

deep-sea nodules were successful. The trials have so far proven the technical feasibility of the 

process developed mainly in the 1970s. Additionally, this study has shown that there are many 

advantages of thermodynamic modelling and that it may be used to verify metallurgical processes, 

which were developed in the past. The FactSage™ models allowed the calculation of the liquidus 

temperatures of the slag, which were close to experimental data, even though some simplifications 

had to be made in the models. The metal reduction was also successfully modelled in FactSage™ 

and the results could be proven in the experiments. Overall, it could be shown that by careful 

adjustment of the MnO/SiO2 ratio it is possible to separate most of the manganese content of the 

nodules from metal values (i.e. Ni, Cu, Co). The use of an electric arc furnace to melt and separate 

the two phases has many advantages and could be easily adapted to an industrial scale. 

The initial experiments on the reduction on ferromanganese from the slag produced in the first 

reduction step showed that the production of a sellable manganese product from deep-sea nodules 

is possible. However, further studies are needed to adjust the slag to produce FeMn that adheres 

to FeMn standards. The option of the production of SiMn as well as FeMn in a two-stage reduction 

step will also be investigated. Additionally, further studies on the entire process are planned in the 

future since the investigation of the conversion of the FeNiCuCo alloy is outstanding. Furthermore, 

a scale-up of the process from lab-scale is planned. 

Overall, the advantages of the pyrometallurgical processing route compared to hydrometallurgical 

options are described and proven by the experimental trails. The valuable metals are easily sepa-

rated and concentrated from the manganese stream. The advantage of the production of a manga-

nese product from polymetallic deep-sea nodules are also outlined. However, the exploitation of 

these nodules remains a political topic, but could offer decreased dependency on raw material 

imports, which will be especially important for raw material import-dependent countries like Ger-

many.  
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