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Slurry electrolysis of ocean polymetallic nodule
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Abstract: The ocean poly-metallic nodule was leached by using slurry electrolysis process in HCI-NaCl medium. The leaching rates
of Mn, Co, Cu and Ni in the ocean poly-metallic nodule are all above 97%. Meanwhile, the high purity of electrolytic MnO, is also
obtained as an anode product. The effects of electrolysis electric quantity, acidity, temperature, slurry density, grain size and iron ions
concentration were studied. The results show that the ocean poly-metallic nodule can be treated economically in the slurry

electrolysis process.
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1 Introduction

cobalt- and nickel-rich ocean
poly-metallic nodule has attracted much attention for a
long time[1-2]. Since 1960s a large number of works on

The copper-,

exploration, mining, and metallurgy for the ocean nodule
have been done, and great progress has been made[3—5].
The main technologies have been developed in
metallurgy including reducing smelting, vulcanizing
smelting, reducing roasting, direct acid leaching,
reducing acid leaching, bioprocessing and reducing
ammonia leaching, etc[6—8]. Due to high water content
of nodule (about 30%), high energy consumption is
needed for pre-dehydration of the nodule before smelting
or roasting[9—10]. By traditional
hydrometallurgy technology can treat the nodule without
any pre-dehydration although reagent
consumption is relatively high[11]. A new clean

contrast,
chemical

hydrometallurgy process with high efficiency and low
cost is thus necessary.

Slurry electrolysis (SE) is a hydrometallurgical
process which has been developed for over twenty
years[12—17]. It combines traditional hydrometallurgical
technique, such as leaching, solution purification and
electrowinning into one step. It can simultaneously leach
sulfide ore on the anode by oxidation and reduce oxide
ore in slurry on the cathode. It therefore transfers the

high-energy-consuming anode or cathode reaction into
efficient leaching process of metal from the slurry,
decreasing the cell voltage of electrolysis and electricity
consumption. And the hydrometallurgical flow-sheet is
simplified.

The SE technology can also utilize low-price direct
current to leach nodule in cathode, producing the MnO,
in anode directly at the same time. It was observed that
the valence of the manganese in the nodule had not
changed during the SE. Only the migration of MnO,
occurred in the electric field. The MnO, was leached in
cathode and produced again in anode. As a result, the SE
technology consumes neither reagent nor electric energy.
It consists of a reverse reaction of MnO, on the anode
and the cathode. The electric energy is needed for
overcoming the resistance of solution and side reaction
on electrode. The unchanged valence of the manganese
in nodule is the cardinal difference between the SE and
traditional hydrometallurgical technologies. As a new
hydrometallurgical technology, the slurry electrolysis
process can realize the economic treatment of ocean
nodule.

2 Experimental
Chemical composition of the experimental nodule is

as follows (mass fraction, %): Mn 25.19, Ni 1.12, Cu
0.72, Co 0.25, and Fe 8.43.
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All experiments were conducted in a 5L electrolyser.
Ti/MnO, strip and graphite stick were used as anode and
cathode, respectively. A percolating diaphragm was
installed to separate the electrolyser into anode zone and
cathode zone. In the cathode zone, slurry was agitated by
a JJ-90 type electric agitator. The electrolyser was
maintained in a thermostatic water bath to keep the
temperature constant.

3 Results and discussion

3.1 Leaching mechanism of ocean nodule in SE

In HCI-NaCl medium, the leaching process of the
ocean poly-metallic nodule in SE is very complicated. In
cathode zone, the leaching reactions take place:
Cathode reduction:

MnO,+2e +4H'=Mn*'+2H,0 (1)
Fe®* reduction:

MnO,+2Fe**+4H ' =2F¢*"+Mn?**+2H,0 (2)
And Fe*" ion is then reduced on the cathode again:
Fe''+e =Fe*" (3)
Hydrochloric acid reduction:
MnO,+4HCI=MnCl,+2H,0+2Cl, T “4)

With the leaching of manganese on the cathode, the
cobalt
accordingly leached in anode zone. The dissolved

copper, and nickel stored in nodule are
manganese ion will deposit on the anode in the form of

MnO,:
Mn*+2H,0=MnO,+2¢ +4H" (5)

It can be seen that SE consists of the reducing
leaching of nodule in cathode zone, the oxidizing
deposition of Mn®" on anode and the reducing
regeneration of Fe’* on the cathode. The reduction
reactions on the cathode are correlated closely with the
oxidation reactions on the anode.

3.2 Effect of electrolysis electric quantity

The electrolysis electric quantity in SE is a decisive
factor in the leaching of the nodule. Effect of electrolysis
electric quantity on the leaching rates of Mn, Co, Cu and
Ni is shown in Fig.1. The leaching rates of manganese
could reach about 97% under the electric quantity of 0.8
times the theoretical one of manganese in nodule. The
leaching rates of cobalt, nickel, and copper were all
about 98%. The leaching rate of copper dropped above
the theoretical electric quantity of manganese. It was
mainly caused by the fact that the copper was reduced
into copper powder again and deposited into residue.
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Fig.1 Effect of electric quantity on leaching rates of nodule
(Leaching conditions: NaCl 120 g/L, Mn 51.83 g/L, 70 |,
650750 r/min, J'=100 A/m?, J =140 A/m% L/S=15:1, pH=
0.5-2)

3.3 Effect of acidity

The acidity of the solution influences the reduction
potential of MnO, remarkably. It will enlarge the
polarization of cathode by reducing the concentration of
hydrochloric acid, which will decrease the dissolution of
the nodule. Fig.2 shows the influence of the acidity on
the leaching rates of the nodule. When the pH of the
cathode solution was greater than 2, the leaching rates of
Mn and Co dropped rapidly.
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Fig.2 Effect of pH on leaching of nodule (Leaching conditions:
NaCl 120 g/L, Mn 51.83 g/L, 70, 650—750 t/min, J'=100
A/m?, J=140 A/m? L/S=15:1, 200 min)

3.4 Effect of temperature

As it is well known, the effect of temperature on the
leaching rates of metal elements in minerals is great. It
not only influences the moving speed of ions in solution
and the reaction speed of chemical leaching, but also
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influences the electrochemical reaction speed on the
surface of electrode. The variation of the leaching rate of
Mn versus time at difference temperatures is shown in
Fig.3. The nodule could be leached easily. The leaching
rate of manganese in the nodule was higher than 95%

when the temperature was greater than 50 by giving
the theoretical electric quantity of manganese.
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Fig.3 Effect of temperature on leaching of nodule (Leaching
conditions: NaCl 120 g/L, Mn 0 g/L, HCI 20 g/L, Fe 1 g/L,
0.074 mm 86.9%, 750 r/min, J =140 A/m?, L/S=50:1)

3.5 Effect of iron ion concentration

The iron ions acted as the main reducing agents in
the SE of the nodule. They reacted with the nodule
directly by changing the reaction ways on the cathode
and the transformation of reaction electron, decreasing
the cell voltage significantly. The variation of the
leaching rate of Mn versus time under different
concentrations of iron is shown in Fig.4.

Fig.4 indicates that the iron ions concentration
exerts a remarkable influence on the leaching rate of the
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Fig.4 Effect of iron ion concentration on leaching of nodule
(Leaching conditions: NaCl 120 g/L, Mn 0 g/L, HCI 5 g/L,
70, 0.074 mm 86.9%, 750 r/min, J=100 A/m? L/S=
200:1)

nodule. The initial leaching speed of manganese was
nearly two times higher with Fe 5 g/L in the solution
than that without iron ions. The change of the leaching
speed was minor when the iron ion concentration was
greater than 1 g/L. With electric quantity less than 0.8
times the theoretical one of manganese, almost all of the
manganese was leached.

3.6 Effect of slurry density

The test results of different slurry density are shown
in Fig.5. The leaching rates of Co, Ni, Cu and Mn began
to drop lightly when the L/S was smaller than 5. When
the L/S was greater than 8, the effect of slurry density
was not obvious.

3.7 Effect of grain size
Fig.6 shows the effect of the grain size on the
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Fig.5 Effect of slurry density on leaching of nodule (Leaching
conditions: NaCl 120 g/L, Mn 51.83 g/L, 70, 650—750 r/min,
J'=100 A/m?, J=140 A/m?, pH=0.5-1.5)
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Fig.6 Effect of grain size of nodule on leaching (Leaching
conditions: NaCl 120 g/L, Mn 51.83 g/L, 70, 650—750 r/min,
J =140 A/m?, L/S=15:1, pH =0.5-1.5)
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leaching. It is indicated that the grain size has great
influence on the leaching rates of cobalt and manganese,
but has little effect on the leaching rates of the copper
and nickel. It is reasonable to control the grain size of the
nodule with 80%—90% passing through 0.074 mm.

3.8 Comprehensive experiments

The optimum conditions of the leaching of the
nodule on the cathode and the electrolysis of MnO, on
the anode were taken into account on the basis of the
above study. The comprehensive experiments were
conducted by choosing the temperature of 70, 80 and
90 , respectively. The other experiment conditions are
listed in Table 1.

The results of comprehensive experiments proved
that the leaching rates of manganese, cobalt, nickel and
copper can exceed 97% by giving 0.8 times theoretical
electric amount for manganese in the nodule with acidity
of 0.8. The contents of manganese, cobalt, nickel and
copper in leached residue are Mn 3%, Co 0.02%,
Ni  0.05%, Cu 0.04%, respectively. The current
efficiency of the anode is about 70%. The content of
manganese in electrolysis MnO, is greater than 58%, in

Table 1 Results of comprehensive tests

s63

which the content of the cobalt, nickel and copper are all
smaller than 0.005%, and the content of the iron is
smaller than 0.02%.

4 Conclusions

1) It is feasible to adopt the slurry electrolysis to
treat the ocean poly-metallic nodule in HCI-NaCl
medium. The optimum conditions are: NaCl 120 g/L, Mn
40-70 g/L, temperature 70 , pH 0.5-1.5, cathode
current density 200 A/m* L/S=(6-10):1, and 0.8 times
the theoretical electric quantity of the manganese. The
leaching rates of all the main metal elements, i.e.
manganese, cobalt, nickel and copper all exceed 97%.

2) The average voltage is 2.6 V. The power
consumption per ton ore is 700-900 kW-h. The HCI
(37%) consumption per ton ore is about 1.6 t. Meanwhile,
high quality electrolytic MnO, is produced with an
output per ton ore of about 280 kg.

3) Under optimum conditions, the contents of
manganese, cobalt, nickel and copper in leached residue
3%, Co 0.02%, Ni  0.05%, Cu 0.04%,
respectively. The current efficiency of the anode is about

are Mn

Test No. Mass of Tirr.le/ Temperature/ RotatioTl . LS pH Average
nodule/g min speed/(r'min ) Initial End voltage/V
DY-57 190 230 90 750 8:01 0.5 1.50 2.6
DY-58 190 230 80 750 8:01 0.5 1.50 2.7
DY-59 150 205 90 700 10:01 0.5 1.50 2.6
DY-60 150 205 80 700 10:01 0.5 1.50 2.6
DY-61 150 205 70 700 10:01 0.5 1.50 2.6
Residue composition/% Leaching rate/%
Test No. Residue/g
Mn Co Ni Cu Fe Co Ni Cu Fe Mn
DY-57 1.32 0.008 0.081 0.130 12.8 56.50 99.05 97.85 96.63 54.81 98.44
DY-58  2.90 0.015 0.015  0.029 8.36 51.50 98.37 99.64 98.91 73.12 96.88
DY-59  0.56 0.001  0.007  0.024 7.00 36.50 99.90 99.85 99.19 79.79 99.46
DY-60  0.65 0.002  0.009 0.028 11.2 34.50 99.82 99.82 99.11 69.42 99.41
DY-61 0.48 0.002 0.006  0.025 8.51 35.40 99.81 99.87 99.18 76.18 99.55
Electrolysis MnO, composition/% Ampere Power
Test No. Mass/g efficiency of Consumption of  consumption/
Co Ni Cu Fe Mn anode/% HCIG7%)/t (kW-h)
DY-57  0.001 0.004 0.004 0.014 60.12 36.00 60.53 1.70 802.32
DY-58  0.001 0.001 0.004 0.008 60.69 38.30 65.01 1.70 837.2
DY-59  0.001 0.002 0.008 0.021 60.42 41.20 78.11 1.59 715.11
DY-60  0.001 0.002 0.006 0.012 59.69 42.00 78.67 1.59 715.11
DY-61  0.001 0.001 0.003 0.013 59.91 40.80 76.70 1.59 715.11

Experimental conditions: NaCl 120 g/L, Mn 50 g/L, 650—750 r/min, J'=180 A/mz, J =200 A/mz, and pH=0.5-1.5.
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70%. The content of manganese in electrolysis MnO, is
greater than 58%, in which the contents of the cobalt,
nickel and copper are all smaller than 0.005%, and the
content of the iron is smaller than 0.02%.
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