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ADSTRACT

-2

Current densities from 400 Am-'2 to 1000 Am were used to
investigate the electrowinning of cobali from sullate solutiong,
The cell used was a cylindrical beaker of 1000 @i capacity.

Iwo lead anodes and one stainless steel cathode were used as
electrodes. The cathode was brepared electrolytically with a
solution of orthophosphoric acid, rinsed with diztilled water

ond acetone, then dried in sz dessicator tefore vmo,

4 magnetic stirrer was used while heating up and stirring the
golution. The cell voltage, the current effic ciency for cobalt
deposition, the deposit purity, the electrical energy consumption,
and the deposit appearmnce were measured as a Luncu@on of current
density, additive (gelatin) concentration, tempersture, acid

concentration, cobalt ions content and speed of agitation,

Reasonable results were observed by a careful control of these

s

corameters. It was found that low operating curwent densities wer

Y

sfficient in the sense that the curreni efficiency and the deposit
purity were high while the applied cell voltage nud the electrical
energy consumption were low. The current dengitlics suggested

were between 400 - 700 Am"z.

Other good operating conditions we found are near neutral solutions

e

of pHS-5.4, vigorous agitation to avoid precipitotion of cobalt

hydroxide, addition of a chemical agent 2t o concentration of

-

A mg/l gelatin as optimum quantity and hish temy ture of 8‘ C.
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1.

Introduction

Cobalt's many properties make it an invaluable metal in the

modern industrial world (1 ). It is useds

= @8 an alloying element to Provide magnetic Properties

= a8 a matrix for carbide cutting materials

- in superalloys to provide oxidation and sulfidation
resistance, as well as weldability

=~ as oxides, salts, driers in the form of organic compounds

of cobalt, and catalysts.

Cobalt salts are used in ceramics, frits, pjgments,
decolorizers, and animal food supplements,

Organic compounds of cobalt, Principally s8oapse, are

used in oil based paints to promote drying.,

Petroleum and high polymer industries use cobalt in
catalysts, often with molybdenum and other metals. Pure
cobalt can be obtained by electrolysis of leach solutions
after purification and solid removal., These solutions
will contain, however, in addition to cobalt, some impurities
such as nickel, banganese, zinc, copper, lead and iron.
Depending on the operating conditions, the electrowon

cobalt will be somewhat contaminated with these elements,

The standard electrode (reduction) potentials at 25% for

these elements in aqueous acid solutions are (2):



electrowinning of cobalt and current densities in the range
0.02 t0 0.03 A om™2, They said that the cause of this high
energy consumption was due more to resistance losses in the
diaphragm and anolyte than to the fluidized cathode. They
said also that the fluidized lead electrode was particularly
suited for electrowinning from near neutral catholytes at
concentrations down to approximately 17 grams per liter of
cobalt, PH's 1.8 to 3.00, and current densities up to 0.5 Acm™2
without apparent deterioration in cathode qQuality or signifi-
cant loss of current efficiency.

The cell voltage was found to increase with the superficial
current density (current Per unit area of cell diaphragm) and

to decrease with increase in acidity.

Rontgen P. and K. Giesen (4.) carried ocut a number of experiments
at low current densities (100 to 200 A m‘z) and obtained quite
satisfactory results without the use of a diaphragm as cathode
protectidn, both with chloride and sulfate electrolysis. In
chloride electrolysis, the maximum current efficiency amounted
to 78% and the énergy consumption was 2.34 kwh/kg cobalt., In
sulfate electrolysis, they obtained 93.5% and 2.48 kwh/kg cobalt.
Smooth deposits were obtained by addition of 4 mg of colloid
per liter per day. Their investigations showed that the current
efficiency:
-~ increases with the current density up to 200 Am'2, then,
it decreases with increase in current density. The following
experimental conditions were used; 100g Co/l in the form of
casoz, 4 mg collo id per liter per day, 6500, 25 mm as electrode

&ap and 24 hours as duration.
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- Jincreases with the bath temperature up to 65°C, then,
it decreases with further increase in temperature.
The experimental conditions are the same as in the
above case except the current density which was

maintained at 200 Am~2,

The cell voltage was found to increase linearly with the
current density and to decrease linearly with the bath

temperature.

Shungu, T.and P. Charles ( 5) studied the influence of
different parameters controlling the electrolysis of cobalt
solution on laboratory and industrial scales. They establi-

shed that the current efficiency:

=~ increases with the PH of the solution up to 6.2, then,
it decreases with further increase of pH. For these
tests, the starting solution contained 30 g/1 of
cobalt in the form of sulfate and bath temperature

was 60°C.

- increases with the current density up to about 600 Am‘zp
then, it decreases with further increase of the current
density. These tests were carried out at pH 6.2, 30g

Co/1 and 60°c.

- increases with the bath temperature in the range 25°C

to 70%,.

Nekahara, S.and S. Mahajan (6 ) found that at low pH (a1.6),
the microstructures of cobalt electrodeposits consisted of
highly faulted fecec regions with some hep regions. At high
PH (v5.7), on the other thand, the density of faults was

greatly reduced and the microstructures consisted entirely
of hecp plane,



Furthermore, a high density of inclusions, probably cobalt
hydroxide, was observed in the high pH deposits. They sugge-
sted that during the cobalt electrodeposition at low pH, the
formation of apparent fce prhase, actually metastable cobalt
hydride (foc), was greatly promoted by the codeposition of atomi
hydrogen, but during and after the deposition, the rapid
diffusion of atomic hydrogen caused the fcc hydride phage to

decompose and partially transform to hep cobalt,

At Nkana Division - New cobalt plant, the operating conditions
ares

- advance electrolyte (40 g cobalt/1, 2g H2804 /1, 65%)

- spent electrolyte (35 g cobalt/l, 10 g H,50,/1, 70°%¢c)

- current density = 320 Am~°

- maximum cell voltage drop = 7 volts

~ twelve cathodes and thirteen anodes pexr cell

- Total flowrate to cells = 70m>/h.

- pulling cycle = 4 days

- Cathode wetted ares = 1.55 m?

- Electrode spacing = 75mm,

For 1984-85 period, the average current efficiency and electro-

won cobalt purity are 75.2% and 99.66% respectively,

3 Theory
3.1. General considerations

3¢1s1s Definitions

Electrowinning can be defined as a process in which

a chemical reaction is brought about on electrodes in
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contact with an elestrolyte by means of an external

elegtromotive force (7).

An electrode acting as a source of electrons is called

a cathode and an electrode acting as a sink for electrons
is called the anode. The anode used in this case is an
inert material. These electrodes are connected via

an external conductor.

An electrolytic cell is shown diagrammatically in Pig. 1.

Kinetic parameters

The rate of metal deposition, according to Faraday's
laws, depends only on the current applied and not on

other factors such as temperature and concentration (8).

Faraday found that when a current was passed through
& solution, the weight w deposited in time t, was
proportional to the current. Further, at constant
current I, the weight deposited is Proportional to

the time of electrolysis,
W

Further, it was found that at a constant current I,

and within a certain time t, the weights of metals
deposited were proportional to their equivalent weights,

ioeo [}



Anode

<—p N~

{anion)

AR

(cation)

Electron
flow

Cathod

Electralyte

AB—> AT, g~

Fig. 1-Electrolytic cell.



wol = = (3.2)

where W = atomic weight of metal

o)
]

valency

From these two equations, it follows that

= k., I. ¥ (3.3)
n

S £

It was found further that the time required to deposit
1g-equivalent of any metal, namely, when w =-§- y by
Passing a current of one ampere, was 96,500 sec., There-

fore, under these conditions,

_ 1
k = =5¢,500
Substituting the value of k in equation (3.3), we get
w/W = I
t n x 96,500 (5.4)

Or, the rate of metal deposition in gram atom/sec can be

glven by the expression:

- I (3.5)
Rate = T

where F = 96,500 4 sec (c)

Faraday's laws are independent of temperature or pressure.

As a result of the discharge process at the electrode, the
concentration of the metal ion is decreased at the interface
solution-electrode. This loss is compensated by diffusion of

a fresh supply of metal ions from the body of the solution.



The rate of diffusion is given by:

Rate of diffusion = ._%?A_ (c-c3) (3.6)

Where D diffusion coefficient of metal ions

J= diffusion layer thickness (fig., 2)
C = concentration of metal ions in
the bulk of the solution
C; = concentration of metal ions at the

electrode surface.

A = electrode surface area.

At steady state, the two rates are equal, i,.e,

I
= = PSA (c-g; )

I = _D.F.D.A c-C; ) 3.7
~Reeled (c-g; (3.7)

The equation shows that with increasing current density,
I/A, the value (c~C; ) should increase, since the metal

ions at the interface will be rapidly depleted.

At constant current density, when the electrolyte is
stirred, thus decreasing the thickness of the boundary
layer, §, the difference (Cc-Ci) should also decrease,

i.e., Ci increases.
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Fig.2- Diffusion boundary layer.
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Metal deposit gualitx

Metal deposits are always crystalline, but they vary
from large~grained coarse adherent deposits to fine-
grained loosely adhering powder (8). The form of +the
deposit depends on many factors. Two pProcesses are
usually taking place during electrodeposition:

1. nuecleation

2. crystal growth.

Grain size depends on the ratio of thebrates of these
two processes. If the rate of nucleation is much larger
than the rate of crystal growth, the Product will be
fine powder. On the other hand, if the rate of crystal
growth is much larger than the rate of nucleation, the

Product will be coarse-grained,

When Ci, the concentration of metal ion at the interface
tends to zero, i.e., when the brocess becomes diffusion-~
controlled, the rate of nucleation becomes much greater
than the rate of crystal growth, thus favouring the
deposition of powders, Coarse-grain deposits occur

when the process ig chemically controlled,

The following factors influence the value of Ci and

therefore influence the nature of metal depositeds



1)

3)

4)

Current density s At low current density, the discharge

of ions is slow, i.e., the process is chemically controlled.
The rate of crystal growth is much greater than the rate

of nucleation., Therefore, the product will be a coarse
deposit. At high current density, the process will be

diffusion-controlled and powder formation will occur.

Concentration of electrolyte:

At low electrolyte concentration, the rate of diffusion
is slow and usually governs the whole process, i.e., the
process becomes diffusion controlled and powder formation
is favoured. The opposite is true at high electrolyte

concentration.

Temperatures

Increasing the temperature has two effectss

(a) the rate of diffusion is increased, and

(v) the rate of orystal growth is increased.

Both factors favour the formation of coarse deposits.

Stirring of bath

The higher the speed of stirring, the coarser the deposited
particles, because under these conditions, the thickness of
the boundary layer is decreased, resulting in an increased

rate of diffusion., The process becomes chemically controlled.
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5) The presence of indifferent eleotrolyte:

An indifferent electrolyte decreases the transference

number of the cation deposited which leads to a decrease
of the diffusion Process to such an extent that it becomes

rate-controlling, thus favouring powder formation,

6) Presence of colloidal substances in electrolytes

BSugars, etc. result in formation of g smooth fine-grained
deposit., If, however, the concentration of such colloide
exceeds about 0,05 g/1, a loose deposit is obtained.

The reason is that such colloids are adsorbed on the nuclei
of metgal crystals, thus Preventing their growth, and the

ions are compelled to start new nuclei,

If during deposition, hydrogen isg evolved, the solution at the
immediate vicinity of the interface will be depleted of hydrogen
ions thus becoming alkaline and causing Precipitation of colloidal
hydroxides. Thig may result in inhibiting crystal growth, thus
favouring powder formation. On the other hand, the stirring
action due to hydrogen bubble movements may favour the Production

of large grain size deposits,

While powders are formed at low electrolyte concentrations and
low temperature, sponge formation ig favoured at low concentra~

tion and high temperature,



In the equation (3.7), when Ci is effectively zero,
the limiting current density is attained and under
this condition the limiting current will have been
reached.

n.F.D.C
L (1-)-5

where t is the tranasport number of the metal

(3.8)

ion deposited.

30144 Cell voltage, current efficiency and energy consumption

Cell voltage, current efficiency and enexrgy consumption
are governed by the current density, the bath temperature,
the electrolyte acidity, the depositing ion concentration,
the concentration of additives, and stirring of the
electrolyte. The cell voltage is given by the following

expressgions:

Etot' = (Ec-Ea) + ’fla«r"f&_' + IR+ Ep (3.9)

where Ec = reversible cathode potential

Ea = reversible anode potential

71&"ﬂ5 are anodic and cathodic polarization

voltages respectively

IR = potential drop due to electrolyte

resistance R,

ER = potential drop in the contacts,

electrodes, wires.
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The equation (3.9) can be rewritten as follows:

E E, + E.,Z + IR + Ep (3.10)

tot

where Er = B Ea is the reversible e.m.f

c
of the cell reaction. It is the
minimum theoretical voltage required
for electrolysis to take place,

B1=Ta 7]

The anodic and cathodic polarizations are given by:
_ 4 c R
"na-qa. +,/1a +{,2a (3.11)

nd 7, =g +q5 +7 & (3.12)

where 422, 7ﬁ are activation overpotentials at anode
and cathode respectiively.

az g,/?g are concentration overpotentials at anode
and cathode regpectively,

frzi, /)zg are resistance overpotentials.
The activation overpotentials have been defined by Tafel as
7‘: =b_ log (;%'%) and fz‘z = b, log (%g (3.13)
for anodic and cathodic processes respectively.,

ba and bc are temperature-dependent constants and the

equations hold for overpotentials greater than 0.052v (2),



These equations may be combined to give a general Tafel

equation:

‘,7= a+blogi (3.14)

The concentration overpotential is expressed as

c .
7 =203 B 10 (—5)  (315)

The expression for the limiting current density iL is:
DQn.F.C

i J(1-%) (3.16)

i represents the applied current density.

Experimental polarization curves for anodic and cathodic

processes are given in figs. 3 and 4.(2)

The applied voltage is mainly governed by the current density

and the resistance of the electrolyte.

An increase in the current density increases the anode
overvoltage of oxygen and, consequently, the value of

E, ( 92).

At the same time, there is an increase in IR and ER' The
value of IR may be reduced by a closer electrode spacing,
increased temperature, increased concentration of sulfuric
acid in the electrolyte up to a certain limit, and decreased

concentration of depositing ions.
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No electrical deposition or solution process Proceeds in

hydrogen evolution, metal deposition oxr metal solution and
the potentials observed in practical systems are known as the
hydrogen overvoltage, metal deposition overvoltage or metal

solution overvoltage,

During electrolysis, evolution of hydrogen is of interest and
is controlled through its electrode potential, The discharge
potential of hydrogen ions is the sunm of the equilibrium

potential and the overvoltage.

® _ Br (ap+)?2
E, .+ =E 4+ 2L 1n (ag+ + (3.17)
2H'/H, 2F B e,
i1
2
- v 3
or Bout/m, = =0-000 1984 T (I + } log Fu,) * 7w, (3.10)

The hydrogen equilibrium potential increases with decreasing
PH, while hydrogen overvoltage rises with increasing current
density, decreasing temperature, low acidity and presence of
additives. The hydrogen overvoltage must be kept high to

avoid discharge of hydrogen ions during electrolysis.

The discharge of hydrogen ions at the cathode may be represented

by the following steps (8);
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1) the diffusion of ions through the boundary layer

2) the dehydration of the ions

3) the discharge of the ions

4) the formation of hydrogen molecules

5) the desorption of gaseous hydrogen from the electrode

6) the diffusion of hydrogen away from the cathode.

Any one of these stages may be the rate~determining step,

Since the first and last steps are diffusion Processes, there-
fore like any heterogeneous reaction, an electrode Process may
be diffusion—controlled, chemically controlled, or intermediate-

controlled.

The activation energy for diffusion-controlled process is
characterized as being 4.186 to 12.558 kJ/mol . For a chemically
controlled process, it is usually more than 41,867 /mol .

An intermediate~controlled Process has an activation energy
20.930 - 33.488 k¥J/mol .  Electrode processes differ from

other heterogeneous reactions in that the velocity is directly
proportional to the current. The activation overvoltage at

the anode is sometimes called the oxygen overvoltage (10). It

is due to the difficulty of nucleating oxygen bubbles. It

can be reduced by incorporating a catalyst or a reducing agent

to take up the oxygen without forming gas bubbles.

The concentration overpotential arises at the cathode when
the rate of metal deposition exceeds that at which ions can

be brought to the electrode surface by ionic migration and



agitation, then the electrolyte concentration at the electrode
surface falls below that in the bulk of the solution and ionic
transport by diffusion commences. A4n equilibrium is then
reached in which a concentration gradient exists in a thin

layer of solution adjacent to the electrode (7).

For the anode, the concentration overpotential is due to a
local surplus in sulfuric acid concentration and, for soluble
anode, to increase in electrolyte concentration because the
rate of solution exceeds that at which metal ions can move
away from the electrode. The concentration overpotential at

the cathode decreases withs

~ increase in temperature because H; increases

-~ 1increase in agitation because iL increases

- decrease in current density

~ decrease in depositing ion concentration in the solution

- increase in addition agent-concentration up to a certain
limit.
The resistance overpotential is given by the relation
023 = I (resistance of surface film + resistance of small

length of electrolyte) (3.19)

Its magnitude can be reduced by vigorous agitation and decrease

in metal ion concentration.
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The factors effecting the current efficiency are opposite to
those governing the applied voltage (9 ). They call for
increased current density, reduced temperature, and reduced
acidity of the electrolyte. Also, use should be made of
concentrated electrolyte and additives. These factors will
lead to increase in hydrogen overvoltage, thus, the amount

of codeposited hydrogen decreases. But, the increase in
current flowing through the cell presents one disadvantage.
It does not only increase the total amount of electrochemical
reaction but may also increase the number of different electrode
reactionas (because the voltage is increased) occurring with

concomitant decrease in electrode current efficiency.

The main factors which affect the energy consumption and can
be controlled are the electrode polarization and the electrolyte

resistance (11).

Low electrolyte resistance B= r é. is most easily obtained
in fairly strong acid or alkaline solution. The resistance

of the electrolyte (aqueous solution) should be kept low so
that a high current can be passed without there being an appre-
ciable rise in temperature., The resistivities r of acid
solutions are lower than those of alkaline solutions. Neutral
solutions have the highest resistivities and should be avoided,
therefore, we can say that the cell resistance depends on the

wcidity, tempermture and distance between anode and cathode,



The conductivity of the electrolyte increases with increase

in the acidity, and this continues up to a certain limit in
sulfuric acid concentration. The resistance of the electrolyte
increases with further increase in the acidity. The conducti-
vity of the electrolyte increases also with increase in tempera-
ture but it decreases with increase in electrolyte concentra-

tion.

The energy consumption is determined by use of Faraday's

law of electrolysis (11 ):

Number of ampere-hours per ton of metal is given by:

6
rla%x' X 26.8
where M = molecular weight
n = valency

26.8 Ah = 96500 A sec.

Znergy consumption is therefore

6
- 10° x n x 26.8 v
W & x i Wh/ton  (3.20)
3
or w= 107 x D x 26.8 4 %r- KWh/ton (3.21)

where W = energy consumption in KWh/ton

V = voltage across the electrolysing

i

cell in volt

KT: current efficiency
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Factors whioch increase the cell voltage will lead

to the rise in the energy consumption.

Electrodepostion of cobalt

The electrodeposition of cobalt from aqueous solution
is frequently accompagnied by simultaneous evolution
of hydrogen. This occurrence is due to the combined
effect of negative equilibrium potentials for metal
ion deposition (compared to the standard hydrogen
electrode) and relatively low overpotentials for

hydrogen evolution ( 3).

During cobalt electrodeposition, the following reactions

must be considered at the cathode:

I) Co?* 4 26" = E® = -0,28v
I1) 28* + 20" = E, £° = 0.00v
III) 2 H)0 + 2e = H, + 2080 E = -0.414V, pH= 7
and pH2 =1 atm

The water decomposition reaction is included due to the
evidence that whenever the electirode polarizes with

respect to reaction I and II (i.e., the electrode potential
is substantially below the equilibrium potential), reaction
IIT will naturally take place at the surface of the

electrode ( 3).
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This leads to occlusion of cobalt hydroxide in the cobalt
deposit and deterioration of its quality. The following
table of hydrogen overvoltages at different current densities
(3 ) suggests that it is better to operate at high current
densities in acidic solutions because the hydrogen overvoltage
increases with increase in current density, thus, preventing

hydrogen evolution and electrical energy consumption.

Table 1. Hydrogen evolution overvoltage at different current

densities as related to Hydrogen evolution on cobalt

metal in 2N H,S0, at 25°¢,
I/A(Acm;'?) 1.1073  5.1073  1.1072 2,102  4.,107%  1.107"
qHz(v) ~0.32 -~0439 -0.42 ~0.45 =0.48 -0.52

At low cobalt concentrations and higher pH's, high current
densities imply an electrode which is polarised with respect

to reactions I and II resulting in the onset of reaction III

and followed by a further increase of solution pH at the

vicinity of the electrode with consequent deterioration of

the cathode quality. During electrolysis, cobalt hydroxide
precipitation must be avoided by acidity control because it
cauges depletion of the solution in cobalt ions and deterioration
of the deposit quality. Furthermore, precipitation of impurities

on the cathode is favoured under these conditions.



The reaction of cobalt hydroxide precipitation can be written

a8 follows:s

2+

Co“* + 2087 = Co(0E),

The equilibrium constant is

X = ! (3.22)

(C02+) (OH—)2

The solubility product, Kso’ is given by:

K, = (co?*)(oE)° (3.23)

log K__ = log (Go?*) + 2 log (0H") (3.24)

But, (&%) (0E") = 10714 (3.25)
(o8 = 12;13 (3.26)

Substituting (3.26) for (OE) in (3.24) we get

log K, = log (Co®*) + 2 log 10714

TT{ED

-14
log K.~ 2 log 10
s0 o

[}

or 1log (Coz+)

log K - 2 log 10714 4+ 2 10¢ (89)

log (Co2*) = log K - 2 PH + 28

[}

-2pH + log K_ + 28 (3.27)

At 25°C, log K, =-14.5

So, log (Co2¥) = -2pH - 14.5 + 28

= =2pH + 1345 (3.28)

The relationship between log (Coz+) and pHat 25°C is given
in the ’fig. 5e
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5- pH/log [Co?] relationship at 25°C.
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The increase in acidity results in decrease in hydrogen
overvoltage and increase in discharged amount of hydrogen

on the cathode.

The occlusion of hydrogen in the cobalt deposit resultis
in internal stresses within the deposit thus promoting

cracks and peeling of the deposit from the base layer.

It has been found (12) that in the case of cobalt, a
sharp fall in internal stresses occurs at pH > 3.
The author explained this phenomenon by the formation

of hydroxides.

Experimental

Experimental apparatus and procedure

The cell and its auxiliary equipment are depicted in fig. 7
The cathode consisted of stainless steel of 4 cm width.

An inert material of 3.5 cm width in lead was used as
anodes. The spacing between each of the two anodes and

the cathode was 2.3 cm. The cell used was a beaker of

1000 ml capacity. The cobalt sulfate solution was heated
and stirred by means of a magnetic stirrer. The temperature

was stabilized during electrolysis by means of a thermostat.
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Bach trial was conducted during one hour and the bath
acidity was controlled by a@#idition of a solution of sodium

hydroxide.

The current, the total voltage acrcgs the cell and the bath
acidity were recorded by a 6268 B.D.C power supply for the

first two and a pH meter for the third.

The speed of agitation was measured by a 1531-AB strobotac.
Sulfuric acid, cooalt sulfate solution, gelatin from Zambia
Copperbelt/Kitwe and distilled water were used to prepare the

electrolytes.

The analysis of the cobalt sulfate solution is as follows:

Co = 38.0 g/l
N = 0.92 g/1

H,50, = 0.9 g/l

Fe «<0.01 g/l
Pb = 1.9 ppm

Zn = 0.4 ppm
Cu 2<0.1 ppm

The cathode was weighed dry before and after deposition. About
0.1 g of sample was used to prepare the solution for atomic

absorption analysis.



We would like to point out that all our experiments

were carried out at the School of Mines at the University
of Zambia. In addition to the analyses done at the
School of Mines, the samples were also analyzed at MINEX
and the results that we are going to discuss below are

averages of these two.

Experimental results

During the electrowinning process of cobalt, the following

reactions are involved:

anodes In acid solution, the overall reaction is

evolution of exygen.

e

+ -
0, + 45" + 4" ==2H0 E°2/Hzo

2

cathode: The main reaction is cobalt ion discharge

2+

- s -} _
Ce" + 2 ==0Co J“coz"‘/Co = -0,28V (4.2)

The total voltage required is given by the following

equation:
fziot = (Ec'Ea) +7, +|ﬂ;| + IR + Ep (4.3)
) RT
E = = LN =
c EC°2+/Co ECOZ-!-/CO + 55 in a002+, aCo—1
oL RT 2+
0.28 + T 1n aCO
= -0.28 + 824X T 4 5 303 10g 8,2+
2 x 96500 °

= «0.28 + 9,92 x 10~5T log ac°2+ (4.4)

B = z° RT . 4
a 02/320_1,02/%0 t I in Poz(aa+)

= 1.24V (4.
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1.23 + 4.96 x 107°T log P02 + 4.96 x 107°T log (aH+)4

1.23 + 4.96 x 10721 log %o, * 19.86x107°7 log a,

1.23 + 4.96 x107°T log B -19.86x1072T x pH  (4.5)
2

_ - - - - -5
E_ = E, - E =-0.28 + 9.92 x 10 Hlog ag,2+ = 1423 = 4.96 x 1077Tx

log P, + 19.86 x 107 T x pHE

0,
= -1.51 + 4.96 x 10777 (2 log ay 2+ + 4pH - 1og P )
2
= —1.51 + 4.96 x 10777 ( log a-Co®* + 4pE) (4.6)
7
0
2

Er is the minimum theoretical voltage required for cobalt

electrowinning,.

But, for appreciable electrolysis to occur, we need to apply

at least the decomposition voltage ED'
E, > (B, - E,) + IR (4.7)

During our study, the influence of the cathodic current
density, the additive (gelatin) concentration, the electrolyte
temperature and acidity, the cobalt content and the electrolyte
agitation upon the cell voltage, the current efficiency, the

deposit purity and quality, the energy consumption, was examined.

To fit the experimental data, application of the least-

squares method was necessary to avoid individual judgement.

It was also necessary to compute the standard error of estimate
Sy.x in order to determine for each line and curve a domain of

existence.
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Cell Voltage

The cell voltage is greatly affected by tlhc applied

current density, the electrolyte temperatixe, the

)

gelatin and cobalt ion concentrations, and the bath

o

agitation.
However, the cell voltage is not affected very much

by a change in the electrolyte acidity (figz. 13).

Effect of the cathodic current denzsity

iy

Figs. 8-13 show the dependence of the cell woltage on

5

the cathodic current density. The effect ig a rige in

the cell voltage with increasing current cdensgity. The

cause iz the increase in anodic =2nd cathodic overpotentials.
Both concentration, activation and resistance overpotentials
increase when the current densgity increasses, In addition,

when the current density is increased, the total current

in the circuit increases leading to an increase in RI and

Ia

f;JR .

Effect of the bath temperature,

The dependence of the cell voltage on the bath temperature
is given in Pig. 8. Asg the electrolyte wesigtance, the
concentration and the activation overpotenitials decrease
at high electrolyte temperature, the observed increase in
the cell voltage is due to the increase in the difference

between cathodic and anodic reversible notentials (Er)'

Effect of gelatin concentration.

The effect of this factor on the cell voltage is shown

in Pigs. 9 and 10.
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In fig. 9, the cell voltage decreases with ~ddition of
gelatin. This decrease in the cell voltége Zs due to the

depolarising effect of gelatin on the electrode.

The increase in gelatin concentrztion from 4ng/l to 8mg/1
has the effect of somewhat increasing the cell voltage as

shown in fig. 9.
At 8500 (fig. 10), an increase in gelatin concentration
from 4 mg/l to 8mg/l has no effect on the cell voltage.

Effect of cobalt concentration.

Fige. 11 shows the dependence of the cell voltage on the
cobalt concentration. Higher cell voltsgez observed at
cobalt concentration of 54.59 g/l are due o the following
factors:

~ increase in the voltage drop through the electrolyte.

- increase in the concentration overpotontiszl.

- increase in the resistance polaziza

Effect of electrolyte stirring.

The effect of the speed of agitation on the cell voltage
is given in fig. 12. The observed lower cell voltage at
high speed of agitation results from a decreage ins

- the concentration overpotential

- ‘the resistance polarization

- and the voltage drop through the electrolyte.

bummary.

Our study hae shown that the cell voltage in dependent on
the current density, the electrolyte tempersiture, the gelatin
and cobalt ion concentrations, the elect rolyte agitation. To

summarize this chapter, we can say that the cell voltage:



- 39 -

TWERWMIS ¢ 7

A L B

cobalt conc, g/l

: 3_5’ A - 38 —1)
® 5459—(2)
A 'y
30 = A 4 —— 1 L
400 500 600 700 ‘800 900 1000

Cathodic current, Am?2

ig. 11 -Effect of cobalt concentration on the cell voltage aft
65°C, pH=5.8-61, 4mg gelatin/l and 2560rpm.
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—- increases with an increase in the curwors density,
the electrolyte temperature and the cobals ion
concentration.

— decreases with addition of gelatin at 650C, and with

an increase in the speed of agitation.

- 1s not affected by a change in the electrolyte acidity.

Current efficiency

Effect of the current density

The relationship between the currvent efficiency and

the cathodic current density is plotted in figs. 14-19,

The reactions to be considered ot the catlinde and

their electrode potentials are:

I) 002+ + 2¢ = Coy, B =-0,28 + 27 In . 2+
— wQ
2F
2 nen 2"'
Co
II)  28Y 4+ 2¢” = Hy» E = =0.000 1984 T (pE + % log P; )
2
III) 2H,0+2¢ =H, + 20E , E=-0.828+0,00009927x log P.. .a2 -
2 2 h2 OH

o -
IV) M°T + 2¢” = M where M = impurity (Mn, Pb, Zn, Ni, Cu, Fe

It is observed from the above mentioned graphs that the
cathodic current efficiency decreases with increasing

cathodic current density.

This is due to the fact that at high current density, the
deposition rate of cobalt ions increases and erceeds that
at which ions can be brought to the cathode surface by ionic
migration and agitation. The concentration of cobalt ions
in the immediate proximity of the cathode fzlls below that

in the bulk of the solution, leading %o 2 rapid depletion
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of the solution adjacent to the catlode in cobalt ions

and an increase in concentration overnotential (the

3

cathodic potential decresses). Therefore, reactions II),
III) and IV) are favoured and a portion (fraction) of

the applied current is consumed by tiese reactions,.

Effect of gelatin concentration.

Figse 14 and 15 show the influence of gelatin concentratio:

on the cathodic current efficiency, weppectively at 6K C
£° A r:on K 2\ 1 - PR

and 857°C. A%t 65°C, (fig. 14), the current efficiency

decreases with addition of 4 mg gelatin/l. On the other

hand, it is not affected with addition of 8 mg gelatin/l,

At low gelatin concentration, i.e. inz/1l, gelatin has =
depolarising effect on the cathode for the range of cuxzent
density used. A4s 2 result, the smount of discharged cobzlt

ions decreases.,

o . . . .
At 85°C (fig. 15), an increase in gelodin concentration £

mg/1 to 8mg/l has no effect on the current efficiency.

Effect of temperature.

Trials were conducted with 38 z/1 Co™", 4 mg/l gelatin
and pH 5.8 - 6.,1. The temperatures tried were 65°C and
8500. The results are summarized in Sig. 16. This figure

illustrates that higher temperature is useful because of

increase in current efficie: NCY.

There is an improvement in cobalt recovery at 8500.
We may explain it by the fact that tle diffusion rate

increases with an increase in the electrolyte temperature,
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thus, the concentration overpotentizl decreases because

the distance over which difiusion cccurs decreases,

At higher temperatﬁre, the thermal activation is
strong and the rate of ion nigration increases,
Higher temperatures give better homogeneity of the
solution and therefore higher cobal%t ion content in
the vicinity of the cathode, This leads to lower
contamination 6f impurities, In &cdition, the total
voltage increases as the bath temperziure is raised

and as a result, the deposition mate of cobalt ions

improves,

2.4  Effect of acidity

Fig. 17 gives the results of the testis carried out at pr
5.8-6.1, 5-5.4 and 3¢4-4. It is obsexrved that the cathodic

-

current efficiency ig higher for T = 5=5+4 than for the
electrolyte pE = 5.8-6.1. L;wér cuwrrent efficiency at
higher p3H, le€4, 5:8~6.1, is due %o the onset of reaction
III) (see reactions given above) folloved by a further

increase in the solution »H 2t the vicinity of the cathoce

and cobalt metal precipitation.

At pH 3.4-4, the current efficiency is lower due to the
increase in the hydrogen deposition rate, the kinetics o

reaction II) is improved =t reduced =T,

2e5 Effect of cobalt concentration

lehis
u

The effect of cobalt concentratic: on the current efficlzicn
is given in fig. 18. The observed lov current efficienc:
at low cobalt concentration can be attributed to the onces

of reaction III) and the interference of cobalt hydroxide

KR
&

with deposition of cobalt. Moreover, the cell voltage a .
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low cobalt concentration is less (fig. 11) and the

discharge rate of cobalt ions is low,.

e2.2,6 Effect of stirring.

Fig. 19 gives the effect of the electrolyte stirring on the
cathodic current efficiency. It is obecerved here that
higher rate of stirring gives lowver current efficiency. e
assume that this fact is due to the ccclusion of cobalt

hydroxide in the deposit at low stirring rate.

Normally, the diffusion rate increzses and therefore
the concentration polarization decresczes as the rate of

stirring increases.

20247 Summsry

The current efficiency of an electroplating process

is of ' great importance and as we lwwve egeen in the provious
points, it depends on a number of fictors. The main
parameters which one has %o controi in order to achieve
high current efficiency are the curwvent density, the
additive and cobalt ion concen rationg, the bath acidity,

temperature and agitation.

Better results are obtained ot low cuwrent density,
high temperature, high gelatin concenitration, high

cobalt content, low acidity (pﬁ:5ﬁyﬂ) and appropriazte

stirring of the electrolyte.

3 Cobalt deposit purity (Co 9).

. 3e1 Effect of current density.

The influence of the cathodic current density on the deposit

L1 most of the cases, Joxr

(>}

purity is shown in figs. 20-2%,

the range of current densities tected, the deposit puvritsy
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increases first with the current dengity and then it

decreases with further increszses, The increase in the
deposit purity can be atvtributed to the fact that at
low current density, the preference for cobalt deposition

1

vig-d-vig impurities increages due Lo sufficient concentbra-

T

tion of dissolved cobalt in The vicinity of the cathode:
2+

BCo™"/Co ig very high comuored with Lmpurity electrode

potentials., ZLower cobalt purity clectrowon at higher

current densities is due to the incresse in impurities

occlusion of the deposit, TIncreasec in impurities conteo~

nination may be due to the decreage in concentration of

dissolved cobalt in the immedisate vroxinity of the eathode

which results in » decreage in it electrode potentizl,

The main impurities are Mickel and nénganese.,  The

Ny
highest cobalt purity is obtaineg with 54.59 g/1 go°*

A

(see fig. 24). In the fige 25, the deposit purity

+-

\

decreases considerably st low gpeed ol agitation and
high current density. The couge noy be the depletion
in cobalt ions in the vicinity of the cathode and preci-

pitation of cobalt hydreozide,

Effect of gelatin concentrstion,

Figs. 20 and 21 give the influence o7 the gelatin
concentration on the quality of the electrowon cobalt,
At 6500 (fig. 20), the degogcit Puzity is not affected by
the gelatin concentration,

At 85°C the deposit purity improves at low gelatin

concentration,
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2e3e3 Effect of temperature,

Flg. 22 shows the denendowcc of cobalt purity cn the

v

electrolyte temperature., This figure illustrates that
there is no improvement in the deposit purity Loz
electrolytes hezated at 8500 compared to that oxe

heated at 6500.

3.4  Effect of acidity.

Fig., 23 gives the variation of the electrowecn ccbolt
purity with the eclectroly~ic ceidity.
At lower acidity (»F 5.8-6.1 and pH 5.0=5.4), tic

deposit purity iz no

iz obtaeined at hislLex

«

However, lowex dcposit

acidity (pH3./-4.0) due tc the fact that at i oo

acidity (lowexr »¥), the ILydrogen evolution crvrmcsn i

o

increase in the zolution »XE at the cathode -~ el.ac
interfzce thug resuliting in cobalt hydroxide reel
and increzse in concentr»oticon polarigation. e cobrld

electrode potential decreases and the 1mpu:“** deroci-

tion becomes favoured.,

e3s5 Effect of cobalt concentration.

o

Fig. 24 gives the results of the investigatiocn cn tue
influence of the cobali ions concentration on thic »numity
of the electrowon cobzlt. It is clear from <ti:lgs Zlicure
that high cobalt concenirotion gives a less comvoninated
deposit becauce of sufficicnt cobzlt ions ceouceniinitlon

in the immediate proxinity cf the cathode. The councents

H

tion polarization decreazses with higher cobalt concentzo-
tion. The cobzlt electrode potential is very Lizl congeared

with the impurity clectrodc potentials. The“c;o:,, There
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Fig.24 - Effect of cobalt concentration on the deposit purity
65°C, pH=5.6-6-1, 4 mg gelatin/l and 2560 rpm.
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LeZe3edt

. k)

is preferentinal discharse of cobslt icnz on the

cathode; legs impurities zre codevogited.

Effect of stirringc

The observed increase in deposit »urity (fig. 25) wit
2650 rpm is due to good mixing of +hme solution obtain
with vigorous agitation. Better homozeneity of the
solution, higher cobalt content ir the vicinity of th
athode and decrease in the concenizotion polarizatio:

are achieved at high zgitetion conecd.

At low rate of stirring, the concenization overpotent:
is set up and becomes mowe siznificont at high curren:
density. Therefore, irpurity dercoition and hydrogen

evolution are enhanced.

Summazry

To summarize, it has been chown throuchout this chapte
the possibility of production of hizh purity cobalt
electrolytically from cobalt gsulfnte solutions. By
adjusting the operating conditicns ncmely, the current
density, the electrolyte ncidity, e concentration
of cobalt ions and additive in tho solution, the bath
temperature and the rate of egitation, we can achieve

higher deposit purity then 99.6% Tn our case, better

sults (99.62%) were obteined witl electrolyte acidit
2+
s 4 mg/l

gelatin, 65°C as bath tenmperature ~nd 500-600 Am 2.

- o )

near neutral (pH = 5.0-6.1), 54.59 =/1 Co

The results would perhaps be evern better if the

electrolysis was run at 85 °C and wleBh-5,.4,
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Electrical energy consumption

The electrical energy consumption g an important
factor because it determines if the process is econonic
or not. Its level depends on the paremeters which

affect the cell voltage. In ordexr to keep it low,

the cell voltage must be contxrollel.

Effect of current density.

.

Figs 26~31 show how the electricnl energy consumption

is affected by the applied cathodic current dent sity.

fn all cases, the energy congumpilon increases lineaxiy
with increase in the current density. The reason is thc
increcse in the cell volioge and the decrease in the

cobalt deposit purity and current efiiciency at high

current density.

Effect of additive concentratiol.

Figs 26 and 27 report measurenents of the effect of

-

gelatin concentration on the electrical energy consump-—

2 rO“'
tion respectively at 6r and 85 C.

A% 6500 (fig. 26), the energy congwipiion decreases

with addition of gelatin. Lower enexrgy consumption

observed with solutions containing gelatin is due

to the significant decrease in the cell voltage

(fig. 9).

The examination of lines (2) and (3) indicates that tho

1.

energy consumption is not affected Py a

concentration, i.e. 4mg/l and &ng/lL.
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Fig. 26 -Effect of gelatin concentration on the energy
consumption at 65°C, pH=5.6-6.1,38g9Co/l and .
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0 .
At 857C (fig. 27), the energy conztmption doesn':

gelatin/1.

].. i
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change if you use 4 ng gelsoti

Leleded Effect of temperature,
The effect of a change in the boil temperature is plotied

£

the influence of

in fige. 28. This figurce shoug i

R o] - - N . .
& change in temperature (65°C anc ©5°C) is not signi-
cant.,

~

However, there is tendoncy of incrense in the energy

consumption at high currend density with solutions

heated at 85°C,

This behaviour may be due to I niglher cell voltages -

. . " Y o . s
obtained with solutions heated o £57°C while the deposit

] s, -~

purity remeins almost the sone o She two types of

. . moas . o}
solutions, i.e. solutiong o% 6570 and 8%

o204l Lffect of electrolvie acidity,

The results of our study of the encrr consungtion depen~
W L &
dence: on the electrolyie acldity rxe given in fig, 20,
J.

There is no chenge in e enexrgy cousiption for trials
conducted with solutions ot »F 5.0 -3.4 and 5.8-6.1,
At higher current density, the electrical eNnergy Conuiul -

tion tends to be higher for solutions of PH3.4~4.0 thos

for the above mentioned aciditiern,

e 2edeH Zffect of cobalt ions concentration.
Fige 30 illustrates that higher cobolt concentrations

result in higher electriczl enexr r consumphion.
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Fig. 30 -Effect of cobalt concentration on the energy
consumption at 65°C, pH=58-61, 4mg gelatin/l and
25§0rpm.
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Tigse 11 and 24 show hichex cell voltage and deposit

purity ss the cobalt ion content iz changed from 30

to 54.59 g/l. It appesws thot the increase in the
cell voltage ig too high due to the increasse in the
electrolyte resistance and does not correspond to

the amount of discharged cobalt ilons,

4e2,4,6 Effect of stirring.

As shown on fig. 31, the energy congumption is not
affected by the vigorous speed of agitation of 2560

Tpm.

Ade24d7 Summazry.

This chapter has deglt with the denendence of the
electrical energy consumption on different operating
factors during cobalt electrowinning, The experiments
have showns

Stion with inerease in

- an increase in enew;y

current density.

g decrease in energy consumnition with addition of
gelatin,

-

motion obtained witl:

- higher electrical enersy
54.59g cobalt ion/1 then in the cnse of 38g cobalt
ion/1.

- mno effect on the energy consumntion of the temperciue
(65°C and 85°C), the acidity (pE5.0-5.4 and 5.8~6.1)

me

and the speed of agitation of 2550 rpm,
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Deposit quality

The deposit gquelity was studied by & pimple
of its appearance., Cracks and peeling off coused by
internal stresses due to hydwrogen adoorpiicn, bright-

ness anl adherence are the factor

quelity of the deposit. These fa

ed in the previous

OQur study has established that it ig woseiblc Yo obtain
s, cmooth, unflaky and bright depo sit by & crwoful control

of these parameters.

h

3 2 - LRV ~a T 2
i% become sousl: ot the

0’2

Tn alnost all cages, the depo

depogit quality was obtained with 4 ng/l oE

; =0 . T
st 85 C, the deposit became slightly utneven o5 Gue COXNErs

for curvent densities exceeding oo im 7. Inorease in

celotin concentration (8 mg/l) resulled im coovzuence of

+ . s ~2
roushnesy and dullness at high cuxwent ¢ Loy (800 Am
and rnore). At high electrolyte ncidity, tic Ceroslt

quality was very pooT. Peeling off wor obsoxved at
AEN
pl = 5-5.4 and also at 54459 g/l Co™" forx current densi-
s , 2 1 i 3
ties hicher than 700 Am The decreace in o ltation

led to formation of éull and rough denogit due may be

to hydroxide precipitation.
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So, in order to achieve better den

-

'

the following operating conditionss current density less

-2 , ¢
then 700 im 7, electrolyte tempexratuce ecunl to 65°C, 4 mg/l

gelaetin, scidity nesr neutral, cobnls cencentration and

vigorous stirring of the electroliie.
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So, in order to achieve better deposit ¢unlity, we suggesys

)

the following operating conditions

.
Q
£
~
6]
3
paxt
u
6
n
o
o
&g
)
(0]
5}

~n

N . - . (] 0

than 700 iAm 7, electrolyte temperature egunl To 65°C, 4 ng/1
gelatin, acidity near neuwtral, hizh cob~ concentration and

vigovous stirring of the electroliiea.
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S OHCLUSION

The project has dealt with the electrowinning ol cobalt from

agueous sulfate solutions at high current density. The experiments
have shown under what conditions it is possible %o produce a high
purity and quality cobalt deposit with a high current efficiency

and 2 low energy consumption. To achieve this, one must control
carefully the operating factors namely, current density, tempera-
ture, concentration of cobalt ions and additive, electrolyte acidity
and agitation. Our study has revealed the need of operating at a
certain range of current densities in order to avoid excessive
increase in applied cell voltage. The increase in the cell voltage
will not only result in increase in total amount of electrochemical
reaction but may also increase the number of different electrode reac-
tions occurring, with concomitant deacrease in electrode current

efficiency and increase in energy consumption.

lontgen, P and K. Giesen (4) found that the voltege incre:ses
linearly with the current density and suggested to operate at
low current density (200 Am-z) in the electrolysis conditions of
rear neutral electrolyte, a concentration of 100g of Co/l and
g/l of colloid addition per day. The current efficiency was

BICY ¢!
Jow)jle

‘o satisfy both high current efficiency, high deposit purity and

.ow electrical energy consumption, we suggest cuvrent densities ran-
.ng between 400-~-700 Am_z. The experiments have aolgo shown the
lecessity of carrying out electrowinning from ncar neutral solutions
nd the need of vigorous agitation. In our cage, better results

'ere obtained at pH = 5-5.4 and stirring velocity equal to 2650 rpm,
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Moreover, in order to obtain high quality electrowon cobalt,

as high current densities are involved, the usec of levelling

agents is imperative and in our case, we found 4 mg/l gelatin

28 optimum quantity. Attention was also drawn on the bath
temperature and we found that the appropriate temperature was

85°c.

But, the energy for heating up the solufion should be taken into
account. As shown in the figures, the energy counsumption increases
with rise in the current density while the deposit purity increases
slowly and then decreases with further increase in the current
density. The choice of the current density in the range stated
above will depend on the cost of the electrical energy (kwh) and
the cost of the electrowon cobalt,

At Nkana Division - New cobalt plant, with the operating conditions

already cited at rage 5, the average current efficiency for 1984 -~
85 period was quite lower (75.2i) than in our cese (400-700 Am~2,

56 /1 Co®¥, pE = 5-5.4, 85°, 4ng/1 gelatin and 2650 rpm). The
electrovon cobalt purity is almost 4he same (99, +!) and the energy
consumption for electrowinning is highexr (7.8% Iamh/kg cobalt) than

in our case (less than 4 kwh/kg cobalt). At Luilu cobalt plant in
daire, the electrolyte used contains about (gpl) 45Co, 0.01 Cu, 17 IZax
{Mn and ig electrolysed, after clarification, +c cobalt cathodes

fx»om pH 6,5, Electrowinning is carried out at 7000, at a current

of 350 to 400 Am—z on stainless cteel cathodens., The current efficienc
iz 80% and the energy consumption lies between D and 6 kwh/kg cobalt

deposited. The cathodic cobalt purity is 99,95 o,

The decision about the operating conditions musi he made in order
to minimize the production cost and at the sane tlme to produce a
izh quality cobalt so that the product can be cenpetitive. The

legree of purity will depend on the requirements of the users. N
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