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Nickel and cobalt synergism effect in zinc
electrowinning from sulphate electrolytes

C. BOZHKOV* M. PETROVA, St. RASHKOQV
Institute of Physical Chemistry, Bulgarian Academy of Sciences, Sofia-1040, Buigaria

Received 29 June 1990; revised 17 March 1991

An investigation has been made on the mechanism and kinetics of the electrochemical processes
occurring during zinc electrowinning from sulphuric acid electrolytes containing Ni** | Co’* and
mixtures of the two impurities. The electrochemical nature of the “synergism” effect manifested by
the common action of these two metal impurities has been established. It has been demonstrated that
as a result of specific adsorption of (Co(SO,))™ ?~ anions onto the zinc electrode, the partial

discharge rate of Ni** is catalyzed, leading to an increase of its bulk content in the zinc deposits.

1. Introduction

Two fundamental problems involved in the production
of zinc by electrowinning from sulphuric acid elec-
trolytes are the consumption of electric power per unit
weight of metal obtained and the structure of the zinc
deposit. Both problems are determined by the pres-
ence in the working electrolytes of metallic impurities
that are more electropositive than zinc, such as; Ni,
CoFe, Cu, As, Sb, and Ge. These impurities affect zinc
electrowinning deleteriously by accelerating the paral-
fel process of hydrogen evolution due to the lower
overvoltage for the discharge of H,O* (Ni, Co, Cu) or
due to the formation of unstable hydrides with Sb, Ge,
and As [1-21].

Despite the large number of studies on the negative
influence of these impurities, the explanation of the
mechanism of their negative action has not been com-
pletely explained from an electrochemical point of
view,

In our opinion the following impurity effects have
not been fully explained:

(i) The physical nature of the so-called “induction
period” resulting from the action of the metal
impurities of the Fe-group [1-15].

(i1) The nature of the processes leading to the so-called
“synergism” effect manifested by the common action
of several impurities in the electrolyte {7, 8, 10, 22-24].
(i11) The nature of the so-called “kinetic restrictions”
on the partial current of codeposition of metal
impurities with zinc [10, 12, 25, 26].

Although an acceptable physical model, based on
the concept of the action of local galvanic couples
generating hydrogen bubbles, has been developed to
explain the nature of the “induction period” [19, 20,
27-29], the nature of the “synergism” effect and the
“kinetic restrictions” on impurity codeposition have
not been fully explained despite the large number of
studies published to date [7, 8, 12, 22-26).

There are several studies [30-33] on the common
action of Ni and Co in electrolytes for zinc deposition,
where the aim has been to obtain double or triple
alloys with zinc, thus requiring fairly high concen-
trations (20-50 mg dm ~°). It has also been established
that on an equal concentration basis more nickel than
cobalt is deposited with zinc [34, 35]. Akiyama and
co-authors [25, 31, 36] have reported that the anomal-
ous codeposition of Zn with Co, which generally
appears in the electrodeposition of Zn-alloys with
iron-group metals from the low acidity sulphate bath,
also occurs in high acidity Zn electrowinning baths. It
was also established by the same authors that the
codeposition rates of iron-group metals with zinc dif-
fers greatly from those of other impurities (Cu, Cd,
Ag) and is extremely low in the current density range
employed. An apalogous conclusion follows from
other studies [14, 37] where it has been established that
the deposition of nickel, like the other iron-based
metals, is hindered by zinc ions.

This paper presents results obtained on the “syner-
gism” effect appearing in the electrowinning of zinc
from sulphuric acid electrolytes containing admix-
tures of Ni’* and Co®* in concentrations of up to
10mgdm™*, with the aim of ascertaining the physical
nature of the process causing the “synergism’ effect.

2. Experimental details

The experiments were carried out in a thermostatic
three electrode cell in an argon atmosphere. *“Reidel”
(Cat. No. 11003) aluminium electrodes with surface
area of 1 cm? were used as cathodes. They contained
0.2% Fe [19]. The anode used was platinum mesh with
surface area of 100 cm? situated coaxially around the
cathode and the reference electrode was a H g/Hg, S0,
saturated electrode.

The working electrolytes were at 7 = 37°C and
pH 0.2 and had the following composition: 130 g dm -*
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H,S0,, 15.4gdm ™~ MnSO, - H,0, 220 gdm* ZnSO,
- 7TH,0. Added to this electrolyte, which we shall
conventionally refer to as the supporting electrolyte,
were various concentrations of NiSO,: 7H,0 and
CoS0O, + TH, 0, so that the concentration of the metal
ions from Ni and Co separately or jointly in the sol-
ution were: Me?* = 2,4,6,8,10mgdm—>. All salts
used were products of Merck.

The morphology of the zinc deposits obtained at a
current density of 50mAcm™? was investigated by
scanning electron microscopy (SEM) by the use of a
JEOL-Superprobe 733 unit, while the concentration
of the codeposited impurities were investigated by
atomic-absorption analysis (Perkin Elmer), after dis-
solution of the zinc deposits in HNO,.

The change of the partial rates of the parallel pro-
cesses of hydrogen evolution and zinc deposition were
determined by volumetric measurement of the volume
of the hydrogen released, which was measured con-
tinuously in a burette with a. glass bell situated above
the cathode [20, 27].

The electrochemical measurements on the mechan-
ism of the initial stages of zinc deposition were carried
out by using cyclic voltammetry at scan rates of
W = 1-5mVs~'. For measuring the capacity of the
electrode double layer the method of the so-called
“isoelectric” variation of the potential was used,
involving oscillographic recording of the potential
transient immediately (r = 0-100 ms) after switching-
off the current in the circuit. The potential transients
were recorded with a storage oscilloscope (TEK-
TRONIX-5111) with differential amplifier (SA22N).

3. Experimental results and discussion
3.1. Volumetric and morphological investigations

Figures 1-3 show the change in the current efficiency
for HER with the time of electrolysis (t), recorded in
electrolytes containing concentrations of nickel (Fig. 1),
cobalt (Fig. 2), and mixture of the two impurities
(Fig. 3). It may be seen that, whereas the presence of
nicke] in concentrations of up to 2mgdm* (Fig. 1,
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Fig. 1. Time dependence of the current yield of HER established in:
(a) supporting electrolyte; (+) supporting electrolyte with
2mgdm~*Ni2*; (@) supporting electrolyte with 6 mgdm™*Ni**;
and (a) supporting electrolyte with 8 mgdm ~* Ni”*+.
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Fig. 2. Time dependence of the current yield of HER established in:
(a) supporting electrolyte; (+) supporting electrolyte with
2mgdm™ Co®*; (®) supporting electrolyte with 6 mgdm>Co?*;
and (a) supporting electrolyte with 8 mgdm™>Co®".

curve 2) causes almost no change in the partial rate of
the HER compared to the rate measured in a support-
ing electrolyte (Fig. 1, curve 1), at higher nickel con-
centrations there is a sharp increase in the volume of
the hydrogen evolved over 180 min at 6 mgdm > Ni**
(curve 3), or after 120 min at 8 mg dm ™ Ni** (curve 4).
This time interval preceding the sharp rise in the rate
of the HER is known in the literature as the “induc-
tion” period, during which the zinc deposits are uni-
form, light and with good adhesion to the cathode. The
“induction” period is followed by abundant hydrogen
evolution (Fig. 1, curves 3 and 4), accompanied by a
process of spontaneous dissolution of the deposited
zinc. This is known as the “self-dissolution” stage for
which a physical model has been proposed {19, 20,
27-29].

The SEM micrographs of the surface of the zinc
deposits electrowon from the supporting electro-
lyte (Fig. 4a, b) and from electrolyte containing
6 mgdm > Ni** (Fig. 5a, b) clearly indicate that nickel
increases the number of pitting defects per unit area
(Fig. 5a) and decreases the average size of the zinc
crystallites (Fig. 5b) — a fact also established in the
course of other studies [5, 7, 8, 12].
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Fig. 3. Time dependence of the current yield of HER established in:

(a) supporting electrolyte; (+) supporting electrolyte with

Imgdm?Ni?* and lmgdm™’Co?*; (®) supporting electrolyte

with 3mgdm > Ni** and 3 mgdm > Co’* ; and (A) supporting elec-

trolyte with 4mgdm > Ni** and 4mgdm—Co**.
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Fig. 4. SEM micrographs of zinc deposit obtained form a supporting electrolyte.

Analogous investigations were carried out in elec-
trolytes containing various cobalt concentrations
which, unlike nickel, in the investigated concenira-
tions up to 8mgdm *Co’" does not essentially
change either the rate of the HER (Fig. 2) or the
structure and morphology of the zinc deposits (Fig.
6a, b) — aresult also established in the course of other
studies [8, 38].

From the data obtained up to now it follows
conclusively that these two metal impurities, when
present separately in the electrolytes, show completely
different activities in relation to the rate of the HER.
This effect is unexpected due to the similar electro-
chemical behaviour of the two metals (Co and Ni)
with respect to hydrogen evolution, i.e., approximately
the same exchange current and Tafel coefficients [39].

The results showing the effect of the joint action of
nickel and cobalt in the electrolyte on the current
efficiency for the HER and on the structure of the zinc
deposits are shown in Fig. 3 and Fig. 7a, b, respect-
ively. A comparison of the results shows almost quan-
titatively and within the experimental error, that the
negative action of the combination of 3 mgdm ~* Ni?*
and 3mgdm ?Co?* (Fig. 3, curve 3) is equal to that
observed for 6mgdm ™ Ni** (Fig. I, curve 3). The
same is also true for the combination of
4mgdm ’Ni** with 4mgdm~* Co** (Fig. 3, curve 4),
compared to the action of §mgdm *Ni**,

The accelerated negative action of nickel is also
observed at non-equivalent concentration ratios, i.e.,
mixture of 4mgdm *Ni** with 2mgdm > Co** acts
as 6mgdm ' Ni**, while a mixture of 5mgdm ~* Ni**

Fig. 5. SEM micrographs of a zinc deposit obtained from a supporting electrolyte containing 6 mgdm * Ni** .
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Fig. 6. SEM micrographs of a zinc deposit obtained from a supperting electrolyte containing 6 mg dm™* Co®*.

with 3mgdm > Co®™ acts as 8 mgdm™*Ni**. The im-
pression is created that, in the presence of Ni’* in the
solution, Co®* acts analogously to the Ni*™ ions, i.e.,
they contribute additively to the negative effect of the
nickel. This has also been confirmed by the morpho-
logical investigations on the structure of the zinc
deposits (Fig. 7a, b). Consequently, it may be asserted
in the investigated case that the so-called effect of
“synergism’ occurs in the common action of the two
ions.

Keeping in mind the fact that the negative action of
the impurities is proportional to their amount code-
posited with zinc {4, 5-8, 10, 13, 15] all Zn deposits
were dissolved in nitric acid and analyzed by atomic-
adsorption spectrophotometry. It is concluded from
the results presented in Table 1, that:

1. Increasing the bulk concentration of nickel in an

- electrolyte containing only nickel, leads to a propor-

tional increase in the weight of nickel codeposited with
zinc. However, it is difficult to explain the fact that the
amount of codeposited nickel (micrograms) is smaller

. by two orders of magnitude than the expected amount

(mg) which should have deposited under the diffusion-
limited current, based on the bulk concentration of the
nickel ions. That is to say, there are so-called “kinetic
restrictions™ {10, 12, 25, 26] on the partial rate of
codeposition of the admixture metal.

2. Particularly strange is the fact that the zinc deposits
obtained from electrolytes containing only cobalt as
impurity do not contain codeposited cobalt. This readily
explains the independence of the current efficiency of
HER on the bulk concentration of cobalt (Fig. 2).

Fig. 7. SEM micrographs of a zinc deposit obtained from a supporting electrolyte containing both 3 mg dm > Ni’* and 3mgdmCo**.
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3. The results obtained for zin¢ deposits electrowon
from electrolyte containing both Ni** and Co** jons
show that cobalt is not codeposited with zinc, but that
the amount of nickel codeposited with zinc was
increased. In the presence of cobalt the discharge of
nickel on the zinc has been rendered easier. Thus from
an eclectrolyte containing only 3mgdm *Ni** the
amount of nickel codeposited with the zinc is about
2.4 x 107°g, whereas from an electrolyte containing
3mgdm *Ni** and 3mgdm~’Co®* the amount of
nickel codeposited is 2.5 x 10 °g, i.e., one order of
magnitude higher. It is the same for electolyte contain-
ing only 4mgdm—* Ni*~ with the electrolyte contain-
ing both 4mgdm *Ni*™ and 4mgdm *Co’*.

The very important conclusion to be drawn from
these results is that the effect of “‘synergism™ is caused
by the higher concentration of the nickel codeposited
with the zinc.

In our opinion this is a quantitative definition of the
“synergism” effect, which still offers no explanation
for it. Tt is necessary to explain how Co®* facilitates
the discharge stage of nickel ions. To that end we
carried out kinetic investigations on the rate and
mechanism of the initial stages of zinc deposition
using cyclic voltammetry.

3.2. Cyclic voltammetry

Cyclic voltammetry has been employed in a large
number of investigations on the electrowinning of zinc
[4, 8,9, 14, 17]. On the basis of this method, in earlier
publications [19, 28] we determined the sequence and
the rate of the processes taking place during the initial
stages of zinc deposition on aluminium cathodes
(Fig. 8). It was demonstrated that the current maxi-
mum (IT) at 1.42V (curve 2) both in the former and
reverse scans, is a result of the cathodic discharge of
hydrogen ions on aggregates of Fe-alloying element in
the aluminium substrate. The current measured at
these potentials is weaker than the current obtained in
free electrolyte (curve 1), as a result of underpotential
deposition of a sub-monolayer of zinc over these iron
aggregates [40]. This maximum does not appear

Table 1. Atomic absorption analysis of zinc deposits obtained in
different electrolytes

Electrolyte H,50,, MnSO,, ZnS0, Quantity Ni and Co per

containing 1(g) deposited-Zn

Ni*t (mgdm ) Co*t (mgdm™) Ni (g) Co (g)
- - 272 x 107°

4 - 299 x 10°° -

6 - 584 x 10°° -

8 - 776 x 100° -

- 4 1.93 x 10°°¢ -

- 6 191 x 107¢ -

- 8 1.92 x 107¢ traces
2 2 180 x 107 -

3 3 250 x 10°° -

4 4 418 x 10°° -

s
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Fig. 8. Cyclic voltammograms traced at sweep rate W = SmVs~!
in: free of zinc supporting electrolyte ¢ ); supporting electrolyte
-+ +); and supporting electrolyte with 10mgdm ~* Ni?* (==—=).

when the experiment is carried out on spectral-pure
aluminium.

The appearance of the first zinc nuclei at £ = — 1.6V
leads to the so-called positive current hysteresis as a
result of increased geometrical surface of the growing
zinc crystallites [41] (Fig. 9). The dependance of the
current on the potential, as recorded in the presence of
nickel ions in the solution (Fig. 8, curve 3), shows
additionally a new cathode maximum (I) recorded in
the anodic part of the scan, as well as an enhanced
current maximum (IT).

On the basis of these current dependencies it is
possible to record the degree of influence of the cobalt
ions on the rate of discharge of nickel ions. The results
are shown in Fig. 10 according to which, in an elec-
trolyte containing only cobalt (8 mgdm ), the cur-
rent dependence coincides with that obtained for the
supporting electrolyte, i.e., Co** does not participate
in the cathode process and is not discharged on alu-
minium or on zinc, at the investigated concentration.
This is in very good agreement with the results obtained
in the previous section (Fig. 2 and Table 1). On the
other hand, the current dependence obtained from sol-
utions containing 4 mgdm *Ni’* and 4 mgdm * Co*
is almost equal to that obtained in the presence
of 8mgdm *Ni**, which proves conclusively that
cobalt has a catalytic effect on the discharge rate of
nickel on both zinc and on the Fe-aggregates. This
catalytic effect of Co™* on the partial discharge rate of
Ni** is a new interpretation of the nature of the
“synergism’ effect, and it follows that this effect is of
a purely electrochemical nature, i.e., this is obviously
a case of electrocatalysis.
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Fig. 9. SEM micrograph of a zinc deposit obtained from a support-
ing electrolyte at i = 50mAcm * and deposition time ¢t = 30s.

However, the question now remains, as to the stage
of the general reaction of Ni** discharge at which this
catalysis takes place. Measurements were carried out
on the capacity of the electrode double layer during
zinc deposition in solutions containing nickel, cobalt
and a mixture of the two impurities.

3.3. Double-layer investigations

Pulse-type galvanostatic methods are extensively
applied in studies on the mechanism of electrochemi-
cal processes and on the structure of the double layer
at the electrolyte-clectrode interface {42]. The poten-

-12

tial transient obtained upon switching-on or switching-
off the current must be described by a suitable kinetic
equation depending on the nature of the electrochemi-
cal process {43, 44].

The so-called “‘isoelectric” method, i.e., the method
of interrupting the current, has found extensive appli-
cation particularly in systems in which the object of the
investigation is the mechanism of irreversible electro-
chemical reactions obeying the Tafel equation [45]. This
advantage also stems from the fact that, after current
interruption, the measured double layer capacity is a
quantitative characteristic of the electrode surface state
at the moment before switching-off the current. The
equations used in processing the potential transients are
well known and have been described in a number of
publications [42-49].

He = a+ blni, 1)
Ap o= e — o = b1n<i*" +1> @)
7/] - 75\, 7]1 - bcdl
for:
it I
<1, Ap = 2 3
hCy "T G )
dr
Cy~ i, |—

where a, b are Tafel constants, 5, is the electrode over-
potential, i, is the current before switch-off, and Cy is
the double layer capacity.

The experiments were carried out at iwo current den-
sities: i = 50mAcm ™ *and i = 25mA cm °, the results
for (C,) being averaged values from five measurements
in the time interval ¢ = 0-60 us after switching-off the
current — these values are given in Table 2. The poten-
tial transients were photographed at different time
intervals (Fig. 1la, b, ¢, d) which reveals that their
gradient is no longer linear and changes when the times
are longer than 100 us due to a pseudo capacitance
effect (Fig. 11b). As established for irreversible electro-
chemical reactions, in such cases the time dependence
becomes a logarithmic and at longer times it is deter-

-1,60 - £ (VIsCE)
Fig. 10. Cyclic voltammograms traced at a
sweep rate W = 5mV in: supporting
electrolyte ( ); supporting electrolyte
with 8mgdm—*Ni®* (----); support-
ing electrolyte with 8mgdm™*Co®*
(x x xx xx); and supporting electrolyte
with 4mgdm ™ Ni** and 4mgdm~*Co*
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Fig. 11. Potential-time transients recorded after switching-off the current / = 50 mA cm™* at different time intervals: (a) div. Y = 100mV,
div. X = I'ms; supporting electrolyte; (b) div. Y = 50mV, div. X = 50 us; supporting electrolyte;‘ (©div.Y = SOmV, div. X = ?Oﬂ,{fs —
supporting electrolyte with 8 mgdm *N*; and (d) div. Y = 50mV, div. X = 20us — supporting electrolyte with 8 mgdm * Co?* .

mined by the so-called “transitional” time (Fig. 11a),
proportional to the surface concentration of the
depolarizer. The same type of potential transients have
also been obtained by other authors in investigations of
the electrochemical behavior of zinc electrodes [50], the
potential delay (Fig. 11a) being interpreted as a result of
ionization of discharged hydrogen atoms.

Table 2. Capacity of electrode double laper measured in different
electrolytes

Electrolyte composition — (gdm™)

No ZnSO, - 7H,0-220; MnSO, - H,0-15.5 CyfuF cm™?
I. H,80,-130 17.16 £ 1.32
2. H,80,-130; Ni**-10mgdm 3 16.23 + 0.84
3. H,S0,-130; Co**-10 mgdm~* 3246 + 1.22
4. H,S80,-130; Ni**-10 mgdm~7;

Co?*-10mgdm > 27.22 + 0.75
5. H;80,-35; Co** -10mgdm? 24.17 + 2.05
6. H,S80,-35; Co’* -20mgdm™* 30.05 + 1.10
7. H,80,-260; Co**-10 mgdm? 3823 + 0.54
8. H,S0,-260; Co’* -20 mg dm > 37.42 + 0.22

Examination of these results (Table 2 and Fig. 11)
leads to the following conclusions:

1. The capacity of the double layer is approximately
the same in a supporting electrolyte and in the pres-
ence of only Ni**, Cy = 15-19uFem™? (Fig. 1lc)
and it coincides with the values of C, measured in
cationic solutions [45-49].

2. The capacity of the electrode double layer is higher
by about 60% in the presence of Co’* in the elec-
trolyte and by about 40% in solutions containing both
Ni** and Co**, compared to the solution free of Co*
(Fig. 114).

3. The capacity of the electrode double layer, measured
in the solutions containing only Co®*, increases with
increasing cobalt and H,SO, concentrations.

In our opinion the only reasonable explanation of
the results obtained is based on the assumption that
Co’~ ions specifically adsorb on the electrode surface.
A detailed survey of the literature shows that, on the
one hand, a stronger negative influence of Co®* has
repeatedly been established with increase in the con-
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centration of H,S0, [10, 51, 52], while on the other
hand incorporation of Co in the anode has also been
established [53, 54]. This has provided grounds for
some authors [10, 55, 56] to assume the existence of
cobalt complexes of the type: (Co(SO,),)* ?~ in
strong sulphuric-acid electrolytes, whose concentration
depends on the concentration of Co’" and SO;~
[57, 58].

As is known from classical work on the electrode
double layer {43-49], the specific adsorption of anions
leads to a decrease in the thickness of the inner
Helmholz double layer, due to the stronger polariz-
ability of the anion, and accordingly to the increase in
its capacity. The values of Cy measured in the pres-
ence of different anions (I-, C1~, SO~, NO;j ) are of
the order of 35-45uFcm™ [43-49], consequently
there is a good agreement with the values measured
here in solutions containing Co>" (Table 2). The
results obtained here may be consistently interpreted
in terms of specific ionic adsorption of Co*” on the
cathode.

Consequently, the “synergism” effect manifested in
catalyzing the negative influence of Ni** and Co**, is
a result of specific adsorption of cobalt complexes,
which due to their negative charge, facilitate the
discharge of Ni’* and, as a result, lead to an increase
in the nickel codeposited with the zinc.

4. Conclusion

Using detailed volumetric, structural, kinetic and
double layer investigations on the mechanism of zinc
electrowinning from sulphuric acid electrolytes con-
taining Ni’*, Co’" and combinations of the two
impurities, the electrochemical nature of the “syner-
gism” effect arising during the common action of Ni**
and Co** in the working electrolytes, has been estab-
lished for the first time. This “synergism” effect is
probably due to the specific adsorption of cobalt
anions (Co(SO,),)* " on the negatively charged
zinc electrode, which facilitates the discharge of Ni**,
i.e., catalyzes the partial rate of nickel codeposition
with zinc.

Acknowledgements

The authors express their gratitude to Professor B.
Damaskin of Moscow University for helpful dis-
cussions of the results of the double layer measure-
ments, and to Dr D. Fosnacht of Inland Steel Research
Laboratories, Chicago, for the detailed literature
references made available on the specific behavior of
Co?* in the electrolytes for zinc electrowinning.

References

[1] U. Turomshina and V. Stender, J. App/. Chem. USSR 28
(1955) 151, 372, 447.

[21 G. Wever, J. Metals 11 (1959) 130.

[31 A. Nikiforov, J. Appl. Chem. USSR 37 (1964) 360.

{4} D. Fosnacht and T. J. O’Keefe, J. Appl. Electrochem. 10
(1985) 495.

[29]

[30]
(31]
(32]
(33]
(34]
(35]
[36]
(37
(38]
(391
[40]
[41]
[42]
(43]
(44]

{45}
[46]

1471
(48]

M. Maja, N. Penazzi, R. Fratesi and G. Roventi, J. Electro-
chem. Soc. 129 (1982) 2695.

M. Maja, N. Penazzi, R. Fratesi and G. Roventi, Oberflache
Surface 24 (1983) 234.

D. Mackinnon, R. Morrison and J. Brannen, J. Appl. Elec-
trochem. 16 (1986) 53.

D. Mackinnon, J. Brannen and P. Fenn, ibid. 17 (1987) 1129.

M. Jaksic, Surface Technology 24 (1985) 95; 28 (1986) 113;29
(1986) 95.

M. Maja and S. Pozzoli, La Chimica e 'Industria 51 (1969)
135.

R. Fratesi, G. Roventi, M. Maja and N. Penazzi, J. Appl.
Electrochem. 10 (1980) 765.

1. Wark, J. Appl. Electrochem. 9 (1979) 721.

M. Maja and P. Spinelli, J. Electrochem. Soc. 118 (1971)
1538.

Yar-Ming Wang, T. J. O’Keefe and W. James, ibid. 127
(1980) 2589.

R. Singh and T. J. O’Keefe, ibid. 132 (1985) 2816.

D. Mackinnon and J. Brannen, J. Appl. Electrochem. 16
(1986) 78.

B. Lamping and T. J. O’Keefe, Metall. Transactions 7B
(1976) 55.

. Ault and E. Frazer, J. Appl. Electrochem. 18 (1988) 583.

. Bozhkov, M. Petrova and S. Rashkov, ibid. 20 (1980)
11, 17.

. Wiart, C. Cachet, C. Bozhkov and S. Rashkov, ibid. 20
(1990) 381.

. Pecherskaya and V. Stender, J. Appl. Chem. USSR 23

(1950) 975.

. Steintveit and H. Holtan, J. Electrochem. Soc. 107 (1960)

247,

. Yureev, Trud. Leningr. Politechn. Inst. 223 (1963) 87.

. Yaksic, Electrochem. Acta 29 (1984) 1539.

. Fukushima, T. Akiyama, T. Suda and K. Hagashi,

J. Mining Metall. Inst. Japan 100 (1984) 687.

. Yureev, Trud. Leningr. Politechn. Inst. 239 (1964) 175.

. Bozhkov, I. Ivanov and S. Rashkov, J. Appl. Electrochem.

20 (1990) 447.

Bozhkov, M. Petrova, 1. Ivanov and S. Rashkov, Ext.

Abstr. of 7th European Symposium on Corrosion Inhibi-

tions, Ferrara, Italy, September 1990, p. 112.

. Rashkov, C. Bozhkov, R. Wiart and C. Cachet, Ext.
Abstr. of International Conference on Base Metals Tech-
nology, Jamshedpur, India, February 1989.

K. Higashi, H. Fukushima and T. Urakawa, J. Elecirochem.
Soc. 128 (1981) 2081.

T. Akiyama, H. Fukushima, H. Nakayama and K. Higashi,
J. Mining Metall. Inst. Japan 4 (1987) 62.

G. Snamenskyi and V. Serebritskyi, Ukr. Chem. Journal 7
(1965) 703.

A. Vsrohina and B. Yureev, J. Appl. Chem. USSR 42 (1969)
2847.

G. Znamenskyi and B. Bezyasikov, J. Apl. Chem. USSR 38

G

H

Y

G

A A ZmEzw OQ » ® QOp

w2

(1965) 355.
. Snamenskyi and B. Bezysikov, Zurn. Priki. Chem. 38
(1965) 361.
. Fukushima, T. Akiyama, T. Suda and K. Higashi,
J. Mining Metall. Inst. Japan 3 (1986) 34.
. Vennesland, H. Holtan and S. Solhejell, Acta Chim.
Scandin. 27 (1973) 846.
. Znamenskyi, A. Mazanko and V. Stender, Zurn. Priki.
Khim. 34 (1961) 1305.
‘Encyclopedia of Electrochemistry of the Elements’ (edited
by A. Bard), vol. 3, Marcel Dekker, New York (1975).
S. Rashkov, C. Bozhkov, V. Kudrjavtsev and K. Pedan, J.
Electroanal. Chem. 248 (1988) 421.
A. Despic and M. Pavlovic, Electrochim. Acta 27 (1982)
1539.
E. Yeager and A. Salkind (eds) “Techniques of Electroche-
mistry’, Wiley-Interscience, New York (1972).
B. Conway, E. Gileadi and M. Dzieciuch, Electrochim. Acta
8 (1963) 143.
J. O’'M. Bockris and H. Kita, J. Electrochem. Soc. 108 (1953)
676.
D. Grahame, J. Phys. Chem. 57 (1953) 257.
B. Damaskin, ‘Adsorption of organic additives onto elec-
trodes’, Nauka-Press, Moscow (1968).
V. Past and Z. Jofa, J. Phys. Chem. USSR 6 (1959) 1230; 106
(1956) 1050.
A. Frumkin, Acta Physicochim. 18 (1943) 23.



Ni AND Co SYNERGISM IN ZINC ELECTROWINNING 81

{491  A. Frumkin, Discus. Faraday Soc. 1 (1947) 57. [54] N. Matsura, J. Chem., Soc. Japan 74 (1953) 239.
{50] A. Ezrohina, B. Yureev and S. Shkolnikov, J. Appl. Chem. [55] Z. Sheka, Ukr. Zurn. 22 (1956) 394.

USSR 1 (1972) 104. [56] I Kushima and G. Miyatani, J. Suiyokashi Japan 14 (1959)
[51}  Z. Sheka and L. Kotorlenko, Ukr. Chim. Zhurn. 22 (1956) 43,

693. [57] ‘Gmelin Handbuch der Anorganishe Chemie’, Sys. 58,
[52] N. Matsura, Sci. Papers Univ. Tokyo 3 (1953) 13. Verlag Chemie, CMCH.

[53] T. Tsuruoka, Nippon Kogyo Kaishi 74 (1958) 177, 75 (19359) [58] P. Pascal, ‘Nouveau traite de chimie minerale’, Masson,
93. Paris (1963) p. 360.



