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A_s a result of  detailed voltammetric,  impedance, electron microscopic and optical in situ investigations 
of  the peculiarities encountered in zinc electrowinning from nickel-containing acid electrolytes, a 
model for the 'induction period' is proposed a n d  i t s  dependence on the process conditions is elucidated. 
The model  is based on the screening effect of  hydrogen bubbles formed on the nickel-rich regions of  
the cathode which give rise to local galvanic cells. 
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acceleration due to gravity 
specific mass of the liquid 
height of the hydrogen bubble 
electrolyte resistance 
charge transfer resistance 
volume of the gas phase 
thickness of the diffusion layer 
wetting angle at the metal-solution-gas 
interface 
surface tensions between: solid-liquid, 

liquid-gas and solid-gas phases, 
respectively 

kinematic viscosity 
rotation speed of the cathode 

1. In trodu c t ion  

The term 'induction period' of the electrowinning 
process is widely used in the literature and in the 
practice of zinc electroextraction from acidic sulphate 
electrolytes, containing metal impurities [1-5]. During 
this time period, which coincides with the beginning of 
the process, the zinc deposits are uniform, light 
coloured and adhere firmly to the cathode; the 
typical mean current yield of zinc reaches 93-95%. 
Following this period a characteristic spontaneous 
'self-dissolution' of the zinc deposit occurs with 
hydrogen evolution leading to the formation of a 
sulphuric acid mist and a loss of energy efficiency. 
After the zinc is completely dissolved down to the 
aluminium cathode, deposition restarts. The sequence 
of this cycle (deposition - dissolution) can occur 
several times during a 24 h run. 

It has been established that the duration of the 
'induction period' depends on several factors. For 
example, temperature, electrolyte acidity, cathodic 
current density, concentration of metal impurities a n d  

concentration of zinc salt [4, 6]. According to some 
authors [7, 8], these relationships unambiguously 
render the phenomenon dependent on the conditions 
which control the rate of the simultaneously proceed- 
ing electrochemical discharge of hydrogen ions. How- 
ever the phenomena which produce the 'induction 
period' are  n o t  yet elucidated. Consider: 

(a) The explanation of the effect exerted by more 
positive metal impurities, widely accepted in the litera- 
ture, is based on the 'local pairs' model [2, 5, 7--10]. 
According to this model, the metal impurity code- 
posited with zinc behaves as a cathode with respect to 
the zinc deposit and catalyses the hydrogen discharge 
reaction. But this model is unable to predict any time 
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dependence of the negative effect of  metal impurities 
and, thus, cannot explain the presence of  the 'induc- 
tion period'. In addition, the 'local pairs' model 
is common for all electropositive metal impurities 
(nickel, cobalt, copper, germanium, arsenic, anti- 
mony, e t c . . . )  whereas 'induction periods' are 
observed only in the presence of iron-group metal 
impurities. 

(b) It has been shown [5] that small amounts of 
Ni 2+ (10 mgl  ~) do not change the structural charac- 
teristics (preferred orientation, grain size, deposit 
morphology) of  zinc deposits obtained for I h depo- 
sition, thus suggesting that the reasons leading to the 
'self-dissolution' of  zinc deposits do not display a 
clear-cut structural nature. 

(c) It has also been established that the duration of  
the 'induction period' depends strongly on the 
moment when the metal impurities appear in the pro- 
cessed solutions. It has been shown that when a zinc 
substrate is used, its duration is 5-6 times longer as 
compared with the case when an aluminium cathode 
is used [11, 12]. Therefore, the nature of the electrode- 
substrate should also be taken into consideration. 

Given these considerations this paper aims to gain 
more insight into the physical nature of  the 'induction 
period' by performing both kinetic and structural 
investigations for zinc electrowinning in the presence 
of nickel in the electrolyte. 

2. Experimental details 

The electrochemical measurements were carried out in 
a thermostated three-electrode cell with a volume of 
250ml. The cathode, was a rotating disc electrode 
made of  a 5 mm diameter aluminium rod (Johnson 
Matthey). The anode was a platinum mesh with an 
overall area of 100 cm 2 . The reference was a mercury 
sulphate electrode. The cathode was rotated between 
co = 0-2500 rpm. The temperature during the investi- 
gation was 37~ and the pH was 0.2. 

The base electrolyte had the following compo- 
sition in g u t :  H z S O  4 - -  130; MnSO4.HzO - 15.5; 
Z n S O  4 .  7H2 O - 2 2 0 .  To the base electrolyte was 
added NiSO4, so that the concentration of  nickel ions 
was within the range 9 -90mgl  -~. Tests were also 
carried out with a supporting electrolyte containing: 
HzSO 4 - 130g1-1 and M n S O 4 . H 2 0 -  15.5gl l 
using aluminium, zinc and nickel substrates (Johnson 
Matthey). Some experiments indicated below were 
performed in the absence of MnSO4. All reagents were 
Merck analytical grade and the solutions were 
prepared with twice distilled water. 

The current-voltage investigations were carried out 
using glavanostatic and potentiostatic techniques and 
the electrode impedance was measured within the 
frequency range 0.03-60 000 Hz at various current or 
voltage values [13]. The morphology and the surface 
structure of the deposits was studied with the aid of a 
Cambridge $250 scanning electron microscope 
(SEM). 

The formation, growth and evolution of hydrogen 

(c) 

_-_ _:- 
--22 

Fig. 1. Laboratory electrowinning cell. (1) Solution feeder; (2) Cell 
overflow, (3) Aluminium cathode, (4) Pb (1% Ag) anodes, (5) Plane 
- parallel glasses; (A) Anode; (C) Cathode. 

bubbles on the surface of a stationary cathode (A1 
"Reidel", containing iron impurities) was investigated 
in situ by optical methods. The specially designed glass 
cell was equipped with two opposite plane-parallel 
glass windows for the illumination and photography 
of the cathode (Fig. 1) using a Zeiss optical micro- 
scope at magnifications of 32, 50 and 100. 

3. Results and discussion 

3.1. Stationary polarization curves 

Figure 2 shows a series of galvanostatic polarization 
curves obtained with different electrodes. Curve 1 was 
obtained with a zinc electrode, formed after deposit- 
ing zinc at I = 5 A dm 2 for 1 h in the base electrolyte. 
Curves 2, 3 and 4 were obtained under identical con- 
ditions, but in an electrolyte containing 9 mg 1- ~ nickel 
ions, after 1, 3 and 6h respectively. Curves 5, 6 and 7 
were obtained in the supporting electrolyte containing 
9 mg 1-~ nickel ions with aluminium, zinc and nickel 
cathodes, respectively, in an effort to investigate the 
rate of hydrogen ion discharge in the absence of zinc 
ions. 

The results shown in Fig. 2 suggest: 
(i) When no nickel ions are present in the electrolyte, 
the polarization curve is relatively stable with time, 
retaining its shape even after 6 h, with well separated 
anodic and cathodic regions corresponding to the 
irreversible zinc-redox reaction. 
(ii) In the presence of 9 mg 1- ~ nickel ions, the polar- 
ization curve 2 gradually, but in a definite way, shifts 
to more positive potentials as time elapses (curves 3 
and 4). 
(iii) Curves 5, 6 and 7 provide evidence that the rate 
of hydrogen evolution is slowest on a zinc cathode, 
while the nickel electrode shows an enhanced 
depolarization of  this process by 0.4 V with respect 
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Fig, 2, Galvanostatic polarization curves obtained at  
co = 2000 rpm. 

to aluminium and 0.6V as compared with zinc (at 
I = 5 A cm-2). This is naturally a consequence of the 
difference in the hydrogen ion discharge mechanism 
on these substrates [14, 15]. 

Therefore, the progressive depolarization of  the 
cathodic process with time in the presence of nickel 
ions (curves 2, 3 and 4 in Fig. 2) occurs as a result of 
both an increase in the cathode roughness as time 
elapses and the catalytic effect of  nickel, codeposited 
with zinc, in enhancing the hydrogen evolution rate. 

3.2. Electrode impedance during zinc deposition 

An example of a complex plan impedance diagram 
obtained in the absence of Ni 2+ ions is shown in 
Fig. 3. Three inductive loops can be observed below 

7,5k 

" 0 . 0 3  - 3 0  3 

Fig. 3. Complex impedance diagram Z = R -- jG corresponding 
to curve 1 in Fig. 2 at i = 5 0 m A c m  -z. 
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Fig. 4. Time-dependence of  Rt and f *  at i = 50mAcm-~-: Rt 
( ) , f *  ( - - - ) ;  and at i = 0: R~ ( . . . .  ) , f *  (xxx). 

300Hz, in agreement with the low frequency relax- 
ation processes already reported in slightly acidic 
sulphate electrolytes [16] and related to the presence of 
absorbates on the electrode. In the present case of 
highly acidic solutions where hydrogen evolution 
occurs with zinc deposition (the metal deposition yield 
is approximatively 90-94%) the lowest frequency 
considered was 0.03Hz, so as to avoid the stray- 
fluctuations of the alternating response of  the system 
due to bubble formation on the electrode. 

During the initially stable regime observed in the 
presence of Ni 2~ ions the same type of impedance 
diagram was obtained, showing clearly the exis~:ence 
of two inductive loops at frequencies higher than 
0.3 Hz. During the potential decrease, the enhanced 
bubble formation reduced the reliable frequency 
domain down to approximatively 1 Hz. By coni:rast, 
the potential shift seemed to be associated with 
changes in the parameter of the high frequency capaci- 
tance loop ascribed to the charge transfer resistance Rt 
in parallel with the double layer capacitance Cd~ The 
variation of R~ and the frequency f *  at the apex of the 
capacitance loop: f*  = (2~R t Cdt)-~ are given against 
time (Fig. 4). For the current density of 50 mA cm -2, 
R t decreased, whereas f *  remained time-independent, 
in agreement with an increase in the surface area due 
to a progressively roughened electrode. When the elec- 
trode was polarized at the corrosion potential (i = 0) 
after various periods, t, of metal deposition, f *  was 
observed to increase with time, thus indicating, not 
only an increased surface area, but also an enhanced 
electrode reactivity, possibly due to the progressive 
accumulation of deposited nickel on the electrode 
surface. 

3.3. Simulated destabilization of the electrode 
potential 

In order to clarify the mechanism by which the 
codeposited nickel acts, experiments were carried out 
in which, at a certain stage of zinc deposition, the 
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electrode surface was treated by deposition of a nickel 
layer in a supplementary cell, followed by zinc depo- 
sition. During these experiments the change in the 
electrode potential was continuously monitored as a 
criterion for the state of  the electrode surface. 

In the absence of  Ni 2§ ions in the pr imary cell 
utilized for zinc deposition, the state of  the electrode 
was destabilized at will by depositing a nickel layer in 
a secondary cell, after a fixed duration, t = I h, of  zinc 
deposition. The nickel was deposited from an elec- 
trolyte containing: 0.01 M NiSO4, 1 M Na2SO4, 0.2 M 
NaC1 and 0.5 M H 3 B O  3 at the potential - 1.56 V/SSE 
chosen so as to correspond to the conditions for stable 
zinc deposition. At this potential, nickel deposition 
occurred under diffusion control in such a dilute elec- 
trolyte, at a rate corresponding to the limiting current 
density/1 = 2FDNi CNi/6. With a disc electrode rotated 
at co = 100rpm, 3 is close to 50#m in aqueous 
medium with DNi = 10 -5 cm 2 s -~ and with the kine- 
matic viscosity, v = 10 2 cm 2 s 1. Consequently, at a 
limiting current density of  3 . 8 m A c m  2, nickel 
deposited on a zinc electrode for 4.5 s in the secondary 
cell was equivalent to about  30 monolayers. On 
returning the electrode to the primary cell so that zinc 
deposition occurred again, the electrode potential 

Fig. 5. SEM microphotographs of a Zn deposit obtained from a 
base electrolyte at i = 50 mAcm 2 and co = 2000 rpm after 60 
minutes electrolysis time: (a) general view, (b) at the bottom of 
holes, (c) at the fiat surface (outside of the holes). 

Fig. 6. SEM micrographs of a Zn deposit obtained from a base 
electrolyte containing 9mgl ~ Ni ions at i = 50mAcm -2 and 
co = 2000 rpm after 90 minutes electrolysis time. 

immediately shifted from - 1.54 V/SSE to - 1.42 V/ 
SSE which is very close to the Zn corrosion potential 
in this solution. Moreover, at the same time the trans- 
fer resistance was also reduced thus indicating that the 
electrode state had been immediately changed in a 
manner  equivalent to the shift which was taking place 
slowly from point (a) to point (b) in Fig. 4. 

3.4. Electrode morphology 

Under steady conditions, without Ni 2+ ions in the 
electrolyte, numerous holes of  different sizes, corre- 
sponding to the formation of bubbles, appeared on 
the deposit (Fig. 5a). The existence of holes, whose 
depth is close to the zinc deposit thickness, indicates 
that the bubbles were formed and developed at specific 
places on the electrode surface from the beginning of 
the electrolysis. In addition it was observed at higher 
magnification that the size of  zinc crystals, composed 
of hexagonal platelets, increased with increasing time, 
as evident from a comparison of  crystals at hole bot- 
toms (Fig, 5b) to those on the flat surface (Fig. 5c). 

After zinc deposition for 90 min in the presence of 
Ni 2+ ions in the electrolyte, corrosion features are 
visible on the electrode mostly in the holes (Fig. 6). 
Some cracks or pits also appear  at the bot tom of holes 
where the deposit was completely dissolved down to 
the A1 substrate. Consequently, the areas where 
hydrogen had evolved appear to have been prefer- 
entially corroded. A similar phenomenon was 
observed immediately following the formation of the 
nickel layers in the secondary cell, subsequently to 
zinc deposition for 30 min in the primary cell contain- 
ing the Ni 2+ free electrolyte. 

3.5. Influence of the hydrodynamic conditions 

With increasing rotation speed, co, hydrogen bubbles 
are more frequently removed and renewed on the 
electrode surface as suggested in Fig. 7. As a con- 
sequence the deposit appears to be more regular at 
high rotation speeds (Fig. 7a) and the rotating disc 
electrode does not favour the electrode destabil- 
ization. It is noteworthy that without MnSO4 in the 
electrolyte (Fig. 7a), the number of  bubble holes is 
much lower than in Fig. 5a obtained in the presence of  
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Fig. 7. SEM microphotographs  of  a Zn deposit  obtained f rom a 
base electrolyte (without  Mn)  containing 9 m g l  1 Ni ions at 
i = 5 0 m A c m  2 and different rotat ion speeds: (a) co = 2500 rpm, 
(b) co = 100 rpm. Electrolysis time: 90 min. 

MnSO4; this compound undoubtedly enhances the 
hydrogen evolution reaction. 

The electrode destabilization is much more easily 
produced when using a vertical electrode partially 
insulated with a heat shrinkable inert tube (Fig. 8a). 

As shown in Fig. 9, the insulated cylinder appears 
to favour the electrode destabilization which occurs 
after 8 minutes for co = 0 and 20 minutes for co = 
2000rpm. The presence of  the insulator appears to 
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Fig. 8. Schematic representation of  the vertical A1 electrode 
insulated with a heat-shrinkable inert tube (a) or scratched before 
deposit ion (b). 

favour the attachment of large bubbles at the metal/ 
insulator border. 

The electrode destabilization is indeed very sensitive 
to the presence of  a defect favouring the bubble 
attachment: either the presence of  the insulator, which 
retains the bubbles (Fig. 8a), or the existence of  a 
scratch (Fig. 8b) produced with a cutter on the A1 
substrate. At the same time the electrode destabil- 
ization is correlated with a significant increase in the 
charge transfer resistance, R t ,  consistent with an 
enhanced screening effect of bubbles.- As a matter of  
fact, with no insulator and with a properly polished 
electrode (emery paper grade 1200), the electrode 
potential remains stable (Fig. 9, Curve 4). Under the 
same electrolyte and current density conditions, the 
potential of  a rotating disc electrode remains stable for 
(at least) one hour. 

The relationship between the electrode impedance 
and the electrode destabitization appears more clearly 
after a number of cycles corresponding to successive 
zinc deposition and 'self-dissolution' of the zinc 
deposit. From Fig. 10 it can be seen that the dis- 
solution of zinc deposit is systematically accompanied 
by an increase in both the charge transfer resistance, 
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Fig. 9. Galvanostat ic  potenda!  time curves 
obtained with an insulated vertical electrode 
at i = 5 0 m A c m  2 an different rotat ion speeds: 
(1) co = 0 rpm, (2) co = 1000 rpm,  (3) co = 2000 
rpm, (4) ~o = 1000 rpm; A1 cathode wi thout  
insulating inert tube. Same electrolyte as for Fig. 7. 
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Fig. 10. Time-dependence of; (o) 
transfer resistance R t, (o) elec- 
trolyte resistance R and (x) 
electrode capacitance C during 5 
hour deposition at rotation speed 
co = 0 rpm. Cycles deposition/ 
dissolution are numbered: 2, 
3 , . . .  21. Same electrolyte as for 

Rt, and the electrolyte resistance, R, and also with a 
decrease in the electrode capacitance, C. All these 
variations reflect the screening effect of bubbles 
during zinc 'self-dissolution'. 

With increasing number of  cycles, the shape of the 
potential cycle is modified: the time necessary for the 
electrode to recover the zinc deposition potential 
(about -1 .64V/SSE)  becomes longer, probably 
because of a progressive accumulation of nickel nuclei 
and surface defects on the electrode. The SEM photo- 
graph of  the electrode after cycle 21 (Fig. 11) shows 
that the A1 substrate is progressively corroded. In 
addition, the EDAX analysis of the stripped electrode 
after cycle 21 reveals the presence of nickel in the 
corrosion holes of  the A1 substrate. 

3.6. Optical (in situ) studies of the electrode surface 

With the aid of the cell presented in Fig. 1 it was 
possible to observe the initiation and growth of 
hydrogen bubbles up to their separation from the 

electrode surface. The L-shaped stationary cathode 
offered the possibility of investigating these processes 
simultaneously upon the horizontal and vertical parts 
of the cathode. 

In both the base electrolyte and the Ni 2+ containing 
solution, the hydrogen bubbles remain on the cathode 
for relatively long periods (approximately 5-10 
minutes) because the electrolyte slowly enters and 
leaves the cell in a laminar flow mode, simulating the 
conditions during zinc electrowinning. 

The photographs of  bubbles were used for the 
evaluation of both the wetting angle, 0, between the 
gaseous and solid phases, as well as the mean height of 
the hydrogen bubbles. It was established that in the 
presence of Ni 2+ both the wetting angle and the mean 
height of bubbles increase with time during the 'induc- 
tion period' (Fig. 12). In addition, the wetting angle is 
higher than in the base electrolyte. In the presence of 
Ni 2+, the observations also provide evidence that 
there are specific sites on the electrode surface which 
generate relatively big hydrogen bubbles with high 
wetting angles (Fig. 13). Obviously these observations 
lead to the conclusion that the 'induction period' 
should be related to the renewal of these big bubbles, 
which can screen the electrode during their residence 
time on the cathode. 

Fig. 11. SEM micrograph of the A1 cathode just after electrode 
destabilization following the cycle 21. 

4. Physical model of  the 'induction period' 

4.1. Theoretical background 

It is well known from the investigations of gas 
evolution processes on electrodes and their wetting by 
the electrolyte, that the equilibrium state of a gas 
bubble on a solid surface is essentially determined by 
the action of two forces: capillary (Fc) and hydrostatic 
(Fh) [17]. The first force, acting along the attachment 
perimeter of the bubble, Fc, is equal to the product of 
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Fig. I2. Time-dependence of the wetting angle 0 and mean 
height h of the hydrogen bubbles formed on a stationary At 
cathode. Base electrolyte: 0 (11), h (A); and base electrolyte 
with 9mgl -~ Ni ions: 0 (o), h (x). 

the value of  this perimeter (~d) and the vertical com- 
ponent of  the surface tension (0") between the solution 
and the gas phase [18] (Fig. 14), Thus 

F~ = 7td0"23 sin 0 (1) 

where 

cos 0 - 0-13 - 0-L2 (2) 
0"23 

The strength of  the hydrostatic buoyant  force, F,~, 
lifting the gas bubble in the liquid can be determined 
by Archimedes law 

F~ = Vqg (3) 

It  is important  to remark that Equation (3) does not 
take into account the term related to the curvature 
forces and is only a first approximation.  

It has been unambiguously established [19] that the 
gas bubble is separated from the electrode surface 
when the forces F c and Fh become equal, a situation 
reached for the critical size of  the bubble. According 
to Equations (1) and (3) the size of  the gas bubble 
which can remain attached to the electrode surface is 
an increasing function of 0. 

A characteristic feature in the case of  gas evolution 
upon electrically charged metal surfaces is the fact that 
the value of 0"~2 changes with the electrode potential 

Fig. 13. A photograph of bubbles formed after 90 min deposition in 
the presence of 9mgl -~ Ni ions. Magnification • 100. 

[20], or more precisely with its charge, in a manner 
similar to that of  the electrocapillary curves, i.e. oj2 
acquires its maximum value at the zero charge poten- 
tial of  the electrode [17, 21]. Therefore it can be con- 
cluded that the maximum size bubbles (maximum 0) 
can remain attached to the cathode at the zero charge 
potential. Higher anodic or cathodic polarizations 
cause a decrease in the size of  the gas bubbles, regard- 
less of  the nature of  the gas [17]. 

4.2. Discussion of the experimental results: 

In our opinion, the explanation of the phenomenon, 
of  the induction period can be related to the hydrogen 
bubble formation stage on the active regions of  the 
cathode surface, containing codeposited nickel. The 
model for the development of  the pitting defect with 
the participation of  a hydrogen bubble is illustrated in 
Fig. 15. 

The locally codeposited nickel depolarizes the 
hydrogen evolution rate considerably at some active 
sites. This leads to the initiation and development of  
hydrogen bubbles, with a high wetting angle, up to a 
size which depends on the electrode potential. 

Electrolyte 

Substrate 

Fig. 14. Equilibrium state of a gas bubble upon a solid surfi~ce. 
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Fig. 15. Schematic representation of 
the 'screening effect' of the hydrogen 
bubbles generated: (a) on Zn; (b) on 
codeposited Ni. 

Later, quite large hydrogen bubbles develop on 
certain nickel-rich sites (Fig. 13) which completely 
screen the codeposited nickel from the bulk electrolyte 
(Fig. 15). Then, by nullifying the external current at 
the site of the gas bubble, a 'local galvanic cell' (zinc/ 
nickel) with e.m.f, about 0.5 V is formed at this site 
and the 'self-dissolution' of zinc starts at the bottom of 
the hydrogen bubble (Fig. 6). This process is further 
amplified by the fact that the zinc electrode should 
then be locally polarized at its corrosion potential, 
approximatively equal to the zero charge potential of 
zinc [22]. As indicated in the theoretical part, gas 
bubbles at Ez~ have the maximum size, probably 
enhancing their screening effect. 

It can be conceived that the presence of iron 
impurities in the A1 substrate, which catalyses the 
discharge rate of hydrogen ions similarly to nickel, 
favours the formation of big hydrogen bubbles early 
during zinc deposition and thereby decreases the 
induction time. 

The influence of the hydrodynamic conditions is 
also consistent with the model of bubbles resident on 
the electrode surface. By decreasing the electrolyte 
movement, the residence time of bubbles on the elec- 
trode surface increases, thus facilitating their growth 
and leading to a reduced induction time for the elec- 
trode destabilization. 

The use of some surface active agents in zinc elec- 
trowinning practice, for example, bone-glue, foaming 
preparations, etc, for the decrease, or partial elimi- 
nation of the deleterious effect of the metallic impuri- 
ties can also be easily explained on the basis of the 
model. It is well known that absorbed surface active 
agents considerably decrease the surface tension on 
the metal/electrolyte interface [18]. In addition, many 
surface active agents increase the cathodic overvoltage 
of zinc deposition [3, 5, 23]. The combination of the 
two effects can lead to the formation of smaller hydro- 
gen bubbles which are more easily separated from the 
cathode surface. 

5. Conclusion 

As a result of detailed voltammetric, impedance, elec- 
tron microscopic and optical investigations of the 

peculiarities encountered in zinc electrowinning from 
nickel-containing sulphuric acid electrolytes, a model 
of the explanation of the 'induction period' has been 
proposed and its dependence on the process con- 
ditions elucidated. The model is based on the screen- 
ing effect of hydrogen bubbles formed on the nickel- 
rich regions on the cathode, which are isolated from 
the bulk electrolyte. It was shown that at the bottom 
of hydrogen bubbles, the zinc corrosion potential is 
reached, which enhances the formation of hydrogen 
bubbles with a maximum wetting angle, correspond- 
ing to a maximum screening effect. 

The proposed model was then used for the expIa- 
nation of the effect of different parameters including 
hydrodynamic conditions and the presence of surface 
active agents on the duration of the 'induction period'. 
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