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As a result o f  detailed polarization, volumetric and optical in situ investigations of  the growth rate of  
hydrogen bubbles during the electrowinning of  zinc from Ni 2+ -containing sulphate electrolytes and 
in the presence of  an inhibitor, a relationship has been established between the shape of  the hydrogen 
bubbles and the durat ion of  the ' induction period'. It has been found that during the ' induction 
period' hydrogen bubbles alter their shape from spherical at the beginning to cupoia-shaped at the 
end, thus increasing by 10-12 times the extent of  the screening of  the cathode surface beneath. 
Experimental confirmation is presented for the validity of  the previously proposed [1] physical model  
for the nature of  the ' induction period'. 

1. Introduction 

As a result of detailed electron microscopic, vol- 
tammetric and optical in situ studies reported in a 
previous paper [1], it was shown that during the elec- 
troextraction of zinc from Ni 2+-containing sulphate 
electrolytes a certain relationship exists between the 
duration of the induction period and the wetting 
angle (0) of the hydrogen bubbles growing on the 
electrode surface. On the basis of these investigations 
a physical model was proposed offering an expla- 
nation of the nature of the induction period. This 
model is based on the screening effect with respect to 
the cathodic current consequent on growing hydrogen 
bubbles at definite sites on the electrode surface 
enriched by codeposited nickel. 

This approach [1] offers a reasonable prediction of 
the duration of the 'induction period' with variation of 
some technologically important parameters in the 
electrowinning process; temperature, pH, chemical 
composition of the substrate of the electrode, cathode 
potential, presence of surfactants, and so on. 

This paper is an attempt to check experimentally the 
assumptions of the model with respect to the effect 
of some surfactants which have a well established 
influence on supressing the negative action of impuri- 
ties such as Ni 2+ . 

On the other hand, as mentioned in [1], the mean 
attachment time, ~ of the hydrogen bubbles before 
being detached from the electrode surface is within the 
order of 5-15 min, a period considerably shorter than 
the duration, t, of the induction period. 

It has been established [2] that in the presence of 
5-10 mg 1-1 Ni2+ -containing solutions, t has a value of 
90-150min. This requires the establishment of an 
interrelationship between these two periods (~l and t) 
by studying the changes in the shape, average lifetime 
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and growth rate of the hydrogen bubbles during the 
'induction period' as well as during the active 'self- 
dissolution' of zinc. 

2. Theoretical 

It is well known from the investigations dealing 
with gas evolution on solid electrodes [3] that the 
equilibrium state of a gas bubble on the electrode 
surface is determined by the effects of two forces: 
capillary (F~) and hydrostatic (Fh). The former acts 
along the perimeter of the gas bubble-solid surface 
contact surface and is equal to the product of this 
perimeter and the vertical component of the surface 
tension between the liquid and gas phase: 

Fo = 7cd623 sin 0 (1) 

The value of the wetting angle, 0, is determined by 
the ratio between the surface tension values among the 
three phases (solid-liquid-gas) according to Young's 
equation: 

c o s  0 -- ~ --  (712 (2) 
0"23 

where d is the diameter of the gas bubble-surface 
contact circle, 0 is the wetting angle metal-electrolyte- 
gas and 0~2 , 0-~3 and 023 are the surface tensions bet- 
ween the phases solid-liquid, solid-gas and liquid- 
gas, respectively. The hydrostatic force, Fu, can be 
determined by Archimedes' law: 

Fh = Vgq (3) 

Since Equation 3 does not take into account the tbrces 
acting on the surface of the gas bubble during its 
growth, a more accurate and experimentally con- 
firmed equation for F h has been proposed by Kabanov 

447 



448 CHR. BOZHKOV, I. IVANOV, AND ST. RASHKOV 

and Frumkin [4]: 

Fh = Vgq + T - hgp (4) 

where ~o is the specific density of the electrolyte, V is 
the volume of the gas bubble, g is the gravitation 
constant, h is the height of the gas bubble and R is the 
radius of the gas bubble at its highest part. 

Several studies by Soviet authors [4, 5] have shown 
that the gas bubble is detached from the electrode 
surface when the two forces Fc and Fh become equal. 
This, in turn, presumes the attaining of the critical size 
by the gas bubble at the moment of its detachment, 
which can be determined when both forces Fc and Fh 
become equal: 

7"cdcrit 0.23 sin 0orit 

7cd~rit ( 20.23 h~ritgp) 
Vcmg p 4:- T Rcrit (5) 

These crictical values of the parameters of the 
detaching bubble can be determined experimentally 
by accurate photography of the growth process and 
gas bubble detachment from the electrode surface. 
The time dependence of the parameters 0~, h~ and d,, 
which are subjected to changes within the period of 
gas bubble initiation and detachment, can describe the 
growth kinetics. 

On the other hand, an important peculiarity in the 
case of gas evolution on electrically charged metal 
surfaces (electrodes) is the relationship between 0"12, 
and the electrode potential, E, or, more precisely, the 
electrode charge. It has been established that, regard- 
less of the nature of the metal or gas [3, 4], the maxi- 
mum 0"~2 value is reached at the zero charge potential 
of the metal, Ez~ while the other two surface tensions, 
0"~3 and 0"23, are not dependent on the electrode 
potential. 

Several conclusions may be drawn from the con- 
sideration above. First Equations 2 and 5 suggest that 
every overvoltage, t/, with respect to the zero charge 
potential of the electrode should lead to a decrease of 
0"12 and, as a result, the wetting angle should be less. 
Consequently, a gas bubble with maximum wetting 
angle 0 will remain attached to the cathode at its zero 
charge potential, Ezo. 

Secondly, the absorption of surfactants at the solid- 
electrolyte interface or electrolyte-gas bubble inter- 
face will lead to a decrease in the value of 0"12 and 0-23 
respectively [6]. As a result the expected effect accord- 
ing to Equations 2 and 5 will be expressed as a 
decrease of the wetting angle 0. 

Thirdly, during the electrolysis process under 
potentiostatic conditions at constant electrode charge 
(that is, at a constant 0.~2), it is possible, by measuring 
the values of 0, h and d, to obtain experimentally the 
numerical value 0.23 by applying 

g • ( V -  ~zd2h/4 
~ = Ted(sin 0 - d/2R) (6) 

In addition 023 can be determined (for the sake of 
comparison) by routine physicochemical tensiometric 
techniques [6]. 

Fourthly all quantities in Equations 1-6 with the 
exception of o-13, can be determined experimentally by 
photography of the initiation, growth and detachment 
of the gas bubbles from the electrode surface. 

The experimental confirmation of these assump- 
tions, logically ensuring from the proposed physical 
model [1], was the objective of this investigation. 

3. Experimental details 

The experiments were carried out in a constant- 
temperature three-electrode cell with a volume of 
0.5dm 3, equipped with glass bell and a burette, 
positioned above the cathode, so as to collect and 
measure the volume of evolved hydrogen. This offered 
the possibility of determining volumetrically the 
current yield of hydrogen (CEH) during the electro- 
lysis process. The cathodes were aluminium plates 
(Riedel) with an area of 7.5cm 2, subjected to pre- 
liminary polishing with 400 gauge emery paper. The 
counter-electrodes were Pb-1% Ag alloy anodes, fixed 
coaxially with respect to the cathode. The reference 
was a mercury sulphate electrode. 

The base electrolyte contained (in g 1-~): H2 SO4 130; 
ZnSO4 �9 7H20 220; MnSO4 �9 HEO 15.5. Nickel salt was 
added to the electrolyte, so that its bulk concentration 
reached 10 mig 1-1 Ni2+. The inhibitor used was added 
to the electrolyte at a concentration of 5 roll -1 . The 
electrolysis was carried out at a temperature of 37 _ 
I~ and pH 0.2. The process was performed under 
galvanostatic conditions at a current density of 
5 A d m  -2. Experiments under potentiostatic con- 
ditions were also performed at a potential of - 1.58 Vss~. 

The process of hydrogen bubble growth and 
detachment from the electrode surface was investi- 
gated in situ by photography. A Zeiss optical micro- 
scope was used at magnifications of 32, 50 and 100 x .  
The specially designed glass cell was provided with 
two oppositely fixed plane-parallel glass windows for 
illumination and photography of the cathode. The 
design of the cell and the operation mode is described 
in detail in [1]. The accuracy attained in the measure- 
ment of 0 was _+ 5 ~ 

The measurement of the surface tension on the 
electrolyte-gas interface was carried out with a digital 
tensiometer (type K10T-Kruss) with sensitivity 
0.1 dyn cm-l [7]. 

4. Results and discussion 

The changes in the current yield of hydrogen (CEH) 
with time of electrolysis, T, under galvanostatic con- 
ditions at I = 5 A d m  -2 are shown in Fig. 1. Curve 1, 
in the presence of Ni 2+ , clearly displays two regions. 
The first, A, is obtained during the induction period, 
and the second, B, is obtained during the active 'self- 
dissolution' of the zinc deposit. The latter, obtained at 
the end of the induction period (after 2h of depo- 
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Fig. I. Time dependence of the current 
yield of  hydrogen, CEH, established at 
t = 5 A dm 2 in (curve 1) basic electrolyte 
with 10mgl  -I Ni 2+, (curve 2) basic elec- 
trolyte with 10mgl  ~ Ni 2+ and 5roll -~ 
inhibitor and (curve 3) basic electrolyte. 

sition), displays a characteristic morphology (Fig. 2a) 
with clear-cut pitting defects, reaching a depth down 
to the aluminium cathode substrate. These basic 
defects on which the zinc corrosion process is 
developed correspond to the growth sites of the 
hydrogen bubbles [1]. 

The addition of an inhibitor to the nickel-contain- 
ing electrolyte stabilizes the zinc deposition regime 
(curve 2 of Fig. 1) and completely eliminates the pit- 
ting defects (Fig. 2b). The current yield (CEH) in the 
presence of an inhibitor is only 5% higher than the 
value measured in the Ni-free electrolyte (curve 3 of 

Fig. 2. Scanning electron micrographs of  a zinc deposit obtained at 
I = 5 A dm -~ and deposition time T = 2 h, from: (a) basic elec- 
trolyte with 10mgl  i Ni2+ and (b) basic electrolyte with 10mgl  -I 
Ni 2+ and 5 mi 1-1 inhibitor. 

Fig. t). The comparison with scanning electron raicro- 
graphs suggests that in the presence of inhibitor the 
hydrogen bubbles have a short residence time on the 
electrode surface, which is not adequate for the 
creation of pitting defects. 

The common feature of the results presented in 
Fig. 1 is the fact that higher CEH values are related to 
more positive working cathode potentials. Thus, while 
during the induction period (curve 1, part A), 
E ~ - 1.58 V, within the region of the active self- 
dissolution (curve 1, part B), E ~ - 1.42 to - 1.45 V, 
the latter potential being almost equal to the corrosion 
potential of a zinc electrode in this electrolyte. These 
changes in the cathodic potential, as already 
mentioned in Section 2, should change the value of~2  
and, in agreement with Equation 2, change the wetting 
angle of the hydrogen bubbles. 

The change of the wetting angle, 0, with electrolysis 
time, T, in the base electrolyte (curve 1) and in the 
nickel-containing electrolyte (curve 2) is shown in 
Fig. 3. It is noted that during the induction period 0 
increases and reaches a maximum value (about 65- 
70~ then is abruptly reduced to (about 18-20 ~ within 
the region of active self-dissolution. A similar 
wetting angle (20-23 ~ ) is maintained during the entire 
duration of the electrolysis ( T =  6h), both in 
the basic electrolyte (curve 1) and in the nickel + 
inhibitor-containing electrolyte (curve 3). Curve 4 
shows the change of 0 in an electrolyte containing 
Ni 2+, but under potentiostatic electrolysis at 
E = - 1.58 V. The comparison between curves shows 
that the duration of the induction period depends 
strongly on the value of the cathodic potential since, 
under potentiostatic conditions, the induction period 
is twice as long as the case when the electrolysis pro- 
ceeds under galvanostatic conditions. As was shown 
in [1] in the presence of 10 mg 1-~ Ni 2+ the polarization 
curve, obtained under galvanostatic conditions, 
gradually, but in a definite way, shifts to more positive 
potentials as deposition time elapses. 
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Fig. 3. Time dependence of the mean wetting 
angle, ~, of hydrogen bubbles established in 
(curve 1) basic electrolyte at I = 5Adm -2, 
(curve 2) basic electrolyte with 10mgl -~ Ni 2+, 
I = 5Adm -2, (curve 3) basic electrolyte with 
10mgl -t Ni 2+ and 5mll t inhibitor at I = 
5Adm -2 and (curve 4) basic electrolyte with 
10mgl -~ Ni 2+ at E = - 1.58Vs~ ~. 

The effect o f  the inhibitor is explained by its absorp- 
tion on the cathode.  In this case the electrolysis pro- 
ceeds at a more  negative potential  (E ~ - 1 . 6 6 V ) .  
Also, tensiometric measurements o f  the surface tension 
on the electrolyte-gas interface provide evidence that  
a23 decreases f rom 7 3 . 2 d y n c m  -~ in the basic electro- 
lyte to about  3 2 . 3 d y n c m  -~ in inhibi tor-containing 
electrolytes. The impuri ty metal (Ni ~+) has no effect 
on a:3. The increased overvoltage, r/, and the reduced 
surface tension, a23, s imultaneously reduce 0, as 
observed experimentally in Fig. 3, curve 3. 

It becomes possible to determine, f rom cont inuous  
pho tog raphy  of  the electrode surface, the magni tudes  
0~, h~ and dr for a separate hydrogen  bubble during its 
growth.  The values corresponding to the momen t  
when the bubble is detached f rom the ca thode are 
denoted as critical values in the text: (0crit, hcrit and 
dcri0, respectively. The change in ho~t o f  hydrogen 
bubbles is plotted against the dura t ion o f  electrolysis 
in Fig. 4. In the case of  the base electrolyte (curve 1) 
and in electrolytes containing nickel with an inhibitor 
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Fig. 4. Time dependence of the critical height, hcrit, of the hydrogen 
bubbles obtained at I = 5Adm -2 in: (curve 1) basic electrolyte, 
(curve 2) basic electrolyte with 10 mg 1-1 NiZ+ and inhibitor 5 ml 1-t 
and (curve 3) basic electrolyte with 10 mg 1-t Ni2+. 

(curve 2) hcrit increases gradually with time and reaches 
180-200 #m, in the presence o f  only nickel (curve 3) 
hcrit decreases abrupt ly  f rom about  250 to about  60 #m 
during the transit ion f rom the induct ion period to the 
active 'self-dissolution stage'. The similar character  of  
the changes o f  hcrit (curve 3) with 0 (curve 2 o f  Fig. 3) 
reflects the p ronounced  change of  the dimensions o f  
the hydrogen  bubbles at the end of  the induct ion 
period. 

In this respect it appeared interesting to establish 
the relationship between the mean a t tachment  time, 
~ ,  o f  hydrogen bubbles and the durat ion o f  electroly- 
sis. These results are presented in Fig. 5. They show 
that at the end of  the induction period in a nickel- 
containing solution (curve 1) ~ decreases abrupt ly  
f rom 20-25 min to a few seconds during the zinc 'self- 
dissolution'  process. 

The results presented above show that  at the end of  
the induct ion period (after about  2 h  o f  deposition) 
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Fig. 5. Time dependence of the mean attachment time, "~, of the 
hydrogen bubbles obtained at I = 5Adm 2 in: (curve 1) basic 
electrolyte with 10mg1-1 Ni 2+, (curve 2) basic electrolyte and 
(curve 3 ) basic electro!yte with 10 mg t - ~ Ni z + and inhibitor 5 ml I- i. 
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Fig. 6. Time dependence of the 
parameters 0 r and d: of the hydro- 
gen bubble during its attachment 
time in the range of the induction 
period. 

hydrogen bubbles have a maximum wetting angle 
(Fig. 3, curve 2), maximum height (Fig. 4, curve 3) and 
maximum attachment time (Fig. 5, curve 1), which 
abruptly decrease during the process of active 'self- 
dissolution'. 

The change in 0~ and de during the induction period 
in the presence of nickel is shown in Fig. 6. It is noted 
that after 15 rain these parameters increase abruptly 
up to about 100#m for d and about 55-60 ~ for 0. 
Similar measurements in the base electrolyte and in 
inhibitor-containing formulations show that hydro, 
gen bubbles have constant values of 0 ~ 18 ~ and 
d ~ 6#m during their entire attachment time. A 
similar change ofh~ for a hydrogen bubble in the basic 
electrolyte (curve 1) and in the presence of nickel 
(curve 2) during the induction period and in the pres- 
ence of an inhibitor (curve 3) are shown in Fig. 7. The 
slopes of these curves provide data for the determi- 
nation of the growth rate of the height of  the bubbles, 
which is about 6#mmin  -] for the base electrolyte, 
about 12#mmin ] for electrolytes containing Ni 2+ 
and about  45 #m rain- ~ for inhibitor-containing 
electrolytes. Thus, in the latter case the growth rate of 
hydrogen bubbles is 7-8 times faster, probably due to 
the specific action of the inhibitor. 

The general conclusion, based on the results shown 
in Figs 6 and 7, suggests that two completely dif- 
ferent cases of  hydrogen bubble growth are observed. 
In the first case in the base electrolyte and inhibitor- 
containing electrolytes, hydrogen bubbles grow only 
in height, retaining approximately constant wetting 
angle, 0, and gas bubble-surface contact circle 
diameter, d. Therefore the bubbles remain approxi- 
mately spherical during their attachment time (Fig~ 8a)~ 
In the second case, observed in Ni2+-containing 
electrolytes, the growing bubbles simultaneously 
experience a change in both 0 and d during the induc- 
tion period. The initial spherical shape changes to a 
cupola shape with maximum contact area with the 
cathode;  that is, there is a maximum screening effect of 
the electrode surface under bubbles (Fig. 8b). This 
substantial difference has been established on the, basis 
of numerous photographs (Fig. 9). 

Consequently, during the induction period, hydro- 
gen bubbles with a mean attachment time longer than 
15min develop a diameter of  contact area with the 
cathode 10-12 times larger than bubbles formed at an 
identical time in the base electrolyte, or in inhibitor- 
containing electrolytes. This is obviously a result 
mainly of  the change in 0, which leads to the alteration 
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Fig. 7. Time dependence of the height, 
h e, of the hydrogen bubble during its 
attachment time in the range of the 
induction period. 
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Fig. 8. Schematic representation of  
the growth of the hydrogen babbles 
established in: (a) basic electrolyte or in 
electrolyte containing inhibitor and 
(b) basic electrolyte containing 
l 0 mg 1- i Ni2+ .. 

of the hydrogen bubble shape from spherical at the 
beginning of  the induction period to cupola-shaped at 
the end of  it (Fig. 8b). 

A logical conclusion is that the cathode surface, 
thus screened by the bubble (Fig. 9b), is no longer in 
electrical contact with the electrolyte, so the cathodic 

protection is lost. Under these conditions the screened 
zinc under the hydrogen bubble reaches a corrosion 
potential. On the other hand, reference data show [8] 
that the zero charge potential of  zinc (Ezc ~ - 1.40 Vs~e) 
in sulphuric acid is approximately equal to its cor- 
rosion potential in these electrolytes (E~o r ~ - 1.40 V~sr 

Fig. 9. Photographs o f  hydrogen bubbles formed during I h deposition time in: (a) basic electrolyte, T = 15-30-60min and (b) basic 

electrolyte containing 10 mg  l-  ~ Ni 2+ , T = 15-30-60 rain. 
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This enhances the formation of  hydrogen bubbles 
with a maximum wetting angle (see Equations 2 and 5) 
or with maximum screening effect (Figs 8b and 9b). 
This is a prerequisite for the start of  the active 
dissolution of  the deposited zinc under bubbles [1]. 

Thus, the effect of  the surfactant (inhibitor) can be 
explained by the strongly accelerated rate of  hydrogen 
bubble growth (see Fig. 7, curve 3). Thus, hydrogen 
bubbles grow up to their critical sizes 7-8 times faster, 
reducing their at tachment time. As a result their local 
screening effect is completely eliminated and, as seen 
in Fig. 2b, the surface is void of  pitting defects. 

5. Conclusion 

Detailed polarization, volumetric and optical investi- 
gations of  the hydrogen evolution rate during the 
electrowinning of zinc in the presence of a metal 
additive (Ni 2+ ) and organic inhibitors have confirmed 
the previously proposed [1] physical model for the 
nature of  the induction period. It  is shown that a 
characteristic feature of  hydrogen bubbles growing on 
the electrode surface during the induction period is the 
pronounced increase of  their wetting angle, 0, which 
results in a 10-12-fold larger diameter of  the circle of  
the contact area with the cathode. As a result of the 
altered shape of the hydrogen bubbles from spherical 
at the beginning of the induction period to cupola- 
shaped at the end, the screening effect upon the cath- 
ode is also increased by an order of magnitude, thus 

allowing the zinc under the bubbles to reach its 
corrosion potential. Under these conditions, in the 
absence of cathodic protection, nickel codeposited 
with zinc forms a galvanic pair zinc-nickel with emf 
approximately 0.5 V, which explains the corrosion pits 
under the hydrogen bubbles. 
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