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The objective of this work was to determine the best conditions for minimizing energy consumption 
in zinc electrowinning from alkaline solutions. The effects of several variables, i.e. hydroxide 
concentration (300-500 g l-~), current density (50-1000 A m-2), temperature (24-74 ~ C), cathode 
material (magnesium, nickel, lead, stainless steels 304 and 316) and impurities (copper and arsenide) 
on current efficiency and cell voltage were investigated. The current efficiency was always t00% on 
magnesium except in the presence of arsenide (78% at 100 mg 1 ~). With cathode materials such as 
stainless steels 304 and 316, nickel and lead, hydrogen evolution was observed at the beginning of 
electrolysis. Hydroxide concentration did not have a significant effect on cell voltage. 

Specific energy was low, even at 1000 A m  -2, and decreased with rising temperature, being only 
2.17 kWh kg ~ at 74 ~ C. No redissolution of the deposit was observed. Decreasing distance between 
electrodes and using active anodes permitted a further reduction of specific energy to 
1.75 kWh kg -~. Decreasing space between electrodes was possible as no dendritic deposits were 
observed. 

1. Introduction 

Electrowinning is the most important method by 
which zinc is produced [1], and 80% of world 
zinc production is obtained by this method [2]. 
The great majority of the industries employ the 
acidic sulphate process which has been the most 
thoroughly studied. 

In order to survive, the zinc industry must 
develop new technologies to reduce capital 
investment and rising energy costs [1, 2]. Energy 
represented 35 % of the cost of producing zinc in 
1983, and will soon be the most important cost 
factor [3]. A research effort is therefore needed 
to reduce the energy requirement. Among poss- 
ible alternative technologies, zinc electrowinning 
from alkaline solutions deserves attention. This 
process was first proposed in 1897 [4] and in 
1907 it was considered the best way to extract 
zinc [5]. Many papers deal with details relating 
to the electrowinning of zinc fi'om alkaline 
media, e.g. from sulphide ores containing too 
much iron or too much lead, from oxidized ores, 
from wastes or for the production of powder 
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[1, 4-30]. A pilot plant [22] obtained a current 
efficiency of 97.3% and a specific energy of 
2 .2kWhkg  -J at 1400Am -2 and 95~ For the 
acidic sulphate process the current efficiency is 
90% and the specific energy is 3.26 k W b  kg- ~ at 
500Am 2 and 35~ [1]. 

In our laboratory we are studying different 
approaches for decreasing the cost of zinc 
electrowinning. The addition of  organic inhibi- 
tors to the solution increases the tolerance in 
impurities detrimental to the current efficiency 
[31]. The use of periodical reversed current 
lowers the specific energy in acidic media [32]. In 
this paper we report the encouraging results 
obtained for zinc electrowinning in alkaline 
solutions. 

2. Experimental details 

A conventional galvanostatic 
used, as described in [31]. 

2.1. Electrodes 

apparatus was 

The cathode material was magnesium [12, 27, 

�9 1986 Chapman and Hall Ltd. 4,47 
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29] for most experiments, but stainless steels 304 
and 316, nickel 200 and lead (99.75% lead + 
0.25% silicon) were also used to study the 
influence of  the cathode material. For  the major- 
ity of experiments a nickel anode [12, 27, 29] was 
employed, but a proprietary stable anode 
(NE-A-30 provided by Electroliser Inc.) was 
also tried in order to observe its effect on the 
specific energy. No special treatment was 
applied to the electrodes. 

The usual distance between the electrodes was 
4 and 5 cm in studies on the influence of  the 
cathode material, but a distance of  2.5 cm was 
also used to observe the effect of  several vari- 
ables on the specific energy (distance between 
electrodes, anode material and type of solution). 
The active surface of  the electrodes was 10 cm 2 
and electrolysis was performed for 2 h, but only 
for 30min for the experiments with arsenide. 
The electrodes were covered with electroplating 
tape (3M No. 484) on the entire submerged 
surface except on the active part. 

2.2. Solutions 

Solutions were made from doubly distilled water 
and reagent grade chemicals [19]. The zinc con- 
centration was fixed at 60 g 1-~ (0.92 M ZnO) 
because the current efficiency rises with increas- 
ing zinc concentration [11, 12]. The hydro- 
xide concentration was fixed at 300 g 1- 
(7.5 M NaOH), but other concentrations were 
investigated, (i.e. 350, 400, 450 and 500gl  -~) 
in order to study the influence of  this variable. 
One experiment was carried out with a solu- 
tion of 8 M KOH and 0.92 M ZnO. In each exper- 
iment the cell was filled with 1 litre of solution. 

The impurities studied wee copper (50, 100 
and 200 mg 1-~ copper at CuSO4) and arsenide 
(1, 3, 5, 25, 50 and 100mgl -~ arsenide as 
NaAsO2) which are present in minerals [29]. The 
effects of  arsenide have not been reported 
previously and copper was only studied at 
100mg1-1 [18]. 

2.3. Temperature 

Most experiments were run at 40 ~ C, a tempera- 
ture considered by some authors to be optimal 
[9, 12]. However, this point of  view is not 

universally accepted [22]. In the present investi- 
gation the influence of  temperature was studied 
between 24 and 74 ~ C in order to appreciate the 
redissolution of  zinc and the electrochemical 
parameters. 

2.4. Current density 

The first series of  experiments (varying NaOH 
concentration) were conducted under a usual 
500A m -2. To study the influence of the cur- 
rent density 50-1000 A m -2 were used. The low 
cell voltage and specific energy observed 
led to the decision to continue this work 
under 1000Am -'~. This makes it possible to 
increase productivity (kg m -2 per day), save on 
capital investment and lower the energy con- 
sumption. 

2.5. Treatment of deposits 

Zinc deposits were thoroughly rinsed with 
methanol on removal from the solution to 
prevent oxidation [33]. They were weighed 24 h 
after rinsing to make sure that the methanol was 
entirely evaporated. 

2.6. Conductivity measurements 

A YSI model 31 conductivity meter was used. 
The values obtained were used to determine the 
ohmic drop according to the following relation 

I l l :  
I R  = iI /~ (1) 

where i is the current density in A m  2, l is the 
distance between the electrodes in m, ff is the 
conductivity of  the solution in f~ 1 m-~ and IR is 
the ohmic drop in V. 

2.7. Absorbed C02 

CO2 contained in the air is readily absorbed 
by alkaline solutions and contributes to their 
neutralization [4, 6, 8, 12, 13]. However, this 
effect is very slow (the concentration of K O H  in 
a solution decreases from 36.67 to 28.6% after 2 
months) [34] and can be neglected since only 
fresh solutions were electrolysed and exposure 
was for a few hours only. 
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Fig. 1. Effect of  copper and arsenide 
impurities on current efficiency (60 g l -  l Zn 
+ 300gl -~ NaOH). O: Cu, 1000Am-2, 
2h, 42~ G: As, 1000Am 2, 30rain, 
43 ~ C. 

3. Results 

Some of the variables studied here did not show 
a significant effect on the electrochemical 
characteristics. The current efficiency was 100% 
regardless of the hydroxide concentration, the 
current density or the temperature. With copper 
impurity the current efficiency was still t00%, 
but it decreased with arsenide impurity (being 
only 78% at 100mgl -I) (Fig. 1), consequently 
increasing the specific energy (since impurities 
had no effect on cell voltage). In cases where the 
current efficiency is 100%, specific energy is 
directly proportional to cell voltage; therefore 
results will only be reported on the cell voltage. 
Similarly, the appearance of the deposit was 
independent of the hydroxide concentration, 
copper concentration and current density, 
but arsenide blackened the deposit. Greater 

hydroxide concentrations increased the steady 
state cell voltage only slightly (100mV for an 
increase from 300 to 500gl 1). They also 
increased the specific energy. In alkaline media 
an excess of hydroxide was required to dissolve 
the zinc; 300 g 1-1 is necessary to dissolve 60 g 1-1 
of zinc [21]. Since the zinc concentration was 
fixed (60g1-1), the excess of hydroxide over 
300 g 1-~ increased the cell voltage. For a given 
concentration of zinc, it is then better to use just 
enough hydroxide to dissolve it (saturated sol, u- 
tion in zinc). The is why all other experiments 
were carried out at the optimum hydroxide con- 
centration. 

3.1. Effect of current density 

As can be seen in Fig. 2, the cell voltage 
increased from 2.0 to 3.0V when the current 

3 . 0  

> 

r 

o 

O 2 . ~  

g, 

2c 

~o~ 
v ~  o-- -o- 

O-- --0-- O ~  O-- 

~ " - " - - - - - ~ -  �9 - - e .  ~ t t  _ _  �9 - - o - .  o _ _  e -  

" i ~ , , _  - - ,  . . . . . .  , - -  , -  - - , -  �9 = 

- - " 8  ~ 6 A �9 A �9 A - -  r  

P I I ~ P I I I 1 eP5 I 
5 J5 25 35 45 55 65 75 85 I05 

T i m e  , m i n u t e s  

Fig. 2. Effect of  time and current density on 
cell voltage (40~ C, 2h,  60gl  -~ Zn + 300gl -~ 
NaOH). Current density (Am-2): •, 50; B, 
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Fig. 3. Effect of current density on steady state 
values of cell voltage (at 40 ~ C, 2 h, 60 g 1- i Zn 
+ 300g1-1 NaOH). 

density increased from 50 to 1000Am -2 at the 
steady state, which is attained after approxi- 
mately 90 min. The steady state values of the cell 
voltage appear in Fig. 3. 

3.2. Effect of temperature 

The'effect of time on the cell voltage was similar 
to that shown in Fig. 2. Fig. 4 shows the depen- 
dance of the steady state cell voltage on the 
temperature. The cell voltage decreased from 3.2 
to 2.65 V when the temperature rose from 24 to 
74 ~ C. The apparent density of  the deposit also 
decreased with temperature, which means that 
the deposit was more porous. 

3.3. Effect of the cathode material 

From a macroscopic point of view, all deposits 
have the same appearance after 2 h, regardless of 
the material used as a cathode. An example is 

depicted in Fig. 5. The deposit is grey and 
crumbly with some protuberances on the upper 
and lower edges. However, on the layers first 
deposited on the stainless steels the zinc is com- 
pact (becoming powdery thereafter), but only 
for a small thickness (<  0.1 mm) and it is rela- 
tively hard to remove. It becomes powdery at 
greater thicknesses. This compact zinc layer was 
also found on the nickel and the lead cathodes 
but was thinner and much more difficult to 
remove. Finally, on the magnesium, the compact 
zinc layer was missing and the deposit adhered 
very lightly. 

From a microscopic point of view, the 
deposits are all similar regardless of the cathode 
used. There was a spongy deposit all over the 
cathode (Fig. 6) except on the first layers 
deposited and on the protuberances where there 
was a boulder-type deposit (Fig. 7). 

For  all the cathodes, except magnesium, there 
was a little hydrogen evolution which could be 
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state values of cell voltage (1000Am 2, 
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Fig. 5. Macroscopic view of the deposit obtained on stainless 
steel 304. The scale is in cm. 

seen at the beginning of electrolysis until all the 
active surface was covered with zinc. The initial 
current efficiency was less than 100% during the 

Fig. 6. Typical spongy deposit obtained all over the cathode 
on a stainless steel 304. • 820. 

Fig. 7. Typical boulder deposit obtained on the firsl layers 
deposited on a stainless steel 316. x 820. 

first 15 min approximately and was 100% there- 
after. The overall current efficiency during the 
first 2 h was then only 91% on stainless steel 304 
as a result of  the initial hydrogen evolution. On 
the magnesium the current efficiency was always 
100%. 

4. Discussion 

4.1. Voltage gain 

4.1.1. Minimum cell voltage. In both alkaline and 
acid media the anodic reaction is the evolution 
of oxygen, while the cathodic one is the depo- 
sition of  zinc. The minimum cell voltage can be 
obtained using the following relation 

~ i n  ~ Zn = E 0v - E ~ ( 2 )  

where Vmi . iS the minimum cell voltage, E zn is the 
zinc reversible potential and E~~ is the oxygen 
reversible potential. In acid media (pH = 0.67 
for a solution 0.92 M ZnSO4+ 2 M H2SO4) [351" 
the minimum cell voltage is 2.03V, while in 
alkaline media (pH 15.2 for a solution 0.92 M 

* In this paper the pH is given for a temperature of 40 ~ C, 
while our pH is for 25 ~ C. 
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Fig. 8. Po ten t i a l -pH diagram 
showing the min imum ceil volt- 
ages for zinc electrowinning 
(25 ~ C, activity of  zinc ions and 
pressure equal to unity). 

ZnO + 7.5 M NaOH) it is only 1.67 V (Fig. 8). 
So we already have a saving of 0.36V before 
applying a current. 

4.1.2. Minimum hydrogen overpotential. Zinc 
electrowinning is possible only when the elec- 
trode potential is equal to or less than the zinc 
reversible potential. The situation when the 
potential is equal to the zinc reversible potential 
(infinitely slow reaction) corresponds to a mini- 
mal hydrogen overpotential, which is (Fig. 8): 

~min = EZn - -  E ~  (3) 

This minimum is - 0 . 8 V  in acid media and 
- 0 . 4 4 V  in alkaline media. This 0.36V voltage 
gain is the same as that calculated in the 
previous paragraph. 

4.2. Current efficiency 

In practice, zinc can be obtained in significant 
quantities only with potentials below the revers- 
ible potential. The difference between this poten- 
tial and the zinc reversible potential is the zinc 
overpotential. To obtain the total hydrogen 
overpotential we have to add the value of the 
zinc overpotential to the minimum hydrogen 
overpotential (Fig. 8): 

~H 2 i ~min + t/Zn (4) 

Since the values of the hydrogen overpoten- 
tials are nearly the same in acid and alkaline 
media (Fig. 9), and since the zinc overpotential 
rarely exceeds - 1 0 0 m V  in industrial appli- 
cations, t/rain has a large influence on the 
hydrogen current density. For example, in acid 
media for an overpotential for zinc of - 80 mV, 
the current density for zinc deposition is 
500 A m -2 [35] and the corresponding hydrogen 
overpotential is - 8 8 0 m V ,  which corresponds 
to a current density of 22 A m 2(Fig. 9) [35]. The 
current efficiency is thus 500/(500 + 22) = 
95.8%. In an alkaline medium, the 500Am -2 
corresponds to an overpotential for zinc depo- 
sition of - 5 0 m V  [1] which gives a hydrogen 
overpotential of - 490 mV and a current density 
of 0 .03Am 2 (Fig. 9). The current efficiency is 
now 500/(500 + 0.03) = 99.99%. 

By using other zinc current densities we can 
evaluate the influence of the current density on 
the current efficiency. In alkaline media the cur- 
rent efficiency varies from 99.98 to 99.99% when 
the current density increases from 50 to 
1000Am 2. Also, since t/mi, is independant of 
the pH for a pH greater than 7, and since the 
overpotential for hydrogen evolution and zinc 
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Fig. 9. Cathodic overpotentials for hydrogen 
evolution in alkaline and acid media. 

deposition does not vary very much with pH, the 
current densities for hydrogen evolution and 
zinc deposition will not vary with pH. Conse- 
quently the current efficiency must be practically 
independent of  the pH if it is greater than 7. 

4.3. Specific energy 

The conductivity of  the sodium hydroxide solu- 
tion used is 0 .29D- lcm -~ at 40~ (Fig. 10). 
Using this value and a distance between elec- 
trodes of  4cm, an ohmic drop of  1.38V at 
1000 A m -z is found. At high current densities, 
the ohmic drop is thus an important component 
of the cell voltage. While researchers suggest 
operating at high current densities [1, 12, 27, 29] 
because the impurities are less harmful and 
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Fig. 10. Arrhenius plots of conductivity of alkaline zinc 
solutions. 

allow reduced investment expenses, ohmic drop 
must then be minimized. 

It is possible to lessen the ohmic drop by 
increasing the temperature since there is an 
increase in the conductivity of  the solution 
(Fig. 10). This increase in the temperature is 
beneficial since the current efficiency is still 
100%, and no redissolution of the deposit was 
found. Winter [22] also found that redissotution 
of the zinc was negligible at 89 ~ C. Consequently 
there is a decrease of the cell voltage (Fig. 4.) 
and a reduction of  the specific energy from 
2 .62kWhkg  -1 at 24~ to 2 .17kWhkg  -1 at 
74 ~ C. 

The ohmic drop can be further reduced by 
lowering the distance between the electrodes. 
One experiment showed that a distance of  2.5 cra 
instead of  4cm reduced the specific energy to 
1.93 k W h k g  -1 (1000Am -2, 75 ~ C). 

The zinc adheres very lightly to the mag- 
nesium so it can be removed by mechanical 
means, recovered at the bottom of the cell and 
washed from the solution [12]. This allows a 
diminution of  the distance between the elec- 
trodes since they are practically permanent. 

The use of  an Electroliser Inc. active anode 
(which has not been used previously) reduced 
the specific energy to 1.75 k W h  kg-  1 
(1000 A m -2, 75 ~ C, 2.5 cm between electrodes). 
This gain is illustrated in Fig. 11. The active 
anode can lower the anode overpotential as 
much as 100mV at 1000Am -2. However, these 
anodes, presently more expensive than ordinary 
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nickel anodes, seem to have a good resistance in 
this media. 

Finally experiments wereper fo rmed  with a 
solution of KOH, which is more conductive than 
NaOH (Fig. 10). The improvement in the 
specific energy was small, i.e. 1.69 kW h kg 
(1000Am 2, 2.5cm between electrodes, active 
anode in place of DSA) and the current effi- 
ciency was still 100%. This gain in the specific 
energy is not only attributable to the increased 
conductivity. The potentials for oxygen evolu- 
tion and zinc deposition are both different (Figs 
11, 12) than in solutions of  NaOH. These factors 
combine to give a final diminution of only 
0 .06kWhkg  -~. Since the price of KOH is 
approximately twice the price of  NaOH, this is 
not a good solution. 
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Fig. 12. Cathodic polarization curves for zinc deposition in 
NaOH and KOH zinc solutions. O, 7mV per decade; O, 
10 mV per decade. 

4.4. Effect of the cathode material 

From a macroscopic point of view, zinc is 
always eventually obtained in a powder form in 
alkaline media. However, from a microscopic 
point of view the morphology is dependent on 
the overpotential and the time elapsed since the 
beginning of electrolysis [36]. For  different 
experiments carried out with increasing zinc 
overpotential, there is successively a spongy, 
lamellar, boulder and dendritic deposit [36]. In 
our experiments and at the current density used 
(1000Am-Z), we observed the boulder deposit 
to be normally present (Fig. 7). This kind of 
deposit increases the real area, thus causing a 
reduction in the real current density. At a lower 
current density we also observed the spongy 
deposit to be normally present (Fig. 6). On the 
protuberances there was also a boulder deposit 
resulting from the higher current density at the 
edges of the active surface. It is seen, therefore, 
that time has an effect on the appearance of the 
deposit. 

The formation of zinc powder in alkaline 
media has not yet been fully explained. In addi- 
tion, among the methods that have been used to 
modify this morphology (agitation, variable cur- 
rent, alternative overpotential, ultrasound, 
inorganic and organic additives, cathode 
material and magnetic field) [37-48], it is 
impossible to obtain a compact deposit in excess 
of  a fraction of  a mm in thickness. Since this 
compact deposit is difficult to remove it is best to 
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design indus t r ia l  cells for  the p r o d u c t i o n  o f  

powder .  
The  ca thode  mate r i a l  only  has  an effect on 

adherence,  m o r p h o l o g y  and current  efficiency at  
the beginning  o f  electrolysis.  The  hydrogen  
overpo ten t i a l  varies great ly  on different  
mater ia l s  and  this effect can 0nly p l ay  a role 
before  the ent ire  surface is covered by  zinc. This  
explains  the fact  tha t  on stainless steels 304 and  
316, nickel  and  lead, hyd rogen  evolu t ion  g radu-  
al ly stops.  M a g n e s i u m  is thus the  best  ma te r i a l  
for  the ca thode  since the cur ren t  efficiency is 
100%, there is no c o m p a c t  depos i t  and  the 
adherence  is very low (so low tha t  on  a pol i shed  
ca thode  the depos i t  falls o f f a s  a result  o f  its own 
weight).  

5. Conclusions 

Several  var iables  were s tudied  with the object ive 
o f  de te rmin ing  condi t ions  whereby  a low specific 
energy for zinc e lec t rowinning  in a lkal ine  med ia  

could  be achieved.  The  best  specific energy 
ob ta ined  in the present  inves t iga t ion  was 
1 . 7 5 k W h k g  -~ under  1 0 0 0 A m  -2, c o m p a r e d  to  
the 3 . 3 k W h k g  -~ with  the classical  indus t r ia l  
process  at  500 A m -2. Othe r  best  cond i t ions  were 
as follows: 75~ 3 0 0 g l  -~ N a O H  + 6 0 g l  -~ 
zinc, magnes ium ca thode ,  active anode  and  
2.5 cm between electrodes.  

I t  is to be emphas ized  tha t  the presen t  con-  
d i t ions  were different  f rom those  used by  A n d e r -  
son et al. [29], who  ob t a ined  a specific energy o f  
3 . 3 k W h k g  ~. In  our  case a 2 . 5 c m  dis tance  
be tween the e lect rodes  Was poss ib le  due  to the 
absence o f  a zinc dendr i t ic  growth.  

Large  energy savings are  then possible  in 
the e lectrolyt ic  s tage o f  zinc e lec t rowinning  
f rom a lka l ine  solut ions.  Moreove r ,  impur i t ies  
a re  less ha rmfu l  in a lka l ine  so lu t ions  than  
in acid ones. However ,  we have to take  into 
account  the loss o f  hyd rox ide  by  CO2 abso rp -  
tion. M o r e  w o r k  should  be car r ied  ou t  to 
improve  the economics  o f  the h y d r o m e t a l -  
lurgical  flow sheet. I t  should  also be no ted  tha t  
the zinc ob t a ined  is in p o w d e r  form,  which 
can be used for  r educ t ion  o f  organic  sub- 
stances for  cementa t ion ,  for  the manufac tu r e  
o f  pa in t s  and  for  the ex t rac t ion  o f  go ld  and  
silver. 
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