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In order to evaluate the intrinsic effect of  high concentrations of  sodium and potassium sulphates in 
zinc electrowinning solutions, measurements of  coulombic efficiency were carried out  under mass 
transfer-controlled conditions in synthetic solutions of  very high purity. A solution composit ion of  
1 tool d m -  3 ZnSO 4 + 1.5 tool d m -  3 H2 SO4 was employed with and without  additions of  0.5 tool d in-  3 
Na2 SO4 and/or  0.25 tool dm-3 K2 SO4. With temperature and current density similar to plant practice 
(37 ~ C, 650 A m  2) and electrode rotation rates of  10 and 45 s -1 , the coulombic efficiency for three 
successive batch tests ( ~  200 mg zinc) increased by an average of  ~ 1.2% (from an average of  96.0%) 
for additions of  0.5 mol dm -3 Na2SO4 + 0.25 tool dm -3 K2SO 4. The results were evaluated in terms 
of  available theories, solution purity and predicted changes in solution composi t ion (zinc and 
hydrogen ion activities) and physical properties following additions of  Na2804/K2SO 4. It was 
concluded that in the plant situation the increase in coulombic efficiency would probably be offset by 
an increase in cell voltage of  about  2%, the net effect on power efficiency being a decrease of  about  1%. 
The zinc deposit  morphology and preferred orientation were also studied. The addition of  sodium 
and/or potassium sulphate to the solution resulted in rougher, darker zinc deposits, a slight grain refining 
effect, and a change from random to predominantly basal (0 0 2), (0 0 4) crystal orientation (at 45 s-  1 ). 

1. Introduction 

The Broken Hill Associated Smelters Pty Ltd (BHAS) 
electrolytic zinc plant at Port Pirie, South Australia, 
treats a feed material of zinc oxide fume recovered 
from lead blast furnace slag [1]. This fume typically 
contains 0.1 wt % sodium and 0.14wt % potassium. 
Since the start-up of the plant in 1967, the sodium 
and potassium concentrations in the electrowinning 
solution have risen to steady state levels of ~ 23 g l- 
sodium (i.e. -,~ 0.5 tool dm -3 Na2SO4) and ~ 20 g 1-1 
potassium (i.e. ~0.25moldm -3 K2SO4). At these 
levels the new inputs of sodium and potassium in the 
fume are balanced by the deportment of entrained 
soluble sodium and potassium salts in the washed, 
leached residue stream. By contrast, a conventional 
plant handling zinc concentrates and employing delib- 
erate solution bleed and/or jarosite residue disposal 
technology (precipitation of sodium, potassium 
jarosites for iron control), might typically have a 
solution containing < 0.5 g 1-1 sodium and potassium 
[21. 
* To whom correspondence should be addressed. 

It is generally believed [3-6] that the alkali and 
alkaline earth metals are not detrimental in the electro- 
winning of zinc, at least with regard to coulombic 
efficiency (QE) and deposit morphology. However, in 
early work, Turomshina and Stender [7] reported that 
additions of 1 and 50 g 1-1 Na + to a pure zinc electro- 
winning solution (60gl -~ zinc, 100gl 1 H2SO4) 
caused decreases in QE of ~ 5 and 15%, respectively, 
at 400 A m -2 and 30 ~ C. They concluded that sodium 
was discharged jointly with zinc ions forming inter- 
metallic compounds which acted as microanodes in 
short-circuited elements on the cathode surface. More 
recently, Saloma and Holtan Jr. [8] studied the effect 
of additions of 0.1-1.0 g 1-1 Na + to 1 mol dm-3 ZnSO4 
on zinc morphology and deposition. They found 
that zinc deposits were darker and more porous 
following Na + addition and that the zinc electrode 
potential shifted in the positive direction. They 
concluded that the ions (Na + , Ca z+ , Mg 2+ ) acted by 
an adsorption mechanism to suppress the inhibiting 
action of hydrogen on zinc deposition, which was 
reported by Titova and Vagramyan [9]. 

32 0021-891X/88 $03.00 + .12 �9 1988 Chapman and Hall Ltd. 



EFFECT OF SODIUM AND POTASSIUM SULPHATES ON ZINC ELECTROWINNING 33 

The present work was conducted with the aim of 
evaluating the intrinsic effect of high concentrations of 
Na2804 and K2SO 4 in zinc electrowinning solutions. 
It was necessary, therefore, to employ synthetic 
solutions of high purity in order to avoid interferences 
(particularly on QE measurements) from impurities 
and/or addition agents normally present in plant 
solutions. 

2. Experimental details 

2.1. Determination of coulombic efficiency 

The measurements were carried out under mass 
transfer-controlled conditions in a glass electrochemi- 
cal cell specially designed to minimize contamination 
of the catholyte by anode products [10]. The cathode 
consisted of an aluminium disc ( ~  2 cm 2) fabricated 
to fit the threaded shaft of a Tacussel type EDI elec- 
trode rotator. Each disc was encapsulated in epoxy 
resin with only the working surface exposed to the 
solution. The surface of the electrode was lightly 
ground with P1200 silicon carbide paper, quickly rinsed 
with water in an ultrasonic bath and dried before 
each run [1l]. The QE for zinc electrodeposition 
was determined from the weight of zinc deposited 
at constant current after the passage of ~ 300 C cm -2 
(equivalent to ~ 200 mg zinc); the zinc deposit was 
normally stripped and weighed separately [10, 11]. The 
constant current source was a PAR 173 Potentiostat/ 
Galvanostat equipped with a PAR 179 Digital Coulo- 
meter (accuracy of 0. t %). The QE could be estimated 
very precisely, with a standard deviation of better than 
0.2% [11, 12]. 

12.2. Choice of electrodeposition conditions 

Zinc deposits were produced at a temperature of 37 ~ C 
and a current density of 650 A m -2. These conditions 
were chosen after a consideration of BHAS plant 
operating [1] and laboratory testing conditions. 
The deposition time (,-~ 75min) was chosen to give 
a total charge passed of ~ 3 0 0 C c m  -2, consistent 
with previous investigations [11]. Since no reliable 
plant mass transfer data were available to estimate an 
equivalent electrode rotation rate (revolutions per 
second), the QE was determined at two arbitrary 
values, namely 45 and 10s -l .  The former figure was 
chosen since it can be shown, using a response surface 
model [12], that the QE (at 37~ and 650Am --~) 
in a high-purity zinc electrowinning solution is least 
dependent on electrode rotation rate at ~ 45 s -~. 

2,3. Solution preparation 

The basic solution composition employed was 
I tool dm -3 ZnSO 4 + 1.5 mol dm -3 H2804, similar to 
the BHAS plant solutions [1]. No organic or inorganic 
reagents (other than Na2SO4/K 2804) were deliberately 
added to the solutions. A sample of 500 ml of slightly 
acidic 2moldm -3 ZnSO4, i.e. sufficient to make up 

1 litre of the final solution, was prepared by dissolution 
of zinc rod (Koch-Light, 99.9999%) in sulphuric acid 
(BDH Aristar), while in contact with a platinum grid 
[I 1]. Since there may be some variation in the impurity 
composition of individual zinc rods [11], this method 
ensures a constant starting composition (i.e. before 
Na2S04/K2SO 4 addition) with respect to both total 
zinc/acid and impurity levels. 

The appropriate amount of Na2804 and/or K2SO~ 
(BDH Aristar) was added to a 250 ml volumetric flask 
and partially dissolved in ~ 75 ml of deionized water 
(MILLI-Q System). Following this, 125ml of the 
2 moldm -~ ZnSO 4 solution were then added and the 
remaining Na2804 and/or K2SO 4 dissolved. Finally, 
the appropriate amount of H2SO 4 was added and 
the solution made up to the mark with water. When 
dissolving Na2804 and K2804 in the same solution 
it was necessary to slightly warm the mixture and 
treat it in an ultrasonic bath to achieve complete 
dissolution; this solution may well be approaching 
saturation in metal sulphates at room temperature 
[131. 

Four separate solutions were prepared: 
(A) 1 tool dm -3 Z n S O  4 -t-- 

1.5 tool dm -3 H2SO 4 
(B) l moldm 3 Z n S Q  + 

1.5moldm -3 H2804 + 
0.5 mol dm -3 Na2SO 4 

(C) 1 mol din-3 ZnSO4 + 
1.Smoldm -3 H2804 + 
0.25 tool din- 3 K2 SO4 

(D) 1 mot dlT1-3 ZnSO 4 -1- 

1.5moldm 3 H2SO 4 -t-- 
0 .5moldm -3 Na2804 + 
0.25 mol dm -3 K2SO 4 

3. Results and discussion 

3.1. Impurities in electrolyte additions 

It is generally accepted [3-6] that the QE of zinc 
electrowinning is determined to a large extent by 
trace impurities present in the solution at p.p.m. 
and p.p.b, levels. Therefore, when making large 
additions of salts to a nominally high-purity solution 
it is essential that only the purest reagents are used and 
that the resultant solution is analysed. It is quite 
possible that a particular reagent is within specification 
for total metal impurities (e.g. ~< 10p.p.m.), yet still 
contains sufficient quantities of a particular cation to 
be extremely deleterious in zinc electrowinning. For 
example, a zinc solution prepared with added Na2SO 4 
and K2SO 4 (Spex, 99.999%) produced abnormally 
low QEs, apparently because it contained 0.04 p.p.m. 
antimony [14]. Assuming that all the antimony was 
introduced with the added Na2804/K2804, this is still 
only equivalent to ~0.4p.p.m. in these reagents 
(i.e. well within specification). 

The solutions used in the deposition tests reported 
here were prepared using BDH Aristar Na2804 
and K2804. The strict purity specifications for these 
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Table 1. Maximum limits of impurities in BDH Aristar Na2SO 4 and Table 3. The effect of  sodium and potassium sulphates on coulombic 
K2S04 [151 efficiency ( Q E ) 

Impurity Max. limit Max. limit Solution Coulombic efficiency (%) 
Na2SO 4 (p.p.m,) K2SO 4 (p.p.m.) 

Chloride (C1) 2 2 
Nitrate (NO3) 1 1 
Phosphate (PO 4) 0.5 0. t 
Aluminium (A1) 0.05 0.2 
Ammonium (NH4) 2 2 
Arsenic (As) 0.05 0.05 
Barium (Ba) 5 2 
Cadmium (Cd) 0.01 0.02 
Caesium (Cs) 5 
Calcium (Ca) 0.1 0.5 
Cobalt (Co) 0.01 0.02 
Copper (Cu) 0.01 0.02 
Iron (Fe) 0.01 0~05 
Lead (Pb) 0.01 0.02 
Lithium (Li) 0.1 0.5 
Magnesium (Mg) 0.05 0.1 
Manganese (Mn) 0.01 0.02 
Mercury (Hg) 0.01 0.05 
Nickel (Ni) 0.01 0.02 
Potassium (K) 5 
Rubidium (Rb) 1 
Sodium (Na) 10 
Strontium (Sr) 0.1 0.1 
Thallium (T1) 0.01 0.02 
Zinc (Zn) 0.01 0.02 

salts are shown in Table 1 [15]. From the maximum 
limits of impurities quoted it was expected that the 
maximum increase in the concentration of typical 
impurities of concern (e.g. arsenic, cobalt) caused 
by Na~SO4/K2SO4 additions to solution A would 
be < 10p.p.b. The solutions themselves were also 
analysed for several trace impurities and the results 
are shown in Table 2. The addition of Na2SO4 and/or 
K2SO4 to solution A had no detectable effect on cobalt 
and antimony levels. While there appears to have 
been a small increase in nickel and arsenic levels, 
the concentration of the latter impurity in solution D 
is slightly higher than might have been expected 
from the corresponding arsenic levels in solutions A, 
B and C. 

3.2. Effect of  sodium and potassium sulphates on 
coulombic efficiency 

A sample of each solution (~ 120ml) was deoxy- 
genated by nitrogen sparging and subjected to three 
successive QE determinations (denoted runs 1, 2, 3); 
the results are shown in Table 3. The electrolysis 

Table 2, Trace analyses of  zinc electrowinning solutions (figures are 
in p.p.b,) 

Solution Cobalt Nickel Arsenic Antimony 

A < 10 < 10 20 < 20 
B < 10 < 10 30 < 20 
C < 10 < 10 20 < 20 
D < 10 16 50 < 20 

Run 1 Run 2 Run 3 

A 96.4 96.1 95.6 
B 97.4(1.0) ~ 97.4(1.3) 97.l(I.5) 
C 97,3(0.9) 97.2(1.1) 97.0(l.4) 
D 97.2(0.8) 97.3(1.2) 97.2(1.6) 

a The figure shown in brackets is the increase in QE over the 
corresponding run in solution A. 

conditions employed were: runs 1, 2, 37 ~ C, 650Am -2, 
electrode rotation rate = 45s-~; run 3, 37~ 
650Am -2, electrode rotation rate = 10s -~. Run 2 
would be expected to be less subject to the influence 
of residual impurities by virtue of the partial pre- 
electrolysis effected during Run 1. Run 3 followed a 
further pre-electrotysis (i.e. run 2) and was conducted 
at a much lower electrode rotation rate to reduce the 
influence of any trace impurities whose deposition was 
controlled by mass transfer. 

Under all experimental conditions used here, the 
addition of Na2SO4 and/or K 2 S O  4 to solution A 
resulted in an increase in QE. The average increases 
for additions of 0.5 mol dm -3 Na2SO4, 0.25 mol dm -3 
K 2 S O  4 and 0.5moldm -3 N a 2 S O  4 - I - 0 . 2 5 m o l d m  -3 
K 2 S O  4 were  1.3, 1.1 and 1.2%, respectively. In view of 
the consideration of electrolyte purity in Section 3.1, 
it must be assumed that these measurements were not 
significantly affected by residual impurities either 
associated with the Na2SO4/K2SO 4 additions or 
already present in solution A, i.e. that the observed 
effects were due to the added salts alone. Such changes 
in QE are statistically significant since the standard 
deviation of the QE determination is expected to be 

0.2% [11, 12]. It also appears that the effects of the 
sodium and potassium sulphates are similar but not 
additive at these concentrations. It should be noted 
that the possible effect of increasing the total sulphate 
concentration (i.e. the total ionic strength) in going 
from say, solution A to D, has not been addressed 
here. However, the results of Wark [16, 17] suggest 
that any effect is probably small. He observed an 
average increase in QE of only 0.2% in going from 1.5 
to 2.125moldm -3 total sulphate for solutions with 
[ZnSO4]/[H2SO4] (the zinc/acid ratio) in the range 0.5 
to 1 (0.66 for solution A). 

The present results are not consistent with those 
reported by Turomshina and Stender [7]. However, 
the large decreases in QE (5-15%) observed in that 
work appear to be the result of the introduction of 
deleterious impurities with the Na2SO4 additions. The 
increase in QE, i.e. change in the relative rates of the 
hydrogen and zinc deposition reactions, is difficult to 
explain on simple electrochemical grounds. The work 
of Saloma and Holtan Jr. [8] can be used to predict 
an increase in QE, but the underlying theory is 
not conelusively proven. These authors suggested 
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that ions such as Na +, Ca 2+ and Mg 2+ act by some 
adsorptive mechanism to suppress the inhibiting 
action of hydrogen on zinc deposition [9], i.e. such 
ions do not directly promote the discharge of zinc. 
However, there is now evidence that the zinc ion may 
well be inhibiting the hydrogen evolution reaction 
[18, 19], rather than the reverse. 

3.2.1. Changes in solution composition. It is generally 
accepted that the QE for zinc electrodeposition is a 
function of solution composition (i.e. zinc sulphate 
and sulphuric acid concentrations). Wark [16, 17] 
has formalized a relationship between QE and the 
zinc/acid ratio ([ZnSOg]/[H2SO4]) based on a series of 
laboratory experiments, namely 

QE/(100 - QE) = K,[ZnSO4]/[H2SO4] (1) 

where K~ is a constant which was claimed to be 
almost independent of temperature, current density 
and deposition period within the probable limits of 
operation for a commercial plant. This relationship 
has been shown to apply over a wide range of com- 
position in high-purity zinc electrowinning solutions 
[11]. The decrease in zinc concentration and the cor- 
responding increase in acid concentration resulting 
from an electrodeposition run is of the order of 2-3%. 
Thus, using Equation 1 and assuming /s = 40.2 
(solution A, QE = 96.4%), the corresponding decrease 
in zinc/acid ratio would be expected to result in a 
decrease in QE of only ~ 0.2%. For solutions B, C 
and D, the observed decreases in QE for successive 
runs were of this magnitude; however, the decreases in 
QE were somewhat larger than predicted in solution A 
(see Table 3). 

Wadsley [20] has employed the CSIRO-SGTE 
Thermodata System [21] to calculate single ion 
activities in the ZnSO4/HzSO4/H20 system. Examin- 
ation of data for a solution of 0.8moldm -3 
ZnSO4 q-0.5-2.5moldm -3 H2SO4 (i.e. similar to 
solution A) suggests that an analogous relationship to 
Equation 1 can be expressed in terms of activities, 
namely 

QE/(100 - QE) = K2(azn2+/aH+ ) + K3 (2) 

where azn2 + and an+ now represent activities rather 
than concentrations, and K2 and /(3 are constants. 
Similar activity calculations for the solutions used 
here suggest that for the addition of 0.5moldm 3 
Na2SO 4 + 0.25moldm -3 K2SO 4 to solution A, the 
az,2+ ~all+ ratio increases by ~ 6%. It is not possible to 
estimate the values of K 2 and /(3 in Equation 2 for 
solution A without the appropriate calibration curve 
for 1 moldm -3 Z n S O  4 ( + H 2 8 0 4 )  under the present 
experimental conditions. However, an estimate of the 
range of the expected change in QE in going from 
solution A to D can be made by choosing extreme 
values of K 3 and assuming that this constant is not 
strongly dependent on total ionic strength. Assuming 
K3 = - 20 + 20 (from available data for 0.8 mol dm -3 
ZnSO4), then/(2 will be in the range 460-1150; for the 
expected increase in az,2+ ~all+ , the QE will increase by 

0.2~).5%. While this predicted change in QE is in the 
direction observed experimentally, it is less than hatf 
the actual change in QE. 

3.2.2. Changes in physical properties of  solution. The 
addition of Na2 SO4 ~Ks SO4 will also have some effects 
on the physical properties of solution A, namely 
density, electrical conductivity and hydrogen solu- 
bility. The hydrogen solubility would be expected to 
be somewhat lower in a solution containing more 
dissolved salts [22]. However, it is difficult to assess 
what effect this might have on the hydrogen evolution 
reaction without detailed knowledge of the overall 
reaction mechanism. The density of solution A 
(at 20~ increased by ~7% from 1.224 to 
1.309gcm -3 with the addition of 0.5moldm -~ 
Na2SO 4 + 0.25 mol dm -3 K2SO 4. Assuming that this 
increase in density is accompanied by an increase in 
viscosity, then the diffusion coefficients (and limiting 
currents) of residual impurity ions would be expected 
to be lower and this could also affect, the QE. 

In acidic sulphate solutions the electrical conduc- 
tivity increases with the concentration of free acid, 
but decreases with an increase in concentration of 
salts such as MgSO4 and ZnSO 4 [23]. Apparently, 
increasing the concentration of soluble sulphate salts 
decreases the activity of the hydrogen ions, which are 
the main charge carriers, via the sulphate-bisulphate 
equilibrium. Similarly, additions of Na2SO~ and 
K2SO 4 to zinc sulphate solutions also decrease the 
electrical conductivity [24]. For the BHAS operation 
it is estimated that a reduction in the sodium and 
potassium levels by an order of magnitude would 
result in an increase in conductivity of ~ 50 mS cm- 
(from 350 mS cm-~). This translates to a reduction in 
total cell voltage of ,,, 2.1% (~ 70 mV in 3.4 V) and 
would effectively mean an increase in power efficiency 
of the same magnitude (at a fixed current density). 

3.3. Effect of sodium and potassium sulphates on zinc 
morphology and preferred orientation 

Photographs of the zinc deposits from runs A~ to D 3 
are shown in Fig. 1. Samples E~ and E2 are included 
for comparison purposes; they were produced under 
similar experimental conditions on a slightly larger 
cathode from plant solutions, without and with 
standard addition agents, respectively. Obviously the 
macromorphology of the samples produced from the 
high-purity solution bears no resemblance to that of 
E 1 and E2. However, the samples produced from 
solutions containing either NazSO4 or  K~SO 4 ,or 
Na2SO 4 + K2SO 4 are very similar. They are some- 
what rougher, darker and more uniform than those 
produced from solution A (A I to A3) , although 
the difference is less noticeable at the lower electrode 
rotation rate (compare A 3 with B3, C3, D3). While the 
addition of Na2SO4 and/or K2SO4 to solution A 
appeared to have a slight grain refining effect, all the 
deposits produced from the high-purity solutions had 
much larger grains than those produced from plant 
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basal crystal planes such as (00 2) and (00 4). This 
orientation can be lost and other orientations evolve 
as the deposit grows. The present results show that 
additions of potassium or sodium sulphate promote 
and perpetuate the initial basal plane orientation 
throughout the whole test period. This trend is accen- 
tuated in successive tests on each solution, where 
growth switches from crystal planes such as (1 0 0), at 
right angles to the basal plane, to crystal planes 
such as (105), (104), (114), which lie closer to 
the angle of the basal plane. There is no similarity 
between the preferred orientation of deposits produced 
from synthetic solutions containing Na2SO4/K2SO 4 
(B1-B3/CI-C3/DI-D3) and those produced from 
plant solutions (El, E2). This suggests that the large 
quantity of  sodium and potassium sulphates in the 
plant electrowinning solution is not determining the 
preferred orientation of  the plant deposit. 

4. Conclusions 

Fig. I. Macromorphology of zinc electrodeposits produced from 
high-purity and plant  electrowinning solutions. Al,  A 2, A 3 (solution 
A, runs I-3); Bz, B2, B 3 (solution B, runs 1-3); Cj, C 2, C 3 (solution 
C, runs 1-3); DI,  D2, D3 (solution D, runs 1 3); E I (plant solution 
without addition agents); E 2 (plant solution with addition agents). 

solutions; also, the grain size tended to increase 
somewhat from run to run, e.g. B 3 > B 2 > BI. 

The preferred orientation of the deposits was 
evaluated by X-ray diffraction as before [25]. The 
relative intensity of the various crystal planes was 
calculated using the ASTM index values for zinc 
powder with the (1 0 1) plane as the standard; the 
results are presented in Table 4. During the first few 
moments of zinc deposition the deposit normally has 
a preferred basal plane orientation [26], i.e. crystal 
growth is preferred on the hexagonal, high-density 

The presence of Na2SO 4 and K 2 S O  4 in a zinc electro- 
winning solution has both a positive (via QE) and 
negative (via electrical conductivity) influence on the 
net power efficiency. The addition of 0 .5moldm -3 
Na2SO 4 and/or 0 .25moldm -3 K2SO4 to a high- 
purity solution has a small positive effect of ~ 1.2% 
on the QE of zinc electrodeposition, under certain 
electrolysis conditions (37 ~ C, 650 A m-2). This would 
be equivalent to an increase of ~ 1.2% in power 
efficiency, at fixed cell voltage and total cell current. 
However, the presence of Na2 SO4 and K2 SO4 at such 
high levels also causes a drop in electrical conductivity 
and an estimated increase in plant cell voltage of 

2.1%, i.e. a ~ 2.1% decrease in power efficiency 
at fixed total cell current (and QE). Assuming that 
the intrinsic effect of  Na2SO4/K2SO4 on QE deter- 
mined here also pertains in the plant situation, then 
the ne t  effect on power efficiency is probably a 
decrease of  about 1%, i.e. slightly increased power 
costs. Based on the data contained in Table 3, one 
could presumably substantially reduce the Na2SO4/ 

Table 4. Preferred crystal orientation for zinc deposits produced from high-purity and plant eleetrowinning solutions 

Solution~run Preferred crystal orientation 

A l (1 0 3)[121 (1 14)[111 (1 1 2)[91 (10 4)171 (2 0 4)[61 
A2 (1 1 4)[7] (1 0 3)[61 (1 04)[5] (204)[4] (1 0 5)[3] 
A 3 (0 0 4)[45] (1 0 4)[33] (1 0 3)[26] (1 0 5)[25] (1 1 4)[201 
B, (0 0 4)[311 (0 0 2)[221 (0 0 6)[I 11 (1 0 0)[5] (10 5)[5] 
B 2 (0 0 4)[26] (0 0 2)[15] (0 0 6)[8] (10 0 )[3] (1 0 5)[3] 
B 3 (0 0 4)[29] (0 0 2)[23] (1 0 5)[9] (1 0 4)[8] (1 1 4)[3] 
Ct (0 0 4)[26] (0 0 2)[22] (1 0 O)[4] (1 0 5)[3] (10 4)[21 
C 2 (0 0 4)[23] (0 0 2)[161 (I 0 5)[4] (1 0 0)[31 (1 0 4)[3] 
C 3 (0 04)[28] (0 02)[23] (I 04)[10] (10 5)[8] (1 0 3)[4] 
D~ (0 0 4)[30] (0 0 2)[14] ( I 0 5)[3] (I 0 0)[3] (1 0 4)[2] 
D2 (004)[I7] (002)[1 I] (l 0 5)[31 (100)[2] (104)[ll 
D 3 (0 0 2)[37] (0 0 4)[34] (1 0 4)[18] (1 0 5)[9] (l 1 4)[3] 
E t (102)[5] (204)[3] (203)[3] (114)[1] (10 l)[1] 
E2 (103)[12] (114)[10] (102)[7] (204)[6] (104)[41 

( ): Crystal plane. 
[ ]: Relative intensity (h k l) = [I/lo(h k l) sample]/[I/lo(l 0 1) sample] x [1/lo(l 0 l) ASTM]/[1/lo(h k l )  ASTM] 
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K2SO4 levels in the BHAS electrowinning solutions 
without  reducing QE. However,  an accurate evaluation 
o f  any economic  benefits to be gained by such act ion 
would require knowledge o f  the dependence o f  QE  on 
the Na2SO4/K2SO4 concentra t ion and considerat ion 
of  local power  prices. 

Calculations based on a modified form o f  Wark ' s  
rule [16, 17] suggest that  the effect of  the addit ion o f  
Na2SO 4 and K2SO 4 on the azn2 +/aH+ ratio o f  the sol- 
ut ion could cause an increase in QE o f  0 .2-0.5%. 
However,  the observed change in QE is larger ( ~  1.2%) 
and hence some other  mechanism is p robably  also 
operating. Sodium and/or  potassium ions may  directly 
or indirectly influence the zinc and /or  hydrogen  
deposition reactions, e,g. by adsorption or  by lowering 
hydrogen solubility in the solution. The observat ion 
that the magni tude  o f  the change in QE  was not  
significantly affected by either solution pre-electrolysis 
or change in mass transfer condit ions suggests that  
residual impurities had little effect on the results; the 
trace analyses o f  the solutions tend to support  this 
view. Finally, additions o f  sodium and potass ium 
sulphates had a significant effect on zinc morpho logy /  
preferred orientat ion with rougher,  darker  deposits 
and a preferred basal plane orientation. However,  the 
morphologies /or ientat ions  o f  these deposits were not  
similar to samples produced f rom plant solutions, 
where presumably  trace impurit ies/addit ion agents 
are the determining factors. 
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