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The optimum conditions for zinc electrowinning in synthetic acidic zinc sulphate electrolytes 
(0.8 M ZnSO 4 + 1.07 M H2SO4) were determined using response surface statistical analysis. The 
coulombic efficiency (QE) was optimized with respect to temperature (T), current density (J) and 
electrode rotation rate (n). For an electrolyte prepared from AR zinc sulphate and Aristar sulphuric 
acid, containing trace lead and nickel, QE reached a maximum of 98.8% on a zinc substrate under 
the following conditions: T = 50 ~ C, J = 500Am -2, n = 35 s -1. For a very-high-purity electro- 
lyte, prepared by dissolution of 99.9999% zinc in Aristar sulphuric acid, a maximum QE of 98.4% 
was predicted and obtained at: T -~ 61 ~ C, J -~ 890 A m 2, n --- 38 s-~. Using a statistical response 
surface model calculated during the optimization process, QE contours giving an overall view of 
electrolyte performance were constructed. The QE responses were determined principally by T and 
J, with significant interaction between n and J or T and Jr, depending on the impurity composition 
of the electrolyte. The model was also used to predict the QE response of the above electrolytes 
under conditions similar to industrial practice. 

1. Introduction 

Laboratory studies on zinc electrowinning are in 
general concerned with the influence of certain 
impurities on coulombic efficiency (QE) and zinc 
deposit morphology. Studies dealing with the 
effect of electrodeposition conditions alone for 
an electrolyte of fixed impurity composition are 
less frequent and have usually been conducted 
on a 'one factor at a time' basis [1-5]. The trends 
observed may be quite useful since, in the indus- 
trial situation, there is often only a small range 
over which electrodeposition conditions can be 
varied. Unfortunately, such investigations pro- 
vide little information about possible inter- 
actions between electrodeposition variables and 
do not allow the assessment of electrolyte per- 
formance over a wide range of conditions. How- 
ever, at least three studies [6-8] have used 

multivariate statistical techniques to charac- 
terize electrolyte performance. Kulikov [6] gen- 
erated QE contours as a function of current 
density and sulphuric acid concentration for an 
industrial zinc electrolyte. Villas B6as [7] used 
factorially designed experiments to investigate 
the effect of pH, zinc concentration, current 
density and trace silver on zinc electrodeposition; 
various first- and second-order interactions 
between these factors were shown to be influenc- 
ing both QE and cathode potential. Fosnacht 
and O'Keefe [8] used a two-level factorial design 
to study the effect of several impurities, glue, 
temperature and acidity in both commercial and 
synthetic zinc electrolytes. The latter study 
revealed interactions not only between the elec- 
trolyte impurities themselves (e.g. cobalt and 
arsenic), but also between the impurities, tem- 
perature and acidity. 
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In a previous communication [9] the QE for 
zinc electrodeposition was investigated with 
regard to intrinsic electrolyte purity, as judged 
by anodic stripping voltammetry (ASV) and the 
inductively coupled plasma (ICP) technique. 
While much of that work was carried out under 
a fixed set of electrolysis conditions, it was also 
necessary to establish the conditions under 
which QE approached a maximum and whether 
these depend on electrolyte purity. Maximization 
was carried out as a function of  temperature (T), 
current density (J) and electrode rotation rate (n 
revolutions per second) for two electrolytes of 
different impurity compositions. In this com- 
munication we give details of that maximization 
process and the statistical methods employed 
[10-12]. In addition to defining the upper limit 
for QE, the data were also used to generate QE 
contours over a wide range of electrodeposition 
conditions and to characterize and predict the 
performance of two electrolytes under conditions 
closer to plant practice. 

2. Experimental details 

The glass electrochemical cell and the fabri- 
cation and preparation of the aluminium and 
zinc rotating disc electrodes ( ~  2 cm 2) have been 
described previously [9, 13]. The zinc electrolytes 
were prepared from BDH Aristar H2SO 4 and 
either Merck AR ZnSO 4 �9 7H20 or Koch--Light 
99.9999% zinc. The electrolyte prepared using 
the AR zinc sulphate (the 'baseline' electrolyte) 
contained ~ 1.2 p.p.m, lead and 0.2 p.p.m, nickel 
as major impurities, while the electrolyte 
prepared from the 99.9999% Zn (the 'very-high- 
purity' electrolyte) contained almost no detect- 
able impurities, as evaluated by ASV and ICP 
[9]. In the latter case the zinc metal was dissolved 
in sulphuric acid solution while in contact with 
a platinum grid. The electrolyte composition 
was fixed at 0.8 M ZnSO 4 + 1.07 M H2SO 4 and 
the solution was deoxygenated before zinc elec- 
trodeposition. 

The QE for zinc electrodeposition was deter- 
mined as before [9, 13] from the weight of zinc 
deposited under mass-transfer-controlled con- 
ditions (Tacussel Type EDI electrode rotator) 
after the passage of ~ 600C ( ~  200mg zinc). 
Although there was only minor depletion of the 

zinc concentration at the end of a deposition run 
( ~  3%), fresh solution was used for each QE 
determination. An aluminium substrate was 
normally employed, but a zinc substrate was 
substituted when optimum conditions were ident- 
ified, to eliminate the small effect a foreign 
substrate has on QE [9]. A PAR 173 potentiostat/ 
galvanostat equipped with a PAR 179 digital 
coulometer was employed as the constant- 
current source. 

3. Results and discussion 

3.1. Identification of optimum conditions 

The general approach to the optimization of QE 
adopted here is based on that of Box and Wilson 
[10], as summarized in a later compilation [11]. 
The experimental limits for the process variables 
(factors) are decided and an initial small exper- 
iment is carried out in a reasonable sub-region 
chosen by experience. This is based on either a 
whole or half replicate of a factorial design with 
two levels in each of  the factors. Based on the 
data of this (first) experiment (El), a 'path of 
steepest ascent' towards a plausible optimum is 
determined. Along this path, a few points are 
chosen to determine the likely centre of a second 
experiment (E2). Depending on the results 
obtained at this stage, the levels and/or the ranges 
of the factors in E2 are changed to cover a new 
sub-region. If the data of E2 exhibit a reasonable 
proximity to a local optimum, extra design 
points are chosen to complement the basic 
factorial design to obtain enough data to fit a 
quadratic surface. If necessary, a new path of 
steepest ascent is calculated from the data of E2 
and the procedure is repeated to obtain a centre 
for a third experiment (E3), and so on. 

With sufficient data, a quadratic model may 
be fitted at any stage of the sequential exper- 
iment and a test of optima (maxima) applied. If 
the test indicates a maximum, one can stop the 
sequence and obtain a final fitted model of all 
combined data. If  the quadratic surface fails to 
produce a maximum, one can still obtain a con- 
strained optimum over a prescribed region [14]. 
This later modification to the optimization 
process is especially useful if, at any stage, 
further data collection is impossible due to 
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Table 1. Design points and corresponding coulombic efficiencies 
for baseline electrolyte 

Experiment T (~ n (s -j) J (Am -2) QE (%) 

E1 

Path 

E2 

25 10 300 97.5 
25 10 400 97.5 
25 20 300 97.5 
25 20 400 97.6 
35 10 300 98.0 
35 10 400 97.9 
35 20 300 98.1 
35 20 400 98.0 

40 18 330 98.1 
45 20 320 98.3, 
50 22 310 98.3 
55 24 300 98.0 

40 5 140 98.1 
40 5 500 97.9 
40 35 140 97.4 
40 35 500 98.4 
50 5 140 98.0 
50 5 500 98.1 
50 35 140 97.2 
50 35 5O0 98.5 
45 46 320 98.3 
45 20 630 98.3 
36 20 320 98.4, 
54 20 320 98.4 

Supplementary 51 38 320 98.2 
design points 39 38 320 98.4 

35 55 400 98.4 
40 20 400 98,2 
45 20 400 98.[ 

98.3 

98.3 

experimental or  other constraints [15]. Also, it is 
quite possible that  a locally fitted quadrat ic  sur- 
face may produce a maximum whereas that fitted 
on a combined data set, covering a wide exper- 
imental region, may  not. In this case the con- 
strained opt imizat ion technique may  still be 
applied. 

3.2. Maximizat ion  o f  Q E  in the baseline 
electrolyte 

At an earlier stage, as a test o f  repeatability o f  the 
appara tus  and methodology,  12 repeat runs 
were carried out to determine QE under identical 
' s tandard  condit ions ' ,  namely T = 25 ~ C, n = 
20s -~ and J = 4 0 0 A m  -2. The error variance 

(a 2) of  these QE values was 0.015 giving a 
s tandard deviation (a) o f  0.12%. This error 
variance was taken as a bench mark  value for the 
true total measurement  error  o f  QE after inde- 
pendent  checks on its likely value by a propa-  
gat ion of  error technique. In  the following 
analyses, when statistical significance tests were 
performed,  we use the above value o f  cr as the 
s tandard deviation o f  the residual error o f  the 
fitted response surface. 

The first experiment (El)  performed was a 2 3 

factorial design whose levels are given in Table I 
(El).  An  analysis o f  variance technique was 
carried out  on the data  of  E1 and T was found 
to be the only statistically significant factor. A 
path o f  steepest ascent was calculated through 
the least squares fitted model  given below: 

QE = bo + bi t  + b2N + b3j + b4(tN) 

+ bs(tj)  + b6(Nj)  + error (1) 

where t = ( T -  30)/5, N = (n - 15)/5, j = 
( J -  350)/50 and the regression coefficients 
b 0 , b l . . ,  b 6 are given in Table 2, column 3. 
Determinations o f  QE were made at four  selected 
points (see Table 1) on the path and, based on 
these observations,  a decision was made to 
choose the centre o f  E2 at T =  45 ~ n = 
20s - t  and J = 3 2 0 A m  -2. 

The second experiment (E2) performed was a 
complete 23 factorial design which was later 
complemented by four  o f  the star design points 
(see [12] for  the star design); the levels o f  this 
experiment are given in Table 1 (see E2). With  
the magni tude  o f  units for n and J increased, it 
was now seen that  none of  the effects o f  T, J and 
n could be ignored. The effect o f  interactions 
between T and J and between n and J became 
statistically significant. The data  o f  E2 and the 
four  points along the path o f  ascent were com- 
bined to obtain a least squares fitted model  as 
follows: 

QE = bo + bi t  + b2N + b3j + b4(tN) 

+ bs( t j )  + b6(Nj)  + bTt 2 + bsN  2 

+ b9j 2 + error (2) 

where t = ( T -  45)/5, N = (n - 20)/15 and 
j = (J - 320)/180 and the regression coefficients 
bo,b~.., b 9 are given in Table 2, column 4. 
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Table 2. Baseline electrolyte: regress'ion coefficients of  various statistical models 

Scaled Coejficient E1 E2 All data combined ~' 
variable 

C o n s t a n t  b 0 96.81 98.3 98.27 - 

t b~ 0 .3125 0 .0000 0 .0069 (0.31) 

N b 2 0.0375 - -  0 .0352 - 0 .0193 ( -  0.44) 

j b 3 - 0 .0375 0 .3148 0.2883 (6.23) 

tN b4 0.0375 - 0 .025 - 0 .0324 ( - 1.17) 

tj b 5 0 .1125 0 .0750 0 .0730 (1.90) 

N/  b6 - 0 .0125 0 .3000 0 .2910 (5.82) 
t 2 b v - 0 .0027 - 0.0401 ( - -  4.67) 

N 2 b s - - 0 .0409 - 0 .0207 ( -  0.61) 

j2  b9 - - 0 .2430 - 0 .2125 ( -  4.49) 

Va lues  o f  the S t u d e n t ' s  t s tat is t ic  a re  i nd ica t ed  in b racke t s ;  the tab le  va lue  fo r  c o m p a r i s o n  is 2.07 a t  the  9 5 %  level o f  
conf idence  for  22 degrees  o f  f r eedom.  

While the second order coefficients have generally 
become statistically significant, as expected, the 
resulting stationary point of the response surface 
was not a maximum. This is due to the fact that 
a high value of QE (98.5%) was observed at a 
'corner' (T = 50~ n = 35s 1, y = 500Am 2) 

of E2. 
To obtain a more representative response sur- 

face for the experimental region under con- 
sideration, it was decided to combine the data of 
E1 and E2 plus observations on the path. Further 
data points were obtained to supplement this 
combination and are shown in Table 1. The 
quadratic model of the form given in Equation 
2 was then fitted to the combined data; the 
resulting regression coefficients are given in 
Table 2, column 5. The data added to those of  
E2 generally give more information on lower 
temperatures and, therefore, the fitted response 
surface did not produce a stationary point which 

was also a maximum. The highest observed QE 
values were still at a 'corner' of  the experimental 
region covered by the combined data. 

Analysis of the combined data also indicated 
that the effect of T was the most pronounced 
followed by that of J, and that the effect ofn  was 
significant only through its interaction with J. 
Further, it was experimentally verified that for a 
given T, a low n requires a high J to sustain the 
same QE. Among the interactions, that between 
n and J is most pronounced, followed by that 
between Tand  J. QE contours for combinations 
ofn and J a t  T = 35 or 55 ~ C are given in Fig. 1. 

Further experimentation to determine con- 
clusively the optimum deposition conditions was 
not carried out due to lack of  the same batch of  
AR zinc sulphate. The best possible QE (98.5%) 
obtained at T =  50 ~ n = 35s-~ and 
J = 500Acre -2 in the experiment was, how- 
ever, regarded as being near-optimum., due to the 

looo ~ ~.~..o~.-//-/, . 
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0 ~.0 40 60 80 I00 0 20 40 60 80 I00 

Electrode rotation rate (s-=) Electrode rolation rate (s-') 

Fig.  1. Q E  response  su r face  as a func-  
t ion  o f  J a n d  n. Elec t ro ly te ,  A R  
Z n S O  4 �9 7 H 2 0 / B D H  A r i s t a r  H2SO4;  
2 c m  2 a l u m i n i u m  ca thode .  (a) T = 
35 ~ C; (b) T = 55 '~C. 
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Table 3. Design points and corresponding coulombic efficiencies 
for very-high-purity electrolyte 

Experiment T (~ n (s 1) J (Am -2) Q E ( % )  

E1 30 20 500 97.5 
30 40 300 97.6 
40 20 300 97.7 
40 40 500 98.0 
35 30 400 97.7 

Path ! 

E2 

Path 2 

E3 

40 37.4 436 97.8 
50 52.1 508 98.0 
60 66.8 579 97.6 

39 54.7 372 97.7 
51 54.7 572 97.9 
39 34.7 572 97.7 
51 34.7 372 97.7 
45 44.7 472 97.8 

55 60.1 638 98.0 
57.5 63.9 680 98.0 

32.5 30.5 485 97.7 
32.5 59.5 485 97.6 
32.5 30.5 715 97.5 
325 59.5 715 97.5 
52.5 30.5 485 98.0 
52.5 59.5 485 97.9 
52.5 30.5 715 98.2 
52.5 59.5 715 98.1 
42.5 45.0 600 97.8, 
60.0 45.0 600 98.2 
42.5 45.0 800 97.8 
42.5 70.0 600 97.8 
42.5 45.0 400 97.8 
42.5 20.0 600 97.7 
25.0 45.0 600 96.8 
25.0 20.0 400 97.0, 

97.1 
60.0 70.0 800 97.9 

Path 3 + 55.0 27.2 600 98.0 
supplementary 55.0 45.0 741 98.2 
points 42.5 27.2 741 97.5 

62.5 41.1 616 98.0 

E4 52.5 30.5 815 98.1 
57.5 45.0 765 98.3 
6Z5 30.5 715 98.2 
62.5 59.5 815 98.1 

97.8 

97.1, 

remarkable  flatness o f  the response surface at 
high T; a further increase in QE to 98.8% was 
observed under  the same condit ions when using 
a zinc substrate. 

3.3. M a x i m i z a t i o n  o f  Q E  in the 
very-high-puri ty  e lec troly te  

It should be noted that for the very-high-puri ty 
electrolyte, sequential experiments were necess- 
arily conducted with solutions prepared f rom 
different zinc rods which are bound  to have 
slightly varying impurity composit ions (although 
nominally of  the same batch) and hence there is 
'ba tch- to-ba tch '  variat ion in QE [9]. In this case, 
repeat runs under  s tandard condit ions (25~ 
20s -~, 4 0 0 A m  -2) were moni tored  to give a 
check on the repeatability o f  the QE determi- 
nation. 

Al though analysis o f  data  in E3 and all com- 
bined data  (see Table 3) involved several dif- 
ferent zinc rods, the residual variance (0.021) 
after fitting a required quadrat ic  surface was 
only slightly larger than the replicate error  vari- 
ance determined in Section 3.2. Thus, this 
residual variance was used as a new error  
variance in these analyses instead o f  performing 
a more  complicated analysis requiring different 
variances for runs with different batches. 

The first experiment (El)  performed was a 
half  replicate plus the centre point  o f  a 23 fac- 
torial design. The levels of  the factors used are 
given in Table 3 (El).  The model  (Equat ion 1) 
was fitted without  the interaction terms since 
only five data  points were available, It  should be 
used with t = ( T -  35)/5, N =  (n - 30)/10 
and j = (J  - 400)/100, together with the 
regression coefficients given in Table 4, column 
3. The effect o f  T was seen to be the mos t  pro- 
nounced and was the only statistically significant 
factor. A path of  steepest ascent based on the 
data  o f  E1 was calculated and three points 
(Table 3, path 1) were chosen corresponding to 
T = 40, 50 and 60 ~ C. Based on QE determi- 
nations at these points, the centre of  the next 
experiment was chosen at T = 45~ n = 
44.7s -~ and J = 4 7 2 A m  -2. 

The second experiment (E2) performed was 
also a half  replicate plus the centre point  o f  a 23 
factorial design. It  was performed such that  the 
first-order effects could be estimated as soon as 
QE determinations were made at a relevant set 
o f  design points. A model  o f  the form given in 
Equat ion 1 was fitted with t = ( T -  45)/6, 
N = (n - 4 4 . 7 ) / 1 0 , j  = U -  472)/100 and the 
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Table 4. Very-high-purity electrolyte." regression coefficients for various models 

Sealed Coefficient E1 E2 E3 All data combined ~ 
variable 

C o n s t a n t  b o 97.67  97 .74  97.85 97 .89  - 

t b~ 0 .1325  0 .0625  0 .3063  0 .2680  (10 .05)  

N b 2 0 .0475  0 .0625  - 0 .0288 - 0.0281 ( -  1.05) 

j b 3 0 .0975 0 .0575  - 0 ,0073 - -  0 .0161 ( -  0 ,65)  

tN b4 - - - 0 ,0478  - -  0 .0386  ( -  1,39) 

t] b 5 - - 0 .0569  0 .1185  (4 ,20)  

Nj b 6 - - - 0 .0052  0.0211 (0 ,80)  

t 2 b 7 - - - 0 . 1 0 1 8  - 0 . 1 1 5 0  ( - 4 . 6 5 )  

N 2 b 8 - - 0 .0097  - 0 .0421 ( -  1.49) 

.]-2 69 _ - 0 .0002  - 0 .0369  ( -  1.92) 

V a l u e s  o f  t he  S t u d e n t ' s  t s t a t i s t i c  a r e  i n d i c a t e d  in  b r a c k e t s ;  t h e  t ab l e  v a l u e  f o r  c o m p a r i s o n  is 2 .02 a t  t h e  9 5 %  level  o f  

c o n f i d e n c e  f o r  39 d e g r e e s  o f  f r e e d o m .  

coefficients representing the first-order effects 
are given in Table 4, column 4. Following calcu- 
lation of a path of steepest ascent, two determi- 
nations of QE were made along the path (see 
Table 3, path 2). Based on the data obtained, it 
was decided to move the centre of the next 
experiment to T = 42.5 ~ C, J = 600Am -2 and 
n = 45 s -~ . The decision to move to a slightly 
lower temperature was made for two reasons. 
The data on the path did not exhibit a significant 
rise in QE even at 57.5 ~ C and it was necessary to 
locate a centre such that when the appropriate 
units for T were considered, the upper extremity 
of the design did not exceed the experimentally 
feasible upper limit of T. Also, some instrumental 
problems were encountered at an early stage of 
the experiment at high temperatures which sug- 
gested caution in approaching high values of T. 

The next experiment (E3) was a complete 23 
factorial design supplemented by the following 
design points: (i) the centre point (two replicates); 
(ii) the six design points corresponding to a star 
design of Box et al. [12]; and (iii) two extra 
design points (two replicates each) carried out to 
gauge the extent of experimental problems of 
operating at high T. The design points are given 
in Table 3 (see E3). A quadratic model of the 
form given in Equation 2 with t = (T - 42.5)/ 
10, N = (n - 45)/14.5 a n d j  = (J - 600)/115 
was fitted to the data of 20 design points and the 
resulting regression coefficients are given in 
Table 4, column 5. For n and aT, the second-order 
effects are much more pronounced than the first- 

order effects. But for T, the first-order effect is 
still more pronounced than the second-order 
effect, indicating a possibility of further improve- 
ment in QE at even higher temperatures. This 
was confirmed by a separate analysis based on 
all data points from the paths and E3 with 
T >~ 39 ~ C. These results indicated that virtually 
all second-order effects were statistically signifi- 
cant and that, except for T, all first-order effects 
were not statistically significant; hence a move- 
ment of the centre to higher temperatures was 
indicated. 

Although the centre for the final experiment 
(E4) should have had T -~ 60~ (as indicated 
by a further calculated path of steepest ascent 
based on data of E3), experimental problems at 
high temperatures (e.g. electrode leakage) did 
not allow this. Thus, it was decided to have a 
centre at T = 57.5~ J = 765Am -2 and n = 
45 s- ~. The levels of the factors were decided in 
such a way that one corner point of  the 29 fac- 
torial design embedded in E3 also became a 
corner point of the following 23 design (E4). This 
was done to reduce the total number of runs 
required in case the calculated path of ascent 
indicated a further move. 

Only a half replicate of  the 23 design was 
carried out as E4, with levels as indicated in 
Table 3. A path of steepest ascent was calculated 
and the results suggested no further improve- 
ment by changing the centre of the experiment. 
A quadratic model of the form given in Equation 
2 was fitted to all available data with T >/ 50 ~ C. 
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Fig. 2. QE response surface as a func- 
tion of Tand  J. Electrolyte, 99.9999% 
zinc/BDH Aristar HzSO4; 2cm 2 alu- 
I~nium cathode. (a) n = 20s-I ;  (b) 
n = 40s -~. 

The resulting fitted response surface exhibits a 
stationary point which is also a maximum. This 
design point was given by T =  60.8~ 
n = 38.37s -t and J = 890.9Am -2, with a 
predicted QE value of  98,34% as against the 
actually observed value of 98.4%; in this case no 
further increase in QE was observed when a zinc 
substrate was substituted for aluminium. 

Part of  the objective of  the sequential exper- 
iments was to explore the response surface to 
obtain a reasonably representative picture of  QE 
with respect to variations in electrodeposition 
conditions. To this end a quadratic model of  the 
form given in Equation 2 with t = (T - 42.5)/ 
10, N = (n - 45)/14.5 a n d j  = ( J -  600)/115 
was fitted to all available data. The regression 
coefficients for the fitted model are given in 
Table 4, column 6. Analysis of the combined 
data also indicated that the effect of T is most 
pronounced, followed by that of  J, and that the 
interaction of T with J is most pronounced 
among the interactive effects. Typical QE con- 
tours for combinations of  T and J at n = 20 or 
40 s-~ are given in Fig. 2. 

Although the quadratic surface fitted to all 
combined data did not produce a local uncon- 
strained maximum, a constrained maximum 
of 98.4% was identified using the flexible sim- 
plex algorithm of Nelder and Mead [14] at 
T =  65~ = 37s ~ a n d J =  980Am -2 , fo r  
the region 25~ ~< T ~< 65 ~  ~ ~< n ~< 
90s -1, 200Am -2 ~< J~< 1000Am -2. This 
indicates that, for the practical experimental 
region, the upper limit for QE is the same as the 
one achieved for the stationary design point 
identified above. 

3.4. Prediction of electrolyte performance under 
plant conditions 

Recently there have been attempts to model 
electrowinning cells [16, 17] and predict per- 
formance from first principles. Scott et al. [17] 
have significantly extended Bryson's model [16] 
to simulate the performance of a zinc electro- 
winning cell, using up to 200 variables; QE, 
energy consumption and dynamic response to a 
step change in process conditions can be calcu- 
lated. The response surface model available here 
allows QE to be calculated as a function of T, J 
and n, with either one or two variables held 
constant, while still taking into account any inter- 
active effects. 

To allow predictions of  electrolyte perform- 
ance under conditions closer to plant practice, T 
and J were set to 35~ and 400Am -2, respect- 
ively. The QE was then calculated as a function 
of n and the predicted data are presented in 
Fig. 3 for both the baseline and very-high-purity 
electrolytes. The baseline electrolyte exhibits a 
monotonic increase in QE up to n -~ 80s-~; 
since trace lead apparently has a beneficial influ- 
ence on QE [18, 19], this behaviour is probably 
due to the increasing lead concentration in the 
electrodeposited zinc as n is increased. The very- 
high-purity electrolyte exhibits a maximum in 
QE at n ~ 40 s-~; this value represents a much 
higher mass transfer rate than that expected in 
practice. It is difficult to say whether the depicted 
trend in this case represents an intrinsic depen- 
dence of QE on n, or is perhaps due to interaction 
between residual beneficial and deleterious 
impurities. It is known that the hydrogen evol- 
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ution reaction itself can be a function of mass 
transfer rate in acidic media (on platinum elec- 
trodes, at least [20]), and that effects due to 
residual impurities may still be present even in 
very-high-purity electrolytes [9]. In any case, the 
occurrence of the maximum allows the con- 
venient choice of a region where the QE is rela- 
tively insensitive to changes in n for the examin- 
ation of relationships between other factors. 

Fig. 4 shows the predicted variations of QE 
with J for both electrolytes, with T and n held 
constant at 35~ and 40 s -~, respectively. Both 
electrolytes exhibit a maximum in QE, but the 
maximum occurs at different values of J, namely 
400450 and 550 A m 2, for the very-high-purity 
and baseline electrolyte, respectively. The data 
in Fig. 4 for the very-high-purity electrolyte 
show that QE varies by only ~ 0.2% over the 

99.0 

~_. 98"5 

.~ 9e-0 

"~ 97"5 
. o  

"~ 97"0 
"5 

96"5 

96'0 
0 

[ I , I i i 

200 400 600 800 IO00 
Current density (Am -2) 

Fig. 4. QE as a function of J w h e n  T = 35 ~ n = 40s 1 
with a 2 cm 2 aluminium cathode. Electrolyte, BDH Aristar 
H2 SO4 and (a) AR ZnSO4 �9 7H20, (b) 99.9999% zinc. 
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range 300-700Am -2. This confirms the inde- 
pendence of QE with J predicted by Scott et al. 

[17], for an electrolyte containing no impurities 
over the same range of J. 

While there have been several experimental 
studies of the relationship between QE and J 
over a range of deposition conditions, the results 
in general have been inconsistent. Bratt [21] 
predicted an increase in QE with J, based on a 
derivation of 'Wark's Rule' [22]. Wark [22] 
observed an increase in QE from 87.0% at 
J - 10Am -2 to 97.4-97.6% at 300-900Am -2 
in a high-purity electrolyte, the latter result 
being in agreement with the present predictions. 
Turomshina and Stender [1] reported a similar 
increase in QE with J, with a maximum at 
J ~> 1000Am -2, while Liebseher [4] reported a 
maximum at J ~- 450 A m -2. Salin [23] reported 
a small ( ~ 2%) but steady increase in QE with J 
over the range 100-1500 A m -2 at 20 ~ C. Kulikov 
[6] analysed plant data (presumably) and reported 
a similar trend up to ~ 1000Am 2 for electro- 
lytes of various acidities. Znamenskii and Stender 
[2] showed that the shape of the QE versus J 
curve was dependent on solution purity, with a 
plateau occurring at very low values of J 
(~< 100 A m  -z) in pure solutions. 

Taken together, the above predictions and 
experimental results strongly indicate that the 
potential beneficial influence on QE of any 
change in J from normal operating conditions 
(400-600Am 2) will be dependent on solution 
purity. However, any increase in J aimed at 
increasing QE will be accompanied by an 
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increase in cell voltage and perhaps energy 
consumption. 

Fig. 5 shows the predicted variation of QE 
with T for both electrolytes with J and n held 
constant at 400Am -2 and 40s 1, respectively. 
Surprisingly, both electrolytes exhibit a maxi- 
mum at 45~ although the curve is somewhat 
flatter for the very-high-purity electrolyte (~  0.7 
versus 1.0% range in QE for 20-70 ~ Both 
Liebscher [4] and Ful'man and Khan [5] have 
reported similarly shaped curves with maxima at 

38 ~ C for plant electrolytes (J _~ 600Am-2). 
Also, the latter authors [5] claimed that the opti- 
mum temperature for zinc electrowinning 
increased by ~ I ~  for an increase in J of 
~100Am -2, apparently based on statistical 
analysis of plant data. Salin et  al. [3] showed 
that, while there is only a minor dependence of 
QE on T for high-purity electrolytes, an increase 
in T could be disastrous if the electrolyte con- 
tained high levels of certain impurities. Based on 
the present predictions, an increase in T from 
say 35 to 45~ for a high-purity electrolyte 
might be expected to result in a better QE and 
lower energy consumption, but these advantages 
may be offset by an increase in anode corrosion 
and an accompanying decrease in zinc purity in 
a conventionM electrowinning cell. 

4. Conclusions 

The optimum conditions for zinc electrowinning 
in two synthetic zinc sulphate electrolytes have 
been identified using an approach based on the 
'path of steepest ascent' of Box and Wilson [10, 
11]. The utility of the method may be limited by 
the experimentally accessible region and the 
number of runs required. However, these pro- 
blems can be overcome to an extent by the 
application of constrained optimization [14] and 
efficient experimental design [12]. The con- 
ditions under which the maxima in QE were 
obtained were very different for the two electro- 
lytes studied, but the values of QE obtained were 
similar (98,8, 98.4%). The optimal conditions 
identified here for the very-high-purity electro- 
lyte are far removed from, and would not be 
compatible with, present industrial practice. 
However, they do indicate that, under suit- 
able circumstances, the electrodeposition of zinc 

can be carried out efficiently at elevated tempera- 
tures, with the prospect of improved energy 
efficiency. 

The statistical response surface model calcu- 
]ated during the optimization process allows the 
production of QE contours as a function of T, J 
and n. These contours are valuable in presenting 
an overview of electrolyte performance, giving 
more complete information than a series of 'one 
factor at a time' experiments. They also allow 
convenient comparison of the performance of 
different electrolytes over a wide range of con- 
ditions and may even be diagnostic for electro- 
lytes containing particular types of impurities. 
For both electrolytes, the dominant factors 
determining QE were T and J, The interactions 
between n and J and T and J were statistically 
significant for the baseline and the very-high- 
purity electrolyte, respectively. There is little in 
the present work which can be compared with 
previous statistical studies [6-8] because of the 
different variables involved, but the reported sig- 
nificance of both J [6, 7] and T [8] is confirmed. 

Once generated, the model of the surface can 
be used to predict the QE response under any set 
of conditions. While the reliability of the predic- 
tion can only be guaranteed for interpolation 
inside the experimental sub-region, limited 
extrapolation is mathematically possible and 
may provide indications of likely performance. 
In the present case, the QE responses for two 
electrolytes were examined under conditions 
closer to industrial practice (T = 35 ~ 
J = 400 A m-2); no data were available to esti- 
mate the effective n (i.e. mass transfer rate), but 
a value was chosen (n = 40 s -~) where the QE 
for the very-high-purity electrolyte was relatively 
insensitive to changes in n. While the overall 
performances of the two electrolytes were quite 
different with respect to J and T, the shape of the 
curve and the location of the optimum point for 
the QE versus Tplot were the same for both. The 
characteristics of such curves (as with the con- 
tours) are a function of the electrolyte impurity 
composition. It was apparent that the QE 
response of the very-high-purity electrolyte was 
generally less dependent on J (in particular) and 
T than that observed for the electrolyte contain- 
ing trace lead and nickel. Assuming that these 
trends would hold in the plant situation, where 
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mass transfer rates are presumably much lower, 
the present results suggest that greater flexibility 
would be possible in the setting of electrodepo- 
sition conditions as plant electrolyte purity is 
improved. 
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