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ABSTRACT 

Laboratory-scale experiments of zinc electrowinning under periodical reverse current (PRC) were carried out in 
acidic sulfate solutions. To study the effects of lead impurities on the zinc cathode, 0.3-15 mg/1 of lead were added to the 
electrolyte. A square wave of current was used to produce the PRC. Current densities of 500 and 1500 A/m s were investi- 
gated under both direct current and PRC. In the case of PRC, the direct and reverse pulses had respective durations of 
100s and 0.1-1.0s. The current density of the reverse pulse was set at half the value of the direct pulse. Comparisons were 
made with conventional dc electrolysis. The presence of 5 mg/1 of lead lowered the current efficiency in dc from 94.1 to 
93.2%, while in PRC it raised it from 93.2 to 97.6%, using a reverse pulse duration of 0.1s. Correlation between the current 
efficiencies and the presence of the crystallographic plane (101) was also observed. It suggests that lead in the zinc deposit 
and the use of PRC influence the crystallographic growth of the zinc deposit. The presence of plane (101) increases the 
overpotential of hydrogen evolution on zinc, and this results in a higher current efficiency. A way of obtaining the benefi- 
cial plane is to use PRC and lead in the electrolyte together. 

The increasing cost of energy in the zinc industry has 
driven research towards less energy intensive processes 
(1-7). The use of periodical reverse current (PRC) during 
zinc electrowinning has shown impressive preliminary re- 
sults (8-11). During electrowinning of zinc in acidic media 
the authors found that desorption of a shielding chemical 
such as OH(ad) occurs at the lead-silver anode during cur- 
rent reversal (11). This results in a lower anodic overpoten- 
tial, improving the specific energy consumption. 

Even if no additives or impurities were purposely added 
in the latter study, some lead coming from the anode dur- 
ing the experiments could have contaminated the zinc and 
influenced current efficiencies. 

The present investigation aims at a better comprehen- 
sion of the effect of PRC techniques on the mechanisms of 
the cathodic process involved during zinc electrowinning 
in the presence of lead impurities in the electrolyte. This 
made it possible to explain the results of previous work in 
this laboratory (11) about the relation between the use of 
PRC and current efficiencies. The same experimental  
setup was used in this study except  for the use of insoluble 
anodes in order to control the effects of lead concentration 
in the electrolyte. Chemical analysis, crystallographic ori- 
entation, and morphology of the zinc deposits as well as 
current efficiencies were recorded in order to characterize 
the phenomena. 

Experimental 
CelL--The cell was composed of one 6 cm 2 aluminum 

cathode (supplied by Noranda) placed between two di- 
mensionally stable anodes (DSA) 3 cm 2 each (supplied by 
Eltech Corporation). The DSA were made from titanium 
covered with iridium oxide. The electrodes were held by 
plastic grips and set in a Teflon support to maintain an in- 
terelectrode spacing of 3.8 cm, in order to simulate indus- 
trial conditions. The aluminum electrode was polished 
with 600 grit sandpaper before each experiment  to assure 
reproducible surfaces, but the DSA did not need any kind 
of treatment. Each surface was delimited with electroplat- 
ing tape (3M no. 484) and lacquer (Microstop from Michi- 
gan Chrome and Chemical Company). The whole cell was 
contained within a 2 liter beaker. After electrolysis, the 
zinc deposit was rinsed, dried, and peeled. A Mettler ana- 
lytical scale (Type H-16) was used to weigh the deposit and 
determine the current efficiency. 

* Electrochemical Society Student Member. 

Electrolyte.--The solution was made of 60 g/l of zinc 
from ZnSO4 �9 7H20 and 200 g/1 of H2SO4. Although no lead 
was added to it, this solution contained 0.3 mg/1 of lead. It 
came from the zinc sulfate as an impurity and is con- 
sidered to be within the reagent specifications. Lead was 
added to the electrolyte from a 2 g/1 PbSO4 solution in 
order to obtain concentrations of 5, 10, or 15 ppm. Because 
solubility of PbSO4 in sulfuric acid is equal to 6.13 mg/1 or 
3.31 ppm Pb +§ (12), some particles sometimes remained in 
suspension in the electrolyte, and for this reason it was vig- 
orously agitated before each experiment. All chemicals 
used were reagent grade, and water was bidistilled. The 
temperature of the elelctrolyte was maintained at 
40 ~ • 0.5~ by placing the cell in a thermostated water 
bath. This temperature was found to be opt imum for 
energy consumption, current efficiency, and Pb-Ag anode 
corrosion (13-15). No stirring was done during the 2h ex- 
periment, and the volume of the electrolyte was large 
enough (1 liter) to limit the depletion of zinc ions to less 
than 5%. 

Electrical circuit.--The electrowinning current was gen- 
erated by a PAR potentiostat/galvanostat (Model 173) 
equipped with an IEEE-488 programmable interface. Cur- 
rent densities of 500 and 1500 A/m 2 were investigated 
under direct current and PRC. In the case of PRC, square 
wave was preprogrammed on an IBM-PC microcomputer  
and stored into the erasable memory of the interface. The 
direct pulse had a duration of 100s while the reverse pulse 
was set at 0.1, 0.5, and 1.0s. The typical risetime of such a 
current wave is on the order of 500 Vs. 

Chemical analysis.--The flame spectroabsorption tech- 
nique was used to measure the lead content of each zinc 
deposit. The limit of detection of this method is on the 
order of 0.1 ppm with an accuracy of 1-2%, and the results 
obtained gave a global value of the lead content. 

Roughness analysis.--Each zinc deposit was glued to an 
antivibration marble table. A probe was placed perpendic- 
ularly to the surface and was activated by a "Clevite Brush 
Surfadrive 100" recorder. The cutoff of the probe was set at 
0.76 mm, and the variations recorded were transmitted to a 
"Clevite Brush Surfadrive MS-1000-01" integrator which 
gives the mean, maximum, and minimum values of the 
height of surface peaks. The roughness is defined here as 
the average of 5 times the mean. 
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Crystallographic orientation.--X-ray di f f rac t ion  was  
u s e d  to d e t e r m i n e  t he  p r e f e r r e d  c rys t a l l og raph ic  or ien ta -  
t ion  d u r i n g  t h e  d e p o s i t i o n  of  z inc  (16). To ach i eve  this ,  
e a c h  depos i t  was  cu t  in  s u c h  a w ay  t h a t  a 1.5 c m  2 a rea  was  
avai lable .  I t  was  t h e n  coa ted  w i t h  Bake l i t e  a n d  p o l i s h e d  u p  
to 15 ~tm. Th i s  l as t  s tep  c a u s e d  some  p las t ic  de fo rma t ions ,  
a n d  t h e y  we re  r e m o v e d  by  e t c h i n g  t he  sur face  w i t h  a 10% 
HNO3 so lu t ion  for  30s. This  p r o c e d u r e  p e r m i t s  good  
s a m p l e  r ep roduc ib i l i ty .  

S a m p l e s  we re  t h e n  p u t  in  a Ph i l l i p s  P W  1130 diffrac- 
t o m e t e r  to o b t a i n  d i f f rac t ion  pa t t e rns .  S ince  a ma te r i a l  ha s  
a p r e f e r en t i a l  c ry s t a l l og raph ic  o r i en t a t i on  w h e n  its g ra ins  
do  n o t  g row r a n d o m l y  (17, 18), t h e  d i f f rac t ion  p a t t e r n  of  
e a c h  depos i t  c o r r e s p o n d i n g  to a specif ic  e x p e r i m e n t a l  con-  
d i t i on  was  c o m p a r e d  w i t h  t he  p a t t e r n  o b t a i n e d  f r o m  a z inc  
p o w d e r  (Reagen t  G r a d e  type)  w h i c h  h a d  i ts  g ra ins  ran-  
d o m l y  or ien ted .  F i f t een  c rys t a l l og raph ic  p l anes  we re  ob- 
t a i n e d  p e r  pa t t e rn :  (002), (001), (101), (102), (103), (110), (004), 
(112), (200), (201), (104), (202), (203), (105), a n d  (114). E a c h  
p l a n e  c o r r e s p o n d s  to a p e a k  on  t he  d i f f rac t ion  pa t t e rn .  The  
pos i t i on  of  e ach  p e a k  is de f ined  b y  Br agg ' s  ru le  (18). I t s  
h e i g h t  on  t h e  d i f f rac t ion  p a t t e r n  is r e fe r red  to h e r e  as i ts  
in tens i ty .  T h e s e  i n t ens i t i e s  were  first u s e d  to ca lcu la te  t h e  
i n t e n s i t y  ratio,  w h i c h  is t h e  i n t e n s i t y  of  a p l a n e  (hkl) di- 
v i d e d  b y  t he  s u m m a t i o n  of  t he  in t ens i t i e s  of  all t h e  f i f teen 
p l anes  

R(hkl) = I(hkl) / I(hakala) " 1 0 0 %  [1] 
= 

F r o m  this,  a t e x t u r e  coeff ic ient  was  ca lcu la ted  for  e ach  
p l a n e  b y  d iv id ing  t h e  i n t e n s i t y  ra t io  o b t a i n e d  f rom a de- 
pos i t  for  a p l a n e  (hkl) b y  t he  i n t e n s i t y  ra t io  of  t he  z inc pow- 
de r  for  t h e  s a m e  p l a n e  (hkl). Th i s  is e x p r e s s e d  by  Eq.  [2] 

TC(hk l )  = R(h ld ) /Rzmc  powder(hkl) [2 ]  

Finally,  t he  abso lu te  t ex tu re  coefficient (ATC(hkl)) was cal- 
culated.  ATC(hk~) is g iven  in the  fo rm of  a pe rcen tage  of the  

su r face  w h i c h  is cove red  b y  t he  (hkl) p l a n e  a n d  is calcu-  
l a t ed  by  Eq.  [3] 

15 
A TC(hkl) = TC(hkl)/E TC(h~k~h) " 100% [3] 

1-1 

Like  t he  t e x t u r e  coeff ic ient  (TC(hkl)), i t  e x p r e s s e s  t he  im- 
p o r t a n c e  of  a g iven  o r i en t a t i on  (hkl) c o m p a r e d  w i t h  t he  
one  o b t a i n e d  f rom the  zinc powder .  

Microscopy.--To s t u d y  t h e  m o r p h o l o g y  of  z inc depos i t s ,  
a s c a n n i n g  e l ec t ron  m i c r o s c o p e  (SEM) Jeo l  T-840 was  
used .  I t  m a d e  it  pos s ib l e  to  assess  t he  effects  of  l ead  a n d  
P R C  on  t he  sur face  g rowth .  

Results 
Tab les  I a n d  II s u m m a r i z e  t he  r e su l t s  for  500 a n d  

1500 A /m 2, respec t ive ly .  F o r  e a c h  e x p e r i m e n t a l  cond i t ion ,  
t h e  t ab l e s  g ive  t h e  m e a n  va lue  (in t~m), t he  m i n i m u m  
value ,  a n d  t he  m a x i m u m  va lue  of  t he  r o u g h n e s s  of  t he  de-  
posi t .  T h e y  also give t h e  c u r r e n t  e f f ic iency a n d  t he  a m o u n t  
of  l ead  in  t he  depos i t .  

A typ ica l  r e l a t i onsh ip  b e t w e e n  t he  lead in  t he  e lec t ro ly te  
a n d  t h e  a m o u n t  of  lead in  t h e  depos i t  is g iven  in  Fig. 1. I t  
s h o w s  t h a t  for  a g i v e n  c o n c e n t r a t i o n  of  lead in t he  e lectro-  
lyte,  t he  u se  of  PRC,  c o m p a r e d  to dc, l owered  t h e  a m o u n t  
of  lead in  t h e  depos i t .  

F i g u r e  2 shows  t h a t  a n  inc rease  in  t h e  c u r r e n t  dens i t y  
d e c r e a s e d  t h e  a m o u n t  of  l ead  in t he  depos i t  for  t he  exper i -  
m e n t a l  c o n d i t i o n  of  P R C  w i t h  0.1s of  r eve r se  t i m e  (tr). T h e  
ef fec t  of  c u r r e n t  dens i t y  was  s imi la r  for  va lues  of  tr equa l  
to  0.5 or  1.0S. The  re su l t s  agree  w i t h  o the r  w o r k s  (20-24) 
m a d e  in  dc. 

F i g u r e  3 shows  t he  effect  of  lead in  t he  z inc depos i t  o n  
t h e  c u r r e n t  e f f ic iency at  500 A/m 2. The  a m o u n t  of  5 mg/1 of  
l ead  in  t he  so lu t ion  ( c o r r e s p o n d i n g  to 60 p p m  in  t h e  de-  
posi t )  c o m b i n e d  w i t h  t h e  u se  of  P R C  a t  tr e q u a l  to 0.1s 
gives  t h e  be s t  pe r fo rmance .  The  c u r r e n t  e f f ic iency in- 

Table I. Experimental results for dc and PRC electrowinning at 500 A/m 2 

Lead in Roughness Lead in Current 
t~ solution CE lo-hi-me deposit of lead 
(s) (nag/l) (%) (}xm) (ppm) (mA/m 2) 

0.0 0.3 94.1 6.9-10.4-8.6 12.6 1.9 
0.0 5.0 93.2 2.8-4.3-3.6 122.0 17.9 
0.0 10.0 92.8 3.3-4.0-3.7 176.0 25.8 
0.0 15.0 92.3 3.4-4.8-4.0 214.0 31.2 
0.1 0.3 93.2 3.6-7.1-5.3 18.8 2.8 
0.1 5.0 97.6 2.0-4.0-3.0 61.0 9.4 
0.1 10.0 96.5 3.0-4.6-3.9 117.0 17.8 
0.1 15.0 96.0 3.3-4.6-3.9 168.0 25.4 
0.5 0.3 92.6 6.9-9.7-8.3 15.7 2.3 
0.5 5.0 95.1 2.3-4.3-3.3 94.0 14.1 
0.5 10.0 94.5 3.6-4.8-4.2 170.0 25.3 
0.5 15.0 92.9 3.0-4.8-3.9 198.0 29.0 
1,0 0.3 93.1 6.6-8.6-7.6 9.5 1.4 
1.0 5.0 94.1 3.0-4.3-3.7 98.0 14.5 
1.0 10.0 94.5 2.5-4.8-3.8 164.0 24.4 
1.0 15.0 93.8 3.3-4.3-3.8 224.0 33.1 

Table II. Experimental results for dc and PRC electrowinning at 1500 A/m ~ 

Lead in Roughness Lead in Current 
tr solution CE lo-hi-me deposit of lead 
(s) (mg/l) (%) (~m) (ppm) (mA/m 2) 

0.0 0.3 91.0 13.7-16.3-15.0 0.0 0.0 
0.0 5.0 90.9 11.4-13.7-12.6 86.0 37.0 
0.0 10.0 90.9 11.2-13.0-12.1 120.0 51.6 
0.0 15.0 91.2 10.2-12.7-11.4 148.0 63.9 
0.1 0.3 89.1 14.0-15.8-14.7 9.9 4.2 
0.1 5.0 93.4 8.1-10.2-9.1 58.0 25.6 
0.1 10.0 93.0 9.1-11.7-10.4 100.0 44.0 
0.1 15.0 92.3 4.8-11.4-10.8 130.0 56.8 
0.5 0.3 90.4 13.7-15.8-14.7 6.6 2.8 
0.5 5.0 91.1 9.1-11.2-10.2 83.0 27.2 
0.5 10.0 91.9 10.2-12.5-11.3 109.0 47.4 
0.5 15.0 90.5 9.7-12.7-11.2 127.0 54.4 
1.0 0.3 90.1 12.7-15.8-14.2 13.4 5.7 
1.0 5.0 91.0 9.7-11.7-10.7 75.0 32.3 
1.0 10.0 90.2 11.9-14.5-13.2 107.0 45.7 
1.0 15.0 90.4 12.7-14.7-13.7 123.0 52.6 
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Fig. 1. Lead in the zinc deposit for different value of lead in the elec- 
trolyte, Current density at 500 A/m 2. 

creases from 93.2% in dc to 97.6% using PRC. The same ef- 
fect was observed at 1500 A/m 2, as shown in Fig. 4. The 
current efficiency increases from 90.9% in dc 93.4% using 
PRC. 

Microscopic aspects of the zinc deposit obtained in di- 
rect current are shown on Fig. 5 with 5 mg/l of lead and 
without lead. It appears that the lead affected the morphol- 
ogy of the zinc deposits. This observation agrees with 
other works (20,24) made in dc, where it is reported that 
lead gives a finer grain. From Fig. 6, which represents PRC 
conditions, the same deduction about lead can be made, 
because it also decreased the grain size. 

Figure 7 gives the relation between the roughness o f the  
zinc deposit and the amount of lead contained in it, for 500 
and 1500 A/m 2. The only factors influencing the roughness 
were the amount of lead in the deposit and the current 
density. Applying PRC (a square wave) that generates 
pulses of inverse current did not affect the roughness, as is 
shown in Fig. 7. 

Based on the data from Tables I and II, there is no corre- 
lation between the roughness and the current efficiency. 
The different current efficiencies observed in the various 
experimental  conditions were not attributable to the 
roughness of the zinc deposit. 

In order to evaluate the effects of surface morphology on 
the current efficiency at 500 A/m e , x-ray diffractions were 
performed on zinc deposits. A total of 10 experimental  
conditions were studied, and diffraction patterns were ob- 
tained for each deposit. On each pattern, 15 crystallo- 
graphic orientations were registered, and for each orienta- 
t ion an absolute texture coefficient was calculated (see 
Experimental  section for details). Table III gives the abso- 
lute texture coefficients and the experimental  conditions 
for each of the 10 deposits. 

Statistical analysis (25) was undertaken on the crystallo- 
graphic orientations of zinc deposits to evaluate how they 
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Fig. 3. Effect of the lead content of zinc deposits on the current effi- 
ciency at 500 AJcm 2 under dc and PRC. 

were related to the current efficiency. Because of the lim- 
ited amount of data available, the first step was to point out 
the predominant crystallographic orientations. Thus, 
planes having very low ATC(hkl) were discarded. Planes 
having ATC(hkl) below 4% were not considered for future 
treatment. Six planes are in this category ((002), (100), (110), 
(004), (200), and (201)), leaving 9 planes for more mathemat- 
ical treatment. 

In order to find the predominant crystallographic orien- 
tations affecting the current efficiency, mean square error 
(MSE) values were calculated (Table IV). To calculate a 
MSE for a given plane, the 8 remaining planes are used to 
compute  multiple regression and MSE. Discarding a plane 
that correlates well with the current efficiency results in a 
greater error in the multiple regression of the 8 other 
planes. The higher the value of MSE, the greater is the pre- 
dominance of the corresponding crystallographic orienta- 
tion. This procedure was repeated 9 times so that for each 
plane there is a corresponding value of MSE. This made it 
possible to establish a table showing the importance of the 
correlation between a plane and the current efficiency. 
Table IV gives the MSE values for the nine planes studied. 
From this table, plane (101) is the most predominant, fol- 
lowed by (105). 

Figure 8 shows that the relation between current effi- 
ciency and ATC(IO1) is linear. A higher value of surface 
covering of (101) plane increases the current efficiency. 
Figure 9 shows a more scattered relationship, but it can 
still be seen that a higher value of ATC(105) tends to de- 
crease the current efficiency. The presence of plane (105) 
will be detrimental for the zinc electrowinning process. 

Discussion 

PRC affects the crystallographic orientation.--It is 
known that the hydrogen overpotential on zinc deposits 
varies, depending on the crystallographic orientation 
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Fig. 5. Morphology of the zinc deposit obtained in dc mode at 
500 A/m 2 without lead (top) and with 5 mg/I of lead (bottom). 

(19, 24). If  the presence of a given plane (hkl) caused the 
hydrogen evolution on the zinc surface to be low, a large 
surface covering of  that plane will increase the current ef- 
ficiency of the zinc deposit. Thus, a preferred orientation 
will have a direct effect on the current efficiency of zinc 
deposition. 

As shown in Fig. 8, the presence of crystallographic ori- 
entation (101) had a beneficial effect on the current effi- 
ciency.. Moreover, values of ATC(IO1) were higher when 
PRC and lead were used simultaneously. This suggests 
that there is an effect between PRC and lead in solution 
that influences the crystallographic growth of the plane 
(101). 

Figure 9 shows that using PRC lowered the ATC(105) 
compared to dc, independently of the amount  of lead in 
the electrolyte. The highest value of ATC(105) in PRC was 
4.03% (with tr = ls and 0.3 mg/1 of lead in the electrolyte) 
compared to the lowest value in dc equal to 5.9% (with 
0.3 mg/1 of lead). 

In dc, lead influences the morphology of zinc deposits 
(20, 24). It acts as a germination site for the zinc, and the re- 
sult is a smoother surface. The same observation was made 
in this study for dc (Fig. 5) and PRC (Fig. 6). The differ- 
ences of morphology observed in these figures between 
PRC and dc were not attributable to the roughness. Fig- 
ure 7 revealed that PRC did not influence the roughness 
compared to the dc mode. Thus, the different morpholo- 
gies were caused by the change in crystallographic growth 
between PRC and dc. The pattern of Fig. 6 with 5 mg/1 of 
lead in solution gives the best current efficiency obtained 
in this study, with 97.6%. 

Concentration of lead influenced by PRC.--Lead is more 
noble than zinc and its deposition will be ruled by mass 
transport, because of its low concentration in the electro- 
lyte (from 0.3 to 15 mg/1 of lead). Thus, stirring of the elec- 

Fig. 6. Morphology of the zinc deposit obtained in PRC mode at 
500 Mm 2 without lead (top) and with 5 mg/I of lead (bottom). 

trolyte or an increase in the amount  of lead in the solution 
will increase the content of lead in the zinc deposit. 

As mentioned in the Experimental  section, there was no 
stirring of the solution. However, hydrogen evolution at 
the cathode caused local agitation of the electrolyte near 
the electrode. Thus, a higher hydrogen current, caused by 
a lower current efficiency, will increase the amount  of lead 
at the electrode, and this will result in a higher level of 
lead. 

Deposition currents of lead were calculated for PRC and 
dc. The relation between the effect of hydrogen current, 
lead in solution and lead current is shown in Fig. 10. For 
5, 10, or 15 mg/1 of lead in the electrolyte, an increase in the 

18 , , , , ) i i , �9 / 

18 ] %  0 DC mode 
qRIg_ r'IPRC mode with tr,,-0.1 �9 

~-- 14 ~ ' - ~  1500 A/m 2 . 13 

! 

2 

0 i | I | | | | | 

0 25 50 75 100 125 150 175 200 225 

Lead in the deposit (pprn) 
Fig. 7. Effect of lead in the zinc deposit on its roughness at 500 

Mm2and at 1500 A/m 2. 
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Table III. Texture coefficients of zinc deposits obtained by x-ray diffraction 

PRC mode with reverse time, tr 
(s) 

DC mode 0.1 0.5 1.0 
Crystalographic Lead in the electrolyte (mgfl) 

planes 0.3 10.0 0.3 5.0 10.0 15.0 0.3 10.0 0.3 10.0 

(002) 4.18 1.77 0.40 0.40 1.44 0.90 1.79 0.69 2.19 1.15 
(100) :~.48 1.11 0.82 1.01 1.97 1.24 0.64 0.64 1.69 1.53 
(101) 8.37 3.90 6.7 18.2 12.88 9.39 4.59 5.87 5.01 3.85 
(102) 12.63 11.68 21.43 17.12 15.28 21.89 24.71 21.25 15.4 17.20 
(103) 10.31 21.70 6.30 5.37 5.18 15.74 18.51 17.33 10.94 12.45 
(110) 3.59 1.51 0.58 0.75 1.72 1.50 0.00 0.05 1.82 2.18 
(004) 3.27 1.45 0.00 0.00 1.21 0.00 1.08 0.33 2.34 0.92 
(112) 10.95 3.81 13.05 14.36 15.09 8.51 7.89 8.75 11.99 13.08 
(200) 3.14 0.36 0.00 0.00 1.55 1.46 0.3 2.27 1.57 1.46 
(201) 3.50 1.17 1.23 2.06 3.88 2.09 1.05 3.08 2.35 3.15 
(104) 6.33 18.82 0.00 1.40 3.19 3.87 5.15 4.25 8.78 5.59 
(202) 5.99 2.72 16.75 11.80 11.48 7.54 4.82 6.50 4.11 7.84 
(203) 8.83 5.37 22.52 14.36 14.24 12.37 8.37 14.21 7.70 13.97 
(105) 5.90 11.86 0.00 1.33 2.41 1.93 2.21 2.80 4.03 3.26 
(114) 9.53 12.76 10.22 11.84 8.48 11.57 18.87 11.97 20.05 12.37 

h y d r o g e n  c u r r e n t  r e su l t ed  in  a n  inc rease  in  t he  lead  cur-  
rent .  However ,  w i t h  0.3 mg/1 of  lead,  a h i g h e r  h y d r o g e n  
c u r r e n t  (more  s t i r r ing  of  t h e  so lu t ion)  d id  no t  s igni f icant ly  
i nc r ea se  t he  lead  cu r ren t .  

I t  is r e p o r t e d  in  t h e  l i t e ra tu re  (24) t h a t  in  dc  mode ,  a n  in- 
c rease  in  t h e  app l i ed  c u r r e n t  dens i t y  will  l ower  t he  a m o u n t  
of  l ead  in  t he  depos i t  for  a g iven  v a l u e  of  l ead  in  t h e  elec- 
t rolyte .  In  t h e  case  of  PRC,  t he  s a m e  o b s e r v a t i o n  was  
m a d e  (Fig. 2). F i g u r e  10 shows  t h a t  a h i g h e r  h y d r o g e n  cur-  
r e n t  d e n s i t y  c a u s e d  m o r e  s t i r r ing  a n d  r e su l t ed  in a h i g h e r  
c u r r e n t  of  lead.  Howeve r ,  m o r e  zinc is d e p o s i t e d  at  h i g h e r  
app l i ed  c u r r e n t  dens i t i e s  a n d  t he  z inc c u r r e n t  inc reases  
fas te r  t h a n  t h e  lead cur ren t .  T h e  re su l t  is a lower  lead con-  
t e n t  in  t h e  depos i t .  

The  i m p r o v e d  c u r r e n t  ef f ic iency o b s e r v e d  in  P R C  m o d e  
for  a g i v e n  app l i ed  c u r r e n t  dens i ty  (Fig. 3) c an  exp l a in  t he  
o b s e r v e d  dec rea se  of  lead c o n t e n t  in  t h e  z inc depos i t  com-  
p a r e d  to t h e  dc  mode ,  as s h o w n  in  Fig. 1. A n  inc rease  in  t he  
c u r r e n t  ef f ic iency dec reases  t he  evo lu t i on  of  h y d r o g e n  at  
t h e  z inc ca thode ,  r e su l t i ng  in  less s t i r r ing  of  t he  e lec t ro ly te  
nea r  t h e  e lec t rode .  Less  lead  t h e n  r eaches  t h e  sur face  to 
c o n t a m i n a t e  t he  zinc. 

Wi th  0.3 mgfl  of  l ead  in  t h e  so lu t ion ,  c o r r e s p o n d i n g  to a 
l ead  c o n t e n t  lower  t h a n  20 p p m  in t h e  zinc depos i t ,  t h e r e  
was  no  m a j o r  d i f fe rence  in  Fig. 3 b e t w e e n  t he  c u r r e n t  effi- 
c ienc ies  o b t a i n e d  by  P R C  a n d  dc. H o w e v e r  t h e  c u r r e n t  ef- 
f ic iency in  P R C  was  lower ,  a n d  r e su l t ed  in  a h i g h e r  
a m o u n t  of  l ead  in t he  depos i t ,  as s h o w n  in  Fig. 1. 

Balance changed by PRC.--Using P R C  a n d  lead in t h e  
e lec t ro ly te  wil l  affect  t he  c rys t a l l og raph ic  o r ien ta t ion ,  
w h i c h  in  t u r n  t e n d s  to va ry  t h e  c u r r e n t  efficiency.  As  dis- 
c u s s e d  earl ier ,  c u r r e n t  ef f ic iency affects  t he  a m o u n t  of  
l ead  in  t h e  z inc depos i t  a n d  t he r e fo re  t he  c rys t a l l og raph ic  
o r i en ta t ion .  I t  is be l i eved  t h a t  a b a l a n c e  t e n d s  to  b u i l d  u p  
b e t w e e n  t h e  a m o u n t  of  lead in  depos i t ,  t h e  c u r r e n t  effi- 
c iency,  a n d  t he  c rys t a l l og raph ic  o r ien ta t ion .  U s i n g  P R C  
will  t e n d  to c h a n g e  th i s  s ta te  a n d  r e su l t  in  ce r t a in  cases  in  
b e t t e r  c u r r e n t  efficiency.  

T h e  p r i m a r y  u se  of  P R C  is to  lower  t he  anod ic  over-  
p o t e n t i a l  of  t h e  lead-s i lver  e l ec t rode  u s e d  in  t h e  i ndus t r i a l  
p rocess .  T h e  p r e s e n t  s t u d y  s h o w s  t h a t  u s i n g  P R C  a lone  
cou ld  no t  i nc rease  t he  c u r r e n t  efficiency. T he  p r e s e n c e  of  
l ead  is n e c e s s a r y  to c rea te  a b a l a n c e  t h a t  cou ld  affect  t h e  

Table IV. Values of mean square error of crystallographic planes 

Planes MSE 

(I01) 1.577 
(105) 0.840 
(103) 0.605 
(102) 0.505 
(112) 0.412 
(114) 0.364 
(104) 0.347 
(203) 0.269 
(202) 0.268 

c rys t a l l og raph ic  or ien ta t ion .  In  t he  p r e c e d i n g  s t u d y  (11), 
t h e  lead-s i lver  a n o d e  was  used .  Thus ,  l ead  c o m i n g  f r o m  
t h e  a n o d e  r e a c h e d  t he  z inc depos i t  a n d  r e s u l t e d  in  b e t t e r  
c u r r e n t  eff ic iency w h e n  u s i n g  PRC.  

A l t h o u g h  t he  r e su l t s  s h o w  t h a t  P R C  affects  t he  crystal lo-  
g r aph i c  p a t t e r n  of  t he  sur face  of  z inc depos i t s ,  m o r e  inves-  
t i ga t ion  is n e e d e d  to d e t e r m i n e  t he  in f luence  of  t h e  o t h e r  
c rys t a l l og raph ic  o r i en t a t i ons  on  t h e  c u r r e n t  e f f ic iency as 
wel l  as t he  m e c h a n i s m  t h a t  m a i n t a i n s  t he  b a l a n c e  previ -  
ous ly  m e n t i o n e d .  

Conclusion 
I t  was  s h o w n  t h a t  s i m u l t a n e o u s l y  u s i n g  P R C  a n d  lead in  

t h e  e lec t ro ly te  c h a n g e s  t he  c rys t a l l og raph ic  o r ien ta t ion ,  
i n c r e a s i n g  t h e  sur face  coverage  w i t h  p l a n e  (101) a n d  de- 
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creasing it with plane (105). This resulted in a higher  cur- 
rent efficiency. 

Using PRC without  lead or lead without  PRC did not re- 
sult  in an increase of the current  efficiency. With the pres- 
ence of lead in the solution, PRC decreased the lead con- 
tent  in the zinc deposit.  A balance between the current 
efficiency, the amount  of lead in the zinc deposi t  and the 
crystal lographic orientation is established during zinc 
deposition. Using PRC changed this balance, with the re- 
sult  that  the current  efficiency is increased in certain con- 
ditions. 

In  PRC mode an increase in the applied current  densi ty 
decreased the amount  of lead in the zinc deposit.  This was 
already observed in dc mode but  not in PRC. 
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LIST OF SYMBOLS 
I(h~) intensity of the (hkl) plane 
15 

I(h~k~) summat ion of the intensities of all planes 
a = l  

R(hk~) intensity ratio of the (hkl) plane 
R,~,r ~,deUhk~ intensity ratio of the (hkl) plane for the zinc 

powder  
TCa~D texture  coefficient of the (hkl) plane 

15 

TC(~I) summation of all texture coefficients 
~=1 

A TCr absolute texture coefficient of the (hkl) plane 
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