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EFFECT OF IMPURITIES AND ADDITIVES ON THE ELECTROWINNING 
OF ZINC 1 

by 

Harold H, Fukubayashi, 2 Thomas J, O'Keefe, 3 and William C, Clinton4 

ABSTRACT 

The effect of various zinc electrowinning solution impurities on the 
surface morphology of deposited zinc was investigated. Impurities studied 
included Al, Ag, Cd, Co, Cr, Cu, Ge, Mn, Ni, Sb, Sn, Ti, Pb02 , PbS0

4 
, and HCl. 

Also, the effect of animal glue, gum arabic, and Na2 Si03 additives on the 
deposited zinc surface structure was studied . . Results were compared with 
deposits from a pure electrolyte consisting of HzS0 and zn+2 , 200 and 65 gpl, 
respectively. 

4 

Zinc was deposited on a Al cathode, 99.9 pct pure, using Pt anodes. 
Time, temperature, current density, and impurity concentrations were con­
trolled. The bulk of the tests were conducted at 40° C and 75 A/ft2 (82 
mA/crrf). 

A scanning electron microscope (SEM) was used to examine the surface 
morphology. X-ray diffraction techniques were used to determine crystal 
orientation and nondispersive X-ray ~pectrometer analyses were employed in 
an attempt to locate impurity concentrations on the zinc deposit when pitting 
or re-solution occurred. 

The impurities were categorized by their effect on current efficiency, 
morphology, and apparent mechanism of Hz evolution from the cathode. 

INTRODUCTION 

Inthe corranercial electrowinning of zinc, zinc oxide is leached from the 
roasted calcine with an aqueous acid sulfate electrolyte. The zinc-rich solution 

lThis report was taken from thesis of Harold H. Fukubayashi submitted to the 
University of Missouri--Rolla in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Metallurgical Engineering. 

2 Metallurgist (now with Government of Peru, Mining Branch, Centromin Peru, 
Lima, Peru). 

3 Metallurgist (also Professor, Department of Metallurgical and Nuclear Engi­
neering, University of Missouri--Rolla, Rolla, Mo.). 

4 Physicist. 
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is purified and then passed into an electrolytic cell where a fraction of the 
metal is cathodically deposited. The spent electrolyte is pmnped from the 
cell to readjust the zinc concentration by recirculating over fresh calcine. 
The electrolyte, newly enriched in zinc is passed again through the cell and 
more zinc is deposited. 

Impurity concentration in the electrolyte is of paramount concern to the 
electrolytic zinc industry. Serious reductions in zinc current efficiency 
sometimes can occur with impurity concentrations of less than 0.01 mg/1 (1-l). 6 

While impurity effects can be minimized by rigorous purification of the neutral 
leach solution, impurity concentration levels may not be rendered sufficiently 
harmless because of synergistic effects. In addition, it is not always pos­
sible to detect chemically, impurities which may be deterimental to the process. 

Once an impurity enters the electrowinning cell, it is virtually 
impossible to counteract its effect because the mechanism by which the 
impurity becomes active is not understood. Certain impurities in the 
electrolyte are known to cause re-solution of the deposited zinc (~). 
Re-solution usually occurs after a period of zinc deposition which can be 
considered as an incubation period. Attempts have been made to establish 
relationships between process conditions and impurity concentrations with 
overall efficiency (2, 11_-_hl), Unfortunately most of the findings have been 
only qualitative in nature, making it difficult if not impossible to apply 
to the general situation. 

Ordinarily, a metal ion impurity can codeposit on zinc if it is more 
electropositive than zinc and if there is a sufficient amount present in the 
bulk solution. In practice, impurity bulk concentrations are very small 
compared to those of the zinc. Consequently, deposition of the impurity on 
zinc may be controlled by the diffusion rate to the double layer in which 
case only a small part of the electrode surface is covered by the impurity (l), 
This small part of the electrode surface evolves large amounts of 11:a by acting 
as either a cathode for W reduction or a local cell cathode in the corrosion 
of zinc previously deposited. It is very difficult to distinguish between the 
two unless sufficient re-solution occurs so that a part of the deposit is 
dissolved away. 

Another important aspect of the deposited zinc is the physical appearance 
of the surface. It should be smooth, uniform, and free of dendrites and pits 
to allow easier handling and reduce the melting loss caused by excessive oxida­
tion. The surface morphology is influenced by the combined effects of the 
deposition time, current density, impurity concentration, addition agents, and 
cell temperature, as well as acid and zinc concentrations. 

The general nature of the deposited zinc will depend on its electrocrys­
tallization process. According to the Bravais law for free growth of crystals 
(without adsorption of hydrogen or colloid particles), growth velocity depends 
on atomic population (reticular) density of the planes. For zinc, population 
densities (Dti k • 1 ) decrease in the following order: (00 · 2), (10 · 0), (10 • 2), (10 •1), 

5 Underlined numbers in parentheses refer to items in the list of references 
at the end of this report. 
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(11·0), and (10·3) so that growth velocity (Vhk. ) and current density (¾k •1 ) 
should vary inversely with population density (l). Therefore, zinc should 
crystallize by a lateral growth mode with preferred (00·2) orientation under 
free-growth conditions. This condition can be obtained by either increasing 
the cell temperature and current density or by additions of oxidizing agents 
(f). However, ideal conditions for free growth are very difficult to obtain. 

Since the surface structure and the current efficiency fluctuate consid­
erably with impurity level, relationships between the surface morphology and 
impurity species should be established. Particular emphasis in this study was 
placed on the behavior of the added impurities on the zinc electrode surface 
during electrodeposition. 

The primary objectives of this research were two-fold: 

1. To determine the effect of various impurities on the morphology 
and growth of electrolytically deposited zinc. (If a behaviior pattern did 
emerge, a method of predicting what impurities were active in the process would 
be possible, allowing specific corrective actions to be taken sooner than is 
now practiced.) 

2. To determine the mechanisms by which impurities become active during 
electrolysis, with particular emphasis on the time dependency of current 
efficiency. 

EXPERIMENTAL PROCEDURE 

A neutral zinc sulfate solution was prepared by dissolving 249 gpl French 
process ZnO into a dilute sulfuric acid solution containing 300 gpl 1\80 • 

4
This solution then was purified at pH 5 to 5.5 and after adjusting the volume, 
the zinc concentration was 200 gpl. The purification consisted of an addition 
of O.1 to O. 2 ml/1 of O.1 N KMn04 , heating to near the boiling point with 
vigorous stirring, settling of precipitates for 30 minutes at 80° to 85° C, 
and filtering. The filtrate was then purified by adding 2 gpl of zinc dust, 
heating to near the boiling point with stirring for 30 to 45 minutes, and 
filtering to remove the excess zinc dust. 

The starting cell solution was prepared by mixing the purified solution 
with dilute sulfuric acid to make acid and zinc concentrations of 200 and 65 
gpl, respectively. Purified neutral solution was fed into the cell during 
the electrolysis to keep the acid and zinc concentrations constant. 

Impurity stock solutions were prepared by dissolving the respective 
reagent-grade sulfates in 1 N sulfuric acid, except for Al, Mn, Cr, and Sb. 
The Al, Mn, and Cr stock solutions were made by dissolving each metal in 1 N 
sulfuric acid, while the Sb solution was prepared by dissolving antimony 
tartrate in water to avoid hydrolysis. These solutions were prepared to give 
an ion concentration of 10 mg/ml which could be diluted to the desired level 
when added to the electrolyte or to the neutral feed solution. 
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Electrolyses were conducted in a 1-liter beaker with a modified pouring 
spout using an Al cathode (1.25 by 3.75 inches and 0.05 inch thick) between 
two Pt anodes (1.00 by 3.75 inches and 0.01 inch in thickness). Plexiglas 
edge strips were used on the cathode. 

The deposits were stripped from the Al cathode at the completion of each 
run, thoroughly washed and dried, and then weighed, Current efficiency calcu­
lations were made for all deposits and were based on the final weight of the 
deposit compared with the theoretical amount which should have been deposited. 
The total coulombs passed were determined by means of an ampere-minute meter. 
A constant current power supply was used. A Luggin electrode was used to 
measure a difference in the cathode potentials between the re-solution site 
and the rest of the cathode surface. 

Representative portions of the electrode were then prepared for X-ray 
and (SEM) analyses. 

The neutral purified solution did not show a detectable amount of any 
impurity as determined by atomic absorption techniques. The detectable limit 
varies depending upon the elements in question but the range is usually 0.01 
to 1 mg/1 or 0.01 to 1 ppm(~). 

EXPERIMENTAL RESULTS 

No Impurity in the Electrolyte 

Several deposits with different electrolyzing times were prepared from 
an electrolyte containing 200 gpl ~S0 and 65 gpl Zn in order to study the

4 
time dependency of the current efficiency at 40° C and 75 A/ft2 • The orien­
tations of these deposits also were examined for later comparison with the 
deposits prepared from electrolytes containing various impurities or additives. 

The current efficiency remained fairly constant throughout the electrolyz­
ing period. The changes in the preferred orientation were in the following 
sequence: (00·2) at start; (10·1) after 1 hour; (10·2) and (10·3) after 2 
hours; and random orientation being obtained after 22 hours. However, it was 

FIGURE 1. - 2-hour deposit in pure electrolyte 
(X 1,000). 
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difficult to examine the orientation of the 22-hour deposit due to the rough 
surface structure. Figure 1 shows the surface morphology of the 2-hour­
deposit, as obtained on the SEM. 

Table 1 sunnnarizes the results and also shows the results obtained when 
the electrolyzing conditions were changed. 

TABLE 1. Electrolyses in a pure electrolyte under varying 
process conditions 

Cell Current Time, Current Power Surface orientation1 
temp, density, hours efficiency, consumed, (ratio to ASTM standard)2 

o C A/ft2 percent kwh/lb (00·2) (10·1) (10·2) (10·3) 
2 94.0 1.18 <0,1 0.8 3.0 4.0 

14 7 89.4 1.20 <· 1 .5 1.3 4.0 
17 77.8 1.45 <,l .5 1.5 4.0 

.25 - - 2.0 .6 1.1 2.2 

.so - - <,l 1.0 <,l <,l 
40 1.00 - - <,l 1.0 <,l <·.1 

2.00 95.4 1.34 .3 .3 2.7 4.0
75 4.00 96.2 1.34 .7 .8 2.0 4.0 

6.00 96.8 1.31 - - - -
16 96.0 1.32 - - - -
22 95.8 1.34 .4 1.0 .7 1.1 
4 96.9 1.23 .2 <· 1 2.7 4.0 

43 12 96.5 1.23 - - - -
22 94.7 1.27 - - - -

50 4 97.2 1.31 2.0 <, 1 1.5 4.0 
8 96.4 1.31 - - - -75 12 94.9 1.33 - - - -

22 93.7 1.34 - - - -
Electrolyte: 200 g/1 HaS04 , 65 g/1 Zn, and no Mn or additives used. 
lBack side of the deposit was a (00 2) preferred orientation. 
2 (00"2) 0.5; (10·0) 0.4; (10•1) 1.0; (10·2) 0.3; (10·3) 0.2. 

Examp1es 0 f t he in· t ensity ca 1cu1a t ion:' 

Surface orientation (intensity scale 0-100) 
(00·2) (10·1) (10·2) (10·3) 

Observed 
intensity .......... 15 30 80 80 
ASTM random 
orientation ..... . .. 50 100 30 20 
Calculated 15 30 80 80 

50 = 0.3 = 0.3 30 = 2. 7 20 = 4. 0ratio .............. 100 

Impurities in the Electrolyte 

Zn deposits were prepared from electrolytes containing a varying amount 
of a single impurity which included Ag, Al, Cd, Co, Cr, Cu, Ge, Mn, Ni, Sb, 
Sn, and Ti, in order to determine what effect each had on the Zn current 
efficiency or on the surface morphology. A specific concentration of the 



6 

impurity was added initially. During the electrolysis, the impurity also was 
added continuously to the cell with the neutral feed solution. The electrol­
ysis was carried out at 40° C and 75 A/ft2 • Table 2 surrnnarizes the results. 

TABLE 2. - Electrolyses in impurity-containing electrolytes 

Impurity, Time, Current Power Surface orientation 
mg/1 hours efficiency, consumed, (ratio to ASTM standard)1 

percent kwh/lb (00·2) (10·1) (10·2) (10·3) 
6 96.6 1.342.5 - - - -

12 78.2 1.65 (2) (2) (2) (2)
Ag 

6 91.3 1.40 0.8 1.0 1.0 2.05.0 
16 72,9 1.80 (2) (2) (2) (2) 

Al 100 3 94.5 1.34 2.0 <· 1 <,l <· 1 
2.5 24 93.3 1.37 - - - -

Cd 5.0 6 94.3 1.36 1.1 1.0 1.3 2.2 
50 6 92.6 1.40 2.0 <,l <,l .8 

1.0 16 95.9 1.32 - - - -Co 5.0 6 91.3 1.39 2.0 .4 .5 2.0 
5.0 6 95.3 1.34 - - - -Cr 50 6 94.9 1.34 2.0 .2 <, 1 .4 
1.0 17 91.3 1.41 (2) (2) (2) (2)

Cu 5.0 6 90.7 1.40 2.0 . 7 1.0 1.8 
4 93.6 1.34 2.0 <· 1 <· 1 <, l

Ge .01 8 91.5 1.38 2.0 <,l <,l <,l 
6 95.5 1.37 2.0 .3 <,l <,8

Mn 100 16 97.6 1.42 - - - -
6 94.2 1.32 <,l 1.0 1.3 2.01.0 24 90.5 1.42 - - - -Ni 2.5 2 93.5 1.37 1.3 1.0 1.3 1.8 

5.0 2 81.6 1.51 2.0 .5 .3 .8 
2 90.8 1.42 2.0 <,l <,l <. l 

Sb .005 4 91.5 1.40 2.0 <,l <,l <,l 
12 91.6 1.39 2.0 1.0 1.3 2.0 

.01 1 61.6 2 .13 (3) (3) (3) (3) 
Sn .2 2 62.8 2.11 .2 .9 3.3 1.8 

1.0 6 93.6 1.36 2.0 .1 <,l <,l
Ti 5.0 7.5 93.9 1.26 - - - -
Electrolyzing conditions: 40° C and 75 A/ft2 • 

l (00•2) 0.5; (10•0) 0.4; (10•1) 1.0; (10•2) 0.3; (10•3) 0.2, 
2 Re-solution at the top. 
3 0verall corrosion of surface. 

The impurities are divided into three classes according to their 
effect on the orientation, as follows: 

Class 1.--Metal ions which produced a (00·2) basal plane orientation; 
for example, Al, Ge, and Sb. 

Class 2.-- Metal ions which produced a (00·2) preferred orientation 
along with other orientations; for example, Cd, Co, Cr, Mn, and Ti. 
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Class 3.--Metal ions which caused random-type orientation; for example, 
Ag, Cu, Ni, and Sn. 

Figures 2 and 3 show examples of the surfaces resulting from the class 1 
impurities. These deposits were prepared in electrolytes containing 100 mg/1 
Al and 0.01 mg/1 Sb, respectively. The platelets in figure 2 are very sharp 
while those of figure 3 are rounded or irregular with more of a corroded 
appearance. The rounded platelets also were produced using an electrolyte 
containing 0.01 mg/1 Ge. Sometimes pits were found on the rounded plates, 
but no evidence of an added impurity was found either in the pits or on the 
rest of the electrode surface when examined by a nondispersive X-ray 
spectrometer. 

The impurities which belonged to class 2, except Mn, usually gave 
fine facets with increasing amounts of impurity. Figures 4 and 5 show 
examples of the change in the facet size with increasing Ti additions. With 
these impurities in the electrolyte, sometimes a visually pitted or waffled 
structure was obtained, the degree of waffling being dependent on the amount 
of impurity and the electrolyzing time. Sometimes the added impurity was 
detected on the surface by nondispersive X-ray spectrometer. If this was the 
case, the impurity was usually found near the pitted areas, as was true for 
deposits made from solutions containing 50 mg/1 Cd. Figures 6 and 7 show the 
pitted area and the presence of Cd in the nondispersive X-ray pattern, 
respectively. 

All metal impurities in class 3 except Sn caused re-solution of the 
deposit at preferential sites, usually at the top or edges of the cathode, and 
the re-solution rate increased with time as a part of the deposit dissolved 
away. When this occured, I½ gas was evolved from the Al sheet on which Zn 
was originally deposited. The time required before the start of re-solution 
was decreased as the amount of impurity was increased. The presence of Sn 

FIGURE 2. - 3-hour deposit, l 00 mg/I FIGURE 3, - 1-hour deposit, 0.01 mg/I 
Al in the electrolyte Sb in the electrolyte 
(X 1,000), (X 1,000). 
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FIGURE 4. - 6-hour deposit, l mg/I FIGURE 5. - 7.5-hour deposit, 5 mg/I 
Ti in the electrolyte Ti in the electrolyte 
(X 1,000). (X 1,000). 

FIGURE 6, - 6-hour deposit at pitted FIGURE 7, - Nondispersive X-ray pat­
area, 50 mg/I Cd in the tern of the electrode 
electrolyte (X 1,000), shown in figure 6, 

in the electrolyte caused overall corrosion of the Zn, and~ gas was evolved 
over the entire electrode surface. Sometimes Sn was found in or near pits 
with the deposit having a very filmy appearance in these areas. An example of 
a re-solution site is shown in figure 8. This electrode was prepared in an 
electrolyte containing 5 mg/1 Ag. Figure 9 shows the presence of Ag on the 
electrode surface at the re-solution site. Generally, class 3 impurities, 
with the exception of Sn, did not affect the overall electrode surface. 

Reduction in the current efficiency was dramatic in the presence of less 
than 1 mg/1 Ge, Sb, and Sn in the electrolyte. Class 3 impurities usually 
caused re-solution of the deposit at specific locations while the presence of 
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FIGURE 8. - 6-hour deposit at re -so­ FIGURE 9. - Nondispersive X-ray 
lution area, 5 mg / I Ag pattern of the sur ­
in the electrolyte face shown in fig­
(X 1,000). ure 8. 

,-
Ge, Sb, and Sn produce~ evolution over the entire electrode surface. Thus 
both groups, class 1 and 3, decreased the Zn efficiency to some degree. The 
presence of Al and class 2 impurities did not decrease the current effici-ency 
drastically at the level tested. 

Electrolyses With Additives and/or Al and HCl 

Animal glue, gum arabic, and Na2 Si03 , common additives used in Zn 
electrowinning, were added to the electrolyte either individually or in com­
bination and 2- hour deposits were prepared. Additions of Al with the glue 
were also made to determine the combined effect on the orientation of the 
deposit. Additions of HCl were made to the electrolyte since it is usually 
present in industrial practice. 

Animal glue additions produced a pronounced (10·1) orientation of the 
deposit while gum arabic caused more random- type orientations. However, 
(10·0) and (11·0) orientations were missing or very weak, with less than 10 
percent of the intensity shown in the ASTM standard. Figure 10 shows the 
surface structure of the deposit prepared in an electrolyte containing 10 mg/1 
animal glue. With these additives in the electrolyte the resulting electrode 
had a smooth surface. The grain size generally decreased with an increase in 
the amount of addition. The current efficiency also decreased with increased 
amounts of the glue or gum arabic. 

The presence of Na2 Si03 in the electrolyte caused strong (10·2) and 
(10·3) orientations. This was similar to the orientations of a 2- hour deposit 
prepared in a pure solution except the platelets were larger with the Na2 Si~ 
additions as shown in figure 11. This cathode was prepared in an electrolyte 
containing 50 mg/1 Na2 Si~. The current efficiency was independent of the 
amount of addition. 
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FIGURE 10. - 2-hour deposit, 10 mg/I 
animal glue in the elec­
trolyte ( X 1,000), 

FIGURE 11. - 2-hour deposit, 50 mg/I 
Na2Si03 in the electro­
lyte (X 1,000). 

A (00·2) basal plane orientation, similar to the Al additions, was 
observed with HCl additions. A few pits are also in evidence on the (00·2) 
plane. The cell voltage increased and the current efficiency decreased with 
increased addition of HCl. 

The combined additions of 10 mg/1 animal glue with 100 mg/1 Al produced 
a pronounced (10,1) orientation, similar to the glue addition only, while the 
orientation changed to (00,2) basal plane-type when Al was increased to 
500 mg/1. The grain size also increased with increasing Al additions. A 
similar effect of increasing grain size was observed when the addition of 
Na Si03 was increased in the presence of 10 mg/1 animal glue. The orientation

2 
was also altered to (10·3) preferred from the (10•1) as the addition of 
Na

2 
Si(h was increased. It appeared that the detrimental effect of the glue 

on the current efficiency was noticeably reduced by the presence of Al or 
Na2 Si03 in the eleectrolyte. 

Table 3 sunnnarizes the results. 

Electrolyses in the Presence of Pb Compounds 

Additions of Pb0 and PbS0 were made to the cell in order to determine2 4
their effects on contamination of the Zn since these compounds are usually 
found in connnercial practice. In a few cases combined additions of Pb02 with 
PbC(h or SrC(h were also made to study the effect of these additives on the 
amount of Pb in the deposit. All electrolyses were carried out after stirring 
and then settling for 2 hours at 40° C. Table 4 summarizes the results. 
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TABLE 3. - Electrolyses with additives and/or Al and HCl 

Additives or Current Power Surface orientation1 

impurity, mg/1 efficiency, consumed, (ratio to ASTM standard)2 

Animal glue 

Gum arabic 

3Na2 Si03 

10 mg/1 glue+ 
Na2 Si03 

10 mg/1 glue 
+ Al 

percent kwh/lb (00·2) (10·1) (10·2) 

{ 10
50 

90.9 
86.3 

1.43 
1.52 

<0,1 
<,l 

1.0 
1.0 

<0,1 
<· 1 

100 84.2 1.56 <- 1 1.0 <,l 

{ 1 
10 
50 

93.6 
91.9 
79.8 

1.38 
1.42 
1.63 

.6 
<,l 

.2 

1.0 
1.0 

.1.0 

1.7 
.7 
.7 

{ 1050 
94.2 
94.2 

1.36 
1.36 

<,l 
<,l 

<- 1 
.2 

1.7 
2.7 

100 95.8 1.34 .8 .6 3.3 
500 95.2 1.35 .2 .6 1.3 

92.7 1.38 <.l 1.0 <-1 
{ 1050 

100 
93.2 
93.6 

1.37 
1.36 

<,l 
<,l 

1.0 
1.0 

.7 
1.0 

500 93.5 1.36 <, l <. l 3.0 
{ 100 

500 
93.8 
92.7 

1.36 
1.36 

<,l 
2.0 

<LO 
<. l 

<, 1 
<· 1 

97.3 1.34 2.0 <· 1 <· 1 
{ 100500 94.2 1.39 - - -HCl 1,000 93.6 1.47 - - -

2,000 91.7 1.49 2.0 <, l <,l 
Electrolyzing conditions: 40° C, 75 A/ft2 , and 2 hours. 
1 Back side of the deposit was (00· 2) preferred orientation. 
2 (00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2. 
3 40° Be, approximately 35 pct Na2 Si03 . 

TABLE 4. 

Added materials, 
mg/1 

{ 10100
Pb02 1,000 

5,000 
PbS0 5,000

4 

(Pb02 1,000) + 
(SrC~ 100) 

(Pb02 1,000) + 
(PbC03 200) 

- Electrolyses after additions of Pb0
2

, PbS0 
4

, 

PbC(b , and SrC~ 

Cell Current Power 
volt- effi- con-
age, ciency, sumed, 
volts percent kwh/lb 
3.37 96.4 1.27 
3.29 96.3 1.30 
3 .41 96.6 1.31 
3 .51 96.2 1.36 
3.51 94.6 1.38 

3.45 97.2 1.32 

3.49 98.6 1.38 

Electrolyzing conditions: 40° C, 75 A/ft2
, 

Surface orientation1 

(ratio to ASTM standard)2 

(00·2) (10·1) (10·2) (10·3) 

1.1 1.0 1.8 3.4 
<, l 1.0 1.8 .4 

2.0 <, l <-1 <.l 

2.0 <· 1 <, l <-1 

and 2 hours. 
1 Back side was a preferred orientation of (00'2) 
2 (00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2. 
3 Particle size was less than 5µ (95 pct). 

(10·3) 
<0,1 

<-1 
<· 1 

.6 

.6 

.8 
4.0 
4.0 
3.2 
4.0 
<.l 

.6 

.6 
4.0 
<.l 
<,l 
<-1 
-
-

<.l 

Pb in 
Zn, 

percent 

0.005 
.016 
.042 
.060 
.005 

.009 

.015 
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The Pb content in the deposit increased with increases in the Pb0
2 

addition. Particles which were shaped like the Pb0
2 

appeared to cling to the 
deposit surface when a large amount of Pb0

2 
was added. Figure 12 shows the 

surface of a deposit, prepared after the addition of 5 gpl Pb0
2

, on which Pb 
was found using the X-ray spectrometer. The compound was possible PbS0

4
which was formed by the reduction of Pb0

2 
on the cathode. The addition of 

PbS0 to the cell produced a deposit with 0.005 percent Pb and there was no
4

indication of the sulfate remaining on the surface as shown in figure 13. The 
combined additions of Pb0

2 
with PbC03 and SrC03 decreased the Pb content fran 

0.042 to 0.015 and 0.009 percent, respectively. 

In an electrolyte containing 5 gpl Pb0
2

, the orientation of the deposit 
was found to be mixed. With the same amount of PbS0 in the cell, a similar 

4
mixed orientation was produced. H~wever, little (00·2) orientation was 
detected. PbC~ or SrC~ addition with Pb02 gave a pronounced (00 · 2) 
orientation. All other orientations resulting from these additions were very 
weak. 

The current efficiency was high regardless of the added species. 

Effect of Ni on Zinc Deposits With Varying Process Conditions 

A more concentrated study was made of zinc deposits prepared from 
electrolytes containg various amounts of Ni under varying electrolyzing 
conditions in an attempt to determine the re-solution mechanism for this 
type impurity. Some orientation studies were also made on a few of the 
short-time deposits. Ni was chosen since it seemed to be represenataive of 
impurities where a very small concentration reduced the current efficiency 
by re-solution of the deposit. 

FIGURE 12. - 2-hour deposit, 5 g/1 FIGURE 13, - 2-hour deposit, 5 g/1 
PbO2 in the cell PbSO4 in the ce II 
(X 1,000). (X 1,000). 
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FIGURE 14. - Effect of Ni concentration on incubation period, electrolyzed at 40° C and 
75 A/ ft2, 

100-----------------------,,------. 

t- -Z c: 90
LL.I cu 
a: 0 
a: '-
:::> cu 
0 Q. .. 
w >- 80
>o_z 
t- LL.I 
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...J 0 
:::> LL 137 amp/ft 2 
~ LL 70 
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0 

43 amp/tt 2 

60 ....__________________......,_________ 
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FIGURE 15. - Effect of current density and l mg / I Ni on the incubation period at 50° C, 
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The surface of the deposit produced was fairly smooth, with no apparent 
corrosion sites found during the period before any impurity effect became 
evident. For this so-called incubation period, the current efficiency was 
high and remained constant. The incubation period decreased with increases 
in the Ni concentration in the electrolyte as shown in figure 14. These 
deposits were all prepared at 40° C and 75 A/ft2

• With 1 mg/1 Ni in the 
electrolyte, no drastic reduction in the efficiency occurred at 30° or 40° C 
for the time interval studies, However, lower current densities tended to 
give a lower current efficiency with time. The incubation period was apparent 
wnen the electrolysis was carried out at 50° C as shown in figure 15. Figure 
15 also shows the time independence of the deposits prepared in a pure electro­
lyte at 50° C and 43 or 75 A/ft2 • Table 5 surrnnarizes the results. 

During the initial stage of the re-solution, pits formed which became 
larger in area with electrolyzing time. Pitting was usually more prevalent 
at lower current densities or higher cell temperatures. There were only a 
very few pits in the deposit prepared at 30° and 40° Cat current densities 
of 43 A/ft2 or higher. The presence of pits could be detected within 15 
minutes of the start of deposition by the presence of H bubbles clinging to

2 
the cathode surface. The surrounding areas of these pits had a deposition­
type or corrosion free morphology with sharp platelets as shown in figure 16 
with an absence of a detectable amount of Ni. The deposition-type structure 
was indicated by the clear facets and an absence of any film-like deposits on 
the pit walls. When the deposit was formed at 50° C the surface exhibited a 
spiderweb structure with time and very large pits were observed. Figure 17 
shows an example of the corrosion-type pit in the early stages with no detect 
able amount of Ni in the pit. With increasing electrolyzing time, this type of 
pit eventually grows completely through the deposit and is accompanied by 
vigorous~ evolution from the pit area. The current efficiency was high 
even with pits present, provided there was no Ni in the pit. 

A part of the added Ni codeposited with Zn even though the current 
efficiency was relatively high. The presence of Ni was verified by corroding 
the deposit in a pure electrolyte without an applied potential. Figure 18 
shows the surface of such a corroded deposit. This film contained a detectable 
amount of Ni, The corrosion sample was prepared from a deposit which was 
formed in an electrolyte containing 1 mg/1 Ni at 40° C and 75 A/ft2 • 

The codeposited Ni could not be detected in the as-deposited condition by 
the spectrometer at low concentrations if it was deposited homogeneously 
throughout the electrode. When re-solution of the Zn occurred, the codeposited 
Ni tended to remain on the site, thus accumulating to a detectable 
concentration. 
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TABLE 5. - Electrolyses in Ni-containing electrolytes 

Ni, Cell Current Time, Current Power Surface orienta tion1 

mg/1 temp, density, hours efficiency, consumed, (ratio to ASTM standard)2 

o C A/ft2 percent kwh/lb (00·2) (10·1) (10·2) (10•3) 
2 93.8 1.17 <0,1 1.0 1.3 1.3 

14 8 93.8 1.22 - - - -
24 82.5 1.33 - - - -

2 94.7 1.30 <· 1 1.0 3.0 4.0 
30 43 8 95.4 1.29 - - - -

24 93.8 1.30 - - - -
2 95.7 1.41 <,l 1.0 1.5 1.0

75 25 92.8 1.40 - - - -
2 93.0 1.54 <· 1 .2 1.0 4.0

105 22 91.5 1.48 - - - -
2 92.0 1.21 <· 1 .2 2.0 4.0

14 - - - -8 87 .4 1.27 
2 95.8 1.24 2.0 <.l <, l 1.043 21 93.7 1.27 - - - -

40 6 94.2 1.34 <· 1 1.0 1.3 1.8 
1.0 75 16 93.9 1.35 - - - -

24 90.5 1.42 - - - -
2 96.9 1.43 <, 1 <. l 2.0 4.0105 24 93.6 1.44 - - - -
2 93.6 1.25 2.0 <.l <.l <.l 

43 4 93.5 1.24 - - - -
8 63.1 1.32 - - - -
2 95.9 1.29 - - - -
6.5 95.1 1.30 2.0 <. l <,l <· 175 - - - -12 92.9 1.50 

50 14 78.2 1.54 - - - -
2 95.8 1.47 2.0 <.l <· 1 <, l

105 - - - -12 86.8 1.49 
2 95.7 1.43 2.0 .3 <· 1 <,l 
4 94.1 1.44 - - - -137 
8 93.2 1.47 - - - -

12 78.3 1. 75 - - - -
2 94.4 1.36 <· 1 1.0 . 7 1.0 
4 94.5 1.36 - - - -1.75 40 75 
5 93.8 1.38 - - - -
7 87.9 1.40 - - - -
1 95.2 1.38 - - - -
2 93.5 1.37 1.3 1.0 1.3 1.82.50 40 75 
3 93.4 1.39 (3) (3) (3) (3) 

4.5 87.5 1.39 (3) (3) (3) (3) 
1 91.6 1.48 (4) (4) C"") (4)

5.00 40 75 2 81.6 1.51 2.0 .5 .3 .8 
Electrolyte: 200 g/1 H2 S0

4 
and 65 g/1 Zn. 

1 Back side had a preferred orientation of (00•2). 
2 (00·2) 0.5; (10·0) 0.4; (10·1) 1.0; (10·2) 0.3; (10·3) 0.2. 
3 Re-solution started at edges. 
4 Re-solution started. 
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FIGURE 16. - 2-hour deposit, l FIGURE 17. - 2-hour deposit at 
mg/I Ni in the re-solution area, 
electrolyte, 40° l mg/I Ni in the 

C and 75 A/ft2 electrolyte, 50° 
(X 300). C and 75 A/ft2 

(X 1,000). 

FIGURE 18. - Surface of 2-hour deposit after 
corrosion in a pure electrolyte 
at 40° C (X 1,000). 

The cathode potential at the re-solution site was more positive than the 
bulk surface (by approximately 0.1 volt) when the electrolysis was carried 
out at 75 A/ft2 in an electrolyte containing 5 mg/1 Ni. However, the overall 
cathode potential remained fairly constant until the corrosion area became 
very large. The potential difference between 'the corrosion site and the rest 
of the electrode s-urface was very small at the beginning of re-solution. The 
difference became a maximum when a part of Zn was corroded away and Hz gas 
evolved from the Al sheet. It was extremely difficult to accurately measure 
the cathode potential at the re-solution site since the H2 gas from the elec­
trode surface quickly filled the Luggin capillary. 

When the orientations of the short-time deposits, prepared from an 
electrolyte containing 1 mg/1 Ni, were compared, the following trend was 
observed. Generally the (00·2) plane orientation was missing at 30° and 
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40° C regardless of the current density with the exception at 40° C and 
43 A/ft2 • At 50° C the (00·2) orientation became preferred. It was obvious 
that the changes in the current density contributed little to alteration of 
the orientation. Table 6 sunnnarizes the results. Current efficiency was 
high for all deposits while power consumption was lowest at 30° C and 14 A/ft2 • 

TABLE 6. - Effect of 1 mg/1 Ni on Zn deposition under varying 
current densities and cell temperatures 

Cell Current Cell Current Power Surface orientation1 

temp, density, Time, voltage, effi- consumed, (ratio to ASTM standard)2 

o C A/ft2 hours volts ciency, kwh/lb (00·2) (10•1) (10•2) (10·3) 
percent 

14 2 3.04 93 .8 1.17 <0,1 1.0 1.3 1.3 
43 2 3.29 94.7 1.30 < ,l 1.0 3.0 4.0

30 75 2 3.63 95.7 1.41 < ,l 1.0 1.5 1.0 
105 2 3.78 93.0 1.54 < , l .2 1.0 4.0 

14 2 2.99 92.0 1.21 < · 1 .2 2.0 4.0 
43 2 3.21 95.8 1.21 2.0 <,l <-1 1.040 
75 2 3.43 94.2 1.34 <, l 1.0 1.3 2.0 

105 2 3.70 96.9 1.43 < -1 <. l 2.0 4.0 
14 (3) (3) (3) - - - - -
43 2 3.14 93.6 1.25 2.0 <· 1 <-1 <-1 

so 75 6.5 3.33 95.1 1.30 2.0 <. l < · l <, l 
105 2 3.55 95.8 1.47 2.0 <, 1 <-1 <,l 
137 2 3.70 95.7 1.43 2.0 .3 <,l <· 1 

1 Back side had (00,2) preferred orientation. 
2 (00-2) 0.5; (10,0) 0.4; (10,1) 1.0; (10,2) 0.3; (10,3) 0.2. 
3 Powdery deposit . 

DISCUSSION 

Results of this study show that the morphology, orientation, and current 
efficiency of deposited Zn are dependent on the conditions imposed during 
electrolysis. The process is so complex that in many instances synergistic 
effects have made interpretation of certain observed phenomena difficult. 
Although anomalies are present in some cases, it is possible to explain, at 
least partially, two aspects of Zn electrowinning, electrocrystallization, 
and deposition efficiency. Their explanation should assist in establishing a 
clear understanding of this process. While these two aspects are intimately 
related, they will be discussed separately in order to provide more individual 
emphasis. 

Electrocrystallization 

The electrocrystallization of metal involves several steps. In the 
initial or epitaxal stage of growth, the size, shape, and orientation of the 
deposited crystals are usually influenced by the substrate (2). This effect 
was observed for the crystallization of Zn on Al cathodes, as a preferred 
orientation of (00•2) was common for all deposits at the intial stage of 
growth, regardless of the electrolyzing conditions. The initial (00·2) basal 
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plane orientation probably was caused by a high concentration of A1+ 3 in the 
double layer during the first stage of growth because the (00·2) preferred 
orientation remained predominant throughout the deposition period when A1+3 

was added as an impurity. After a certain time of deposition, a definite 
orientation pattern was established which depended on the additions made to 
the electrolyte and the process conditions. The orientation, once established, 
usually remained constant throughout the electrolyzing period. This indicated 
that a crystal with well-defined faces could be considered the product of its 
growth history. Since all crystal faces did not grow at the same rate, the 
rate of growth determined the probability of their survival. Fast-growing 
faces disappeared while slow-growing faces survived. 

It has been shown previously (1) that a lateral growth mode with (00·2) 
orientation is favored with increasing temperature, decreasing current density, 
and an absence of organic additives, such as glue. In general, the (00·2) 
preferred orientation occurs under conditions where the cathode overpotential 
is low and there is less interference with the Zn deposition step. The orien­
tation of the Zn electrodeposited from a pure acid Zn solution at 40° C and 
75 A/ft2 showed a strong mixture of (10·2) and (10·3) preferred orientation 
after a few hours of deposition. However, the (00·2) orientation was pre­
ferred at 50° c. These facts indicate that the growth mode changed at 40° C 
from lateral to more outward as the effect of Al+ 3 became negligible while 
the lateral growth mode remained at 50° C. Therefore, it is assumed that the 
growth rates or velocities for the various planes are the reverse of the 
population densities or approximately in the order V(

10 
. 3 ) >V(

1 
o •i) >V(ll •o) 

>V(io ,2 ) >V(io .o) >V(oo. 2 ) with a (00·2) preferred orientation being obtained 

for a lateral growth mode. 

When impurities or organic additives were added to the electrolyte, a 
change in the relative growth mode occurred. For the electrolyzing conditions 
imposed (40° C and 75 A/ft2 ), the orientation was dependent on the type and 
the amount of added species. The presence of Al, Ge, or Sb in the electrolyte 
tended to produce (00·2) basal plane orientation with the (00·2) plane growing 
at the slowest rate, assuming lateral growth. However, the (00·2) basal plane 
edges of the Zn deposit in the presence of trace amounts of Ge or Sb had an 
irregular step-like or corroded appearance and sometimes pitting was in evi­
dence, particularly as the current efficiency decreased. This particular 
morphology was characteristic of deposits made with Ge and Sb additions and 
could be used as a definite indication for the presence of these impurities 
in the electrolyte. All other cationic impurities caused a mixed or random 
type orientation; however, the orientation tended to shift toward the pre­
ferred (00·2) as the concentration of the impurities increased. It was evi­
dent that a more outward mode of growth occurred in the presence of Pb com­
pounds or organic or inorganic additives. The presence of Pb02 in the cell 
caused a mixed orientation with a strong (10·3) plane showing whereas in the 
presence of PbS0 the (10·3) orientation was weak and the (00·2) plane was 

4 
absent. 

The organic additives, animal glue and gum arabic, gave a preferred orien­
tation of (10·1) with a reduction in the current efficiency and facet size 
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also being noted. The reduction in the efficiency can be attributed to a 
polarization of the cathode or shielding of the available cathode surface for 
Zn crystallization by the adsorbed additives. The glue itself, or impurities 
in the glue, could also be serving as sites for~ evolution due to their 
lower H

2 
overpotential. When the amount of adsorbed material became signifi­

cant, the overpotential on Zn appeared to increase. The hydrogen or Zn over­
potential on Zn should vary depending on the orientation and morphology. 
Assuming that the overpotentials are a function of planar density, these 
values should increase in the reverse order of the growth velocities. This 
increased overpotential shifts the mode of deposition from a combination of 
lateral and outward to a more outward growth, with a subsequent decrease in 
the (00·2) orientation. 

The surface morphology was also greatly influenced by the type and con­
centration of ions in the electrolyte. When the deposits were prepared in 
electrolytes containing low levels of cationic impurities at 40° C and 75 A/ft2 , 

the surfaces of the Zn cathodes had a smooth physical appearance, similar to 
the pure deposit. However, as the level of impurities increased pitting, 
waffling or honeycombing (considerable interconnecting porosity giving a low 
density deposit), and at times localized re-solution became evident, depending 
on the added species. Occasional pits were found in the deposits prepared from 
an electrolyte containing Ag, Al, Cu, Mn, or Ni. However, in the presence of 
Ag, Cu, or Ni impurities localized corrosion occurred usually at the edges or 
top of the cathode. The remainder of the electrode surface was usually unaf­
fected. The honeycombed surface was found in the deposits prepared from an 
electrolyte containing Ti. 

Pitting became more prevalent with reduction in the current density or 
an increase in the cell temperature when the electrolyte contained Ni or Sb. 

No physical surface irregularities were found on the Zn deposits prepared 
from electrolytes containing Pb compounds and organic or inorganic additives. 

In general, facet size became smaller with increasing levels of added 
impurities. This can be explained by the fact that the impurities codeposited 
or interfered with the Zn deposition sufficiently to create more nucleation 
sites. The reduction in the facet size was more prevalent with the additions 
of Cd, Cr, Ti, and Pb compounds. With these impurities present, the current 
efficiency remained nearly constant. This behavior was typical for additives 
with high hydrogen overpotentials. These impurities appeared to polarize the 
electrode sufficiently to alter the growth pattern of Zn from that obtained 
from pure solutions. The Pb content of the cathode was considerably higher 
when Pb02 was in the cell than for the same amount of PbS0 • 

4 

The effect produced by additions of two different additives was of partic­
ular interest. The (10·1) preferred orientation obtained in the presence of 
10 mg/1 animal glue in the electrolyte was altered to a (00·2) basal plane 
type orientation upon adding 500 mg/1 A1+ 3 with the glue. However, the (10·1) 
orientation was retained when only 100 mg/1 A1+ 3 was added with 10 mg/1 of 
animal glue. A similar effect was noted when Na 2 Si(1 replaced the Al+3 , 

With low concentrations of Na2 Si03 the morphology, orientation, and current 
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efficiency appeared to be controlled by the glue. As the silicate content 
was increased, the surface characteristics remained constant but the current 
efficiency increased. Finally, the silicate completely overcame the glue 
effect and gave results similar to those when no glue was present. This 
points out the importance of controlling the relative ratios of all chemical 
species in the cell. The results can be optimized only if the relative 
effects of the additives are accurately known. For example, it is possible 
to keep the good effect of the glue as a leveling and grain refinement agent 
and yet increase the current efficiency by means of A1+ 3 or Na2 Si03 additions. 
The latter seem to act as buffering-type agents with respect to hydrogen 
evolution. After a certain level is reached, however, the electrocrystalliza­
tion is controlled by the buffering agents and any advantages to be gained 
from the glue are completely lost. 

The results also indicated that any desired orientation cculd be 
obtained by a proper adjustment in the concentrations of the impurities and 
additives. It is now quite evident that merely monitoring the organic 
additions to the cell for deposit control is not sufficient. Even small 
concentrations of those classes of impurities normally described as "noninter­
fering" can alter the deposit substantially and should not be overlooked. 
This illustrates the importance of completely characterizing the electrolyte 
if the cathode structure and current efficiency are to be controlled. 

Cathode Current Efficiency 

The Zn current efficiency was 95 percent or higher and time-independent 
when Zn was electrolyzed from a pure solution at 40° C and 75 A/ft2 , at least 
up to 22 hours of plating time. Impurities added to the electrolyte usually 
reduced the current efficiency below that obtained from pure solution. The 
concentration at which a substantial drop in the current efficiency (5 to 10 
percent) occurred varied with the impurity and the electrolyzing conditions. 
It was impossible to compare these results with much of the previous work 
(2-l, 13) since no indication of the electrolyzing time was given in most 
instances. 

The cation impurities that greatly lowered the Zn current efficiency can 
be classified into two groups according to the nature of the reaction involved 
in reducing the efficiency. The presence of Ag, Cu, or Ni in the electrolyte 
produces a preferential re-solution of the deposit while Ge, Sb, or Sn causes 
evolution of H

2 
over the entire electrode surface without localized corrosion 

of the Zn. 

When the electrolyte contained Ni there was little or no physical evi­
dence of re-solution until a certain electrolysis time had elapsed. When 
re-solution did start, it was most prevalent at the top or sides of the 
electrode, with entire areas of the deposit being dissolved and exposing the 
underlying Al. These areas grew with time and once they were present, there 
was a continual decrease in the current efficiency with time. Even though 
large areas of the Al were re-exposed to the solution, no deposition of Zn 
ever occurred on them. This was probably due to the fact that there were 
certain minute concentrations of impurity remaining there, which lowered the 
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hydrogen overpotential sufficiently to prevent Zn deposition. The degree to 
which this effect was noted was directly proportional to the Ni concentration. 
No Ni was detected in the pits or at re-soltuion areas so long as the current 
efficiency was high, but an accumulation of Ni at these places became apparent 
when the current efficiency dropped sharply. This usually indicated the end 
of the incubation period and the beginning of active re-solution. With 1 mg/1 
Ni in the electrolyte there was no evidence of re-solution at 30° or 40° C and 
75 A/ft2 , and the current efficiency was high. At 50° C pitting was apparent 
from the beginning of the deposition. The pits were shallow initially but 
eventually they went through the deposit revealing a part of the Al cathode. 
There was no detectable amount of Ni in the pits in the early stage of deposi­
tion. However, a large concentration of Ni on the inside wall of the pits 
was observed when a sharp drop in the current efficiency occurred. At 50° C 
the incubation period was shorter at 137 A/ft2 than at 75 A/ft2 in the 
presence of 1 mg/1 Ni. The higher current density unexpectedly -did not pro­
tect the Zn from corrosion. This can probably best be explained by the dif­
ference in the surface morphology, since the pits were deeper at 137 A/ft2

• 

This condition might have made ZW-2 diffusion difficult or produced a poten­
tial gradient along the pit wall, thus enhancing the corrosion process. 

The incubation period became shorter with higher Ni concentrations in 
the electrolyte at 40° C and 75 A/ft2 • This was due to more Ni being codepos­
ited with the Zn. Even with the higher Ni concentrations, the only detectable 
amounts were found at the re-solution sites and not on the unaffected portion 
of the surface. 

The concentrations of Ge, Sb, and Sn required to cause reduction in 
the current efficiency were very low, by almost an order of magnitude, when 
compared to the other impurities. These impurities reacted from the start of 
the deposition but they were never found on the electrode surface, except for 
Sn. The presence of Sn on the electrode surface can be explained by the fact 
that the sn+2 originally added to the electrolyte may be oxidized to hydrated 
Sn02 (collodial) by the in the electrolyte. This oxide then is attached02 
to the electrode. It is not felt that this is the active form of Sn responsible 
for the poor current efficiency. 

Impurities found at the re-solution sites by means of the X-ray spectrom­
eter were Ag, Cu, and Ni while Cd, Pb, and Sn were found in pitted areas. No 
Al, Co, Cr, Ge, Mn, Sb, or Ti was detected on the Zn. If the impurities 
causing re-solution are of the Ni type, it would be possible to detect their 
presence by techniques similar to those used in this study. It would not be 
possible to directly detect the cause of low current efficiency if impurities 
such as Ge and Sb were active. Hmvever, these impurities gave such a distinc­
tive morphology that indirect determination of their presence might well be 
possible. 

Two mechanisms can be proposed to explain the reduction in the current 
efficiency due to the presence of impurities in the Zn electrolyte. They are 
(1) reduction of W on codeposited impurities with low hydrogen overpotentials 
combined with localized cell corrosion and (2) continuous codeposition and 
evolution of~ on Zn without preferential areas of Zn corrosion. Mechanism 



22 

(2) may involve interaction between the impurities and hydrogen ions in the 
double layer without the impurities actually depositing cathodically on Zn. 
For example, it has been proposed that hydrides form in the double layer thus 
providing an alternate path for hydrogen evolution. This reasoning can be 
substantiated by the fact that these (hydride-forming) impurities have never 
been found on the deposit and only very small concentrations are required in 
the electrolyte for them to become active. Also they have fairly high hydro­
gen overpotentials and would not be expected to be particularly harmful when 
deposited in the metallic state. Among the various impurities tested, Ag, 
Cu, and Ni can be classified under mechanism (1) while Ge, Sb, and Sn can be 
grouped under (2) 

The following steps are proposed for mechanism (1), and are based on the 
experimental results obtained. This mechanism would account for the decrease 
in current efficiency with time which is so prevalent in Zn electrolysis. It 
is felt that this mechanism is appropriate only when the active impurities are 
ones with¾ overpotentials lower than Zn and suitable decomposition potentials 
to allow cathodic deposition. 

1. Initially codeposition of the impurity occurs over the entire 
electrode surface. The deposition rate will be proportional to the impurity 
concentration. At this stage the impurity concentration is not sufficient to 
cause corrosion of the Zn. During this period the surface remains generally 
smooth and uniform and the current efficiency is high. Since the codeposited 
impurity is uniformly distributed over the entire electrode, a uniform cathode 
potential exists without the presence of any extensive mixed potential regions. 
During the early stage of deposition, the specific current density is very 
close to the geometrical current density, which also assists in producing a 
uniform cathode potential over the entire electrode surface. 

2. After a certain time, activation of the codeposited impurity begins 
due to a change in the surface morphology or surface roughness. When the 
surface becomes rough, the specific cathode current density for Zn decreases 
at recessed ar.eas. This creates a local potential difference on the cathode 
surface, which initiates local cell Zn corrosion. The re-solution usually 
starts at the top or the edges of the cathode. The electrolyte is stagnant 
at the edges due to adherence of¾ on the edge strips. The highest concentra­
tion of the evolving gases is found at the solution level. These conditions 
probably account for the initiation of re-solution or local corrosion at these 
sites. 

3. As the corrosion of Zn becomes more extensive, more impurity is 
exposed and it tends to agglomerate since it is cathodically protected. Thus, 
the area of exposed impurity increases at the corrosion site. This also 
creates a high pH and a more positive potential at the corrosion site, which 
further accelerates the reactions. The pH at the corrosion site can be higher 
due to a deficiency in W which is reduced to¾ by corrosion of Zn. When 
the impurity site becomes larger in area, the corrosion rate increases (1)· 

4. When the corrosion of Zn proceeds so as to expose the Al sheet on 
which the Zn has been deposited, 118 evolution occurs at two sites, on both 
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the corrosion area and the Al cathode. At this stage, a drastic reduction in 
the Zn current efficiency is observed. When¾ is evolving from the Al sheet, 
the originally codeposited impurities on Zn accumulate on the Al. Thus, the 
current density on the Al surface is higher than on the bulk areas where Zn 
is depositing. The process is therefore somewhat autocatalytic. 

In step 1 of mechanism (1), ¾ evolves slightly from the codeposited 
impurity-site and the Zn current efficiency is inversely proportional to the 
amount of current used for the¾ evolution (1), However, this proportional­
ity can only be applied when homogeneous deposition of Zn is taking place. 
Then the Zn current efficiency is given by 

C. E. = (1 - ¾0)100/1, 

where 1 is the geometrical current density,¾ is the current density at the 
impurity-site, and e is the fraction of the total surface area covered by the 
impurity. If 0 is assumed to be proportional to the bulk concentration then 

where k is a constant involving surface conditions such as orientation, grain 
or facet size, surface roughness, internal stress and is the bulk concen­c0 
tration of the impurity. Based on these assumptions, reversal of the cathode 
polarity may reveal a magnified effect of the codeposited impurity since dis­
solution of Zn can take place not only by anodic reactions but also by galvanic 
reactions between the impurity and Zn. Thus, some of the newer techniques 
used in Cu electrolysis for improving current efficiency such as periodic cur­
rent reversal would probably not be applicable in commercial Zn electrolysis. 
However, if the mechanism proposed is correct, this might afford a shorttime 
method for evaluating Zn electrolytes. In light of the work presented here, 
this would offer an excellent means of overcoming the effect of impurities in 
the electrolyte, particularly those which decrease current efficiency by 
proposed mechanism (1). 

In mechanism (2), ¾ evolution would occur by the following steps: 

1. An impurity-hydride forms (10, 11) in the double layer and subse­
quently diffuses out into the bulk solution. 

2. The hydride stability would be less in bulk solution due to the lower 
pH and also there would be no cathodic protection of the hydride, thus the 
hydride would decompose. 

3. Upon decomposing,¾ would evolve leaving the cation free to partici­
pate in another identical sequence of chemical steps. The¾ evolution 
reaction would not have to take place directly on the Zn electrode since the 
hydride could be formed in the double layer without depositing the impurity 
on Zn. An example of this reaction is as follows: 

In double layer In bulk solution 
xW + yH: + (x + y)e-
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These impurities could act as hydrogen depolarizers and their effective con­
centrations could be orders of magnitude lower than impurities which actually 
deposit with Zn since they are not consumed by the reaction. 

Cell temperature was also an important factor that affected the current 
efficiency when an impurity, which reduced the current efficiency was present 
in the eletrolyte. Ordinarily a higher current density assists in improving 
the current efficiency but this beneficial effect can be eliminated by an 
increase in the cell temperature. The efficiency for a 24-hour deposit was 
above 93 percent at 40° C and 43 A/ft? in the presence of 1 mg/1 Ni in the 
electrolyte. However, an increase of the cell temperature by 10° decreased 
the current efficiency to 80 pct for an 18-hour deposit at 75 A/ft2 • Mantell 
(~) states that the maximum level of Ni allowed in industrial practice is 0.01 
mg/1 in order to have a reasonable current efficiency. However, there is no 
mention of the electrolyzing time or the surface morphology. For example, if 
the deposit is very pitted or honeycombed, such as when Ti is present, the 
allowable level of Ni can be expected to decrease substantially. 

Redox potentials of the impurities are very useful in predictiug corro­
sion behavior. All metals with reversible potentials more negative than 
hydrogen will tend to be corroded by acid solution in the absence of oxidizing 
reagents. Half-cell potentials can be used to establish a criterion for 
corrosion. The half-cell potentials may indicate a spontaneity of metal cor­
rosion but they do not necessarily indicate that corrosion will occur (2_). 
Metals will be essentially corrosion-free if protective films form or anodic 
passivation occurs. The exchange current density of hydrogen evolution on 
metals can be used as a guideline for prediction of the impurity effect on the 
Zn current efficiency. However, the exchange current density is dependent on 
the specific surface area, and as a consequence, it is dependent on surface 
roughness. 

The effect of impurities on the cathode potential or hydrogen over­
potential on Zn is very difficult to correlate since many impurities reacted 
locally. However, a few previous studies (4, 13) indicated that the cathode 
potential became more positive in the prese~ce-;f Ni in the electrolyte. In 
this study this effect was observed only when localized corrosion of the. 
deposited Zn occurred. The cathode potential also became more positive when 
H evolution occurred over the entire cathode surface. Generally, the hydro­

2 
gen overpotential decreased with an increase in the area of the impurity-site 
on the cathode. This might shift the cathode potential toward a more positive 
value causing increased corrosion of Zn. 

While, it is always desirable to decrease all impurities that cause 
reduction in the Zn current efficiency to a negligible level, this is not 
always feasible. Considering the difficulties involved in solution purifica­
tion, it is better to obtain a reasonable current efficiency for a long-time 
(more than 24 hours) deposit by extension of the incubation period rather 
than by trying to completely eliminate the impurities. The may be accomplished 
by making the electrode surface smooth and uniform and free of pits and 
dendrites. Exact procedures that can be used to accomplish the aforementioned 
objectives are dependent on the process conditions. 
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It is essential to properly characterize the entire electrodeposition 
system before attempting to correct any deficiencies. One important part of 
this characterization is the orientation and morphology. Unless these deter­
minations are made on a routine basis, it is difficult to believe that the 
cathodic deposition of Zn can be controlled. 

CONCLUSIONS 

1. Electrolcrystallization of Zn is greatly affected by electrolysis 
process conditions, such as temperature, current density, and chemical composi­
tion of the electrolye. Temperature becomes particularly critical over 40° C. 

2. Most catonic impurities tend to produce a (00,2) preferred orienta­
tion with increasing concentration indicating a lesser degree of electrode 
polarization with conditions of free growth. 

3. Organic additives polarize the electrode to a greater extent than 
most inorganic additives and shift the growth mode from lateral to outward. 

4. Impurities which are active in an electrolyte may be determined 
approximately by SEM examination of the deposits. Certain impurities 
consistently produce a specific type of surface morphology. 

5. The mecahnism whereby the Zn current efficiency is decreased depends 
on the active impurity. Experimental results indicate two different mecha­
nisms. One involves the codeposition of a low overvoltage metal with the Zn 
and subsequent local cell autocatalytic corrosion. The second involves the 
reaction of the active impurity with hydrogen in the double layer with sub­
sequent decomposition of the hydride in the electrolyte, leaving the impurity 
free to react again. These results indicate that a greater amount of impurity 
is necessary for the first mechanism to be valid. 

6. The presence of certain active impurities is detectable by means of 
the nondispersive X- ray spectrometer on the SEM, This is particularly true 
for metals which would decrease current efficiency by the first mechanism. 
Some active impurities which either do not plate out or are too low in con­
centration cannot be detected. 

7. The incubation period is inversely proportional to the impurity con­
centration and temperature. Morphology of the deposit is important also in 
evaluating this parameter as rough, irregular, or pitted depoists present 
conditions more conducive to initiation of Zn corrosion, which is one of the 
important steps (step 2) to be considered in mechanism (1) described under 
Cathode Current Efficiency. 

8. The amount of Pb contamination in the Zn cathode is dependent on the 
chemical phase of Pb in the electrolyte; for example, it is higher with Pb02 
in the cell than with PbS04 • 
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