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ABSTRACT 

An examination of the surface structure of zinc electrodeposited 

from an acid-sulfate solution was ;nade by scanning electron micro­

scopy techniques. The current efficiencies were also determined, to 

a lesser extent, in order to correlate the results with the surface 

structures. Commercial and pure zinc oxide were used to prepare 

the neutral zinc sulfate solutions. The starting solutions were in 

a ran0e of acid and ~inc concentrations commonly used in commercial 

practice. Changes in morphology resulting from addition agents such 

as animal glue, gum arabic, ana, sodium silicate are compared. 
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I. INTRODUCTION 

The first patent involving the electrolytic preparation of zinc 
(1) (2) 

appeared in 1880. It was not until 1914 that the first large scale 

industrial plant was operating in the United States since the need 

for pure solution was not recognized initially. Even today there 

are many basic mechanisms involved in the process that are not fully 

understood. 

The exact flow sheet involved in producing the zinc may vary, 

but the principal steps involve: 

(a) The dissolution of z~nc oxide, produced by roasting a zinc 

sulfide concentrate, i.n spent electrolyte, to give a neutral zinc 

sulfate solution. 

(b) Purification of the solution to eliminate impurities, harm-

ful to the process, and recovery of these impurities as by-products 

whenever possible. 

(c) Electrolysis of the zinc sulfate-sulfuric acid solution to 

yield high purity metallic zinc. 

The deposition of zinc from an acid solution is possible only 

because of the high hydrogen overvoltage on zinc. Therefore, any 

factor which tends to lower the hydrogen overvoltage will cause a 

decrease in current efficiency or will prohibit zinc from depositing. 

The primary cause of decreased hydrogen overvoltage is due to the 

pr~sence of any number of impurity elements, more noble than zinc, 



which may form local cells on the cathode. This requires either 

(a) their elimination to a harmless level in the solution 

refining process, or 

2 

(b) the use of addition agents to compensate for their presence. 

The problem is magnified by the fact in many cases extremely 

minute quantities of impurities, less than 1 mg/L, are sufficient to 

reduce the current efficiency or sometimes prevent any zinc from 

depositing. In some instances, the effect of two or more harmful 

impurities in combination is much more detrimental to the electrolysis 

than the effect when each of the impurities is present separately. 

This interaction among impurities, which can possibly work either to 

impede or assist zinc deposition depending upon the nature and con­

centration of the species, makes the evaluation of the electrolytic 

process extremely complex and difficult. 

It is well known that the surface structure of the zinc deposit 

is very important to the overall efficiency of the process. A cathode 

with smooth surface and a high bulk density is desirable from the 

standpoint of not only current efficiency but also the melting effi­

ciency. Since the deposit with holes and sprouts has more surface 

area than that of the uniform dense deposit, a rough deposit will 

give a large oxidation or drossing loss during the melting operation. 

The object of this study was to determine soma of the effects 

that various addition agents and different process conditions have on 

the surface structure of the zinc deposit. The zinc surfaces were 

evaluated by means of a scanning electron microscope, which allowed 

investigation of any deposit regardless or the surface irregularities. 
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II o LITERATURE REVIEW 

There have been many articles published concerning 'the purifi-

cation and subsequent electrolysis of zinc sulfate-sulfuric acid 

solutions. The puriiYing process used prior to the electrolysis plays 

an important role in determining the current efficiency and the sur-

face structure of the deposit, however, discussion is limited to the 

electrolyte and the electrolyzing conditions. 

A. Impurities in the Electrolyte. All industrial zinc electro-

lysis solutions contain a large number of impurities present at many 

different levels. Even the most rigorous solution puri.fica tion 

process will not entirely eliminate the impurities present. For very 

critical types of impurities, it may not even be possible to detect 

the impurity chemically, and yet still be detrimental to the process. 

Therefore, a common definition of a "conunercially pure zinc sulfate 

solution 11 is a solution which, when used as an electrolyte, will give 
(3) 

a good deposit with a high current efficiency: 

Probably the most important of all factors associated with zinc 

electrolysis is the presence of metallic impurities in the deposit. 

The effect of single impurities has been studied quite extensively 
(3,4) 

and the general effects can be predicted fairly accurately. The 

metallic ions which act as cathodic impurities in the solution may be 

grouped into four classes according to their effects. 

Class 1. Metals whose sulfates decompose at a voltage above 

that of zinc sulfate. They are sodium, potassium, manganese, 



aluminum, and magnesium. These elements are regarded as harmless 

impurities. 

4 

Class 2. Metals whose decomposition potential is less than that 

of zinc, but wnose hydno~en overvoltage is higher than that of zinc. 

They are cadmium and lead, both deposit.on the cathode causing impure 

zinc deposit. 

Class J. Metals whose decomposition potential is higher than 

that of sulfuric acid, but whose hydrogen overvoltage is less than 

that of zinc. The common membersof this class are iron, cobalt, and 

nickel. These metal ions will not deposit with zinc to any appre­

ciable anount out they form local cells in the cathode causing holes 

or S00t burning or the zinc deposit. Their action is probably by 

alternate deposition and re-solution by the sulfuric acid, since they 

are soluble in sulfuric acid due to their low hydrogen overvoltage. 

Class 4. Metals whose sulfates decompose at a voltage below 

that of sulfuric acid, an::i whose hydrogen overvoltage is less th3.n 

that of zinc. They are copper, arsenic, antimony, germanium, and 

tellurium. The members of this class, if present in the electrolyte, 

are deposited with zinc causing points of low hydrogen overvoltage. 

The impurities which belong to this class are possibly tre most 

injurious to the electrolytic process of zinc. 

Sodium, potassium, magnesium, and aluminum. These elements and 

their compounds are reearded as harmless impurities, if not present 

in large amounts, in the electrolytic production of zinc. A large 

amount of these impurities in the solution will reduce the conduc­

tivity of the solution and hinder the migration of zinc ions to the 
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cathode. They are also capable of discharging together with zinc and 
(5) 

form intermetallic compounds in the zinc deposit. 

Manganese. The role of rranganese ions, which are added to the 

solution during the purification precess for oxidation purposes, is 

a rather interesting one. The manganese ions will reduce the 

corrosion of the lead-silver(l%) anode by the formation of manganese 

oxide films on the anode surface. Manganous ions are harmful for the 

cathode process because the highly oxidized man~anese ion, Mn04, formed 

at the anode surface, moves to the cathode by either thermal or bubole 

agitution and acts as a depolarizer for hydrogen. Manganese oxide 

suspended in the solution may settle on the cathode surface farming 

local cells that cause spots of low hydrogen overvoltage. On the 

other hand, the suspended oxide r-a rticles may act as a solution 

purifier, if they can be precipitated, since they adsorb various 

impurity elements in the electrolyte. 

Cadmium and lead. Cadmium and lead in the electrolyte Vlill 

deposit with zinc. They are major impurities in the electrolytic zinc. 

It is known that the presence of small amounts of cadmium and lead 

in the electrolyte do not drastically lower the current efficiency, 

however, cadmium and lead must be kept below 50 mg/L and 20 mg~ , 

res~~ctively, in order to deposit high purity zinc. The solubility 

of lead sulfate is small in the electrolyte but lead oxides can be 

formed at the anode surface arrl mie;rate to the cathode. 

Iron. Iron is normally added to the solution during the purifi-

cation process in order to co-precipitate arsenic, antimony, and 

similar impurities an:i a small amount of iron is always present in the 
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solution. Considerable amounts of iron may be present, up to 20 mg/1, 

in the electrolyte without noticeable effects on the electrolysis. 

There is some evidence that the use of iron as an addition agent 

will reduce the amount of lead in the zinc deposit. The action of 

iron is probably similar to that of manganous ions which act as 

an anode depolarizer prohibiting the formation of soluble lead oxides. 

Cobalt, nickel, and copper. Cobalt in the electrolyte can be as 

high as 10 mg/! without causing a serious decrease in the current 

efficiency. Controlled amounts of cobalt in the solution are bene­

ficial in reducing the amount of lead in the zinc deposit. The exact 

amount of cobalt that can be tolarated without detrimental effects on 

the current efficiency is dependent upon the presence of other im­

purities. 

The presence of nickel, as small as 1 mg/t, in the solution will 

sharply decrease the current efficiency. It causes large holes to be 

burned in the deposit. 

The presence of copper in the solution, more than 10 mg/!,will 

cause a serious decrease in the current efficiency by lowering the 

hydrogen overvoltage. 

Arsenic nnd antimony. The presence of arsenic in the solution 

can be as much as 4 mg/1 without causing a serious decrease in the 

current efficiency if no other impurities, harmful to the process, 

are present. 

Antimony in the solution is very detrimental to the cathodic 

zinc process. The current efficiency is drastically decreased by the 

presence of antimon~ in concentrations as low as 0.02 mg/1, due to 
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the re-solution of the deposit. 

Germanium, selenium, and tellurium. Their presence in the 

solution is perhaps the most detrimental to the zinc electrolysis. 

Tl'l3 presence of these impurities, 0.01 mg/1 or less, may cause a 

sharp decrease in the current efficiency due to serious re-solution 

of the deposit. Germa.nium, antimony, and arsenic are also knm .. n to 

deposit on zinc in the form of alloys and they form volatile hyd­

rides with hydrogen thus setting up local galvanic cells. 

Thallium and tin. The current efficiency is not affected by the 

presence of small amounts of thallium in the electrolyte. Thallium 

will deposit with zinc and contaminate the zinc deposit. 

The presence of small amqunts of tin in the solution will de­

crease the current efficiency. One characteristic of a deposit made 

from a solution containing tin is the shiny deposit which results 

even when the concentration of tin is small enough to cause no de­

crease in the current efficiency. 

Bismuth, tungsten, indium, and gallium. These elenants are not 

likel;;,r to be found in the electrolyte as they are easily removed in 

the solution purification process. 

Silver. Small amounts of silver are always present in the 

electrolyte due to the corrosion of the lead-silver(l%) anode. The 

solubility of silver in the electrolyte, however, is small due to the 

forwation of an insoluble silver sulfate. It is known that silver 

will de~osit with zinc and contaminates the deposit. There was no 

publication available as to the exact role of silver in the cathodic 

process of zinc. 
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Halop,en ions. Chlorine and fluorine ions are commonly found 

in the electrolyte and their presence is undesirable. 

Cl- increases the corrosion of the lead anode. The presence of 

permanganate, formed at the anode surface, tempers the effect of Cl-

by oxidation of cl- to Cl2 before Cl- reaches to the anode. 

The presence of small amounts of fluorine, 2 mg/1, in the solu-

tion causes the zinc deposit to stick on the aluminum starting sheet 

and sometimes it is impossible to remove the deposit. The sticking 

is due to the removal of thin protective aluminum oxide films by 

their reaction with fluorine. 
(6) (7) 

Impurities in combination. Zelezny et al. and Turomshina et al. 

have studied the effect of oombinations of impurities in Lhe electro-

lyte. These works were usually limited to two species in combination 

since the presence of more than two elements makes the study so 

complex. Figs. 1 and 2 show examples of the combined effects of 

antimony vdth germanium and arsenic with germnium, respectively, on 

the current effciency. 

only 
~ 

" 90 
~ 
0 
s:: 80 Q.) 

·.-1 
0 

·.-1 
CH 
CH 70 

Q.) 

+' 
s:: 60 Q) 
~ 
~ 
::s 
(.) 50 

0 0.05 0.1 
Sb or Ge, mg/1 

Fig. 1 - The combined effect Qf 
antimony and germanium.(b) 

90 

80 

70 
As + 0.14 mg/1 Ge 

50 L-----J---L-......___~__.. 
0 5 10 15 20 

As, mg/1 

Fig. 2 - The combined effect of 
arsenic and germanium. (6) 
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The entire problem is further complicated if some addition 

agents are added to the electrolyte. The additions of small amounts 

of gum arabic, gum tragacanth, manganese, and dichromate tend to 

temper the detrimental effect of germanium. 

B. Addition Agents. Colloidal oreanic addition agents such as 

glue and gum arabic are often used to increase the overall effi­

ciency of the electrolytic zinc process. If proper amounts of these 

addition agents are used, they are beneficial in increasing the current 

efficiency and improving the physical characteristics of the zinc 

deposit. The additives may work as surface active agents or as a 

coagulant for harmful colloidal impurities which are suspended in the 

solution. For this reason the effect of the additives on the catho­

dic process can not be discussed separately from that of impurities 

in the electrolyte. The addition agents may assist the zinc deposi­

tion for a certain solution with particular impurities, while the 

same additives may increase the detrimental effects of the impurities 

for a solution v;ith some other impurities. There have been numerous 

articles published concerning the effect of various additives on the 

current efficiency ever since the beginning of the zinc electrolysis. 

This type of investigation is extremely difficult for the reason 

mentioned above. Moreover, the presence of permanganate ions and 

manganese oxide, both produced during the electrolysis, make the 

study very difficult since these manganese compounds react with the 

organic additives to some extent. For example, it is known that 

the adhesion of riBn:·';anese oxide films to the anode is better with a 

glue addition. This indicatesthe reaction of the organic additives 
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can be extended not only to the cathode surface but also to the anode 

surface as well. 

Inoreanic addition agents have a very limited use. Silicates of 

sodium and pot~ssium, carbonates or hydroxides of barium and strontium 

are often added to the solution either to improve tha surface 

characteristics or to decrease impurity concentrations in the zinc 

deposit. Borium and strontium compounds are added mainly to decrease 

the lead content in the deposit. 

C. Cell Te~oerature. Increase in the cell temperature increases 

the rate of re-solution of the zinc cathode thus decreasing the 

current efficiency. The efficiency is much less affected by tempera­

ture if the solution is suffic~ently pure. Tre current efficiency 

decreases rapidly as the temperature of the solution increases if the 

solution contains germanium, arsenic, antimony, nickel, cobalt, and 

similar impurities. Rise in temperature increases the conductivity 

of the solution but lowers the hydrogen overvoltage and the net 

result is the decreased current efficiency. 

D. Current Density. In general, the current efficiency 

increases with increase in the current density, however, the effect 

may be reversed if harmful impurities are present, depending upon 

the nature of the species. Less than 40 ampere per square foot, asf, 

is considered to be a low current density process while more than 80 

asf is referred to as a high density pro cess. 

E. Crystallogranhic Aspects of Zinc Deposit. There are not many 

articles published concerning studies of the surface morphology of zinc 

deposits by electron microscopy or scanning electron microscopy 
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(8) (9) 
techniques. Sato and Naybour have studied the surface structure 

of the electrolytic zinc deposit. Sato has examined the surface of 

the electrolytic zinc from zinc sulfate-sulfuric acid solutions by 

both electron microscopy and electron diffraction techniques to deter-

mine the effect of organic addition agents on the crystal orientation. 

The work has been limited to short time deposits, however, because 

the replication of the surface became difficult farlong hour deposits 

due to the increase in surface roughness. These deposits were made 

from solutions containing no manganese ions arrl a platinum anode and 

a brass cathode. These conditions are drastically different from 

normal practice, so that it can only be speculated as to whether these 

results are true using different plating procedures. 

In general, a (11· l) orientation v•as characteristic of the elec-

trolytic zinc from ~inc sulfate-sulfuric acid solutions without any 

additives. With small amounts of organic additives in the solution, 

the surface layer of the zinc deposit became flat as a result of in-

creased cathode polarization and he~ce throwing power of the electro-

lyte. Pretein or carbohydrate additions to the solution, roughly 50 

mg/l, made the surface irregular, and 10 mg/l or less of gum arabic 

additions made the surface inhomogeneous an:i decreased the current 

efficiency greatly. As the amount of these additives, except gum 

arabic, increased the orientation cranged from (11• D.), i""4, ~(10·~)' 

1"-l, ---»(11•2) to (11•0). With gum arabic additions the (lO•J.),l"'-'1, 

orientation was not observed arrl t~ orientation changed from (11• 1), 

1....,4, directly to (11•2) (11•0). 
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III. EXPERU~NTAL 

Too ex~rimental section is presented in two p3. rts, preliminary 

experiments ard experimental materials am apparatus. 

A. Preliminary Experj ment s. In order to aquaint trn author 

with the zinc electrolysis numerous short time electrodepositions 

were tried. Various physical arrangements were used in this portion 

of the study before arriving at the best set of conditions, which 

were then used throughout the remainder of the work. These are 

described fully in the next section. 

Thret! ldndB of collB • rmds of corroding gm de lead, lead­

antimony( 6%) alloy whose inside walls were coated with tre Glyptol 

paint, and a glass beaker with a modified pouring spout were inves­

tigated. The lead-antimony cell was inadequate due to tre cracking 

of the coated film after using it for a few days. The cell acid 

penetrated these cracks and corroded the allpy, thus contaminating the 

electrolyte with antimony, which is one of the most harmful impurities 

in the electrolytic zinc process. Tffi glass cell gave the most 

consistent results among the three. 

The anode v~as made from corroding grade lead. There was a sharp 

increase in the current efficiency when tre lead anode was replaced 

by lead-silver(l%) alloy. This was thought to be a result of tre 

greater corrosion resistance of tre alloy. Three kinds of starting 

cathode, which ·were rrade from sheets of alwninum, zinc, and electro-. 

lytic copper, were compared. The copper was unsatisfactory 
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because it caused lower current efficienc~es. The zinc and aluminum 

wer both satisfactory for short hour runs but the zinc deteriorated 

during long runs at the solution level. Thus because it behaved well 

under most all conditions and since it is used in commercial practice, 

aluminum was chosen for tre starting cathode material. 

Initiall~ C. P. grade sulfuric acid and zinc sulfate were used 

to make the electrolytes. Tre concentrations of zinc and acid were 

from 5 to 1.30 gr~s per liter, gpl, and from 25 to 150 gpl, respec-

tively. No rr.anganese was added to tre electrolyte. Tre current 

densities were varied from 5 to 120 asf depending upon the concentra-

tions of zinc and acid. Usually a higher current efficiency resul-

ted with a higher current density, however, these results were very 

difficult to evaluate and lacked consistency. All these cathode 

surfaces were rough and honeycombed regardless of the concentrations 

of zinc an·d acid or the change in the current density. The need for a 

purer solution and the lead silver anode was apparent. 

Additional st~rting solutions were made using an industrial 

~+ Tt 
purified neutral zinc sulfate solution(--170 gpl Zn and ...... .3.5 gpl Mri ) 

and C. P. grade sulfuric acid. Th:l concentrations of acid and zinc 

were varied from 100 to 225 gpl and from .30 to 150 gpl, respectively. 

A glass cell was used with one aluminum starting cathode between two 

lead-silver(l%) anodes. Generally, the current efficiencies were 85 

to 90 % with concentrations of 200 gpl or less sulfuric acid and 50 

gpl or more zinc. The deposit always had a rough and honeycombed 

surface regardless of the concentrations of acid and zinc. 

Various addition agents were added to tte ela ctrolyte, indivi-
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dually or in combina.tions, in varying amounts in an attempt to rr.ake 

a dense uniform deposit without holes. The results indicated that 

tm use of sodium siliC".a te \',ith animal elue or gum arabic was neces­

sary to ma1<s the surface uniform ani smooth. Furtmr investigations 

indicated that the use of C. P. grade sulfuric acid with the neutral 

zinc sulfate solution could not produce the deposit without holes 

even though the current efficiency was above 90 %. 

The acid concentration of the third type of the starting solu­

tion was built up from the zinc dust re-refined neutral zinc sulfate 

solution by depositing zinc from the solution. Additions of sodium 

silicate with animal glue and/or gum arabic in combination to the 

starting solutions produced a -yery dense uniform deposit witha smooth 

surface. 

It was found tha. t the anode surface must be covered with enough 

manganese oxide film(pre-conditioning) to make tre deposit dense with 

a uniform surface. During the acid build up, a gradual change in 

color of the electrolyte, from yellow to purple, v~as observed as tre 

electrolysis progressed. This indicated tre gradual formation of 

tre low oxide(Mn3o4, 1'.n203) to tre hi@1er oxide(Mno4 -) as the 

acidity increased. Wren the cell rea.che d tre equilibrium state, 

there were appreciable amounts of Mn02 suspensions ~ith small amounts 

of Mn04, less than 0.1 gpl. Some of tre manganese present in the solu-

tion was oxidized and manganese oxide scales. fromed on the anode 

surface durinr: the electrolysis, while rome of tre oxide particles 

formed were sus rs nded in the solution. Spectrophotometric analysis 

showed that these particles contained magnesium, calcium, zi. nc, and 
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manganese as ~~jor constituents and traces of lead, cobalt, silver, 

nickel, copper, tin, aluminum, and silicon. 

B. Experimental Apparatus and Materials. Tm experimental 

apparatus and materials section is presented in six parts: electro­

lyzing cell, anode, cathode, electrical equipment, feed pump, and 

electrolyte. 

1. Electrolyzing cell. Tre ele ctrolyz.ing cells were made from 

one-liter glass beakers \'I hose pouring spouts were modified in order 

to accomoda te the withdrawal of tre constant overflow. 

2. Anod~. The anode, l~ in. x 4~ in., was made from a 1/8 in. 

thick sheet of a lead-silver(l%) alloy with square holes, 3/8 in. 

x ~ in., which covered approx.i.rm tely 50 % of tm surface area. These 

holes were punched to assist not only trn adherence of the manganese 

oxide films but also the· .movement of tre electrolyte around the anode. 

In. all cases the anode was pre-oo ndi ti oned in tre similar 

electrolyte used for the experi.rrent for more tran 24 hours prior to 

the test. The pre-conditioning of the anode is an important step in 

electrolyzing zinc, but is not completely understood. Basically the 

process involves depositing a proper film of manganese oxide on the 

lead. vihen sufficiently conditioned, the further oxidation of lead 

to Pb+2 and thus diffusion into the solution is retarded. This seems 

to improve both the current efficiency arrl physical and chemical 

properties of the deposit. There are probably a series of ccmplex 

reactions ·with many different phases being formed during the condi­

tioning cycle. X-ray diffraction patterns of the manganese oxide 
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scale in eli ca ted that tre structure was arr.orphous. 

3. Cathode. The cathode, 1 1/8 in. x 4 in., was made from 

1/32 in. thick low alloy aluminum sheet. One cathode was placed 

between the two anodes in each cell making tM S)::Q cing approximately 

1~ in. from anode to cathode. 

Plexiglas edge strips were placed on botil edges of all cathodes 

to eliminate the edge sprouting. 

4. Electrical equipment. A co;;stant power supply, QRC-40-15, 

made by Sorenson Company v~as used throughout the experiments. This 

unit was operated in constant current mode. The current efficiencies 

were measured using an ampere-minute meter which was purchased from 

Sane,~mo E1ectric Company. The .cell voltage was monitored on a D. C. 

digital voltmeter, C-211, made by United Systems Corporation. The 

electrolyte temperature was first controlled by placing the cells 

on a hot plate but later they were kept in a water bath far better 

control of temperature. 

5. Feed pump_. The constant additions of tm neutral zirc sul­

fate solution and the additives(l to 10 mg/ml water solution) to the 

cell were made by the Vibrosta ltic pumps, made by Chemical Rubber 

Company. However, it v-1as ratrer difficult to control small flow rates. 

Later all additives were mixed with the neutral zinc sulfate solution 

and the mixture was fed into too cell by one Vibrostaltic pump. Too 

Vibrostaltic pump V>.::is later replaced by a Microbellows pump, made by 

Research Appliance Company, for the better control of the flow. The 

overall experimental set up is shown in Figure J. 
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6. Electrolyte. There were two types of solutions used in this 

Vlork. Or.e v:as an industrial neutral zinc sulfate solutim produced 

by tl'€ leachir,g of zinc ox:ide, obtained from roastine a zinc con­

ce~trate, v:ith suose,~uent re;~ular solution purification. This 

solution was filtered first and was re-refined with zinc dust by 

heating to near the ooiling point for 30 minutes. This sol uti on ·:1as 

filtered while still hot to remove residual zinc dust. 

The acid concentration was built up in the cell by depositing 

zinc from the refined neutral solution. This was done in order to 

keeo tre impuri t3r con tent as low as possible and to eliminate possi­

ole extraneous results due to tm introduction of impuri. ties from 

C. P. grade sul±'ur.ic acid if it vJas used. 

Tre second type so] ution was made using enoueh pure zinc oxide 

(99.95 %) dissolved in C. Po grade sulfuric acid to give a neutral 

solution. ~!.anganous sulfate was arlded to the acid solution prior 

to the dissolution of the zinc oxide to give 3.0 gpl Mn++in the final 

solution.· A small amout of KMn04 ('V3 ml/1 of N/10) was also added 

for oxidation purposes while the solution was acidic. Water was then 

added to adjust the concentration after the solution reached the 

neutral point. This solution was heated to near boiling to make 

tre precipitation complete and filtered, tren zinc dust treatrrent 

and filtering, identical with that for the commercial electrolyte, 

was completed. 

The electrolyte composition v~as held in tre range -2.00 gp 1 

H2so4 , ....... 65 gpl zn;-+ and ,.,2.5 gpl ll..nt-+ initially, for all experi­

ments, except where ti'B effect of one of these was to be determined. 
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IV. RESULTS AND DISCUSSION 

The main oortion of this study involved the determination of 

the effect on surface structure of the electrodeposited zinc resul­

ting from certain additives to the electrolyte, and to a lesser extent, 

the range of current efficiencies that results when the additives 

are used. A limited examination of the effect of acid and zinc con­

centrations was also carried out. The surfaces were investigated 

using a scanning electron microscopeo 

A. Commercial Electrolyte. A summary of the results of the 

exoeriments conducted using corr:rnercial electrolytes under varyine 

conditions is shown in Table 1 and 2. When "no additives" is given 

as the condition, it is meant that no additional additives are used 

but the solution may already contain some residual additives. There 

should only be very small quantities of these additives remaining, 

since most of the residual additives are believed to be removed 

during the solution purification processes at the plant. Also a 

nuwber of runs were made above 65 asf, up to 120 asf, and for the 

most part higher current density gave better current efficiencies 

and structure than those_obtained using lower current density. 

The electrolyte composition was changed in the range 150 gpl 

sulfuric acid and 85 gpl zn+t- to 225 gpl acid arrl 35 gpl zn+ +. 

Fieures 4 to 7 show the structures resulting from variations in acid 

concentration. For the higher acid concentration the structure was 

more ooen and rougher than that the lower acid concentration and a 
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Table 1. - 3ffect of H2504 and Znt~ Concentrations. 

H2so4, gpl j Zn't+ gpl Run-No l Time, min . Cell Voltage, volt. r C. Eff., % 

-150 

.... 175 

..... 200 

..... 225 

..... 175 

- 200 

-85 

..... 65 

--50 

--35 

--65 

95-1 
- -2 

-3 
-4 
-5 

93-1 
-2 
-3 
-4 
-5 

96-1 
-2 
-3 
-4 
-5 

97-1 
-2 
-3 

' 

99-1 
-3 

35 
60 

120 
240 
480 

35 
(£) 

120 
240 
480 

35 
60 

120 
240 
480 

JO 
60 

120 

120 
120 

3.10 to 3.20 

3.07 to 3.18 

3.05 to 3.13 

3.03 to 3.05 

3.46 
3.04 

_ 50 ll00-1 I 120 I 3.42 
-3 120 3.04 

93.6 
95.0 
96.0 
94.0 
93.8 

95.6 
94.0 
94.5 
95.8 
84.2 * 
90.0 
91.5 
92.0 
90.8 
82.5 * 
84.2 * 
88.0 * 
78.7 * 
95.0 (25"C) 
79.7 *(65°C) 
93.2 (25°C) 
88.5 * (65°C) 

1. Commercial Electrol;;:te;""2.5 gplL:nf+- Cell temp.; 
No additives used. 

45±3-°C, C. Density; 65 asf, 

* Severe re-solution. 

~ 
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1 
Table 2. -Effect of Addition Agents. 

Additives, m:r,/g, Zn deposited Run-No !Cell Voltag,e, volt. 'C • Eff., 

{ o.cn 101-1 
Animal glue 0.10 -2 3.18 to 3.20 

1.00 -3 

~ 0.01 103-3 
Gum arabic l 0.05 -1 3.09 to 3.14 

0.10 -2 

{ 0.10 102-1 
Sodiwn silicate 1.00 -2 3.13 to 3.14 

10.00 -3 
. 

0.10 104-1 
0.50 mg/g of 0.20 -2 
sodiwn silicate 0.40 -3 3.15 to 3.18 
t Animal glue 0.60 -4 

o.so -5 
1.00 -6 

1. Commercial Electrolyte; "'-200 gpl H2S04, """"65 gpl zn:+ 
"'-"2.5 gpl 1.1n,++ Time; 2 hours, Current density; 65 asf, 
Cell temperature; 45 ±: 3 °C. 

88.0 
87.0 
93.0 

95.2 
96.0 
88.5 

88.5 
91.1 
91.5 

90.0 
91.7 
93.3 
93.5 
93.0 
92.4 

% 
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pronounced decrease in the current efficiency was also noted, A 

he,:.;vy honeycomb-like film is very much in evidence at 3,000 X par­

ticularly 'With high acid concentration. X-ray arrl electron micro­

probe analyses failed to reveal any phase other than zinc. 

Fies. 8 throu,:;h 13 show tre effect of temoerature on the surface 

structure. At 25°C too presence of some preferred orientation is 

evident, ho~ever, the film appears in the area surrounding the 

protrusions. The surface structure became rather open and irregular 

as the temperature of the cell increased. 

Figs. 14 to 16 show the effect of animal glue concentration on 

the surface structure. The decrease in grain size and increase in 

apparent bulk density is evident as the animal glue concentration is 

increased. No film is observed in Fig. 15 whilu Figs. 14 and 16 

have some films, however, Fig. 16 has much lass than Fig. 14. The 

absence of a film for the glue concentration approximately 0.1 mg/g, 

(0.1 rng of glue per gram of zinc deposited), was observed in various 

other experiments. 

With small amounts of glue, the hydrogen buobles were quite 

large ~nd tended to adhere to the electrode. The bubble size and 

stic;dng both decreased l"¥it h increased glue oo ncentrations. In 

general, when hydrogen gas would adhere to the cathode, the surface 

was relatively rough arrl cratered, and gave a ratoor open irregular 

structure. 

Sodium silicate additions produced structures as shovm in Fies. 

17 to 19. There \'las no notable chs.nge in tre structure as the amount 

of sodium silicate aaditions was varied. Addition of 1 mg/g of 
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sodium silicate means that 1 mg of a .35 % sodium silicate, (Na20:Si02 

~1:2.5), in water solution is added per gram of zinc deposited. 

There is a distinctive change in the structure with variations 

in the amount of gum araoic as shown in Figs. 20 to 22. Small 

amounts of gum arabic additions were sufficient to produce a very 

distinctive orientation(brtsal plane parallel to the electrode surfacel 

Increasing tha amounts of the addition agent gave a rougher, more 

oqen structure, 'l'<ithout the plate-type deposit. The high concent­

rations also produced a very dark colored deposit with very low 

curre~t efficiency. Small amounts of gum arabic additions caused 

a slight frothing of the cell while the additions of more than 0.1 

mg/g produced no notable frothine. The cathode was very brittle 

with the addition of 0.1 me/g of gum arabic. 

Fi8s. 2.3 throut~h 27 sho~; the variations of surface structure 

using combinations of sodium silicate and animal glue. It is clear 

that the combination of the two additives tends to produce a dense 

plate-tyoe structure in tm range of 0.1 to 0.4 mg/g of anirral glue 

additions. X-ray examination of these materials correlated well with 

visual observations as a considerable amount of basal plane preferred 

orientation was shown. The crystal size became more random an:l 

smaller with increasing glue concentrations. Figs. 28 and 29 

show a distinctive change in the orientation in some areas as tre 

glue concentrations increased above 0.6 mg/g. Fig • .30 shows a top 

of the fin-like structure at a higher rraenification. 

B. Electrolyte made from Pure Zinc Oxide. A summary of the 

results of tha exr:erimentsusing pure ZnO is given in Table J. 
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Table 3. -Effect of Addition Agents. 

Additives, mg/g Zn deposited! Run-No !C. Voltage, volt! C. Eff., 

No additives 1107-3 3.2b to 3.29 I 93.4 
-4 93.8 

~ 0.01 1111-l 92.6 
Animal glue 0.10 -2 3.23 to 3.26 89.5 t 1.00 -3 85.2 

{ 0.01 ! 112-1 93.2 
; 

Gwn arabic 0.05 
I 

-2 3.21 to 3.27 91.7 
1.00 -3 90.0 
·--·---·-·---·--~·------

{ 0.10 I 114-1 92.5 
t 

Sodium silicate 1.00 t -2 3.21 to 3.25 91.5 I . 
5.00 I -3 90.3 

-· -

2 me/g of sodium f (23 hours)106-2 95.5 
silicate + 0.5 t (18 hours) -3 3.22 to 3.45 95.0 
mg/g animal glue (4 hours) -5 91.7 

1. Pure ZnO Ele ctroly.te: ,.... 200 gpl H2S04, "" 65 gpl Znt+ 
..... 2. 5 gpl Mnt+ Time; 2 hours, Cell temperature; 45± 3"C 
Current density; 65 asf. 

24 

% 
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Too surface structnres of too zinc deposit resulting from the 

electrolyte without nny additives are shown in Figs. 31 and 32. 

The effect of a hig'h MnT-+ concentrations without any additives 

on the surface structures are shmm in Figs. 33 and 34. It is evi­

dent that too amount of honeycomb-like film increases with increasing 

rranGanese concentrations. It appears that the current efficiency 

decreases with increasing amounts of the film. The apparent surface 

area increases as the amount of film increases arrl lowers the 

current density. For this reason the amount of the film may be 

controlled by the current density since low current density tends 

to produce more film than the hip,her current density. 

Figs. 35 to 38 show the results produced by varying tre glue 

concentrations. II notable change in the structure to a fin-type 

structure, protruding from the surface, is evident as the glue con­

centration increased. With increasing glue concentrations, tre 

orientation appears to change 90 degrees from the basal plam 

parallel to the electrode surface. 

Figs. 39 to 42 show the effect of gurr. arabic additions on the 

surface structure. Gum arabic additions produced structures quite 

different from those seen on the previous electrodes made from the 

industrial electrolyte. There was also a tendency for the surface 

to appear rougher with .a very fine nodular-type growth in evidence. 

Also there was no evidence of brittleness with this electrolyte. 

There was a tendency toward a plate-type structure, but in general, 

the deposits were more massive and without particularly sharp detail. 

No distinctive surface variation was seen when the amount of 
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sodium silicate auditions was varied as it was with tre corrurercial 

electrolyte. An example of this is shown in Figs. 43 and 44. 

The number of holes in the cathode surface decreased with increasing 

amounts of sodium silicate, thus the overall surface was rather flat 

at higher silicate additions. 

The fin-tyne structure produced from a comoina. ti on of sodium 

silicate and animal glue additions is shown in Figs. 45 and 46. An 

unknown impurity, possibly manganese oxide, is seen adhering to the 

electrode surface. The structure surrounding tre particle is iden­

tical with the plate-type structure which is shown previously with 

the commercial ale ctrolyte, out the majority of tre structure is of a 

continuous fin-type deposit. 

The fi 1m was easily rro duced by changing one of the depositing 

parameters from normal conditions(,..., 200 gpl H2S04, - 65 p,pl zn;t 

and 45~C) to a high acidity(250 gpl), a very low current density( 5 

asf), and a high cell temperature(65"C). All these conditions 

produced the finn to some extent. Some of the examp1e~ are shown 

in Figs. 47 and 48. 

c. Commercial Deposits, In order to acertain whether there 

was some degree of applicability of the laboratory results to 

commercial practice, tha structure of a number of industrial deposits 

was also chec~-<ed. Samples cut from 2, 6, 8, 12, and 24 hour deposits 

are shown in Figs. 49 through 53, Tha film started to appear after 

6 71ours of depositing time arrl the number and the size increased with 

increasing deposition. 



V. CONCLUSIONS 

The surface structure of the electrodeposited zinc is greatly 

affected oy the nature nnd amount of additives to the electrolyte. 

The variations in the amount of sodium silicate additions did 

not change the rr.icrostructure of the surface nor the current effi­

ciency drastically, however, the overall surface was rather smooth 

·nith addition of more than 5 mg/g. 

The addition of anirr~l glue between 0.1 ani 0.5 mg/g p~duced 

a dense plate-type structure, while the use of more than 0.5 mg/g 

mJ.de the surface rou,::;h with a protruding fin-like structure in some 

areas. 

27 

The variations in th3 surface structure were drastic for commer­

cial electrolyte when the amount of gum arabic additions were varied. 

As little as 0.01 mg/g of gum arabic additions produced a plate-type 

dense deposit. The surface structure was completely changed when 

0 .10 mg/ g of the additive was used. Tre deposit was very dark and 

brittle with a very poor current efficiency. 

Better deposits v1ere usually obtained by using combimtions of 

addition agents. The concentration of the addition agents required 

in the combination could be estimated, ho·Never, by noting tle changes 

produced by the additives wren checked individually. Insufficient 

or excess quantities were frequently indicated by lower current effi­

ciencies, or by poor structural characteristics such as pin holes, 

surface roughening, or protrusions. 
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There seemed to be a trend occ~z on deterioration of the 

de ;)os it with ti :ne • If the long time deposit was not considered to 

be very Good, this could often be indicated earlier in the deposit 

cycle by the presence of certain of the surface characteristics which 

were mentio:1ed earlier_. For a very good deposit, the structure remained 

much more uniform ,,dth respect to elapsed time. 

In general, it appears that variations in deposition behavior 

can be followed by surface examination at high magnification, using 

a sc&~ning electro:1 microscope. 
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VI • RECOMMENDATIO~~S 

In the interest of further research into too ele ctrowinning of 

zinc from acid-zinc sulfate solutions,a few sugeestions are ma.de. 

A. A node Reaction. It •~ould be very beneficial to investigate 

the precise nature of the anode reaction vrl. th not only manganese 

and its compounds present in solution but also with colloidal impuri­

ties in the solution. An investigation of t~ effect of tre organic 

additives on the anode should be also included. 

The behavior of silver in the anode, physically, chemically, and 

electrochemici-tlly should be studied, particularly from tre stand­

point of reactivity ~ith impurities and additives in the solution. 

B. Cathode Reaction. Studies on colloidal effects on t~ 

cathode deposit should be J;ade, simiJar to those mentioned above for 

the anode. The nature of the study might be quite different however 

due to the continuous change of the cathode due to depositing zinc. 

The variation in the structure of the deposit and tre current 

efficiency as a function of the impurity or combinations of impuri­

ties should also be investieated. Of particular interest would be the 

behavior of silver, since there does not seem to be any information 

in the literature regarding this element. 

C. Colloid Particles. Some study of colloidal impurities and/or 

additives which are suspended in t~ electrolyte should be me1de, 

because of the substantial and varied effects these reagents have on 

the morphology an:i efficiency of tlB deposit. It may be possible to 



JO 

use some sort of diaphram around both anode and cathode to study 

the nature of these suspenso ids. 

D. Miscellaneous. A brief study on such variables as current 

density ani ter:J:Jeroture under closely controlled co ndi tiona, possibly 

usine an inert anode such as platinum orcarbon, might be warranted. 

The surface morphology obtained in these experiments migpt prove very 

informative. 
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APPENDIX A 

Preparation Of Zinc Sulfate Solution From Pure ZnO 

The following is the flow sheet for the preparation and purifi­

cation of the neutral zinc sulfate solution from pure zinc oxide. 

For 4,000 ml. of zinc sulfate solution containing ""200 gpl zn++­

arrl ~ 3 gpl Mnt+ 

1. Measure approximately 2,500 ml. of distilled water into a 4 

liter beaker. 

2. Add 660 to 680 ml. af C. P. grade sulfuric acid. 

3. Add 120 ml. of C. P. grade manganese sulfate solution con­

taining 0.1 g/ml. Mn++ 

4. Add 2 to 3 ml. of N/10 KMn04 solution. 

5. Weigh approxirrately 11 000 gr~of pure zinc oxide and make 

a paste with water. 

6. Add pure zinc oxide paste to the acid until the neutral 

point(methyl orange to yellow). 

7. Heat to near tre boiling point to complete tre coagulation 

and precipitation. 

B. Filter through # 41 Whatman paper or filter pulp depending 

upon the size of the precipitate. 

9. Add 10 gmnflof zinc dust to the filtrate. 

10. Heat to near the boiling point for at least 30 minutes. 

11. Filter through # 41 WhatJnan paper to remove excess zinc dust. 

12. Adjust the volume to 4,000 ml. • 
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APPENDIX B 

Purification Of Commercial Neutral Zinc Sulfate Solution 

The following.is tha flow sheet for the purification of the 

commercial neutral zinc sulfate solution which contains-170 gpl zni-+ 

and -3.5 gpl Mn't+ 

1. Pour the neutral solution into a 4 liter beaker. 

2. Heat to near the boiling point. 

3. Add 3 to 5 ml. of N/10 KMn04 or until tee solution becomes 

yellow. 

4. Filter through # 41 '/Jhatman paper or filter pulp depending 

upon the size of the precipitate. 

5. Add 20 grams of zinc dust. 

6. Heat to near the boiling point for at least 30 minutes. 

7. Filter through# 41 Whatman paper to remove the excess zinc 

dust. 

8. Adjust the volume to the original to compensate too evapo­

ration. 
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APP"~NDIX C 

Acid Build-Up From Neutral Zinc Sulfate Solution 

The following is the flow sheet for tre acid build-up from 

both the commercial and pure zinc oxide neutra 1 z.inc sulfate solu-

tiona. 

1. Pour the neutral zinc sulfate solution into 1 liter beaker 

-cell. 

2. Secure the electrodes in place. 

3. Turn on the power supply and set to obtain a current density 

of 30 asf for 2 to 3 hours, then increase trn current density to 45 

asf for 40 hours. Use 65 to 70 asf for at lea·st one hour before 

turning off the power supply. 

4. Remove all electrodes when the acidity is built up to ........ 250 

gpl. 

5. Filter through filter pulp to remove any prcciri tate from 

the solution. (Examples of the composition of the precipitates are 

shown in the Table 4 be.low) 

6. Adjust the acidity to the desired level by adding tre 

neutral stock solution. 

Table 4 - Spectrophotometric Analyses of tLe Prccipi tates. 

N. Solution Zn 

Commercial p 

Pure ZnO p 

P: predominant, M: minor, T: tmce, (t): s:>metimes trace amount. 
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APPENDIX D 

Scanning Electron Micrographs 

Some or the surface structures examined under a scanning elec-

tron microscope are shown in Figures 4 through 53. 

CODmercial Electrolyte: "'-'150 gpl H.yS04, ,..._g5 gpl Zn,++ "'-2.5 gpl Mn,++ 
No additiYea, c. density; 65 aaf, e. temp.J 45°C, 2 hour deposit. 

Camnercial Electrolyte:"'225 gpl fbS04, - 35 gpl Zn,++ - 2.5 gpl Mn,++ 
No additiTea, c. denait7J 65 as!, c. temp.J 45°C, 2 hour deposit. 
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Fig . 8 - Run- No 100- l, 300X Fig. 9 - Run-No 100-1, 3,000X 

Comrr.ercia1 Elactro1yte : --200 gpl H2S04, - 50 gp1 Zn~+ - 2 . 5 gp1 Mnf+ 
~~o additives , C. density; 65 asf, C. tamp . ; 25°C, 2 hour deposit . 

Fi~ . 10 - Run- No 96-3, 300X 

Coiill'OOrcial El.e ctrolyte: ,.., 200 gpl H2S04, ,.... 50 gp1 zn-:+,... 2 .5 gpl Mnt+ 
No additives, C. density; 65 asf, c . temp.; 45•c, 2 hour deposit . 
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Fig. 12 - Run- No 100-3, 300X Fig . 13 - Run-No 100-3, 3,000X 

Commercial Electrolyte : '"" 200 gpl H2S04, ,.., 50 gpl Znrt-2.5 gpl Mn;t' 
No additives, c. d3nsity; 65 ~sf, c. temp .; 6s •c, 2 hour deposit . 

_!i~ . l4 - Run-No 101-1, 1,000X 

.Commercial El9ctro1yte: An±ma.i"r 
glue; 0.01 rpj:fi/g, 2 hour deposit. 

·~ ,. 

# • 

• 15 - Run-No 101-2, l,OOOI 

commercial E~~r~rolyte: Animal 
· glue; 0.10 mgt~,~·. ;2 ~b9tlr deposit. 



Fig. 16 - Run-No 101-3, l,OOOX 

Commercial Electrolyte: Animal 
glue; 1.0 mg/g, 2 hour deposit• 

Commercial Electrolyte: Sodium 
silicate; 1.0 mg/g, 2 hour 
deposit. 
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Fig. 17 - Run-No 102-1, l,OOOX 

Coumercial Electrolyte: Sodium 
silicate; 0.1 mg/g, 2 hr. deposit . 

Colllllercial Electrolyte: Sodium 
silicate; 10.0 mg/g, 2 hour 
deposit. 



Fig. 20 - Run- No 103- 3, l , OOOX 

Conunercial Electrolyte: Gum 
arabic ; 0 .01 mg/g, 2 hour 
deposit. 

Fig . 22 - Run-No 103-2, l,OOOX 

Commercial Electrolyte : Gum 
arabic; 0.1 mg/g, 2 hour 
deposit . 

Fig. 21 - Run-No 103-1, l , OOOX 

ColMlercial Electrolyte : Gum 
arabic; 0 .05 mg/g, 2 hour 
deposit. 

Fig . 23 - Run-No 104-2, l.OOOX 
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Commercial Electrolyte: Animal 
glue; 0.2 mg/g, Sodium silicate; 
0 . 5 mg/g, 2 hour deposit. 



Fi~ . 24 - Run- f·lo 104- 3, l,OOOX 

Commeclal Ele~trolyte : Artlmal 
glue; 0.4 mg/s, Sodium sili- .• 
cate; 0 . 5 mg/ g, 2 hour deposi't. 

Fig. 26 - Run-No 104-5, l , OOOX 

Convnorcial E:W ctrol.yte: Animal 
glue ; 0 .8 mg/g, Sodium silicate; 
O.S mg/g, 2 hour deposit . 
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Fig. 25 - Run- No 104-4, l,OOOX 

Commerelal Electrolyte: Animal 
glue; 0.6 mg/g, Sodiwn silicate; 
0 . 5 mg/g, 2 hour deposit. 

Fig . 27 - Run-No 104-6, l , OOOX 

Commercial Electrolyte: Animal 
glue; 1.0 mg/g, Sodium silicate; 
0. 5 mg/g, 2 hour deposit. 



Commercial Electrolyte: Animal 
glue; 0 .8 mg/g, Sodium silicate; 
0 .5 mg/g, 2 hour deposit . 

Fig. 30 - Run-No 104-6, J,OOOX 

Commercial Electrolyte: Animal 
glue; 1.0 mg/g, Sodium silicate; 
0.5 ffig/g, 2 hour deposit. 
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Fig. 29 - Run-No 104-6, lOOX 

Commercial Electrolyte: Animal 
glue; 1.0 mg/g, Sodium silicate; 
0 .5 mg/g, 2 hour deposit . 
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Fig . 31 - Run-No 107- 3, 300X Fig. 32 - Run-No 107-3, 3,000X 

Pure ZnO Electrolyte : .... 200 gpl ltzS04, - 65 gpl Znt-'" - 2 . 5 gpl Mn;+ 
No additives , C. density; 65 a~f , C. temp.; 45°C, 2 hour deposit . 

Fig. 33--- Run-No 107-4, 300X Fig . 34 - Run-No 107-4, 3,000X 

Pure ZnO Electrolyte: -200 gpl H~04, - 65 gpl Zn;+ - 3.0 gpl lint+" 
No additives, c. donsity; 65 asf, o. t emp. J 45 •c, ~ hour deposit . 



Fig. 35 - Run-No 111-l, 300X 

Pure ZnO Electrolyte: Animal glue; 0.01 mg/g, 2 hour deposit. 

Fig. 38 - Run-No lll-3, 3, 

Pure ZnO Electrol.yt~* ""A~ glue; 1.0 mg/g, 2 hour deposit. 
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Fig. 39 - Run-No 112-1, 300X 

Pure ZnO E1ectrp1yte: Gum arabic; 0.01 mg/g, 2 hour deposit . 

Fig. 41 - Run-No 112-3, 300X Fig. 42 - Run-No ll2·3, 3,0001 

Pure ZnO Electrolyte : Gum arabic; 0.10 mg/g, 2 hour deposit. 
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Fig . 44 - Run-No 114-2, 3,000X 

Pure ZnO Electrolyte: Sodium silicate; 1.0 rng/g, 2 hour deposit. 

Pure ZnO Electrolyte: Animal glue; 0.5 mg/g, Sodium silicate; 2.0 
mg/g, 18 hour deposit. 



Fig. 47 - Run-No 115-1, 1,000X 

Pure ZnO El.e ctrolyte: "' 250 gp1 
~so4, ..... 40 gp1 znt+....,2.5 gpl Mnt+ 
C. density; 95 as!~ C. temp.; 
60'c, No additives, 2 hr.deposit. 

2 hour deposit. 
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Fie. 48 - Run-No 115-4, 3,000X 

Pure ZnO Electrolyte: - 200 gp1 
H2S04, ,_ 65 gpl Znt+"' 2.5 gpl Mn;+ 
a. denSi~; 5 asf, c. temp.; 25°C, 
No additives, 6 hour deposit . 

6 hour deposit. 



Fig, 5l - Plant Depo~it, 

8 hour deposit. 

Fig . 53 - Plant Deposit, 3,0001 

24 hour deposit. 

Fig, 5Z - PlAnt Dopoait, J,OOOX 

12 hour deposit . 
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