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ABSTRACT

A kinetic and an empirical study of the effects of nickelous
ion on the deposition process of copper in a copper sulfate+sulfuric
acid system was made.

The empirical experiments indicate that nickel ion has no effect
on the current efficiency of the deposition process nor on the purity of
the deposit. It does have an effect on the morphology of the deposit

and the cell voltage. A system of grading the quality of the deposit
was developed. This system results in a Reference Number, R, which
describes the experimental conditions of deposition. The quality of
the surface of the deposit is given by the Surface Index, Q. Correla-
tion between R and Q are given along with the four divisions of the
qualities of the deposits.

An increase in tihe nickel concentration gives deposits that are
less satisfactory. This effect becomes greatest at high current densi-
ties. At a current density of 19.1 amps/ftz, good deposits are obtained
at all nickel concentrations regardless of the copper concentration.

At 37.0 and 56.1 amps/ft2 the control of the copper concentration becomes
critical and less satisfactory deposits are obtained when the copper
concentration is below a certain minimum.

A1l concentrations of the nickel ion increase the cell voltage at
a current density of 19.1 amps/ftz. It is lowered at 37.0 amps/ft2 if
the nickel concentration is not above 1 gram per liter. At concentrations

higher than 1 gram per liter the cell voltage is increased. At a current
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density of 5C.1 amps/ft2 the nickel concentration lowers the cell vo]tége.
A1l increases and decreases in the cell voltage are relative to the cell
voltage when no nickel is present in the electrolyte. At all current
densities the nickel stabilized the cell voltage at a value that was in-
dependent of the copper concentration.

The kinetic studies indicate that nickel increcases the exchange
current density of the copper + copper sulfate + sulfuric acid system.
These studies indicate that the nickel influences the amount of energy
required for tne charge-transfer process. It lowers this energy re-
quirement and thus allows the reaction to proceed by a one-step
charge-transfer process at nickel concentrations of approximately 10
grams per liter. This concentration is independent of the copper con-
centration. The reaction reverts back to a two-step charge-transfer
process at high nickel concentrations ( approximately 15 grams per liter ).

A theory is proposed to explain this behavior. This theqry
proposes that the Towering in the energy is accomplished through either
or a combination of two factors: 1) the stretching of the copper-water
bond by the presence of ﬁicke] ions, and/or 2) the lowering of the work
function of the metal electrode in the presence of nickel ions. It is
also proposed that the nickel jons build up in concentration near the
cathode and act as a barrier that affects the mobility of the copper
ions. The energy lowering effect and the barrier effect join to pro-
duce forces that influence the system so that it acts in the manner that

was experimentally determined.

iv



T-1418

TABLE CF CONTENTS

Page

ABS T RACT ittt ittt ittt ittt tatsenssascasnenseenassoacnnans 111
TABLE OF CONTENTS wivtitininineernoneronenonosssssnsssnsasossonsns v
LIST OF FIGURES wuvtitiiiiiiitiieanennennnsnsensonssosansenssansns ix
LIST OF TABLES ittt ittt itiietnrtesssanenensnsancasnns xiii
ACKHOWLEDGEMENTS vttt ittt ie et iteennsennssenncsencnans XV
THTRODUCTION « v v eeeveeeeeee e eeee e eeee e enee eeeeneneneeeeennss 1
SURVEY OF THE LITERATURE «.ivurinntiiiiienneenraneresansassnncacons 7
Organic AddItives «.virieiiiei ittt iieiiiinenenenereensanas 7

Cation and Anion Impurities ...eeieeiiiieenervernnnonnennns 7
Conductivity and Cell Voltage Measurements ........... 7
Electrodeposition v.veeereieieierenenenonennoncnnnsans 9

Electrode Kinetics tvivirereiinrieineientonerencnnnnnananas 10
General Kinetics .ovveviiiiiniiiiiiiiiiiiinennnnnnnns 10

Kinetics of éopper Electrodeposition ..vvveievevrennnn 11

Anodic Dissolution of COpper ..veeeeverenrecnseensenas 12
EXPERIIENTAL APPARATUS AMD PROCEDURES +vvvvviiiiiiiiiiiiiniinnnn, 14
Empirical Experiments ....iiieiiiiiiniiiieioriennnnennaennes 14
EQUIPMENt ottt iiiiiennrneassocenensncnsnsanoncsosnns 14

Materials ......... et eeraeee ettt 18

Procedure vu.veuieeiriniiieiiieiin et iatiiinaensanns 19

Analysis of SOTULIONS .oviiiviiiiniiieiniieiineeennnns 20



T-1418

APolarization g o ol 111 V] ¢ oAU
AT 3T 1
Materials ittt ittt ittt enienesarsaenanns
ProcedUre ittt ittt i et

EXPERIMENTAL RESULTS tiitiiitiniiiinisneensoressnsnnsnsssnsnasas

Empirical Experiment Resulfs civvviiniiiinninnnennnnnnnses
Effect of Nickelous Ion on the Current Efficiency ...
Effect of Nickelous Ion on the Horphology ...vvevnens

Reference Humber ..ovevtiiiiiiiiiiiiiniiennenns
Surface Index ..ooviiiiiiiiiniiiiniinenenennnnons
Deposit Quality wovereniiiiiiiiiiiiiieeninnanas

Surface Index as a Function of the Initial
Copper Concentration - 19.7 asf .oeevvviinnenns

Surface Index as a Function of the Initial
Copper Concentration - 37.0 asf «..vveevnnnnnnns

Surface Index as a Function of the Initial
Copper Concentration - 56.1 asf ......cvvvvuennn

Surface Index as a Function of Current Density .

Surface Index as a Function of the Nickel
Concentration = 19.7 aSf +tieiieeriieeeenrannnes

Surface Index as a Function of the Nickel
Concentration = 37.0 aSf veviiierieneneneennnnns

Surface Index as a Function of the Nickel
Concentration = 56.7 2ST tieeiiiierneenonnnnnnns

Surface Index as a Function of the
Reference HUMDer v er et nineeentsnnnsnonsns

Effect of Copper and ilickel Concentration on the
Total Cell VoTtage v.ovevevriiiieieeernenennnnncnnanas

vi

32

32

40

43

43

45

47



T-1418

Pag
Effect of Copper and Hickel Concentration
on Cell Voltage - 19.7 asf ..vvvviiininnennnns 47
Effect of Copper and ilickel Concentration
on Cell Voltage - 37.0 asf coiviiiiinieniinnns 49
Effect of Copper and {ickel Concentration
on Cell Voltage - 56.1 asf «..oviveiivinnninnns 49
Effect of Current Density on Cell Voltage ..... 50
Effect of [lickelous Ion on Deposit Purity .......... 50
Polarization Results ..iuivieiiiieiiniininencnnsennsnanans 55
Effect of i{lickel on the Exchange Current Density ... 55
Theoretical and Calculated Values of the
Exchange Current Density ..vvvviininenneennenneonnns 55
Exchange Current Density Calculated from
Experimental Cvervoltages vvvvereeniennenennans 62
Exchange Current Density Calculated from
Calculated Overvoltages .vvivveeeeiinneennennes 66
Comparison of Experimental and Calculated
Exchange Current Densities vovuvvivenienerenennennnns 66
MAverage Exchange Current Pensity .............. 69
Effect of Temperature on the Exchange
Current Density viveerireiirerenernnscnenonnsscansas 69
DISCUSSION OF RESULTS ittt iiiinentnenseenennsasnsnsnncnsassns 74
Polarization ReSUTES t.neiiiiiiiiiineneonenennoneennanas 74
Exchange Current Density ...covvieiiiviiiiiinennnne, 74
Compact Double-Layer and the Diffuse Layer ......... 75
Experimental Exchange Current Density .......cvvivne 80
Theoretical Exchange Current Density ......oovvvinens 80
Two-Step and One-Step Charge-Transfer .........cuue 82
Hydrogen Evolution Reaction .....vvevuieeivinnnnenens 86

vii



T-1418

Theory of Bockris and HMHatthews ....iviviiiirienrennn.
The Electronic Work Function .....vviiiiiiiiiiiiinns
The Hvdration of Copper and Hickel Ions .............
Proposed ThEO Y ..vevetiiiiitirneressnocansosonsansas

Effects of Temperature ...ceeveviiienvnerennennannans

Empirical Results ..vreiiiiiiiiiiiiiiiiiiieieenenrnnnnns

CONCLUSIOHNS

Current Efficiency veveeeineineriennennenenrconsnnnons
Morphology of the Deposit vovvviieinrerinrienrneonnrnnes
Cell VoTtage viveerrireennseeosnoenasessasanesssnnsas

Cell Voltage as a Function of the
Current Density ceeevereererinnneeeeenncsonannss

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

BIBLIOGRAPHY vttt it i i it i i i ittt it ittt eisnsnnnanans

APPENDIX A
APPENDIX B
APPENDIX C
APPENDIX D
APPENDIX E
NPPENDIX F
APPENDIX G
APPENDIX H
APPENDIX I

APPENDIX J

......................................................
......................................................
......................................................
......................................................
......................................................
......................................................
......................................................
......................................................
......................................................

oooooooooooooooooooooooooooooooooooooooooooooooooooooo

viii

100
100
100
101

105
108
111
116
166
173
183
185
189
202
212
214
225



T-1418

LIST OF FIGURES

Figure

1. Effect of nickel on copper conductivity ....cvveviiinnnnn.
2. Effect of nickel and arsenic on purity of

COPPer WIre DaAr v iiiiitiiiieiiererrnoncennasensnssenannnns
3. Schematic diagram of empirical experimental

BQUIPIIENT ittt ittt it ietensnoensansassssaasosssasassnss
4. Photograph of empirical experimental equipment .......v...
5. Schematic diagram of polarization experimental

BQUIPMENT vttt ittt it ienirreatenenasoesssoreecessscennans
6. Photograph of U-tube polarization cell ...ciivveieiiennen

7. Photograph of electrode holder for
POlarization testS cuvvueiriiiiiiiiinersneneecnennonsnnans

8. Close-up photograph of electrode holder
for polarization tests ...iiveiiiiiiirenieneneonsonnransone

w0

Reference number, R, as a function of copper
and nickel concentration ...t iieiineenecsnonnanns

10. Surface index, Q, as a function of

initial copper concentration ...e.veeeierecerennesecnnsnans
11. Surface index, Q,-as a function of initial copper
concentration (1 gpl nickel ) vevviiiiiirnernennnnenannns
12. Surface index, Q, as a function of initial copper
concentration ( 5 gpl nickel ) cuoriiiiiiiiiinnnrrnnnennnnns
13. Surface index, Q, as a function of initial copper
concentration ( 15 gpl nickel ) cuviriiiiiiiiiiiinrennnnns
14. Surface index, Q, as a function of current density .......

15. Surface index, Q, as a function of nickel
CONCENEratioN vt ieneienrennerontenossssseosssonnaensnns

16. Surface index, Q, as a function of the
refercnce number, R ..ottt iieiienroneressnnssnnnns



T-1418

Figure .

17.

18.

20.

21.
22.

23.

24.

25.

26.

27.
28.

25.
30C.
31.
32.
33.

34,
35.

Cell voltage as a function of initial copper

concentration ( 0 gpl nickel ) vovuviirriiniinnrnneennnens

Cell voltage as a function of initial copper and

nickel concentration ( 79.7 @ST ) vierernrenenennnnennnas

Cell voltage as a function of initial copper and

nickel concentration ( 37.0 @S ) vivvenvnrrnenennnnenns

Cell voltage as a function of initial copper and

nickel concentration ( 56.7 asf ) vivverreninrinnnennnnnns

Cell voltage as a function of current density ...........

Experimental exchange current density as a

function of nickel concentration ...eeeeeeeeerneeeenonsens

Calculated exchange current density as a

function of nickel concentration .....ccovviiiviienennn..

Calculated exchange current density as a

function of nickel concentration ....eeee e ennonaense

Comparison of experimental and calculated

exchange current density cuoeveiiiiiinieirerrenernnccnnenns

Average exchange current density as a

function of nickel concentration .....coviviiiiiiiinnans '
Exchange current density as a function of temperature ....
Charge-transfer at a metal/metal-ion electrode ..........
Schematic diagram of double-layer ....ccviiiieieiiniennns
Cetailed model of double-layer ...ieeiiiieeeerncecnnncenns
Two-step and one-step charge-transfer ...oveeeierinennnnss

Two-step and one-step charge-transfer ...viviieicinennnss

Potential energy-distance profile for

proton discharge reaction ...vviiiiiiieiiiiienrnrnnnnnnes

Energy and barrier effects ...vviviiiiiiiiiiiiiiiiniienes

Comparison of experimental and theoretical

exchange current density at 40 °C ..vvviiieenenreneennnns

X

Page

48

51

52

53
54

56

63

67

68

70
71
76
77
79
83
84

89
96

98



T-1418

Figure

o OO

OO O

3G.

37.

Camponents of cell voltage

ooooooooooooooooooooooooooooooo

Cell voltage as a function of current density ............

IR drop between cathode and anode
Cell and electrode guide
Electrode holder
Electrode jig

iiagnetic stirrer

........................

ooooooooooooooooooooooooooooooooo

Cell guide and positioning bar

U-tube cell

Electrode holder
Luggin-Haber capillary probe assembly

Linear conductor

Inclined el

Probe position and IR drop errors

Photograph of an actual electrode surface

ooooooooooooooooooooooooooooooooooooooooo

--------------------------------------------

ooooooooooooooooooooooooooooooooooooooooo

---------------------------

oooooooooooooooooooooooooooooooooooooooooooooo

oooooo

ooooooooooooooooooooooooooooooooooooooooo

oooooooooooooo

ooooooooooooooooooooooooooooooooooooooooo

oY ol o8 6 16 [

Electrode nolder shielding effects

Cross-sectional view of 3-clectrode system

Effect of IR drop correction

Effect of curve fitting

Photograph
Photograph
Photograph
Photograph

Photograph

of electrode
of electrode
of electrode
of electrode

of electrode

.o

oooooooooooooooooooooooo

..............

ooooooooooooooooooooooo

00000000000000

ooooooooooooooooooooooooooooo

surface
surface

surface

surface (

surface

Xi

(Q

..............

oooooooooooooo

oooooooooooooo

oooooooooooooo

Pag
102

106
107
168
169
170
171
172
178
179
179
180
180
181
182
181
204
223
224
226
226
226
227
227



T-1418

Figure Page
J.6. Photograph of electrode surface ( Q= 4.2 ) oveeivivennnn. 227
J.7. Photograph of electrode surface ( Q = 4.5 ) cvevevvenennn. 228
J.3. Photograph of electrode surface ( Q = 5.0 ) vevvuienneennn 228
J.9. Photograph of electrode surface ( Q = 6.0 ) vvverviuennnns 228

J.10. Photograph of electrode surface ( Q = 7.0 ) cevveverninannn 229

J.11. Photograph of electrode surface { Q = 8.0 ) .vvvevienvenn, 229

J.12. Photograph of electrode surface ( Q = 9.0 ) «vvvevvennennn 229

J.13. Photograph of electrcde surface ( Q =10.0 ) covvvrvvennnnnn 230

J.14. Photograph of elcctrode surface ( Q = 16.0 ) cvvvnvvnnne. 230

J.15. Photograph of electrode surface ( Q = 17.0 ) vveeevennnnns 230

J.16. Photograph of e]éctrode surface ( Q = 18.0 ) vevvenennnnns 231

J.17. Photograph of electrode surface ( Q = 20.0 ) vevvuvnrvnnnnn 231

J.18. Photograph of electrode surface ( Q = 20.0 ) .vevvvunvnnns 231

Xii



T-1418

LIST OF TABLES

Table Page
1. Impurity levels of refinery electrolytes ...vvvvieiiennnn. 3
2. Typical nickel analysis of copper anodes used

in electrorefining «vveiiiiiiiiirneeeeeneerosnresnenneeens 4
3. Percent increase in resistivity of an HpSO4 electrolyte .. 6
4. PAnalysis of copper foil used for empirical tests ......... 18

5. Reference number, R, as a function of copper and
nickel concentration ....iiiiiiiiiiiiiiirienenensneacnenas 30

6. Quality of the deposit as a function of the

SUPTace TNAEX vuiiiviiiinrioeeeneeonnsoasosnssnsssoscanses 32
7. Surface indices and reference numbers for actual

experimental tests - 19.7 amps/ft2 tovvrvrrennnnnnnnneenns 33
= 37.0 amps/Ft2 L.t 34
- 56,1 amps/Fte i 35
3. Experimental exchange current densities ...oeveeevenennnnn 57
9. Theoretical and calculated exchange current densities .... 64

10.  Experimental and calculated overvoltages for test
NURIDET 33 ittt iiinnerorennrecnsessssassasnssassacessossonns 72
11.  Average exchange current densities ......cvvieeenninnnns cos 73
T.A. Empirical results veviiiiiiininininnereenreressnsncaanens 117
2.A.  Polarization results tieeeiiiereeirerneesnneronaronosonnes 130

1.E. Specific conductance values used in

IR drop corrections «oveieeiienneernneestcnonsacsannosanss 188
1.G. Weight losses in dissolution tests .ovvviiiieninnneens 206
2.G. Rate of disSOTULION tiveerierennoenossasssnssossssnannases 208
3.G.  AbsSOrbtion data ..eveerereieriinretoenerecrccnarcancnnenes 209
4.G. Dissolution corrections for current efficiencies ......... 210

Xiii



T-1418

Table Page
1.I. Electrometer corrections for test number 33 .......cvvven. 217
2.1. Resistance polarization corrections for test number 33 ... 219
3.1. Curve fitted data ( test number 33 ) vuoveririrriernnnennnnns 221

Xiv



T-1418

ACKNOWLEDGMENTS

The author wishes to express his appreciation and thanks to
Dr. T. Balberyszski, Associate Professor, Department of Metallurgical
Engineering, Colorado School of Mines, for his valuable guidance and
assistance throughout the course of this investigation.

The author would also like to extend his gratitude to his commit-
tee, Dr. P.G. Herold and Dr. W. Copeland.

Thanks also goes to the author's fellow students Mr. V.F.Campos
for his many helpful discussions, aid in computer programming and photog-
raphy; and to Mr. R. Roberts for his assistance with much of the polar-
jzation experimental equipment, and for his valuable aid and gquidance
during this phase of the work.

The author would also like to thank the Colorado School of Mines
Foundation and the American Metals Climax Corporation for providing
the financial assistance necessary to carry out this investigat{on.

The author would also like to thank Dr. N.C. Schieltz for his
valuable help in much of the photography work.

Last but not ]east; the author would also 1ike to thank his wife,

Judy for her kind and gentle patience during this course of study.

XV



T-1418

INTRODUCTION

In a recent publication ( Rosenbaum, 1968 ), the Research Direc-
tor of the Salt Lake City letallurgy Research Center, Mr. J. B. Rosen-

baum stated:

"There is 1ittle prospect for the displacement of concen-
trate smelting by electrometallurgy. However, leaching of
copper from ores and waste dumps is increasing sharply. HMost
of the copper so dissolved is removed from solution by
cementation on scrap iron and charged to the smelter. An
alternative route, receiving increasing attention, is to
prepare and enriched solution for copper electrowinning by
solvent extraction of the dilute leach solution or by
dissolving the cement copper in cell electrolyte."

The two important words to take note of from the above quote are-

copper electrowinning. It was the intent of this author to conduct

research which vould be of practical value to both the copper electro-
vinning and electrorefining industries.

In the last ten years the total production of refined copper has
grown from 1,672,362 tons in 1961 to 1,985,202 tons in 19€9. However,
the copper produced by electrolytic means has dropped during this same
time period. In 1961 e]éctro]ytic copper accounted for 90.4% of the
refined copper output of the United States. This figure dropped to
88.3% in 1969. These figures can be compared to the figures of 1950
vhich show that electrolytic copper accounted for 93.5% of the refined
copper output.

During this same time period the price of electrolytic copper

increased sharply. At the end of 1961 the price was 31.00 cents per
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pound vihereas in September 1269 the price had risen to 52.12 1/2 cent§
per pound. This is almost a twofold increase during a very short time
period.

any reasons can be given for the increase in price and decrease
in production of electrolytic copper. It is not the intent of this
author nor of this research to investigate the economics of copper pro-
duction. However, it is nccessary to point out that with such a state
of affairs it behooves the copper industry to know as much as possible
about their operating parameters.

It is also important to show the increasing tendency and need of
the copper industry to go to hydrometallurgical processes for producing
copper. [lany new plants using primarily hydrometallurgy and specifi-
cally electrowinning of copper as a recovery means have been developed
in recent years. In Zambia, Africa, the Chambishi RLE plant was re-
cently built and uses the Chambishi Process for the roasting, 1¢aching
and electrowinning of copper ( Verney, 1968 ).

In March of 1968 the first commercial copper liquid ion ex-
change and e]ectrowinning plant was opened in the Bluebird Mine in
Miami, Arizona ( Power, 1970 ). In its first year it produced
9,000,000 pounds of cathode copper.

There are also many copper refineries throughout the world.
These refineries encounter many of the same problems that are encount-
ered at electrowinning operations. In a typical refinery there are
eight major impurities to cope with. They are: gold, silver, selenium,
tellurium, arsenic, antimony, lead and nickel. These same impurities

also show up in many electrowinning plants. Table 1 shows some
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typical electrolyte analysis from variocus plants.

Table 1: Impurity Levels of Refinery Electrolytes

Plant

Impurity Fufulira Hdola Chambishi 1* 2% 3*
(gp1) (gp1) (gp1) (gp1)  (gp1) (gpl)

Bi 0.16 0.14 0.04 —mem mmem eeee
Ni 2.0 4.0 0.6 21.49 18.09 5.15
As 0.3 -——- ---- 13.72 16.80 6.96
Fe 0.6 0.8 10.0 3.00 3.00 3.65
Cl 0.04 0.02 ——-- e
Co ———— ———— 3.0 e L
Ti - - 0.06 mmm= mmes e
lin -——-- -~ 2.0 I LT L
Se ---- -—-- 0.7ppm memm mmee deee

Table 2 shows some typical nickel analysis of copper anodes used
in electrorefining ( Han&e]], 1950 ).

Various effects of many of these impurities have been known for
many years. In the refinery process Se and Te go into the slimes and are
recovered later. Lead precipitates as PbSOg. Arsenic remains in the
electrolyte as arsenic acid. Antimony can form H3SbO3 which reacts with
the arsenic to produce basic antimonious arsenate compounds. HNickel

remains in tne electrolyte as a sulfate.
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Table 2: Typical ilickel Analysis of Copper finodes Used In
tlectrorefining.

% Ni

American Smelting and Refining, Barber, N.J. 0.038
American Smelting and Refining, Baltimore, iid. 0.08
American Smelting and Refining, Tacoma, Wash. 0.14
Anaconda Copper ifining Co., Great Falls, ilont. 0.030

International Nickel Company of Canada, Ltd.,
Copper Cliff, Ontario 0.48

It is obvious from the foregoing that nickel is usually present
in both electrowinning and clectrorefining. Very little work has
actually been done to determine just what effects the nickel has on
copper electrodeposition. It is known that with an increase in the
nickel ion content of the electrolyte, there is an increase in nickel
in the finished product. This is shown in Figure 2. This nickel in
turn has an injurious effect on the conductivity of the final copper
product. This is shown in Figure 1 which shows a plot of the percent
conductiVity of copper as a function of the amount of added nickel.

Kern and Chang ( Kern and Chang, 1922 ) conducted research in
1922 in which they found that arsenic, iron and nickel decreased the
conductivity of a CuSOg - HpSO4 electrolyte. The results of their
work indicated that the iron and nickel content of the electrolyte

should be kept as low as possible.
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Skowronski and Reinoso ( Skowronski and Reinoso, 1927 )
repeated the work of Kern and Chang. They were able to derive equa-
tions for predicting the increase in resistivity of a HpSOq electro-
lyte with various additions of copper, nickel iron and arsenic.
Using a standard electrolyte of 150 gpl HpSO,4 at a temperature of
55 °C, each one gram of added nickel, copper, iron and arsenic pro-

duced the increase in resistivity snhown in Table 3.

Table 3: Percent Increase In Resistivity Of An H,SC4 Electrolyte

Element % Increase
Cu 0.657
Ni 0.766
Fe 0.818
As 0.0725

In none of the previous research was there any indication of what
effects nickelous ion has on the morphology of the deposit or the
efficiency of the process. HNor was there any work that illustrated how
important nickel is to the basic deposition process. It was the intention

of this research to investigate these factors.
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SURVEY OF THE LITERATURE

lHuch of the earlier work conducted in the field of electrodep-
osition of copper has been concentrated in the area of studying such
impurities as those that are added intentionally in order to produce a
certain type of deposit, i.e. gelatin and other organic additives.
These additives are used to produce either bright or smooth deposits.
In the study of the kinetics of clectrode reactions all of the work
concerned with copper has concentrated on systems using solutions

having only copper as the main cation present in solution.

Organic Additives

A great deal of work has been done on the effects of organic
additives in the copper electrodeposition process. It was not the pur-
pose of this work to investigate any organic substances. The reader
however, can be referred to several fine works on this subject. These
works provide a good starting point for studying "inhibitors"

( Bockris and Razumney, 1967 ) and ( Vetter, 1967 ).

Cation And Anion Impurities

Conductivity and Cell Voltage lMeasurements

Some work has been done in finding what effects certain anions
and cations have on various aspects of the electrodeposition process.

Most, if not all of this earlier work dealt with the effect each

7
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impurity had on the properties of the celectrolyte, e.g. specific con-.
ductivity. Kern and Chang ( Kern and Chang, 1922 ) published a paper

in 1922 in which they gave detailed information on the conductivity of
electrolytes used in copper refining. They studied the effects of
arsenic, nickel sulfate and ferrous sulfate upon the conductivity of the
electrolyte. They found in their work that the presence of nickel
sulfate depressed the conductivity of the electrolyte.

Skowronski and Reinoso ( Skowronski and Reinoso, 1926 ) in 1926
took the work of Kern and Chang a step further. In their work they
also studied the effects of copper, nickel, iron and arsenic on the
conductivity of the electrolyte. However, they were able to obtain
relationships which enabled them to provide a means of calculating the
conductivity of an electrolyte given its chemical analysis. Their cal-
culated values for the conductivity gave results which were within
+1% of the actual measured conductivity.

Rouse and Aubel ( Rouse and Aubel, 1927 ) in 1927 published a
paper concerned with the cell voltages in copper refining. In their
work they investigated the effects of temperaturec, acid concentration,
copper, nickel and arsenic concentration and also the effect of glue.
They found that the addition of the metal impurities increased the re-
sistance of the electrolyte. However, they also found that in the case
of nickel there was a decrease in the polarization voltages ( as nickel
was added to solution ) which overcame the increase in the electrolyte
resistance. This produced voltages which were lower than would be ex-

pected. They found that this effect reached a minimum ( minimum in
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total cell voltage ). Then an increase in nickel concentration pro-
duced an increcase in resistance which was more than the depolarizing
effect of the nickel and therefore, the total cell voltage again in-
creased. This was the first case in which a behavior sucih as this had
been noted.

Uther work has also becen done in the area of voltage studies of
copper refining electrolytes. In particular the work of Fink and
Piilippi in 1926 ( Fink and Philippi, 1926 ). Their main concern and
that of others was the effect of acid, temperature and copper concen-
tration on the total cell voltages. Mo attempt was made to intro-

duce any impurities.

Electrodeposition

Very Tittle work on the actual copper electrodeposition process
with dmpuities other than organic ones has bLeen done. Gauvin and
Winkler ( Gauvin and Winkler, 1952 ) in 1952 published a paper éon—
cerned with the effect of chiloride ions in the electrodeposition of
copper.

Sheir and Smith (’Sheir and Smith, 1952 ) in 1952 published a
series of papers concerned with cathodic polarization during copper
electrodeposition. Although their work was not directed at investigat-
ing the effects of any impurities it gave some very interesting results.
They found that the methods of preparation and storage of an electrolyte
solution and the time of storage had a definite effect on the "constant
state polarization potential". They found that freshly prepared solutions

gave a fine copper deposit with a high polarization value. Whereas
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thosc solutions stored prior to use resulted in a coarse deposit and
a lover value for tne polarization potential. They suggested that
these effects were due to the presence of an oxidizable sulfur com-
pound.

Edwards and Wall ( Edwards and Wall, 1966 ) in 19G6 studied the
effects of certain impurities on the energy requirements for copper
electrodeposition. They found that the presence in solution of typi-
cal refinery impurities had no significant effect on the energy require-
ments.

Tuddenham and Sorensen ( Tuddenham and Sorensen, 1969 ) con-
ducted work to investigate the effects of copper, iron, aluminum and
acid concentrations on the quality of electrowon copper. They demon-
strated that the effects of these impurities were dependent on the type

of circulation present in the cell.

Electrode Kinetics

General Kinetics

Except for a few early papers on the subject, electrode kinetics
has becen a subject that has evolved only within the Tast 20 years. In
19338 Agar and Bowden ( Agar and Bowden, 1938 ) published a paper on the
subject of the kinetics of electrode reactions. Their paper set forth
some of the very basic concepts dealing with electrode kinetics.

In 1951 Parsons ( Parsons, 1951 ) attempted to deal with the sub-
ject on a purely theoretical basis and derive some general equations to

describe the rate determining step in any electrode process.
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Conviay and Bockris ( Conway and Bockris, 1958 ) in 1958 published a
paper in which they discussed the mechanism of electrodeposition. Their
main concern was the investigation of the most likely path a depositing

jon would follow.

Kinetics of Copper Electrodeposition

Mattsson and Bockris ( iattsson and Bockris, 1959 ) in 1959
investigated the kinetics of copper deposition and dissolution in a
copper sulfate solution using galvanostatic techniques. Their results
indicated that at low current densities the rate controlling step was
the surface diffusion of adions. ‘hereas at higher current densities
the rate controlling step was the charge-transfer process between Cutt
and Cut.

This same system was investigated in more detail by Bockris and
Kita ( Bockris and Kita, 1962 ) in 1962. They investigated the depend-
ence of the charge-transfer and surface diffusion steps on the nature of
the surface. They found that at low current densities the rate deter-
mining step for electrodeposited and oxide film surfaces was a combina-
tion of both surface diffusion and charge-transfer. However, at higher
current densities the rate determining step is predominantly charge-trans-
fer.

For surfaces prepared by quenching the copper in either a helium
or hydrogen atmosphere they found that the rate determining step at low
current densities is surface diffusion and at high current densities it

is charge-transfer.
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In 1962, Hurlen ( Hurlen, 1962 ) investigated the kinetics of
iron, zinc and copper electrodes. His findings are concerned with a
transition-state theory of activation controlled reactions at the elec-
trode. He considered both electrodeposition and dissolution. His
findings are in conflict with those of Bockris and Kita and of Mattsson
and Bockris.

None of the foregoing investigations have dealt with the problem

of what cffect a second ion has on the kinetics of the electrode reaction.

Anodic Dissolution of Copper

Some work has been done in the field of corrosion that deals with
the area of anodic dissolution of copper. Most of this work deals pri-
marily with the environment(s) that most readily produce or reduce the
corrosion of copper. Although these studies are not directed at the
kinetics of dissolution they are helpful.

Ives and Rawson ( Ives and Rawson, 1962 ) published a paper con-
cerned with copper corrosion. Their paper is a very detailed one in
which they explore four areas of copper corrosion : 1) thermodynamics,
2) kinetic studies, 3) the electrochemical theory of general corrosion,
and 4) the effects of saline additions. However, their main concern
was that of investigating the corrosion products when dissolved oxygen
and carbon dioxide were present in solution.

Jenkins and Stiegler ( Jenkins and Stiegler, 1962 ) in 1962 con-
ducted work on the anodic dissolution of single crystalline copper.
Their work indicated that the rate of dissolution was dependent upon the

defect structure of the electrode.
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A more diverse study by Valeev and Khlopotina ( Valeev and
Khlopotina, 1969 ) was conducted in order to study the relationship of
the mechanism of dissolution and the diffusion Tayer. Their work indi-
cated that there is a light-sensitive film on the electrode surface
wnich plays an important part in the mechanism of smoothing of the macro-
relief of the surface.

In 1970 Leckie ( Leckie, 1970 ) conducted research on the anodic
polarization behavior of copper. His research was directed at investi-
gating the polarization behavior of copper under various pH environ-
ments. His findings are important in that they indicate that in acid
solution there is no formation of a protective film on the copper
surface.

The anodic dissolution of copper at high current densities was
investigated by Landolt, Muller and Tobias ( Landolt, Miller and Tobias,
1971 ). However, the main aim of their research was to find a satis-
factory method of experimentally determining the anodic behavior at

high current densities.
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EXPERTHENTAL APPARATUS AIID PROCEDURES

This investigation was conducted in two separate phases:
1) empirical experiments and, 2) polarization experiments. The empir-
ical experiments were conducted in order to obtain information on the
effects of nickelous ion on the purity and morphology of the deposit.
The effects of nickelous ions on the cell voltage and current efficiency
vas also determined. The polarization experiments were conducted in
order to obtain basic information helpful in determining the kinetics

of the electrode reaction with nickelous ions present.

Empirical Experiments

Equipment

A schematic diagram of the equipment is shown in Figure 3 and
a photograph of the set-up is shown in Figure 4. The constant current
source vas a Hew]ett-Packard, D.C. power supply, Model 6201B. The
ammeter was a Weston, lodel Ho. 1. A plot of cathode to anode voltage
was made using a Speedomax, Type G recorder. Since this recorder was
made to handle only 50 millivolts full-scale load, it had to be connected
to the electrodes through a voltage divider. This enabled the recorder
to record voltages of 0 to 4 volts. This voltage divider is not shown in
Figure 3, but is placed between the rccorder and the electrodes.
Cathode to anode vo]tages were also measured using a Hewlett-Packard

digital voltmeter Model 3430A. The timer shown was used in order to

14
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calculate the current efficiency of each test. It was connected in
series with the power to the d.c. power supply. This was done in order
that the timing of the tests would start the instant power was supplied
to the electrodes. The timer was capable of reading to +0.01 minute.

The constant tcomperature bath consisted of a concrete container
two feet deep by two feet wide by two feet long with walls one inch
thick. The heating medium was water and was circulated by means of a
submersible pump located in the center of the bath. Heating was pro-
vided by two, 250-watt immersible heaters. Power to the heaters was
controlled by a Versatherm Electronic Temperature Control Relay Model
2149 which was connected to a JUIM0 temperature sensor. The temerature
sensor itself was located in the cell. This equipment was capable of
maintaining cell temperatures constant to within £0.5 °C. All empir-
jcal tests were run at 25 °C.

The electrolysis cell consisted of a plexiglas box as shown in
Figure B.1, Appendix B. The electrode holders are also snown in
Appendix B, Figure B.2. The magnetic stirrer consisted of a laboratory
model magnetic stirrer which was encased in a waterproof plexiglas box.
It was designed ( see Apbendix B, Figures B.4 and B.5 ) so that a re-
peatable positioning of the electrolysis cell could be made upon it.
This was done in order to assure constant stirring characteristics
between tests and during the complete set of empirical experiments. The
specd of tne magnetic stirrer was controlled by a Variac a.c. transfor-
mer. The stirring bar was Teflon coated to avoid contamination of the

solution. Conductivity measurements were made using a conductivity
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bridge and a Leeds-Northrup conductivity cell with platinized elec-

trodes and a cell constant of 1.096 cm~!.

iaterials
The cathodes consisted of copper reagent foil 0.005 inches in
thickness. The purity of the foil was 99.95 to 99.99% copper with an

analysis as shown in Table 4.

Table 4: Analysis of Copper Foil Used for Empirical Electrodes.

Element Percentage
Cu 99.95
Insoluble in HNO3 0.004
Sn 0.005
As 0.0002
Fe 0.003
Pb 0.003
‘Mn 0.0003
P 0.0004
Ag 0.0002

The anode consisted of pure platinum foil 0.003 inches in thick-
ness. All chemicals used were of reagent grade. The source of copper

in solution was cupric sulfate, CuS04-5l120. The source of nickelous ion



T-1418 19

was frem nickelous sulfate, HiS0q-6H20. AlT water used was triple dis-
tilled and then deionized by passing it through Amberlite MB-3, a

cationic and anionic exchange resin.

Procedure

At the start of the investigation tests were run with one anode
located between two cathodes. Difficulties arose from this arrangement
and the procedure was abandoned. These difficulties are reviewed in
Appendix G. The next stage in the investigation was to use only one
cathode. The procedure was to run a test at a specified initial copper,
nickel and acid concentration using a specified current density and
depositing one gram of copper. Difficulties were encountered using this
procedure and it was also abandoned. These difficulties are reviewed
in Appendix G. The following procedure was finally used and worked
satisfactorily. The empirical results of this investigation are based
on data obtained using this procedure.

A prepared sample was loaded into the cell ( see Appendix D for
detailed information on §amp1e preparation and loading ). The cell was
then filled with 1400 m1 of electrolyte which had previously been al-
Towed to reach the operating temperature by being placed in the constant
temperature bath for 4 to 8 hours.

The loaded cell was then fastened into the magnetic stirrer and a
measurenent of the conductivity was made. Power connections to the cell
were then made and the test started by switching on the power. The test
was run for such a length of time that theoretically five grams of

copper should have been deposited. ( This was done assuming 100%
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current efficiency ). The power was then cut-off and the sample removéd
and washed. The sample was then dried in a desicator for 24 hours before
a final weignt measurcment was made. A second sample was then loaded
into the cell using the same electrolyte and five more grams of copper
were deposited. This procedure was repeated using successive samples un-
til the deposit obtained was of a powdery nature. The electrolyte was
then replaced with one having a different cheiiical analysis. During the
course of each series of tests, make-up water was added to keep the

volume of electrolyte constant at 1400 ml.

Analysis of Solutions

The analysis of nickel in both the final and initial solutions
was done by atomic absorption using a Techtron Atomic Absorption
Spectrophotometer, Type AA4. Analysis for copper was done by a wet
chemical analysis using a standard procedure.

The determination of pH values was done using a Sargent Model
DR digital pH meter and either a Beckman combination pH electrode or
a Sargent combination pH'electrode. The pH meter was standardized be-

fore each use and several times during the series of determinations.

Polarization Experiments

Equipment

The polarization experiments were conducted in a U-tube cell as
shown schematically in Figure 5. Photographs of the U-tube and electrode

holder are shown in Figures 6, 7, and 8. Appendix C gives detailed
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FIGURE 6 :

Photograph of U-tube Polarization Cell
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information on and drawings of the U-tube. Polarization potentials

were supplied by a ilagna Potentiostat ( Resecarch ilodel 47001 ). Poten-
tials were measured using an E-H Research Laboritories Electrometer,
liodel 230. This electrometer was connected to the system via the poten-
jostat to avoid any ground loops. A provision for this type of circuit
was built into the potentiostat.

The constant temperaturc water bath was controlled by a Versatherm
Electronic Temperature Control Relay working through a JUMO temperature
sensor and controlling power to a 250-watt immersion heater. This sy-
stem was capable of maintaining the temperature constant to within

+0.5 °C.

Haterials

A1l chemicals used were of an analytical reagent grade. The
water was double distilled ( but with no deionization through an ion
exchange resin ). A1l weight measurements were made using a Mettler
H-iodel analytical balance.

The copper used fqr both the anodes and the cathodes was from a
commercial electrolytically pure,cold rolled copper sheet, 0.025 inches
thick. Samples were made by punching out circular discs 0.530 inches

in diameter.

Procedure
The following procedure was used in running cach test. The po-
tentiostat was allowed a warm-up time of at least one hour prior to

cach test. The electrometer was kept running continuously throughout
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tie polarization experiments in order to keep a stable calibration.
The U-tube cell was fastened into the constant temperaturce bath and
300 ml of electrolyte was poured into each arm of the cell ( the elec-
trolyte had previously been allowed to reach the operating temperature
by keeping it immersed in the constant temperature bath for 8 to 10
hours previous to the test ). Purging was then started and allowed to
continue for 45 minutes.

The argon used for purging was commercially pure and dry bot-
tled argon. To prevent evaporation of the electrolyte during purging-
the argon was saturated with water vapor prior to entering the U-tube
cell. The saturation was accomplished by bubbling the argon through
distilled water using a fritted glass tube to produce as many small ar-
gon bubbles as possible in the water.

The reference electrode used was a saturated calomel electrode.
It was connected to the U-tube cell via a salt bridge made as shown in
Figure C.3, Appendix C. A Luggin-Haber probe was used to obtain poten-
tials of the working electrode. The Luggin-Haber probe consisted of a
glass tube with an inside diameter of 0.20 inches which was drawn to a
fine tip having an inside diameter of 0.05 inches. This glass probe
was filled with a special agar gel as described in Appendix H. Connec-
tion between the probe and saturated calomel electrode was completed
using Tygon tubing filled with saturated potassium chloride. This tube
was then connected to a glass vessel in which the saturated calomel elec-

trode was immersed in saturated potassium chloride.
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At the end of the 45 minute purging period the electrode holder
containing a prepared sample was inserted into each arm of the U-tube
cell. A sample was prepared by first cleaning with acetone and rinsing
in distilled water. The cleaned sample was thnen inserted into the
electrode holder. It was then etched with a nitric acid etchant
( 1:1, water: nitric acid ). It was allowed to etch for a period of
15 seconds. The sample was then rinsed in distilled water and dried in
a blast of air. The purging was then allowed to continue for another
15 to 20 minutes. This time period allowed the sample to thermally
eguilibrate.

The purging was then stopped and the two-way valve shown in
Figure 5 was turned so that the same purging atmosphere entered through
the glass tubes in the top of the electrode holders as shown in Figure
5. This kept an inert atmosphere over the solution and prevented any
oxygen from re-entering the electrolyte.

The test was then started by applying a potential using the poten-
tiostat. Each test was started at a potential that resulted in a mea-
sured current of 0.0 to Q.] milliamps ( anodic current ). This anodic
current was then increased by raising the potential in successive steps,
with the system allowed to reach equilibrium for 2 to 5 minutes at each
step.

The test was continued until the Timiting current was reached.
At this time the power was cut and the samples removed and re-cleaned.
The solution was then re-purged using the same procedure as outlined
above. The test was then repeated using the same sample. This pro-

cedure was repeated for each electrolyte and temperature condition.
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EAPERIENTAL RESULTS

The experimental results from this investication have been divid-
ed into two separate categories: 1) empirical results , and 2) polari-

zation results.

Empirical Results

Effect of ilickelous Ion on the Current Efficiency

It was found that the presence of nickelous jon had no measurable
effect on the current efficiency of the deposition process. Efficiency
measurcments were made by calculating the amount of copper that should
have been deposited theoretically and comparing the experimental amount
to tnis value. The amount of copper that theoretically should have been
deposited was calculated by determining the length of time that current
vas supplied to the cell under a condition of constant current. Through
this calculation it was possible to find the number of coulombs that had
passed through the ce]].‘ Since 3.2924 x 10-4 grams of copper are depos-
ited per coulomb it was then possible to calculate the theoretical amount
of copper that should have been deposited.

Experimentally, it was found that the current efficiencies varied
from 977 to 99% with no indication of nickelous ion having any important
effect. It was also found that neither the amount of copper in solution

( within cxperimental limits of 15 - 40 gpl ) nor current density had any

27
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discernible effect on the current efficiency. The current density
varied from 19.1 to 56.1 asf with nickelous ion present and from 19.1
to 93.3 asf with no nickelous ion present.

llhen looking at the data in Appendix A it can be scen that at the
lowest current density, i.e. 19.1 asf, the current efficiencies were low-
er than for those at higher current densities, i.e. 37.0 and 56.1 asf.
This result is contrary to all other previous experimental work. An

explanation for this behavior is given in Appendix G.

Cffect of Nickelous Ion on the lorphology

A visual inspection of the deposits revealed that nickelous ions
did have an effect on the morphology of the deposit. It was also shown
that current density had a noticeable effect on the morphology.

The aforementioned inspection indicated that there was a noticable
pattern to the outward appearance of the deposits. In order to systemat-
ically assemble and correlate the conditions of deposition and fhe result-
ing morphology, two methods for a qualitative description of the deposit
vere devised.

The first method aefines the experimental conditions of deposition.
It takes into account the initial copper concentration, the initial
nickel concentration and the current density. Such factors as tempera-
ture, acid concentration, stirring rate and electrode spacing were not
accounted for since they remained constant throughout all the experimen-
tal tests. This method is based on the definition of a "Reference

Number", R, calculated in the following way:
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Ros Lodfr T ] Curdr o CDgct m
cuth ) cud ’ C.D.pef
Where
Cut = Initial copper concentration (gpl).
Cuﬁéf = A copper concentration used as a standard of compar-
ison (gpl). For this investigation all values of R
were calculated using a value of 40 gpl for Cufis.
NitY = lickel concentration (gpl).
C.D.gct = The actual current density used for a test (asf).
C.D.}ef = A current density (asf) used as a standard of compar-

ison. Ffor this investigation all values of R were

calculated using a value of 19.1 asf for C.D.pef.
The Peference Number will increase as, 1) the nickel concentration in-
creases, 2) the copper concentration decreases, and 3) the current
density increases, in relation to the standard conditions.

A different method was used to describe the nature of the surface
for each deposit. It was based on a visual comparison of the deposit
obtained in each test with a deposit obtained under standard conditions
( 40 gpl copper, 0 gpl nickel and 19.1 asf ) and by ascribing to it a
“Surface Index", Q, ranging from 1.0 ( standard conditions ) to 25.0.
Hence, an increasing Surface Index indicates a progressively less satis-
factory deposit.

Table 5 shows a tabulation of R values for various copper and
nickel concentrations at 19.1 asf. These values are plotted in Figure 9

and show how R changes with the copper and nickel concentrations.
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Tal:1e 5: Reference Humber,
Concentration.

R, As A Function Of Copper

fAnd Nickel

ickel Copper Concentration
Conc. (gp1)
(gpl) 40 35 30 25 20 15 10
K R R R R R R
0 1.000 1.142 1.333 .600 000 2.666 4,000
1 1.025 1.175 1.375 .663 .100 2.845 4.400
5 1.125 1.305 1.555 .920 .500 3.550 6.000
10 1.250 1.470 1.778 .240 .000 4.44Q 8.000
15 1.375 1.633 2.000 .560 .500 5.330 10.000
20 1.500 1.795 2.220 880 .000 6.225 12.000

Values for R at the two higher current densities ( 37.0 and 56.1

asf ) would follow the same pattern.

However, they would have values

approximately 2 and 3 times as large as for the Tow current density.

Deposit Quality

Four qualities of deposits, depending upon their Surface Index,

were defined as shown in Table €.

Table 7 -shows a tabulation of the

keference Humbers and Surface Indices for a representative number of

tests. Photographs of actual electrode surfaces with their Surfaces

Indices are given in Appendix J.
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Table 6: Guality OF Deoposit As A Function Of The Surface Index

Surface Index, Q Quality Of Deposit Characteristics
Of The Deposit

1.0 to 2.0 Good Very smooth, very
adherent, very
compact

2.1 to 5.0 Acceptable Smootn, adherent,
Compact

5.1 to 10.0 Poor Pough, less adher-
ent, less compact

10.1 to 25.0 Unacceptable Very rough, poorly
adherent, slightly
powdery

Surface Index As A Function Of The Initial Copper Concentration-19.71 asf

Figures 10,11 12 and 13 show the effect of initial copper concen-
tration on the Surface Index. These figures show that for a current den-
sity of 19.1 asf and with 0 to 15 gpl nickel, a good deposit could be ex-
pected as Tong as the copper concentration did not fall below approximate-
ly 22 gpl. For these same conditions an acceptable deposit could be
expected as long as the copper concentration did not fall below approx-

imately 15 gpl.

Surface Index As A Function Of The Initial Copper Concentration-37.0 asf

For 37.0 asf Figure 10 showé that a good deposit could be expected

at copper concentrations of 27 gpl and above when no nickel is present.
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Talble 7: Surface Indices And Reference ilumpers For Actual
Experimental Tests - 19.1 amps/ft2.

Test No. Initial Initial Reference Surface
Copper Hickel Humber, R Index, Q
(gp1) (gp1)

76 39.8 0.00 0.995 1.0
83 40.2 0.99 1.020 1.1
91 40.2 5.10 1.122 1.1
99 40.2 17.66 1.432 1.1
79 30.3 0.00 1.320 1.2
86 31.3 0.99 1.320 1.1
94 30.5 5.10 1.530 1.1
102 29.1 17.66 2.210 1.3
81 22.0 0.00 1.820 1.5
88 22.3 0.99 1.874 1.6
96 23.3 5.10 2.090 1.7
104 20.9 17.66 3.530 2.0
82 17.7 0.00 2.260 6.0
90 14.6 0.99 2.925 6.0
98 14.6 5.10 3.690 5.0
106 13.5 17.66 6.830 9.0




Table 7: Surface Indices And Eeference Hum%ers For Actual
Experinental Tests - 37.0 amps/fte.

Test {lo. Initial Inft1a1 Reference Surface
Copper Hickel Humber, R Index, Q
(gn1) (gp1)

69 39.4 0.00 2.250 1.1
107 40.1 1.01 2.145 1.1
114 40.1 6.24 2.415 1.0
122 39.3 13.38 2.855 1.8

72 27.9 0.00 3.000 1.9
110 29.5 1.01 2.935 3.0
117 28.3 €.24 3.615 3.5
125 29.8 13.38 4.070 4.2

74 20.8 0.00 4.020 5.0
112 21.4 1.01 4.090 5.7
119 21.2 6.24 5.110 8.0
127 18.6 13.38 7.750 8.0

75 16.7 0.00 5.020 16.0
113 17.6 “1.01 5.030 16.0
120 17.4 6.24 6.540 16.5
128 17.4 13.38 8.510 18.0
124 37.2 13.38 2.830 2.5

126 25.5 13.38 4.640 4.2
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Table 7: Surface Indices And Reference nuwzcrs For Actual
Experimental Tests - 56. ] amps/ft

Test io. Initial Initial Reference Surface
Copper Hickel Humber, R Index, Q
(gp1) (gp1)

61 39.0 0.00 3.010 4.2
129 40.3 1.26 3.010 4.3
135 40.1 6.27 3.392 4.5
141 39.7 14.93 4.070 5.8

64 30.1 0.00 3.900 5.0
131 32.2 1.26 3.790 5.0
137 32.3 €.27 4.340 4.9
143 32.0 14.93 4.230 4.2

66 23.8 0.00 4.940 17.0
133 24.0 1.26 5.150 18.0
140 21.2 6.27 7.180 20.0
146 22.7 14.93 8.580 20.0

63 33.8 0.00 3.475 4.8

65 27.9 -0.00 4.210 5.8
132 27.5 1.26 4.470 3.0
134 20.2 1.26 6.180 25.0
139 24.7 6.27 5.960 15.0
138 28.6 6.27 5.010 7.0

136 36.4 6.27 3.890 4.5
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Figurc 11 however, shows that the introduction of nickel at a concentra-
tion of 1 gnl raises the amount of copper that has to be present in sol-
ution in order to obtain a good deposit. This Timit is approximately

35 apl copper. As the nickel concentration goes up, Figurc 12 shows that
tiie 1imit for the copper concentration is about the same for 5 gpl

nickel as it was for 1 gpl nickel. Figure 13 shows that for 15 gpl
nickel the Timit is again raised, this time to approxiamtely 39 gpl
copper. These figures also show that to obtain an acceptable deposit

the lower limit for the copper concentration is raised as the nickel

concentration is raised.

Surface Index as a Function of the Initial Copper Concentration-56.1 asf

Figure 10 shows that for a current density of 56.1 asf a good
deposit can never be expected even when no nickel is present in solution.
An acceptable deposit, nowever, can be expected for copper concentrations
as low as approximately 3C gpl. With 1 and 5 gpl nickel, Figures 11 and
12, this copper concentration Timit is raised to approximately 33 gpl.
For 15 gpl nickel, Figure 13, the limit is raised to a point that is
higher than 40 gpl, which was the highest copper concentration used

experimentally.

Surface Index_as a Function of Currcnt Density

Figure 14 shows several curves which indicate the influence of
current density on the surface index. With an initial copper concentra-
tion of 40 gpl and with nickel concentrations of 1, 0 and 5 gpl there is

ery Tittle influence of currcnt density until the current density
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reaches a value of approximately 40 asf. At this point the surface

indox starts to increasc. However, the deposit remains geod up to a
current density of 47 asf. Witn the same copper concentration but

with a higher nickel concentration (15 gpl ) the quality of the deposit
Legins to decrease at any current density greater than 18 asf and remains
good only up to a current density of 38 asf ( as shown by curve C,

Figure 14 ). So, an additional 10 gpl nickel lowered the working current
density by 10 asf in order to obtain a good deposit.

As the copper concentration is louered to 30 gpl the influence of
nickel concentration starts at a Tower nickel concentration. This is
shiown by Curve B, Figure 14, which shows that for a nickel concentration
of 0 to 1 gpl a good deposit is obtained for current densities up to
37 asf. Howiever, for nickel concentrations of 5 and 15 gpl ( Curves D
and E respectively ) the highest Timits for the current density at
which a good deposit will be formed are 32 and 25 asf respectively.

As the copper concentration decreases to 20 gpl Curves F, G and
H in Figure 14 show that the effect of nickel is still more pronounced.
Curve F shows that even with no nickel a good deposit can only be ob-
tained at current densities lower than 22 asf. Uhereas, with 1 gpl
nickel this Timit is Towered to 20 asf and with nickel concentrations
iiigher than 1 gpl- the current density limit is lower than any used ex-
perimentally ( i.e. 19.1 asf ).

A comparison of Curves B and C, Figure 14, shows that adding 15
gpl nickel to a solution having 40 gpl copper ( Curve C ) has approx-
imately the samc effect as Towering the copper concentration, with no

nickel, from 40 gpl to 30 gpl ( Curve B ). Both conditions result in a
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cirrent density Tinit of approximately 33 asf in order to obtain a

cond deposit.

Surface Index as a Function of ilickel Concentration - 19.1 asf

Curves /v through I, Figure 15, show the influence of nickel con-
centration on the surface index. Tnese curves show that as the current
density increases and as the copper concentration decrcases, the influ-
ence of nickel concentration on the surface index becomes greater ( as
indicated by the increase in the slope of the curves in going from
Curve A to Curve I ).

Curve A shows that for a current density of 19.1 asf and for
copper concentrations of 30 and 40 gpl, the nickel concentration has
1ittle or no effect on the surface index. FHowever, as the copper con-
centration is Towered to 20 gpl ( Curve C ), the nickel concentration
begins to effect the surface index. At this Tow copper concentration a

good deposit is obtained for nickel concentrations as high as 15 gpl.

Surface Index as a Function of Hickel Concentration - 37.0 asf

At a current density of 37.0 asf the nickel concentration had an
effect at all copper concentrations studied, i.e. 20, 30 and 40 gpl.
This is Shown in Curves B, D and G, Ficure 15. It can be seen that
Curves D and G have approximately the same slope. This slope is greater
than the slope for Curve B, which indicates that at 30 and 20 gpl copper
the amount of nickel present in solution has a larger influence than it

does at a copper concentration of 40 gpl.
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A comparison of Curves B and C shows that they also have a slope
that is approximately the same. This indicates that a deposit would be
obtained at 20 gpl copper and 19.1 asf which would be very similar to a
deposit obtained at 40 gpl copper and 37.0 asf when they have approxi-
mately equal levels of nickel present. The same could be said if Curves
G and H are compared. A deposit at 15 gpl copper and 19.1 asf would be

similar to a deposit made at 20 gpl copper and 37.0 asf.

Surface Index as a Function of Hickel Concentration - 56.1 asf

With a current density of 56.1 asf, the same general trend is noted
as shown in Curves E, F and I, Figure 15. However, Curve I shows that
wnen the copper concentration is lowered to 20 gpl there is a large
change in tne surface index over that which was found for a copper con-
centration of 30 gpl. Curve I also has a much steeper slope than any of
other curves. This indicates that at this current density the effect
of nickel concentration is much greater than at the Tower current

densities.

Surface Index as a Function of the Reference flumber

The relationship between the surface index and the reference num-
ber R, is shown in Figure 16. This curve shows a general trend that as
the reference number increases the surface index also increases. The
area between the dashed Tines in tnis curve indicates a region in which
a certain quality of deposit would .be expected when experimental condi-
tions resulted in a certain reference number. For example, an experi-

ment with a reference number of 4.0 would result in a deposit having a
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surface index of from 3.75 to 5.75. In other words, a deposit having

a quality of somcwiere hetween "acceptable" and "poor" would be expected.

Effect of Copper and lickel Concentration on the Total Cell Voltage

Figures 17 to 20 show various curves which indicate the effect of
both copper and nickel concentration on the total cell voltage. Figure
17 shows five curves representing cell voltage as a function of copper
concentration at five various current densities. These curves show a
general trend of a decrease in total cell voltage as the copper concen-
tration decreases to an approximate value of 30 gpl. At this point the
total cell voltage starts to rcach a steady state value and remains
nearly constant dovn to a copper concentration of 15 gpl ( which was the
Jower experimental limit ). These curves show that the initial decrease
in the cell voltage is faster at the higher current densities ( 93.3,
74.5 and 56.1 asf ). But, at the two Tower current densities the decrease
is slow and very small. At 19.1 asf there is actually very Tittle
change in the cell voltage. These curves represent cell voltages with

no nickel present in solution.

Effect of Copper and !lickel Concentration on Cell Voltage - 19.1 asf

At 19.1 asf and with various nickel concentrations Figure 18
shows that the nickel had little effect on the cell voltage. The curves
in this figure indicate that the nickel tended to raise the cell voltage
by a very slight amount. The curves also show that the concentration of

the nickel was not important and only a small amount was needed to
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produce the noticed effect. Larger amounts of nickel produced the
same effect and the changes were of the same magnitude, so for 1, 5
and 15 gpl nickel there vias only one curve which represented the effect

of nickel.

Effect of Copper and Mickel Concentration on Cell Voltage - 37.0 asf

At 37.0 asf Figure 19 shows that the effects of nickel were more
drastic. It can be scen that for a nickel concentration of 1 gpl the
cell voltage is lowered slightly below that when no nickel is present.
lowever, for 5 and 15 gpl nickel a single curve is obtained which shows
that the cell voltage is réised sligntly over that when no nickel is

present.

Effect of Copper and Hickel Concentration on Cell Voltage - 56.1 asf

At 56.1 asf Figure 20 shows that the concentration of nickel had
still greater effects. It can be seen ( lower curve ) that a nickel
concentration of 1 gpl had the greatest effect on the cell voltage. At
this nickel concentration and at a copper concentration of 40 gpl, the
cell voltage was lowered by approximately 210 millivolts from the cell
voltage at the same copper concentration but with no nickel. At 25 gpl
copper, 1 gpl of nickel lowered the cell voltage by 100 millivolts below
the no nickel value.

For 5 and 15 gpl nickel the Towering of the cell voltage was less
than for 1 gpl. It can be seen that at 15 gpl nickel and at copper con-

centrations below 25 gpl there was actually very little differcnce in the
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cell voltage as compared to the no nickel values.

In Figures 18 to 20 it is important to note one thing. Unlike
the cell voltages for tests in which no nickel was present ( Figure 17 )
when nickel was present in solution it stabilized the cell voltage so
that it remained ccristant over 11 of the coprer concentrations studied.
llhercas when no nickel was present the cell voltage decreased a certain

amount before it stabilized.

Effect of Current Density on the Cell Voltage

The curves in Figure 21 show how the current density affected the
cell voltage. The curves show a general trend of an increase in cell
voltage as the current density is increased. he curves show that for
no nickel, tine cell voltage for a solution of 40 gpl copper is higher
at any given currcnt density than for a solution with 20 and 30 gpl
copper. These curves actually represent the same situations as mentioned

in the three previous sections.

Effect of iickelous Ion on Deposit Purity

The purity of the deposit was checked by monitoring the amount
of nickel present in the initial and final electrolyte solutions during
pach test. In no case was there any indication that any nickel had

been removed from the solution,
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Polarization Results

The main result of these tests was the determination of the
excihange current density, ig, under various experimental conditions.
These conditions werce selected in order to parallel those used in thne

empirical section of the investigation.

Effect of Hickel on the Exchange Current Censity

Figure 22 shows what effect nickel had on the exchange surrent
density at two copper concentrations. The data used to construct the
curves in this Figure are tabulated in Table 8. The curves in Figure
22 are for experimentally determined exchange current densities. These
exchange current densities were determined by plotting the corrected
data ( see Appendix I ) as, overvoltage versus log i, where i is the
experimental current density. The straight line portion of this curve
was then extrapolated to zero overvoltage. This intersection gave the
value of the cxchange current density.

Figure 22 shows that as the nickel concentration increases the
exchange current density also increcases and reaches a peak at a nickel
concentration of approximately 10 gpl. This is truc regardless of the
copper concentration. After reaching this peak the exchange current
density gradually decreases. These curves also show that as the coppe

concentration increases the exchange current density increases.

Theoretical and Calculated Values of the Exchange Current Density

Earlier work on this system has shown that it is controlled by

[a
(82 ]

r
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Table 3: [Cxperimental Excinange Current Gensities

Test o, Tamp. Copper nickel Acid ig Average
(°C) (gp1) (gp1) (apl) (ma/cm?) i
(ma/cm2)
1 25 0.0 0.0 49.0 0.87
2 25 0.0 0.0 49.0 0.80
3 25 0.0 0.0 49,0 0.89 0.86
4 25 0.0 0.0 100.0 0.55
5 25 0.0 0.0 160.0 0.46 0.50
6 25 10.0 0.0 100.0 0.94
7 25 10.0 0.0 100.0 0.90
8 25 10.0 0.0 100.0 ——--
9 25 10.0 0.0 100.0 0.86 0.90
10 25 10.0 1.0 100.0 0.98
11 25 10.0 1.0 100.0 1.17
12 25 10.0 1.0 100.0 0.40%* 1.08
13 25 10.0 5.0 100.0 0.39%
14 25 10.0 5.0 100.0 1.63 1.63
15 25 10.0 10.0 100.0 1.96
16 25 10.0 10.0 100.0 2.41 2.18

FaTues considered to be unreliable and were not used in any calculations
or graphs.
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Tl 8: Experimental Exchange Current Densities

Test flo.  Temp. Copper Hickel Acid g Average
(°c) (gp1) (gp1) (gp1)  (ma/cm?) in
(ma/cm?)

17 25 10.0 15.0 100.0 1.29
18 25 10.0 15.0 100.0 1.34 1.31
19 25 30.0 0.0 100.0 1.62%
20 25 30.0 0.0 100.0 1.83
21 25 30.0 0.0 100.0 1.43* 1.83
22 25 30.0 1.0 100.0 2.23
23 25 30.0 1.0 100.0 1.92 2.08
24 25 30.0 5.0 100.0 1.18*
25 25 30.0 5.0 100.0 1.74 1.74
26 40 30.0 5.0 100.0 3.12
27 40 30.0 5.0 100.0 3.79* 3.12
28 40 30.0 10.0 100.0 2.66 2.66
29 25 30.0 10.0 100.0 3.39
30 25 30.0 10.0 10C.0 3.30 3.35
31 25 30.0 15.0 100.0 2.55

32 25 30.0 15.0 100.0 2.50 2.53
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Table 8: Experimental Exchange Current Densities

Test No.  Temp. Copper Nickel Acid ip Average
(°c) (gp1)  (gp1)  (gp1)  (ma/en®) g
(ma/cmz)
33 40 30.0 15.0 100.0 3.93
34 40 30.0 15.0 100.0 3.30 3.62
35 60 30.0 15.0 100.0 10.51
36 60 30.0 15.0 100.0 10.51 10.51
37 30 4.76 0.0 49.0 3.62 3.62

charge-transfer overvoltage ( Mattsson and Bockris, 1959) and ( Bockris
and Kita, 1962). From theoretical considerations it can be shown
( Vetter, 1967 ) that the relationship between the exchange current

density, the apparent currcnt density and the overvoltage is given

by:

i = iy [ explazfu/RT) - exp{- (T-a)zFn/RT} ] (2)

Where:

e
]

apparent current density (ma/cm?).
ig = exchange current density (ma/cm?)

charge-transfer coefficient.

Q
1]
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z = charge-transfer valence.

F = Faraday constant (96,493 coulombs ).

R = Universal gas constant ( 8314 millivolt-soulombs/deg ).
T = absolute temperature (°K).

n = overvoltage ( millivolts ).

This equation can be simplified for high anodic currents, i.e.

when In[>>RT/ZF, to give the following equation:

i = dg-exp(azFn/RT) (3)
Equation 3 can be rewritten as:

n = - (RT/azF)-1n ig + (RT/azF)-Tn i (4)

The above equation has the form of a Tafel equation and can be

rewritten as:
n = a+b'lIni (5)

The factor (RT/wzF) can be calculated from the known values of
R, T and F and assuming that «= 0.5. This is a generally accepted
value for the charge-transfer coefficient ( Bauer, 19¢8 ), ( Bockris
and Kita, 1962 ), ( Bockris and Kazumney, 19¢7 ), ( Hampel, 19¢4 ),
( Hurlen, 19€2 ) and ( Vetter, 1967 ). The paramcter z will have the

value of 2 ( for copper deposition or dissolution ).
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Using experimental overvoltages and current density measurements
and with o, z, F, R and T having the values previously mentioned, it is
possible to calculate theoretical exchange current densities. This
was done using a computer ( Program Number 5, Appendix F ). The results

are listed in Table 9 as Theo. ig.

The above calculation resulted in several valuecs for the ex-
change current density for each test. An average value of these ex-
change current densities was then used in Equation 4 in order to calcu-
late the theorctical overvoltage values for each particular test.
Example values of a typical test are tabulated in Table 10 as "Theoret-
ical COvervoltages"”.

Equation 5 is the equation of a straight Tine with a slope of b
and an intercept of a. Using experimental values for both the slope and
the intercept it was possible to calculate another set of overvoltage
values. Example values are tabulated in Table 10 and are listed as
"Experimental Calculated Overvoltages". These calculations vere done
using tiie computer and Program Humber 5 Tisted in Appendix F.

The experimental slope and intercept values for this calculation
were obtained as follows. For each test the straight line portion of
the overvoltage versus log i curve was extrapolated to zero overvoltage.
An example of this is shown in ngure I.2, Aprendix I. The intersection
of this straight line vith the x-axis gave the experimental value for
the exchance current density as vas previously mentioned.

For all tests the straight Tine portion of the curve fell betwecn

10 and 130 mi]]iamps/cmz. Therefore, the intercept value used for the
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calculation was not the intersection of the straight Tine portion
with the zero overvoltage axis but the intersection of this Tine with
the 10 mi11iamp/cm2 line. The slope value used was the slope of this
straight line. For example the straight Tine portion of the curve in
Figure I.2 has an intercept value of approximately 17 millivolts and
a slope of approximately 0.52 mv/ma.

Using these experimental calculated overvoltages together with
the experimental current density and experimental slope another set of
exchange current densities was calculated. The results of these calcu-
Tations are tabulated in Table 9 as "[xp. iy". These calculations were
again done using the computer Program Humber 5 listed in Appendix F.

The final calculation was to use the experimental values for the
slope, the intercept and overvoltages to again calculate exchange
current densities. These.values are also listed in Table © as "Exp.*

ig". Program Humber 5, Appendix F was also used for these calculations.

Exchange Current Density Calculated From Experimental Overvoltages

Figure 23 1is similar to Figure 22 except that the exchange
current densities used are those calculated using experimental slope,
intercept and overvoltage values ( Exp.*io ). It can be seen that the
curves in this figure show the same trend as scen in Figure 22, i.e.
the exchange current density increases with nickel concentration up to a
peak at approximately 10 gpl nickel and then decrcascs. It also shows

that the exchange current density increascs viith copper concentration.
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Table 9: Theoretical and Calculated Exchange Current Densities

Test No.  Theo. Avg. Exp.* iO Avg. Exp. 10 Avg.
i Theo. Exp.* Exp. 1
0 : 3 0
0 0
1 0.49 0.94 0.93
2 0.61 0.61 0.63
3 0.44 0.51 0.22 0.59 0.17 0.58
4 0.73 0.14 0.14
5 0.40 0.57 0.35 0.25 0.36 0.25
6 1.04 1.04 0.9¢
7 2.41 0.94 0.88
8 ——— ——— ——
9 2.58 2.31 0.86 0.95 0.81 0.88
10 3.14 0.80 0.84
11 2.33 1.32 1.29
12 2.85% 2.76 0.47% 1.06 0.45% 1.07
13 2.09% 0,3%% 0.40%
14 3.03 3.03 1.55 1.55 1.54 1.54
15 2.02 1.81 1.76
16 2.13 2.07 2.20 2.03 2.15 1.96

*Values considered to be unreliable and were not used in any calculations
or grapins.
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Table 9: Theoretical and Calculated Exciiange Current Densities
Test flo.  Theo. Avg. Exp.* 10 Avg. Exp. ig Avg.
i Theo. Exp.* Exp. L
10 10

17 2.43 1.64 1.50

18 2.53 2.48 1.16 1.40 1.13 1.32
19 4,20% 1.38% 1.35%

20 3.12 2.23 2.09

21 3.05% 3.12 1.43* 2.23 1.35% 2.09
22 3.33 2.23 2.32

23 3.05% 3.33 1.64% 2.23 1.70% 2.32
24 3.73% 0.97% 1.38%

25 3.64 3.64 1.87 1.87 1.87 1.87
26 5.83 1.76 4.44

27 5.66% 5.83 3.79% 1.76 3.90%* 4.44
28 7.24 7.24 3.10 3.10 3.16 3.16
29 2.45% 4,00% 4.41%

30 2.87 2.87 3.23 3.23 3.40 3.40
31 2.068 2.88 2.17

32 2.70 2.65 2.49 2.68 2.51 2.39
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Table 9: Theoretical and Calculated Exchange Current Densities

Test io.  Theo. Avg. Exp.* iO Avg. Exp. ip Avg.
i Theo. Exp.* Exp. i
0 . ; 0
iy i

33 7.52 2.74 2.90

34 7.30 7.41 2.86 2.80 2.74 2.82

35 12.74 11.45 10.74

36 12.01 12.67 8.94 10.20 8.57 9.66

37 1.94 1.94 1.94 1.94 1.96 1.96

Exchange Current Density Calculated from Calculated Overvoltages

Figure 24 shows curves similar to those in Figures 22 and 23.
However, the exchiange current densities usced for these curves arc those
calculated using the overvoltages mentioned previously ( Exp. 10 ).

Again the same trends as before are evident.

Comparison of Experimental and Calculated Exchange Current Densities

Figure 25 shows how the three previously mentioned exchance
current densities compare. Curves A and B are those exchange current
densities obtained experimentally using the intercept value for ig.
Curves C and D arc those exchange current densities ( Lxp.* ig ) obtained
by calculation using experimental overvoltages, experimental slope and

experimental intercept values. Curves E and F represent those cxchange
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current densities ( Exp. ip ) obtained by calculation using calculated
values for the overvoltages, experimental slope and experimental inter-
cept values. It can be seen that all three curves for both copper con-

centrations agree very well.

Average Exchange Current Density

Figure 26 shows two curves plotted Qsing the average of the pre-
vious three exchange current densities. The values used to plot these

curves are tabulated in Table 171.

Effect of Temperature on the Exchange Current Density

The curves in Figure 27 show how tcmperature effects the exchange
current density. Data for these curves is tabulated in Table 9. The
curve for a solution having a copper concentration of 30 gpl and a
nickel concentration of 15 gpl, shows that as the temperature is in-
creased, the exchange current density also increases in a non-linear
manner.

The curve for a solution having a copper concentration of 30 gpl
and a nickel concentration of 5 gpl shows a Tower exchange current den-
sity as compared to the 15 gpl nickel curve. It also shows the same
trend, an increase in exchange current density with an increase in temp-
erature.

However, the curve for a nickel concentration of 10 gpl indicates
a decreasc in the exchange current density vhen the temperature is in-
creased. It also scems to indicate a linear relationship betueen the

exchanye current density and temperature.
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Table 10: Experimental and Calculated Overvoltages for Test
Number 33

Experimental Theoretical Experimental
Overvoltage Overvoltage Calculated
(mv) (mv) Overvoltage
(mv)
33.31 23.32 32.40
36.98 29.34 36.38
40.22 34.26 39.63
43.09 38.42 42.38
45.62 42.02 44.76
47.85 45.19 46.86
49.83 48.03 48.74
51.58 50.61 50.44
53.15 52.95 51.99
54.56 55.11 53.42
55.83 57.11 54.74
57.01 58.97 55.97
58.12 €0.71 57.12
59.17 62.35 58.20
60.20 63.39 69.22
61.21 65.35 60.19
62.24 66.73 €1.10
€3.29 (8.04 €1.97
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Table 11: Average Exchange Current Densities

Tests No.

10
13
15
17
19
22
24
26

29
31
33
35

to
to
to
to
to
to
to
to
to
to
to
28
to
to
to
to
37

12
14
16
18
21
23
25
27

30
32
34
36

Average Exchange
Current Density
(ma/cm?)

0.68
0.33
0.91
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DISCUSSION OF RESULTS

The discussion of the polarization results will be given first,
in order to establish certain basic fundamentals which, inturn, will

permit a better understanding of the empirical results.

Polarization Results

Exchange Current Density

The main concern of the polarization experiments was the deter-
mination of the "exchange current density". This quantity was first
introduced by Bowden and Agar in 1938 ( Bowden and Agar, 1938 ). If
equilibrium exists in a heterogeneous system, such as an electrode in
contact with an electrolvte, there is a situation in which there is no
"macroscopic"” chances, i.e. no flow of current. However, there is
always the probability that some metal ions will leave the metal Tattice
and enter the solution. lietal ions in the solution also have a prob-
ability of leaving the solution and entering the metal lattice. So
that, on the microscopic level there is always an exchange of "charge
carriers” ( ions or electrons ). This exchange is equal in both direc-
tions. That is to say,the electrons produced by the anodic reaction
will be consumed by the cathodic reaction. Therefore, for the hetero-
geneous system of an electrode and an clectrolyte, the " anodic
partial current" will be equal in magnitude but opposite in direction

74
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to the "cathodic partial current”.

These two partial currents compensate for cach other so that no
externally measurable current flows through the system. The magnitude
of these two compensating current densities is called the "exchange
current density, ip". By definition the exchange current density is
always positive. It is a measure of the rate of attainment of the equil-
ibrium potential. The situation is shown %n Figure 28. The arrows
represent the direction and relative magnitude of the currents involved.

At a potential greater than the equilibrium potential ( e > e
with n>0 ) therc exists a flow of anodic current and metal ions ( MeZt )
will enter the electrolyte. In this case iy>i_. For the rcverse case of
i iy ( e<ep wWith n<0 ) there will be a net flow of current in the

opposite direction and metal ions ( leZt ) will be deposited on the

metal surface.

Compact Double-Laycr and the Diffuse Layer

A second concept that is useful when discussing the interface
between an electrode and an electrolyteis that of the "compact deuble-Tay-
er' and the "diffuse layer". This situation is shown very simply in
Figure 29.

The diffuse layer consists of a region, in close proximity to
the electrode, in whichi the ions are held in place by non-specific
coulonbic forces Letween the charge on the 1ons and the charge on the
electrode ( and also the charge on the compact double-layer ). In this
interphase the ions are not held in a rigid position. Figure 2% shows

that in this region the ions arc wore highly concentrated toward the
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electrode and then seecw to diffuse to a concentration that is Tower
and which is known as the bulk concentration.

he compact double-layer is a layer that is 1 to 2 molecular
diameters in thickness. In this interphase the ions are held in place
by specific coulombic forces acting between the ions and the electrode.
Figure 29 shows this Tayer to be further subdivided into two more layers.
These Tayers are separated by the "inner lielmholtz plane". The diffuse
Jayer and the compact double-layer are likewise separated by the "outer
Helmholtz plane".

This situation is better shown in Figure 30 and it is seen that
the inner Helmholtz plane is a plane passing through the centroid of the
specifically adsorbed anions. The outer Helmholtz plane is a plane
passing through the centroid of the solvated cations. This figure also
shows that the actual separation between the diffuse layer and the com-
pact double-Tayer is not as distinct as was shown in Figure 29. It can
be seen that the diffuse layer actually follows the irregular boundary
shown in Figure 30.

Figure 30 shows that in the interphase at the electrode surface
there are both adsorbed water dipoles and anions. These adsorbed species
can play an important part in the charge-transfer steps and the type of
crystal growth that can occur at the electrode. Bockris states ( Bockris
and [azumncy, 1967 ) that these adsorbed species can act as inihibitors
and as such can "effect the growth of crystals on the electrodes". He
also states that they could modify tlie free energy of activation for the

elementary charge-transfer steps occuring at the electrode. This factor
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directly affects the exchange current density, the rate-detcrmining step
of the reaction and even the path that the jons and electrons pursue
during the charge-transfer step. These adsorbed species will also

reduce the amount of area available for reduction of the ions.

Experimental and Theoretical Exchange Current Density

It was shown in Figures 22 through 26 that the experimental ex-
change current density increased with both an increase in the copper
concentration and with an increase in the nickel concentration. This
expérimenta] exchange current density was a mecasure of the rate of ex-
change between copper ions in solution and electrons from the copper
electrode. There should have been no exchange of any nickel ions. It
is easy to see that with an increase in copper concentration the ex-
change current density should increase since there is an increase in the
probability of exchange. This has also been shown to be true experimen-
tally by lMattsson and Bockris ( Mattsson and Bockris, 1959 ).

The experimental work conducted by Mattsson and Bockris ( lattsson
and Bockris, 1959 ) and by Bockris and Kita ( Bockris and Kita, 1962 )
show this reaction to be primarily controlled by the charge-transfer
reaction. With this consideration and with the prescnt system having an
excess of an inert electrolyte ( sulfuric acid ) then it can be shoun
theoretically ( Vetter, 1C67 ) that the exchange current density is pro-
portional to the conccntration of tie species under going charge-transfer.
Which would be in this case copper ions. Thus for the anodic and cathodic

exchange currents the following equations are derived:
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Where:

k+ *Cyt C

81

r - exp (azFe/RT ) = anodic current (6)

- ko s cog v exp [ -(1-a)zFe/RT ] » cathodic current (7)

Since

anodic partial current density.
cathodic partial current density.

reaction rate constant for the anodic reaction.
reaction rate constant for the cathodic reaction.

concentration of the reduced species in the charge-transfer
reaction ( intermediate species ).

concentration of the reduced species in the charge-transfer
reaction ( final state ).

concentration of the oxidized species in the charge-transfer
reacticn.

charge-transfer coefficient.
charge-transfer valence.
Faraday constant.

Universal gas conctant.
absolute temperature.

potential difference.

ig = 1. = iy = exchange current density, these equations

show that the exchange current density docs indeed increase with an in-

creasc in the concentration of the involved species.
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Hov:iever, since only the copper ions are considered to be taking
any part in any charge-transfer, the increase in the exchange current
density with an increasc in nickel concentration while at the same time
keeping the copper concentration constant can not be explained by any

present theories. This behavior was shown in Figures 22 to 26.

Two-Step and One-Step Charge-Transfer

It has been previcusly mentioned that in this system the rate
controlling step is that of charge-transfer. It has also been shown
both experimentally ( Bockris and Kita, 1962 ) and thecoretically
( Bockris and Razumney, 1967 ) that this reaction proceeds by a two-step
charge-transfer mechanism. It has been ruled highly improbable on
theoretical considerations ( Bockris and Razumney, 19G7 ) that this
reaction could proceed by a one-step charge-transfer mechanism. This
is because of the high energy barrier that has to be surmounted in order
for the one-step mechanism to proceed.

With this fact in mind the type of behavior as shown in Fiqures
31 and 32 again demonstrate a type of behavior that is not explained by
any present theory. Curve B, Figure 31, shows a plot of the experimental
exchange currcent density ( this is the same plot given in Figure 22 ).
The three other curves shown in Figure 31 were arrived at in the follow-
ing manner. The top curve, Curve A, is a plot of the theoretical ox-
change current density. The procedure for obtaining thesc values vas
outlined in tiie Results section and are tabulated in Table © as, "Theo.
10“. These values are calculated assuming a one-step charge-transfer
reaction. If on the other nand, a two-step charge-transfor reaction is



33

T-1418

G/

/£ FHN9/S

(/190)  uonpius2U0D  19YIIN

o/ 9

YISSNVYL FOYVHO
dILS-INO. OGNV JTLS-OML

00

o7

o2

og

or

os



84

T-1418

g/

cs  JYN9ld

(196)  uopiyuaou0)  13YIIN

o/ (9

YISISNVYL  FOYVHO
dILE-INO . ONV JILS-OML

o0

o7

oe

o€

or

os



T-1418 85

assumed to be occuring ( and as mentioned this is indced the case )
then the values of the theorcetical exchange current densities will be
exactly one-half of the values tabulated for a one-step charge-transfer.

Curve D in Figure 31, then shows the plotted values for a
two-step charge-transfer reaction. This curve shows that the theoretical
values for the exchange current density are in good agreement with the
experimental values for nickel concentrations of 0, 1, 5 and 15 gpl.
However, for a nickel concentration of 10 gpl the theoretical and exper-
imental values differ greatly. Therefore another curve, Curve C, vas
p]ofted through all of the theoretical values for a two-step charge-trans-
fer for the nickel concentrations of 0, 1, 5 and 15 gpl, and through the
theoretical value considering a onc-step charge-transfer for a nickel
concentration of 10 gpl. It can now be seen that Curve C is in close
agreement with the experimental curve.

The same procedures were carriced out in plotting the four curves
shown in Figure 32, except in this case the copper concentration wvas
30 gpl. Again the same type of behavior is obtained. It therefore
seems, that there is a situation in which a change takes place from a
two-step mechanism at lower nickel concentrations ( 0 to 5 gpl nickel )
to a one-step mechanism at a higher nickel concentration ( 10 gpl nickel )
and then again another change to a two-step mechanism at even higher
nickel concentrations ( 15 gpl nickel ). This change is not a sudden
one but is gradual.

This behavior along with the fact that the exchange current den-
sity increases with thc nickel concentration can not be explaincd by any

prescent single theory. To explain these facts several pieces of various
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other theorices nust be cmployed. These theories are outlines in the

following sections.

Hydrogen Evolution Reaction

For several years there was a considerable amount of controversy
concerning the kinetics of the reaction occuring during the evolution
of hydrogen at a cathode. In 1931 R. W. Gﬁrney ( Gurney, 1931 ) pub-
lished a paper concerned with the problem. His theory helped to explain
several factors that were in doubt concerning the hydrogen evolution
reaction ( h.e.r. ). lowever, there were still some experimental facts
whicihi his theory could not explain. For this reason his work went
largely neglected for several years although several people were aware
of it and two tried to improve upon it { Butler, 1936 ) and ( Gerischer,
1960 ).

The most notab]e addition to Gurney's original theory however,
has come in recent years and is by Bockris and latthews ( Bockris and
Matthews, 1966 ) and ( Bockris and Conway, 1971 ). In their original
paper Bockris and ilatthews give a detailed theoretical investigation of
the charge-transfer reaction occuring at the electrode during the h.e.r.
They considered three aspects of the problem: 1) classical electron
transfer, 2) quantum mechanical electron transfer, and 3) classical pro-

ton transfer.

Theory of Bockris and iiattieus

For reasons of brevity only a general outline of the proccdure

and results of the work of Bockris and Matthews will be given here.
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Bockris and liatthews consider a system in which cations such as
the H30+ ions are adsorbed in a hydrated state on the surface of the
electrode. This same surface is also covered with adsorbed vater dipoles
which when the surface potential is negative to the potential of zero
charge ( p.z.c. ) are oriented with their positive end toward the elec-
trode. This was previously shown in Figure 30.

Bockris and Matthews first consider the case of classical elec-
tron transfer. They constructed a potential energy - distance profile
for electron transfer from a metal electrode to the proton in solution.
They found that the energy of transfer depended on several factors
( they actually considered only the change in enthalpy and not the
change in free energy ). These factors are: 1) R, the repulsive force
between the hydrogen atom and the vater molecule, 2) A, the attractive
force between the metal and the hydrogen atom, 3) J, the ionization
potential of the atom, 4) Ly, the solvation energy of the ion, and
5) ¢, the electronic work function of thlie metal. Their findings were
that the energy barrier, gaMg(e), for the electron transfer from the
Fermi level of the metal electrode to the electron level of the proton

( when the system is in its ground state ) was as follows:
OAHO(e) = R-A-Jd-1Ly+0e (8)

The next step they took was to consider the case of classical pro-
ton transfer. The sanie energy profile as was uscd in the clectron trans-
fer is uscd. In this case they considered that neutralization of tihe

proton may occur by clectron tunncling from the Fermi level of the metal
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to the proton. Their conclusions werc that charge-transfer does occur
by the process of electron tunneling between particles in the solution
and the metal. The rate of this tunneling is dependent upon the amount
of displacement of the ion-solvent sheath. This enables empty electron
energy levels in the ion-solvent sheath to become equal in energy to full
energy levels in the metal.

The final step in the analysis of Bockris and iattheus was to
consider the combination of classical proton transfer and electren
tunneling. This case is shown in Figure 33. Curve A shows the varia-
tion in energy with internuclear distance of the system e'(H)-H+—OH2
and Curve B the variation in energy with internuclear distance of the
system 1-H-OH,. Hhere e (1) is the electron in the metal, H+—OH2 is
the H3O+ ion, i1 is the metal and H—OHZ is the hydrogen-water combi-
nation.

The point at which the curves cross, X, is the point at which
the condition of electron tunneling is most Tikely to take place since
at this point ally(e) is zero. This point should corresgond to the elec-
tron in the Fermi level of the metal since at this level there is the
lowest activation cnergy.

Point X can be shifted by onc or a combination of two methods:
1) by activating the electron, and/or 2) by activating the H+~OH2 bond.
Either method of activation will result in point X being shifted to a
lTower potential energy. So, if eitiner or both methods of activaticn
are used there is the possibility of lowering the amount of‘energy
required for the electron transfer, and thus the ratc of the rcaction

increases.
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Bockris and latthews concluded that for the h.e.r. the rate
controlling process was the stretching of the H+—OH2 bond. They also
concluded that the theory may be generally applied to other electrode
reactions sucii as inetal deposition and redox reactions.

In order to properly set forth a theory which may explain the
experimental behavior, the theory of Bockris and ilatthews must be com-
bined with two other arceas of pertinent information: 1) the electronic

work function, and 2) the hydration of the copper and nickel ions.

The Electronic Work Function

A small amount of wbrk on the electronic work function in relation
to electrode reactions has been done. 1In 1947 Bockris { Bockris, 1947 )
publisned a short article concerned with the hydrogen overpotential and
the thermionic work function. In this paper he states that since the
work function is a measure of the electron affinity of a metal then it
must also be a measure of the tendency of the metal to take an electron
away from the hydrogen atom and bind this electron to itseTf. Thus the
ability of a metal to adsorb atomic hydrogen should be proportional to
its work function.

Conway and Bockris ( Conway and Bockris, 1957 ) published a paper
in 1957 concerned with the kinetics of hydrogen evolution and its rela-
tion to the electronic and adéorptive properties of the metal. They
found a direct correlation between the electronic work function of a
mctal and the corresponding value for the exchange current density for
that metal. They found that for the metals lo, W, Fe, Ni, Cu, Au, Ag,

Pd and Rh as the electronic work function increased the exchange current
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density also increased. They were able to derive a Tinear relationship
for this observation.

Kittel reports ( Kittel, 19G2 ) that in the case of tungsten the
electronic work function is Towered when positive ions are adsorbed on
its surface. He attributes this to the formation of an electric double
layer ( dipole layer ) at the surface of the tungsten due to the attrac-
ting force that the positive ions exert on the conduction electrons of
the tungsten metal.

Gurney's ofigina] theory predicted that an increase in the work
function would decrease the current density at any given potential. If
the inverse were also true'then the current density at any given poten-
tial would increase as the work function decreased. It is also pro-
posed in Gurney's theory that the work function may enter indirectly
in the hydrogen evolution reaction by influencing the heat of adsorption

of hydrogen on the metal.

The Hydration Of Copper and ilickel Ions

As J. 0'M. Bockris states in his book on electrocrystallization
( Bockris and Razumney, 1967 ), "the knowledge of the hydration sheath
that surrounds the metal ion in solution is not one of the strongest
points in electrochemistry". He considers the hydrated ion to be
surrounded by a primary hydration sheath. This sheath is in turn sur-
rounded by another sncath called the secondary hydration sheath. An
ion during deposition will retain part of its hydration sheath if
during this time it rctains part of its ionic character. So, the ad-

sorbed anion will have some of its nydration sheath associated with it.
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During the charge-transfer process the ion has to displace rnart of its
nvdration sicatin. bHow nuch displaceaiient must occur will depend upon the
type of site at winicin the charge-transfer process takes place.

The energy of hydration of .both ccpper and nickel is not an easily
mcasured quantity. Indeed there is no data available which would enable
either energy to be known with a small amount of uncertainty. However,
certain concepts and data can be useful in ascertaining which ion has
the strongest affinity for water dipoles.

According to Gold ( Gold, 1954 ) the heat of hydration at 25 °C
and relative to nydrogen for copper and nickel are 19.45 kcal and 18.1
kcal respectively. He givés the free energy of solvation ( in aqueous
solution ) for copper as 23.77 kcal and under the same conditions no
free energy values for nickel are given.

Basolo and Pearson ( Basclo and Pearson, 19G7 ) give several
pieces of data which arc useful in Teading to a conclusion concerning
the hydration of copper and nickel. For instance, they give values for
the hydration of gaseous ijons of copper and nickel which bdth have a
value of -507 kcal. They also state that the water and amine complexes
for nickel and copper have bond strengths that are comparable. They
then give the heat of solvation for bLoth copper and nickel in a hexamine
complex as both being - 410 kcal.

They also state that the heat of hydration varies inversely with
the ionic radius. Therefore, copper with a smaller ionic radius should
have a nigher heat of nydration than nickel. However, this can be dis-
puted since there is a great deal of uncertainty about the ionic radius

for both copper and nickel. Basolo and Pecrson give ionic radii for
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copper and nickel as 0.72 A° and 0.78 A° respectively. Weast ( Weast,
1968 ) gives the respective values of 0.72 A° and 0.69A° for copper and
nickel. Lange ( Lange, 19C1 ) gives still different values of 0.70 A°
for copper and from 0.69 A® to 0.78 A® for nickel. From this consider-
ation it then seems probable that both ions would have approximately
the same neat of hydration.

Basolo and Pearson also give the reactivity order of certain
metal complexes winich indicate that the nickel complexes are gencrally
more stable than the corresponding copper complexes. These nickel
complexes also have a higher heat of activation than the copper com-
plexes. They also show thét the rate constants for the exchange of
water molecules from the first coordination sphere of copper is
3 x 10° times faster than for nickel. The energy of activation for
this reaction is 12.2 kcal for nickel and 5.6 kcal for copper. This
implies that the nickel complex with water is much stronger than the
same compiex for copper. This information Teads to a reaction order

that puts nickel as being more stable than copper.

Proposed Theory

Consideration of all the afore mentioned facts will result in a
theory which can be used to explain the experimental results. From the
work of Gurney, and Bockris and iatthews it is now evident that the rate
of the metal deposition process can Le increased by lowering the total
anmount of energy that is needed to.complete the reaction and allow a
transfer of charge to take place. This can be accomplished by either or

a combination of two ways. First, the electron can be activated by
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lovering the amount of energy required to remove an elcctron from the
netal electrode and make it available to an ion. This can be achieved
through the reduction of the electr nic work function. This in turn is
achieved through the presence of nicicel ions. In a manner similar to
the reduction of the electronic work function of tungsten when positive
jons are adsorbed on its surface, the presence of nickel which is ad-
sorbed on the electrode surface could lower the electronic viork func-
tion. This would in turn lower the energy barrier as can be seen from
Equation 8.

The second method of activation would be stretching of the
Cu-ly0 bond. Tiis could bé aciiieved again througih the presence of
nickel. liickel with its hicher affinity for water dipoles could aid in
stretching this bond and thus Tower the amount of energy required for
the charge-transfer. Both of these factors may work together to actu-
ally Tower the energy barrier and thus enable the charge-transfer to
proceed at a much higher rate than in the absence of nickel. This would
explain why the presence of nickel tends to increase the exchange current
density which is a measure of the rate of charge-transfer.

Secondly it is proposed by this author that tne nickel ions can
actually act as a barricr to the incoming copper ions. Since the nickel
jons are attracted to the cathode in the same manner as the copper ions
it is probable that they build up in the diffuse layer. This building
up of the nickel ions would increése with an increase in nickel concen-
tration up to some point. At this.point the build up would reach a

"steady state" concentration.



T-1418 95

In this nanner the nickel ions act as a sieve limiting the mobil-
ity of the copper ions. This barrier of nickel ions could not stop the
progress of the copper ions ( since the flow of copper ions is a neces-
sary condition for the flow of current ) but could make it more difficult
for the copper icns to reach the region of the compact double-layer.

This factor can now be used to explain why the exchange current
density decreases after a certain nickel concentration is reached. The
situation is shown in Figure 34, Curve A shows how the energy required
for the charge-transfer decreases with an increase in the nickel con-
centration while at the same time the Larrier effect of nickel increases
with an increase in nickel as shown by Curve B. The resultant curve
upon adding these two curves is Curve C. This curve can be seen to have
the same general shape as tne experimental curves for the exchange current
density as a function of the nickel concentration.

It is possible that since the energy for tihe charge-transfer is
becoming Tess with an increase in the nickel concentration faster than
the barrier effect is occuring that this Towering of the ehergy is
sufficient to allow the charge-transfer to proceed by a one-step process
at a point near the maximum in the energy effect curve. This is noted
by the region D in Figure 34. In the regions E and F there is less pro-
ability that this may be happening. This is because in the region E the
lovering of the energy required for the one-step process is not yet
sufficient to enable it to take place with a sufficient magnitude that is
detectable experimentally. Whereas,in the region F although the lower-
ing of the energy would be sufficient by itself, it is now insufficient

since the barrier effect is now much stronger. This explains why there
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scens to be a gradual change from a two-step charge-transfer to a
one-sten charge-transfer and then again to a two-step charge-transfer

as was saown in Figures 31 and 32.

Effects of Temperature

Altihough there was very little work done on the effects of temp-
erature the results of whaf was done was shown in Figure 27. These
curves show an interesting trend. For nickel concentrations of 5 and
15 gpl the exchange current density increases with an increase in the
temperature. However, for a nickel concentration of 10 gpl the exchange
current density goes down With an increase in temperature.

The data for the temperature of 40 °C in Figure 27 can be replot-
ted to produce the bottom curve in Figure 35. In this figure the ex-
change current density at 40 °C is plotted against the nickel concen-
tration. This curve shows the same trend as was shown in Figure 27-

a decrease in the exchange current density at a nickel concentration of
10 gpl. The top curve in this figure was obtained by p]otfing one-half
of the theoretical éxchange current density as was listed in Table 9

as "Theo. io“. Again the value of one-half of this theoretical exchange
current density would correspond to a two-step charge-transfer reaction.

As can be seen in Figure 34 the vé1ues of the experimental
exchange current density an one-half of the theoretical exchange current
density agree very well at the nickel concentrations of 5 and 15 gpl.
But at a nickel concentration of 10 gpl there is a large difference

between the two values.
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Although there is not enough experimental data to make any defi-
nite conclusicns the curves in Figure 35 seem to indicate that there is
a region between the nickel concentrations of 5 and 15 gpl in which the
charge-transfer reaction changes from a two-step mechanism to a mixed
mechanism and then back to a two-step mechanism in much the same way as
shown before. However, there is an important difference. At the higher
temperature , unlike at the teﬁperature of 25 °C, it is not possible to
say—that the mechanism changes to a one-step charge-transfer process
between 5 and 15 gpl nickel. Instead it must be stated that it changes
to a "mixed mechanism". The reason being that the one-step theoretical
exchange current density value for a nickel concentration of 10 gpl is
much greater than the experimental value ( 7.24 ma/cm2 as opposed to
2.66 ma/cm? ).

Comparison of these two values rules out the possibility of a
one-step charge-transfer but comparison of experimental and one-half of
the theoretical also seems to rule out the possibility of a two-step
charge-transfer. So, at this nickel concentration ( 10 ng ) there
might posibly be a mixture of the two mechanisms cr there might

possibly be another mechanism entering the picture.
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Empirical Results

Current Efficiency

It should be cxpected that the presence of small amounts of
nickelous ion in solution would have very little if any effect on the
current efficiency. The current efficiency as calculated was a measure
of the amount of copper being reduced per unit time. The experiments
were conducted under a condition of constant current which meant that
the rate of copper reduction had to proceced at a given rate. Since
nickel is not reduced under the experimental conditions the only other
reaction capable of occuriﬁg at the cathode and therefore capable of
reducing the current efficiency was the reduction of hydrogen. However,
the amount was quite small owing to the excellent stirring conditions
that were present. This greatly reduced any cbncentration polarization
effects which would in turn have lowered the current efficiency by
1imiting the amount of copper ions available for reduction at the
catnhode. If any significant concentration effects were present the im-
pressing of a constant current would have required the potential to in-
crease to sucnh a point that the reduction of hydrogen would have pro-
ceeded at a much greater rate. This would then have lowered the current

efficiency.

Morphology of the Deposit

It was shown in the results.that an increase in the current density
and an increase in the nickel concentration both had the same effect of

producing a less satisfactory deposit. It has been known for years that
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an increase in the current density produced deposits which were rougher
and less conerent than deposits made in the same solution at Tower
current densities. filo universely acqepted reason for this behavior is
available. However, it is thought that with the increased current den-
sity the %ons are reaching the electrode at a much faster rate and with
a nigher energy. They are therefore able to form more sites of nucle-
ation. These nucleation sites are not the same sites the ions would
have chosen had they been able to reach the electrode under more favor-
able conditions. With the rapid rate of nucleation the activity of the
surface changes. This changé produces a deposit which is not as good
as it would be under condifions of a Tower current density.

With the presence of nickel a similar process is occuring. The
depositing ions because of the lowering of the amount of energy required
for charge-transfer are able to reach the electrode surface with a much
higher energy than in the absence of nickel. This has the same effect
as increasing the current density. The activity of the deposited sur-

face is such that a gradually worsening deposit is obtained.

Cell Voltage

Figure 36 shows a curve representing the cell voltage. This
curve is very similar to those obtained experimentally. The shape of
this curve is easily explained by looking at two factors that influence
the cell voltage. The cell voltage is composed of two main parts:

1) the IR drop between the two electrodes due to the resistance of the
electrolyte, and 2) the polarization phenomena occuring at the electrode

surfaces. Figure 36 shows IR drop of an electrolyte plotted as a
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function of the copper concentration. The same is done for the polar-
jzation potential. Uhen these two curves arc added they result in the
top curve which represcnts the cell voltage. ( The scale on the voltage
axis is thore’only to scrve as a general indication of the relative
magnitudes of the three curves. They are not absolute values. )

These same results were found by Fink and Phillippi ( Fink and
Phillippi, 1926 ) during their study of voltages in copper refining
cells. Rouse and Aubel ( Rouse and Aubel, 1927 ) also found this to be
the case in their more comprehensive study of the cell voltages in
copper refining.

The IR drop is Tinear with respect to the copper concentration.
This has been shown to be true by many investigators, ( Rouse and Aubel,
1927 ), ( Skowronski and Reinoso, 1927 ), ( Kern and Chang, 1922 ) and
( Fink and Phillippi, 1926 ). Rouse and Aubel ( Rouse and Aubel, 1927 )
demonstrated that the polarization curve assumes a shape similar to that
sinown in Figure 36.

Figure 17 indicated that the cell voltage decrcased with a de-
crease in current density. This is due to a Tower IR drop at the lower
current densities. This is not the only factor however, that lowers the
voltage. If it werc,then the curves in Figurce 17 should be equally
spaced since they are all separated by equal amounts of current density.
This indicates that the polarization effect becomes less at the lower
current densities. This has also been shown to be true many times: e.qg.
( Edwards and Wall, 1966 ), ( Bockris and Kita, 1962 ), ( Mattsson and
Bockris, 1959 ), ( Sheir and Smith, 1952 ), and ( Hunt, Chittum and

Ritchey, 1938 ). It was also shown by the polarization expcriments in
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this investigation.

Rouse and Aubel ( Rouse and Aubel, 1927 ) reported that nickel
had an effectiof reducing the polarization voltages in copper refining
cells. This fact along with the fact that nickel increases the resist-
ance of the electrolyte in the same way as copper ( Kern and Chang, 1926 )
and ( Skowronski and Reinoso, 1927 ) explains the shape of the curves in
Figures 18, 12 and 20. The curves in Figure 18 show that the cell vol-
tage with an electrolyte having no nickel is lower than with an electro-
lyte with 1 to 15 gpl nickel. This indicates that the polarization
effect is not sufficient to overcome the effect of an increase in elec-
trolyte resistance.

At 37.0 asf, Figure 192 shows a somewhat different result. For a
nickel concentration of 1 gpl the depolarization effect of the nickel is
greater than the effect of an increase in the electrolyte resistance so
the cell voltage is lowered. However, for nickel concentrations of 5
and 15 gpl the increase in the electrolyte resistance is larger than the
decrease in voltage due to the depolarization effect.  In fhe case of a
current density of 56.1 asf the situation is such that the decrease in
the cell voltage due to the depolarization effect is sufficient at all
nickel concentrations to overcome the increase in cell voltage due to
the increase in resistance of the electrolyte.

So, it can be seen that at the higher current densities although the
absolute amount of IR drop and polarization is greater than for a lower
current density, the relative change is such that the depolarization
effect of the nickel is gradually increasing to such a point that it is

sufficient to overcome the effect of an increase in the electrolyte
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resistance. The reason for this phenomena is the increased concentra-
tion of nickel ions in the diffuse layer with an increase in the current

density.

Cell Voltage as é Function of Current Density

Figure 21 shows how the cell voltage changed with the current
density. The curves in this figure are only another way of expressing
the data shown in Figures 17 to 20. The same explanation will be true
for the curves in this figure as for the curves in Figures 17 to 20.

One important point should be brought out. In Figure 21 the
curves for 0 gpl nickel and 40 gpl copper and for 0 gpl nickel and
20-30 gpl copper show a non-linear relationship. If further data is
added to these curves to give points at higher current densities then
the curves seem to be more linear. This is shown in Figure 37. The
points in this curve for 40 gpl copper could lie ¢n a curve that would
resemble that given in Figure 21. However, this is not really important.
The important point is to compare Figure 37 to Figure 38, Which shows a
plot of the IR drop as a function of the current density for the same
system as in Figure 37. Figure 38 shows a similar relationship between
the two curves as is shown in Figure 37.

Polarization phenomena other than the IR drop are taking place at
the electrode. These other polarization potentials would change the
shape and position of the curves given in Figure 38 so that they would

more closely resemble those in Figure 37.
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The results of the empirical experiments show that nickel does
have an important effect on the cell voltage and morphology of the de-
posit. It does not effect the current efficiency of the deposition pro-
cess nor the purity of the deposit. The effect on the cell voltage is
small at the low current density of 19.1 amps/ftz. At a current density
of 37.0 amps/ft2 there is a larger effect. A nickel concentration of 1
gram per liter lowered the cell voltage over what the cell voltage was
witnh no nickel present. Hickel concentrations of 5 and 15 grams per li-
ter raised the cell voltage over the no nickel values. At a current
density of 56.1 amps/ft2 the nickel Towered the cell voltage at all
nickel concentrations. A concentration of 1 gram per liter nickel had
the greatest effect on the Towering of the cell voltage at 56.1 amps.ftz.
The raising and lowering of the cell voltage is explained on the basis
of an increase in the resistance of the electrolyte while at the same
time the nickel acts as a depolarizing agent. At all current densities
the nickel tended to stabilize the cell voltage at a value that was in-
dependent of the copper concentration.

Nickel affected the morphology of the deposit and gave less satis-
factory deposits at higher nickel concentrations. This effect was
greater at higher current densities. At the low current density of 19.1
amps/ft2 the nickel concentration had very little effect on the morphol-
ogy of the deposit. At the higher current densities of 37.0 and 56.1
amps/ft2 the copper concentration was critical when the nickel

108
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concentrations were high. /fAcceptable deposits at 37.0 amps/ft2 could
only be made when the copper concentration was carefully controlled.
At 56.1 amps/ft2 the quality of the deposit was very dependent on the
nickel and copper Foncentrations.‘

The two methods for describing the system and resulting deposit,
the Reference Humber, R, and the Surface Index, Q, gave results which
were very satisfactory. Correlation between R and Q were good. It
should be possible to predict the type of deposit that would be obtained
under any specified experimental coditions.

The kinetic studies indicated that the presence of nickelous ion
had a very definite effect'on the exchanae current density. The results
on the exchange current densities indicated that the presence of nickel
had a very definite effect on the type of mechanism that the charge-trans-
fer process followed. It was shown that the charge-transfer process is
by a two-step mechanism at Tow nickel concentrations of 0 to 5 grams per
liter. At higher nickel concentrations of apnroximately 10 grams per
liter the charge-transfer process reverted to a one-step mechanism.
Further additions of nickel resulted in still another change in the
mechanism- back to a two-step mechanism.

A theory was proposed to explain the effects of nickel on the
morphology and type of mechanism of the charge-transfer process. This
theory stated that the effect of nickel was two-fold: 1) the first effect
is to lower the amount of energy required for the charge-transfer pro-
cess and thus enabling the process. to occur by a one-step mechanism.
This Towering of the energy is produced by either or a combination of

the stretching of the copper-water bond or the lowering of the work
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function of the metal electrode, by the presence of nickel ions; 2) the
second effect is that of the nickel ions producing a barrier that the
copper ions must pass in order to reach the electrode surface. The sum
of these two effects was used to explain the experimental results of

both the polarization and empirical experiments.
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APPENDIX A

Summary of Experimental Data

The following table(s) give a summary of the data obtained for
both the empirical and the polarization experiments. Values for the
enpirical experiments are listed in Table 1.A. The temnperature and
acid concentration for the empirical experiments were held constant
at 25°C and 100 gpl respectively. The stirring speed was also held
constant.

Data from tests 1-40 of the empirical experiments was not used
in any results or conclusions. The problems with this data are explained
in Appendix G.

Table 2.A lists the data for the polarization experiments. The
acid ( HpSOz ), copper and nickel concentrations are given in grams per
liter. The temperature is given in degrees centigrade. The current is
given in milliamps. The potential ( in millivolts ) is the potential
that has been corrected for electrometer errors and for IR drop. The
Eo value is the potential when no current was flowing through the elec-
trode. In order to find the polarization potential the Eo value is

subtracted from each listed potential value.
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TABLE 2.A

Test No. 1 Nickel Conc. 0.0 gpl
Acid Conc. 49 gpl Temp. 25 °C
Copper Conc. 0.0 gpl Eo 0.0 v

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 2.7 20 91.6 92.5 141.7

0.2 11.8 30 99.9 100 142.3

0.3 17.5 40 107.2 110 144.6

0.5 26.3 50 114.6 120 127.9

0.7 31.6 62 120.9 125 141.8

1.0 37.1 65 121.1 140 183.4

2.0 49.2 70 124.8 150 175.2

3.0 56.9 72.5 126.8 160 177.4

4.0 61.5 75 128.6 175 196.9

5.0 66.1 80 132.4 180 231.1

7.0 71.4 82.5 134.3 190 217.9

10 77.1 87.5" 138.0 200 235.3
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TABLE 2.A

Test No. 2 tickel Conc. 0.0  gpl
Acid Conc. 49  gpl Temp. 25 °C
Copper Conc. 0.0 gpl Eo 0.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.2 6.3 15 82.8 77.5 109.9

0.4 16.1 17.5 84.6 80 111.8

0.6 23.2 22.5 90.3 85 115.5

0.8 26.8 25 93.2 90 114.1

1.0 30.6 27.5 96.1 95 112.7

2.0 42.2 30 95.8 97.5 114.6

3.0 49.9 35 98.5 100 111.4

4.0 55.0 37.5 99.3 110 113.7

5.0 60.1 40 101.1 125 116.2

6.0 63.8 45 103.8 130 135.1

7.0 67.9 50 103.3 150 139.4

8.0 70.5 55 105.0 160 136.4

9.0 70.6 60 105.5 170 143.7

10 74.0 70 109.4 175 161.2

12.5 76.8 75 107.9
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TABLE 2.A

Test Mo. 3 Nickel Conc. 0.0  gpl
Acid Conc. 49  gpl Temp. °C
Copper Conc. 0.0  gpl Eo 0.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 4.8 8.0 80.7 70 114.5

0.2 12.9 9.0 82.5 75 113.1

0.4 24.5 10 83.3 80 113.8

0.6 33.0 12.5 88.1 85 117.5

0.8 35.3 30 101.9 90 119.3

1.0 39.6 35 106.7 95 117.9

1.5 47.4 40 107.2 100 121.7

2.0 53.2 45 109.9 110 124.0

3.0 61.4 50 112.5 125 131.6

4.0 67.5 55 112.1 150 144.5

5.0 72.6 60 117.3 175 171.4

6.0 76.8 65 116.0 200 204.6

7.0 77.4 |
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TABLE 2.A

Test Ho. 4 Nickel Conc. 0.0 gpl
Acid Conc. 100  gpl Temp., 25 °C
Copper Conc. 0.0 gpl Eo 7.6 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 11.9 4.5 68.1 30 102.2

0.2 16.2 - 5.0 70.2 40 106.2

0.3 20.5 5.5 72.3 50 111.2

0.4 24.3 6.0 73.5 60 114.2

0.5 27.8 6.5 74.6 70 117.2

0.6 28.9 7.0 76.7 80 118.0

.8 33.6 7.5 77.3 90 121.0

1.0 37.2 8.0 78.4 100 124.0

1.5 44.9 8.5 80.1 110 136.7

2.0 50.5 9.0 80.2 125 125.9

2.5 55.0 10 82.4 150 138.7

3.0 58.7 15 89.6 175 146.3

3.5 62.3 20 97;2 200 154.0

4.0 66.0 25 99.7
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TABLE 2.A
Test No. 5 Nickel Conc. 0.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. 0.0 gpl Eo 2.7 mv
Current  Potential Current  Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 10.8 6.0 75.5 60 127.5
0.2 18.9 . 7.0 78.2 70 132.6
0.3 24.2 8.0 80.9 75 133.0
0.4 28.8 9.0 83.7 80 136.5
0.6 34.9 10 83.4 85 139.0
0.8 38.6 15 92.6 90 141.5
1.0 43.2 20 100.3 95 135.9
1.5 50.4 25 104.9 100 144.0
2. 55.5 30 109.4 110 147.0
.5 59.6 35 112.9 125 146.5
3.0 63.2 40 116.4 150 159.3
4.0 68.5 45 120.0 175 172.1
5.0 72.2 50 122.5 200 191.5
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TABLE 2.A
Test Ho. 6 Mickel Conc. 0.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. 10.0  gpl Eo 41.0 mv
Current  Potential Current Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 44.8 4.0 76.5 40 120.7
0.2 48.6 5.0 80.6 45 122.6
0.3 50.9 6.0 84.7 50 126.5
0.4 52.2 7.0 86.8 60 129.3
0.5 53.0 8.0 85.9 70 133.0
0.6 54.4 10 88.9 80 137.8
0.8 56.5 15 99.0 90 138.5
1.0 58.1 20 105.0 100 141.8
1.5 62.7 25 110.0 110 148.8
2.0 66.3 30 113.9 125 151.5
2.5 68.8 35 118.9 150 166.4
3. 71.8
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TABLE 2.A

Test HNo. 7 Mickel Conc. 0.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc. 10.0  gpl Eo 42.5 myv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 44.8 2.5 66.3 35 110.7

0.2 49.1 3.0 63.8 40 112.6

0.3 50.9 | 4.0 73.5 45 115.5

0.4 51.7 5.0 77.1 50 116.2

0.5 52.5 6.0 80.2 60 120.0

0.6 53.9 7.0 82.8 70 124.8

0.7 54.7 8.0 84.9 80 127.5

0.8 55.0 10 86.9 90 133.4

0.9 55.8 15 94.9 100 131.5

1.0 56.1 20 99.9 110 143.6

1.5 60.2 25 102.8 125 141.2

2.0 63.2 30 107.8 150 171.5
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TABLE 2.A

Test No. 9 Nickel Conc. 0.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc. 10.0 gpl Eo 40.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 43.8 7.0 80.8 55 116.1

0.2 47.6 . 8.0 82.9 60 116.9

0.3 49.4 9.0 84.1 65 118.8

0.4 50.3 10 84.8 70 119.7

0.6 52.4 15 91.8 75 120.5

0.8 54.0 20 96.8 80 121.4

1.0 54.1 25 100.7 85 125.3

2.0 61.3 30 103.7 90 127.2

3.0 65.8 35 108.6 95 127.0

4.0 70.5 40 109.5 100 131.5

5.0 74.6 45 111.4 110 133.3

6.0 77.7 50 113.1 125 136.1
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TABLE 2.A

Test No. 10 Nickel Conc. 1.0 gpl
Acid Conc. 100  gpl Temp. 25  °C
Copper Conc. 10.0 gpl Eo 45.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 46.8 8.0 84.4 65 120.3

0.2 48.6 - 9.0 84.0 70 122.1

0.3 49.9 10 36.8 75 125.0

0.4 51.2 15 93.7 80 125.7

0.6 52.9 20 99.7 85 128.6

0.8 54.5 25 102.5 90 130.4

1.0 56.1 30 105.4 95 134.8

2.0 61.2 35 108.2 100 132.6

3.0 65.3 40 110.1 110 137.4

4.0 71.4 45 111.9 125 139.9

5.0 76.0 50 113.7 140 147.7

6.0 79.1 55 116.6 150 180.3

7.0 82.3 60 117.3




T-1418 139

TABLE  2.A

Test llo. 11 Hickel Conc. 1.0 gpl
Acid Conc. _ 100  gpl Temp. 25 °C
Copper Conc. 10.0 gpl Eo 45.5 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 47.3 9.0 84.0 75 129.1

0.2 49.1 .10 87.8 80 131.1

0.4 52.2 15 95.7 85 134.8

0.6 54.7 20 100.7 90 134.5

0.8 56.5 25 104.5 95 140.0

1.0 58.1 30 108.5 100 140.8

2.0 64.2 35 112.3 110 142.5

3.0 63.8 40 115.2 125 145.1

4.0 72.4 45 117.0 140 147.7

5.0 76.5 50 119.8 150 170.0

6.0 79.6 55 121.7 160 182.1

7.0 82.8 60 124.5 175 206.7

8. 84.4 €5 125.4
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TABLE 2.A
Test No. 12 fiickel Conc. 1.0 gpl
hcid Conc. 100  gpl Temp. 25 °C
Copper Conc. 10.0 gpl Eo 47.2 mv
Current  Potential Current  Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 49.8 10 97.0 70 126.1
0.3 54.9 15 99.8 75 126.0
0.4 57.2 20 104.8 80 129.8
0.6 60.9 25 108.6 85 131.7
0.8 64.5 30 112.6 90 132.5
1.0 66.1 35 113.3 96 138.1
2.0 _ 76.2 40 116.3 100 140.8
3.0 82.8 45 117.0 110 142.5
4.0 87.9 50 118.8 125 139.9
7.0 95.6 55 120.7 140 142.5
8.0 96.7 60 122.5 150 170.0
9.0 96.9 65 124.4 160 192.4
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TABLE 2.A

Test io. 13 Nickel Conc. 5.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. 10.C gpl Eo 44.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 46.8 8.0 88.0 60 119.1

0.2 49.6 .10 91.3 65 120.7

0.4 53.2 15 98.0 70 121.2

0.6 55.3 20 101.6 75 121.7

0.8 57.4 25 105.2 80 124.3

1.0 59.5 30 106.8 85 126.9

2.0 67.6 35 109.3 90 127.4

3.0 73.6 40 111.9 95 122.8

4.0 78.2 45 113.5 100 126.9

5.0 82.3 50 115.0 110 115.7

6.0 84.8 6

55 117.
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TABLE 2.A
Test ilo. Rickel Conc. 5.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. __10.0 gpl Eo _44.0 mv
Current  Potential Current Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) © (mv)
0.1 45.8 8.0 82.4 65 119.6
0.2 47.6 . 9.0 81.5 70 121.2
0.4 50.7 15 89.8 75 121.7
0.6 52.3 20 94.5 80 124.3
0.8 53.4 25 100.1 85 126.9
1.0 54.5 30 103.7 90 127.4
2.0 59.6 35 107.2 95 123.8
3.0 63.6 40 109.9 100 124.8
4.0 69.7 45 111.4 110 131.2
5.0 73.8 50 114.0 125 127.8
.0 77.3 55 115.5 140 134.6
7.0 80.4 60 118.0 150 171.8
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TABLE 2.A

Test No. 15 Nickel Conc. _10.0  gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc. 10.0 gpl Eo 44.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 45.8 9.0 82.8 65 131.5

0.2 47.6 LY 85.9 70 133.7

0.4 51.2 15 93.8 75 136.9

0.6 53.8 20 100.2 80 138.1

0.8 55.9 25 105.4 85 136.2

1.0 57.0 30 109.7 90 137.9

2.0 64.5 35 114.0 95 133.0

3.0 69.4 40 117.2 100 143.5

4.0 73.4 45 119.4 105 143.7

5.0 76.9 50 123.7 110 140.8

6.0 80.4 55 125.9 125 160.0

7.0 82.4 60 129.1 150 219.3

8.0 84.3
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TAGLE 2.A

Test ilo. 16 Mickel Conc. __10.0 gpl
Acid Conc. 100 gpl Temp. 25
Copper Conc. 10.0 gpl Eo 43.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 44.8 8.0 81.3 €0 126.1

0.2 46.6 9.0 80.8 65 129.4

0.4 49.7 10 34.4 70 130.5

0.6 51.8 15 89.7 75 134.8

0.8 53.4 20 87.1 80 136.0

1.0 55.0 25 102.4 85 138.7

2.0 62.0 30 106.6 90 137.9

3.0 66.4 35 110.9 95 140.1

4.0 69.9 40 114.1 100 140.4

5.0 73.9 45 117.4 110 140.8

6.0 76.4 50 120.6 125 149.7

7.0 79.4 55 123.8 140 160.6
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TABLE 2.A

Test ilo. 17 fickel Conc. __15.0 gpl
Acid Conc. 100  gpl Temp. _ 25 °C
Copper Conc. 10.0 gpl Eo 42.5 mv

Current  Potential Current  Potential Cur%ent Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 44.8 8.0 83.8 60 130.1

0.2 47.1 9.0 84.8 65 130.9

0.4 49.7 10 85.8 70 135.8

0.6 52.2 15 93.8 75 138.8

0.8 53.8 20 99.8 80 139.6

1.0 55.4 25 105.7 85 142.0

2.0 61.8 30 107.6 90 143.9

3.0 66.7 35 112.5 95 143.8

4.0 70.6 40 116.5 100 146.7

5.0 75.0 45 119.3 110 148.5

6.0 78.5 50 123.3 125 153.3
7.0 81.4 55 126.1 140 181.7
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TABLE  2.A

Test Ho. 18 Nickel Conc. _15.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. 10.0 gpl Eo 43.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 44.8 8.0 80.8 60 122.9

0.2 46.6 9.0 84.2 65 124.7

0.4 49.2 10 83.7 70 130.7

0.6 51.7 15 89.7 75 130.6

0.8 53.3 20 95.7 80 130.3

1.0 54.9 25 101.6 85 136.8

2.0 61.3 30 105.6 90 131.5

3.0 65.7 35 109.4 S5 131.4

4.0 69.6 40 111.3 100 131.2

5.0 73.0 45 114.2 110 136.1

6.0 75.5 50 117.1 125 161.5

7.0 78.9 55 119.9
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TABLE 2.A

Test ilo. fickel Conc. 0.0 gpl
Acid Conc. gpl Temp. 25 °C
Copper Conc. __30.0 gpl Eo __64.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 65.8 8.0 94.9 55 124.1

0.2 67.6 9.0 96.9 60 125.9

0.4 71.1 10 97.9 65 127.6

0.6 72.7 15 101.8 70 129.4

0.8 74.3 20 104.5 75 132.3

1.0 74.9 25 108.4 80 134.0

2.0 81.3 30 111.1 85 132.2

3.0 86.2 35 115.0 90 135.0

4.0 89.6 40 116.8 95 134.8

5.0 83.4 45 119.5 100 139.7

6.0 93.0 50 121.3 110 165.0

7.0 92.9
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TABLE 2.A

Test Ho. 20 Hickel Conc. 0.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. _ 30.0 gpl Eo _61.0 mv

Current  Potential Current  Potential Curfent Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 62.8 7.0 9.8 50 130.5

0.2 64.6 8.0 90.8 55 133.3

0.4 67.1 9.0 91.8 60 135.1

0.6 68.7 10 93.8 65 139.9

0.8 69.8 15 102.8 70 142.8

1.0 70.4 20 108.6 75 144.6

2.0 75.3 25 114.5 80 145.7

3.0 79.7 30 116.2 85 155.9

4.0 82.6 35 121.1 90 168.0

5.0 85.4 40 125.0 95 183.2

6.0 83.4 45 127.7
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TABLE 2.A

Test No. 21 Nickel Conc. 0.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc.  30.0 gpl Eo 61.0 mv
Current  Potential Current  Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 62.3 8.0 90.8 55 117.9
0.2 63.6 9.0 91.8 60 119.7
0.4 65.1 10 93.8 65 120.4
0.6 66.7 15 100.7 70 119.2
0.8 68.3 20 104.5 75 121.0
1.0 69.4 25 108.4 80 123.7
2.0 74.8 30 109.1 85 124.5
3.0 78.7 35 111.9 90 124.6
4.0 82.1 40 112.7 95 124.5
5.0 85.9 45 113.4 100 126.3
6.0 88.3 50 115.2 110 139.3
7.0 88.8
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TABLE 2.A
Test Ho. 22 Hickel Conc. 1.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc.  30.0 gpl Eo  62.0 mv
Current  Potential Current  Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 63.8 8.0 95.3 60 132.3
0.2 65.6 9.0 95.8 65 135.0
0.4 69.1 10 95.7 70 138.8
0.6 70.2 15 103.6 75 142.5
0.8 72.8 20 108.4 80 141.7
1.0 74.4 25 114.2 85 144.5
.0 81.2 30 115.9 90 149.3
3.0 85.6 35 120.7 95 159.3
4.0 89.5 40 122.4 100 169.4
5.0 89.4 45 126.3 105 179.4
6.0 91.9 50 128.8 110 204.9
7.0 93.8 55 130.6
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TABLE 2.A

Mickel Conc. 1.0 gpl

Acid Conc. 100  gpl Temp. 25  °C
Copper Conc. 30.0 gp] Eo €61.0 mv
Current  Potential Current Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)

0.1 62.8 7.0 89.7 45 128.3
0.2 64.6 8.0 91.8 50 129.9
0.4 66.6 9.0 93.8 55 132.6
0.6 63.2 10 94.7 60 135.4
0.8 70.3 15 103.6 65 139.1
1.0 71.4 20 109.4 70 143.9
2.0 76.2 25 114.2 75 145.6
3.0 80.1 30 118.0 80 146.8
4.0 83.8 35 120.7 85 149.6
5.0 87.7 40 124.5 20 157.6

6.0 88.3
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TABLE 2.A
Test Ho. 24 Nickel Conc. 5.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc.  30.0. gpl Eo 62.0 mv
Current  Potential Current  Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 63.8 7.0 92.4 45 121.2
0.2 65.6 8.0 93.3 50 123.6
0.4 69.1 9.0 94.2 55 125.0
0.6 70.7 10 96.1 60 126.4
0.8 72.7 15 102.6 65 129.8
1.0 73.3 20 108.1 70 132.2
2.0 80.6 25 109.5 75 134.7
3.0 85.4 30 112.9 80 138.5
4.0 87.2 35 117.4 85 139.0
5.0 90.1 40 118.8 90 143.5
6.0 90.5
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TABLE 2.A

Test No. 25 Mickel Conc. _ 5.0
Acid Conc. 100  gpl Temp. __ 25
Copper Conc. _ 30.0 gpl Eo 60,5 mv
Current  Potential Current  Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 61.8 5.0 84.1 35 118.4
0.2 63.1 6.0 85.9 40 119.8
0.4 65.1 7.0 83.3 45 123.2
0.6 66.2 8.0 88.2 50 125.6
0.8 67.7 9.0 90.1 55 129.1
1.0 68.8 15 99.5 60 134.5
2.0 73.6 20 105.1 65 145.2
3.0 77 .4 25 109.5 70 150.7
4.0 80.7 30 112.9 75 153.7
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TABLE 2.A

Test lo. 26 Nickel Conc. 5.0 gpl
Acid Conc. 100 _ gpl Temp. 40  °C
Copper Conc.  30.0 gpl Eo 72.0 mv

Current  Potential Current  Potential Current Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 72.8 7.0 90.4 50 124.4

0.2 73.6 8.0 91.6 55 126.3

0.4 74.7 9.0 92.9 60 130.3

0.6 75.9 10 94.1 65 132.1

0.8 76.5 15 10C.0 70 135.1

1.0 77 .1 20 106.0 75 139.0

2.0 €0.7 25 111.0 80 141.9

3.0 83.3 30 112.9 85 144.8

4.0 86.5 35 115.8 90 147.2

5. 88.6 40 118.7 95 151.2

6. 87.7 45 121.7 100 162.4
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Test Ho. 27 Mickel Conc. _ 5.0 gpl
Acid Conc. 100  gpl Temp. _ 4C °C
Copper Conc. 30.0 gpl Eo 73.0 nv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 73.8 7.0 90.4 50 126.5

0.2 74.6 8.0 90.6 55 129.5

0.4 75.7 9.0 91.9 60 132.3

0.6 76.9 10 94.1 65 136.2

0.8 77.5 15 10C.0 70 138.1

1.0 78.1 20 106.0 75 142.1

2.0 60.2 25 111.0 80 145.0

3.0 82.8 30 113.9 85 147.9

4. 86.0 35 117.8 90 151.3

5.0 88.1 40 120.7 95 161.5

6.0 83.7 45 123.7




=110

156

TABLE 2.A

Test No. 28 Nickel Conc. 10.0 gpl
Acid Conc. 100  gpl Temp. 40 °C
Copper Conc.  30.0 gpl Eo 72.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 73.8 8.0 93.2 60 121.1

0.2 75.6 9.0 93.3 65 123.7

0.4 77.2 10 93.4 75 125.8

0.6 77.8 15 100.1 80 129.4

0.3 79.4 20 104.6 85 132.0

1.0 80.0 25 107.3 90 132.5

2.0 83.6 30 108.8 95 132.5

3.0 86.6 35 113.4 100 135.1

4.0 89.2 40 115.0 110 141.5

5.0 91.3 45 116.6 125 148.4

6.0 91.9 50 119.1. 150 166.7

7.0 92.1 55 118.6 175 181.4
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TABLE 2.A

Test No. 29 Mickel Conc. 10.0 gpl
Acid Conc. 100  gpl Temp. 25 °C
Copper Conc. _30.0 gpl Eo __€3.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 63.8 7.0 92.9 50 137.9

0.2 64.5 8.0 94.7 55 139.9

0.4 67.1 9.0 96.5 60 145.0

0.6 68.6 10 98.4 65 150.0

0.8 70.2 15 106.5 70 153.6

1.0 71.7 20 112.6 75 154.6

2.0 77.5 25 17.7 80 160.8

3.0 82.2 30 121.7 90 161.8

4.0 86.9 35 124.7 95 173.1

5.0 89.6 40 129.8 100 195.8

6.0 91.0 45 133.9
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TABLE 2.A

Test Ho. 30 Hickel Conc. 10.0 gpl
Acid Conc. _ 100  gpl Temp. 25 °C
Copper Conc.  30.0 gpl Eo 63.5 my
Current  Potential Current  Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 63.8 8.0 92.6 55 137.9
0.2 64.0 9.0 94.5 60 141.9
4 65.6 10 97.3 65 146.0
0.6 67.1 15 105.5 70 149.0
0.8 68.7 20 112.6 75 149.4
1.0 69.2 25 116.7 80 153.5
2.0 75.0 30 120.7 85 152.5
3.0 79.2 35 123.7 90 156.6
4.0 82.9 40 127.8 95 160.7
5.0 86.6 45 131.8 100 164.9
6.0 86.4 50 135.9 105 169.0
7.0 90.8
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TABLE 2.A

Test No. 3l Nickel Conc. 15.0 gpl
Acid Conc. 100 gpl Temp. 25 °C
Copper Conc.  30.0 gpl Eo 63.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 64.3 8.0 94.0 60 141.1

0.2 65.5 9.0 95.8 65 143.7

0.4 68.0 10 98.6 70 143.2

0.6 70.6 15 106.3 75 148.4

0.8 71.6 20 113.0 80 150.1

1.0 73.1 25 117.7 85 150.7

2.0 79.3 30 121.3 90 151.3

3.0 83.4 35 125.0 95 152.9

4.0 86.6 40 128.6 100 156.7

5.0 89.2 45 131.2 105 157.3

6.0 90.5 50 134.8 110 169.2

7.0 92.3 55 136.4 125 180.4
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TABLE 2.A

Test Ho. 32 Nickel Conc. 15.0 gpl
Acid Conc. 100 gpl Temp. 25  °C
Copper Conc.  30.0 gpl Eo 62.0 my

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 63.8 9.0 96.8 65 142.7

0.2 65.5 - 10 99.6 70 143.2

0.4 63.0 15 108.4 75 143.3

0.6 70.1 20 114.0 80 147.0

0.8 71.6 25 118.7 85 145.5

1.0 73.1 30 122.3 90 149.2

2.0 78.8 35 125.0 95 152.9

3.0 82.9 40 127.6 100 154.6

4.0 86.6 45 130.2 105 155.2

5.0 89.2 50 133.8 110 164.1

6.0 91.6 55 135.4 125 180.4

7.0 93.3 60 139.0 140 215.6

8.0 96.1
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TABLE 2.A
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Test No. 33 Hickel Conc. 15.0 gpl
Acid Conc. 100  gpl Temp. 40 °C
Copper Conc.  30.0 gpl Eo 74.0 my
Current  Potential Current  Potential Current Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 74.8 15 103.1 85 135.1
0.2 75.6 20 108.4 90 134.8
0.4 76.7 25 112.6 95 136.0
0.6 77.8 30 114.9 100 135.2
0.8 79.4 35 119.1 105 134.4
1.0 80.0 40 119.3 110 138.7
2.0 84.0 45 119.5 125 139.4
3.0 86.4 50 121.7 140 145.2
4.0 83.4 55 124.9 150 150.8
5.0 90.4 60 127.1 160 156.4
6.0 91.5 65 128.3 175 162.2
7.0 92.6 70 129.5 190 159.1
8.0 93.6 75 131.7 200 164.5
9.0 95.7 80 134.0 210 175.0
10 96.8
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TABLE 2.A

Test No. __ 34 Hickel Conc. __15.0 gpl
Acid Conc. 100  gpl Temp. 40  °C
Copper Conc.  30.0 gpl Eo 75.0 mv
Current  Potential Current  Potential Current  Potential
(ma) (mv) (ma) (mv) (ma) (mv)
0.1 75.8 9.0 95.7 70 129.5
2 76.6 10 96.8 75 131.7
4 78.2 15 104.6 80 131.9
0.6 79.8 20 108.4 85 134.1
0.8 80.9 25 112.6 90 134.8
1.0 81.5 30 114.9 95 136.0
2.0 85.0 35 119.1 100 135.2
3.0 87.9 40 119.3 105 133.4
4.0 90.4 45 121.5 110 133.6
5.0 90.9 50 123.7 125 136.3
6.0 93.6 55 124.9. 140 140.0
7 94.6 60 126.1 150 150.8
8.0 95.7 65 123.3 160 156.4
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TABLE 2.A

Test No. Nickel Conc. 15.0 gpl
Acid Conc. 100 gpl Temp. 60 °C
Copper Conc. _30.0 gpl Eo 90.0 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 90.8 30 118.5 105 145.1

0.2 91.6 35 122.0 110 146.6

0.4 92.3 40 124.5 125 151.1

0.6 92.9 45 124.9 140 155.6

0.8 93.6 50 127.4 150 163.8

1.0 94.2 55 128.9 160 166.8

2.0 95.5 60 131.4 175 171.3

3.0 94.7 65 133.9 190 175.8

4.0 97.6 70 135.3 200 180.4

5.0 ©8.9 75 136.8 210 183.3

.0 99.2 80 138.2 225 184.5

8.0 100.8 85 141.7 240 191.9

10 103.5 90 142.2 250 196.8

15 109.0 95 1441 275 207.1

20 112.5 100 145.6 300 228.1

25 116.0
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TABLE 2.A

Test No. 36 Mickel Conc. 15.0 gpl
Acid Conc. 100 gpl Temp. 60
Copper Conc. _ 30.0 gpl Eo 89.5 mv

Current  Potential Current  Potential Current  Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 89.8 25 113.0 100 143.6

0.2 90.1 30 115.4 105 143.0

0.4 90.8 35 117.9 110 146.6

0.6 91.9 40 121.4 125 149.0

0.8 92.1 45 122.9 140 155.6

1.0 92.2 50 125.4 150 160.7

2.0 94.0 55 127.9 160 163.7

3.0 94.7 60 130.3 175 168.2

4.0 96.6 65 132.8 190 175.8

5.0 96.9 70 134.3 200 175.3

6.0 98.2 75 135.7 210 183.3

8.0 98.8 80 138.2 225 187.6

10 101.4 85 141.7 250 196.8

15 107.0 90 142.2 260 202.8

20 109.5 95 143.1 275 202.0
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TABLE 2.A

Test No. 37 Nickel Conc. 0.0 gpl
Acid Conc. 49  gpl Temp. 30 °C
Copper Conc. 4.76 gpl Eo 40.5 mv

Current  Potential Current  Potential Current Potential

(ma) (mv) (ma) (mv) (ma) (mv)

0.1 41.2 20 98.7 90 144.1

0.2 42.8 25 104.6 95 146.1

0.4 45.7 30 106.5 100 147.0

0.6 48.3 35 111.4 105 145.8

0.8 50.8 40 114.3 110 149.8

1.0 52.7 45 117.2 125 159.9

2.0 59.8 50 122.1 140 167.4

3.0 66.0 55 123.9 150 174.1

4.0 70.7 60 130.5 160 182.8

5.0 72.4 65 132.4 175 186.8

7.0 75.7 70 128.1 190 198.2

8.0 79.1 75 129.0 200 205.9

9.0 80.9 80 136.1 210 226.8

10 82.7 85 140.1 225 253.6

15 92.7
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APPENDIX B

Cell Designs for Empirical Experiments

The cells and electrode holders used for the empirical experi-
ments were constructed of plexiglas. This was done in order to insure
that no metal parts except the electrode surface were exposed to the
electrolyte. Figures B.1, B.2, and B.3 show the details of the cells,
electrode holders and electrode jig respectively.

The cell provided versatility in changing both the horizontal
and vertical spacing of the electrodes. The electrode guide provided
a means of locating the electrode holder within the cell in the same
manner for each test. It was rigid and thus prevented any movement
of the electrode holders during the course of an experiment.

The electrode holder shown in Figure B.2 also provided a rigid
and repeatable method of holding the electrode within the cell. Elec-
trical contact for the electrode was provided via the copper contact in
the electrode holder. This copper contact was bent so that as the re-
tainer plate was screwed onto the body of the electrode holder it
pressed the electrode against the copper contact. Silicone stopcock
grease was used to scal the electrode in the electrode holder. This
prevented any electrolyte from reaching the copper contact. The

screws used to fasten the retainer plate were made of nylon.
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The electrode jig consisted of a back and front piece which wefe
screwed together Toosely. A taped electrode was inserted into the jig
by slipping it into the 0.006" groove. Next,two plexiglas blocks
measuring 1.2" x 1.2" were placed against the electrode by positioning
them as shown by the shaded area in Figure B.3. These blocks were
then clamped onto the electrode using a small C-clamp. The electrode
was then removed from the jig by simply pulling it out of the groove.
It was then ready to have a taped area of 1.2" x 1.2" cut and removed.
By using this jig it was possible to produce electrodes which all had
identical geometric characteristics. Each electrode had the same ex-
posed area and could be positioned in the electrode holder the same
way each time.

Figure B.4 shows the details of the magnetic stirrer that was
constructed in order to insure reproducible stirring characteristics.
It to was constructed of plexiglas. The copper tubes shown were there
to provide a means of connecting the magnetic stirrer to its necessary
power and to provide a means of cooling, via forced air, should the
stirrer become overheated. A11 screws used in the construction of the
magnetic stirrer were brass and were countersunk.

The positioning bar as shown in Figure B.5 was placed in the
3/8" groove of the guide also shown in Figure B.5. Once this position-
ing bar was located in the guide it provided a means of placing the
cell onto the magnetic stirrer in a reproducible manner. This insured
that the stirring bar within the cell was located in the same manner

and position relative to the stirrer for each test.
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APPENDIX C

Construction of and Problems With the U-tube.

Detailed drawings of the U-tube and electrode holder are shown
in Figures C.1 and C.2 respectively. Uhen designing the U-tube and
electrode holder several factors had to be considered. The basic design
factors were simplicity and economy. The cell also had to be versatile.
It had to have the capabilities of a controlled atmosphere, measurements

at elevated temperatures, lack of contamination and ease in cleaning.

U-tube
The U-tube itself was constructed of Pyrex brand glass. A
fritted glass ( coarse grit ) gas inlet tube was positioned in each arm

of the tube. This was done in order to allow a purging atmosphere to
be introduced into the electrolyte. The fritted glass permitted a more
rapid purging by dispersing the purging gas through the so]&tion in the
form of many small bubbles. The electrode holder was fitted with an
outlet nole which enabled the purging atmosphere to be directly vented
into the atmosphere. The fritted glass disc ( fine grit ) dividing

the two arms of the U-tube was needed in order to minimize mixing by
convection. Division of the U-tube by such a method is standard prac-

tice in polarization studies and in no way disturbs the current flow.

Electrode Holder

The electrode holder was designed for use in the U-tube and for
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use with the type of sample material available. The holder was con-
structed of glass tubing 0.3" outside diameter upon which a larger,
threaded glass tube was attached at a 90° angle. A bakelite cap with

a 0.4" hole drilled through the cqnter vas used to secure the_sample

to the holder. An o-ring was used to prevent leakage. Electrical
contact was mad via a thin copper contact which in turn was attached to
a shielded wire which lead through the stem of the holder.

The stem of the holder was mounted eccentrically in the nylon
stopper which was machined to fit the ground joint of the U-tube. The
eccentricity in the mounting provided a great deal of versatility when
positioning the electrode.  This mounting provided for both vertical
and horizontal movement.

Figure C.3 shows in detail the method used to connect the
Luggin-Haber probe to the reference electrode. The probe itself was
filled with a special agar gel ( see Appendix H ). It was held to the
U-tube by Tygon tubing. The tubing was filled with saturated potassium
chloride making sure that no air bubbles were trapped in the solution.
This tubing was then connected to a large diameter glass vial which
also contained saturated potassium chloride and in which there was a

saturated calomel electrode.

Shortcomings of the U-tube

Although the tube was designed with many factors in mind it
did have some shortcomings. Many problems arose during use of the
U-tube. The provisions made for the Luggin-Haber probe were not entirely

satisfactory. Two main problems arose in this area. The probe was
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hard to maintain and quite often failed because of air entrapment in the
saturated potassium chloride solution or because of loss of the agar gel
plug. It was also difficult to position the probe exactly equidistant
from the electrode surface each time the electrode was changed. This
factor introduced some random error in the IR drép corrections applied
to the potentié1 readings since these corrections depend on the probe

to electrode distance.

Another serious problem arose because of the geometry of the
U-tube. If it is supposed that the surfaces of the anode and cathode
are two parallel and infinite planes, each of which is an equipotential
plane, then it is obvious from geometrical considerations that the
potential distribution between them can also be represented by a series
of planes parallel to the two electrode surfaces. This is shown in
Figure C.4, where planes A and B are electrodes and planes 1 - 7 are
equipotential planes.

Two terms should now be defined. A "line of current flow" is a
Tine which at all times is in the direction of current flow. A second
useful term is that of "surfaces of current flow", which is a surface
that at no time intersects a line of current flow. So, if any one
point of a line of current flow lies in a given surface of current
flow then the entire Tine lies within the surface. It also follows
that a surface of current flow is necessarily always perpendicular to
every equipotential surface.

Figure C.4 represents a situation in which the two electrode

surfaces are parallel. This situation is called a linear conductor
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and may be thought of as a wire of constant cross-section. In this in-
stance a line of current flow is represented by a line perpendicular to
the two electrode surfaces. A surface of current flow would be a plane
perpendicular to and intersecting both electrode surfaces.

An example of another situation is shown in Figure C.5. Here the
electrode surfaces are inclined to each other. In this situation AD
may be considered to be an equipotential plane some distance from the
electrode surface represented by BC. As the plane AD is approached the
system tends to simulate a linear conductor; that is to say, the equi-
potential surfaces are parallel planes and the per unit potential dif-
ferences are equally space;

However, as the plane BC is approached the equipotential sur-
faces tend to bend until at BC they assume the shape of BC. From pre-
vious definitions it then follows that the lines of current flow must
also bend in order to remain perpendicular to the equipotential sur-
faces. This means that there will be a higher current density at B
than there will be at C.

The same type of situation was present in the U-tube. From
Figure C.6 it is possible to see that if the Luggin-Haber probe was
positioned at point A, then the probe would be intersecting only one
equipotential surface. However, at point B the probe might be inter-
secting two or more equipotential surfaces. This would give potential
recadings that were of a mixed nature. The 1ikelyhood of this having
occurred during any of the polarization experiments was small, since

the probe was always positioned at the center of the electrode surface.
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A second problem with the probe that arises in this situation
is that of the IR drop corrections. A1l IR drop corrections were made
assuming a rectangular volume of electrolyte between the probe tip and
the electrode surface. However, Figure C.6 shows there to be a
non-rectangular volume with a cross-section of abcd. This would cer-
tainly introduce some errors.

The actual presence of a higher current density at the bottom
of the electrode surface was shown to be true experimentally. Figure
C.7 shows a photograph of an actual electrode sample. It can be seen
that a small portion of the electrode was corroded through. This por-
tion had been the bottom o% the electrode and theoretically had the
highest current density.

The preceding discussion was based on the assumption that the
electrodes are infinite planes. In actual practice the electrodes were
finite and this made a difference. By looking at Figure C.5 it is evi-
dent that theoretically the highest current density should occur at the
very bottom of the electrode, however, Figure C.7 shows that in actual
practice the highest current density occurred not at the extreme bottom
of the electrode but at some point higher up and more towards the center
of the electrode.

This is due to some shielding effects of the electrode holder as
shovm in Figure C.8. From this figure it can be seen that the bakelite
cap and o-ring interfered with the Tines of current flow by introducing
a sharper corner for them to go around. This meant the point of high-
est current density was moved upward. This situation also produced the

rounded corners as pointed out in Figure C.8 and shown in Figure C.7
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APPENDIX D

Sample Preparation

A standard method of electrode preparation was devised in order
to assure identical electrode surfaces throughout the empirical tests.

The method is as follows:

Step 1.  Each electrode consisting of a piece of copper foil measuring
2" x 2 1/2" was given an initial cleaning and etch by immersing it in a

near boiling 30% nitric acid solution for a period of 10 seconds.

Step 2.  After the initial cleaning and etch each electrode was com-
pletely taped on both sides using Scotch brand Electroplating Tape No.
470. The taped electrode was then passed between a set of steel rollers

to insure that the tape was adhering securely.

Step 3. HNext an area of tape measuring 1.2" x 1.2" was removed in

order to expose a working surface. This was done by using a jig as

shown in Figure B.3, Appendix B. The taped Q]ectrode vas slipped into
the jig by inserting it into the recessed area shown. Next two blocks

of plexiglas measuring 1.2" x 1.2" were clamped onto the electrode. The
electrode was then removed from the jig and a razor blade used to cut

the tape around one block. The blocks were then removed and the cut tape

pulled off to expose the working area.
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Step 4. The electrode was then given a final cleaning and etch by
again immersing it in a near boiling 30% nitric acid solution for a

period of 10 seconds.

Step 5. A small strip of tape was then removed from the top back

part of the electrode. This was necessary in order to assure electri-
cal contact with the copper strip in the electrode holder. The sample
vias then loaded into the electrode holder. Silicone grease was used to
seal the electrode in the electrode holder. This insured that the
electrolyte was in contact only With the working surface of the elec-

trode.

Step 6. The last step was to load the electrode holders containing
the electrodes into the cell. Spacing of the electrode holders was
accomplished by using spacing bars made of plexiglas held between the
electrode holders as they were fastened into the cell. These spacing
bars were then removed. The use of these bars assured a constant
spacing of the electrodes from test to test. They also assured that
the electrodes would be identically spaced in relationship to the stir-

ring bar from test to test.



T-1418

APPENDIX E

Calculation of Specific Conductance

Values Used in IR Drop Corrections

To properly correct the data of the polarization tests for IR
drop, the specific conductance of each solution had to be known.
These values were not experimentally measured and therefore had to be
calculated. This was done by using a method proposed by Skowronski
and Reinoso ( Skowronski and Reinoso, 1927 ). By using their data
and data collected earlier by Kern and Chang ( Kern and Chang, 1922 )
it was possible to readily determine the specific conductance of the
test solutions involved.

Skowronski and Reinoso found that within the limits of their
electrolyte composition the effect of copper, nickel, arsenic and iron
on increasing the resistivity of the electrolyte was directly propor-
tional to the amount added. They developed a term which they called the
"percentage resistivity". This factor is used to express the percentage
difference in resistivity of any electrolyte as compared to a standard
electrolyte.

By using such a system it was possible for Skowronski and Reinoso
to determine that even though the addition of copper, nickel, iron and
arsenic to a sulfuric acid electrolyte increased the resistivity at
varying acid concentrations the percentage resistivity remained constant
as if no metallic salts had been added.
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From their data they found the following percentage resistivities
using a base electrolyte of 150 gpl 11,504 at a temperature of 55°C

( this electrolyte had a specific resistance p = 1/k = 1.364 ohms/cm3 )

Percentage resistivity of copper = 100.000 + 0.657 ( gpl Cu )

100.000 + 0.766 ( gpl Ni )

Percentage resistivity of nickel

A comparison of specifi:: conductance values calculated by this method
for actual refining electrolytes and measured values show an error of

less than 1%.

Sample Calculation
A sample calculation for the electrolyte of tests 13 and 14 is

shown below. The electrolyte composition was:

Copper = 10 gpl
Nickel = 5 gpl
H2304 = 100 gpl
Temperature = 25 °C

100.000 + 0.657 ( 10 )

1]

Percentage resistivity of Copper

106.57 %

Percentage resistivity of Copper

Percentage resistivity of Nickel 100.000 + 0.766 ( 5 )

103.83 %

Percentage resistivity of Hickel

Percentage resistivity of HyS04 = 180.37 % *

Total percentage resistivity 106.57 % x 103.83 % x 180.37 %

199.47 %

i

Total percentage resistivity
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Specific resistance 1.9947 x 1.364

Specific resistance 2.722 = o

Specific conductance = 1/p = 1/2.722 = 0.367 = «x

*The value of percentage resistivity for the H,S04 is arrived at by
first finding the percentage resistivity of 100 gpl HpSO, at 55 °C and

then correcting this for 25 °C.

Percentage resistivity of 100 gpl H,S04 at 55 °C 139.48 % ( as

against the standard of 150 gpl H,S04 at 55 °C )

n

Percentage resistivity of loo gpl H2504 at 25 °C 129.32 %

Total percentage resistivity .39.48 % x 129.32 %

180.37 %

Total percentage resistivity
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Specific Conductance Values

TABLE

1.E

Used in IR Drop Corrections

Test No. K Test No. K
(ohm"1/cm) (ohm"]/cm)

1 0.212 20 0.339
2 0.212 21 0.339
3 0.212 22 0.337
4 0.407 23 0.337
5 0.407 24 0.327
6 0.380 25 0.327
7 0.380 26 0.380
8 0.380 27 0.380
9 0.380 28 0.367
10 0.378 29 0.315
11 0.378 30 0.315
12 0.378 31 0.304
13 0.367 32 0.304
14 0.367 33 0.354
15 0.354 34 0.354
16 0.354 35 0.406
17 0.342 36 0.406
18 0.342 37 0.215
19 0.339

18

3
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APPENDIX F

Computer Programs Used in Polarization Calculations

Various calculations for the polarization tests were done using
a computer. A listing of each program in Basic Language is given in this

appendix.

Program Number 1

This program was used to correct the potential readings as read
on the electrometer. It was found by comparing the electrometer to a
secondary standard that it did not give accurate measurements. This
program took the data from the electrometer and corrected it for the

errors present in the readings.

Program Number 2

This program was used to make the IR drop corrections on the

potential readings corrected in Program Humber 1.

Program Number 3

This program is a curve fitting program using a least-squares
polynomial method and was used to smooth some of the data from Program

Number 2.

Program Humber 4

This program is also a curve fitting program using Teast-squares

and was also used to smooth some of the data from Program Number 2.
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Program Humber 5

overvoltages using both theoretical and experimental parameters.

170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

This program was used to calculate exchange current densities and

PRINT '"hkkdkskdhhhrhhkhkahhrthhhrkdddhhihrihikkdkrhkikikhrir!
PRINT "* *!
PRINT "*  PROGRAIM FOR THE CORRECTION OF ELECTROMETER *"
PRINT "*  POTENTIAL READINGS FOR ANODIC POLARIZATION *"
PRINT "* ' *!
PRINT "kdskseokkkokhkdokok &k k kA AR A F AR K FHRAR A kA FA KK KR KRR A K]
PRINT

PRINT

PRINT "C1 = CORRECTIOMN COEFFICIEMT FOR 100-300 MILLIVOLTS"
PRINT "C2 = CORRECTION COEFFICIENT FOR 3C0-500 MILLIVOLTS"
PRINT "C3 = CORRECTION COEFFICIENT FOR 500-700 MILLIVOLTS"
PRINT "C4 = CORRECTION COEFFICIENT FOR 700-1000 MILLIVOLTS"
PRINT

PRINT

READ T

DATA 18

PRINT "TEST NO. "5 T

PRINT

PRINT

PRINT "MEASURED", "CORRECTED"

PRINT "POTENTIAL", "POTENTIAL"

READ C1, C2, C3, C4

DATA 1.026, 1.031, 1.024, 1.022

READ P

IF P>30 THEN 280

LET PT =P

GO TO 410

IF P>100 THEN 310

LET P1 = P + 1

GO TO 410

IF P>300 THEN 340

LET P1 = P*Cl

GO TO 410

PROGRAM NUMBER 1

IF P>500 THEN 370
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350 LET P1 = P*C2
360 GO TO 410

370 IF P>700 THEN 400
360 LET P1 = P*C3
390 GO TO 410

400 LET P1 = P*C4
410 PRINT P, Pl
420 GO TO 240
430 DATA

440 DATA.

450 DATA

460 DATA

500 END

. PROGRAIM NUMBER 2

10 DIM I(50), C(50), P(50), U(50), R(50), D(50)

20 READ T

30 DATA 2

40 READ L, A, K

50 DATA 0.8, 1.1193, 0.212

60 READ N

70 DATA 45

80 PRINT "PROGRAM FOR THE CALCULATION AND CORRECTIOMN OF THE"
90 PRINT "IR DROP WHEN USING THE LUGGIN-HABER CAPILLARY"
100 PRINT

110 PRINT

120 PRINT

130 REF THE FOLLOWING LIST IS THAT OF THE NOMENCLATURE USED
140 REM IN THIS PROGRAM

150 REM N = NUMBER OF PGINTS

160 REM L = DISTANCE OF CAPILLARY TIP FROM ELECTRODE, CH
170 REM A = CROSS-SECTIOMAL AREA OF IR DROP, CM2
180 REM I(N) = CURRENT, AMPS '

190 REM C(N) = CURRENT DENSITY, AMPS/CM2

200 REM D(N) = CURRENT DENSITY, MA/CM2

210 REM K = SPECIFIC COHDUCTANCE, OHM-1 CM-1

220 REM T = TEST NUMBER

230 REM P(N) = MEASURED POTENTIAL, MV

240 REM U(N) = CORRECTED POTENTIAL, MV

250 REM R(N) = IR DROP, MV

260 PRINT "TEST NUMBER"; T
270 PRINT
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260 PRINT "NUMBER OF POINTS ="; N

290 PRINT "A = ";A;"CM"
300 PRINT "K = “,K,”)Uh-1 Chi-1"
310 PRINT "L = ";L;"Ci"

320 PRINT

330 PRINT

340 PRINT

350 PRINT "AMPS", "HA/CH2", IR DROP","HEAS. P", "CORR. P"
360 PRINT

370 FOR S = 1 TO N

380 READ I(S), P(S)

390 NEXT S

400 GO TO 450
450 FORW =1 T
460 LET C(M
470 LET R{W
480 LET U(M
490 LET D(W
500 PRINT I
510 NEXT W
520 PRINT
530 PRINT
540 PRINT
550 DATA
560 DATA
570 DATA
900 END

- R(W)
(W), R(W), P(W), U(W)

~ 1 n nn

W

PROGRAM NUMBER 3

10 DATA 14, 1

15 READ M, N

20 DIM A(15), B(15), S(]b) G(15), U(15)

25 DIu Q(]OO) P(]OO) (]OO) Y(]OO) c(100)
0

30 LET Z =

35 LET 0 = 1
40 LET K = 12
45 LET W = N+1

50 I H>12 THEN 576
55 IF M<il THEN 616
60 IF M>100 THEN 570

70 LET 77 = Z
75 LET T8 = Z
80 LET W7 = £
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100
101
102
103
300
302
304
306
308
310
312
314
316
318
320
322
324

DATA
DATA
DATA
DATA
FOR I
READ X
LET W7
LET T7
LET T8
NEXT I
LET T9
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

(

—
<O

+ + + -~
— =

< < < ~—
~

P "'
— ] =T
e T

o i
O~
et i
>

N

1

(M*T3-T7+2)/ (M2 - M)
"LEAST-SQUARE
! NUMBER OF POINTS

! MEAN VALUE OF X
" MEAN VALUE OF Y

193

S POLYNOMIALS"
"5 M

s WT/M

"5 T7/M

326 STD ERROR OF Y
328
330
332
334
33C
338
340
342
344
346
348
350
352
354
356
358 LET B
3€0
362 I
364
366
368
370
372
374
376
378
380
382
384
386
388
390

PRINT " "s SQR(T9)
PRINT

PRINT "
PRINT

PRINT "
PRINT "
PRINT "
PRINT "
PRINT
PRINT
FOR I

NOTE: CODE FOR WHAT MEXT? IS:"
STOP PROGRAM"
COEFFICIENTS ONLY"
ENTIRE SUMMARY"

FIT MEXT HIGHER DEGREE"

nw nn

0
1
2
3

LET F1
LET W1
LET N4
LET I = 1
LET K1

IF N =
LET K1
LET W

FOR L

LET W

NEXT L
LET S(I) = W/

IF I-li4>= O THEN 428

nonouou

RENN

-~ N

HEN 380
14

It o

Z
170 M
W+ Y(L)*Q(L)

woun



T-1418 194

391 IF I-1i>
392 LET El
324 FORL = 1 TO M

396 LET E1 = E1 + X(L)*Q(L)*Q(L)

0 THEN 428
Z

300 MEXT L

400 LET E1 = E1/W1

402 LET A(I+1) =E1

404 LET W = Z

406 FOR'L =1 TO M

408 LET V = (X(L) - E1)*Q(L) - F1*P(L)
410 LET P(L) = Q(L)

412 LET Q(L) =V

414 LET W = W + V*V

416 HEXT L

418 LET F1 = W/W1
420 LET B(I+2) = F1
422 LET W1 = W
424 LET I = I+
426 GO TO 380
423 FOR L = 0
430 LET G(L) =
432 NEXT L
434 LET G(1) = 0
436 FOR' 3 = 1 TO N
438 LET S1 = Z
440 FOR L = 1 TO N
442 IF L = 1 THEN 446
444 LET G(L) = G(L) - A(L)*
446 LET S1 = S1 + S(L)*G(L)
448 NEXT L
(
2
(

1
TO 12
z

G(L-1) - B(L)*G(L-2)

450 LET U
452 LET L
454 FOR I
456 LET G
458 LET L
460 NEXT I2

462 LET G(1) = Z
464 NEXT J
466 PRINT
468 LET T =
470 FOR L =

472 LET C(L) = Z
474 LET J =

476 FOR 12 =

478 LET ¢(
480 LET J
482 HEXT 12

484 LET T3 = Y(L) - ¢(L)
486 LET T = T + T342
488 NEXT L
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150
492
494
426
498
500
502
504
506
508
510
512
514
516
518
520
522
524
526
528
530
532
534
536
538
540
542
544
54€
548
550
552
554
556
558
560
562
564
565
566
568
570
572
574
576
578
560
58

53

580

IF i<
LET T5
GO TO
LET T5
LET Q7
PRINT
PRINT
PRINT
GOSUB
PRINT
PRINT
IF R
IF R
PRINT
PRINT
FOR J
LET I2
PRINT
NEXT J
IF R =
PRINT
PRINT
PRINT
FOR L
LET Q8
PRINT
IF C(L
PRINT
GO TO
PRINT
NEXT L
PRINT
PRINT"
IF K =
PRINT
GOSUB
GO TO
LET N
IF N>1
IF M<N
GO TO
PRINT
PRINT
GO TO
PRINT
GO TO
PRINT
PRINT
PRINT
PRINT

o

N THEN 496

0
8

T/ (H-N)
1-T/(T9*(1-1))

4

o

" POLYFIT OF DEGREE ";H-1;
" INDEX OF DETERM = ";Q7;
622

0 THEN 628
3 THEN 564
" TERM", "COEFFICIENT"

=1 TO N
= J-1
12, U(J)

1 THEN 558
"X-ACTUAL", "Y-ACTUAL", "Y-CALC", "DIFF", "PCT-DIFF"

=1 T0 M

= Y(L) - ¢(L)

X(L), Y(L), C(L), Q8
) = 0 THEN 548
100*Q8/C(L)

550

"INFINITE"

STD ERROR OF ESTIMATE FOR Y = *"; SQR(TS)
N THEN 628

622

512

= N+1

2 THEN 576
THEN 616

428

"PROGRAM SIZE LIMIT IS 100 POINTS"
628

"ELEVENTH DEGREE IS THE LIMIT"

628

"THIS PROGRAM FITS LEAST-SQUARES POLYNOMIALS TO BIVARIATE"
"DATA, USING AM ORTHOGOMAL POLYNOMIAL METHOD. LIHITS ARE"
"171-TH DEGREE FIT AND A MAX OF 100 DATA POINTS. PROGRAM"

(Yo
(Sl
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588
590
592
594
596
598
€00
602
€04
606
608
610
612
614
616
618
€20
622
624
626
628

100
110
120
130
140
150
160
170
18

190

18

PRINT "ALLOWS USER TO SPECIFY THE LOWEST ULEGREE POLYHOMIAL TO BE"
PRINT "FIT, AND THEN FITS THE POLYHOMIALS IM ORDER OF ASCENDING"
PRINT "DEGREE. AT EACH STAGE, THE INDEX OF DETERMINATION IS"
PRINT "PRINTED, AND THE USER HAS THE CHOICE OF GOING TO THE MEXT"
PRINT "HIGHER DEGREE FIT, SEEING EITHER OF TWO SUMARIES OF FIT"
PRINT "AT THAT STAGE, OR OF STOPPING THE PROGRAM. TO USE, TYPE:"
PRINT
PRINT " 10 DATA N, D"
PRINT ™ (WHERE N = MUMBER OF DATA POINTS TO BE READ"
PRINT " AMD D = INITIAL (LOWEST) DEGREE TO BE FIT)"
PRINT " 100 DATA X(1), Y(1), X(2), Y(2), . . . . 5 X(N), Y(N)"
PRINT " (CONTINUATION OF LINES 101 - 299 AS NEEDED)"
PRINT " RUN"
GO TO 628
PRINT
PRINT "TOO FEW POINTS FOR FITTING DEGREE"; N-1
GO TO 628
PRINT "WHAT HEXT?"

INPUT R
RETURN
END

PROGRAM HUMBER 4

REM THIS PROGRAI FITS A POLYNOMIAL TO A SET OF POINTS. 1IT
REM WILL FIT UP TO THE FIFTH DEGREE BUT WILL PRESENT ROUNDOFF
REM ERRORS AT THIS LEVEL. IT IS VERY RELIABLE UP TO THE

REF  FOURTH DEGREE. THE MAXIMUH MUMBER OF POINTS TO BE USED

REM IS 50 UMNLESS IMODIFICATIONS ARE IMADE.

DATA 13, 3

DATA

DATA

DATA

DIM X(50), Y(50), B(50), A(7,7)

READ N, K

FORJ =1 TO N

READ Y(J)

NEXT J

FORJ =1 TON

READ X(J)

NEXT J

LET K1 = K+l

LET K2 = K+2



T-1416 197

200 LET K3 = K#K
210 FOR i1 =1 TO K3
220 LET S O

230 FOR IT1 =1 TO N
240 LET S = S + X(I1)+

Hon

250 NEXT I1

260 LET IT = 1 + (ii+1)/2
270 FOR I =1 70 IN
260 LET J = ® - I+2
290 IF J>6 THEN 320
300 LET A(I,J) = S
310 LET A(J,I) =S
320 NEXT I

325 NEXT M

330 FORT =1 T0 K
340 LET S =0

350 FOR I1 =1 TO N

360 LET S = S + Y(IT)*X(I1)+I
370 NEXT I

380 LET A(I+1,K2) = S

300 NEXT I

400 LET S = 0

410 FOR I1 = 1 TO N

420 LET S = S + Y(I1)

430 NEXT I

440 LET A(1,K2) = S

450 LET A(1,1)
460 FOR I = 1T
470 LET 11 = I

420 FOR J = I1
490 LET K3 = K
500 FOR M = IT
510 LET K3 = K
520 LET A(J,K3
530 NEXT M

540 NEXT J

550 NEXT I

560 LET K3 = K2

570 FOR J = 1 TO K1
580 LET M = K3

590 LET K3 = K3 - 1
600 LET S
610 FOR I
620 IF Ko<
630 LET S
640 NEXT I

650 LET B(K3) = (A(K3,K2)-S)/A(K3,K3)
655 NEXT J

660 PRINT " NUMBER OF POINTS = "3 N
670 PRINT

(J,K3) - A(J,I)*A(I,K3)/A(I,I)

I on

TO K2
THEN 650
+ A(K3,I)*B(I)

im 1 un

0
M
I
S
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£30
690
700
710
720
/30
740
750
760
770
720
760
300
810
620
830
840
850
860
870
880
380
900
910

10

30
40
50
60
70
80
20
10
110
120
130
140
150
160
170

"DEGREE OF EQUATION = "; K

"COEFFICIENTS"
FORJ = 0 TO K

PRIMT "B(";Jd+1;") = "; B(J+1)

HEXT J

PRINT

PRINT

PRINT "INCEPENDENT", "PREDICTED", "OBSERVED", "PERC. ERROR"

PRINT

LET A(7,1) = 0
FOR IT =1 TO N
LETS =0
FOR'I =1 TO Kl
LETJ =Kt -1 +1
LET S = S*X(I1) + B(J)
NEXT I
LET A(7,2) =S - Y(I1)
LET A(7,1) = A(7,1) + A(7,2)*A(7,2)
PRINT X(I1), S, Y(I1), A(7,2)*100/S
NEXT I1
PRINT
PRINT "SUi1 OF THE SQUARES = "; A(7,1)
END
PROGRA NUMBER 5
REM THIS PROGRAIM IS FOR THE CALCULATION OF OVERVOLTAGES AND

REM EXCHANGE CURRENT DENSITIES. IN PART 1 THE PROGRAM FIRST
REM  CALCULATES THE EXCHANGE CURRENT DENSITIES USING THE

REM THEORETICAL SLOPE VALUE. IT THEN TAKES THE AVERAGE OF THESE
REM  EXCHANGE CURREMT DENSITIES AMD CALCULATES THE CORRESPONDING
REM OVERVOLTAGE VALUES. IN PART 2 THE PROGRAM USES EXPERIMENTALLY
REM DETERMIMED SLOPE AHD IHTERCEPT VALUES AND FIRST CALCULATES

REI OVERVOLTAGE VALUES. IT THEWN CALCULATES EXCHANGE CURRENT

REM DENSITIES USING EXPERIHENTAL OVERVOLTAGES. IT THEM RECALCU-
REM LATES THE EXCHANGE CURREHT DENSITIES USING THE PREVIOUSLY

REM CALCULATED OVERVOLTAGE VALUES.

T
L
DIK I1(25), 0(25), L(25), X(2
DIM D(25), K(25), F(25), M(2
PRINT "TEST NO. ;-

INPUT T



T-1416 199

180
160
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410

420 1

430
440
450
460
470
480
420
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670

IF T =0 THEN 1380

PRINT "HUMBER OF POINTS IS = "3
THPUT N

PRINT "SLOPE FACTOR = ";

IHPUT S

PRINT "EQUILIBRIUM POTENTIAL = ";

INPUT E

PRINT

PRINT

PRINT

FORJ =1 TON

READ C(J)

NEXT J

FORJ =1 TO N

READ P(J)

NEXT J

REM THIS IS THE BEGINNING OF PART 1 CALCULATIONS
LET G(0) = 0

FORJ =1 TO N

LET I(J) = C(J)/1.1193.

LET 0(J) = P(J) - E

LET L(J) = LOG (I(J)) - (0(J)/S)

LET X(J) = EXP(L(J))

LET G(J) = G(J-1) + X(J)

HEXT J

LET V = G(N)/N

FORJ =1 TO N

LET H(J) = (-S*LOG(V)) + (S*LOG(I(J)))

NEXT J

PRINT

PRINT

PRINT "THE FOLLOWING VALUES ARE THEORETICAL USING AN EQUILIBRIUM"
PRINT "POTENTIAL OF";E;"MV. AND A SLOPE OF";S
PRINT

PRINT

PRINT "CURRENT", "C.D. MA/CHM2", "POTENTIAL", "OVERVOLTAGE", "EXCHANGE C.D."

FORJ =1 TO N

PRINT C(J), I(J), P(J), 0(J), X(J)

NEXT J '

PRINT

PRINT

PRINT "THE AVERAGE EXCHANGE CURRENT DENSITY = ";V;"MA/CM2"
PRINT

PRINT

PRINT "USING AN EXCHANGE CURRENT DENSITY OF";V;"MA/CM2 AND A"
PRINT "SLOPE OF";S;"THEN THE CALCULATED OVERVOLTAGES WILL BE:"
PRINT

PRINT

PRINT "CURRENT","C.D.HA/CH2","POTENTIAL","0.V. EXP.","0.V. CALC."
FOR'J =1 TO N
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680
690
700
710
720
730
740
750
760
770
780
790
800
810
320
830
840
850
360
370
68

890
900
910
920
930

940 N

950

560

870

980

990
1000
1010
1020
1030
1040
1050
10¢€0
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1130

PRINT
NEXT J
PRINT
PRINT
PRINT
INPUT
PRINT
INPUT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
REHM

LET R(

PRINT
FOR J
PRINT
NEXT J
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
FOR J
PRINT

NEXT J

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

200

"EXPERIMENTAL SLOPE ="

B

"EXPERIMENTAL INTERCEPT =";
A

“THE FOLLOWING VALUES ARE BASED OM EXPERIMENTAL"
"DETERMINED VALUES, WITH AN EQUILIBRIUM POTENTIAL OF"
E;"MV., AID A SLOPE OF";B;"."

THIS IS THE BEGINHING OF PART 2 CALCULATIONS

0)

| [ | R | I | R T

R(N)/N

U(N)/N

'CURRENT","C.D.1A/CH2" , "POTENTIAL","0.V. EXP.","0.V. CALC."
=170 N

¢(3), I(9), P(J), 0(J), D(I)

o

"THE FOLLOWING EXCHANGE CURRENT DENSITIES ARE CALCULATED"
"USING EXPERIMENTAL OVERVOLTAGES AND EXPERIMENTAL"
"SLOPE AND INTERCEPT VALUES"

"CURRENT","C.D.HA/CH2" , "POTENTIAL","0.V. EXP.","EXCHANGE C.D."
=1 T0N |
C(J), I(J), P(J), 0(J), M(J)

"AVERAGE EXCHANGE CURRENT DENSITY = ";U;"MA/CM2"

"THE FOLLOWING EXCHANGE CURRENT DENSITIES ARE CALCULATED"
"USING CALCULATED OVERVOLTAGE VALUES AND EXPERIMENTAL"
"SLOPE AND INTERCEPT VALUES"
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1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1295
1300
1310
1320
1330
1340
1350
1360
1370
1380

PRINT

PRINT “CURRENT","C.D.MA/CIK2","POTENTIAL","0.V. CALC.","EXCHANGE C.D."
FORJ =1 TO N

PRINT C(J), I(J), P(J), D(J), Q(J)
NEXT J

PRINT

PRINT "AVERAGE EXCHANGE CURRENT DENSITY = ";Y;"MA/CM2"
PRINT

PRINT

PRINT

PRINT

PRINT

PRINT

GO TO 160

DATA

DATA

DATA

DATA

DATA

DATA

END
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APPENDIX G

Early Experimental Problems

Two Cathode System

Fuch of the early work was plagued with experimental problems.
Initial plans ca]]ed.for the use of two cathodes with one anode spaced
cqually between them. Tests were to be run using the same solution
analysis but by preparing a new solution for each test and varying the
current density for each test. It was also planned to deposit only
a total of four grams of copper ( two grams on each cathode ). The
data for these tests are listed in Table 1.A, Appendix A and are tests
1 to 20.

It soon became evident however, that this type of system would
not work satisfactorily because of three shortcomings. In no case was
there an equal amount of copper deposited on each cathode. The average
variance was approximately 12 ¢ . lor were the morphological character-
istics of both cathodes the same. Current efficiencies were erratic
and did not follow the usual pattern. Instead of decreasing with in-
creasing current density the current efficiéncy increased to a peak and
then decreased.

It was felt that these shortcomings were due to a combination of
several factors. One such factor was the difference in hydrodynamic
flow to which each electrode was exposed. This is illustrated in
Figure G.1. As can be seen from this figure each electrode surface
was placed an equal distance from its corresponding anode surface.

202
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llowever, because of the way the electrode holders were designed the hydro-
dynamics in the area A to B were not the same as those in the corre-
sponding area C to D. It was very possible that some turbulence was
present in the area A since this area was shielded from the solution

more than areas B, C and D. The magnetic stirring bar shown in the

figure was always located in the same manner with relation to the
electrodes.

Wlhen Tooking at Figure G.1 it would seem that between cathode
number one and its corresponding anode surface there would be better
nydrodynamic flow and thus if there were a difference in the amount of
copper deposited between the two cathodes then cathode number one
would have the greatest amount of deposit ( owing to a slightly better
current efficiency ). This was indeed found to be the case experi-
mentally, with cathode number one having on the average 12% more
copper deposited on it than was deposited on cathode number two.

It was also realized that with the present system the spacing
of the cathodes equally distant from the anode was 1mpossib1e. This
explained the difference in morphology and possibly the difference in
the amounts of deposits.

A more important explanation of the current efficiency devia-
tions was felt to lie in the method of sample weighing. These weigh-
ings were made by first weighing the sample and then applying the
masking tape as explained in Appendix D. The sample was then reweighed.
The etched sample was then reweighed to determine the amount of weight

loss due to etching. This amount lost was used to correct the initial
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o

weight of the sample. After a test the sample was dried with a blast
of air and the tape was stripped off. A final weighing was made and
this weight together with the corrected initial weight was used to
determine the weight of deposit and therefore the current density.
This system was both tedious and susceptible to errors. These errors

could combine to produce the results already noted.

One Cathode System

A new procedure was then used in which only one cathode was used,
and only one gram of copper was deposited ( tests 21 to 40, Table 1.A,
Appendix A ). Changes were also made in the weighing procedures to see
if more reliable results could be obtained. The only difference in pro-
cedure over the previous one was that a final weight of the sample was
also measured with the tape still on. It was therefore possible to
compare results using weights made without any tape and those with tape.

This procedure produced current efficiency results which although
were not in agreement with an acceptable trend they did not»deviate-as
badly as in the previous tests. However, another phenomenon was encount-
ered. Current efficiencies of greater than 100 % were obtained. These
vere obtained only when using those weights obtained with the tape still
on the sample. Current efficiencies calcu}ated by using weights obtained
without any tape differed from those with tape and were consistently
lower. This could be easily explained if the tape was porous enough to

absorb some electrolyte and therefore itself gain weight during a test.
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Absorbtion and Dissolution Tests

Tests were then run to see if in fact the tape was capable of
absorbing electrolyte. At this same time tests were also run to see if
any dissolution of copper mignt have occurred during the previous tests.
[f dissolution had occurred this could explain the low efficiencies of
Tow current densities, since at Tow current densities the samples had to
remain in solution for as long as twenty hours in order to obtain the
sane amount of deposit as in higher current density tests.

Five electrode sample without any tape were suspended in a cell
which was operating at 30 amps/ft2 and which had an electrolyte of 40
gpl copper, 100 gpl HpS0q4 énd a temperature of 25 °C. The samples
were kept in the solution for a period of 1387 minutes after which they
were removed, rinsed and dried. The results show an average weight loss

of 11%. The results are shown in Table 1.G.
TABLE 1.6

Sample Initial  Final Weight % Wt
Height Weight Change Change

(g (g (9) (%)
1 3.11287 2.72447 -0.3884  -12.477
2 2.78374 2.45733 -0.3264 -11.725
3 3.11038 2.82100 -0.2894 - 9.304
4 3.15941 2.85355 -0.3059 - 9.681

5 3.20705 2.81842 -0.3886 -12.118
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The next step was to determine the rate of dissolution as a
function of time. This was accomplished by using fourteen electrode
samples that were taped and etcned in the usual manner. An initial
weight with the tape on was used as was a final weight with tape.

The fourteen samples were suspended in a bath containing 40 gpl

copper, 100 gpl HySO4 and at 25 °C. Two samples were removed every

two hours. These samples were rinsed and air dried and then allowed to
dry further in a dessicator for a period of twenty-four hours before a
final weight measurement was made. The results are shown in Table 2.G
and indicate an average weight Toss of 0.02% per hour.

Hext tests were run>to indicate the degree of absorption if any.
These tests were run by using prepared electrode samples with tape and
soaking them in distilled water for a twenty-four hour period. After
removal from the water they were dried in a blast of air and weighed.
They were then allowed to dry in a dessicator for twenty-four hours and
then reweighed. The results are shown in Table 3.G and indicate a small
degree of absorption.

The net result of all of these tests wias an indication that a
change in procedure was necessary. The final procedure that was used is
outlined in the main text. The data for tests 1 to 40 Tisted in Table
1.A, Appendix A, are those tests in which the trouble in experimental
procedure was recalized. The data for these tests was not used in any
vay in the results of the empirical experiments. They are listed only

for the benefit of the reader.
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TABLE 2.G

Rate of Dissolution

Sample Time Weight % Meight Rate of
(hr) Change Change Dissolu.
(9) (%) (%/hr)

1. 2 -0.0017 -0.0404 0.0202
1. 2 -0.0021 -0.0510 0.0255
2. 4 -0.0027 -0.0648 0.0162
2. 4 -0.0036 -0.0851 0.0213
3. 6 -0.0040 -0.0917 0.0153
3. 6 -0.0048 -0.1134 0.0189
4. 8 -0.0062 -0.1431 0.0179
4. 8 -0.0071 -0.1663 0.0208
5. 10 -0.0085 -0.1973 0.0197
5. 10 -0.0093 -0.2165 0.0216
6. 12 -0.0082 -0.1920 0.0160
6. 12 -0.0106 -0.2458 0.0204
7. 72 -0.0547 -1.2564 0.0174
7. 72 -0.0718 -1.6958 0.0235

Average 0.

020
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Absorbtion Data

TABLE 3.G

Sample Weight Change % Change Weight Change % Change
Air Dry (g) Dessicator (g)
1.1 +0.0052 +0.17205 +0.0010 +0.0231
1.2 +0.0055 +0.1311 +0.0010 +0.0247
2.1 +0.0054. +0.1279 +0.0012 +0.0296
2.2 +0.0058 +0.1346 +0.0014 +0.0326
3.1 +0.0058 +0.1332 +0.0023 +0.0530
3.2 +0.0046 +0.1076 +0.0020 +0.0468
4.1 +0.0054 +0.1243 +0.0022 +0.0505
4.2 +0.0056 +0.1329 +0.0023 +0.0543
5.1 +0.0060 +0.1387 +0.0021 +0.0485
5.2 +0.0061 +0.1441 +0.0024 +0.0565
6.1 +0.0066 +0.1529 +0.0021 +0.0496
6.2 +0.0064 +0.1488 +0.0024 +0.0558
7.1 +0.0067 +0.1569 +0.0028 +0.0651
7.2 +0.0066 +0.1573 +0.0025 +0.0605
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Calculation of Current Cfficiencies lith Dissolution Considered

In all of the low current density tests it was found that the
current cfficiencies were lower than those for the higher current density
tests. The cause for this anomalous benavior was attributed to redis-
solution. In order to snow this, calculations were made using data
from tests 76 to 82 which were all made at a low current density
( 19.1 amps/ft2 ) and for time periods that were of the order of 24
hours. A sample calculation is given below and the results are shown in
Table 4.G.

These results show that if some allowance is made for redissolu-
tion having occurred tnen the current efficiencies are more in accord
with what should be expected, i.e. an equal or higher current efficiency
than those determined at higher current densities. It should be noted
when Tooking at the results in Table 4.G that although they show current
efficiencies greater than 100 % these results are only comparitive and
not absolute values. They were calculated using an average dissolution
rate of 0.020 %/hr. In actual practice the dissolution rate may have
been lower than this value and indeed it would take only a slightly

smaller dissolution rate to give current efficiency values below 100%.

Sample Calculation

For test number 76 and using an average dissolution rate of
0.020 %/hr then:
Time of test = 24.05 hours
Weight of deposit = 5.279 ¢

Theoretical weight of deposit = 5.437 g
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1

Percent dissolution = 24.05 hr x 0.020 %/hr = 0.481 %

)

Corrected weight of deposit = 1.048 x 5.279 = 5.532 g

Corrected current efficiency =(5.532 g / 5.437 g) x 100 = 101.6 %

TABLE 4.6

Dissolution Corrections For Current Efficiencies*

Test Time  Experimental Experimental Theoretical Calc. Wt. Calc.

No. (hr) Current Weight of lleight of of Depos. Current
Efficiency Deposit Deposit (g) Effic.
(%) (g) (g) (%)
76 24.05 97.1 5.279 5.437 5.532 101.6
77  25.05 97.2 5.512 5.671 5.960 105.1
78  23.75 97.2 5.228 5.380 5.480 101.8
79  23.85 97.4 5.255 5.395 5.510 102.2
80 23.92 97.5 5.278 5.411 5.530 102.3
81 23.68 97.6 5.228 5.358 5.470 102.1
82 71.08 97.3 15.660 16.092 17.880 111.1

* An example of results is given only for tests 76 to 32.
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APPEHDIX H

Preparation of Agar Gel

The agar gel used as a salt bridge in the polarization exper-

iments was prepared in the following manner.

Preparation

Warm a flask containing 4 g agar and 20 ml of water using a
double boiler arrangement. lhen the agar is completely dissolved add
30 g of potassium chloride ( KC1 ) and stir throughly. Solidified
gel should be white in color. Use a good grade of agar in order to
obtain the best results. UWhen the potassium chloride has dissolved
pipette the Tiquid gel into the probe. Allow the gel to set-up

before using ( this requires a period of approximately 10 minutes).

Precautions

Special precautions should be taken in order to insure that the
probe does not dry out. This is best prevented by keeping both ends
immersed in a solution of saturated potassium chloride. MNever use
distilled water for this purpose as it leaches the potassium chloride
from the gel and reduces the effectiveness of the probe by increasing
its resistance.

Best results are also obtained when the gel in the probe con-

tains as few air bubbles as possible. The entrapment of air bubbles
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can be minimized by getting the gel as fluid as possible before
introducing it into the probe ( however, do not allow the gel to
overheat as this will cause it to burn and again be less effective ).
Any gel that is not used in the probe can be saved by keeping it
stored in an air tight container. To use the gel after storage remelt
it in the same double boiler arrangement. Cccasionally during the
remelting process it is necessary to add a few drops of saturated

potassium chloride solution in order to get the gel sufficiently fluid.
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APPENDIX I

Examples Gf Corrections lade To Polarization Data

A1l the experimental data from the polarization tests were pro-
cessed in three distinct steps in order to arrive at what was considered

tiie final form of tie data.

Step dumber One

The first step was to correct the potential readings for the error
that was present in the electrometer used in the measurements. It was
found by comparing the electrometer to a secondary standard that the
electrometer consistently read values that were Tower than the actual
potential. The deviation was different for the various ranges on the
electrometer. For this reason it vias necessary to correct the poten-
tial readings according to the range upon which it had been read. Cor-
rections were made via computer and the correction factors for each

range are as follows:

0 - 100 millivolts, no factor
100 - 300 millivolts, 1.026
300 - 500 millivolts, 1.031
500 - 700 millivolts, 1.024
700 - 999 millivolts, 1.022

The program used for these corrections is listed in Appendix F, Program

214
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dumber One.  An example of the changes in potentialsis shown in Table

1.1 using data from test number 33.

Step Humber Two

The second step in the correction process was to take the data
from step number one and correct for the IR drop that occurred between
the tip of the Luggin-Haber probe and the electrode surface.

This ohmic potential drop was first recognizedAby F.P. Bowden
and J.N. Agar ( Agar and Bowden, 1938 ). They referred to it as
"resistance overpotential". This term is currently being replaced by
the more correct term of "resistance polarization”. This ohmic poten-
tial drop in no way influences the electrode process and likewise is
not influenced by the electrode process. It is only a function of the
conductivity of the electrolyte and the applied current. However, if
the true overvoltage values are to be known it is necessary to compensate
for the resistance polarization. This is especially true for potentials
read at higher current densities.

For a system in which the electrode is a plane surface and the
tip of the probe is separated from the electrode surface by a distance 1,
then the resistance polarization will be :

R = T-i/xk millivolts
Where i is the current density ( ma/cm? ), « is the specific conductivity
( ohm-1/cm ) and R is the resistance polarization ( millivolts ).

This method of correcting for the resistance polarization depends
on two assumptions, which for the case at hand, should be applicable.

First, this method of correction assumes that the conductivity of the
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elec ste is constant Letween the tip of the probe and the surface
of the vlectrode. It is known that this is not absolutely true since
there arc concentration changes in this region. However, for these
experiments this assumption will introduce very little error.

A second assumption is that the electrolyte is of the "no
migration" type. This means that there must be an excess of some elec-
trolyte. In this case there was an excess of sulfuric acid.

The reader is referred to the following references for more de-
tails on the subject of resistance polarization: ( Barnartt, 1952 ),
(Barnartt, 1961 ) and ( Sundheim, 1968 ).

An example of the cﬁanges in the data when the corrections for
resistance polarization are made is shown in Table 2.I. A graphic
illustration is shown in Figure I.1 in which the top curve is the
data corrected only for the electrometer errors and the bottom curve
is the data when the resistance polarization corrections are made.

The data for Table 2.1 and Figure I.1 is again from test number 33.

Step Number Three

The third step in the process of correcting the experimental data
was to take the data from step number two and use a least-squares method
for curve fitting. This was done by using'either of the two programs
listed in Appendix F. Table 3.I and Figure 1.2 show the resulting

changes ( data taken from test number 33 ).
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TABLE 1.1

Tectrometer Corrections For Test {Humber 33

leasured Corrected Measured  Corrected
Potential  Potential Potential Potential
(mv) (mv) (mv) (mv)
74.0 75.0 185 189.8
75.0 76.0 195 200.1
76.5 77.5 205 210.3
78.0 79.0 217 222.6
80.0 81.0 230 236.0
81.0 82.0 242 248.3
87.0 88.0 253 259.6
91.5 92.5 264 270.9
95.5 96.5 276 283.2
99.5 100.5 288 295.5
101 103.6 299 306.8
104 106.7 307 316.5
107 109.8 318 327.8
111 113.9 327 337.1
114 117.0 336 346.4
130 133.4 350 360.8
145 148.8 380 391.8
159 163.1 415 427.9

7 175.4 440 453.

[e))
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TABLE 1.1 ( cont.)
leasured Corrected rleasured Corrected
Potential Potential Potential Potential
(mv) (mv) (mv) (mv)
465 479.4 555 568.3
500 515.5 585 599.0
530 542.7
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TABLE 2.1
Resistance Polarization Corrections For Test ilumber 33
Current Current IR Drop Measured Corrected
(ma) Densit (mv) Potential Potential
(ma/cmé) (mv) (mv)
0.1 0.089 0.202 75.0 74.8
0.2 0.179 0.40 76.0 75.6
0.4 0.357 0.81 77.5 76.7
0.6 0.536 1.21 79.0 77.8
0.8 0.715 1.61 81.0 79.4
1.0 0.893 2.02 82.0 80.0
2.0 1.787 4.04 88.0 84.0
3.0 2.680 6.06 92.5 86.4
4.0 3.574 8.08 96.5 38.4
5.0 4.467 10.09 100.5 90.4
6.0 5.360 12.11 103.63 91.5
7.0 6.254 14.13 106.70 92.6
8.0 7.147 16.15 109.78 93.6
9.0 8.041 18.17 113.89 95.7
10 8.934 20.19 116.96 96.8
15 13.401 30.28 133.38 103.1
20 17.868 40.38 148.77 108.4
25 22.335 50.47 163.13 112.6
30 26.802 60.57 175.45 114.9
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Table 2.1 ( cont.)

Current Current IR Drop Heasured Corrected
(ma) Densit (mv) Potential Potential
(ma/cm®) (mv) (mv)
35 31.269 70.66 189.81 119.1
40 35.737 80.76 200.07 119.3
45 40.204 90.85 210.33 119.5
50 44.671 100.95 222.64 121.7
55 49.138 111.05 235.98 124.9
60 53.605 = 121.14 248.29 127.1
65 53.072 131.44 259.58 128.3
70 62.539 141.33 270.86 129.5
75 67.006 151.43 233.88 131.7
80 71.473 161.52 295.49 134.0
85 75.940 171.62 306.77 135.1
90 80.407 181.71 316.52 134.8
95 84.874 191.81 327.86 136.0
100 89.432 201.90 337.14 135.2
105 93.809 211.10 346.42 134.4
110 98.276 222.09 360.85 138.7
125 111.677 252.38 391.78 139.4
140 125.078 282.66 427.86 145.2
150 134.012 302.85 453.64 150.8

w

160 142.946 323.04 479.41 156.




T-1418

TABLE 3.1

Curve Fitted Data

( third degree equation )

Observed Predicted
Current Overvoltage Overvoltage

(ma) (mv) (mv)
10 22.77 26.74
15 29.09 30.24
20 34.39 33.45
25 38.65 36.50
30 40.88 39.31
35 45.14 41.93
40 45.31 44.36
45 45.47 46.63
50 47.69 48.73
55 50.94 50.68
60 53.15 52.50
65 54.34 54.18
70 55.53 55.76
75 57.75 57.23
80 59.97 58.61
85 61.15 59.91
90 60.81 61.14
95 62.05 62.31
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TABLE 3.1 ( cont.)
Observed Predicted
Current Overvoltage Overvoltage

(ma) (mv) (mv)
100 61.24 63.44
105 60.42 64.53
110 64.76 65.60
125 65.40 68.78
140 71.20 72.16
150 76.79 74.68
160 62.37 77.53
175 68.17 82.59
190 65.11 88.89
200 70.52 93.92
210 81.05 99.74
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APPENDIX J

Example Illustrations of Surface Indexes

The following photographs are example illustrations of actual
electrode surfaces having different surface indexes. The photographs
are listed in ascending order of surface indexes. Along with each
photograph is a 1ist of the surface index, the test number and the

magnification of the photograph.
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FIGURE J.I

Surface Index =

Test Number 76

Magnification 8

FIGURE J.2

Surface Index
Test Number 81

Magnification 8

FIGURE J.3

Surface Index =
Test Number 104

Magnification 8
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FIGURE J.4

Surface Index = 2.5
Test Number 124

Magnification 8

FIGURE J.5

Surface Index = 3.5
Test Number 117

Magnification 8

FIGURE J.6

Surface Index = 4.
Test Number 61

Magnification 8
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FIGURE J.7

Surface Index = 4
Test Number 135

Magnification 8

FIGURE J.8

Surface Index =5
Test Number 74

Magnification 8

FIGURE J.9

Surface Index = 6.
Test Number 90

Magnification 8
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FIGURE J.10

Surface Index = 7.0
Test Number 138

Magnification 8

FIGURE J.II

Surface Index = 8.0
Test Number 119

Magnification 8

FIGURE J.12

Surface Index = 9.0
Test Number 106

Magnification 8
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FIGURE J.13

Surface Index =
Test Number 144

Magnification 8

FIGURE J.14

Surface Index =
Test Number 75

Magnification 8

FIGURE J.15

Surface Index =
Test Number 66

Magnification 8
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FIGURE J.16

Surface Index =
Test Number 133

Magnification 8

FIGURE J.17

Surface Index =
Test Number 140

Magnification 8

FIGURE J.18

Surface Index = 20.0
Test Number 146

Magnification 8



