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ABSTRACT

The purpose of this investigation was to_ study the effects

of trace metallic impurities, found in manganese electro-

winning solutions, on cathode current-potential curves,

This investigation led to the development of a novel
analytical tool, emphasizing polarization curves as a means
of detecting trace metallic impurities in manganese sulfate
electrolytes, The method possesses two distinguishing fea-
tures: (a) 1t uses the competing hydrogen evolution
' reaction as a means of detecting metallic impurities, and
(b) it enables one to establish if the electrolyte is

sufficiently pure for efficlient electrolysis,

Nine metallic impurities were studied, consisting of:
nickel, cobalt, silvef, copper, zinc, molybdenum, cadmium,
magnesium, and sodium, . In the first series of runs, the
individnal effect of each metallic impurity on the standard
polarization curve was determined for a range of concentra-
tions. Not all of the impuritlies affected the polarization

‘ ecurve; i.e, cadmium, magnesium, and sodium had no effect,

Nickel, cobalt, silver, copper and zinec significantly affected

the standard curve yielding a correlation between transition

current and concentration of impurity. Molybdenum had an

effect on the polarizaéion curve which could not be correlated.

In the second series of runs, the effects of binary

mixtures of impurities were studied to see if the transition



current of the mixture could be predicted from knowing the
values for the individual constituents, However, 1t appeared
that interactions occurred between impurities which prevented
the prediction of the transition current of the mixture by

a simple additive law,
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INTRODUCTION

The commercial importance of hydrometallurgy as an
economic method of recovering pure metals from their ores
has been well established in the last forty ysars. The
first commercial units for electrowinning copper f;om low
grade ores were placed on stream just past the turn of the
century. Later this new technique was applied to electro-
winning ziﬁc, followsd by cadmium, and still later
manganess. Naturally, the commercial success of any chem-
ical process is dictated primarily by economics. At the
time, there existed no commercial process which could
favorably compete with electrolytic copper for metal
recovery from low grade ores. Pyrometallurgy was a strong
compqtitor of electrolytic zinc and manganess, but this
compétition soon vanished when quantitative methods were

evolved for maintaining electrolyte purity.

The successful electrowinning of zinc and manganese
relied heavily upon maintaining a high purity electrolyts.
Because of necessity, elaborate purification schemes wers
developed to remove practically all of the heavy metals,
and magnesium and calcium of the light metals. Extensive
investigations haVe been undertaken to determine the effects
of trace metallic impurities on cell efficiency in zinc and
manganese electrowinning. Although fairly accurate con=-

centration limits have been sstablishsd for single impurities,



still relatively little is known about the effects of mix-v
tures. With high purity slectrolytss, favorable cell
efficiancias are consistently obtained; but with 1mpuré
solutions, there is usually an appreciable reduction in

sfficiency.

Along with the rapid rise to commercial prominence of
electrochemical processes, there has been an equally signi-
ficant lag in developing rapid analytical methods for
determining whether an slectrolyte is sufficiently pure
for efficient electfolysis. At present, the most sensi-
tive test for impurities is the behavior of the slsctro-
chemical cell, a situation which has existed for nearly
 four decades. Impure slectrolytses will cause a serious
reduction in cell efficiency, and in many cases, metal
deposition will be completely prsvented. However, the
deleterious effects of trace impurities are not usually
evident until after long periods of electrolysis, resulting
in a diéruption of the commercial process and the inherent
loss of praofits. Thus it would be highly desirable to
have an analyticalvmethod which could predict the bshavior
of an electrolyte, in terms of cell efficiency, prior to
reaching the commercial cell. With this in mind, the
présent thesis is an attempt to develop and evalﬁéfe such
an analytical tool for mangansse slectrowinning based on

cathode polarization curves.



SCOPE _AND PURPOSE

Naturally, a complete study of the effects of trace
impurities in manganese elesctrolytes would necessarily
involve a study of both organic and inorganic species and
mixtures of them. Such a task, of course, would be impossi-
ble; so the present study was restricted to a selected
group of metallic impurities normally found in commercial
baths. Being selective allows one to study the effects
of various groups within the Periodic Tabla; such ast the
alkaline-sarth metals, the alkali metals, the transition
metals, and the zinc family without necessarily studying
each element. Such a cross-section would enable a trend
to be observed within a particulér group which may then
be compared with other work on the same impurities in order
to estabiish a qualitative relationship between the polari-
zation curves and the cell efficiency. Once such a relation-
ship has been established, the determination of a simple
current-potential curve would permit the invesgggétor to
predict how an electrolyte will behave under given conditions

of electrolysis.

The effects of nine metallic impurities on the polari-
zation curve were studied in this 1nvestigation. The nine
impuritiess nickel, cobalt, silver, copper, molybdenum,
zinc, cadmium, magnesium, and sodium have been studied by

other investigators and their effect on cell efficiency is



well éstablishad. In the first series of runs, the indivi-
dual effect of each impurity was established; while a second

series considered the effects of mixtures.



HISTORICAL

Early commercial intéfestg in eléé%rolytic ménganééeﬁ; ‘
wera-étimulatad by two very important féétorgj_ (a) the
United Sﬁates dependenéy upon foreign suppliers for high
hgrada manganese ore which was used extensively in the
manufacture of ferro-alloys, and (b) our vast reserves of

low grade manganese ore.

The early studies of Arsdale and Maier (7) demonstrated
that manganese could be cathodically deposited from neutr:l
sulfate solutions. Later, Allmand and Campbell (3, 4)
studied manganese debosition from both agueous sulfate
and chloride slectrolytes, bui their only success waé in
'preparing small quantities of the pure metal. DOuring the
early years, just past the turn of the century, many other
investigators attempted to develop an efficient electro-
chemical process for winning manganese (21, 22, 50), but
all met with some degree of difficulty. Finally, through
the pioneering efforts of Shelton and Royer, a promising
hydrometallurgical process was developed for eslectrowinning
manganese (46, 61, 77, 78). Through these studies efficisnt
operating conditions were established and the deleterious
effects of trace impurities were recognized. Again, as in
electrolytic zinc, the successful electrowinning of
manganese from sulfate solutions was possible because of

the high purity of the electrolyte.



DETERMINATION OF THE EFFECTS OF IMPURITIES

Numerous methbds have been employed for studying the

. effects of metallic impurities in slectrolytes and they
depend primarily upon the specific nature of the praoblem.
For example, in metal depqsition, the prime concern is how
the impurity affects the cell efficiency and the quality

of the deposit; so methods are employed that measure these
parameters. Typical of this technique were the investiga-
tions of Jacaobs et al (44), who studied the effects of
metallic impurities in manganese electrowinning. The first
method that was developed was based on a two hour plating
run performed;in a small electrolytic cell. Here, it was
necessary to determine the concentration of impurity that
woulﬁ lower the current efficiency by two per cent. Com-
-paring the resqits with commercial specifications, it was
found that this test was too insensitive. A second method
was based on a minimum current density. Init;ally manganese
was plated at a current density of 45 asf, then the current
density was gradually decreased in uniform steps of equal
time intervals., Mat?l deposition would continue until a
minimum current density was reached, at which point, manganese
would begin to redissolve and the cathode potential would
exhibit a rapid positive shift. The addition of impurity
would cause the minimum current density to increase. Thus

a critical concentration of impurity was defined as that.



which would cause a significant increase in the minimum
current density. Althougﬁ this test proved to be more
sensitive than the first, it still lacked the degree of
control necessary for a goﬁd analytical tool. The final
method was based on a 24 hour plating run, performed in a
relatively large test cell. Here, current efficiencies

were calculated with and without impurities in the a;ectro-
lyte, and the critical concentration was established as

the maximum amount of impurity that the slectrolyte could
tolerats before there would be a serious loss in efficiency.
Also, it was found that the amount of impurity that could

be tolerated decreased as the plating time inakeased,
indicating deposition of the impurity. Because this test,
in essence, duplicated the conditions of Eommercial practice,
it was found to be extremely sensitive to metallic impuri-
ties. However, because of the long duration of the test,

it was not practical as a method of analysis.

It had lohg been known that small amounts of impurities
significantly affected the hydrogen overvoltage at a metal
surface, increasing or decreasing it depending upon the
nature of the impurity. However, it was Bockris (13) who
first quantitatively establishad the limit for the onset of

D'IU‘moles/L. The effects of impurities were

poisoning at 1
studied by means of potential-time curves produced at a
constant current density. The technique was to establish a

constant overvoltage with time and then add small quantities



of impurity until 1t had a significent effect on the
potential-time curve. Although such a method was shown

~ to be quite sensitive, the technique did not lendviéself

to rapid analyses because 1t took séveral ﬁours to establish

stable potentlal-time curves,

Serfass and co-workers (63-73) developed various
colorimetric and spectrophotometric techniques for analyzing
plating baths for trace impurities. The procedures are
complex and lengthy, usually reguiring 1solation of the
1m£urity by one or more of the following methods: (a) Pre-
cipitation and filtration, (b) distillation, (¢) oxidation
or reduction, (d) extraction, and (e) adsorption. Once
the specles had been isolated, it was necessary to establish
a color complex with organic compounds, Here, the method
of analysis was based upon the detection of a specific
ion, and in no way established the behavior of an electrolyte

during electrolyslis when that particular species was absent,

Previous analytical methods have been based on constant
current densities or on the detection of specific ions,
The proposed method for analyzing manganese sulfate eiectro-
lytes for trace metallic impurities 1s based on the production
of dynamic current-potential curves, This analytical method

possesses two distingulshing features:

(a) 1t utilized the competing hydrogen evolution reaction

as a means of detecting the presence of deleterious



impurities, and

(b) 1t enables one to predict directly from the polari-
zation curve if an electrolyte is sufficiently

pure for efficient electrolysis,

The polarization curves are produced by continuously
changing the cell voltage at a programmed rate, Starting
ﬁith a clean stainless steel cathode, the cell voltage is
initially adjusted to yield zero current; the program is
then started and the current is plotted as a function of the
cathode potential., A typlcal current-potential curve 1s
depicted in figure 1., Initlal region (A) is where the
hydrogen evolutlion reaction predominates andjthe polariza-
tion curve 1s essentially that for hydrogen evolution on a
stalnless steel cathode, As the cathode potentlial becomes
more negative, a limiting or transition current 1s reached,
at which point, there 1s a large negative potential shift
(region B) with relatively little change in current., Wwhen
the potential shift is completed, manganese is freely co-
depositing with hydrogen and the polarization curve once
more exhibits an inflection point., A further Iincrease in
cell voltage will now cause A small increase in cathode
potential and a relatively large lncrease in curreﬁt

(region C).

A standard curve is now produced for the pure electro-

lyte or an electrolyte that is known to yield an acceptable
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currenf éfficiency. Since a major portion'of the polariza-
tion curve is devoted to hydrogen evolution, it should be
sensitive to factors that affect the hydrogen overvoltage.
Impurities which affect;the character of the cathode
surface, thus altering the hyarogen overvoltage, should
affect the polarization curve in a notlceable manner. Pol-
sons and activators should have opposite effects on the
standard current-potential curve, causing a positive or
negative displacement of the.transition current density.
Thus a correlation 1s possible between transition current
density and concentration of impurity. Howéver; a quanti-
tative correlation need not be evident for this method of
analysis to be of value, since any deviation of the polari-
zation curve from its standard characteristics will signify
the presence of impurities in the electrolyte. So it is
only necessary to establish a relationship, however quali-
tative, between the polarization curves and the operation

of a commerclal cell.



HYDROGEN ELECTRODE KINETICS

Because of the major role the hydrogen evolution
reaction plays in the proposed method of analysis, it was
deemed necessary to reviesw the established kinetics of
this reaction. For all intensive pufposes, this survey
will be primarily descriptive and the author refers the
readers to other references (9, 12, 26, 45, 51, 53) for

a more quantitative developmeht of the governing thsories.

It has now become gensrally accepted that one or more
of only three reactions control the rate of cathodic
hydrogen evolution. Thus in aqueous solutions a proton

approaching a cathode (M) during electrolysis undergoes,

Discharges

S-H' + M-e =) M=H «+ S (1)

Desorptions
‘
either MeH =+  M=H D> 2Mm + Hy (2)
or S-H+ + N=H + M-e =D ZM+H2+S (3)
 where S represents a solvation sheath, either H_.0 or OH,

2
and M the metal cathode. The above reactions have been

commonly referred to ass (1) discharge, (2) catalytic,
and (3) electrochemical. Attention should be drawn to

the fact that discharge must always occur, while the cataly-
tic and electrochemical rsactions may be either alternative

or simultaneous reactions.
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Analysis of the above three reactions will reveal that
the overall hydrogen evolution reaction must be controlled
by one of two types of reactionss (a) one iﬂvolVing ions
or (b) one involving atoms. Thus the specific rate of the
catalytic reaction should not be affected by the existence
of an electrical potential across the metal-solution inter-
face, sinc; the chemicél potentials of its components are
only dependent upon the activity of atomic hydrogen. Hence,
the velocity of the catalytic reaction would be of the

2
simple form v=kaH, where a, is the activity of atomic

H
hydrogen. Such a mechanism would.give rise to a limiting
rate when the electrode surface became séturated with atomic
hydrogen. The chemical potentials of the other two reactions
are very mubh depsndent upon electricaf potential, so that

in turn, the reaction velocities are alsoc dependent upon it.

Hydrogen electrode kinetics developed out of the
Transition State Theory (36, 37). Let us consider a sol-
vated proton at position A (figure 2) before making its
transition to the slectrode and make the initial assumption
that there exists a zero metal-solution potential. Then
the free energy of activation is given by (Gx - Ga), and

the rate of the forward reaction is

r=Ka, exp(-AG*/RT) - (4)

where K is a constant and a, is the product of the
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activities of the reactants. Now let a potential differ-
ence AV exist across the metal-solution interface. The
free energy of activation must necessarily increase by
the electrical work done in transporting the charged
particle from position A to plane X. The free energy of

activation now becomes

*

AC = AG* + nFﬁAU (5)

where nF is the electrical charge. The new rsaction rate

is now éiven by
r=Ka, exp(-aG*/RT) exp(-nf/?AM/RT) (6)

and the current
~ i = nfFr (7)

Combining equations 6 and 7, and letting & = np,

the forward current is

ip = Kf‘ a, exp(-AG"',t/RT) exp(-cF A V/RT) (8)

+

the reverse
. * .
i, = gb a exp(-AGb/RT) exp(=nF(1-8) A V/RT) (9)

and

AV = AV_ + )7 (10)

where A\Je is the equilibrium potential and 7 the

overvoltags.
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Now consider the system at equilibrium,77 =0
lf = lb = 10 | (11)
and
i = Kf- a

. exp(- Ac;/n'r) exp(-( F AV /RT)  (12)

K, 2, exp(~ AG,/RT) exp(-nF(1-4 )aVy/RT)

where i, is defined as the exchange currenf.

Combining equations 8, 9, 10, and 12, the net

‘cathodic current is given by
(13)

or

c

i =i‘:J {'exp(-o()lF/RT)-exp( (n-a()?F/RT)} (14.)}

for .075v)? {-.075v

o

ig=1 exp(-oozr/ar) (15)
and rearranging |

71 = (RT/AF) ln(io/ic) =va - b log(i.) (16)
which is the Tafel Equation. |

From the preceding equations, it is apparent that in
ordervto have a net cathodic current it is necessary to

increase the equilibrium potential by the overvoltage,?l .
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The physical-significance of overvoltage now becomes clear,
it represents an energy term which is proportional to the
quantity by which the free energy of activation at the
reversible potential must be reduced in order to force the
overéll reaction to proceed at a specified rate. It is
also evident that the rate of the hydrogen evolution
reaction is very much dependent upon two other factors,

oA and the free energy of activation. The free energy of
activation is primarily a function of cathode material wnd
surface condition; while the quantity ( is dependent upon

the nature of the_metél-solution interface.

Theoretical treatment of hydrogen electrode kinetics
has been very helpful in establishing diagnostic criteria
(20, 51) principally for determining the overall reaction
path and estimating the rate controlling step. Two important
criteria that have been extensively used to distinguish the
discharging entity are the pH and salt effects. These
effects were long recognized, but it was deBethune (24)
who first developed a quantitative relationship to explain
the observed experimental results. For example, when a
proton is discharged from a hydronium ion and it is fol-
lowed by either fast catalytic or fast electrochemical
desorption, reducing the pH or concentration of neutral
salt will cause the hydrogen overvoltage to decrease.
Similar effects should also be observed for fast discharge

followed by slow electrochemical desorption. However, when
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the source of protons ofiginate from water molecules, theory
predicfs that the converse effects should be expected. The
theoretical pH and salt effects are in fair agreement with
experiment (5, 40, 56, 58, 59, 76) particularly for mercury
electrodes (25, 53).

In recent years, a great deal of emphasis has been
pléced on the effect of electrode material in relation to
the rate of the hydrogen evolution reaction (23, 52, 57).
However, this concept was not new for it was Horiuti and
Polanyi (1) who first showed that the rate of the hydrogen
reaction was dependent upon electrode material when proton
discharge was rate controlling. It was their postulate
that the reaction rate was a specific function of the
heat of adsorption of hydrogen atoms on the metal surface.
Ah increase in the heat of adsorption would cause a corres=
ponding decrease in the heat of activation. This, in turn,
reduces i, which decreases the overvoltage and causes the
reaction rate to increase. Howsever, at pressnt, no guanti-
tative application of the heat of hydrogen'adsorption can
be made in relation to overvoltage, since a great deal of
controversy still exists as to what are the rate controlling
mechanisms on the different metal electrodes. Experimental
evidence (5, 11, 14, 17, 19, 54) indicates that the rate
of the hydrogen evolution reaction increases in accordance

with the sequence Hg, Ag, Cu, Ni, and Pt. Table 1 shous
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a selected list of the Tafel parameters a, b, and 77 .

Thus it is evident that there is a large increase in rate
in going from Hg to Ag, while the difference in reaction
fatas is almost indistinguishable betwsen Ag and Cu.
Again, there ars increases in going from Cu to Ni and

from Ni to Pt. Table 2 shows the relationship between

the heat of atomic hydrogen adsorption and overvoltage on
various metal surfaces. Thus, for the metals selscted, a
definite relationship is apparent. In the final analysis,
it is apparent that although the hydrogen evolution resact-
ion has been extensively studied (55), a critical survey
(10,20) will reveal that the complex mechanisms are still
not widely understood even in the purest solutions, and in
impure solutions, even less is known about the effects of

impuritises,



Metal

Pt
Ni
Cu
Ag
Hg

TA

BLE 1

PARAMETERS OF THE TAFEL EQUATION

7? = a-g b log(i
@ 10 amps/cm
4 o
wolts volts
-0.03 -0.114
-0,.28 -0.64
-0.406 -0.771
-0.435 -0.81
-1.056 -1.395

)
2

0.03
0.12
0.122

0.125

0.113

0

Reference

11
11
19
14
18



TABLE 2
HEAT OF H ADSORPTION (57)

Mmetal N -? | AH
—_— : volts Kg-cal[atom

Pt 01-.27 62.9

Ni .32 60.2

Fe .40 60.5

Cu «46=.57 | 58.5

Ag .59 57.5

Pb .85 55.6

Zn - | 54.3

Cd .99 53.9

Hg | 1.04 ' 52.9



IMPURITY EFFECTS IN HYDROGEN EVOLUTION

Levina and Sarinsky (2) were the first to recognize
the effect of impurities on the hydrogen evolution reactiom.
However, it was Bockris and Conway (9, 13) who quantita-
tively established the concentration of 10~10 moles/L as
sufficlent to significantly affect the hydrogen reaction.
Small quantities of ASZOB, co, CSZ’ and KCN poisoned the
reaction, while traces of PtClu lowered the overvoltage
on silver and nickel electrodes towards that of a platinized

platinum electrode.

The effects of large organic molecules, such as the
amyl and octyl alcohols (53), were also studied, It was
postulated that the poison had two primary effects:

(a) to change the nature of the double layer, causing an
increase in the Tafel "b"™ slope, and (b) to saturate the
adsorptive power of the surface by raising the energy

levels of the other sites, causing an increase in the heat

of activation.

Hillson (41) studied the effect of capillary-active
materlals on many different electrodes., He postulated
that the surface adsorption of the molecules tends to block

the discharge of hydrogen ions and also reduces the surface

activity of atomic hydrogen.

A qualitative attempt (23) has been made to explain
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the sensitivity‘of the transition metals to poisoning by
substances such as HZS and CO in terms of "d" band character.
The "d" band character is related to the number of unpairad
electrons in the metal"d" band. Since both H,S and co

have lone pair electrons, they will donate these slectrons

to fill the metal "d" band. This, in turn, increases the
metal "d" band character, lowering the eneargy for atomic

hydrogen adsorption, and thus decreasing the rate of the

primary discharge reaction.

It is quite evident that a large degree of uncertainty
still exists in understanding the overvoltage phenomena
associated with impurities. Although some attempts have
been made to qualitatively explain these phenomena, they
have gsually lacked rigorous quantitative proof. Even less
information exists on impurities that tend to accelerate
the hydrogen reaction and thecoretical treatment has not

even been attempted.



IMPURITY EFFECTS IN METAL DEPOSITION

C. A. Hansen (39) in 1919 was the first to recognize

- the deleterious effects of metallic impurities in relation
to zinc electrowinning. Cértain metallic impurities pre-
sent in the electrolyte would cause a serious reduction in
current efficisncy. It soon became evident}that the per-
formance of the zinc cell was more sensitive to trace
impurities than any analytical methods yet developed for
chemical identification and determination. Thus the opera-
tion of the zinc cell was established as the final test of
the thoroughness of the purification scheme; a commercial
practice which has not encountered much change to the pre-

sent day.

Continuing the work of Hansen, Laist et al (47)
established the critical concentrations of several metallic
impurities, above'which there would beAan appreciable loss
in current sfficiency. Later, Tainton and Clayton (74)

confirmed and supplemented Laists original list.

Steintveit and Holtan (79) investigated the effect of
as many as four impurities present simultaneously in a
z2inc sulfate electrolyte. They found that no simple addi-
tive law could explain the effect of mixtures on the current
efficiency. Fdr example, the presesnce of only one of two

impurities may have no harmful effect at all, while the
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presence of both simultaneously would seriously reduce

the current efficiency.

Jacobs et al (44), in electrowinning manganese,
encountered probléms similar to thoée for zinc; traca‘
impurities would seriously affect the current efficiency of
the process. Through his efforts critical concentration
limits were established for a large number of metallic

impurities.

Organic and inorganic impurities have been studied
in relation to copper deposition by a great many investi-
gators (15, 48, 75). With the addition of amino and
hydroxy acids (62) to the copper electrolyte, there existed
a parallelism‘between the increase in polarization and
decreasse in crystal size. In all systems studied, the
impurity usually increased the polarization which resulted

in a reduction in cell efficiency.

In electrolytic chlorine-caustic cells, Angel et al (6)
showed that trace amounts of graphite in the presence of
magnesium or aluminum appreciably reduced the current
efficiency. It was proposed that a layar aof hydroxide
forms on the mercury cathode to which the barticles of
giaphite adhere, making good electrical contact. The
resulting loss in current efficiency was attributed to the
low hydrogen overvoltage which existed on graphite compared

to that on mercury.



¢

Bockris and Drazic (16) found in studying the reduction
of iron that the presence of lmpurities does not alter the
mechanism of the deposition reaction, but that they do
increase the rate of the hydrogen evolution reaction which

reduces the cell efficiency.

Ewing and co-workers (28-35) studied impurities in
relation to their effects on the physical properties of
the electroplate, They developed standard procedures for
testing a plated panel for appearance, adhesion, salt-spray
corrosion resistance, ductility, and hardness. An attempt
was made to develop a correlation between these properties
and metallic impuritles. Again, the tests were somewhat

lengthy and relied heavily upon visual observations.

It 1s acknowledged that there exists a vast amount of
work on the effects of trace impurities in metal deposi-
tion. However, because of the complexity of these effects,
they have not yet ylelded to theoretical treatment; and so
relatively little 1s known about the nature of these

phenomena.



EXPERIMENTAL

Apparatus

Since the proposed snalytical method is based on
current-potential curves, it is necessary to provide a
means for measuring these quantities, The cell current
was measured in terms of a voltage drop across a precision
resistor, while the cathode potentisl, relative to a satur-
ated calomel electrode, was measured directly by a high
impedance vacuum tube voltmeter, Both of these slgnals were
then fed to a X-Y recorder which automatically plotted the
polarization curve, The entire experimental system is shown
by an electrical schematic in figure 3, where the symbols
refer to the following list,

P is a DVIII transistor power supply manufactured by
the Model Rectifier Corporation., It is rated at
30 volts and 2 amperes, In this investigation, a
standard setting of 10 volts was used for‘the experi-

. ments,

R 1s a programmed variable resistor, rated at 30 ohms
and 5 watts, and manufactured by the Clarostat
Corporation, This motor driven potentiometer was
used to continuously change the cell volﬁage at

a programmed rate.

R and R

2 3 &re respectively 10 ohm and i, ohm variable
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resistors. Their sole purpose was to function as
a pair of voltage dividers, coarse and fine con-
trol, so that the starting cell voltage could be

adjusted to give zero current.

4 is a 10 ohm precision rasistor_used to measure
the cell current. It is manufactured by the

Precision Resistor Corporation.
R is a standard 20 ohm resistor.

SCE is a Beckman saturated calomel electrode with a
fiber junction which is used as a reference slectrode

for measuring the cathode potential.

SB is the necessary salt bridge which provides
electrical contact betwsen the working cathode

and the calomel reference slectrode.

SC is an EPLAB Students' Cell which is used to supply
a bucking voltage opposite to that of the cathode-
calomel coupls. The average measured voltags for

the standard cell was 1.01789 volts.

V is a Model 413AR Hewlett Packard DC Null Voltmeter
which is used to measure the cathode potential.
This particular model has a millivolt output pro-

portional to the voltage input. The millivolt
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signal was sent to a Moseley 135 X-Y Recordsr
which plotted the cathode potential as a function

of current.

M is a Synchron Timing Motor which is used to drive
the potentiometer Rl‘ A 2 rph motor was used in

- this study, and for this particular experimental
system it produced an averags voltage change of

0.10 v/min.

A picture of the sntire expesrimental apparatus is
shown in figure 4; while figure 5 shows the electrode

assembly, standard cell, and motor-driven potentiometer.

System

Because the proposed analytical method was intended
for commercial practice, it was highly desirable to select
a system which measured up to commercial spsecifications (49).
The standard system ussd entirsly in this investigation is
depicted in table 3. The few experiments which depart
from this standard system will be so indicated at the point

where they occur.

Solutions

The stock manganess sulfate~-ammonium sulfate electro-

lyte was made up in batches of 16 liters at a time. All
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"TABLE 3
STANDARD SYSTEM

*t

mn G 00 00 0000 0000080000000 0008000000000000 0

(NH ) SD ......"....I...C...............
42 4

pH 00 00 8000000000 BPLOBDOOOD OGSO OO OO OSSO TPLNDS

'TemperatUte 00 0000000000000 000000600606008000000

ANOOB coesvsccvccssscssssccscsscsncssonesssncs

Area 90080000 00006000 0000000000600 00000000

Diaphragm 000000000 0000000000000 0ss000e
Cathod® cceesevcecescocecssscesccsscsocscsces

Area SO 0000 060 0000000000000 000000800 0000000

Polarization Rate ecececcccevcccccscccncssscsne

33

30 g/L
120 g/L
7.20 .05
'S o
30.0 -.2 C
Pb-1% Ag
2

1l in.
Filter Paper

S.5. 316
2
0.196 in._

0.10 v/min.
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reagent grads salts were used in the preparation'of the
stock solution which was initially adjusted to pH,7.0

with ammonium hydroxide. The resulting solution was fhan
purified by the commercially used metal sulfide precipita~
tion. In this step, ammonium sulfide solution, in the
ratio 2ml par litér of stock solution, was added to the
batch to precipitate the interfering metal ions. The batch
- was thenpétirred for two hours, allowing for complete
precipitation, and filtere&. Just prior to filtration,

the batch was adjusted to pH 7.202 .05. The entire pre-

paration and purification sequence is shown in figurs 6.

The stock soclution contained an excess of both the
manganese and ammonium sélts because the test samples wsre
made by diluting 100 ml of stock solution with a‘5 mi
additive. After dilution, the resulting solution contained
the standard salt ;oncentrations specified in table 3. The
S ml additive may or may not contain impurity depending
upon the nature of the run. If there was no impurity
present, a standard polarization curve was produced. Whsn
an iﬁpurity was present, it was detected by the nature in

which it affected ths étandard polarization curve.

The 5 ml additive contained the metallic impurity in
such a concentration that when diluted to 105 ml the result-

ing solution would contain the desired test concentration.
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Ion

Cobalt
Nickel
Copper
Silver
Zinc
Molybdenum
Cadmium
Magnesium

Sodium

3¢
"TABLE 4

SOLUTION IMPURITIES

Concentration
ma/L

0-0.600
0-4.00
0-9.85
0-30.0
0-15.00
0-4.00
0-200.0
200.0
200.0
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Table 4 lists the concentration ranges for the metallic

impurities studied in this investigation.

The solutions that contained the metallic impurities

.were prepared from reagent grade sulfates salts.

For each

impurity; a base solution was prepared by accurately weigh-

ing the sulfate salt (+0.1 mg) and diluting it to the

desired volume.

Solutions that contained impurity concentra-

tions less than the base were prepared by successive dilution

of the basea.

In the preparation of all solutions, liquid

volume measurements were made with Class A glassware.

Electrodes

It was previously
tion reaction was very
its surface condition.
could be evaluated, it
cathode material and a

reproducible results.

During the course
_nggerials were tested:
copper, and aluminum.

such poor results that
less steel cathode was

‘analytical method.

A physical method

established that the hydrogen svolu-

sensitive to electrode material ‘and
Thus before any analytical method

was necessary to standardize on a

method of preparation that would give

of this investigation, five cathode
stainless steel 316, nickel, monel,

All, but the stainless steel, gave
they were eliminated. So the stain-

used exclusively in svaluating the

was finally selected for conditioning
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the elactrdda. Polishing with silicon carbide sandpaper not
only regenerated a fresh cathode surface but gave good repro-
ducible results. The entire preparation seéuence is depicted
~in figure 7. 1In each polishing stap,vthe electrode was
stroked 40 times, alterngting direction éftar every 10 strokes.
Preplating was only necessary when the slectrode was not

in cﬁntinuous use, and it was performed just like a normal

run, which will be outlined in the following section. The
electrode was rinsed first with running tap water and then
with distilled water. The manganese plate was stripped for

two minutes in 5% sulfuric acid.
Procedure

First, the test sample was prepared by mixing 5 ml of
additive with a 100 ml of stock solution in a 250 ml
Erlenmeyer flask. The sample was then placed in a 30°C
temperature bath where it was allowed to equilibrate for at
least one hour. It was then transferred into a 150 ml
- beaker and placed in the plexiglass temperature bath. A
filter paper diaphragm was placed around the lead anode.
The stainless steel cathode was conditioned according to
the scheme developed in the precediné section. After the
final water rinse, it took 45 seconds to mount the cathode
in the holder and immerse the entire electrode assembly into
the test sample. The cathode was not wiped dry; a film of

water was allowed to remain on the cathode surface. For
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two minutes the electrical circuit remained open while all
'of the electrical connections were made, The circuit_was
then closed, the voltage dividers adjusted to yleld zero
current, and the system was allowed to stabilize for five
minutes, 4Then the motor-driven potentiometer was activated
and the polarization curves were automatically plotted,

The analytical test waé performed in an unstirred solution

and it was completed within O minutes,
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EXPERIMENTAL RESULTS

The results of this investigation are presented in
tables 5 through 19. Hers, fhe effects of impurities are

presented as a function of the transition current.

Throughout this text the term transition current will
be used, but since the cathode used throughout this investi-
gation had a fixed area of 0.196 in?, current and current

density are synonymous.

Generally, the following tables refer to data taken
from the standard system (table 3), all exceptions will

be noted at the place where they are includsd.
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TABLE 5
EFFECT OF TEMPERATURE ON THE TRANSITION CURRENT

Run Temperature Transition Current
— % Tm o aa
3a  22.0 225 23.2
3b 22.0 23.8
1 30.0 28.0
2a 39.1 40.0 41.3

2b 39.1 42.6



~ Run

4a
4b

6a
6b
7a
7b

TABLE 6
EFFECT OF AGITATION ON THE TRANSITION CURRENT

Agitator Transition Current

Setting _ha _ava
0 Still 30.0
~ 30.0
5 29.1
6 335 33.4
33.3
8 Turbulent 34.3 33.5

32.6

43



Run

lla
1lb
10a
10b
9a
9b
Ba
8b
12a
12b
13

EFFECT OF pH ON THE TRANSITION CURRENT

pH

3.70-4.30
3.70-4.20
5.10=-6.00
5.10-5.90
6.20
6.25
7.25
7.20
7.75
7.70
8.10

TABLE 7

4y

Transition Current

ma
31.2
31.0
32.0
29.8
30.8
32.7
31.4
29.0
27.5
24.8
25.5

avg
31.1

30.9

31.8

26.2
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TABLE 8 |
EFFECT OF MnSO, ON THE TRANSITION CURRENT

Run . Mn504 Transition Current

—_ a/i _ma_ avg_
l4a 75.0 30.8

14b 75.0 30.6

15a 60.0 35.5 35.4
15b 60.0 35.2

16a 52.7 33.3 34,7
16b 5247 36,0

17a 37.5 33.5 34,8

17b 37.5 36.0



Run

1l8a
18b
iQa
19b

20a

20b
2la
21b
22a
22b
23a
23b
24

EFFECT OF Co®™* ON THE TRANSITION CURRENT

TABLE 9

¢

Transition Current

ma
29.5
28.8
38.0
36.0
36.0
43.5
55.5
54.2
65.7
59.9
76.3
72.1

avg

37.0

44,8

54.9

62.8

74.2



Run

25
26a
26b
27a
27b
28a
28b
29
30

EFFECT OF Cu** ON THE TRANSITION CURRENT

+b
Cu

mg/l

0
2,46
2.46
4.93
4.93
6.02
6.02
7.01
9.85

TABLE 10

<7

Transition Current

ma
29,0
30.4
33.0
35.4
35.7
37.7
40.0
39,2

avg

31.7

35.6

38.9



}Run

3la
31b
32a
32b
33a
33b
34a

34b

35a
35b
36
37
38

EFFECT OF Ni** ON THE TRANSITION CURRENT

Nit?t

TABLE 11

oy

Transition Current

27.4
28.7
36.7
35.3
45.7
44.6
55.8
54.0
60.3
61.7
67.7
75.9

avg

36.0

45.2

54.9

6l1.0



Run

39
40
4la
41b
42a
42b
43
- 44

47

| TABLE 12
EFFECT OF Zn** ON THE TRANSITION CURRENT

Zn** Transition Current
mg/l ma_ avg
0 27.3
31 22.0
.63 | 21.0  20.8
.63 23.5
5.00 18.3 18.3
5.00 18.3
10.00 17.5

15.00 16.2



Run

80a
80b
8la
8lb
82a
82b
83a

83b

TABLE 13

£0

EFFECT OF Ag’ ON THE TRANSITION CURRENT

Transition Current

ha_ avg
28.1
27.5
34.5 33.5
32.5
37.89 37.3
36.8
41.0 40.8

40.5



Run

46a
~a6b
47a
47b
4Ba
48b
50

49a
49b
51

s/

TABLE 14

EFFECT OF Cd** ON THE TRANSITION CURRENT

Cd'b#

ma/l

0
0
5.0
5.0
25.0
25.0
50,0
100.0
100.0
200.0

Transition Current

ma_ avg
25.7
27.3
28,2 27.9
27.5
30.1 30,1
30.1
30.0
30.5 30.5
30.5

29.8
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TABLE 15
EFFECT OF MISCELLANEOUS IMPURITIES ON THE TRANSITION CURRENT

Run Impurity Conc. Transition Current
—_— < ma/i | ma-

52 None 29.6

53 Molybdenum 2.00

54 Molybdenum 4,00

55 Na® 200.0 30.5

56 mg** 200.0 30.0
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TABLE 16
EFFECT OF Ni** ON THE TRANSITION CURRENT
Programmed Voltage Rate = 0.15 v/min.

Run , Nt Transition Current
—_— Bg/l e - avg
752 0 30.5 29.4
75b 0 28.3
76a 0.50 34.7 34.0
76b 0.50 33.3
77a 1.00 39.1 38.4
77b 1.00 | 37.7
78a 1.60 43.8 43.9
78b 1.60 44.0

79 2.00 50.0



Run

57a
57b
S58a
58b
59a
59b
60a
60b
61

62

63

64

65

66

TABLE 17

5

EFFECT OF BINARY MIXTURES ON THE TRANSITION CURRENT

Impurity
Mixturs

Nitt

co**
Nit*

Cutt

Ni”'

zn**

Nt

ca**

nitt
Molybdenum
zn**

Cd**

+4
Zn

Cd’*
zﬂ##
CU’*
Zn##

Co**

Conc.

ma/l

0

0
0.50
0.195
0.50
4.93
0.50
0.63
0.50
5.00
0.50

- 2.09

0.63
100.00
0.63
5.00
0.63
4.93
0.63
0.527

Transition Current

€
30.5

28.2
53.0
49.5
46.9
46.5
25.3
24,5
36.7

28.5

23.8

29.0

3l.1

avg

51.3

46.7

24.9



Run

67a
67b
60a
60b
69a
69b
71

708
70b
72a
72b
73a
73b
74a

74b

TABLE 18

5

EFFECT OF Ni**-Zn** MIXTURES ON THE TRANSITION CURRENT

Impurity
Mixture

Nickel
Zinc
Nickel
Zinc
Nickel
Zinc
Nickel
Zinc

Nickel
Zinc
Nickel
Zinc
Nickel
Zinc
Nickel
Zinc |

Conc.

mg/1

0

(U
0.50
0.63
1.00
0.63
1.60
0.63

2.00
0.63
2.00
1.25
2.00
2.50
2.00
5.00

Transition Current

28.1
30.5
25.3
24.5
26.8
24.5
32.6

54.8
49.5
3l.4
29.8

23.5

26.1
21.7
22.0

avg

24.9
25.7

52.2

30.6

24.8

21.9



TABLE 19
COMPARISON OF CALCULATED AND OBSERVED TRANSITION CURRENT

Mmixture Conc. Transition Current

mg/1 Qbserved, ma #Calculated, ma

Nicksl 0.50 |

Cobalt 0.195 . 51.3 43,9
Nickel - 0.50

Copper 4,93 46.7 _ 42,5
Nickel 0.50

Zinc 0.63 24.9 27.7
Nickel 0.50

Cadmium . 5.0 36.7 34.8
Zinc 0.63

Cadmium 100.0 28.5 22.2
Zinc 0.63

Cadmium 5.0 23.8 19.6
Zinc 0.63

Copper 4,93 29.0 27.3
Zinc 0.63

Cobalt 0.527 31l.1 65.9

* The calculated values were based on the assumption
that each impurity acts independently and that the
effect of each impurity was additive.



DISCUSSION OF RESULTS

This investigation was divided into two major phases.
In Phase 1, the experiments were designed to determine the
nature of the current-potential curves and to establish
the effect of certain variables so they may be cantrolled
within the proper limits. In this sequence such experi-
mental variables ass temperature, agitation, pH, and
manganess salt concentration were studied. While in Phase II,

the effects of metallic impurities were studied.

ﬁhasa I

Tha effects of temperature, agitation, pH, and manganese
salt concentration on the polarization curves, relative to
the standard curve, are shown in figures 17 through 33 in
the data section of the appendix. Tables 5 through 8 show

the effects of these variables on the transition current.

The general characteristics of the current-potential
curves may be briefly reviewed with the aid of figure 8.
The initial region of ascent (A) was characterized primarily
by the evolution of hydrogen and it was considered to be
only a function of the hydrogen overvoltage on the basis
metal cathode. Since it was previously established that
the hydrogen overvoltage was sensitive to the state of the
electrode surface, any mstallic impurity that would affect

the character of the surface, should have an effect on this
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portion of the curve. As polarization continued, a point

of inflection was reached where the curve exhibited a large
change in potential with essentially no change in current
(region B). When the potential shift was completed,

another inflection point appeared, and the slope was
characterized by a shafp increase in current with a relatively
small change in potential (region.C). At this point, both

hydrogen and manganese were freely codepositing.

Experiments of Phase I were designed to study the
nature of the hydrogen evolution reaction and to establish
reasonable operating limits for the experimental variables.,
Such an investigation should allow one to determine whether
or not region B can be defined as resulting from a true
limiting'current. A limiting current will only occur when
some step in the reaction sequence is proceeding at its

maximum rate.

A study of classical hydrogen electrode kinetics will
reveal that only when catalytic desorption is rate con-
trolling, can there exist a true limiting current density.
Thus in order to establish the significance of the first
inflection point and region B, it was necessary to determine
the mechanism of the hydrogen reactiﬁn. The mechanisms

for this reaction have already been reviewed and diagnostic
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criteria bassd on pH and salt effects have been used to
distinguish the discharging entity and predict the reaction
path. |

Variations in pH énd manganese salt concentration,
shown in figures 23 through 33, do not sighificantly effect
the standard polarization curve or the transition current
(tables 7 and 8). However, a trend was indicated; a
reduction in the hydrogen ion concentration resulted in
a slight increase in the hydrogen overvoltage. A similar
effect was also noticed when the manganese sulfate con-
centration was increased. In both cases, the activity of
the hydrogen ions in the double layer was probably reduced

which decreased the rate of the hydrogen reaction.

The effect of agitation was also small as indicated
by figures 19 through 22 and table 6. Agitation increased
the diffusion rate of hydrogen ions into the double layer

which resulted in a net increase in the reaction rats.

As expected, temperature had a significant influence
on the reaction kinetics as shown by figures 17 and 18 and
table 5. Thus, it was evident that strict temperature

control was a necessary criterion for‘raproducible results.
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The experimental pH and salt effects indicated that
protons were discharged from hydronium ions. It could
also bs concluded that the hydrogen}raaction on a stainless
steel cathode must be governsd by one of the following

- pathss

(a) slow discharge followed by fast catalytic
desorption,

(b) slow discharge followed by fast electrochemical
desorption,

(e¢) fast discharge followed by slow electrochemical

desorption.

Although the exact mechanism gould not be determined from
existing data, it was sufficient to know that none of the
above paths would give rise to a'limiting current density.
Thus a new perspective was necessary in evaluating the

significance of the transition region (B).

From the polarization curves, the first inflection
point occurred very close to the esquilibrium potential of
manganese, approximately -1.45v relative to a saturated
calomel electrode (sce). Now, since it is known that
manganese deposits upon itself with a relatively large .
overvoltage, and if it is assumed that manganess deposits

upon stainless steel close to the equilibrium
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potential; then a pogsible explanation of the significance
of the trahsition region (B) can be developed. |

For example, as the_stainlasa steel cathode is polarized,
it becomes more negative changing as a functionAof the
hydrogen overvoltage. When the deposition pqtantial of
manganese on stainless steel is reached, the metal will
start to codeposit with hydrogen. As a layer of manganese
covers the surface, the cathode undergoes a transition
from a stainless steel to a manganese electrode. However,
the hydrogen overvoltage changes abruptly in transcending
from one metal to the other, being relatively larger on
manganese. Therefore, in order to sustain the same reaction
rate on manganese, the cathode potential must shift to
bacqm; more negative. Also, since manganese deposits upon
itself with a substantial overvoltage, a potential increase
is necessary in order to maintain the manganese reaction
once the stainlesé steel, surface has been covered with a

monatomic layer of manganese.

This'hypothesis implies that the significance of the
first inflection point is represented by the deposition
potential at which manganese deposits on a stainless steel
cathode. The region of potential shift is indicative of

two simulténaous aventss



é3

(a) the transition of the hydrogen reaction from a
stainless steel to a manganase,elactrode, and
(b) the transition of the manganese reaction from a

stainless steel to a manganese electrods.

Thus the constant current resulting from these transitions
is more appropriately defined as the transition current as

opposed to limiting current.

Again referring to figure 8, a few gensral remarks
can be ﬁade about the current-potential curves., When an
impurity is added to the electrolyts, it may affect the

polarization curve in two possible wayss

(a) change the initial deposition potential of
manganese on stainless steel, and/or
(b) alter the hydrogen overvoltaée on the basis metal

surface.,

Ideally considering case (a), the impurity would affect only
the initial deposition potential of manganese and not alter
in any way the primary hydrogen reaction. The resulting
polarization should follow a path similar to curve (2),

and the inflection point should shift along the potential
-axis relative to that for the standard curve. With case (b),

the impurity affects only the hydrogen reaction and not the
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deposition potential of manganésa. The polarization should
now follow curve (3), and the inflection point should be
displaced only vertically along the current ax;s. The

ideal cases just cited represent two extremss because the
behavior of a real impurity would prdbably possess both

of the above mentioned properties. The transition current
can be used as a correlating parameter, the same as limiting

current in polarographye.

Phase 11

In this phasse, an effort was made to determine how
trace metallic impurities affect the current-potential
curves. Again the study was sub-divided into two parts:
(a) a study of single impurities, and (b) a study of
binary mixtures. Emphasis was placed on evaluating the
experimental technique to see if it were suitable as an
analytical tool for determining the purity of manganese
electrolytes. Here, a pure electrolyte is not to be taken
in its absolute sense, but it refers to an electrolyte
which is sufficiently pure to yield an acceptabls current

efficiency when subjected to electrolysis.

Single Impurities. The effects of cobalt and nickel on the
current-potential curves are shown in figurss 34 through 39,

appearing in the data ssction of the appendix. It was



evident that both species were active in reducing the
hydrogen overvoltage and that the activity was a function
of the impurity concentration. .Copper and silver were
not quite as active as the previous two species, as indi-
cated by their polarization éurves (figures 40-43). zine
was the only impurity that poisoned the stainless steel
cathode; the hydrogen overvoltage incréased as shown in
figures Ll through L6, all ofvthesé 1mpufit1es showed a
correlation between transition current and concentration

(figures 9-13).

The metallic impurities: cadmium, magnesium, and
sodium did not affect the standard polarization curve

(figures 47-51), and so no correlation existed.

Molybdenum was the only impurity that was not added
as the sulfate but as ammonium molybdate., Figure 5Sla
shows the effect this impurity had for eliminating the
transition region and the apparent insensitivity of the
polarization curve to concentration., The hydrogen over-
voltage was practically unaffected by the presence of this
impurity, but it appeared to have a significant effect
on the initial deposition potential of manganese., The

observed phenomenon 1s not fully understood,

A selected 1list of half-wave potentials 1s presented
in table 20, From this table, 1t 1s evident that all

(5
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metallic impurities used in this investigation except
magnesium and sodium should be electrochemically precipitated
before manganese. For equrimental confirmation, a chemical
spbt test (38) was performed for nickel on a black residue
that remained on the cathode after the manganese was
stripped”with 5% sulfuric acid. The test was positive and
so it was assumed that the metallic ihpurities deposited on
the cathode surface, and in doing so, altered the hydrogen
overvoltage. Since magnesium and sodium are not electro-
chemically precipitated, their presence in the electrolyte
should not affect the hydrogen reaction., Therefore, the
standard polarization curve should remain unchanged; this

was supported by experimental data.

Furthgr indication that the impurities deposit on
the electrode was furnished by an investigation of their
diffusion rates. This waS done by replacing the 2rph
motor with a 3rph one, which caused in an increase in
the rate of polarization. Since the deposition of impurity
was under diffuéion control, the rate of polarization
was a factor. The longer it takes tc traverse the voltags
span; the more impurity diffuses to and deposits on the
cathode. Thus an increase in the polérization rate shduld
reduce the amount of impurity deposited and thereby decrease
the rate of the hydrogen esvolution reaction. This was in

agreement with the experimental rasults presented in
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figure 14. Anbther interesting outcome from this particular
study was that the sansiti&ity of the test could be changed

by varying the polarization rate.

If the impurities do deposit on the stainlasshsteel
cathode, one would sxpect to find a limiting concentrafion ,
which cprresponds to a condition where the electrode
surface is completely covered with the reduced impurity.
Further additions would have no effect on the hydrogen
evolution reaction, and the transition current would now
become independent of concentration. Zinc was the only

impurity to exhibit such an effect.

The other impurities exhibited a critical cohéentra-
tion. For example, the critical concenfration for cobalt
was 0.527 mg/L. Above the critical value, the effect of
the impurity was uncertain and not at all understood.

The transition from a stainless steel to a mangansse
electrodes usually was never completed; thus manganese did
not cover the entire slectrode surface. When the current
was held constant,.manganese began to radiésolva along

with a positive potential shift. Examples of polarization
curves for cobalt and copper at concentrations above the
critical value are shown in figures 35 and 40, respectively.
Critical concentrations for nickel, copper, and silver are

2.00, 7.01, and 30.0 mg/L, respectively. Above the critical
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concentration, the correlation between transition current

and concentration does not exist.

From the experimental results, the ability of metallic
impurities to catalyze thé hydrogen evolution reaction may
be arranged in the decreasing sequences Coy) Ni) Cu ) Ag
D standard electrode ) Zn. Since it has already bsen
assumed that the impurities deposit on the cathode, it
is reasonable to assume that their catalytic activity is
related to how actively ths respective metals support the

hydrogen evolution reaction.

Metals widely differ in their ability to catalyze
the hydrogen reaction; this is shown by the diversity in
hydrogen overvoltages on the different metals, being low
for the platinum metals and high for the zinc group.
Hydrogen electrode kinetics have been extensively studied
on nickel, copper, and silver electrodes (5, 11, 17, 19, 54).
There is agreement that the rate controlling step is the
slow discharge of protons. No data was available for
cobalt, but its behavior was expected to be similar to
that of nickel. No reliable data existed for the hydrogen
reaction on zinc or cadmium, but these metals were.expacted
to behave iike lead and mercury which possess a rate con-

trolling discharge step.

In hydrogen electrods kinetics extensive use is made
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of the Tafel Equation,

. 77 = a=b log(i) (17)
wherejb is the overvoltage at a specific current density (i),
and (a) and (b) are constants. A selected list of the
parameters of the Tafel Equation were given in table 1.

It is obvious that the hydrogen overvoltage follows the
following decreasing sequences Ag‘> Cu ) Ni. This is in
agreement with the pfesent experimental results for the

effects of impurities on the hydrogen overvoltage.

In recent ysars, emphasis has been placed on establishe-
ing a relationship between hydrogen overvoltage and heat
of H adsorption. An incrsase in the heat of adsorption
decreases the heat of activation and should resu1£ in a
lowering of the overvoltage when proton discharge is rate
controlling. A comparison between the heats of adsorption
and overvoltage (table 2) for various metals showed good |

agreement with the above theory.

In light of the above discussion, an explanation of
the experimental results may now be attempted. It was
svident from the data that certain metallic impurities
significantly affected the polarization curves. As pre=-
viously established, they could:s (a) changs the deposition
potential of manganese, (b) change the hydrogen over-

voltage, and (c) simultaneously do both.
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From the polarization curves, it was apparent that
the inflection point was shifting to more negative values
indicating a possible change in the deposition potential
of‘manganesa. However, this small increase may be due to
an overvoltage-current density effect; thus the effect of
impurity on the manganese overvoltage is not immediatsly
obvious and cannot be distinguished. The accompanying
vertical displacement of the inflection point or transition
current is reflected by a significant change in the hydro-
gen overvoltage. Cobalt and nickel impurities produced
marked effects on the hydrogen overvoltage, while the
effects of copper and silver were not as pronounced.
Assuming that proton discharge is the rate controlling
step, this change in hydrogen overvoltage may possibly be
related to the catalytic activity of the reduced impurity
or the change in the heat of H adsorption. For example,
as nickel deposits, ocne would expect the overvoltage to
approach that of a nickel electrode. If the catalytic
activity were greater on nickel than on stainless steel,
one would expect to see the hydrogen reaction accelerated,
which was the experimental result. If the impurity reduced
the catalytic activity of stainless steel, such as zinc,
the converse result would occur. Also, the observed
catalytic activity of the reduced impurity appears to be a
function of the heat of H adsorption. FfFor cobalt and nickel,

the heat of adsorption is relatively large, decreasing
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through copper and silver, and being the lowest for cadmium
and zihc. This is the same decreasing sequence for the
catalytic activity on the respective metals. Thus the
activity of the stainless stesl cathode appears to be
altered by the deposition of metallic impurities which may
affect the heat of atomic hydrogen adsorption on the sur-
face. Bockris et al (9, 13) also noticed an activation of
silver and nickel electrodes when studying the hydrogen
reaction in the presence of platinum chloride. Other
investigators (42, 60) studying hydrogen deposition on metal
alloys found that the individual constitusnts definitely

contribute to the overvoltage.

The effect of reduced impurities on the hydrogen
evolution reaction may be treated analytically. However,
before attempting an analytical development, certain simpli-

fying assumptions must be made, such ass

(a) the reduced impurity does not form an alloy with
the stainless stesl slectrods,

(b) the stainless steel and the reduced impurity act
independently in supporting the hydrogen evolution
'reaction, and

(c) the cathode potential is held constant.

First, consider the svolution of hydrogen on the stain-

less steel electrode where the total current (It) is
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giveh by
1, =1, | ~(18)
where the subscript (s) refers to stainless steel and Ig
refers to the rate at which hydrogen esvolves from the
stainless steel surface. Now consider the hydrogen reaction
when the stainless steel surface is contaminated with some
reduced metallic impurity. A small fraction of the
electrode surface is now covered with the reduced impurity,
and hydrogen is now evolving simultaneously from the stain-
less steel and the reduced impurity surfaces. The electri-
cal analogue of this system is a parallel circuit and the'
total current of a parallel circuit is given by
I} = 13 + 1

t
where the subscript (r) refers to the reduced impurity.

- (19)

The effect of the reduced impurity, at a given cathode
potential, may be represented by the following ratio,
I% 1 + I. (20)

T Ts

The current terms may be written as current densities
(i) according to the equation
I = (A)(1) (21)

where (A) represents the area of the cathode surface.

If the reduced impurity occupies only a small fraction

of the total electrode area, then, the area occupied by
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the stainless steel surface may be considered essentially
constant and I; will be approximately equal to I . Now,

equation (20) may be written as

1! I .
I S (22)
T, T, ‘
The current densities (i) can be represented by the
equations
is = ios exp(-og’a@ F/RT) : (23)
and i,= iy exp(-angzz_r/RT) (24)

where 3@ = a%, (25)

For most metals, the (X ) terms are approximately equal;
and the exchange currents (ios) and (i,,) have already

been defined by squation (12).

Using equations 21, 23, 24, and 25, equation 22 may

now be written in the form

1! A i
t =1 4 F oor (26)
T Rs Tos

From equation 26, the reduced impurity should alter
the cell current as a function of the ratio of the products
of the area times the exchange current for the respsctive
metal surfaces. For example, the ratio of exchange currents

for hydrogen evolution on a platinum surface to that on a



zinc surface is about 105 (22b). Hence, if even a small
fraction of a zinc electrode be covered with platinum; a
significant change in the rate of hydrogen evolution may

be expected.

A quantitative application of equation 26 to the pre-
sant experimeﬁtal data is impossible, since there exists
no knowledge of the individual surface areas or the exchange
currents. However, qualitatively, it is presented to show
that the presence of trace quantities of metallic impuri-
ties in manganese electrolytes may significantly effect
the‘hydrogen evolution reaction, and thus alter the polari-

Zzation curve.

The discussion up until now has been esmphasizing the
concapt that the metallic impurities deposit on the basis
electrode and raise its activity to a level approaching
that of the reduced metal. However, some experiments per-
formed with nickel as the cathode material produced con-
flicting results. Manganese was deposited at current
densities similar to those for a stainless stesl cathode;
and when nickel was added to the electrolyte as an impurity,
the activity of the nickel cathode was significantly
increased (figure 54). Although the results with the nickel
cathode were not reproducible, they did indicate that

further investigation was necessary before the phenomena
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- associated with metallic impurities could be fully under-

stood.

From this investigation, it can be concluded that
polarization curves can be used for'the detection of trace
amounts of metallic impurities, in the parts per million
range,in manganese electrolytes. More specifically, cer-
tain metallic impurities may be correlated by the para-
meters, transition current and impurity concentration.

A relationship exists between the transition current and

the current efficiency of a commercial manganese cell.
Impurities which increase the transition current above the
standard value, decrease the current efticiency; while

those which decrease it, increasé the current efficiency.
Thus, polarization curves would be valuable in the electro-
winning of manganese. From the nature of the curve, one
would be able to predict not only whether or not minute
traces of impurities were present in the slectrolyte, but
also how these impurities would affect the current efficiency

of the commercial_ process.

From this investigation, it can also be established
that it is necessary to attéin a minimum current density
before ons can deposit manganese. This minimum current
density changes in the presence of impurities, and it changes

as a function of their concentration. Thus, in the svent



a commercial process is operating insfficiently, the polari-
Zation curve should enable one to recommend a new operating
current density in order to overcome the effect of the

impurity.

This investigation has also shown that the addition
of zihc to an impure manganese electrolyte will suppress
the deletsrious effect of the impurity (figures 15 and 16).
The above situation may now be corrected not only by
changing the opesrating current density, but also, by adding

small quantities of zinc to the impure manganese slectrolyte.

Binary Mixtures. The effects of binary mixtures on the
polarization curves are shown in figures 55 through 64.
Tables 17 and 18 show their effects on the transition current.
Table 19 compares the observed transition current with one
calculated on the assumption that sach impurity contributes
independently to the total effect. However, this assumption
is not valid, for there appear to be interactions between

the various impurities'which usually amplifies the effect

of one or both components.' This complex relationship is
shown in more detail in figures 15 and 16 for nickel-zinc
mixtures. Simila:-complex effects were discovered by Hug
and Rosenberg (43) when studying the hydrogen reaqtion on
nickel compounds. At present, the effects of mixtures

appear to be highly complex and cannot be explained..

-~
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Reproducibility. The majority of the runs were at least
duplicated, and the reproducibility was good'as determined
by the transition current. Statistical analysis of the
results showed that the transition current had associated

with it an experimental error of 1.6 ma,



1.

2.

3.

CONCLUSIONS

Polarization curves can be used to determine 1if manganése
sulfate electrolytes are sufficiently pure fér efficient
electrolysis. For example, impurities that reduce the
current efficlency, such as: nickel, cobalt, silver,
copper, and molybdenum, are detected by sn increase in
the transition current relative té a standard value

or by a noticeable change in shape of the polarization

curve.,

For the single‘impurities: nickel, cobalt, silver, cop-
per, and zinc, there 1s a quantitative relationship
between transition current and impurity concentration

up to the critical concentration,

The effects of binary»mixtﬁres of impurities on the
transition current generally do not follow a simple
additlive law based on the effects of the individual
components, However, for some mixtures, the additive

law may apply for a limited range of concentrations.
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TABLE 20
SELECTED HALF-WAVE POTENTIALS*
@ 259C versus SCE

Ion - Supporting Electrolyte o - Ei
— ' volts®
cd*? 1M NHg + 1M NH,* -0.81
Co** 1M NHy # 1M NH,* -1.30
Cu*t 1M NHg o+ 1M ONH, -0.50
Nt 1M NHy + 1M NH,* -1.09
Zn** 1M NHy + 1M NH,* -1.33
mn** 1M NHy + 1M NH,* -1.65
Mg** tetramethyl - NHa* -2.20
Na** tetramethyl - NH£+ «2.07

* Polarography, Kolthoff and Lingane, Interscience
ub., New York, 2nd ed., 1952.



Date

10/15/63
10/18/63
11/22/63
12/10/63
2/14/64
4/8/64
5/18/64
7/10/64

Average

TABLE 21

STANDARD CELL VOLTAGE

2
Volts
1.01787
1.01809
1.01748
1.01828
1.01803
1.01767
1.01798

1.01768

1.01789

99
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TABLE 22
POTENTIALS OF THE SATURATED CALOMEL ELECTRODE®

Tamparaturé £
Oc Volts
20 0.2453
25 0.2415
30 0.2377

* - Principles of Ph;sical Chemistry, Maron, S. H.
an rutton, C. F., ir ition, New Yorks

The MacMillan Co., 1958, p. 519,



EXPERIMENTAL DATA



77

e ¢ -

- T s (& O o f T ™ L KT LT J

o~/ .
{ R i ! M 1 v i — S ’d‘sll,ul;lllul‘j
97~ 87 /- £7- Z7- /Y- , w 60~ 8°o-
T T e e e e e e T ‘07
i j ! : _
:-A;I -!#.?3;:3%-x-,|-ﬁ1¥ - IT e S -7 A—
_ e ] Lt _ ” ; |
H a'z¢ i m : A N
; ; ! : ; M %
: i ! : : ' &
/ | | | m R
L | % %
“ M , w i W : 15
- . E i L " w m M I
: : { i : X
" | M : 3
vz |- ! I N N ] e ) 2
,, ‘m/‘lﬁl _ _, kol 4 ™
W aree N
| ~ MT-..::.....;NA.N,;MQ.N.WN..Wl!.i%i IR R o TTTTTTTTTTTOY
w w “ : ‘ _M : !
- 14 o “.. o %o\ko._ﬂ\b\%qo\s\ﬁ WLQNQNWQS\NK Jo kumm.tk\w _ -
. | |

PR oSl b
ANVAWOOD AG1350W 7

RIEaN!
N
E] ) 1

o/



9y

P

£7 -

w
| ]
 SL797 oS s4

<

i |
: |
i !
1

TILNILOH  FQONZYD
e

oy~

L amn

i
!

]
w
i I
|
- i !
—tor
i B
: >
ﬂ A
‘ o B 07 N
: ) ,,o
“ :f N
S R n
<
. i ~
! : | O M
m ” R
_ m ™M
SRS S - ” w b
| _ N
i i .,
j . !

92

ov

W:..dr.\mm:iz& e T R e SR TR

- , A 7 L e R N
S R |
. No 1 LYZ 1YY 700 §Q ) WL‘Q.NYk“\QﬂN kQ EQWH\W“ o m

f

i
1
i
|
!

. SV THerr Mg
MEANV VD VIO TON

% w ANVAWOD AZT13S0W 174 : w !
N




77

‘ | '
SLINA FOS SA WILNILO Jaauyoé
9/~ S/- +/- €/~ zv-  s7- oi/- 60- 8- )
i | ; : ' . M_o> N._._-_____.;
| z
—
— S 7 A
; 3
s - -
S
! i h
‘ S 0z Y
g
1 3
g ! N
- i 2 T (7} S S
| 3
S B _ ' [ '
; — ; g N i
| o I
! ? !
; 67 F¥NH]F - i os
I |
T ] NOnYZIEYI0d NG NO/LyLISY FO LJIFSA3 |
1 R S i i i

ST
B : : BRI R AN CERFE R |
PIIE TS AUPE S TR R SR SRR
ANVAWOD AJT1450W T4

Jaad bk ON

</



S i

/00

| ] ! |
| | |
SLT0A 99S §0 Terinzlod FIOHLYD T
,. | “ Lo W o
oir- = s by- gv- - /Y- o4~ .+ 6o~
— L m
«m B | _ A
_ m ! M
! M M _
S ! | | (U B
m m | X
] | M X
: ; i : =
! | ! ! A
R ! W i ~
- T e A 3
i M | S
| | ]
s 3
7 " L S S L S
p— | | | | M
i ! ; e ] ]
B - | : 0%
! “ 1 ] ; ‘
M ! w | |
| V M | |
m | o |
, N IR - 7~ M5 772 7 7 e e R B —
| | S ] | |
Sy Ty (NoiwzIyYTod NO koﬁ&.tu.t 40 Logidz o
| ; | _ M !
| h, m

b1 D PR ALRE R SRR SN DG UGN
ANVAWOD AIT3SONW "1 °4d ' ’



-~

z7¢/

[

F L.MOSELEY COMPANY

1
t
i
H

i
i

EFFECT OF

"/v 6

ON POLARIZATION

!
|
|
i
|

§
i

AGITATION

1
i

i
t

-/i2 /i3 -/, 4 -ns
: ! i | !
| CATHODE | POTENTIAL SCE, voL7s

-lit

- /oo

40

NIZYI0D NULISVEY L

]

R——/ R

i
|

V3.

i

i

;
o

B



O ~_

‘\‘

zi'/ -

w? TH/LNLOS NQQ\.NN\M .

1 -

m

ow.\-

103~

i

H ]

i H

_ |

i
i

v

MO/LOBIYEI0d NO NO/LULIDY FO LDFIAT

| :
» T o7 "
. R~
_ @
~
[ N
07 o
2
o
= | >y
/ :
w 2k B N oz <t
: w |
Qw i w | 3
772 1 } B r o
B bl SRR | 1 ,
| , ° |
: w m ;
| | | |
| | | | |
— e o e |4AWA e —— g S — m R m
| | ”
M ,.IY-IN_ﬂJu..N,a.\M.Wi% L 2

ANVIWOD AZ1350OW 114




B

L. MOSELEY COMPANY

T R Y

F

Ny
v

/93

._ﬁ | L | |
| | | | |
“ W j :
T 1T o , o
| | W
i ” ')
: : d4-d- - v
- - W o i T
M : ~d
v -
\n
- . e ; ]
i ]
i I SR B S
u N
! [}
N
| | 3
2 | >
H 0 ! ()
DU~ R A SEUSRIN S
| K | Ny
! M W LY
| M v
i m , | S
< | | 0
T | ?
| N “ ~
B S e R R S
-8 3 | 3
! m N
U S
M B . S
(o) i | N
| | W
~ ; | Q
v m m 3
”M ; : ”
) . 0 |
|
S o
' w 0
. “ !
! |
H_ m
! ;
|
| ©
BN Q Q Q | M | v
(am v o ~ M M .m °
| ‘ : ;, |
W | W INgY¥0D NersrsveyL |
i m ; R . |
| L | , 4

/,J



/9¢

|

€7-

- sz7on Fos

!
|
TEH/ILNIL0d  FA0HLY D

/- Y-

sa

s
1

e . - - ‘o7
” N
- R m .- ”
“ w x
: : : h'Y
S e N
: : [ 4 \N“i
2
— - — - ,_ . D‘
m ; N
, 1|_.v - v.»‘._rlll e o .!%Il.lmtll« ‘I;L
- of N m
| | | | 3
Ty : | ! &
,w m_ | | | |
- A — D 2 A /LT F i R I - S —
R A - i NOIIYZI¥¥Tod | NO HI 40 173443 ]
W
w | b _ :

L
PR

L DTN B A P B
i ANVAWOD AIN13S50W 7174
~r

|
i i




0

s1707 77S
$v- €4/-

| .
TILNTLOD | DAOHLY D

/195
— ]

| |

;ijrwyz

O j
]

w m
i H
| |
H i
: !
{ '
g M
.
! ¢
| i
{
|

4

!

[ R R AN S A S RIS R

ANVAIWOD AZT450W

e e e e s e et e s e e

'

i
!
i
{

NOTLY 2 1Y 870 TQ Hd  H9

LRI RS
A

i
S DO

top——

o/

;nm:@

| ‘qmlsﬂmx.ullfl

e L 4

298543




/06

| SL70N \.Wuw-

1

: i
i t

T

i
i
i
)

W oo
B

2R TR

ANVAWOD

NOILUZIZ9T04 NO HY

AINds0OwW 1 A

i
|

40 133747

SA IMLNILOS TOOHLYY - -
_w
Y- Y- cv- zYy- 4~ o/- 6b- g8o-
i H H H :
| i _“ ; j ; o
” ! | ‘ {
w ! m ! ; A
| : i : ! i
o m P m U m
— S e S B o7
¥ i m i
M . i i j
- - - : : . 1 : .y.lé - -
w w : i A
M ﬁ W N m 3
H | ~ s ) o o
R o T 0z 3
w | | m ?
- . | | m N
! ! ' : ! N
| | | W y
| | | _ . m,
T T Y T A B/ . S
>/ | _, | N
M | w |
U  E— e N (4
| | | m M |
m | W i
W | | .
A S £ - (L1 A T rog T T T
i i _ _ ! .




707

PRSI

T H T t
¢
i
i
¢

sz70n 505 s

g/~

T
1

!

N.\\

Jl\k V3LOod WQ@R D

-

NO/LY ﬂ 149700

— N.N uuaﬁw

\_\G\«\ ..\0

223493

M %, ! “ w o
|
e e B
3
) o | W
:
N B 22 S
_ _,, R
es | 3
M [
i ! ®
S og ™
¥
] | S -
|
I SO W U
“ i or
” m W_
: ! ‘ |

FQ\.Wlil!i.l, .

AU N
ANVAWOD A3 1150W 1 4



/0¥

/-

i

H
|

sy- &Y~

e

SLroA muu; s ,,JQWQ\W.NQQ MWQQ\Q\U‘W
£v- zv- 1v-  ou- élo-

M oldv b

| « : .
wNo/LyBI8YTOS NO WS A £377FF

et e e e

, -4 '\Ql\ R
BN
m x
: ¥
M oz ¥
| R
“ n
: ! <
w W ,” ot N
uﬂ : W R
: N
| y
s
_ |
M |
| | |
S U U G S SU PR S S S
m M 82381057 A
_ ! i i

[ ot JE

ot H DN

ANVAWOD A31dsow 14



h.

Y/ -

h . U sS2740
Y- €

!

i

N Fo5 s
- zy-

i
i
i

1
i
i

|

|

101LH3L0d FAGHLYD
\.W\l

97-

/0%

90/

|

i

L No/Lyz
, |

-2 N gnvra

i

o’

v

(24

w

m

i
[

1wy70c | No HY dJo 193473

{
DRV (O G

Jy
N
£ Y
~
w N
: [Y
R
Q
3
OE Ry
)
_ o
.
| »
. B R oF
M m
| |

os

M

BN A e
ANYAIWOD ALTAS0W 1 4

ONMN




/70

>

i
t
| |
_ 1
|
t
|
i
|
i

1
P

onktﬂ\+.tq& >\nm He kom

| ” m |
- R n_k\Jq; nwuww CSA  IIILNIL0d TAONLY D ‘ )
m _ i _ |
91/~ SY/- &Y~ glr- zv- /7= 0v- é0- 810~
! M : o
| i
1 |
y 1 o7
N
3
1N
R S o N
[} 4 m.
| | | R
_ M d : g
R
i i ; i .
i — | - SO IO i - ] - S
oL, )J\ I . ; ! K43 A;v
. - m ] M W M — JW\ — -
m ” “ _ &
! | m |
e e ]
m | |
. M | W
| | |
! : i m |
E Y - T~ £ (¢ L/ A I 0%

Too ROy e e ey
R T A T R RN
ANVAWOD AZTIdSOW 7T o

~



ép-

Ql

@ 1 | | | 1
e - 8 o S270n DS SN TeizwIzed  Booszyd
; | ! m | |

| - Sy- Y- €Y- zv- /Y- oy-
¥y oo _ w
| | w
w | H_

S /4 T
1
— \ _—

; B S/ - 17/ A S

B Tl No/LE21¥6I0d NO #Hd 40 193773
| _ ' : w ! ;

e [, —

3
932/09 ww%‘/swvyg;l-
]

=3

AU M Ve o N
ANVAWOD AFTI3ISOW T4 {



/L)

12,

Y 5 S S

!
i
i
|
| i ) ;
| | |
i
i
i
i
!

R

_._._.__K‘x_lq_ [

FRRNSITION C CRREN

i

i
'

EFFECT OF MnSQ ON

_—
L MOSYTEY COMPANY
CTOR T T N e ST R
PERT SRR

POLARIZATION!

I
i

 FIGURE 32 | .. . .

-0 ~ht

H t
{ i l
: !

72

CATHORE POTENTIFL vs SCE, VOLTS

i
i

-£3

| |
i . H
i

T /i

zr/

r A,

z

7



// 2

)

s S

I

FoS  Sh TerinsLOd FIOHLY D

0v-

| morLE R)
|

PR RS RN

ANVAINOD AZTIsSOW 1 4

i
}

o T ER .sW,%.\vxm rd

_
w

SR e TotUewg f

|
Vo104 N

w
Yosuw Jo 193747

b e —— v.., qw'yljtlli|

S S zlvwlxi
OF N

0/LISNGY,

¥IgYND 1
‘ |
1 |

/.

oy




Single Impurities



F.L. MOSELEY COMPANY

TAPER

I
<
149
z
G
r4

5
a
-

HiEE 2N

S S ——

|

T
!
{
|

S ——

g0

|

m i
. .[EFFECT OF COBALT |ON POLARIZATION ' |

FIGURE 34 | |

2

K
A
©

30 .

w
{ i

i
w m )
| ! |
L : |
- m w
NI | |
§
x
D , W

_ ; . BasE
. ' i
- » — — ¥ : ._ S
. ! 1 ) w
: A | i :
: i ;
i ! Fan !
_ ; | i
! ’ :
- i i ; |
. S | w
| t §
H ! .
! ez
",
! L .
»
1
[ S _ - - S TS S
: i
: i
1

u\.mF» P =/3

L

l\.* M

l-\t.“\

L

j
| |
7 :
! |
. ]
ri
e i o s - m s e % 4 s e e |)‘.‘ [ — WIi:v.Ol"id'i - —_—
Co —. O ﬁNQQM\k |
. M - *w a
i _ !
: . . “
| | |
S SN (S — 4 S
| 0.469 L
m | g N 2o
e
m ! N |
e :.m,ii e r _ S
| 0.390 |
m _ 2la
) _ ;
| ”
m ’ - e m R . R
|

CRTHODE PoTENTIPL

vs S Nm.\\ voe7s



F.L MOSELEY COMPANY

/76

| . _EFF n..ﬂ,v.n.nﬂhhru. oN ._hnh_h%\mﬁﬂ\m%. .
| : i i

Fl6uRE 3%

i

x _ | w _
x f . | i
I | 76 140 _ [ SO e N - - -
- ! P . .N
m m

_ ._ uotﬁ.ro.g?d\k
! | m | |

Q' =
¥
K>
$
N
© r |
$o-__ 80 - e ;
| | |
_ .. i
CL 7. B — - - ] .

}
i

i

7 I

.
3 . -Af | N5 -/

I

/6 CATHODE POTENTIRL vs SCE yoiT¥



F.L. MOSFLEY COMPANY

NO. 4.1

MO

AF e

COTON SR

APIR

[T I

SRR

[0

RE——

I
I
|

£/

| _EFFEcT oF comaLT o lPoLAmIZA

RE 36! _

70

PSS PSS! TS

</

20

|\*N ” .\\.-W

v AR

>

CRTHODE POTENT 7% vs SCE vVoiTs



ViR

Pk T

(L T AN

- N I ki S

e L VS I
: : ]

w
%q\hwm\.fw 700

LA PRI R R APV I

1
i
i
1

§O

IINUN Ho LIFAST

o/

K24

1 ! !
zYv- /Y- 60~
/ / _ |
i D m m
- — i i
| - . : ! ;
! H !
! = , j i
i i ; : |
: i : {
r ‘ i
e R hom ¢ e e e oy e} & . memiee e = e e s e e g e o - = e, i —
-
i
e e - e - I
]
i
Lo - e e S U
i t
_ M m
' H i ‘
| i ; i
: i i |
| : i !
! i : ;
: L. - IR - b = e e
: ; i :
: . : i
1 t . A
i i
; !
i

1
'

HAdva MM D VOOLDEH TON
ANVAWOD AITISONW T '4d




~

TAPER

I

F.L.MOSELEY COMPANY

Ju

/7Y

£LFFECT . Q\ MY

W

T

1
I
i

eXEL ON

IGURE 38

POLARIZRTION . . |

|
i
t
!
|
i
i

]
I

...... - - B {
i _
1 _
| 70 - . . T
: _ !
m “
| :
| |
| w
; |
DY 7 S T S U SO S R 4}
* ! ;
] _ m
| _ i
R W :
" ! m |
ka ; M W
N 1 H i i
k ! ' _
Y “ ,
v | m
j j
m ,
|
.0 . R
' §
{ 1
i
!
.30 . R

—

3 | A4

{
i
|
I

v‘ﬁ.
L

N2 zoomyp ] |
| 1 87

{ -

/80

M .
e 3
i

| 1.60

A

ORTHODE POTLNT/FL rs SCE voi7s .



L
oo
@ =
(o
2 -
4z
[P
4

AU T

A

FOoRr UL

/20

OF NICKEL OM .

EllGURE 39 - -
| | | 3
,M i
:i\m,& ; ] - - )
| |
|
/40 | w S S
m w
; i |
i ! {
| |
120 %,.i.-,,.;,-!LSR&.%E%.\»; I R
| w _
_ _ M !
| ! | 38 |
¢ | |
100 m> I B R .
g | | w
X " | |
¥ |
% | W i
N . ! u W
. z-imD!-i!cﬁ.i - e - - . — d
|40 - S S .
N,b R . ST S ]
| | “
ﬁ f |
el Az -43 S .\w s
m . . _, L W ‘ﬁ (]

CRTHODE PP7£ENT77L Vs ICE, voLls



PLIV” TS T

IO/ LWVILV T FTAOHLYD

27~

7~

/2/

9

T

‘\'

z7-  17-

{
3

T J_UHV FIn 04_ =

i P
1

NOILEE 18y 70d NO ¥TFded0D 40

o/

o2

og

|
|
|

oy

wed Gnavynp

os

uoww_\mm,, -

09




/éa

PULTVA > I

TIILIVTLOS FLOHLY T

#Y/-

{

g~

e e

|
|
|
|

CNOILE RIS 104 NO

¢
H

_.

ETR IR S, : EAREIR:

UV HUEVUHO ValOoul M TUN
ANVAWOD A3TTISOW 174

2"/~

; t i : i
_ w : i '
o u ¥ % i -
! \ !
| i H
!
;
w *
i ;
! ;
! i
; .
i .
i } M
i : :
! : i
W j
i ! : i
«, i _ ,
i ; ;
i i H
! i
H N i
i i
{ . ;
! ;
! : .
! n 1
- “l — SR A - = - _—
:
i | ! !
i i .
: w
! t i
_ i i
! _ ;

!
m m
.

34409 H0| LIFIT

!
[ S,
¢

o/




/33

SL7PA _FOL 3N T/ LN FLOS

FEZOH;LY O

e ]
]

A

£7-

z1/-

!
i

!
|
i j

/7~

m

NOILYZ /MY T04 NO |HSANS 0 LITIA

toz———

o7

| M
: i U
1
! | : ! .
, | : | : |
o _ _ | | o
{ : i : | b
—— e B it — oe§
N | ! ! , _“ !
! ! i i ' : b
™ \. | | w . W
. ~zB | | w N
,, | 00 ! m | ! | RN
i " T R 0¥ X
~£B £ i m w [
yéwoor -1y ] | |
B S, et e . H ” :
! ! | M_ "
I — - —t e S 1 —
_
i N i i i
[ { ; i i
A R AN . w |
i i ; :
“ T .I.if-i'ﬂvg.m« . _{ S B 74
' | | | | |
; \_ i ' { i !
bt R S l\ilh,x e - -l - 1' i -1
M " |
!

A

SRRV RN

M beiv

ANVAWOD AIT350W 174

[



PLTGN AS> 20 TFE/UNV FI7VE FECCHLE UV

/-

/2Y

92

£/~

NW.?

i
i

_ | b

70d NO |
w r
i

i
|
i
L

i

¥FAUS 40 L0F43F

3

o7

[E R I

AN
)
W E
2
H (l
e oy
| ’

N

09

RSN S

RS R R N




_ ] - “
: | | : !

| SL70P “FOS ir FHILNFLOL FQoHLED ]

9l7- S- $/- €7~ z7- )7~ o"/- éo- 8-

yore

-~

t
|
!
Q
o

‘4‘«/ INTIMND
| o
|

- l. i n PR lﬂwlu.,'tcl‘!l —— e e ] IlQ-M.\;

- r..ix_ R I[%’M%ar\m e e v.“w,«nﬁ‘“' . e 4,. e ———— - W’ b e e e ot s QM —

i

.,
i
i

I R R R ] “‘EO\NQW\%QJQ\;_\O WVZ k_Q ku\ﬂh\l& T o

ey ey ST o
Higvwd Hav s LC3iH TON

ANVAWOD AJTId50W T4



T - AR T T ~

t
h

i
'
i

w\ku& € 35 A V%\ksxwkgk FIOHLHD
~ : : ;

i

/26

j ; M ,. _
W U £/~ z- /°7- o/~ 670~ 80~

1

N

I
i

i
|

TR R RS s ioee 10N
ANVAWOD AZTI4d50OW "1 °d l

|

i
'
s
i
~
- Swavend

o ey
R
R sovx;,u N

i

!
. i
i |
H H

! ! i ._ :
| NO/LYRYTI00 NO INIZ HO LDFFFTF LT T

o e min i o +omk e =t o et i e i e RN —— ORI




-
i

SLTON T8 A THILNTLOS TRAOHLYD

i
i [
h
!

or- 4o

/27

£y-

b2 PERES R VR TR AT RN A N R S I 5
ANVAWOD AJ3T1350W 71°4d

«Lw\.. 17-

m S
SR T Sl Sy 7 Ana—
| o |
€ oo/ |
92k W,l}#/ | ”
S m e e A - e e e g Qe
Voo S ;4% >
| M W )
: W W n
M _ ! _ 3
N
. R B . - B T leE Ty T
“ ®
S _ _ _ | M
W - “ _ R e
T T oF
L N IR~ b 2 a0 Al e e S A -4
. o |
R - SR \‘“\o\ktm,\mﬁom_ zo;_wuk\m 0 m‘kumikmw , M -



/2 ¥

T -

T TR T el e Ved wl LTV LS

/- Ssy- »V- £/~ zv- 7~ é0- <
) 7 I 24
R > ——
Rk | l
e | .
] 2k i i 2
” “ ! O¢
6 | 3
- | e o0as-urd | W 3
o
i M i w : M : A
” N B A o T o5 ¥
| | M | H M | &
e w , | ,
H { B n [ S J - - —_— _ - ” ..Mil-v»( e o5
“ e TIIN®IH T T T T
- | | | | |
| | | | | | |
e CNOYLYBINYTOL NO WOA/NGYD H0 123443 | _ ]
| | w : M
A I ! S L

HIcdvVed BHadR

ANVIWOS A3T13SONW '

-

N



/29

NOILERINYI0d NO WNINAYD F0 LDFISTF

i
w i |

T o7~
; L N
w % ]
| m
| | 3
_, | w N
— L . - 4. IS . S & ;
| | M “ P
S 1 ; -
| |
w I . ! M V w
" | w | &
| | |
| 3 | |
A . ! : : | 2
I ! i
| | | |
| ; : : | :
- | S N A SN SIS NP - -
! | g IY¥NITT : ;
: i | . |
| i '
- S ~ —— —

PR —— e [T —m— -

HITEVG HOVEO Y Lok ON

] ANVAWOD ATIHSOW 7 4 o v
A .

&



/39

!
i

|

‘ \§\TQ Z/& 70,

PR IR ARSI R TS RS L

ANVAWOOD AZT3SOW T4

'

R

TSI UN

i
f
1

J NO WoIWawd 20 LDFIA3F

w ol i )
| M | , w
. i R | SL70A ‘725 A THILN 7 LOS FQOHLYD -
. ey~ L\\ - €y- /- r/- /- 6°0- 80~
Q,\» S - N ﬁiqn.i ]
| N
- IO S S 578
; 1 : -
“ | m )
_ | | N
: Sbtr M m NS IS S
(77 ~¥ M “ (x4 W
] m m
lllchziltﬁva * ’ B I - A
- 0SZnfd | M
- —— - e - - i { H - -
_, M .‘
~ e e Y. T .- (- 72 AN S, S —

LN Te et i



/3

5t70p (308 5A

| |
_ : !
m - .

ﬁ

m

T ILNTLOS FTAOHLLD B

o/e 6lo-

i
t
1
'
i
{

Bt S 4\_.‘_\\.@."”\%5& NO WOISINOYW O

i
{
SR S ——
i
;
i !
_ | |
Q“ﬂo T i R M}
7/ Q&NU&\& _
o i o
| |
i N i o -
I u
| !
i
w |
! i i
m .
i |
P
m m
I
| i
] ,

z/- /-

i i
H : M i
: i
T T T T - wL - AR T - R R

H ' |
; : i
H i '
: | !

H i
i i ;
! i ¢
; ) !

133443 |

MGVl Hin

B VLl

N D RS
ANVAWOD A3T3SONW 1

(/4

.. :lmwl\ﬁtiill

he,
N
NISYND

X

r:qnllw:.liqi.

»

TN

- </ ~



/32

! ] ; f T T
; ! { ; !

i | SL70A 705 SA TEILNTLOS FAOHLYD . .
. |
“ols- o sy- B gv- P /7~ o/~ 60- 80-
- M _, _w _M ,“ ,“ K4
ﬁM e :h..w T ST s e e M N T s e e = e \(..V’QN e —
j |
et R
X
i34 B S N
| R
_ “ |
| e Ry R i R o S
m | (S FYT97H ] :
| | w | |
: ” , , . “ ; !
A S A - Emd\.:‘,m@wuo& NG WNIGeS H0 LJFS4TF .
y ! H _ : !

Sl Av el Mo Sl ON
§) . ANVAWOD A3TISOW 174




—— ot £ttty e e e b o i et R pU——

SLTN 325 A JHLNTLOG FQOMLED .

v/~ sY- +7- £v- z7- /7~ o/-  Go- = 8O-

/33

B S e [/

(X4

_Q/vf;;yaﬂv

.;f ] (immriw]!ix

o’

_ 1..! : R !’-xllxml\\hq &»“u T2 A S R v e »I — :é%i\%asl! R
i ,, | | |
!-iifiw, . o OO NOILY BIY¥ Y70 >_6 ‘§>\NQ&&JQ2 .\Qm ya Um.\.\m ; . H

1

e -
P .
.\\\ 2

C oy

[ PRSI o R I SR B SR | e

ANVAWOD ADTHSOW ' 4



SLTOA FI)> 7 /LT s TSP LO Y

/3¢

€y- z'/- /-

6'0-

]

T

:
i

o
m

LNIIYND

o5

w e FINSsS

| | ] | , M

“wrew A\\ S/°0 - FLEY FOULTOA CINNEYP0NS

R \NOILEZIYETOL NO TINIIN SO L2755 T
ANVEWOD A 1IS0OW 7T 4 (L _



135~

]
!

!

! '

£5 TS/ S

| . ) |

UrufAIS1°0 - FLYY FOLLION CINWNEY SO
| MOILEZIVETOS MO TIVIIN SO L>TSAT

i
| i
! I

TNy e
PTG bty s el N
>Z<L—2CU>MJLWOEJ&

=ty

e g

— ‘,qm.ibx —

NIY7

b

et e e &.M“.q.l'}ff,(f)

[/

“Yets




/326

| i | = !
| £rFEr| o NeckdL own Pti‘ﬁ,f/’zﬂﬂ'mﬂ/
1 ‘ NICKEL c,fr//abf- 0{/96 sn*

F_'),Gt/f{ 54 i

0 bl M1 3emel [
' !

+

; ;
i

3 i

i

. . H
! . . [

gty

SR ODAF

RN

¥}
9

F.LL MOSELEY COMPANY

ric

N
L~
QURRENT ma

!
* ; § i | . ! i
| !

'
i | !
i ! )
) : :
i

|
!
|
T

Jio -4/ -/ -43 . -/4 -/.%5‘ -/é
‘ | ? | | f |
cnr//ap{ POTEMTTIRL vs .:{CE‘) VoLrs

I
|

‘ | .
| : ‘; i 1




Binary Mixtures



SL0A “FOS SA “W/LNILOS FOONLY D

cY-
T

ANVAWOD AJTIISONW 11 '°d

zY-

7y-

60~

o7

i

N
=
by
? - R I~ S R
o
>3
B3
I
“ ™ M
co T e T
w 3
: L
m
) _ g



SLT10A "TIS A ,J‘\FQU.FQ\ FOoHLYD

)3

/- \L\\ t«‘
. .9d9.
94,8
V
I o

£v- zv- /Y-

'
3
i

e N5 2 T2 S B

|
CNO/LYZIYYTI0d NO SINNLXIW JO LITSSF
! W m ,

e

MV

(=13

DRGSR

o7

0e

»
|
|
|
j

<
[

O
¥ | ‘
row Q/Tswan:) Not AISNYY,

UM OON

ANVAWOD A3T350W "1 '3 w



SL oA TS So

TV/LNILOD TFAONLY )

/737

Z

W\- /7-

/6w

- NorLvzIMY TOd
i !

| ;
{ _

TteEo s W

NO SINNIXIW O 133443

i
i

i
i
t

m
| | | | :
| “ : i
{

§
i

B ' . i

o | 3
| Y
:
i "
S SO SR B oF 1/.
| )
| 2
. , ” SN
, &)
| H, m ”
i e w(. e .
| o
T e ‘ L\ﬂ 0 34N | m : M B
765 “ : m
| n.w& ‘B 470 _ _
— Lo - § ) R ") g

ot

A D ML 2D VLG 0 HON
ANVAWOD A3T11SOW 174



SLIOA 39S S$A MW/AINI10d IIONLED

9t/ - sy~ b~ €V- z/- 17 . s0-
i ; | | ; i ,
| |

V& L

T — ,» e I .

3
D
2 ,
) = L
: ‘ - JeE
2
o
: )
| >
T T oy =
™
3
]

t

i | i

| o : j ; i
i : !

i
i | t
H

T T metloe o «,1 e u\w “!"MQW\K T l_ T

i
i
{
i

| | | w _
Corh | NolLvziwy70d No SISNLXIW Ho L9375

S et SOt BN

ANVAWOD AFTISOW 1 o i [ )
( N N’



SN IILNFLOd IFCOOHLYD

% 44

- =
59
99

NOILYZINYTI0d NO wwmtﬁ Xiw | 50

B S m

i

zv-
!

JFNSIS o

'
i
H
'
P
— s
v
}
4
i
i
i
'
}
|
s
i

o/

0l
~
I
!
l

)
|
|

NOILISNUYL

>

3
W INYun
|
|

e e e o)

‘ v M
ANVAIW

VRIS U b H DN
OO AS13S0W T 4



A

f :
X i
|

L SLTOKGIS A TwWILN3L0d| 3AOWLYD
&/~ £/~ 478

/7~

80-

P
1
!

ov- 6-0-

|
H
i
i
i
i
i
t
i

I
|
i i
: t !
| R R
+9 .;7 00°S =P “ ! : !
B EP2°0 .2 | . . ” w w
‘ i
o - u\w‘ A S 1 e N S
- i . ; W
i m ; M W
| | | |
w “ m
1 - Sl S S RS s S B ke e s S
| W :
‘ . . | | W ! M ”
i ¢ : !
t . ; ; !
m i ;
| | | |
f:l.lw Ak o i e VR mr Py \gllgaq\w. arms mwa \LWFA.: as B4 G Ak e s ke . e e b = pE—— M‘ e m———— e
i | ; , : ”
{ | t . ,
{ : ! i
o ) @ |
. |
|

NOILYZIYOT%T NO-

! i

L_m%at:& f0 103443

I : :

_
1 .
i : : < ! i
i ! : A _

0Z

¥NO NOILYSNVY L

ELY

oeS

-1

e

T TR R A T R A N S B A ]
ANVAdWOD AZ31350nW "1 °4d



/Y3

SLTIOA 39S St TH/ILNILod FAOHLY )

~

_s- #7- €v-  zv- ’7-

}
i
i

,T_____hl_%_._. ~Q

60-

or

o

:
i

WD NOILISNEY L

I+ A R T g
m N
| 3
S S A
e .
| |
. Y3 - S S | ] . M ,m o
W m 77600 £9°0 L HE LNVGLSNOD |
o | ] | |
Il T T T yg eEnvE T oo
L | | A
e Ll NpILYZINYI0d NO S3HnLXIN TN - VB H0 L23IFF
| : M W
r | mr | ]
Y ANVawoD ATISOW 1 a _ | |



SLIOA ‘§OS S$a TWILNFLOS IAOHLYD

- 9y- sY- $y- €V~

| i ~ .
N M W | | _

o |

i
i
|

Z

769
L 9L2 "
77

O
L}

i

{
w2 N#)’ln‘ 9 MOILISNI L
< | 3

|

P

i

| w " ] ‘ !
T A N - 7/€e £9-0 <jvE ANGASNOD T

]
A e e
|
i
i

|
w : R |

i 1
; )

m
|
, |
T T T MABRIBY O NO SIHOLIIW N - w0 LIFIHT
i ! ) i m

HAAV S HLiv D LUOLH ON
ANVAWOD AFTASOW 174 {



i

. ’ I
i |
!

{ ; _ ;
_ M i _ﬂ | |
__. SL70A TS SA  WILNTL0d| FAOKLILD ' |

Y- sv- by~ £v- z- ’Y- o7- é0-  8p-

e ——

/Ys”

v vyt of e b i i ,!4NI e e et o i s .llw(\llll.lll.ll.llvxl.l

i
l
i
i

U g VU0 R UGPSR OSSR MUY g VS USRS

) ) i i

O
‘ N
FHYND NOILISNYYL

|
|
|
|
—-
I
f
|
|
l
j
|
l
!
i
I
'1
|
5

062 +~ L 0E

. : i
m : v . _/ { , j ”
_ L Nezv+ vz _ m

- e S R

g ——

........ S OSSO S

i . : H i !
i : ; 1 ; i

e /bl 00 -, W UNELSNOD

!

i
|
i
i
H
{

‘
4
i

| v,\ l;i-ﬂ..W(., %\.}K! i_ T lmlll-ii, , sz,‘l;i?
| | | | | |

i | ] ! : o !
TTTUTT T I HS\.Q‘\.N_Q 2145704 NO SFINLXIN N - tﬂ. JO .NUN.W.\L\N T . m
i M q ' : ! _ :

4 : : H
i ‘ § H . ! !
! i i . u ‘ i

S - PSR VS AAPE IS S PERI gt VoM N
b . ANVAIWNOD AZIASOW 1°4



SLMA T35

SA  WILNZLOI FIOHLY D

‘Y%

|
,H
l.“l\: e e e e e ‘(mv(
|
- | NO/LY 215570
i t

N

— ——

€l/-

”

47-

7/ bee To.ﬂ_ <4 .\< kx(&skh\wfnu ;

H
i
i

i
'
P
i
i
f
'
¢
i
i
’
i
e -

.. " mwtxtt?, N - uE Ao LITIIT
| |
L.

o
e o7
S
. S
3
&
ST om Y
3
4
o
3 !
S B
or =
S
S ——

il
i

Y

ARNVUIWOD AdTiE50W 1 4



George R, Ferment was born on in
. He attended the public schools of

Clifton, New Jersey and graduated in 1957, The same year
he entered Fairleigh Dickinson Universit; to majbf in
chemistry., Two years later, he transferred to Newark College
of Engineering, where he received a B.S.Ch.E. in 1961,
*Also, in 1961, he received a three year National Defense
Educetion Act Fellowship for graduate study in chemical
engineering at Newark College of Engineering. In 1962,
under this progrem, he received a M.S.Ch.E. For his doctoral
thesis, under Dr, C. L. Mantell, he investigated the current-
potential effects of trace metallic impurities in manganese

sulfate electrolytes.,

He 1s married to the former Barbara BalaSa and has one

child.

He 1s presently employed as a research engineer with

Celanese Corporation of America at Summit, New Jersey.



	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Abstract (1 of 2)
	Abstract (2 of 2)

	Approval of Thesis
	Acknowledgment
	Table of Contents (1 of 2)
	Table of Contents (2 of 2)
	Introduction
	Scope and Purpose
	Historical
	Determination of the Effects of Impurities
	Hydrogen Electrode Kinetics
	Impurity Effects In Hydrogen Evolution
	Impurity Effects in Metal Deposition
	Experimental
	Experimental Results
	Discussion of Results
	Conclusions
	References
	Appendix
	Vita

	List of Figures
	Single Impurities



