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THE STANDARD POTENTIAL OF THE œBALT AMALGAM 
AND ACTIVITY COEFFICIENTS OF AQUEOUS 

SOLUTIONS OF OOBALT SULFATE

CHAPTER I

INTRODUCTION

The behavior of electrolytic solutions involves 
basically the activity of the electrolyte which depends upon 
the activity coefficient of the electrolyte. It is for this 
reason that the theoretical and experimental study of this 
quantity has received the attention of chemists since the inj- 
troduction of the fugacity and activity functions by G. N. 
Lewis^. The activity is defined in terms of the chemical 
potential, thus a study of activity coefficients gives in
sight into solution thermodynamics.

The theoretical treatment of activity coefficients 
is based upon a study of the environment of the ions in solu
tion. After many other investigations had fallen short of

othe desired result, Milner proposed a satisfactory analysis

^Lewis, G. N., Proc. Am. Acad. Soi.. 45(1901);
43 , 259 (1907). , .—  2Milner, R., Phil. Mao.. 23 551(1912); 25, 742(1913p



of this environmental effect, however, his mathematical trea 
nent was too involved for practical use. Using Debye’s con
ception of the ionic "atmosphere", Debye and Hückel^ were 
able to compute activity coefficients for dilute solutions o 
electrolytes. This theory superceded Milner’s in that it 
employed a mathematical short cut which reduced to a great 
extent the mathematical complexity of the treatment. It is 
this theory and extensions of this theory which have been 
applied to most of the thermodynamic properties in solution.

The limitations of this theory or any other theory 
of electrolytic solutions must be realized. The application 
o£ the results of the Debye—Hückel treatment must be limited 
to dilute solutions. Electrolytic solutions at concentratio 
above the limit of validity of the theory must be treated by 
complicated extensions of the original theory. The concentr 
tion limit for accurate application of the theory and the 
extensions is not high enough to give activity coefficients 
in the concentration range for which thermodynamic properties 
are usually needed. It is for this reason that experimental 
values of activity coefficients are of value. Accurate 
experimental data not only give information concerning solu
tions in the desired concentration range, but also afford a 
means of checking the validity of the theory in dilute solu
tions and the deviation from ideality in more concentrated

).^Debye, P. and HÜckel, E., Phvsik. Z., 24, 185(1923

as
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solutions.
Comparison^ of experimental activity coefficients 

with those calculated by the Debye-HOckel theory shows that 
within certain concentration ranges, experiment verifies 
theory. However, as the concentration increases so does the 
deviation between theory and experiment. This deviation is 
more pronounced the greater the charge on the ions. Theo
retically, electrolytes of the same type should have activity 
coefficients which are practically identical for a specified 
concentration. As a rule this is true in the lower concen
tration ranges, however, at higher concentrations some 
electrolytes show highly individual behavior. In these high 
concentrations the Debye-HOckel treatment deviates consider
ably from experimental values because it fails to take into 
account some individualities of the ions. It is for these 
electrolytes that it would be of interest to have accurate 
experimental values for the activity coefficients.

The experimental determination of activity or 
activity coefficients will depend upon the measurement of 
some property of the solution which involves these quantities 
either directly or indirectly. Although there are many 
methods which apply in principle to the determination of 
activity coefficients, in practice many of these methods are 
impractical to apply. The difficulty is obtaining data for

^Glasstone, S., Thermodynamics for Chemists. D. Van 
No gtrand'''Co>'"I   Inc. ̂



solutions sufficiently dilute so that accurate extrapolation 
to infinite dilution are possible. The methods usually used 
for the determination of activity coefficients of strong 
electrolytes are: (1) electromotive-force measurements; (2)
solubility determinations; and (3) freezing-point determina
tions. Another method which has been used is the isopiestic 
method, in which a comparison is made of the concentration 
of two solutions of equal vapor pressures.

Probably the most direct method for experimental 
determination of activity coefficients of strong electrolyte5 
is by electromotive-force measurements. The emf of a cell 
depends upon the free energy change of the cell reaction. 
Thus, measurement of the emf of a cell affords a direct ap
proach to the activity coefficient. The accuracy of the 
method will obviously depend upon the ability to obtain re
producible potentials. The latter is dependent upon the 
ability of obtaining a reversible electrode for the species 
involved. The absence of experimental activity coefficients 
for certain electrolytes can be attributed to the inability 
of securing a suitable electrode for accurate emf measure
ments.

Probably the outstanding examples of unsuitable 
electrodes for emf measurements are those of cobalt and 
nickel. As a result of this, experimental activity coeffi
cients of salts of these metals are extremely scarce in the



literature and those for the sulfates in particular are 
practically nonexistent. No reference can be found to experi
mentally determined activity coefficients of cobalt sulfate 
and Robinson and Jones^ list values for nickel sulfate only 
down to 0,1 molal.

This work will be concerned with the determination 
of the activity coefficients of cobalt sulfate by emf 
measurements using a saturated cobalt amalgam, a Hg-Hg.SO6 4
reference half-cell and aqueous cobalt sulfate solution.
The measuring setup consists of a Leeds-Northrup Type K-2- 
potentiometer and a Compton quadrant electrometer as the 
null-point instrument.

Massive cobalt and othër similarly prepared forms 
of the metal are in a condition of strain which influences 
the potential to varying extents. The strain persists for 
an indefinite time and cannot be completely eliminated once 
it has been set up in the metal. If a saturated amalgam of 
cobalt in mercury is prepared, this electrode should be free 
from the objection of strain. Also, if purified mercury is 
used there should be no objectionable impurities. The use 
of the Compton quadrant electrometer as the null-point instrja- 
ment reduces polarization during measurements to a minimum. 
This is due to the fact that the electrometer operates

^Robinson, R. A. and Jones, R. S., J. Am. Chem. Soc 
58, 961(1936).



essentially as a galvanometer with infinite resistance and 
therefore requires no flow of current during measurements.

The Hg-Hg SO reference half-cell was used to eli- 
minate the presence of a junction potential. This is a 
satisfactory reference provided the solubility of Hg SO is2 4
considered in the calculations involving the concentrations 
of cobalt sulfate.

The object of this study was to arrive at some 
experimental values for the activity coefficients of cobalt 
sulfate at various concentrations through emf measurements. 
The above innovations were used to obtain reproducible poterji- 
tials. The standard potential for the cobalt amalgam was 
determined using these potentials and the activity coeffi
cients were calculated using this standard potential.



CHAPTER II

EXPERIMENTAL

Apparatus and Measuring Setup 
The potentials listed in the tables of this chapter 

were measured using a Leeds-Northrup Type K-2 potentiometer 
and a Compton quadrant electrometer. In conjunction with 
these instruments, an Eppley Weston standard cell and a 2.0 
volt wet cell as the working cell were used. The potentio
meter was calibrated with the standard and working cell with 
a galvanometer. The connections between these instruments 
are shown in the wiring diagram in Figure 1.

The quadrant electrometer consists of a hollow 
cylinder with a large radius compared to the height. This 
cylinder is partitioned into four parts. A vane, charged 
to a constant potential, is suspended in the hollow of the 
cylinder from the top. Two of the quadrants are grounded 
and the emf to be measured is connected to the other two. 
Measurements are obtained by adjusting the potentiometer so 
that there is no movement of the vane when switching from 
the ground connection to that of the unknown emf. This is 
true when the quadrants are all at the same potential. If
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they are at different potentials, atorque is exerted upon 
the vane and a deflection is observed. The deflections of 
the vane are observed by reflection of light on a scale from 
a mirror which is attached to the fiber on which the vane is 
suspended. In short, the electrometer acts like a galvano
meter with a resistance which is essentially infinite.

The cells used were of the type shown in Figure 2. 
They were made with 40 mm test tubes and standard pyrex 
glass tubing. The cobalt electrode was made by soldering 
small wire to the cobalt and sealing it with ceresin wax.
A rubber stopper was used to seal the cell and to hold the 
electrodes and water trap for the nitrogen.

The reference electrode was made by blowing a 10 mm 
opening about one inch from the bottom of a piece of glass 
tubing sealed at one end. Mercury was placed in the bottom 
of the tube and covered with Hg^SO^. This was placed in the 
cell and connection made by a Pt electrode sealed in a piece 
of 2 mm glass tubing which was sealed to the opening of the
outer tubing at the top.

Referring to Figure 2, it may be seen that the 
passage of nitrogen served to stir the amalgam in addition 
to stirring the solution. Amalgam from the bottom of the 
cell is "pumped” through the upper opening in the side of 
the cell during the passage of nitrogen.

Any oxygen which may have been present in the
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nitrogen was removed by passing the gas over copper turnings 
which were heated to about 6OO0 c.

All measurements were made at 25® C (*0,2® C) by 
Immersing the cell in a constant temperature oil bath. The 
temperature was regulated by a Hg thermostat, **knife** heater 
and stirrer.

Materials and Solutions
The CoSO.-7H^0 used to make up the cobalt sulfate 4 2

solution was of reagent grade. Distilled water (pH s 7) was 
used as the solvent.

The mercury used was of sufficient purity for the 
measurements concerned. The best check of this was the fact 
that mercury from two different sources gave results which 
checked.

Hq SO from three sources was used. These were ^2 4
checked in reference cells and found to agree to -O.OOlV as 
long as some white Hg^SO^ remained. Before use it was first 
washed with concentrated sulfuric acid, then with distilled 
water, and finally with a solution of the cobalt sulfate usei 
in the particular measurement; the Hg2S0^ was pure white 
after this treatment. This procedure proved to give a re
producible Hg-Hg^SO^ half-cell.

Although the metallic cobalt used as the anode in 
electrolysis was of questionable purity, the results should 
be affected little if at all. This is because all potential
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measurements were made on the amalganKthe purity of which 
will depend upon the mercury and the electrolytic solution. 
The amount of nickel in the cobalt metal and in the solution 
was negligible.

Experimental Procedures 
A stock solution of CoSO^ was made up of about 1 

molar concentration. The exact concentration was determined
electrolytically by the following procedure: 5 g of
and 2 g of hydrazine sulfate were added to 5 ml of the 1 mol

4
ar

cobalt sulfate solution; to this was added 25 ml of NH^OH an|dl 
the solution was then diluted to 130 ml. This solution was 
electrolyzed at about 3 amps until the last tinge of pink 
disappeared (about 2-3 hours). Platinum gau§e electrodes 
were used. The results obtained were as follows.

1 2  3 4
gms of Co/5ml 0.2672 0.2673 0.2673 0.2674
gms of Co/lOOOml 53.44 53.46 53.46 53.48
Molarity 0.906 0.907 0.907 0.908

Determinations 1 and 2 were made on the solution when new; 
determinations 3 and 4 were made toward the end of the re
search when most of the cobalt sulfate stock solution had 
been used. The molar concentration used in the calculations 
is 0.907. All concentrations used were obtained by accurate 
dilution of this stock solution.

A saturated cobalt amalgam was used for all measured
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ments. The amalgams (denoted In tables by subscripts A» B, 
C, D, E, and F) were prepared by electrolyzing a 0.1 molar 
cobalt sulfate solution; cobalt metal was used as the anode
and Hg was used as the cathode. Oxygen-free nitrogen was
passed through the solution during each electrolysis; this
serves to stir the solution, mix the amalgam and keep an in
ert atmosphere in the cell. Saturation of the amalgam was 
assumed when the potential (taken as described latter) did 
not change after further electrolysis. The top portion of 
all amalgams except D were removed after an initial electro 
lysis, placed back in the cell and electrolyzed until sat
urated with cobalt. The electrolyses were carried out with 
the C switch (Figure 1) in the 1 position and the D switch 
open to protect the electrometer.

The potentiometer was standardized in the usual 
manner with the B switch in the 1 position and the potentio 
meter set to "standard cell". To measure the potential of 
the cell

Pt,Co(Hg)(sat);CoSO^(a); Hg,Hg^SO^(s), 
switch B was in the 2 position, thus taking the galvanometer 
circuit of the potentiometer out of the measuring circuit;
C was throw)! to the 2 position and D was closed; then with 
the connection on the galvanometer pressed the A switch was 
thrown from 1(ground) to 2. The potentiometer was adjusted 
to no deflection of the vane and the emf read from the
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potentiometer. The precision of these measurements was 
fO.OOlV.

Experimental Results 
Several methods of measuring the potential of the 

cell were tried using 0.0912 molar cobalt sulfate. A sum
mary of the results of these various methods are listed in 
Table 1 (all potentials in volts). The subscripts A, B, and 
C refer to different amalgams. The potentials listed were 
taken under the following conditions; (1) nitrogen and 
current were turned off simultaneously; (2) nitrogen was 
passed for the complete 6 hours; (3) nitrogen was passed for 
the initial 3 hours of measurement; (4) nitrogen was passed 
for the first 2 hours of measurement; (5) nitrogen was turnejd 
off after one hour of measurement. In 7 and 8, nitrogen was 
passed through the solution for 15 minutes after electrolysi 
then turned off, and the potentials measured.

Method 1 is time consuming and the potentials were 
sometimes quite variable. Passage of nitrogen decreases the 
time of the drop from the initial potential to the "constant 
potential plateau" which is the region in which all final 
values of the potential are eventually taken. However, the 
"plateau" was found to be quite short when nitrogen is 
passed continuously after electrolysis for more than an hour 
as shown in 2, 3, 4, and 5. Even in 6 the constant potential 
region was somewhat shorter. The procedure which seemed to

5,
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give the most consistent results for the shortest time in
volved was the one used in 7 and 8. This was the procedure 
used for all data employed in the calculation of the standard 
potential. The time of electrolysis depended upon the efficf 
iency of the particular electrolysis.

The results obtained by the latter method are listed 
in Tables II through VI. If this method is used the initial 
potentials are usually close to the value eventually taken. 
This is because the constant potential region has been 
approached closely during the 15 minute passage of nitrogen 
following electrolysis.

The accuracy and precision of the results are less 
in the more dilute solutions. This can be attributed to the 
difficulty of efficient electrolysis and measurement of 
potentials in dilute solutions. For these reasons, the time 
involved for obtaining constant potentials increased with 
decreasing concentrations. The emfs in 10-D and 13-D are 
probably low because of insufficient electrolysis.

During electrolysis care must be taken so that gases 
are not given off at the cobalt metal and the amalgam surfac 
Cobalt metal was used as the anode so that the concentration 
of the solution would not change during electrolysis. If 
gases are formed at either of the electrodes during electro
lysis, the concentration of the solution will change. For 
example, if gases appear on the cobalt metal, the deposition
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ZABLE II
AMALGAM POTBITIALS OF 0.230 , 0 AND 0.0822 MOLAL Coæ .183, 0 I

.137

0.230 Molel 0.183 Molal
Time , (mln) A ®1 2a 2b 2c =2
0 0.978 0.979 0.977 0.978 0.980 0.9895 0.977 0.977 0.975 0.977 0.978 0.97715 0.975 0.975 0.976 0.977 0.977 0.97730 0.976 0.975 0.975 0.976 0.978 0.97645 0.977 0.97» 0.977 0.977 0.97760 0.975 0.975 0.975 0.977 0.976 0.97790 ___ 0.975 0.975 0.976 0.977 0.97720 0.975 0.974 0.974 0.975 0.974 0.9750.975 0.977

0.137 Molal 0.0822 Molal
"Time T"(mini A 3b 3C :3 ♦a E4

0 0.981 0.983 0.982 0.990 0.991 0.9895 0.980 0.981 0.980 0.988 0.988 0.989
15 0.980 0.981 0.981 0.987 0.98830 0.980 0.980 0.980 0.986 0.987 0.988
45 0.980 0.980 0.988 0.988
60 0.980 0.980 0.980 0.986 0.985 0.987
90 0.979 0.980 0.987 0.986 0.986
120 0.979 0.979 0.980 0.984 0.987 0.9830.980 0.988
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TABLE ni
AMALGAM POTENTIALS OF 0.07%, 0.0637, 0.0546 AND 0.0456 MOLAL CoSÔ
0.07% Molel 0.0637 Molel

Time s (min) ®A S H

0 0.991 0.993 0.993 0.996 0.999 0.9975 0.990 0.991 0.990 0.993 0.995 0.99415 0.989 0.991 0.990 0.994 0.994 0.99030 0.989 0.986 0.990 0.994 0.994 0.99145 0.989 0.989 0.995 0.99360 0.990 0.983 0.990 0.994 0.994 0.99390 0.988 0.989 0.993 0.992 0.991120 0.989 0.985 0.986 0.993 0.990 0.9920.990 0.994

0.0546 Molal 0.0456 Molel
Time(min] ’d =7 ®A ®B
0 1.000 0.997 0.995 0.998 1.000 0.998
5 0.997 0.997 0.994 0.999 1.000 0.99915 0.997 0.998 0.990 1.000 0.999 1.00030 0.998 0.997 0.988 1.000 1.000 0.99945 0.996 0.996 1.001 1.000 1.000
60 0.997 0.997 0.980 0.999 0.999 0.998
90 0.996 0.995 0.998 0.996
120 0.994 0.995 0.961 0.997 0.996 0.9950.997 1.000
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TABLE IV
AMALGAM POTENTIALS OF 0.0364, 0.0274, AND 0.00915 MOLAL CsSO. 0.0182

0.0364 Molal 0.0274 Molal
Time o fmln) C ’d ’e 1»E =10
0 1.000 1.005 1.803 1.006 1.000 1.0075 1.002 1.004 1.004 1.008 0.999 1.00915 1.004 1.004 1.005 1.009 1.001 1.00930 1.004 1.003 1.009 1.003 1.00845 1.003 1.002 1.004 1.009 0.998 1.00960 1.003 1.000 0.99590 1.000 1.001 0.999 1.002 0.997 1.004120 0.998 0.995 1.0001.004 1.009

0.0182 Molal 0.00915 Molal
time(mlnj =11 =12
0 1.013 1.014 1.013 1.020 1.027 1.0295 1.014 1.016 1.015 1.025 1.02615 1.016 1.016 1.016 1.026 1.027 1.02630 1.015 1.016 1.014 1.026 1.026 1.02645 1.014 1.015 1.016 1.026 1.02560 1.012 1.013 1.014 1.025 1.02390 1.007 1.011 1.013 1.020 1.017 1.020120 1.004 1.009 1.011 1.014 1.0161.016 1.026
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TABLE V
AMALGAM POTBlTlALS OF 0.00825, 0.00735 , 0.00645AND 0.00556 MOLAL CoSO^

0.00825 Molal 0.00735 Molal
rima |o (mini 13, 13 14A 14. I S E14
0 1.021 1.028 1.031 1.029
5 1.025 1.030 1.030 1.030
15 1.030 1.030 1.028
30 1.017 1.028 1.029 1.029
45 1.029 1.031 1.030
60 1.009 1.027 1.030 1.028
90 1.028 1.024
120 1.017 1.025 1.023 1.020

1.0301.031 1.0301.0291.0301.0271.028 1.024

1.0291.0301.0311.0291.030 1.029 1.027 1.025
1.030 1.030

0.00645 Molal 0.00556 Molal
Time(mini “ b “ d ^16 “ b “ d “ f

0 1.031 1.030. 1.035
5 1.032 1.032 1.033
15 1.031 1.035 1.032
30 1.032 1.032 1.031
45 1.032 1.032
60 1.032 1.031 1.032
90 1.029 1.029
120 1.025 1.026

1.035 1.037
1.037 i . o æ
1.034 1.036
1.035 1.036
1.036 1.036
1.033 1.032
1.030 1.034
1.024 1.029

1.0341.0361.0351.0361.0371.036

1.032 1.036
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WBLE VI
AMALGAM POTENTIALS OF 0.00469, 0.00293 AND 0.00123 MOLAL CoSÔ4
0.00469 Molal 0.00293 Molal

f B Tfmin] " a '"c 1̂7 1®E :i8
0 1.038 1.031 1.036 1.041 1.045 1.0275 1.039 1.029 1.037 1.037 1.046 1.00115 1.039 1.007 1.039 1.032 1.047 0.96730 1.037 1.000 1.037 1.021 1.048 0.91745 1.036 0.988 1.039 1.04760 1.031 0.967 1.037 0.989 1.048 0.82190 1.023 0.942 1.031 1.041120 1.014 0.920 1.028 0.961 1.0301.039 1.048

0.00123 Molal
Tine 

___ lEâiÜ__ ^19
0 1.021 1.027 0.9765 1.003 1.029 0.99115 1.014 — 1.01330 1.013 1.013 1.01045 1.004 0.98560 1.009 0.991 0.966

120 0.997 ---- ----
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of cobalt at the amalgam willexceed the dissolution oï the 
metal at the cobalt anode. This means that the concentration 
of the solution will be decreased. The reverse of this will 
occur v^en gases appear at the amalgam surface. If gases 
[appear at both electrodes during electrolysis, the concentra 
tion may or may not change but the uncertainty of concentra
tion and the presence of the gases are undesirable.

It was observed that as the concentration of cobalt 
sulfate was decreased the current passed during electrolysis 
must also be decreased in order to prevent the appearance of 
gases at the electrodes. The range of currents used during 
electrolysis ranged from 300 - 500 milliamps with the 0,230 
molal solution to 10 - 20 milliamps with the 0.00469 molal 
solution. In order to obtain constant potentials it was 
necessary to increase the time of electrolysis as the curren 
passed was decreased. This indicates that there was a mini
mum quantity of cobalt which must be deposited in order to 
make the cobalt amalgam a reversible electrode.

Many trials were made on the last two concentrations 
tried - 0.0293 molal and 0.00123 molal. One fairly constant 
potential was obtained with the 0.00293 molal (18E). How
ever, with an electrolysis current of less than 10 milliamps 
gases appeared at the electrodes in the 0.00123 molal solu
tion. The difficulty was due to the fact that the hydrogen 
overvoltage was probably surpassed before the deposition
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(potential of cobalt at the amalgam was reached. The voltage 
necessary to maintain a specified current was found to in
crease with a decrease in concentration.

During the measurements, the surface of the Hg^SO^ 
in the reference cell sometimes turned yellow due to hydro
lysis, The effect was more pronounced in the dilute solu
tions of cobalt sulfate. However, the potential was un
changed as long as some white Hg^SO^ remained.

The potentials listed in the tables are all in 
volts. The value of the emf taken for a particular concentré 
tion is listed in the last column of each concentration as 

where i is the number given to each concentration.



CHAPTER III

TREATMENT OF DATA AND RESULTS

The object in mind at the outset of this work was 
:he determination of activity coefficients of cobalt sulfate 
at various concentrations. This was to be accomplished by 
:he measurement of the emf of a suitable cell containing 
cobalt sulfate at these concentrations. Once these emfs are 
determined experimentally, they are used to obtain the stand
ard electrode potential of the cell. This can be seen by 
considering the cell used:

Pt,Co(Hg)(sat);CoSO^(a);Hg.Hg SO^(s)
:he cell reaction being,

Co®(sat amalgam)-»-Hg SO (s)-»C?-#-S0̂  + 2Hg®(l)^ «4. “T
:he emf for which is given by,

E s E° - 0.05|15 log(a^y. ) A
vhere E® is the standard potential of the given cell and a 
represents the activity of the particular ion. These ion 
activities are related to the molalities m in the following
manner,

z and * tni—

24
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vhere

m* : molality of Co*’, m^ - molality of SO^,
and

s activity coefficient of Co*, 
VL z activity coefficient of SOj.

Thus,

4
By definition the mean ionic molality for CoSO^ is given by 

nrw = (nwnu.)*̂
and the mean ionic activity coefficient is given by,

jr, =
dsing the above notation, equation A can be arranged to 

E + 0.05915 log mjr E° - 0.05915 log %  B 
Thus by knowing E° and measuring E at various molalities,
can be calculated. If we plot the left side of B versus 
some function of m*, and extrapolate to nur 0, then the 
intercept will be Ê , since K« r 1 at infinite dilution.

The accuracy of any results depend primarily upon 
two factors: (1) the accuracy of the experimental data and
(2) the method of treatment of the data to obtain the final 
results. The latter is limited by the precision of the 
experimental method and the characteristics of the system 
involved.

There are several methods of extrapolation of vary-

^Maclnnes, D.A., The Principles of Eleot 
PnhUchlng Corporation r New YoTk. 1939. p
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Ing precision which have been used to obtain The method
of extrapolation used In this work Is of the form used by

1 7Hitchcock and Brown and Maclnnes . The limitations of this
toethod for concentrated solutions are fully recognized. Howf 
ever, this method proved to give a satisfactory extrapolatlo 
of the data In the more dilute concentration range. This 
will be discussed In more detail In Chapter IV.

The method of extrapolation consists of substitut
ing Into equation ̂  the expression

.log%* z C
from the Debye-HOckel.theory. A and B are constants 
characteristic of the solvent, Z^and Z. are the charges on 
the Ions, a^ Is described as the closest distance of approac 
of the Ions, and/u Is the mean Ionic strength which Is given 
by

«  :
Substituting C Into B we have

E + 0.05915 log m.- E° =
rearranging and letting

E* s E +0.05915 log m*«•
we have

E* - 0.05915 AZ*Z_ - E° - (E* - E°)Ba^)gr
[For aqueous solutions A s 0.5085 and for cobalt sulfate Z*= : 
2, or

57, 1356(1935).
ĵ Hltchcock, D.I.. J. Am. Chem. Soc.. 50 . 2076(1928) 
^Rrx>wn, A.S.—and riacTnnes, D.A^ . i Sff9  ̂*



27
E» - 0.1203VSTS E® - (E' - E®) £

Defining the following
E". E* - 0.l203lSTand £••• = (E' - E°))gr

D becomes
E«*s E® - Ba^ E"*

Now a plot of E**versus E*" should give E® as the intercept 
and have a slope of Bâ * Since E***contains E®, a pre
liminary value for this quantity must be obtained. To obtaiji 
this we make a preliminary extrapolation of E* versus Hu.
This is shown in Figure 3. This gives a value of E° of 
0.882V which is used in E*" for a plot of this value with 
E**. The E® obtained from this extrapolation is used to cal 
culate another series of values of E*” for another extra
polation. This process is continued until the value of E° 
used to calculate E*** corresponds with the value of E^ given 
by the intercept. The final plot is shown in Figure 4, for 
which E® r 0.886V. The data for the initial and final 
extrapolations plus results to be referred to later are givei 
in Table VII. A small correction has been made in the value » 
of mt andiW for the solubility of Hg^SO^

The values for the activity coefficients were cal
culated using equation B, which may be arranged to give

E* - E®h = o.oë'gK.
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TABLE VII
EXTRAPOLATION DATA AND CALCULATED ACTIVITY OOEFFICIWTS

Mt ns- E E* E" E”* v;

0.230 0.959 0.975 0.937 0.821 0.0489 0.137
0.183 0.856 0.977 0.933 0.830 0.0402 0.160
0.137 0.740 0.980 0.929 0.840 0.0318 0.187
0.0912 0.604 0.986 0.925 0.852 0.0236 0.218
0.0822 0.574 0.988 0.923 0.854 0.0212 0.236
0.0728 0.539 0.990 0.923 0.858 0.0199 0.236
0.0637 0.505 0.994 0.923 0.862 0.0187 0.236
0.0546 0.467 0.997 0.922 0.866 0.0168 0.245
0.0456 0.427 1.000 0.921 0.870 0.0149 0.254
0.0364 0.381 1.004 0.919 0.873 0.0126 0.276
0.0274 0.330 1.009 0.917 0.877 0.0102 0.298
0.0182 0.270 1.016 0.913 0.881 0.00730 0.348
0.00915 0.192 1.026 0.906 0.883 0.00422 0.423
0.00825 0.182 1.030 0.906 0.884 0.00364 0.458
0.00735 0.174 1.030 0.904 0.883 0.00314 0.4%
0.00645 0.162 1.032 0.903 0.884 0.00275 0.515
0.00556 0.151 1.036 0.903 0.885 0.00256 0.515
0.00469 0.139 1.039 0.902 0.885 0.00222 0.535
0.00293 0.112 1.048 0.898 0.885 0.00134 0.626
0.00123 0.0816



CHAPTER IV 

DISCUSSION OF METHODS AND RESULTS

The Experimental Method 
Many investigations^ have shown the extreme pass

ivity of cobalt in the presence of oxygen, the potential of 
the metal being lowered in the presence of oxygen. This is 
particularly true for the amalgam which is extremely sensi
tive to the presence of oxygen# This explains the necessity 
for electrolyzing the amalgam to obtain reproducible poten
tials. This process of cathodic activation has been shown

oby Kortum and Bockris to reactivate passive metals. They 
state that there is a current density below which no acti
vation of the passive metal takes place, even though current 
may flow for a long time. This explains the incfeasing 
difficulty in obtaining reproducible potentials after electro 
lysis in the more dilute solutions and the inability to ob
tain any stable value in the 0.00123 molal solution.

Mellor, J.W., A Comprehensive Treatise on Inoroani 
and Theoretical Chemistrv. vol. XÏV. Longmans. Green and Co. 
Mew Vork,*l93b.

nCortum, G. and Bockris, J., Textbook of Electro—  
chemistrv. vol. II. Elsevier Publishing Company, New York, 
1 % ! , ^ .  461-68.
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The potential was initially high following electro

lysis due to concentration polarization at the amalgam sur
face. This was eliminated more rapidly by stirring, as 
expected. The potential "plateau** was approached much faste^ 
if nitrogen was passed following electrolysis.

Tammann and Kollmann^ observed analogous behavior 
of the potential of the cobalt amalgam when measured against
a calomel half-cell and using a 1 molar CoSO^ solution. The4
potential is initially high and then decreases to become
constant for some time and then drop again.

The drop of potential after two to three hours is
probably caused by polarization at the amalgam-solution
interphase. A type of polarization which could occur is the
displacement of Hg^ (from dissolved Hg^SO^) from solution by
the cobalt in the surface of the amalgam. This effect would
increase with a decrease in concentration of CoSO^, since th^4
concentration of Hg^SO, increases as the SO* concentration2 4 4
from CoSO^ decreases. The reactivity of amalgam electrodes 
with the electrolyte is noted by Kortum and Bockris^. This 
decrease could also be due partially to the leakage of oxygeji 
into the system.

The Amalgam
The properties of the amalgam have not been studied

^Tammann, G. and Kollmann, K., Z. fur Anorq. Chemie 
160. 242(1937).

^Kortum and Bockris, op. cit.. vol. I, pp. 238-52.
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extensively. It is a silvery white, spongy material, less
fluid than mercury and very unstable when exposed to oxygen
for any length of time. The saturated amalgam was observed
to be two^phase. The meager studies of the composition of
the amalgam in the literature are contradictory. Schumann^
reports this amalgam prepared electrolytically corresponds
to Hĝ ĈOĵ ,̂ although no other investigators have indicated
compound formation. Katoh^ reports on the basis of x-ray
data that the amalgam consists of highly dispersed cobalt
of-<• and i9 forms in the mercury. Recently Lippert could find
only>̂  cobalt present in the amalgam.

The amalgam appears to be a dispersion of cobalt in
mercury and therefore the potential of the amalgam should

4closely approximate that of cobalt. Kortum and Bockris 
state that the potential of amalgam electrodes will be a 
little less than that of the pure metal due to interatomic 
forces operative in amalgams. This latter effect should be 
a minimum in amalgams of low concentration of the metal.
The "solubility" of cobalt in mercury is at the most 1.7 x ID 
gms of cobalt per 100 gms of mercury^Hence, it is im-

-1

^Schumann, J., Wied. Ann. 43 106(1891). Mellor, op.
cit^

^Katoh, N., J. Chem. Soc. Japan. 64. 1211(1943). 
C.A., ^, 3338(1947).

^Lippert, E. L., Personal communication on the basi 
of x-ray data.

^Kortum and Bockris, op. cit.. vol. I, pp. 238-52. 
^Mellor, OP. cit.
^Booth, H.S. Ynoroanic . vol. I, McGraw-

Hill -Book Co., ̂ nc., JNew
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Probable that the potentialof the amalgam is much different 
from that of cobalt metal.

The Standard Potential 
The standard potential for the cell studied was 

found to be 0.886v. Taking 0,6l5V^ as the standard potentia . 
of the Hg-Hg SO, half-cell, we have 0.271V as the standard 
potential for the cobalt amalgam. Latimer accepts a value 
of 0.277 as compared to 0.250 for nickel. This was calcu
lated on the basis of the equilibrium between cobalt and 
nickel and their ions as reported by Heymann and Jellinek . 
Other values listed in the literature include: 0.253
Neumann^; 0.298, Labendzinski^; 0.292, Coffetti and Foerster^ 
0.283, Schildback^; 0.246, Lamb and Larson^; 0.278, Haring 
and Westfall^.

The value of Lamb and Larson is probably low be
cause no attempt was made to exclude the oxygen of the air. 
The other values with the exception of that given by Haring 
and Westfall include junction potentials of unknown value.

t

^Latimer, W.M., Oxidation Potentials, ed. 2, 
Prentice-Hall, Inc., New York,^%^.

^Latimer, W.M., ibid.
^Heymann, T. and jellinek, K., Z. Phvsik. Chemie. 

160, 34(1932).
^Neumann, B., ibid.. 14, 215(1894). 
gLabendzinski. 6. Z. Elektrochem.. 10, 77(1904). 
-Coffetti, G. and Foerster. F.. Bê r.. 38, 2936(1905 
^childback, R., Z. Elektrochem.. W7(1910).
^amb, A.B. and Larson. A.t., JV Am. Chem. Soc..

42, 2038(1920).^Haring, M.M. and Westfall, B.B., Trans. Electro-
chem. Soc.. 65, 235(1934).
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None of these investigators took into account the polarization 
which occurs during measurement using the conventional galv«io- 
meter as the null-point measuring instrument.

It is possible that the value of 0.271 is a little 
lower than the standard potential of the cobalt metal. How
ever, the reproducibility of the measured potentials is an 
indication of their reliability.

The fact that the extrapolation plot of Figure 4 
does not conform to the expected curve in the higher con
centration region will not effect the value of the extra
polated value for E®. The latter is dependent only upon the 
trueness of the extrapolation near m^- o and this part of 
the curve is as predicted. The behavior of the plot in the 
higher concentration region is an indication of the concentr 
tion limitation of the extrapolation used.

The Activity Coefficients 
The reliability of the calculated values for the 

activity coefficients do not depend upon closeness of the 
amalgam potential to the pure metal potential. Looking at 
the equation from which they are calculated,

" o ô ^
we see that they are dependent upon the absolute value of 
the standard potential of the amalgam and E*. The latter 
involves E and therefore the calculated activity coefficientjs 
are dependent upon the measured emfs at the various concen-

i—
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trations. Although there is probably a slight error in the 
determination of the concentration, it is assumed that this 
is negligible.

The error involved in the measurement of E and the 
determination of E® is tO.OOlV. This means a probable 
error of ±0.02 in the activity coefficient. The greater the 
concentration, the less the error of calculation of If.

The activity coefficients appear to be high, 
especially above about 0.01 molal. However, this is the 
region in which there was indication of abnormal behavior 
of CoSO^ solutions by the extrapolation plot. Although 
these activity coefficient" are higher for most bivalent 
sulfates, the similarity of their concentration behavior can
be noted in Figure 5 where the determined values for CoSO^

1 oare compared to those for MgSO^ . Robinson and Jones^ deter
mined the activity coefficients of MnSO^ by the isopiestic 
method and corroborated these results with freezing point 
data. The values Were 0,25 for a 0,1 molal solution and 
0.17 for a 0.2 molal solution of MnSO^. For comparison pur
poses, these two values are also shown in Figure 5.

^Latimer, op. cit.
^Robinson and Jones, op. cit.
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CHAPTER V

SUWAARY AND CONCLUSIONS

The standard potential of cobalt amalgam was deter
mined by the measurement of the electromotive force of  ̂
cell containing CoSO^ solutions. Several innovations were 
introduced in order to obtain a reproducible potential;
(1) an electrometer was used as the null-point instrument to 
prevent polarization during measurements; (2) a cobalt 
amalgam was used as the electrode reversible to cobalt; (3) 
the system was kept under an atmosphere of O^-free nitrogen 
The reference cell used was a Hg-Hg^SO half-cell. The emfs 
taken were those on a **constant potential plateau** which 
followed an electrolysis by about thirty minutes to an hour. 
The range of concentrations was from 0.230 molal to 0.00123 
molal. The measurements became increasingly difficult as 
the solutions became more dilute. This was due to the in
ability to electrolyze with a high enough current density, 
the probability of increasing polarization, and the usual 
difficulty of potential measurements in dilute solutions.
All measurements were made at 25 Ĉ. Using the emfs measured 
at various concentrations and extrapolating according to the

38
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Hitchcock and Brown and Maclnnes method an of 0,271V was 
obtained for the cobalt amalgam. This value compares fairly 
satisfactorily with E° of cobalt as listed by other Investlg 
tors but Is a little low. Any detailed comparison awaits 
further study of the relationship between potentials of coba 
and similar metals and their amalgams.

The reproducibility of the emfs Indicates the reli
ability of the choice of the cobalt amalgam as the electrode 
reversible to cobalt. However, the cobalt amalgam and 
similar amalgams need special experimental treatment to In
sure that they behave as reversible and reproducible elec
trodes.

The method of extrapolation, although open to some 
question at high concentrations, gave satisfactory results 
at the lower concentrations. The non-conformity of the 
extrapolation plot in the higher concentration region is no 
more than expected. In the first place, the expression of 
the Debye-Hückel theory is not strictly applicable in this 
region, especially for 2-2 electrolytes. Secondly, CoSO^ 
solutions probably exhibit some individuality at these 
higher concentrations which is not taken into account in thi 
treatment. However, the activity coefficients only depend 
upon the accuracy of the extrapolation in the lower concen
tration region and may actually be taken as a measure of 
some characteristic peculiar to the salt at high concentra

it

Î—
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tlons which the Debye-Hückel expression does not allow for 
in the limiting form used.

The measured emfs and the value obtained for the 
standard potential were used to calculate activity coeffi
cients for CoSO at the various concentrations. These4
activity coefficients are not dependent upon the standard 
potential of cobalt being the same as the standard potential 
of the cobalt amalgam. The calculated activity coefficients 
of CoSO. appear to be high in the high concentration range 
but are comparable in behavior to other bivalent sulfates 
and are lower than the activity coefficients of manganese 
sulfate at 0.2 and 0.1 molal concentration.
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