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Introduction

The purpose of this thesis is to study the 
theory of a metallic electrode as applied to the 
cadmium electrode against the cadmium ion from the 
electromotive force measurements of the potentials of 
such cells as:

Cd* Cd cdS(Sat.sol) I^Cl . Hgd(a) Hg 1.

Cd, CdS(g), NagSH KC1 , H g C l ^  Hg 2.
In the above the single electrode potential 

of the cadmium electrode is measured with different 
concentrations of its ions in solution. The refer
ence electrode is the saturated calomel electrode and 
the electrode potential of the metal in question is 
measured by means of a potentiometer. If E°, the 
standard electrode potential, is known for the metal 
then from a knowledge of the potential of the electrode 
in any solution of its ions the activity ( â -f) may be 
evaluated by:(7 )

E = E° - R T / n F In a^+ '
A second motive was to arouse interest in 

electromotive force measurements of the electrode re
actions in general. To quote a few statistics taken
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from studies made by R. H. Gerke on the electromotive 
force of cells. He found the temperature coefficient of 
the e. m. f. of the cell represented by the equation

^S(c.) * ^ ^ 2(g.,latm.) = As(31.(c.)
to be dE - - &.000595 I 0.000006 international volt/deg. 

dT
at 25 degrees centigrade.

He also determined the value of E at 25* C for 
the cell

PbHg, PbClg; HCl(^); PbClg , AgCl, Ag
to be E : 0.4843 international volt
and E ,; -0.000202 international volt/deg.

A  T
In recent years much has been done in this field; 

a few statistics show the Influence of the electrode 
potential in the various fields of science. M. G. Moore 
reports that by use of the cell 

All AlBr^ -+ KBrj Cu
a method was developed for measuring the potential of 
the cell in the formation of alloys in salt melts. This 
method is based on the principle that a sufficiently 
great resistance is replaced in the external circuit so 
that the process of alloy formation proceeds while the 
retarding action of diffusion is prevented. In this way 
it can be demonstrated that the e. m. f. not only



3

decreases but may Increase depending upon which region 
of the system corresponds to the alloy formation.(23) 

Reviewing the method of Kruyt which shows that 
for the system Pt - H2O the potential is not constant, 
the e. m. f. decreases slowly and the potential differ
ence with no liquid flow shows variations. (17)

W. H. Boynton reports a scheme for measuring the 
potential of an iron specimen. The rate at which atoms 
become ions is just balanced by the reverse transfor
mation, the potential of the iron is unaffected, but if 
the ions are removed by oxidation the resulting negative 
potential of the metal specimen will be an index of its 
rate of corrosion.(2)

The potentiometer and an arrangement known as the 
triode mounting are used in practical measurements of the 
pH in the dairy industry. The calomel half-cell is set 
up in a glass tube. Sb,quinhydrone or H electrode are 
used in the measurements of the pH of milk, cheese and 
butter. The antimony electrode is preferred. (13)

B. Z. Kamich showed that the absolute value of*
the e. m. f. of the Daniell cell depends on the type of 
glass used. Thus the e.m.f. of PbjPbClg glass AgCl[Ag 
increases by 0.1 v by changing from Pyrex to ordinary
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glass; by 0.2 v. in changing from Pyrex to glaze. 
Measurements were made of the e. m. f. of the Daniell 
circuit composed of fused salts separated by glass, 
glaze and Rose crucible walls. The results obtained 
indicated that the Rose crucibles give the same 
accuracy as the Lorenz method employing a system of 
glass tubes with perforations. (14)

W. T. Hall showed that the potentiometric de
termination of molybdenium in ferro-molybdenium agreed 
with former values obtained by the Pb(0Ac)g method and 
by precipitation of M0S3 . He fused samples with NagOg 
in an iron crucible. Leached out the solution NagMo04 

with HgO and treated with more NagO to complete oxi
dation. A saturated calomel cell and wire gauze served 
as electrodes. (10)

Victor Deitz reports that the potential of Cd in
a Cd**solution is not affected by concentration of Cd**

—4 25below a certain min.(CdClg soln. in HgO of 10 * ^ mol.
per liter)L By removing the last trace of oxygen from
the Cd electrode and from the Cd solution a depen*
dency of the potential on concentration is found at 
dilution below 10 * mol./l. The formation of Cd(0H)g
a high potential resulted. (4)



Discussion

The law of mass action doea not in general 
apply to the equilibrium between the diaaociated and 
undiaaociated portiona of an electrolyte - aome 
organic acida and baae8 excepted - it doea apply in a 
practical way at leaat to aaturated aolutiona of 
alightly aoluble aalt8. Thue the aolubility product 
principle in it8 original form, aa given by Nemat, 
atatea that for a aaturated aolution of a aparingly 
aoluble electrolyte

v* .v-
(cjM*) - a conatant (kg,).

In the beginning aolubility product waa first
derived in terms of concentration of ions rather than
activities; however according to the activity princl- 

v^ v* *pie (a^+) (a^-) should be constant and can only be
correct when the activity coefficients are conatant. 
Like many other principles of scientific and practical 
values, the solubility product principle ia of only 
approximate validity. If it were exact the solubility 
product would be unaffected by the presence of other 
salts; actually it increases with increasing total ion 
concentration of the solution. This increase is called
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"the salt effect." For a given electrical type the 
salt effect is approximately the same for different 
ions and the effect is greater the greater the change 
upon the ions concerned.(1 1)

According to Arrhenius (9) the degree of dis
sociation of electrolytes approaches unity in very 
dilute solutions so the activity coefficient of an 
ionic species approaches the limiting value of unity 
in very dilute solutions. It may be said that Nernst 
(6), through his conception of electrolytic solution 
pressure suggested that a metal when placed in water 
tends to dissolve and send a certain number of posi
tive ions into the solution. Thus the solution be
comes positively charged, and the metal, which was 
initially neutral, acquires a negative charge due to 
the gain of electrons. 'However when the metal is 
placed in a solution of its salt the positive ions of 
the metal present in the solution tend to oppose the 
entrance of more positive ions and equilibrium between
these two opposing tendencies will be conditioned by

*
the relative value of the solution pressure of the 
particular metal and the opposing pressure of the ions 
of the dissolved salt.
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Nemst states that all metals possess a 
property called "solution pressure" in virtue of which 
the metal atoms tend to pass into the solution as posi
tive ions. This tendency is opposed by the tendency 
of the ions, as a consequence of their osmotic pressure 
to leave the solution and deposit on the metal. Hence 
the potential of an electrode will depend on the nature 
of the material, this determines the solution pressure, 
and on the concentration of the ions, for their osmotic 
pressure is proportional to it.

The relative values of the osmotic pressure and 
the electrolytic solution pressure determines whether 
ions leave or enter the solution. For example if P 
denotes the osmotic pressure and !P the electrolytic 
solution pressure and if the metal is placed in a 
solution of its ions and P<OP, ions enter the so
lution, the metal becomes negatively charged and the 
solution positively charged and a potential-difference 
is established between the metal and the solution.
When P =t& an electric double layer is not formed and 
there is no potential-difference between the metal and 
the solution. When PjH&ions leave the solution and 
the metal becomes positively charged, and the force of
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the electrostatic repulsion between the metal and the 
positive ions in the solution is superimposed on the 
electrolytic solution pressure of the metal. A po
tential-difference is established between the metal 
and the solution, and is due to an electric double
layer formed by the positive charges on the metal and 
the negative ions in the solution.(3)

The solution pressure, and the electrode po
tential in general, may be regarded as a measure of the 
tendency of the metal atoms to become ions in the so
lution. A large solution pressure results in a high 
negative electrode potential, which implies a strong 
inclination on the part of the metal atoms to enter the 
solution as ions. Metals with small solution pressure 
will have low negative or even positive potentials. Even 
though the solution prebsure may not be a definite physi
cal entity, it forms a convenient method of thinking 
about electrode potentials in general.

In order to measure the potential of an electrode
it must be combined with another electrode of known*
potential; the combination constitutes a galvanic cell, 
and its electromotive force which is equal to the algebraic 
difference of the two separate electrode potentials, 
can be measured.
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In general a reversible reaction may be written 
A 4 B 4 . . .  g & 4  H 4 .  * .

in which the product of the resultants equals the 
product of the reactants. When more than one mole of 
a substance is involved the reaction may be written 

aA + bB 4 . . .  -  gG 4  hH 4 . . .  (7)
According to the mass-action law

- A  F = RT In K - RT In resultants--^  activities of reactants

-/\ F : a decrease in free energy, R is the gas constant,
T the temperature and K the equilibrium constant. Since 
the electrical work in a cell at constant temperature 
and pressure is equal to a decrease in free energy,

-A  F s RFE
nF is a capacity factor and E an intensity factor, n is 
the number of electrons and F the faraday(96,494coulombs). 
Substituting nFE for its equal in the above equation and 
solving for E the equation becomes

E - RT/nF in K - RT/nF in activities of reactants

The term activity was introduced by Lewis <9) to 
express effective concentration of a dissolved substance. 
Activities are not to be looked upon as empirical quanti
ties to be put into equations instead of concentrations
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in order to get agreements with experimental results. 
They are real quantities determined by free energies of 
the substances in solution. Activities may be de
termined from electromotive force measurements.

The first to derive activity coefficients from 
measurements of the electromotive force was Linhart(19). 
He made use of a method recommended by Lewis and calcu
lated the so called " thermodynamic" degree of dissoci
ation of potassium chloride.

Thus the solubility product may be defined as 
the maximum product of the ionic activity of an elec
trolyte which can exist in equilibrium with the dissolv
ed phase at any one temperature, the activity of each 
ion raised to its proper exponent. The solubility prod
uct may be determined by the measurements of the concen
tration of an ion by a reversible electrode: electrode 
M, MA(solid) NaA(aq.) is set up and its potential 
measured by combining it with a suitable standard 
electrode. From the concentration of the NaA solution 
the approximate activity of the A" ions can be obtained, 
by assuming it to be equal to the mean activity of the 
electrolyte; the product of the ions M* and A" gives 
the solubility product. The activity of the M*ion in
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the solution may be obtained from:
E = E° - RT/nF In a^+ 
owhere E is the standard electrode potential, E the 

potential of the electrode M in a solution of its ions 
M* at any activity â -t , R the gas constant, T the 
temperature, n the number of electrons and F the 
faraday.

The equation for the problem under discussion 
in the thesis is

Cd° - 2e - Cd+*
Applying this equation to the following equation

E - RT/nF In K - RT/nF ln-^^^Yitjea. of resultants * activities of reactants
the following equation is obtained

E s RT/nF In K - RT/nF In Cd++
Cd°

Where the reactants and the resultants are all at unit 
activity, E is defined as E° then 

E° s RT/nF In K
Substituting this value in the above equation, also 

oone for Cd since all metals are considered as unity 
the final equation obtained is '

E - E° - RT/nF In Cd"+
The standard state of cadmium is the solid 

metal. Kelly (15) calculates 18,489 cal. as the free 
energy of sublimation from vapor pressure and specific



heat data. For the heat and entropy of sublimation 
he gave H°, 26,754 cal.; and S°, 40.07 cal./deg. 
where is the increase in heat content and S°
the increase in entropy at standard states. The gas is 
monatomic. Like zinc, the only important oxidation 
state is the +2 . (18)

Hamad and Fitzgerald (12) have reviewed the 
literature on the Cd - Cd**couple and give

Cd = Cd** + 2e E° = .4020 
This corresponds to -18,500 cal. for the free energy 
of the ion Cd**.

From the heat of formation of the sulfide, 
-34,600 cal. and the entropy of formation, -4.9 cal. 
per degree the free energy of formation is found to 
be -33,100 cal.. This gives for the solubility 
product

CdS = Cd** + S'"
— 28^CdS = "cd*+ * Cg-- i 1.4 x 10

For the potential of the cadmium-cadmium sulfide 
couple,

S'" + Cd = CdS + 2e E° .3.23
Maurice Aumeras (1) reports for the solubility 

product of cadmium sulfide, Cd** x S'* - 3.6 x 10'^



Experimental

Materials
The Calomel Electrode was prepared by placing 

just enough mercury into the hole *C" of the tube "B", 
by means of a pipette, to fill the bulb "D" then add
ing a small amount of mercurous chloride and a drop or 
two of saturated potassium chloride solution to moisten 
the mixture. This was shaken until an emulsion of mer
curous chloride and mercury was formed. The electrode 
"E" was inserted into the tube "B" and this tube was 
then placed in a beaker of the saturated solution of 
potassium chloride to allow the excess calomel to 
settle in the bottom of the tube. The electrode was 
tapped to remove the air bubbles and then placed into 
the outer tube "A".

The tube "A" was constructed with a ground 
glass joint which could be so adjusted as to maintain 
a moist surface and thus serve as a salt bridge.
Around this joint formed a part of the electrical 
current for this tube was kept about one-third full 
of the saturated solution of potassium chloride. This 
solution must be higher than the one into which the
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complete electrode was Introduced so that If there was 
any flow of liquid it would be an outward flow rather 
than a flow into the electrode tube.

The rubber stopper "H* which holds tube *B* in 
tube "A" is tightened and the electrode is ready for 
use.

Cadmium sulfide was prepared immediately before 
using by saturating a solution of cadmium chloride 
with hydrogen sulfide. This was then filtered and 
washed several times.

Potassium chloride and sodium sulfide were of 
C. P. grade.

The mercury used in the calomel electrode was 
purified by washing in dilute nitric acid.
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Apparatus and Method
The potentiometer, Leeds and Northrup Type K, 

Figure III consists of a rheostat R, a sensitive 
galvanometer G, a throw switch K, AB a wire of uniform 
cross-section, C a current, a standard cell S and X the 
cell to be measured. The fall of potential along any 
portion of AB as AD will be proportional to the length 
AD and equal to AD/AB. Adjustments of the resistance R, 
were made with a standard cell S, until the galva
nometer G, showed no deflections. Here by means of the 
throw switch K, the cell X, the cell to be measured, 
was placed in the circuit and by means of dial ad
justment its electromotive force was read.

Solutions of different concentrations of potassi
um chloride containing saturated cadmium sulfide were 
placed in the jar of the apparatus, the calomel elec
trode, the cadmium electrode and a thermometer were 
inserted through the rubber stopper so as to make 
contact with the solution. After adjustments were 
made the electromotive force was read and the tempera
ture noted. The temperature 0.1° was kept
constant by means of a water bath.

Samples of potassium chloride, ranging from
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0.01 to 20 grams , were then added to Increase the 
concentration and after each addition the reading of 
the electromotive force was taken.

A second test was made in the same manner as 
the above using solutions of different concentrations 
of potassium chloride to which was added saturated 
cadmium sulfide and a 0.01 M solution of sodium sul
fide. Results are listed in tables I and II respec

tively.
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Results
Table I gives the potassium chloride in moles 

per liter and the electromotive force in volts for 
each concentration measured and by use of the for
mula E i E° - RT/nF In a^+ the Cd** activity was 
found and are those given in Table 1.

Table II gives the value of E for the vary
ing concentrations of potassium chloride when the 
sodium sulfide (saturated with CdS) was added.

The results of the data of the tables are in 
agreement with Bjerrum, Debye and Huckel theory that(9) 
the activity coefficient decreases as there is an 
increase in the concentration of the added salt.

The results are rather high,and equilibrium 
could not readily be established. The latter con
dition perhaps was due.to the fact that the concen
tration of the Cd** was too low or that the solutions 
were too dilute. Oxidation of the sulfide ion like
wise could have occured and this also might account 
for the difficulty of establishing equilibrium; how
ever at the higher concentrations of the potassium 
chloride equilibrium was more readily established.
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KC1

Table 1 

E (Cd*+)
Molea/llter Volts Molea/llter

O.Ol 0.7099 5.89 X 10*3

0 .1 0.7553 1.70 X 10*^

0 .2 0.7666 7.09 X 10'^

0.5 0.7829 1.95 X 10-'

0.7 0.7883 1.29 X 10"5

1.0 0.7921 9.52 X IQ*'

10 g. 0.8077 2.82 X 10*6

20 g. 0.8181 1.03 X 10*6

Sat. sol. 0.8372 2.82 X 10*7

KC1

Table 11 
E (Cd**)

Moles/liter Volts Moles/liter

0.01 0.7291 1.03 x 10"3

0 .1 0.7509
-42.24 x 10

0.5 0.7833 1.87 x lO'^

t



Conclusion
From this study the writer has become familiar 

with the underlining principles used in the application 
of the electromotive force measurements in determining 
the electrode potentials, and also what value these 
measurements are in calculating solubilities of 
difficult soluble salts, solubility product and 
ionization constants.

Because the activity coefficient approaches 
unity when the concentration approaches zero, the 
precision with which this limiting value can be esti
mated depends on the rate of change of activity with 
concentration at concentrations below those which can 
be measured directly.

The results of the experiment show that the 
activity coefficient decreases as the concentration 
Increases and since electrolytic solutions cannot be 
ideal at any finite concentration the results show 
a fair agreement.
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