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Introduction

Amalgam concentration cells have intrigued investi-
gators for some time mainly because they are among the few
best examples of reversible processes known in nature and as
such should admit of exact thermodynamic treatment. This rea-
son, of course, did not motivate the early workers who first
obéerved nearly a century ago that amalgamated metals could
be used as an electrode*,

It was Gaugain (3)5 a French physicist, who investi-
gated the current-producing effects of a voltaic pile whose
negative electrode consisted of a dilute amalgam of zinc or
cadmium, He noticed that the voltage of this pile increased
with the percentage of '"oxidizable metal" added; also that
further addition of zinc beyond a certain point had no effect
upon the electromotive force, From this he concluded that
the affinity of the mercury for the amalgamated metal occa-
sioned the voltage variations and that the affinity varied
with the concentration,

(4, 5, 6)

Several similar papers appeared from time

to time until 1877 when the first real progress was made.

* A most excellent chronological account of the history of
such cells is given by T. W. Richards and G. S. Forbes (1)

in the introduction to their historic paper dealing with pre-
cision measurements of various amalgam concentration cells.

A few minor corrections appear in a second article from the
same laboratory (2). The following brief background dealing
with the highlights of the early history of this subject is
ebstracted from their monumental work,
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Helmholtz (7) then published a paper on "Galvanic Current
Caused by Differences in Concentration", His paper, however,
dealt with aqueous cells. He pointed out that the electro-
motive force obtained varied with the absolute temperature
and also presented some experimental work to verify his con-
clusions.

So far amalgam cells had not been regarded in the
light of concentration cells. Former investigators considered
only amalgamated electrodes and thought of them as being simi-
lar to the pure metals. Thus it was that they did not give
full weight to the relationship of these electrodes with each
other, _

Lindeck (&) in 1888 by reason of the scope of his
work presented the first data from which the voltéges of vari-
ous zinc amalgam cells, as we know them, could be found. He
investigated the electromotive force produced by various con-
centrations of amalgams of Zn, Cd, Pb, Sn, and Ag against
amalgamated zinc in a zinc sulfate solution, In spite of
this no advance in theory resulted from this work.

In the following year, Nernst published his funda-~
mental paper (9) "Die HElectromotorische Wirksamkeit der
Ionen", His paper did not discuss amalgam cells in particu~
lar, but its application thereto is manifest.

The first real theoretical treatment of amalgam con-

(10)

centration cells as such came in 1890 when Von Turin con~-

sidered them as a possible means of determining the molecular
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weights of metals in solution with mercury. For this purpose

he divided the amalgam cells into two types. First he consid-

ered a cell of the type
Hg ng salt |ama1gam of a "noble" metal

and, applying the osmotic theory developed three years earlier

by van't Hoff (11), he concluded that the electromotive force

was given by

E=1.728x10"" & L
where T is the absolute temperaxure and % is the number of
kilogram molecules of the metal in a cubic meter of mercury.

The second type
Zn amalgam,lconc'd. ZnsOy (aqu.) | Zn amalgam, dil,

required different mathematical treatment., There existed an
analogy between this cell and those agqueous cells investigated
by Helmholtz, so he decided that

E=9,5636x10°TqgK log %

- where g is the electrochemical equivalent for the zinc, K the
ratio between the molecular weights of mercury and zinc, and
;? the concentration ratio of the amalgams. No expérimental
data were given in support of the formula, but it does estab-
lish the priority of Von Tirin in announcing a consistent
theory for amalgam cells. However, it is probable that G.
Meyer (12) naa worked out much of it independently, since one
month later, as a postscript to one of his articles, he men-

tioned the article of Von Tirin and said that for the past

two months he had been occupied in determining molecular
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weights of zinc and cadmium by a very similar method, and that
he would publish the results of this investigation in the near
future,

In the meantime, Von Turin publiched several arti-
cles (13, 14) correcting his earlier work and checking his
equation by means of Lindeck's data. However, the credit of
checking the theoretical forﬁula goeé to G. Meyer (15) who
not only developed the equations for zinc amalgam type cells
from a consideration of the osmotic work involved in a rever~
sible cycle (a more direct treatment than Von Tiirin's), but
also presented a host of experimental data on cells of various
concentrations of amalgams including those of Zn, Cd, Pb, Sn,
Cu, and Na.

Thus it was that the amalgam concentration cell
theory, in a form much like we know it today, was developed
and checked experimentally. In order that further progress
could be made, T, W. Richards and G. S. Forbes (1) ang 1ater
T. W. Richards with J, H. Wilson and R. N. Garrod-Thomas (2)
undertook investigating potentials arising from various amal-
gam cells with extreme precision. Any deviation occurring
between observed results and those calculated from the simple

concentration formula* would then need to be explained and,

* The term “"concentration formula" will be used in keeping
with the work of Richards and Wilson (2) to signify
—RT €1 .
E—ﬁln‘@'
They have aptly pointed out that in this form it is not the
work of any one manj; hence, it would be a gross injustice to
attribute to it the name of any previous investigator.
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if possible, calculsted in advance of experiment, This leads

to the subject of the present investigation.

Purpose

Since the electromotive forces arising from many
amalgam cells are known with great accuracy and since no pro-
posed method of calculation will satisfactorily cover all
cases within the limit of experimental error; it would seem
that some factor not yet considered by other investigators
enters into the problem, Such a factor is surface tension
and its accompanying surface ehergy. It is the intent of
this thesis to develop thermodynamically an expression re-
lating the differences in level of surface energy of the two
electrodes meking up the amalgam cell and the electromotive
force effected. It is hoped that either thié by itself, or
in conjunction with some existing "corrective factor", will

" advance the theory to a plane in keeping with the experimental

technique.

Survey of the Literature

A review of the literature since the time of Von
Tirin and G. Meyer has yielded many diversified explanations
and equations correlating to various degrees the measured

voltages of amalgam cells with the calculated voltages de-
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manded by the concentration formula. An explication of these
possibilities as probable supplementary causes of the electro-

motive force will now be presented.

The Cady Equation

In 1898, several years after G. Meyer had published

his paper on amalgam éells,,J. P. Cady=(16) presented his ex-

tention of the work. For the most part he checked the molecu
lar weights of the amalgamated metals investigated by lieyer,
Sodium, nevertheless, was an exception. Using a more concen~
trated émalgam, he obtained a value of about one half the ac-
cepted atomic weight. This agreed very well with a previous
determination on sodium smalgam conducted by Ramsey (17), us-
ing the vapor pressure method. Thus Cady was led to seek an
explanation to thé phenomenon. This he found in the heat of
dilution of the amalgam involved,

The formula came about in this way. Differentiate

the concentration formula,

_RT 1, &
E——nF in os

"with respect to T, and multiply through by T. Thus

.d_‘E-—._-'. El—"_:l
E dr ~ nf 1n Co Ecalc.

However, the Helmholtz equation, which applies lo any voltaic
system whatever, states that

=2 aE
E=2=+T 35
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where @ is the change of total energy involved in the dilution

of the amalgam. Substituting Eopie, Tor T gk in this equation
Ce ar

gives

E'—‘%F‘ + Egale,

and shows that the concentration formula could be true only
in case the term g%3 the heat of transfer, were zero. In case

. it were not zero, then the following obtains:

E=%—+%m%~
| ‘Caiculations applied to sodium amalgam using the
Cady formula check only fairly well due to the difficulty in
obtaining accurate data on the heat of dilution of emalgams.
That is to say, all errors are lumped on the smallest term,
%ﬁ’ causing errors of sbout the same magnitude as the correc-~
tive term.

Richards and Garrod-Thomas (8) examined the Cady
equation very carefully and found that it gave results which
checked observed temperature coefficients within & per cent
in all cases and usually within 2 per cent, The discrepancy
approached zero as the dilution of the amalgams increased. In
no case was this discrepancy greater than the experimental
error involved. However, in checking this equation, actual

heats of dilution were not used. Rather, it was recognized

that the temperature coefficient of the cell, %%, should be

c
equal to the calculated quantity, %ﬁ 1n.E% s if the eqguation
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was to hold., It was by this means that the equation was

checked.,

Richards and Forbes

In obtaining extremely accurate values for the volt-
sge of zinc and cadmium amalgam celle, it was observed that
these fell naturally into two separate types. Zinec was of the
type which gave observed voltages less than those calied for
by the concentration formula, whereas cadmium gave voltages
greater than the calculated values, In explaining the case
of zinc, since the voltage was less than expected,lpolymeri-
zation was postulated. For cadmium, two possibilities were
presented. First, similar to the case of sodium amalgams
elucidated by Haber (18), hydrargyrates could be formed, there-
by giving a voltage higher than that calculated. A more prob-

able explanation was found in an abnormal osmotic pressure, P.

P
By applying the gas law to Nernst's equation, E==§% ?l’ it
2

will be noticed that a ratio of volumes may be substituted for
the ratio of pressures., Since the resulting equation is con-
sidered exact in as far as the gas law holds, this would mean
that a portion of the total volume of amalgam containing a mol
of cadmium is not effective as a receptacle for the dissolved
cadmium,

This volume may be calculated by assuming that the

useless space does not vary with the volume and that polymeri-
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zation is completely absent.

The ratio of values for useful space in two amal-

gams may be derived from

1n V4 _DEF _y (1
\’fg”‘ BT | (1)

where V4 and Vé‘are the ideal or hypothetical values of the

useful space,

The zctual ratio of the wolume is

22l (2)
Vy WiDo

found from the weights and densities of the two masses con-
taining the same weight of cadmium. Now, calling the useless
space b, and assuming it to possess a constant value (i.e.,

Vo=V, + b and V =Vg + b), from (1) is obtained

2 1
Vs -~ b '

o =P g -

In =—5=57 (3)

1
whence, from (2) and (3),

W.D
2°1 _ . niEr
Vi(%zﬁg anti In _ET)

b= (1 - anti In %)

From an average value of all the cells tested, b is found to
be 14,3 milliliters for cadmium, Richards and Forbes point
out that this value is a quantity very near the gram atomic
volume of cadmium, 13.0. It may or may not be a mere coinci~
dence, Some of the cells were recalculated on this basis and
much better zgreement found. Nevertheless, it must be ob-

served. that with the cadmium cell there is a constant differ-
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ence between calculated potentials by means of the concen-
tration formule and observed potentials for egual increments

of concentrstion.

Richards, Wilson, and Garrod-Thomas

This later work (2) still adhered to the previous
hypothesis, Moreover, the work of G. N. Lewis (12, 20, 21),
showing that a more accurate method for expressing osmotic
effects is found in the generalization that the activity of
a substance is proportional to its mol-fraction, was applied

+to the concentration formula. The formula then becomes

n

—-ET. D'f'Nl
E—-nF in 5
n + No

where n signifies the number of gram molecules of solute,

while N,y and N,y those of the mercury in the two amalgams,

respectively. Extending this form to the Cady equation, it

becomes

n+N
.2 4 RL e
E=F ToF In g3 i

It was pointed out, however, that this refinement changes the

calculated potentials but slightly. Also the additional accu-

racy becomes less and less as dilution proceeds.

Hulett, Delury, Crenshaw

While working with the standard cell, its behavior

seemed to indicate that mercury reduced the cadmium sulfate
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solution, forming a very dilute amalgam with an equivalent
amount of mercury passing into solution., Hulett and Delury
(22) then conducted a series of precise determinations on
cadmium smalgams, extending the research to extreme dilutions
in the hope of throwing some light on the value of the equi-
librium., That such an equilibrium should exist was shown by
Ogg (23) who worked with the system mercury and aqueous sil-
ver nitrate solution., Here, the eguilibrium concentrations
are of sufficient magnitude to be determined analytically;

Using every precaution to exclude oxygen from their
apparatus, Hulett and Delury found unmistakable evidence that
dilutions greater than one gram of cadmium in 107 grams of
mercury gaﬁe erratic poteﬁtials which could be accounted for’
by the assumption of the equilibrium, Hg + CdSO,==Cd +

ngsoé. To cover this case, a relationship

nl Pl__ nZ Pz
PPV P2

derived by Nernst (24) was proposed. Here, Pl and Py are the
concentrations of cadmium and mercury in the amalgam, while
.pl and py are their respective concentrations in the solution.
ny, the valence change of cadmium is 2, and ny, the valence
change of mefcury to mercurous ion is 2 because the ion con-

sists of two atoms each.

Since zinc is more strongly electropositive than
cadmium, amalgams of greater dilution should be possible be-

fore the potential becomes erratic. Crenshaw (25), at the
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suggestion of Hulett, undertook this work. As it was ex-
pected, concentrations slightly smaller than in the case of
the cadmium cells were possible before they became erratic,
Concentreations of l/lO8 and 1/109 seemed to be the order of
magnitude of the concentration of mercury ions in solution.,
If the proposed reaction, Zn +~ﬁ§é=¢=§£ + 2Hg is
reversible, it ‘should be possible to start with pure mercury
and a two-phase amalgam electrode in a zinc sulfate solution
and find evidence of a dilute amalgam forming. Sﬁch was the
case. The initial high value of 1.09 volts always settled
dovmn to about 0.7 volts,; indicating a deposition of zinc in
the mercury. Thus it is seen, considering the equilibrium
'relationéhip, that the actual concentration of zinc in the
mercury is dependent on the relative volumes of meréury and

solution; at the same time, the reaction must proceed until

P K.

1*P2 ™

Hildebrand's Eguation

Following the suggestion of Richards and his co=~
workers that the discrepancies which exist between the ob-
served values of potential and the theoretical values may be
due either to the formation of hydrargyrates or to polymeri-
zation, Hildebrand (26, 27) derived formulae which enabled
him to show the effects of each., Assuming the case where
hydrargyrates of the general formula M Hg, are formed, he de-

duced the following eguation on the basis of the work involved
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in isothermal distillation,

. ' No ~m No -m + 1
2.3026 RT 2 2
Exgeored 22 Im log =4ou — (m - 1) 10
nF & Ny -m -( ) log Ny - m + é]

where N is the totél mols of mercury associated with one mol
of solute, and m refers to the subscript in the general form-
ula, M Hg . Applying this formula to thallium, he found that
he had to assume m=6 (i.e,, Tl Hgé) in order for the calcu-
lated value to mos£ nearly equal the observed value,

Where the electromotive force is less than that ob-
tained from the concentration formula, polymerization is as-
sumed., This he confirmed (28) for zinc. Using the vapor
pressure technique, he found the equilibrium 2ZnJ==Zn2 to
exist at 325 C., the temperature of the experiment. Then,
setting'up an equilibrium equation, assuming the Raoult vapor
pressure law to hold and taking an equation for osmotic work,

he was sble to derive the equation

_ |
T 2 4 24N +A
1+, +\\/Nl 1

where N is the mols of mercury per mol of solute metal, and A
is a constant involving the eguilibrium constant, In this in-
stance, the value 11,6 for A seemed to give the best results.
It should be noted that this eguation as given is not quite
general but applies only to the case of an equilibrium be-
tween biatomic and monatomic molecules. Thus, while its use
is limited, it may be applied to some other amalgams, such as

lead and tin, by merely changing the value of A.
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J. L. Crenshaw (29) has calculated voltages using
Hildebrand's equation for zinc amalgam cells covering a wide
range of concentrations., He found that the equation could be’
made to agree with any narrow range of experimentsl values by
chbosing the proper number for A. However, having chosen
this number for the.dilute range; the concentrated range suf-
fers. It may be that an equation allowing for the presence
of Zn, Zng, and Zn4 would fit the observed values perfectly,
but without independent evidence of the higher polymers, a
more complicated eqguation would take on the flavor of rank

empiricism.

Other Work

While not dealing directly with amalgam concentra-
tion cells, it is pertinent to note the work of T. ErdeyaGrﬁz
and A. Vazsonyi-~Zilahy (20) who have investigated electrode
potentials of dilute amalgams. Their cell was set up in the

following mamnners:

KCL 0.1 ¥
HgoCly

Investigating amalgams whose metal content varied from O to

Me - amalgam | Me - salt solution.

0.1l gram atoms per liter, they found three distinct regions
of concentration where the electromotive force produced might
have been caused by different phenomena.

With their more concentrated amalgams, the formula
of Nernst seemed to have been obeyed to a greater or less de-

gree. However, as the concentration decreased, there was a
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narrow region where thé potential fell off very greatly. The
concentration where this break occurred varied with the amal=~
gamated metsl employed as well as with the solvent used for
the metal salt solution. In the case of agueous salt solu-
tions and amalgams of zinc or cadmium, this point occurs at |
a concentration of about 1072 gram atoms per liter. This, it
will be noted, was about the same concentration at which
Hulett and his co-workers found an instability in the poten-
tial of their zinc and cadmium amalgams. Furthermore, with
less electropositive metals like tin, the break occurs at a
slightly greater concentration as would follow from Hulett's
reasoning. But, on the other hand, with more strongly elec-
tropositive metals as those of the alkali or alkaline earth
groups, the break occurs at concehtrations as high‘as 10'3 or
10-2 gram atoms per liter, which seems contrary to reason,

It may be due to a reaction with the solvent because as non-
agueous solutions are employed results are more normeal. This
band, where potentials drop off greatly with dilution, is
rather narrow and varies in width from a ten to a hundredfold
change in concentration., At the other end of this band, there
is again an abrupt change. This leads to the third region*
which is marked by a rapid leveling off of the potential where-

in the electromotive force does not seem to change at all with

* Erdey—Grﬁz and Vazsonyi~-Zilahy chose to discuss the phe-
nomenon from the dilute side so that this corresponds to their
first region.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.y .

increassed dilution.

Erdey-Griz and Vazsonyi-Zilahy do not attempt to
derive equations expressing mathematically the behavior of
their amalgams in any region., They do, nevertheless, offer
an explanation for the third:region. It was noticed there
thét the potentials of the most dilute amalgams do not differ
perceptibly from the potential of pure mercury in the same
solution., Consequently, the current-producing process must
be the same aé a merecury electrode in a foreign ion solution.
Now Erdey-Griz and Szarvas (31) previously showed that, under
these conditions, the adsorption of ions -~ chiefly the anion =
determines the potential, This then produces a nearly con-
stant electromotive force until the concentration of the metal
becomes sufficient to establish control. _

A. Prumkin (32) nas also found that surface active
anions influence electrocapillerity of mercury and the amal-
gams. He also presents some interesting theory and eguations
which may be of use in extending this work.

The work of J. E. Trevor (33) should also be men-
tioned. He has elucidated the Cady equation. It will be re-
membered that Cady called attention to the fact that his eqgua-
tion held only in the event that the heat of dilution of the
amalgam from the one concentration to the other was not a
function of the temperature or was negligibly small, Trevor
has pointed out that, in general, the heat of dilution is mnot

negligible and shows thermodynamically that "the departure
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from proportionality between the electromotive force and
temperature is determined wholly by the form of the heat of
dilution regarded as a function of the temperature and con-
centrations of the two solutione of the cell", He finds, in
general,

E=0+k(h) + 0+¢(0, h)
where E is the electromotive force, © the thermodynamic tem-
perature, and h the relative masses of solvent to solute. He
goes on to show the form taken by this equation if the heat
of dilution is assumed (1) zero, (2) not to vary with the
temperature, (3) varies directly with the temperature, or (4)
varies inversely with the temperature. The results, like the
fruit of most thermodynamic reasoning, are not in a form
readily applicable to practical prdblems. The paper, never-
theless, is a highly interesting theoretical discussion of
this heretofore hazy point,

G. N. Lewis and M. Randall (3%) nave applied the
concept of activities to amalgam cells. To do this, activi-
ties, ag and a'z, are used in place of concentrations in the
usﬁal concentration formula. After rearranging this to

EnF

log a,=— "5 + log a':2

and subtracting log Ny, the logarithm of the mol fraction of

metal in the dilute amalgam, from both sides, they get

log ;—25= (—- EQR% -~ log Nz) + log a'z.

Now, if the quantity in parenthesis be plotted against No,
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and the curve extrapolated to zero concentration where a2==N2

22

by definition, then log ﬁg'becomes zero so that log a'z, the
logarithm of the activity of the metal in the reference elec-
trode, must be equal to the quantity in parenthesis, the in-
tercept of the curve on the y-axis., From this, a'2 may easily
be found and from the value of E between thie electrode and
one of any other concentration, the activity of the new con-
centration may be calculated.

However, as may be readily seen, this method of em~
ploying activities is an artificial means of forcing exact
results, It tends to hide rather than to elucidate any reason
for the deviation between known theory and practice and,

therefore, finds a place here only for the sake of complete~

ness,

Development of the Equation

In the preceding sectiion many diversified ideas
have been promulgated to account for the deviation between
the observed value of the electromotive force of an amalgam
concentration cell and the value predicted by theory. In
none of these theories has the effect of the surface of the
electrode been even vaguely alluded to with the possible ex-
ception of the work of T. Erdey—Grﬁz and A. Vazsonyi-Zilahy
who mention "capillary active" anions and speak of adsorption

of ions on the surface of their most dilute amalgams. Yet,
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it is the surface of any'électrode which reacts and gives rise
to the electromotive force. The nature of these surfaces
should therefore be investigated, and the role that they play

in the current-producing process ascertained.

The Surface Phase

Just what is meant by the "surface" of an electrode

that it should merit special consideration ? Rideal‘(os) has

this to say, "It has been found that where one distinct phase
adjoins another there exist conditions which distinguish the
behavior of a thin layer of matter from that of the general
mass in either of the homogeneous phases which bound it".

From this it may be seen that the surface, especially in this
case of a liquid amalgam and its surrounding electrolyte, is
not a mere imagined boundary on one side of which is one phase
of uniform properties and on the other side a second phase
which is everywhere distinct and homogeneous in itself, DNor
is it to be thought that the two separate phases blend rapidly
but continuously into one another, so that the boundary is for
mathematical convenience rather than of physical significance,
Rather, it is a separate and distinet third phase possessing
entirely new but measurable properties lying as a lamina be-
tween the other two. Like eiiher bulk phase, two of its di-
mensions may be varied at will, but its third, at right angles
to the plane of the lamina, may not. This dimension, it is

believed, extends to a depth of only one or two molecules and
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resists any attempt at alteration by forming a new superfi-
cial phase. It is this surface phase which must give rise to

the electromotive force,

surface Tension

Surface tension is a measure of the free energy per
unit area of the surface phase, But before considering energy
relationchips, it is well to look at the surface phase from
the standpoint of the molecules which it must cdntain and
which must surround it, By doing this, the idea of a "surface
film", such as the term "surface tension" might suggest, is
easily avoided.

lMolecules in the liquid state are uhique in that
their vibratory freedom is midway between that of molecules
in the solid and gaseous states, That is, they may move rela~
tive to one another but are still restrained sufficiently to
prevent more than a small proportion of them from escaping
into the vapor phase. Now,\if a molecule be considered which
lies in the bulk of the liquid, it will be found to be at-
tracted uniformly in all directions. In contrast to this,
consider a molecule on the surface. It is strongly attracted
inwards by the great bulk of molecules in the center and at-
tracted to a lesser extent to the side by its neighboring
molecules, but there is no outward attraction to balance the
inward pull because of a lower density of similar molecules

outside., Hence, there is a great inward attraction perpen-
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dicular to the surface for every surface molecule,

This is the attraction which causes surface molecules
to move continuously into the body of the liquid faster than
those from the body move out to the surface. As a result, the
surface contains as few molecules as possible and thus pre-
sents a minimum area. In this light, the o0ld idea of a'spe-
cial "contractile skin" or physical tension parallel to the
surface of the ligquid is without meaning.

Now, bearing this picture in mind, consider surface
free energy and so-called surface tension.. The spontaneous
contraction of a ligquid surface demonstrates that there is
free energy associated with it. Work must always'be done in
extending a surface. In the molecular scheme, molecules must
be brought from the bulk of the liquid against an inward at-
tractive force and transferred to the surface whenever it is
extended. This constitutes work and is of prime importance
in any problem dealing with the surface phase,

N. XK. Adam ¢3©) intimates that the magnitude of this
force is fundamental, and that most problems dealing with sur-
face equilibrium may be solved without knowing much else, For
this purpose, a mathematical device is used, It consists of
substituting for the surface free energy, "a hypothetical ten-
sion acting in all directions, parallel to the surface, egual

to the surface energy". This is his concept of gurface ten-

sion., It must have the same dimensions as surface energy

<ma532), and also must have the same numerical magnitude.
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A tension pulling with a force of o’ dynes per centimeter
will, upon extending the surface one square centimeter, be
equivelent to the work of o~ ergs per square centimeter.
From this, it can be seen that, while surface free energy is
the fundamental property of surfaces, surface tension is its

mathematical equivalent. It will be so used in this work,

Properties of a Surface Phase

It is time to consider what properties a surface
phase possesses that distinguishes it from the bulk phase
which has heretofore been the only phase recognized in ac-
counting for the current-producing procecs. Other pertinent

surface relationships should also be presented here.

Antonow'ts Rule

One of the most simple and useful expressions in
this field is Antonow's rule, It deals with the relationship
between interfacial tension of a usual two-phase (liguid-lig-
uid) system and the individual surface tensions.of the two-
component phases. It states that the interfacial tension be-~

tween two phases in equilibrium is equal to the difference of

the surface tensions of each phase measured separately against
its vapor phase. In symbols, it may be expressed by
=g _ -0
Criz 1! 2!
where 0”12 is the interfacial tension between liquid 1 satu-

rated with liquid 2 and liquid 2 saturated with liquid 1. The
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primed subscripts refer to the puare liquids saturated with
respect t1o each other, It is obvious that liguid 1 must pos-
sess the higher surface tension. _

At first sight the usefulness of this equation might
be underestimated since it would seem that surface tensions of
liquids saturated with respect to one another at various tem-
peratures would not be available., This is truej; yet, many
cases exist where one of the phases is practically insoluble
in the other., Then it is that ordihary surface tension data
may be employed with a fair degree of approximation.

The application of Antonow's rule, While.raxher gen-
eral, is, nevertheless, fraught with some danger., Not only is
its theoretical basis inadequate, but numerous cases have been
reported where it does not hold good. The case of mercury and
its amalgams are among the exceptions. It might be supposed
that since mercury and its amalgams are so insoluble in elec-
trolytes, and vice versa, that this would be an ideal case.
This is not true. The deviation from the rule is probably due
to electrocapillarity as referred to on page 16.. The charges
adsorbed on the surface of the mercury repel each other, add;
ing their forces algepraically to the molecular forces already
present in the surface. This causes a further lowering of the
interfacial tension, giving a value different from that pre-
dicted by Antonow's rule.

However, in all known cases, the interfacial tension

is always less than the surface tension of the liquid possess-
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ing the higher tension., This causes the direction of any in;
troduced error to be known and allowed for., Antonow's rule

will be used with full regard as to its uncertainty and then,
only for approximations in cases where necessary data is mea-

ger or non-existent.

Influence of Temperature

With only two or three minor exceptions occurring
within narrow temperature ranges, surface tensioh decreases
with rising temperature. This is:logical when one recalls
that at the critical point surface tension becomes zero, and
thet natural processes usually vary uniformly and continuous-
ly. The same general rule and the same line of reasoning ap=-
plies also to interfacial tensions between two liguid phases.
Moreover, in this case, the decrease of interfacial tension
may also be ascribed to the increase in mutual solubility of
the two liquid phases with temperature.

Here, Eotvds' Law should be mentioned, It is anal-
ogous to the gas law, PV=RT, the product PV being the free
molar volume energy of the gas., Corresponding to the case of
the liquid-vapor surface, the molar free energy is proportion~

al to the product of o and the surface occupied by a gram

2 .
molecule, af(%)g, where M is the moleculsr weight, and./>the

density. The complete law is

2

o’(%F:K(TC ~T - 6) .
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T, is the critical temperature, T the temperature at which the
surface tension is found, K a universal constant of approxi-
mately 2.2, and © degrees a corrective factor to compensate
for the non-linearity of the g~y T curve nesr the critical

point.

The Gibbs' Eguation

The composition of the surface phase of a pure lig-
uid must naturally be the same as that of the bulk phase,
However, this is not necegsarily true for solutions. In gen-
eral, the addition of a solute to a solvent will change the
surface tension of the latter, Since the free energy of the
system strives toward a minimum, the solute will tend to ac-
cumulate in the surface phase if the solute lowers the surface
tension of the solvent. Should the solute raise the surface
tension of the solvent, then the converse will be true. The
solute will tend to accumulate in the bulk phase, thereby
leaving the surface energy as small as possible,  This process
of enriching or of impoverishing thé surface phase is limited
by diffusional processes. It operates between the surface and
bulk phases at a rate which is proportional to the difference
in osmotic pressures of the solute in the two phases.

The mathematical expression of this fact was derived

by Givbs 37) in 1878, His formula is

—__ C dag”
[=-5& (az*)a
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where [ is the adsorption excess in moles per unit surface,

¢ the bulk concentration of the sclute in the solveni, R the
fgas constant, T the absolute temperature, and (%gﬁ) the change
of interfacial tension with respect to concentraiioi, with the
area of the interface remaining constant. The negative sign
prevails because the value of G%;’ must itself be negative

in order for [ to become a positivg quantity.

According to Gibbs' theorem, then, the surface phase,
the phase which must give rise to the electromotive force,
would not generally have the same concentratioh as the body
phase of an amalgam. In all previous equations relatihg elec~
tromotive force with concentration, it was this body concen-
tration which was used. This does not mean thet the cohcen—
tration formula is incorrect but only that the definition of
solute concentration was misconstrued. Since this quantity
appears as a ratio, errors due to this source are minimized.
Nevertheless, in view of the fact that surface tensions of
most amalgams are non-linear functions of concentration in the
dilute range under discussion, it is believed that this may

account for some of the deviation between theory and practice.

Such relationships will presently be derived.

Equations -
Reviewing all available data pertaining to the elec-

tromotive force of amalgam concentration cells as the amalgams

become more and more dilute, at first sight, the data appear
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- normal., That is to say, the dilute golution laws seem to hold
better and better as the amalgams become more and more dilute,
However, as more data on the most diiute emalgams are reviews
ed, it is noticed that in the most dilute region where the
concentration equation should hold best, the deviations from
ideal potentials begin to increase., Thig is noticed in the
data of Hulett and Delury (22), Crenshaw (25) and in the amal-
gam electrode potentials of Erdey-Griz and Vazsoényi~zZilahy
(30). Strangely enough, surface tension data* as given by
V.K. Semenchenko, B.P, Bering, N.L. Pokrovskii and E.E. Shvar-
eva (38) for dilute amalgams change most rapidly ih this re-
gion, From this background, the first attempt to derive a

suitable equation was made.

Dilute Solution Consideration

It seemed logical, as the first point of attack, to

attempt to correct the concentration term of

c
E=BL in L (1
np Cz )
in order to conform with the actual surface concentrations as
expressed by Gibbs' equation when the area of the amalgam
electrode remains counstant, Gibbs' eguation is

g

Now, since I~ is the adsorption excess in the surface phase

* See Appendix,
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over and above that appesring in the bulk phase, it should be
added to the concentration term of equation (1) together with
an appropiate constant*, k, designed to make the units of r',
gram atoms per square centimeter, conform with the units se-~

lected for ¢, gram atoms per liter. This gives

g=BT 1, [SL T EC3) (3)
Using the eculvalent of T' as given in equation (2),
o1 - cik (da‘)
RT dc
e, — 225 (do
27 RT (de )2

and, after factoring out a c from the bracketed expression,

1 - rfiF), | |
O GE .;ST(%:’ ),] *

* Kk is approximately equal to €& and depends upon the ratio
of the area.of the electrode to its volume, It comes about
in this way., Let ¢! be the correct concentration at the sur-
face and ¢ be the usual bulk concentration, Then

'# C=—'
where V is the volume containing N gram atoms of solute.
Then, if I, the surface excess per square centimeter, and a,
the area of the electrode, be multiplied, the excess of gram
atoms in the surface will result. Thus,

N+ ma 3
el= 3= & t — + p=2
i or cl=c¢ rv

Hence, to obtain the correct surface concentrgtlon,r‘ must
be multiplied by a/V or k, before it is added to the bulk con-
centration term of equation (1).

To evaluate k, it is observed that liquids are usu-
ally handled in parcels whose dimensions are approximately
symmetrical, Thus, for either a cube or a sphere of equal
linesr dimensions, the ratio of a/V may be shown to be 6/d
where d is either the length of a side or the diameter depen-
ding on the shape assumed. Here, d is teken as one centimeter
since that quantity seems a logical amount of material to use,
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the right member may be split up into two parts,

]_._.IS_._@_{)
1

= g T 1° 1 _E da’) (6)
) RT de 2

Now, the first term of the right member is the concentration
formula, and, therefore, the second term must be a corrective
factor giving the change in potential of a cell resulting from
an excess (positive or negative) of metal in the interface.
This sh all be called AE, hence,
1= }R{T(S:)
AB=1% In [ K @7 ik
Rr(dc )2
Now, the quantit&jgf is so exceedingly small that any natursal
aa adg

value (EE_) might assume still leaves the term RT(Ac ) very

smell., It is a known fact that the natural logerithm of one

(7)

plus & very small number is approximately equal to that num-
ber. Applying this simplifying procedure, egquation (7) be-

comes

L_EBT |k @) _k da’) |
AB=Tg I.BT(dc )2 RT(dc 1] (&)

AT =T [(%g_)z (5 ) 1

or

()

which becomes the final eqguation., But, through a study of
units, it is seen that the right-hand member must be divided
by the factor lO7 to change ergs to joules. The question of

units for the various symbols will be considered later,
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Free Surface Inergy Consideration

In order to check the sbove derivation and also pos-
sibly to obtain more complete information on the current-pro-
ducing process, an attempt was made to evolve the relationship
from thermodynamic reasoning. The following derivation is
based upon a consideration of the decrease in free surface
energy and the eguivalent electrical free energy produced.

The symbols used are:

AE=1he potential due to surface efiects
o’ =interfacial tension
3 =free surface energy
N=the number of gram atoms of metal transferred
¢ =the concentration of metal in the amalgam
P=the density of the metal used
P =the density of the mercury
M=+1the atomic weight of the metal
M' =the atomic weight of the mercury
a =the area of the electrode
V=the volume of the electrode

p =the "shape factor"
n=1the valence change of the solute metal

I =the faraday
sub 1l=concentrated amalgam
sub 2 =dilute amalgam
Then, at constant tempersature and pressure, |
o =o’(c) , (10)
and the surface free energy is given by
S=ca . (11)
Considering the electrodes to be of sufficient size so as not
to affect the concentration of the solute metal, the decrease
in free energy per AN gram atoms of solute metal electrolyzed

from the concentrated to the dilute amalgam may be represented

as dSg ~ dSq. The equivalent electrical free energy is
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AEnF d¥, Thus

dSy - dSl=AEnF an . (12)
Now through the differentiation of equation (11), it follows
that _

dBg =~ dS1= 9gdag - o'jda; + agdo’y ~ 83407 . (13)
Applying condition (10), then,

85, - 85;= o’pdag ~ o yday + ay(SL dc)2 - 2 (3 dc)l

| (14)
Now, the volume of the amalgam electrode isAmade

up of N gram atoms of solute plus N' gram atoms of solvent
of atomic weights M, M' and densities of/o,,o', respectively.

If volumes be assumed additive, and they may at extreme dilu=-

tion, then

L AN
v=iS + - (18)
whence
clv—_-% an | (16)

But volume and area are interrelated by the following eguation

wherein p represents a constant, the "shape factor!

3/2
'V=pa‘/ (17)
whence
_3..3
av =Spada (18)

or, substituting equation (16) in (18) and rearranging, it is
obvious that

da=—2L_ av . (19)
3pa=p

But, if the right-hand member be multiplied and divided by a,
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equation (17) may be applied to the denominator, reducing the

expression to

_2all- ‘
da—-avp aN (20)
Now taking the expression for concentration,
= | (21)

differentiating with respect to N, and applying equation (16),
it follows that

gc_L N M - (22)

These expressions are now in a form to be utilized.
Referring back to equation (14), substitute equations (20) and

(22). This gives
2agi 2aglil D\
- =00 2. . T N _C_:i_c?/_ l — NM_ -—
dSg = 45 [ 2avp~ 1 3v2p:|d*\‘ * {az(dc )z(vz vZp

) =

The above equation may be simplified if ihe second

term of the right-hand member of equation (22) be considered
negligible, This is permissible since for dilute solutions
N will be very small and V¢ very large. Furthermore, if the
area and volumes of both electrodes be made equal and equation
(12) applied, then
H[Bee - ] + @), - (1) |} 2o
| (24)
In practice, the difference between the interfacial

tensions of the two amalgam electrodes is generally much less
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than 80 dymes per centimeter, excluding the alkali metals,
This emount introduced into the first term of the guentitiy
eppearing in brackets is insignificant as compared 0o the
value of the second term. Thus, the whole first term may, in
most cases, be neglected without introducing an error of more

than 0.5 per cent. Therefore, eqguation (24) may be reduced to

AE:VanJD? [(gg)z - %’0—/—)1] | e

which is the same as eqguation (9) derived before. From a com-

parison of the two equations, it is apparent that k is equi-~

<l

valent to & for the two eguations to be similar.

Predictions

After studying equation (25), several important con-
clusions may be drawn. First, it is noticed that AE becomes

zero when [(297) — do’ . For this to occur, the interfacial
de S de- 1

tension vs. concentration curve must be linear between the two
concentrations of amalgam studied., This is actually the case
at high concentrations of all amalgams for which there are
data, This would mean that the surface concentration is pro-
portional to the bulk concentration, and the concentration
formula applies insofar as it holds.

In general, this condition is rare for the usual

dilute amalgams studied. Rather, (%gi) j>(%£;) obtains.
2 1

The actual sign of the slope then becomes important., For

those metals which raise the surface tension of mercury, such

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as zine or cobalt, the slope is positive. This makes AE pos-
itive and the observed voltage should be greater than that cal-
culated withoutbtaking into account the free surface energy.

On the other hand, those metals which lower the surface tension
of mercury, such as the alkali metals, have negative slopes
and, thus, make AE negative., The observed electromotive

force should then be less than that calculated while neglect-

ing the free surface energy.

Calculations

The units of the various quantities appearing in
equation (25) are:

AE, volts.

a/V, about six reciprocal centimeters.

o , dynes per centimeter,
c, gram atoms per cubic centimeter,
n, a number representing the valence change.
¥, the faraday, 96,500 coulombs.

Hence, for zinc, using the data taken from the Appendix for a
dilute amalgam of a concentration of 0.01320 gram atoms per

liter, f%%2==152,000 erg centimeters per gram atom. If the
more concentrated amalgam be taken as 0.0433 gram atoms per

paY-s
Ac

=566,000 erg centimeters per gram atom.

_ 6
2x96,500 ~10

liter, then
| 7

volts

1

[152,000 — 56,000] =310~

If the reference electrode be a two-phase electrode,

then (%%%;) becomes zero, and AE becomes 4.7x10"" volts.
1

For a potassium amalgam between the concentrations

of 0.00228 and 0.0089 gram atoms per liter, AE becomes
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AE= 6 _[10.2420% + £.24106] = - 4.6x1075 voits
2496,500%10 ,

These values are necessarily mere approximations since actual
interfacial tension data are not available., It has, therefore,
been assumed that the slopes of curves for éither interfacisal
or surface tension vs. concentration are identical. This
would be true if Antonow's rule held exactly. The results,
then, are reliable only to the extent of showing the magni-

tude of the correction factor, AE.

Conclusions

It will Dbe remembered that the purpose of this the-
sis was to determine the effect of the surface condition of
the amalgam electrode upon the electromotive force obtained
from the cell., This has been done. It is regrettable that
the magnitude of this potential due to surface energy turned
out to be s0 small since it had been hoped that the differénce
of surface conditions between two electrodes would account
almost entirely for the discrepancy between the observed and
the calculated potential of the cell.

With such small values as AE represents, an experi-
mental check of equation (25) would be extremely difficult., A
collection of suitable data would, however, be of value not
only in checking this equation but also in further substan-

tiating Gibbs!' equation which has, for so long, been the ob=~
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ject of experiméntal verification due to the difficulty in
finding a means of measuring the actual surface concentra-
tions, If surface effects of the electrodes could be suit-
ably isolated from other current-producing processes, this
vecltage method would afford an excellent measure of suriace

concentrations,
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TABLE I
surface Tension of Some*'Amalgams
vetal | o (Epte) | o (dmes)|| setar o (egte) | o ()

He 410 zn | 0.00992 411
0.0165 412
K 0.00164 392 0.0701 415
0.00289 368 0.1210 417
0.00540 326 0.153 419
0.0123 206 0.360 420
0.0252 289 0.880 420

0.0257 286 ' ,
0.0830 282 ca | 0.00744 409
0,0918 283 0.0174 408
- 0.1782 284 0.0700 207
0.610 406
Na | 0.00305 386 0.822 406

0.00537 368

0.0130 356 Ba | 0.00287 407
0,0167 354 0.00548 398
0.0332 348 0,00735 392
0.0369 337 0.0150 384
0.0523 328 0.0422 366
0.09112 337 0.1154 356

* gee footnote, p. 39.
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SURFACE TENSION VS, CONCENTRATION OF AMALGALS*

44 - i
L
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FIGURE 1

* These data are due to V.K. Semenchenko, B.P. Bering, N.L.
Pokrovskii and E.E. Shvareva (38). A more complete table
appears in their article including such additional metals as
Cs, Rb, Li, Sr, Ng, Ag, Cu, Pb, Sn, Bi and Co.
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