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The object of this investigation was to make a systematic study, over a
wide range of concentration, of the conductances of solutions of pairs of
uni-univalent electrolytes, having a common-ion constituent, with the
hope of disclosing the nature of such solutions, and to test the value of the
methods of calculating the conductances of solutions of such mixtures of
electrolytes, that have been proposed by earlier workers in this field.

According to the original theory of electrolytic dissociation, the ratio
of the equivalent conductance of a solution at any concentration to its
equivalent conductance at infinite dilution is a measure of the degree of
dissociation of the electrolyte present, provided that the viscosity of the
solution does not differ appreciably from that of pure water. In solutions
of greater viscosities, the frictional resistance to the motion of the ions may
be appreciably different from that in very dilute solutions. The conduct-
ance ratio, therefore, cannot be an exact measure of the ionization. Later,
with the assumption that the mobilities of the separate ions vary inversely
with the viscosity, the conclusion was reached that the product of the
measured equivalent conductance and the relative viscosity of a solution of
an electrolyte to its equivalent conductance at infinite dilution afforded
a truer measure of its degree of dissociation in that solution.

As a means of computing the concentration of ions present in a given
solution, the conductance-viscosity ratio has lost much of its value: Re-
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searches in recent years have shown that the concentration-ionization
product is not a measure of the quantity of ions present, in the sense of the
ordinary mass-action law. But the property of viscosity is quite inti-
mately related to the conduction of electricity by solutions of electrolytes,
‘for such conduction is accompanied by transference of matter through the
solutions. Therefore, a supplemental study of the relative viscosities of
a number of solutions was made, with the desire of correlating, if possible,
these two properties.

In all previous conductivity work, with the exception of that of Stearn,?
the concentrations have been computed upon a volume basis. In certain
respects it is more advantageous to employ the weight molal basis of
reckoning concentration, that is, moles per thousand grams of water. In
the present paper this method has been employed. For the computation of
the equivalent conductances, accurate density measurements were required.
These measurements were made with a pycnometer. With these density
data the conductance and relative viscosity measurements of this investiga-
tion -were compared with measurements of other investigators who em-
ployed -volume concentrations, and were found to be in moderately satis-
factory concordance.

The electrolytes chosen for study were hydrochloric acid, potassium
chloride and sodium chloride, which show wide differences in the properties
under investigation but which are typical uni-univalent electrolytes, having
an ion constituent in common, In addition to the investigation of the
three properties of solutions of electrolytes and of their binary mixtures,
a similar study of their ternary mixtures was made.

The electrical conductances of solutions of hydrochloric acid, potassium
chloride and sodium chloride, varying in concentrations from 0.0001 N
to 1 N have been thoroughly studied,? but relatively little work has been
done upon mixtures of solutions of these electrolytes. In 1911 Bray and
Hunt® made measurements of the conductances of solutions of sodium
chloride and hydrochloric acid at 25° (in none of which the total electrolyte
concentration exceeded 0.2 mole per liter).

Stearn has made a study of the equivalent conductances, densities and
relative viscosities of solutions of some of the alkali halides and of their
mixtures. He employed weight concentrations in his work and his selection
of the concentrations studied coincides to some extent with that employed
in this work.* Where comparison is possible, that is, in the cases of the
potassium and sodium chloride solutions and their mixtures, the agree-
ment between the electrical conductance data given in his paper and those

i Stearn, TH1S JOURNAL, 44, 670 (1922).
2 Noyes and Falk, 1bid., 34, 454 (1912).

3. Bray and Hunt, ib7d., 33, 781 (1911).
¢ The experimental work of this paper was completed before September, 1921.



May, 1926 PROPERTIES OF CHLORIDE SOLUTIONS 1121

in this article is not so concordant as can be expected, for the numerical
differences do not lie within the limits of experimental error, but the trends
of the two sets of data are identical.

Employing the assumption that the apparent equivalent conductances
of the mixtures can be computed by the alligative formula from the equiva-
lent conductances of solutions of pure salts of concentrations equal to the
total salt concentrations of the mixture, he compared his observed figures
with these calculated values. In almost all cases he found that the cal-
culated values were the larger, and that the differences increased with
increasing total salt concentration. He suggested that these results could
be explained upon the basis of complex formation, but no quantitative
computations involving the formation of complex ions were offered.

The most precise data on the densities of potassium and sodium chloride
solutions are those of Baxter and Wallace® whose results at 25° when re-
calculated to a weight molal basis were found to be in close agreement with
the measurements of this paper. Equally accurate measurements on
hydrochloric acid are not available. With the exception of the figures of
Stearn, density measurements upon solutions of mixed electrolytes made
in a systematic manner are not available.

There are at present no accurate measurements on the relative viscosi-
ties of the solutions studied in this investigation, since even the work of
Stearn on this property of mixed electrolytes must be regarded as only
approximate.

Preparation of the Solutions

The hydrochloric acid was purified by the method of Hulett and Bonner.*
The exact strength of the stock solution thus produced was determined in
the usual manner by precipitation and weighing of silver chloride.

The solutions, hereinafter termed ‘‘primary solutions,” of each of the
electrolytes were prepared by combining appropriate weights of the stock
solutions of hydrochloric acid, and of the crystals of potassium and sodium
chlorides with the calculated quantities of distilled water, in order to pro-
duce the desired concentrations. All weights were reduced to vacuum.

Seven concentrations of the primary solutions were studied, namely,
0.1,0.2,0,5, 1, 2, 3 and 4 weight normal.

The binary mixtures of the three pairs of electrolytes were made by
mixing appropriate weights of the primary solutions, so that the mole-
per cent. ratios of the two electrolytes were 20:80, 40:60, 60:40, 80:20.

For each of the total concentrations of 1, 2 and 4 weight normal, twelve
binary mixtures were studied, while for the lower concentrations fewer
binary mixtures were examined, because it became apparent that for

5 Baxter and Wallace, THIS JOURNAL, 38, 70 (1916).
¢ Hulett and Bonner, ¢bid., 31, 390 (1909).
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concentrations less than 0.5 weight normal, all of the properties investigated
became practically linear.

The ternary mixtures of the three electrolytes were prepared by mixing
different amounts by weight of the three primary solutions and computing
the concentration ratios. An effort was made to approximate to the
ratios 20:20:60, 20:40:40, 20:60:20, 40:20:40, 40:40:20 and 60:20:20,
in mole percentages of the three electrolytes, but no attempt was made
to secure these exact ratios.

For each of the total concentrations of 1, 2 and 4 weight normal, six
ternary mixtures were examined; for the concentrations of less than
0.5 weight normal, no ternary mixtures were studied; for the 0.5 weight
normal concentration, one ternary mixture was investigated. ‘The values
of the three properties of mixtures, whose total electrolyte concentrations
are 0.1 weight normal or less, can be computed by the alligative formula.

Methods of Procedure and Degrees of Precision Obtained

Electrical Conductance.—The usual conductivity apparatus, con-
sisting of a Kohlrausch bridge, a four-dial, Curtis-coil resistance box, a
constant speed, high-frequency generator, a telephone, adjustable condens-
ers and conductivity cells, was used for making the conductance measure-
ments. The central tenth of the bridge wire was calibrated with the help
of resistances precise to one part in five thousand. The precision attain-
able in reading the bridge was never less than one part in two thousand.
The wire leads were in all cases of negligible resistance in comparison with
the resistances measured. All measurements were made at a temperature
of 25° = 0.02°, whose constancy was maintained by the use of an asbestos
jacketed thermostat fitted with a stirring device, a heating coil, and a ther-
moregulator. Two conductivity cells were employed whose constants,
33.29 and 659.9, respectively, were determined by the aid of a solution
of potassium chloride having the composition of one part of potassium
chloride to 12.998 parts of water, and a specific conductance at 25° of
0.1118 mhos. The precision of the recorded conductance data is not less
than one part in one thousand, and may be somewhat better.

Densities.—The density measurements made at 25° = 0.02° by the
use of a glass pycnometer of the Sprengel type having a volume of 18.6896
cc. are not less precise than one part in twenty-five hundred. That the
solutions studied had no appreciable solvent action upon the pycnometer
was shown by its substantial constancy of weight throughout this in-
vestigation.

Relative Viscosities.—The measurements of relative viscosities
were made with an instrument of the Ostwald type, for the construction
of which, as well as for the construction of the two conductivity cells
great thanks are due to Professor F. G. Keyes of this Laboratory. In
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the designing and construction of the instrument, the precautions given
by Washburn and Williams? were carefully observed. The viscosimeter
was immersed in a constant-temperature thermostat (25° = 0.02°)
provided with a glass window, through which the times of flow could be
observed.

The period of time of flow was measured with the aid of a stop watch
which was compared with a standard chronometer. Readings with this
instrument could be duplicated to a fifth of a second, yielding a precision
of measurement of at least one part in three thousand. The precision of
the recorded relative-viscosity measurements is not less than one part
in two thousand.

Discussion of the Data

Equivalent Conductances.—In Table I are given the measured data
on the equivalent conductances, densities and viscosities of all the solu-
tions studied, together with the conductance-relative viscosity values.

Four theories have been advanced to account for the conductances of
solutions of mixtures of electrolytes.

1. 'The first theory regards such solutions as mixtures of simple and
complex ions and un-ionized molecules. ‘T'his theory cannot be discussed
from the standpoint of data obtained in this 1nvest1gat10n, as it does not
readily permit quantitative examination.

2. 'The second theory is based upon the principle of isohydry. This
theory was employed by Bray and Hunt in the treatment of their results,
but its application to the data of several of the mixtures studied in this
investigation has shown it to be of little value.

3. A third method to correlate these data consists in the assumption
that the conductance of any mixture may be computed from the equation
A = JAo. Ao is the apparent equivalent conductance of the mixture at
infinite dilution, and may be computed by the equation A, = xA, +
yAo” + (1—x—9)A,"’ in which the A’s with the zero subscripts are the
equivalent conductances at infinite dilution of the pure electrolytes, and
%, vy and (1 —x—y) are the mole fractions of the electrolytes present in the
mixtures; 5 is the apparent or “mean’’ ionization in the mixture, and
may be computed from the ionizations of the pure electrolytes in solu-
tions of the same total electrolyte concentration by the equation, 5 =
xy" + yy" + (1—x—v)~v"/, where v/, v” and v"’ are the ionizations of the
pure electrolytes in solutions of the same total electrolyte concentration
and x, y'and (1 —x—y) are the mole fractions of these electrolytes present
in the mixture. The resulting expression (for the binary mixtures)

= [AdY'] + [(1—%)A"v"] + [1—x][A"Y' + Ad'¥"] is a quadratic
in x, which may yield curves convex upward or downward depending upon
the values of the constants of the equation but generally convex upward,

? Washburn and Williams, TH1s JOURNAL, 35, 737 (1913).
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that is, with maxima.

concentrations of the electrolytes present.

C. E. RUBY AND ]J. KAWAI

Vol. 48

This equation isapplicable as it stands only to series
of mixtures of the type studied, since only implicitly does it contain the

TaBLE I

OBSERVED VALUES OF EQUIVALENT CONDUCTANCES, DENSITIES, RELATIVE VISCOSITIES
AND EQUIVALENT CONDUCTANCE—RELATIVE VIScOSITY PRODUCTS
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tances of mixtures at any given total concentration is expressed by the
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alligative formula A = xA’ + yA” + (I1—x—y)A"" in which A/, A"
and A" are the equivalent conductances of the pure salts in solutions of
a concentration equal to the total electrolyte concentration of the mixtures,
and x, y and (1—x—y) are the mole fractions of the electrolytes present.
This equation can be given graphical representation in the case of binary
mixtures by straight lines.

A graphical study of the conductivity measurements shows that the
curves of equivalent conductances against concentrations exhibit positive,
negative and (practically) zero curvature. ‘The equations of the preceding
paragraph give rise to surfaces and curves of zero curvature only, so that
such equations are inadequate for the computation of the apparent equiva-
lent conductances of these mixtures. The equations of Method 3 have
more generality, but a comparison of the values computed by their use,
with the actual measurements, does not show satisfactory concordance.
In fact, the equations of Method 4 apply quite well at the lower concen-
trations, and show a maximum deviation of 79, at the highest concentra-
tions studied, while the equations of Method 3 seem in general less ap-
plicable, although in certain cases the agreement is fair. Curiously, these
equations of Method 3 are in general more applicable to concentrated than
to dilute mixtures. The ternary mixtures do not exhibit anomalous be-
havior at any concentrations.

Densities.—As was to be expected, the densities of the mixtures show
only very slight variations from the densities computed by the rule of
mixtures, § = %8’ + y8" + (1—x—v)3"’, where the §'s refer to the den-
sities of solutions of the pure electrolytes at concentrations equal to that
of the total electrolyte concentration of the mixtures, and x, » and
(1—x—y) are the corresponding mole fractions of the electrolytes present.
In all cases where appreciable differences between the observed and
computed densities exist, the observed values are invariably the greater.
This regularity of behavior for mixtures of solutions of these three electro-
lytes affords a strong contrast to the somewhat irregular nature of the
equivalent conductance curves.

Relative Viscosities.—Tested by the equation, n = %9’ + 39" +
{(1—x—9)9"’, where n is the relative viscosity of any mixture of total
electrolyte concentration, ¢, whose composition is given by the mole frac-
tions x, v and (1 —x—%), and »’, " and "’ are the relative viscosities of
solutions of the pure salts of concentration ¢, the ohserved relative vis-
cosities are consistently less in value, the percentage variation at one molal
being as great as 0.259,. A somewhat more sensitive method of expressing
this degree of variation is given by the equation, a = (#caled. — nobs.)/-
(nobs.—nwater). For 1 M mixtures, the value of o may become as great
as 0.04, while for mixtures of 0.1 M and less, it is less than the experi-
mental -error.
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An examination of the data of relative viscosity in terms of its reciprocal,
the relative fluidity, was made but this property proved to be less amenable
to treatment than did the relative viscosities.

It is exceedingly unfortunate that relative viscosities of solutions whose
densities differ appreciably from that of water cannot be determined
with a high degree of precision by means of an instrument such as that
employed in this investigation. Measurements have been carried out
upon mixtures whose total electrolyte concentrations were 4 M, and while
they are perhaps of slight intrinsic value, they serve to show qualitatively
the trend of this property at such concentrations. It is of interest to note
that the curvatures of these quasi-accurate viscosity-mole-fraction curves
are of the same sign as those of the curves for the 1 M mixtures.

In attempting to relate A and n with other measured quantities such
as the concentration and the transference number, the product Ay (and
in some cases the product An" where " is a number less than unity)
has been used by earlier investigators. The usual method of computing
the value of An for a given mixture is expressed by the linear equation,
A7l = xA’n’ + yA”n” + (l—x—y)A”’n”’, in which A,"),, A”?]” and AW?]W
are the equivalent-conductance-relative-viscosity products of the pure
salts in solutions of a concentration equal to the total electrolyte concen-
tration of the mixtures and %, y and (1—x—1v) are the mole fractions of
the electrolytes present.

The concordance between the observed and the so-calculated values of
the An products is generally better than the agreement between the ob-
served and calculated values of the equivalent conductances. But the
agreement is proportionately less satisfactory in the 0.5 M solutions than
in the 1.0 M solutions—a fact which tends to discount the value of this
particular relationship.

Summary

The densities, equivalent conductances and relative viscosities at 25°
of a series of solutions of hydrochloric acid, potassinm chloride and
sodium chloride, and of a series of their binary and ternary mixtures of
constant chloride-ion-constituent contents have been measured, and the
results have been tabulated.

The densities of the mixtures of these electrolytes are a linear function
of the compositions of the solution to within 29, in the cases of the most
concentrated solutions (4 moles per 1000 g. of water); for solutions of
strengths of one mole per thousand grams of water and of greater dilu-
tions, the differences between the measured values of the densities and those
computed by the rule of mixtures are negligible.

The equivalent conductances of the mixtures of these electrolytes can
be fairly well represented by the straight-line relation, although the
differences between the measured values and those computed by the rule
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of mixtures amount in some cases to more than 7%. Curves presenting
the equivalent conductances of the mixtures as functions of their relative
compositions show all modes of behavior, and any equation advanced to
account quantitatively for the equivalent conductances of such mixtures
must be of a-power greater than linear.

The relative viscosities of the mixtures of these electrolytes are consist-
ently less than values computed by the rule of mixtures from the relative
viscosities of pure solutions of their constituent electrolytes, save in the
cases of the most dilute mixtures studied, where the differences between the
measured and computed values are negligible. The presentation of the
relative-viscosity data in terms of its reciprocal, the relative fluidity, is
less satisfactory.

The values of the An products of the mixtures of these electrolytes of the
concentrations of 0.5 M and 1.0 M can be computed by the alligative
formula somewhat more exactly than can the equivalent conductances of
the same mixtures. For concentrations of greater magnitude, the data
are not sufficiently accurate to warrant making such calculations.

CAMBRIDGE 39, MASSACHUSETTS
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THE MANGANESE DIOXIDE-PERMANGANATE ELECTRODE

By D. J. BRowN aND RaLPH F. TEFFT
RECE1vED JuLy 27, 1925 PusLISHED May §, 1926

The values in the literature for the potential of the manganese dioxide-
permanganate electrode differ by more than 0.1 volt. Inglis' has been
the only person to measure directly the potentials of the manganese dioxide-
permanganate electrode in acid solutions with any degree of accuracy. His
measurements are consistent to within a few millivolts, but the error is
probably somewhat greater than this. Inglis prepared the manganese
dioxide by plating it on platinum electrodes which were then electrolyzed
as anodes in sulfuric acid. He does not state the nature of the electrolyte
from which the manganese dioxide was prepared, but it was probably a
solution of some manganous salt. Neither does he give details concerning
the applied potential or the current density during the electrolysis. At-
tempts by the authors to prepare pure manganese dioxide electrolytically
failed. Analyses showed that the product, even after being dried at 300°,
did not have the oxidizing power of an equal weight of manganese dioxide.
Small variations in the conditions used in preparing the electrodes by this
method also produced a large deviation in the observed potential. On the
basis of a number of preliminary measurements made in this Laboratory

! Inglis, Z. Elektrochem., 9, 226 (1903).



