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Tracer-diffusion in Liquids. II. The Self-diffu-
sion as Sodium Ion in Aqueous Sodium Chloride
Solutions!

By Jur HsIN WANG AND SarRA MILLER

The self-diffusion coefficients of sodium ion in
aqueous sodium chloride solutions have been deter-
mined both by the diffusion tube method? and by
the diaphragm cell method.? In the first method,
in order to get enough intensity of y-radiation to
be measured, Jehle had to use a diffusion tube of
11 cm. inside diameter. With such a large diffusion
tube it becomes extremely difficult to eliminate
convection during the measurement. Later in a
modification of Jehle's method,* Wang and Ken-
nedy used a plastic cell which has tubes of 1.7 mm.
inside diameter. They used a shearing mechanism
to sample out the solution and measured the §-radi-
ation after evaporating the sample solution to dry-
ness. It is doubtful whether their method war-
rants complete elimination of convection. Further-
more, in their method a slight amount of grease
used to lubricate the interfaces between plastic
parts might be carried into the diffusion tube dur-
ing the shearing process, causing the actual cross-
sectional area of the tubes to be a little smaller than
that estimated from geometric measurements.
The diaphragm cell has the disadvantage that ap-
preciable error in the measured value of diffusion
coefficient may be introduced by the adsorption of
ions on the large surface of the sintered glass disk.?
Furthermore, Stokes showed® that the cell constant
seemed to vary appreciably with the density gradi-
ent of liquid across the sintered glass disk unless in-
ternal stirring was used. Since no internal stirring
has been used in diaphragm cell measurements of
self-diffusion, ¢ the reliability of the self-diffusion co-
efficients obtained by the diaphragm cell method
becomes doubtful inasmuch as it is uncertain
whether the cell-constant obtained by calibrating
the cell with salt-diffusion measurement (where the
density gradient is finite) can be regarded as equal
to that for self-diffusion (where the density gradient
is zero). However, the capillary method, which
was first used by Anderson and Saddington’ and

later improved by Wang,“® has no calibration

difficulties because the dimensions of the uniform
capillaries used are known. Moreover since the
inside diameter of capillaries used (ca. 0.5 mm.) are
still large as compared to that of the hydrated ions,
it can easily be shown that the possible adsorption
error in 0.005 formular-weight per liter solution is
less than 0.29, even if we assume that the entire
surfaces of the capillaries are covered by a mono-
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molecular layer of ions. The diffusion potential
should be negligible if solutions inside and outside
of each capillary have been carefully prepared to be
of equal chemical concentration. The convection
error in these capillaries has been shown to be neg-
ligible in Paper I of this series. Thus it seems de-
sirable to redetermine the self-diffusion coefficients
of sodium ion in aqueous sodium chloride solutions
by the capillary method.

Results

In the present work the self-diffusion coefficients
of sodium ion in aqueous sodium chloride solutions
of concentration between 0.005 to 5.000 formular-
weight per liter at 25° have been determined by the
capillary method. The principle and technique of
the experimental method used have already been

described in Paper I! of this series. The results are
listed in Table 1.
TaBLE I
TRACER-DIFFUSION COEFFICIENTS OF Na 7t 1N NaCl(Ag.) AT
25°
Concentration of NaCl solution D X 108
(formular-weight per liter) (cm.2/sec.)
0.005 1.32 £ 0.02
.010 1.31 £ .03
.050 1.30 £ .02
.100 1.31 £ .02
L1750 1.313 = .021
.200 1.32 £ .03
.300 1.35 £ .038
.350 1.34 x .035
.500 1.32 £ .02
.625 1.31 £ .03
1.000 1.25 £ .03
2.000 1.13 £ .02
3.000 1.02 = .025
4.000 0.904 = .016
5.000 0.796 = .018

Discussion
The Onsager equation® for tracer diffusion is

D; = w[kT — (x?/3D) (1 = V)] (1)

with
RT A

w; = IZ‘ G2 (2)
yoAs b

d(w)) = f‘ - (wi + wj) (3)
;\ = Zn; 3;2 w; (4)
L= m el w/N (5)
& = (4r/DRT) T (6)
T = Zni el n

where Dj is the diffusion coefficient of tracer ions
of the jth kind in a given salt solution, ¢ is the ab-
solute electric charge, Z; the charge in electronic
units of ion %, « is the inverse mean radius of ion-
atmospheres, #; the concentration in number of ions
per cc., A} the limiting ionic conductance of ion 4,
D the dielectric constant of solvent, 2 the Boltz-
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mann constant, R the gas constant, § the Faraday
constant, and T the absolute temperature.

If we express A} in (coulomb/sec.) (em.?/volt), § in
coulombs, R in joules per © C. per mole, and re-
placing #; by ¢ which denotes concentration in
moles per liter, equation (1) can be written as

_RTN N|z|5F
Di=1z15: ~ 35n X
Z ST
2.604 X 101 \/iD;%rT [1 - ()] \/2 aZ! (8

For the diffusion of tracer amounts of radioactive
ions of chemical species No. 1 in salt solution con-
taining non-radioactive ions of chemical species No.
1 and No. 2, we have

c,izll = 621231 (9)
Z._, = 1,

For uni-univalent electrolyte |Z,| =
and equation (3) can be written as

171 A2
dw) = 5 ':2 + ————}\g n )\(j

If we take N = 50.11 for the sodium ion and A} =
76.36 for the chloride ion!® at 25°, equations (8) and
(10) can be combined to give

D X 10% = 1.334 — 0.268 /¢ (11}

for the diffusion of tracer amount of radioactive so-
dilém ion in aqueous sodium chloride solutions at
25°,

The self-diffusion coefficients of sodium ion in
aqueous sodium chloride solutions at 25° listed in
Table I are plotted zs. the square root of concentra-
tion in Fig. 1. The straight line in the dilute con-
centration region represents equation (11) accord-
ing to Onsager’s theory. Figure | indicates that the
measured self-diffusion coefficients agree with the
values predicted by the Onsager equation within
experimental uncertainty at concentrations below
0.04 formular-weight per liter. Above 0.05 formu-
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Fig. 1.—Self-diffusion coefficient of Nat in aqueous sodium
chloride solutions at 25°.
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lar-weight per liter the self-diffusion coefficient in-
creases with increasing salt concentrations, reaches
a maximum value near 0.4 formular-weight per
liter and then starts again to decrease with increas-
ing salt concentration. The general shape of the
present D vs. /¢ curve resembles that for the diffu-
sion of tracer amount of sodium ion in aqueous po-
tassium chloride solution, but the peak of the D vs.
4/¢ curve obtained in the present work appears at
¢ = 0.4 instead of at ¢ = 1.3 for the diffusion of
tracer amount of sodium ion in aqueous potassium
chloride solution. A possible explanation is given
below.

In an aqueous potassium chloride solution cou-
taining tracer amount of sodium ion, the potassium
ions, because of their smaller radii, tend to have
closer association with chloride ions than the tracer
amount of sodium ions. Consequently the nearest
chloride ions surrounding each sodium ion are
pulled away from the sodium ion by the potassium
ions. Because of this effect the average center to
center distance between each of the tracer amount
of sodium ions and its nearest chloride ions in aque-
ous potassium chloride solution becomes larger
than the corresponding distance in a pure sodium
chloride solution of the same chemical concentra-
tion. Consequently, the forces that produce the
maximum in the D vs. v/¢ curve for the tracer-dif-
fusion of sodium ion in potassium chloride solution
should come into play and produce a similar effect
on the shape of D vs. /¢ curve for the self-diffusion
of sodium ion in sodium chloride solution at a more
dilute concentration. The large difference between
the two concentrations at the maxima of the two
D ws. +/¢ curves is not too startling because for a
given directional distribution of ions, the average
distance between nearest neighbors varies inversely
with ¢'/1. However, in view of the complexity of
the present problem, it appears unlikely that a quan-
titative correlation of these two concentrations can
successfully be made before a satisfactory theory of
liquid water has been formulated.
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Tracer~diffusion in Liquids. III. The Self-diffu-
sion of Chloride Ion in Aqueous Sodium Chloride
Solutions

By Jur HsiNn WaNG

The self-diffusion coefficients of chloride ion in
aqueous sodium chloride solutions at 35° have been
determined by Jehle.! However, extrapolation of
Jehle’s values yields a limiting tracer-diffusion coef-
ficient at infinite dilution for chloride ion which is
almost 209, higher than Nernst’s limiting value as
calculated from conductance and transference data.
In view of the extensive work done by Harned and
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