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Reverse diffusion is the migration of solutes in the direction opposite to that expected from the concentration
gradient, that is, from a portion with a lower concentration to that with a higher concentration. This type of dif-
fusion of ions in mixed electrolyte solutions was studied theoretically on the basis of nonequilibrium thermodynam-
ics. For a solution containing two kinds of cations and one kind of anion, it has been concluded that the reverse dif-
fusion occurs when the mobilities of the coexisting ions differ largely, because the effect of the diffusion potential is
pronounced in such a case. It has also been concluded that the practical diffusion coefficient of an ion varies
linearly with the ratio of the concentration gradient of a coexisting ion to that of the diffusing ion when the average
concentration ratio of the ions is fixed. Moreover, the range of the concentration-gradient ratio, where the practical
diffusion coefficient is negative, has been determined. These theoretical conclusions were tested experimentally
for the HCI-CaCl,~H,O ternary system. The results satisfactorily verified that reverse diffusion actually occurred
and that the relationship between the diffusion coefficient and the concentration-gradient ratio was linear, as has
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been expected.

The Fick law of diffusion predicts that a solute will
migrate from a portion with a higher concentration to
one with a lower concentration at a rate proportional
to the concentration gradient. The diffusion through a
membrane, that is, the so-called passive transport, also
proceeds in the same direction. In contradiction to
this, the active transport in biological membranes is
transport against the concentration gradient. However,
an ion can migrate against its concentration gradient
passively in a system of mixed electrolytes, at least under
certain limited conditions. This has already been
pointed out theoretically in our previous paper.?

According to nonequilibrium thermodynamics, the
flux of the ion (z), J;, is proportional to the gradient of
the total potential of the component, /; which is the
electrochemical potential in the present case. Thus, the
rate of the diffusion of each ion is modified by the effect
of the electric potential, the so-called diffusion potential,
and, under certain conditions, the reverse diffusion of
an ion can proceed, as has already been predicted both
qualitatively® and quantitatively.¥  However, no
precise experimental support of the reverse diffusion
has so far been given. For the KCI-MgCl,-H,O
system and the K(HAsp)-Mg(HAsp),~H,O system,
where HAsp— indicates the hydrogen aspartate anion,
it has been reported® that the diffusion coefficient of a
cation becomes smaller with the addition of a faster
cation, but the diffusion coefficient has not reached a
negative value.

Theoretical

Practical Diffusion Coefficient of Ions. According to
nonequilibrium thermodynamics, the flux of the ion
(@), [Ji] (mg-ion-cm~2-5-1), through a diffusion layer
between two aqueous solutions, I and 11, is given by the
following equation,?%67 after the term of the electric
potential gradient has been eliminated by using the
condition that the diffusion current is zero in the
steady state:

2:d alj]
;sz,[j]?z’D’( 2o
Here, [i] (g-ion-1-1) is the concentration of the 7 ion,
while x is the coordinate taken in the direction of the
flux. Moreover, B; is the mobility of the ion, i, which is
related to the radius of the ion, a; and the viscosity
of the medium, v, by the Stokes law if the ion is consider-
ed to be spherical;

= -2} +

B; = 1/67na; @)
and D; is the diffusion coefficient related to the mobility
by the following equation:

D, = kTB;h, 3)

where £ is the the Boltzmann constant, 7 is the absolute
temperature, and #; is the coefficient;

by =1+ (31nf/d In [i]) @)
with f; being the activity coefficient of the ion, 7. If the

concentration dependence of the activity coefficient can
be neglected so that #;=1, then Eq. 3 is simplified to:

Di = kTBi (5)

which gives the Einstein equation when Eq. 2 is used
together with it.

The actual rate of diffusion of the ion, , in a solution,
however, can not be determined by D; or, in other
words, by the ionic radius and the solvent viscosity only,
because of the electrostatic interaction between ions,
or, we could say, because of the effect of the diffusion
potential. ‘The practical diffusion coefficient of the ion
(), D';, may then be defined by:

[J:1 = —D;(3[i]/ox) (6)
Its theoretical expression is given by the following

equation, which has been derived from Eq. 1, in the
same approximation as was used for Eq. 5:

z:[i1312,8,(0111/0%)
(Xz*By LD (@L1/ox) }

In the case of an electrolyte solution containing one
cation, 1, and one anion, 3, only, Eq. 7 gives the Haskell

D, = kTB,{l - )
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equation:
Dy’ = Dy = kT(zy+|z,3|)B1Bs/ (2,81 + | 25| Bs) (8)
If, however, the electrolyte solution contains two cations,
1 and 2, and one anion, 3, the practical diffusion
coefficients are given, on the basis of Eq. 7 and the
equation of electrical neutrality;
2 [1] + 2,[2] = |25/[3] )

by the following equations:

Dy = kTBl{l—zl ggg; H} (10a)
Dy = kTB,{1 ~zH) oo
Dy = kTBa{l + 1z3|_:{%§—;f1} (10c)
where:
(By—By) + (B, — B;)G(1/2) (10d)

H=

(22B2+ 23| By) + (2B, + | 23| Bs) F(12)
Here, F(ifj) is the ratio of concentrations (g-equiv-1-1);
F(ilj) = lzilzy]- [11/15] (11)
and G(i[j) is the ratio of the concentration gradients, the

concentration being expressed again in g-equiv-1-1:
G(ilj) = |zi/z;-(3[i1/0x)/(9[11/3%) (12)
Equations 10a—d show that the practical diffusion
coefficient, D’;, is a function of the concentration ratio
and the concentration-gradient ratio, and that D', is
linear and D’; and D’; are hyperbolic against G(1/2)
at a fixed F(1/2). As for the 3 anion, Egs. 10c, d may

be rewritten, by using Eq. 9, as follows:

Dy = kTBs{l + 125 [1+F(1/2)]

(B2_Bs)+(Bl—Bz)G(l/3) (13)
(2eBa+ |23|Bs) + (2,81 + |25| B5) F(1/2)

Therefore, D'y is linear with G(1/3) at a fixed F(1/2).

Reverse Diffusion. As is obvious from Eq. 6, the
reverse diffusion of the ion, ¢, takes place when the
practical diffusion coefficient, D’; is negative; the
condition for it is readily obtained from Eqs. 10a—d:

When the | cation is also present, the reverse diffusion
of the 2 cation proceeds when Eq. 14 is fulfilled if
B, >B,, or when Eq. 15 is fulfilled if B;<{Bj:

G(1/2) > (21/25) (By/B3) + (125/25) F(1/2) + (lzal/za) +1

(ByjBy) 1 (Bu/By) —1
(B,>By) (14)

(zaf2) (Bo/By) + (1220 14 (I2]/2)

—eam > —@E) TR T,
(By<By) (15)

Since the right side of Eq. 15 is positive, the reverse
diffusion of the 2 ion can occur, if B;<Bj, only in the
case of counter diffusion, that is, in the case where the
concentration gradients of the 1 and 2 cations are in
the opposite direction so that G(1/2)<0.

Equation 14 will be fulfilled if G(1/2) is large enough
or if F(1/2) is small enough and (B,/B;) is large enough,
while Eq. 15 will be fulfilled if —G(1/2) is large enough
or if F(1/2) is small enough and (B,/B;) is small enough.
Therefore, both Eqgs. 14 and 15 predict that the reverse
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diffusion of the 2 cation will be observed when the
coexisting cation, 1, is at a smaller concentration but is
of a greater concentration gradient and when the
mobility of the coexisting cation, 1, differs more from
that of the anion, 3.

This may be interpreted as follows: If the coexisting
cation, 1, moves faster than the anion, 3, as in the case
of Eq. 14, the diffusion potential is generated in such a
way that the front part of the diffusion layer is positive
and the rear part negative, so that the 2 cation is pulled
back by this electric potential, even against its concentra-
tion gradient, if the latter is not very large. On the
other hand, if the coexisting cation 1 moves much slower
than the anion, 3, as in the case of Eq. 15, the direction
of the diffusion potential will be opposite to the previous
case, so that the 2 cation is pushed forth by this potential,
irrespective of the direction of its concentration gradient;
the reverse diffusion of the 2 cation results if the direc-
tion of its concentration gradient is opposite to those
of the 1 cation and the anion, 3.

As for the reverse diffusion of the anion, 3, D’y of Eq.
10c or 13 becomes negative when Eq. 16 or 17 is fulfilled,
where the use of the suffix 1 for the cation of greater
mobility does not lose any generality:

1>—G(1/2)> {(2o/|2s]) + 1} +{(21/I25]) (Ba/B,) + 1}F(1/2)

{(By/B,) +(25/1235]) }
+{(21/12s]) +1}(By/B,)F(1/2)
(B,>B;) (16)

{(z2/1231) + 1} +{(24/[23]) (Bs/B,) + 1 }F(1/2)
{(By/By) -1 {1+ F(1/2)}
(B, >B,) (17)
According to Egs. 16 and 17, it may be concluded that
the reverse diffusion of the anion, 3, may be observed
only when the concentration gradient of the faster
cation, 1, is in the direction opposite to those of the
coexisting cation, 2, and of the anion, 3.
Numerical Calculations on the HCI-CaCly—H,0 System.
The numerical values of D’; have been calculated for

—G(1/3)
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Fig. 1. Calculated values of D’; against G(H*/Ca?*) at
F(Ht/Ca?*)=2.
The broken lines indicate the values at k,=1, while
chain lines indicate the values obtained by using the
Giintelberg equation.



1750

the HCI-CaCl,-H,O system according to Egs. 10a—d,
with 1=H*, 2=Ca?* and 3=Cl-. The results for the
case of F(H/Ca)=2 as an example are shown in Fig. 1,
where the concentration-gradient ratio G(H/Ca) is
taken on the abscissa.

The broken lines in Fig. 1 are the results obtained for
h;=1 by neglecting the concentration dependence of
the activity coefficient, while the chain lines are the
results obtained by using Eq. 4 and the Guntelberg
approximation:®)

Inf; = —422%/ J[(1+4/])
where 4 is a constant at a given temperature:
A = A/ZaN,[1000- (¢/n/ DET)? (19)
Here, N, is the Avogadro Number, ¢ is the elementary

charge, D, is the dielectric constant of the solvent, and
J is the ionic strength:

J = (25211

By comparing these curves, it may be concluded that
the effect of the concentration dependence of the
activity coefficient is small, at least in the concentration
range studied in this paper.

The values of mobility, B;, used in these calculations
were obtained from the values of the equivalent conduc-
tance at an infinite dilution, A%, given in the literature?,
according to the well-known equation:

B; = 2 N, [(125] Fy?) 21)

The values of kTB; and kTB;h; thus obtained are shown
in Table 1.

(18)

(20)

Tasre 1. VALues of D; (=kTB;h;) IN AQUEOUS
HCI-CaCl, soruTions aT 25 °C

a0 D; % 10%(cm?.s-1)

Ion - 1 _

(@7 -em?-geq) 4 7 1) (Giintelberg)
H+ 349.82 9.315 8.990
Cat+ 59.50 0.792 0.682
Cl- 76.35 2.033 1.928

For the HCI-CaCl,~H,O system, Fig. 1 shows that
the diffusion coeflicients, D'y, D’cs, and D’g, become
negative in their respective regions, so that each ion
would cause a reverse diffusion in these regions. Figure
1 shows that D', decreases linearly with G(H/Ca), as
is to be expected from Egs. 10b, d, and that D’'c,
becomes negative when G(H/Ca) is greater than a
certain value, as is to be expected from Eq. 14, since
By >Bg,, as is shown in Table 1.

Figure 1 also shows that the change in D’y with
G(H/Ca) is hyperbolic, as is to be expected from Egs.
10a, d, and that D’y becomes negative in the region,
which can be expected from Eq. 15a, since Bc.<lBei,
as is shown in Table 1. The region of G(1/2), in
which D’; is negative in the presence of the 2 cation,
is derived readily from Eq. 15:

0<—G(1/2)<F(1/2) / {LZz/zol(fz(/gj ;;)lzsl/zl

1+ (12sl )
rtlsE pap) m<py (5
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Instead of G(H/Ca), however, if G(Ca/H) is taken on
the abscissa, as is shown in Fig. 5, D’y is linear, as is
to be expected from Egs. 10b, d, with 1=Ca?* and
2=H+*, and becomes negative when —G(Ca/H) is
greater than a certain value; as is to be expected from
Eq. 15.

As for the Cl- anion, the curves shown in Fig. 1 are
hyperbolic, as is to be expected from Egs. 10c, d, with
1=H*, 2=Ca?*, and 3=Cl-. The value of D'q
becomes negative, as is shown in Fig. 1, in the region
where G(H/Ca) is negative but greater than —1, as is
expected from Eq. 16, since By >Bc, as is shown in
Table 1. If, however, G(H/CI) is taken on the abscissa,
as is shown in Fig. 6, D', is linear at a fixed value of
F(H/Ca), as is to be expected from Eq. 13, and becomes
negative when —G(H/CI) is large enough, as is to be
expected from Eq. 17, since By >Bg;.

Experimental

Diffusion Measurements. McBain’s porous-plate method!?)
was used for the diffusion measurements, with a diffusion cell
modified as has been reported previously.!? A glass cell divid-
ed into two compartments by a porous plate, as is shown in
Fig. 2, was held vertically in a thermostat at 254-0.1 °C after
each compartment had been filled with a mixed solution of HCI
and CaCl,. The solution with the higher density was placed
in the upper compartment, I, and that with the lower density,
in the lower one, II, in order to keep the concentration distri-
bution in each compartment homogenous by means of convec-

tional flow.1®

al
o

65 I!lm 200 mm
|

s
|35

20 mm
Fig. 2. Diffusion cell.

After a certain time, ¢, had passed, the concentration in each
compartment was measured, and the practical diffusion coeffi-
cient, D,’, defined by Eq. 6, was calculated according to the
following equations:

Dy = ({my[Kt)[<[i]i— 1w (22)

where K is the cell constant, which depends on the porosity,
area, and thickness of the porous plate, and where

<my = (12{V([[1°—- (1) + Vu(Glu' -1}y (23)
il =l = A2){(E1°-[1®) + (B —[E1ah)} (24)
where [i],° and [],,° are the initial concentrations of the ion,
i, in the upper and lower compartments, [¢];* and [i],,* are

those after the time, £, and V; and V}; are the volumes of the

compartments.
The diffusion time, ¢, was set at about 30 h. The values
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TaBLE 2. CONSTANTS OF THE DIFFUSION CELLS USED TaBLE 3. EXAMPLES OF DATA ON THE REVERSE DIFFUSION
v Vv, t zl[e z| [ D’;x 108
Cell No. (ml) (ml) (cm) fon ) i(l’;'ﬂ[\%I | (flfqg\?)" (cm?-5-%)
1 6.9994 7.1516 0.626, Example 1
2 6.4548 6.3961 0.404; H+ 0 148.6 52.1 3.66
3 6.6927 6.7142 0.553, 30 125.8 74.5 ’
Ca?+ 0 52.6 48.4 —9.68
of Vyand Vy; are given in Table 2 together with the values of 30 53.7 47.1 )
K measured with 0.05 N KCl, the diffusion coefficient of the Cl- 0 200.7 100.4 3 15
latter being 1.863 x 105 (cm?2. s—1), as is given in the litera- 30 179.7 121.3 ’
ture.1 Example 2
For the solutions containing only one electrolyte, the diffu- H+ 0 97.2 103.3
sion equation (6)can be integrated to obtain the equation to be 30 94.8 105.7 —3.31
used for the calculation of the diffusion coefficient.?%1) In- Ca+ 0 I 00' 5 0'
stead of this, however, the average amount of diffusion, <m; >, 30 93 : 6 6.8 0.87
and the average concentration difference, <[i];— [¢];;>, were ’ :
used in this study, and the diffusion coefficient was calculated Cl- 0 197.8 103.0 1.29
by means of Eq. 22, because the integration with time is com- 30 188.5 112.2
plicated for mixed electrolyte solutions.” The discrepancy Example 3
between the diffusion coefficients obtained by Eq. 22 and the H+ 0 87.8 111.6
usual integrated equation was not more than 109, for the one- 30 92.4 107.0 2.85
electrolyte solutions used. Qa2+ 0 65.4 35.3
Parameter Values. In order to compare the experimental 30 63.0 37.8 1.05
D, values with the theoretical ones, the values of F (i) and G- Cl1- 0 153.1 146.8
(¢/7) defined by Egs. 11 and 12 are needed. The experimental 30 155.3 144.6 —3.06

values of F (i/j) were calculated from:

([1°+ [E10®) + (B1 + [E]u)
(U1 + [e®) + (L1 + [51a")

where ([£],°+[£],,°) and ([k]'+[k]y), k being i or j, take
almost the same values, since V;and Vj; have almost the same
value. The value of F (i[j) is, therefore, kept almost contant
during the diffusion experiment. For the experimental values
of G (i/j), the following equation was used with Eq. 24, since
the concentration distribution in a diffusion layer had been
found to be almost linear:?

GGil) = |24/ <) — [l KLiTi = [5]ud (26)

Concentration Determination. 'The concentration of the H* ion
was determined by titration with NaOH as the standard solu-
tion and with phenolphthalein as the indicator. The concen-
tration of the Ca?* ion was determined by chelatometry, with
disodium-EDTA as the standard solution and Eriochrome
Black T as the indicator. The concentration of the Cl- ion
was determined by precipitation titration, with AgNOj; as the
standard solution and fluorescein as the indicator.

F@lj) = |2zl (25)

Results and Discussion

Examples of Reverse Diffusion. Some examples of
the data are shown in Table 3. Since the parameter
values of the three cells used in the experiments are
not the same, as is shown in Table 2, the values
of |z;][¢}: and | z;|[{]u differ from cell to cell; only
the average values are given in Table 3 in order to
shorten the listing. The values of D’; given in the
Table are the averages of the values obtained for
individual cells. A comparison of data for different
cells is given in Figs. 3—6.

It may be seen from Table 3 that the reverse diffusion
actually takes place; that is, the concentration increases
in the solution with the higher  concentration and
decreases in that with the lower concentration, for
Ca?t in Example 1, for Ht in Example 2, and for Cl- in

Example 3; the diffusion coefficients, D’;, are negative
in all these cases.

Reverse Diffusion of Ca?t. The experimental D',
values are plotted against G(H/Ca) in Fig. 3 for F(H/Ca)
=0.5, 1, and 2. This figure also shows that the deviation
of the experimental data due to the use of different
cells is not large.

2
= 0
g
s
g
X
% -2
q

-4

10 15

G(H/Ca)

Fig. 3. Diffusion coefficient of Ca2" at 25 °C as a func-
tion of G(H/Ca) when F(H/Ca) is fixed.
F(H/Ca)=0.5 (Cell 1, ®©; #2, [3]; #3, A), 1.0 (#1,
@; #2, W; #3, A), and 2.0 (#1, O; #2, [1; #3, A)-
Theoretical values for F(H/Ca)=2 are shown by a
broken line for £;=1, and by a chain line for Giintel-
berg approximation.

Figure 3 gives the experimental verifications of the
theoretical conclusions that D’c, will be linear to
G(H/Ca) and that the inclination will be the steeper
when the value of F(H/Ca) is the smaller, as is to be
expected from Egs. 10b, d, with 1=H*, 2=Ca?*, and
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3=Cl-, and that the reverse diffusion of Ca2t will
proceed when G(H/Ca) is large, as is to be expected
from Eq. 14.

The theoretical curves for F(H/Ca) =2 are also shown
in Fig. 3. Neither of the theoretical curves fits in
quantitatively with the experimental straight lines. This
will be discussed later. It is, however, noticeable that
the experimental results are in agreement, qualitatively,
with the theoretical expectations mentioned above.

0.5

o

D¢,” x 10% (cm?/s)
N
[32]
T

F(H/Ca)
Fig. 4. Dependency of D¢,’ on F(H/Ca) for G(H/Ca)=2
at 25 °C.,
The broken line is theoretical for h;=1.

The dependency of D’c, on F(H/Ca) is shown in
Fig. 4 for G(H/Ca)=2, where the experimental values
are obtained by the interpolation of Fig. 3. It may be
seen from Fig. 4 that the experimental curve satisfies
qualitatively the trend of the theoretical broken line
drawn for #;=1. This result verifies that the reverse
diffusion of Ca?t+ takes place when F(H/Ca) is small,
as is to be expected from Egs. 10b, d.

Reverse Diffusion of H+ and CI-. The dependency
of D’y on G(Ca/H) is shown in Fig. 5 for F(H/Ca)=2,
that is, for F(Ca/H)=0.5. The results verify the
theoretical conclusions that D'y will be linear to G(Ca/H)
at a fixed F(Ca/H), according to Egs. 10b, d with

4_.
= 2
g L
L
S o
X
\Q“ L
-2 a]
- 5 .
a /
—4 ! // 1
-15 -10 -5 0

G(Ca/H)
Fig. 5. Dependency of Dy’ on G(Ca/H) for F(H/Ca)=2
at 25 °C.
Cell $1, O; 42, [1; #3, A.
Theoretical curves are shown by a broken line for ;=0
and by a chain line for Giintelberg approximation.
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4
2_
s
Q
= 9
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] |
— 1 | |
%-3 -2 -1 0 1

G(H/Cl)
Fig. 6. Dependency of D’¢, on G(H/CI) for F(H/Ca)=2
at 25 °C.
Cell §1, O; Cell #2, []; Cell 3, A.
Theoretical curves are shown by a broken line for #,=0
and by a chain line for Giintelberg approximation.

1=Ca?%* and 2=H-, and will be negative when —G-
(Ca/H) is large, according to Eq. 15, where Bc.<Bg,
as is shown in Table 1. The theoretical curves shown
in Fig. 5 show the same trend as the experimental
results.

The result for D'¢; against G (H/CI) shown in Fig. 6
is quite similar to that shown in Fig. 5. The relation
is linear at a fixed F-value, F(H/Ca)=2, as is to be
expected from Eq. 13, and D’¢, becomes negative when
—G(H/Cl) is large, as is to be expected from Eq. 17,
where By >Bg., as is shown in Table 1. The discre-
pancy between experimental and theoretical lines is
not large in this case.

Approximation of a Constant Cation Ratio. In our
previous papers,>% theoretical equations have been
derived, and compared with experimental data, by
assuming the fraction of the cation concentrations to be
constant throughout the diffusion layer. For a mixed
electrolyte solution containing 1 and 2 cations and an
anion, 3, the fraction of the equivalent concentration
of the 2 cation, &,, defined by:

&2 = 22[2]/(za[1] +2.[2]) (27)
may be used in place of F(1/2) and G(1/2) in Egs.
10a—d, since

F(1/2) = G(1/2) = (1-&2)/&. (28)
according to the present assumption. Then, the
following equation, which has been given in our previous
paper,? is obtained:

21 —25)By(1—&5) + (22+ |23]) Bs (29)
2By (1 —§5) +22By62+ 25| Bg
The value of D’, becomes negative if z,>z; and if &,
is small enough, as is shown by the following equation:
£:<1—(By/By) (1 +|23]/22) [(1 = 24/25)  (21<22) (30)

As for the HCI-CaCl,—H,O system, the experimental
values of D’; against average &,-values are shown in
Fig. 7, together with theoretical broken lines. It may

be seen from Fig. 7 that the diffusion coefficient of the
slower cation, D’c,, decreases, both experimentally

Dy = kTB, "
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8 7

Dy’ x 105 (cm?/s)

1
0 0.25 0.50 0.75 1.00

E Ca
Fig. 7. Relation between D’; and &, for aqueous HCI-
CaCl,-H,0 solutions at 25 °C.
Experimental data for Ht, O; Ca*", @; Cl-, ().
Broken lines are theoretical for s;=1.

and theoretically, with the decrease in &c,, and that
the theoretical curve goes down to negative, as has
already been stated,% although the experimental data
do not. This is because the condition F(1/2)=G(1/2)
in Eq. 28 is too severe for the accuracy of the present
experiments, as may seen from Figs. 3 and 4, which
show that D’g, takes distinctly negative values only
in the region where G(H/Ca) is larger than F(H/Ca).

Phenomenological Coefficients. The phenomenological
equations of the nonequilibrium thermodynamics are
often written as follows for a mixed solution of two
electrolytes, A and B»%713);

7 = ~Dau 180 -, (221)

Ul = = Daa(Z2L) — Dy (20

where # is the coordinate in the direction of the diffusion.
If the A electrolyte consists of the 1 cation and the
anion, 3, and the B electrolyte consists of the 2 cation
and the anion, 3, the phenomenological coefficients,
Dya, Dy, Dis, and Dgg, are related to the mobilities
of ions, B;, according to Eq. 1, since

[Ji] = vi[Jal, [Ja] = vl Js]

[1] = nl[Al, 12] = »,[B] (32)
where »; and », are the numbers of the respective
cations contained in one mole of the electrolytes. The
results are given by Egs. 24—27 of Ref. 7.

This treatment is, however, rather formalistic,
because what really exist in the solution of strong
electrolytes are not the electrolytes, A and B, but the
ions, 1, 2, and 3. For each ion, the phenomenological
equation may be written as follows:

[Jdd = Xj}Lu(a[j]/ax) (33)

(31)
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According to Eq. 1, therefore,
Ly;= —D,
Lij = 2i2;B.D,li]/ (312 Bl 1) (34)

If, however, the phenomenological equations are
written on the basis of the physico-chemical potentials
of the ions, [; as in the following equation,¥

[/ = —;lu(aﬁ;/ax) (35)

then Eq. 1 corresponds to the case of ;=0 (i#j).
This means that the cross terms have not yet been
taken into consideration, even though the L;; of Eq. 34
and the D,g and Dg, of Eq. 31 are not zero.

The possibility that the cross terms, /;, are not
zero might be important in explaining the discrepancy
seen in the quantitative comparisons between the
theoretical and experimental results, as shown in Figs.
3—7 of this paper. In order to discuss this point further,
however, the experimental problems which are related
to taking the averages of the concentration gradients
between the initial and final values must be settled first,
although these expedients do not affect the facts that
ions migrated from the lower to the higher concentrations
and that the reverse diffusion was actually observed
experimentally.  Further studies will be reported
separately.
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