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On the Theory of Electrocapillarity « 11,
By ALEXANDER IFRUMKIN.

S (fibhs has stated, there exists a simple relation hetween
the adsorbed quantity of a substance and the lowering

effoct on the surface-tension, expressed by the equation
P 007 Y

RT 9¢”’
where T' is the excess of the solute in gram-mols. per em.?
of the dividing surface, ¢ the concentration of the solute,
and v the surface-tension.
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Lewis’s ™ investigations have shown that lowering of
surface-tension at a liquid[liquid interface is really accom-
panied by adsorption, but the observed value of T was
nearly always much greater than the caleuluted one. Only
non-electrolytes of a small molecular weight like caffeine
gave satisfactory results. Lewis supposed that the observed
diserepancy is due to gelatinization and to electrical effects.
Unfortunately, the accuracy of Lewis’s method was very
limited ; further experimental investigations would be of
great interest.

The reasoning of Gibbs neglects the electric charge of the
dividing surface. Gouy T showed that an analogous equation
may be deduced for charged surfaces, if the potential
difference between the two phases remains constant when
the concentration of the active substance is varied. Gouy
deduced therefrom that the electrocapillary curve of a
solution becomes larger with inereasing dilution by a eonstant
quantity, independent of the value of . We will show
that, using Gibhs’s equation, it is possible to calculate the
horizontal distance between the ascending and descending
branches of electrocapillary curves at different concentrations,
and that the calenlated values are in fair agreement with the
observed ones. We must first consider what form Gibbs’s
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equation will have il we take separate account of the absorp-
tion of the anion und the cation. For this purpose let us
use an arrangement already employed by Chapmant (fig. 1).
A mercury drop and two electrodes from Na and Ol are

# Phil. Mag. (6) xv. p. 499 (1808); xvii. p. 466 (1809); Zeit, phys.
Chem. 1xxiil. p. 129 (1910).

T Journ. de Phys. (3) x. p. 245 (1901),

1 I'hil, Mag. (6) xxv. p. 475 (1913),
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immersed in a solution of NaCl. The electrodes are con-
nected with the mercury by means of two condensers. - The
potential differences between the solution and the Hg, Nu,
and (1 electrodes are respectively 4, 4ry, Ay The quantity
of electricity which has passed through the solution since a
cerfain moment from 1 to 2 is B,, and from 1’ to 2’ B,.
The concentration of the Na(l, which we shall assume to be
completely dissociated, is ¢ and the §urfnce area of ) the
mercury s.  The state of the solution is wholly determined
by the values of 4, ¢, and 5. If we increase s by ds, keeping
Y- and ¢ constant, and ¢ by dc keeping ¥ and s constant,
the worls performed will be

da= [+ ) 52 + =) G s

E, E
+ [(‘!f —‘h).@ac’ + (=) %72] de,

whence, as r; and 4y are functions of ¢ and , but not of s,
_ar!_,a,‘ﬁbl a_j.a_l._alh BE_»O (2)

de d¢  Os de os 7
where _ Yy _ 9y _RT )

De T e T lbl.l v

D

When a quantity of electricity equal to a—slcls passes
198,
from 1 to 2, o

and as many gr.eq. Hg are removed from it; likewise,

ds gram-equivalents Na enter the solution

]F'T i .
when a quantity of electricity equal to %ds passes from
1" to 2/, %%*]%d.s gr.eq. Hg and as many gr.eq. Cl are
removed from the solution. On the other hand, when the
surface is increased by ds, E; and K, being congtant, T'y,ds,

Tgds, and %ds gr.eq. Na, Cl, and Hg respectively, are

removed from the solution ; in consequence, as yrand ¢ must
remain constant during the increase of s,

po_13E o _ 13E )

¥a™ ? Ne ? -c]'——F"TJ
N (LTI b S S, .
Ij« = JJ‘ as o a-ﬁ‘ ) Nu I UJ
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On substitating the values of %El, »BBE‘}:, -aa#;‘, and%
from (3) and (4) in (2) we obtain
. o G

i. e. Gibbs’s equation. S
Let us now suppose that the valency of the anion is =z,
and the valency of the cation 7, ; instead of (3) we must

put ovi _ R Dy, RT
Qe mgell? e T myel”
Tf we express the quantities ' in gr..eq. per em.? equation
(4) will keep its form, hence

i O W

Let us eompare (5a) with the equation of the electro-
capillary curve
1 oy

F 3
1. Descending branch.

=I',—Ty

The mercury is charged negatively. Tn the surface-layer
there is an excess of eations and a deficiency of anions, so
that I", has a negative value ; the absolute value of T, is at
any rate less than ¢, where & is the thickness of the surface-
layer and may be neglected if the solution is a dilute one *.
This agrees very well with experiment, as the form of the
descending branch, af a certain distance from the maximum,
does not depend on the nature of the anion. In consequence
we may put ', =0, whence

dy _ P Jy
v RT 3dloge’
The integral of this equation is
RT .
-y-j&1#+ ;’—l;Flog c). B e 8
If i =ma, RT RT,
Y+ el 08 a=vs+ ngl 08
whence R
_ BT, e .
?g—wl—nﬁFlog aer % g g oo (M
In consequence, the horizontal distance between the descending
# In fact, if ¢=n/100, e will he of the order 10~'* gr. eq./em.?,
fa)

whereas the quantity li(’:l' —-%’ is of the ovder 10~ g1, oq./em.2.

o
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branches of two solutions, whose concentrationsare ¢; and ¢,
s 00057 logyy 2 (¢=15% for a monovalent cation and
0-029 logmg ‘fo; a bivalent one. If we falke account of the

incomplete dissociation, we must veplace ¢ hy ae, where
@ is the degree of dissociation. In Table I.are given the
values of yr,—4r; which correspond to different values of
v (the maximum surface-tension between mercury and water
is assumed to be 100). The measurements were carried out
with a eapillary electrometer as deseribed by Gouy*, the
large mereury electrode being always immersed in a n/10
solution of KCI.

Let us now denote by 4 the potential difference between
the mercury in the decinormal ealomel electrode and the
mercury in the capillary tube, by 4 the value of the curren
which passes through the capillary electrometer, and by w
its internal resistance. Then, obviously Y»=applied E.M.F.
—iw. The value of w was caleulated, that of ¢ deter ined

Fig. 2.
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with an Edelmann string galvanometer. The term iw could
be neglected at higher concentrations, but with 2/1000
golutions it amounted to 0-01 volt and more. The electro-
capillary curves of KNOj are plotted on fig. 2.

W Ann, chim. phys. (7) xxix. p. 178 (1903).
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Tanre 1.
ENO, &=15° (ﬁg. 2).
v n=1/10#. 1/10 2 —1/100 a. 1/100 2 —1/1000 2
99- 0:045 0-049
980 . 0037 0051
950 0021 0052
900 0022 0048
850 0025 0051
800 0035 0:052
750 0035
RT. e o ) s
T Efi ......... 0031 0054 0056

Ba(NOQy),. ¢=15°

7 1/10 n~1/100 7, 1/100 2 — 1/1000 4.
99-0 0020 0032
98'0 0020 0027
970 0023 0029
950 0026
90-0 0022
860 0025
RL, eae, ;i
ﬁl Ty 0028

We see thus that the observed values of yry—+fr; are in a
satisfactory agreement with the calculated ones, except for
normal solutions. At higher concentrations the term T,
may be of importance, or perhaps in this case Gibhs’s
equation is no longer valid.

Let usnow consider a zine amalgam, immersed in a solution
of zine sulphate. Here

RT,
Jr=const. — o log ¢,

whence RTl ;
+ —=log ¢ =const.

¥ nl 08 ?

and y=const.,

i. e. the surface-tension of the amalgam doés not vary with

the concentration of the solution, a result which we have

already obtained in a different way.
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I1. Ascending branch.

Applying to the ascending branch a reasoning similar fo
the above, i. ¢. assuming Ty to be zero, we obtain the equation

; RT
7=,i(\if— ﬂ:[p“logc)=

“—"ll(‘.n(.‘(!
RT Cy
1},-2__1#1 —_— /,T 1@g,c,2 F

Tt appears that in reality, especially with active * electro-
lytes, the assumption T =0 does not bold for the ascending
branch and that there is an excess of both anions and cations

in the surface-layer, when 58‘\%, is positive. We are induced
to admit this if we consider :—

(1) The position of the mawimum.—In solutions of electro-
Iytes with an active anion like Br/, I', CN', SCUN', the
maximum is displaced to the right, as compared with
solutions of electrolytes with an inactive anion, like
NO,, 80,", OH'. Thus the maximum surface-tension in
n/10 KNO; corresponds to =057 volt, in #/1 KNO, to
Y=061, and in »/1 KI to+r=087. Let us consider the
portion of the electrocapillary curve of /1 KT between 0-37
and 087 voll, supposing that the first value of 4 really corre-
sponds to the zero potential difference between mercury and
solution.  If 0°57 <4< 087, €>0, and, in consequence, the
potential of the mercury must be higher than the potential
of the nearest layer of the solution; as the whole potential
difference between solution and mercury is positive, the
potential in the surface-layer must vary with the distance
from the mercury-surface m a way shown by fig. 3. The
rise of potential can be caused only by free positive charges,
and in consequence we must assume an excess of anions
immediately at the mercury surface and at some distance
from it an excess of eations, a circumstance which has already
been pointed out by Gouy +.

#* We call an electrolyte active if it gives an electrocapillary curve
with a depressed maximuwmn. The activity of anorganic electrolytes
depends on the anion. :

T R, exxxi. p. 939.(1900).
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Fig. 3.
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(2) Salts with active cations.——Gouy*: has shown that
similar to the active anions Br’, 1/, CN', there exist active
cations like N(OQH;;) 4y S((TH;;);&. The G!Cctl‘oqupinary curves
of salts of these anions have a 1101'ma_tl agcending branch a}nd
an altered descending one. TFor instance, the asc(_}ndmg
branch of a solution of [N(OEHQ.@]QSOA eomcic?r\.s with the
ascending branch of a solution of _NaESQd, whilst the de-
seending hranch of [N (C 391:'[5),,]28_04.15 couslderab.ly depressed.
But if the anion is active, the activity of thg cation manifests
itself in the ascending branch as well as in the descending
one. Thus, comparing the electrocapillary curve of two
salts with an active anion like N(C_-QI_%L).,_Br and KBr, we sec
that their ascending branches are different. ‘We must, {here-
fore, admit that in presence of an active anion, the cation is
adsorbed even in the ascending branch. ‘ \

(3) The value of the hovizontal displacement of the ascending
branch.——1t T >0,

mF dy u oy

T
and the horizontal distance hetween the ascending bmnqlles
of two solutiong whose concentrations are ¢; and ¢y must be

RT o A
groater than ;ﬂ—l‘,loga. \\

% Ann, chim. phys. (8) ix. p. 87 (1906).
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The experimental determination of yr,—1fr, presents some
difficulties caused by the lack of mobility of the capillary
meniscus, especially at low concentrations. The results ob-
tained do nof pretend therefore to a high degree of accuracy.
Nevertheless, we may see from Table IT. that the value of
the displacement with SO,'" and (' is approximately equal to
f‘%log%ut low concentrations, whereas with an active anion

A 1
like I’ much greater displacements are observed. The same
phenomenon is shown to a less degree with the CI' ion in a
concentrated solution.

The data for H,80, were obtained in the same way as the
data for KNO; and Ba(NO;), in Table I., a correction for the
potential difference hetween H,80, and the 2/10 KCI of the
calomel electrode being made ; the approximate data for
Na(Cl and KI were calculated from the measurements of
Gouy *.

Tasue II.
H;50; =202
. n=1/10 2. 1/10 2-1/100 7,

950 0042 0-031
900 0038 0028
850 0032 0022
80-0 \ 0027 0023
750 0:027 0023
700 0027 -

NaCl. ¢=18°
900 009 005

RI.  t=18°

900 015 011
750 009

III. The mazimum.

In the neighbourhood of the maximum T, and Ty are
quantities of the same order of magnitude, and no definite
inference can be drawn from (5¢). A very interesting
attempt to find out the equation of that portion of the electro-
capillary curve was made by Chapman t. Assuming that
the ions in the surface-layer are in equilibrium under the

* Ann. chim. phys. (7) xxix. p. 145 (1903).
1 Loc. cit,
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influence of osmotic and electrostatic forces, he ecalculated
the distribution of potential in the surface-layer and the
vilue of e for a given potential difference between mercury
and solution. The resulting equation of the electrocapillary
carve is
2RT . /RKpr 3% .~ 2
VP Max. — Y= I 27:. ((‘;"1""—(:‘ r““,l % = @ (8)

where K is the specific inductive capacity of water, p the
osmofic pressure of the ions in the bulk of the solution, and
V=rfr—ry.. As Chapoan’s reasoning involves the assump-
tion that the jons in the double layer behave like perfect
gases, equation (8) espeeially at higher concentrations can be
used only for small absolute values of V. It seemed to me
therefore of interest to test eq. (8) in the neighhourhood of
the maximum. Table ITI. contains the experimental values
of e —v In c.cs. units for KCI, KNOg, and Nay,80,, and
the values caleulated by means of equation (8), assuming
K=81, t=18° and p=acRT, where a is the degree of dis-
sociation of KNQ,. Moreover, Table ITL. contains values
of oy — v caleulated by means of the classical formula

'YMM‘—"}’=CEV2, A

a being determined from the value of yy, —v which corre-
spond to V=1 volt.

Table III. shows a very great discrepancy between the
calenlated and the observed values : the influence of concen-
tration is much less pronounced, as it ought to be according
to (8); moreover, vy —« is approximately proportional
to V2. Thus, the results of experiment are unfavourable to
Chapman’s assumption concerning the conditions of the
equilibrium in the double layer. As Chapman’s reasoning
is thermodynamically correct, equation (8) must be in
agreement with (6). In fact, for great values of V, we have

2RT KE v 14 BV T g BT
== : TR 3 T 2RT __ 4 L IRT 5
T Max, V= T 72;8 BT — const. V¢ ¢ 28 _const.e’Rl( I

With the help of equation (5a) we may calculate the
value of absorption of any ions, except those of mercury, as
we cannot vary their concentration withous, varying . Tt
is easy to give to the equation of the electrocapillary curve

%% =+ Ty F

we).
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TapLz ITT.
Caleul. by means of (S). Caleul. by means of (9).
KNO,. KNO,.
.S S & S
v ‘ 005 v.| 0T v. [0 15w, v ‘ 1005 v O1v. 01w,
—— |

|
. | 267 1138 | ... |
‘ " ' : f a | 098 1414

| 210, | 0:06 | 4:96

/10| 026 | 1-03
|

n/l.oo.‘nz: 90 202
| |

nf100.| 0-32 | 167
|

|
lwmuu. 010 | 054 ‘ 17y

i

Observed KCI.

o

Observed KNO,

s :
v 005+ 01 v, 015 v, \4 005 v. U']v.‘()']r}v,'

#/10. | 043 | 138

‘ w. | 034 | 1'36
w10.| 029 | 1-20 | ... #/100.| ... | 085
037

e
| ]

|#/100.| 025 | 098 | 2:3 /1000,

1

Observed NaySO,.
[

0:05v.| 01w ;0-15 v.

| /10, | 034 | 135
Luf100] 084 |10 | 295
|

the form of an equation of adsorption of mercury ions. In
fact, let us put

RT de
d‘l!f='— J_EF z’,
then - 1
G 0., S
RT o¢ n(F +FH’:)’

a formula quite analogous to (5 a).

Laboratory of Physical Chemistry,
The University, Odessa.

P.S.—After this paper -was already forwarded to the
editors we received here Gouy’s article (Ann. Phys. (9) viil.
p. 129, 1917), where similar considerations are developed.



