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An experimental study of the capillary phenomena occurring at metal—solution and gas—solution boundaries
shows that these phenomena depend to a considerable extent on the adsorbability of the ions in the solution. As
early as 1924, A. N.Frumkin{1] found that the increase in surface tension (as compared with the pure solvent)
observed in aqueous solutions of inorganic salts [2-4] at the boundary with air decreases on going to more surface
active anions. The strong adsorbability of the salts of some organic acids may even lead to a reduction in the sur-
face tension. A similar reduction also occurs in the case of solutions of inorganic acids. A very substantial influence
exerted by adsorption effects is observed at a mercury—solution boundary [5]. As a result of a detailed analysis of
the electrocapillary data obtained from the boundaries between concentrated solutions of inorganic acids and mer-
cury [6, 7], the following fact in particular has been found: As the concentration of electrolyte is Increased, the
amounts adsorbed of both anion and cation change from positive to negative sign at the electrocapillary maximum
point. ‘A similar phenomenon was observed recently in solutions of inorganic salts [8]. A tendency to change the
sign of the adsorption as the concentration is increased is also observed at the boundary between solutions of in-
organic acids and air [9]. As has already been pointed out repeatedly in the literature, there are many cases in
which appreciable parallelism occurs between the measured relations associated with the specific adsorption of ions
on interphase boundaries of completely different nature, such as mercury —solution and gas—solution. A parallelism
of this sort has been observed, in particular,in measuring the relation between the adsorption potential jump and
the activity of the electrolyte [9], and has been accounted for in terms of the effect exerted by the discreteness of
the adsorbed charge [10]. It will be shown in the present paper that for a given (and not very high) degree of
filling of the specifically adsorbed charged layer, the electrostatic interaction between the discrete charges forming
the layer results in approximately the same increase in the interphase surface tension in the case of either a metal—
solution boundary or a gas—solution boundary.

Assume that on the plane interface between an electrolyte and some other medium, there is a specifically
adsorbed monolayer, consisting of N identical ions with the charges ez. The change in surface density of the free
energy in the double layer, due to electrostatic interaction between the adsorbed ions, may be written, following
Guntelberg's method, in the form:
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(1)
where o = ezN/A is the mean density of the adsorbed charge, A is the surface area of the adsorbed layer, ¢if(o, ez) =
P M(o, ez)—y (0)— is the difference between the true value of potential yp at the point where the center of the ad-
sorbed ion is located and the mean potential g, which the adsorption plane would have if the adsorbed charge were
continuously distributedover it. Thus, the right hand side of Eq. (1) represents the difference between the work of
reversible charging of all the ions in the monolayer, performed at constant temperature T, volume V, and surface
area A, and the work done in charging the plane A with the continuous surface charge o. Using Eq. (1), it is possible

to find the change in surface tension of the interphase boundary, due to the discreteness of the adsorbed charge
This change is equal to; ‘
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The expression (2) is a special case of the more general expression found in [11] by considering the dissociation
of an adsorbed monolayer consisting of neutral molecules.

Tofind the explicit form of the function <p(i“)(o, ez), we have to solve the problem of the potential distribution
in the double layer. In [11], to find the value of Ay(in), an approximate expression was used for the micropotential
¥ M, obtained by means of a simplified model for the adsorbed charge [12], and applying to the case of highly di-
lute solutions. It was shown that for air—solution and oil—solution boundaries, the value of A y(m is positive, while
the theoretical relation between this quantity and the mean density of the adsorbed particles turned out to be in
qualitative agreement with the experimental data. A more exact solution of the problem of the potential distribution
may be found for the case of extremely high electrolyte concentrations, where the effective thickness of the diffuse
layer isnegligibly small in comparison with the thickness of the dense layer. In this case, for definite assumption as
to the way in which the adsorbed charges are distributed in the plane of adsorption, it is possible to get an exact
expression for the micropotential. Two such expressions are known at the present time, based on two different models
for the distribution of the adsorbed charges: the hexagonal lattice model [13-15], and the cut-out disk model [12].
These expressions make possible a detailed analysis of the relation (2).

Thus, we shall assume the thickness of the diffuse layer to be negligibly small, and let & and D be respect-
ively the thickness and the dielectric constant of the dense layer, and the distance between the interface and the

plane of adsorption is set equal to & /2 for simplicity. Under these conditions, as shown in [12, 15, 16], the function
oM (g, ez) is to the form:

(in),_ 2n58 {oty (v) — Y,]/D — 2ez In 2/D§  metal—solution
(s, e2) = {2:;56 fag () — 11/D — ez In 2/Dd gas—solution (3)

‘where:

o (1) = 0,67 v 2 K, (1,648 (2k—1) v)/(2k—1);

k-.x (4a)
a4 (1) = 0,67 © S‘ K, (0,824 (2k — 1)7)/(2k— 1); b
k 1 4)
af") (1) = 3,31 12 S‘ 21 Ko (n 2k — 1) amnt); c
k :1 (m,n) (4 )

a1 (1) = 1,651 Z D1 Ko (7 (28 — 1) ama/2).
k=1 (m,n) (4 )

In Egs. (4), K, and K, are Macdonald functions, and 7 =rp,; / 8, where ry ; is the distance between the two
nearest adsorbed charges in the hexagonal lattice model, and the summation over (m, i) is to be carried out
according to the following rule [17]:
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In the hexagonal lattice model, the values of o and 7 are related by the equation o = 2ez /7388 r2. Sub-
stituting this relation in (2), and integrating with respect to A, we obtain:
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(79)

The integration in Egs. (6) leads to very unwieldy expressions, which we shall not write out here. The
resulting expressions contain series of exponential functions, Macdonald functions, and additional error probability
integrals. These series converge quite rapidly for all physically realizable values of the parameter T (inversely
proportional to the square root of the degree of filling of the adsorbed layer). For some numerical values of the
parameter 7, the sums of these series were calculated with an accuracy of the order of 1%. The results of the

calculations are shown graphically in Fig. 1. In calculating the parameters of the dense layer, the values assumed
were:z=1,6=3.5A, D=10.

The results obtained show that in the case of concentrated solutions, interaction between the adsorbed charges
results in an increase in surface tension, independently of what phase (gas or metal) bounds the solution. More than
that, for quite small fillings of the adsorbed layer, the values of Ay(n), calculated for each of the boundaries, turn
out to be very nearly the same. This is due to the following causes. It follows from Eq. (3) that the value of Ay(in)
is made up of two parts: One due to distortion of the mean field at the adsorbed ion resulting from the discreteness
of the charge on the ion itself, and the other due to the change in the micropotential brought about by the effect of
the additional electric field induced by the discrete charges of all the adsorbed ions in both the external phase and
the diffuse region of the double layer. This latter field may be designated symbolically as the field of the electro-
static "images” of the adsorbed charges in the planes bounding the dense layer. It is perfectly obvious that the first
of the parts mentioned depend in an essential way on the nature of the external phase, and are thus different de-
pending on whether the boundary is metal—solution or gas—solution. However, the second parts, which are related
to the polarizabilities of the external phases and the fillings of the adsorbed layers, are also different. A calculation
shows that if we neglect the differences in the degrees of filling and assume them to be quite small, the total effect
exerted on the surface tension of metal—solution and gas—solution boundaries by the discreteness of the adsorbed
charge is of the same sign and the same order of magnitude in both cases. It must also be pointed out that for
comparatively small fillings, both models for the distribution of the adsorbed charge lead to very nearly the same
numerical results. The reason for this agreement is provided by the following obvious fact: the contribution made
to Ay(m) by the set of images of the adsorbed charges (and the above models differ mainly in the magnitude of this
contribution) is smaller, the smaller the degree of filling.

LITERATURE CITED

1, A. N. Frumkin, Tr. Khim, Inst. Im. L. Ya. Karpova, No. 2, 106 (1924).
2. A. Heydweiller, Phys. Zs., 3, 329 (1902).

1039




an/cm 3.  P. Debye and E. Huckel, Phys. Zs., 33, 145 (1910).

4 G.Schwenker, Ann. Phys., 11, 525 (1921),
mr 2 5.  A.N.Frumkin, Electrocapillary phenomena and
nr- » Electrode Potentials [in Russian],Odessa (1919).
r 6. S. Iofa and A. Frumkin, Acta physicochim.URSS,
A 10, 473 (1939).
T:?t 5 _- 1. Z. Iofa, B. Ustinskii, and F. Eiman, ZhFKh, 13
Sy 4. 934 (1939).
* 8.  A.N.Frumkin, R. V. Ivanova, and B. B. Damaskin
4 DAN, 157, No. 5 (1964).
21 9. B. S. Gurenkov, ZhFKh, 30, 1830 (1956).
/ 10. V. G. Levich and V. S. Krylov, DAN, 142, No. 1
! ! 1 (1962).
e 40 ye - Uij b 11, G. M. Bell, S. Levine, and B. A. Pethica, Trans.
. Farad. Soc., 58, No. 5 (1962).
AyY™) a5 a function of the parameter 1/r. The curves 1 12. S. Levine, G. M. Bell, and D. Calvert, Canad.
and 1' correspond to a gas—solution boundary (1—on the J. Chem., 40, No. 3 (1962).
hexagonal lattice model, 1'=on the cut-out disc model), 13. O. A. Esin and V. M. Shikhov, ZhFKh, 17,
while curves 2 and 2' correspond to a metal— solution 236 (1943).
boundary (2—on the hexagonal lattice model, 2' on the 14, D. V. frshler, ZhFKh, 29, 679 (1946).
cut-out disc model). 15. V. G. Levich, V. A. Kir'yanov, and V. 8. Krylov,
DAN, 135, No. 6 (1960).
16.

V. S. Krylov, Paper presented at the 14th Conference of the Intemnational Committee on Electrochemistry,

Thermodynamics, and Kinetics {in Russian], Moscow (1963); V. S. Krylov, Electrochim. acta, 9, 1247 (1964).
17. V. S. Krylov, DAN, 144, No. 1 (1962).

All abbreviations of periodicals in the above bibliography are letter-by-letter transliter-
ations of the abbreviations as given in the original Russian journal. Some or all of this peri-
odical literature may well be available in English translation. A complete list of the cover-to-
: “ cover English translations appears at the back of this issue.

1040




