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On an Experimental Verification of Stern’s
Double Layer Theory
By 0. Essin and B. Markov

In his work on an experimental verification of Stern’s double
layer theory, Philpot!, ajter a comparison of Gouy-Chapman’s
and Stern’s equations, comes to the following conclusions. The
Gouy-Chapman theory gives the exponential dependence of the
density of the charge of a metallic surface E upon the potential e
for any values of the latter. Stern’s theory, on the contrary, leads
to a linear relation between E and e for the limiting cases of
large ¢ and concentrations ¢, and to an exponential relation for
small ¢ and c. Furthermore, as Philpot emphasizes, from Stern’s
theory it follows that, at a fixed E and large ¢, the potential may
be expressed in terms of ¢ by the following equation: E

RT
e==const,. 5= ——Ing,

F
where the negative sign refers to £>> 0, and the pos}tive sign
refers to £ <C0. The conclusions thus arrived at from Stern’s equa-
tions were experimentally corroborated by Philpot by using
a mercury electrode in HCI and KCI solutions. _

However, employing an analogous method of establishing the
limiting dependences, it is easy to show that, from the Gouy-
Chapman equation: g .
— r F-

E=a\Vc {exF"(z;i—r)'_exP'(""T‘ﬂ)}’ @
almost a linear relation results between E and ¢ in the region
of small values of e:

—————— e

1 J. Philpot, Phil. Mag., 13, 775 (1932).
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— iy 2
. E=aVe zre
and an exponential relation for large values of e:
=4 = eF
E=~a\e exp.(im)-

The rather complex experimental curves (E, e), obtained by
Philpot, do not always permit strict differentiation as to whether,
roughly speaking, they consist of two linear segments connected
by a logarithmic relation (Stern), or two logarithmic relations
connected by a straigh line (Gouy-Chapman). In particular
this refers, for example, to Fig. 7 of the original. Finally, from the
Gouy-Chapman equation the same dependence of ¢ upon ¢ (for
large e and fixed E) follows as from the Stern theory. Indeed
equation (1) in this case assumes the form:

il ¥ el
from which e==const. q:R-—-; In ¢(+ for E<C0 and —for E > 0).

Furthermore, as was pointed out by Frumkin?, the deduction
of the latter relatlon is, in general, not connected with a special
form of the theory and may be arrived at from pure thermodynam-
ical considerations.

We therefore believe that, along with investigations which set
before themselves the alm of studying experimentally to what
extent Stern’s equation is capable of embracing the whole range
of measurements of ¢ as a function of E, an investigation is also
necessary which would be devoted to an experimental verification
of that which, being new in principle, has been introduced by
Stern info the theory of the double layer. Along with the intro-
duction of a finite fonic radius, the attempt to quantitatively
account for the specific adsorption of lons is also basically new.
This attempt, as Stern himself points out, is quite approximate,
requiring further development,

One of the more characteristic conclusions which distinguish
Stern’s theory from the theory of Helmholtz and Gouy-Chapman
is the possibility of the formation of a jump in the electrical poten-

2 A, N. Frumkin, Zrg. exak, Naturwiss,, 7, 247 (1928).
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tial (with respect to the solution) on a surface having a charge

of E=0. This jump is caused not by the interchange of ions

between the phases (Nernst’s mechanism), but only by the different
adsorption potentials (.. and ¢_) of the cation and anion of the
solution. For an experimental check of this part of Stern’s theory,
it is expedient, therefore, to eliminate the interchange of ions be-
tween the metal and the solution, which complicates the picture,

: and to study, for example, the change in potential of the maximum

‘ of the electrocapillary cutve (E=0) with respect to the concentra-

. tion of capillary-active ions in the solution. These conditions:
evidently, will be closest to the picture proposed by Stern, since
the potential, conditioned by the adsorption of dipoles?® of the sol-

\ vent, may be assumed here to be almost constant (the small con-

g centration of ions in the solution and in the adsorbed layer in
comparison with the concentration of the molecules of the solvent).
On the other hand, a contact potential? is completely absent, since
the electrode being studied and the comparison electrode are both
mercury electrodes.

Since, however, Stem’s theory disregards the forces of inter-
action® between the adsorbed ioms in the sense that it does not
| take into consideration the violation of the random distribution of
the ions parallel to the surface of separation under the action of
these forces, a certain deviation from experiment may be expected
in advance?®. _

I Let us now consider what form, in accordance with Stern’s
theory, the dependence of the potential maximum of the electro-
capillary curve upon the concentration of the capillary-active ion in
the solution should have in the simplest case — when the adsorption
potential of one of the kinds of ions is considerably less than for
thie other kind (i. e., in an aqueous solution of KJ, where it can
be assumed that ®_ <& & =0). In this case, i. e., for E=0 and
¢, — 0, Stern’s equation may be written in the following form:
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3 A. N. Frumkin, Reports of the Karpov_Institute, 4, 64 (1925).
4 See, for example, ALN, Frumkin a. A. Gorod etzkaja, Z physik.
Chem., 136, 451 (1928).
5 See A. N. Frumkin, Uspechi Chimii, 4, 938 (1935). In this paper
ill:ere are also pointed out other substantial shortcomings of Stern's
cory. :
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Further, assuming a low degree of surface covering® and sui-
ficlently negative values of ¢, we obtain

Fz — —D_ 4+ Fe Fe Fe
Ve {exn. (=57 )_"“P-(“";?r)}=“l’-(—m)‘ @)
As an analysis of this equation shows, it leads in the best

case, L e, employing simplifications most favorable for the final
result, to the relation

e=aq—fInc
in which the coefficient ﬁgj—;.z- As will be evident from what {ol-

lows, the relation observed experimentally gives p>¥.
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Fig. 1. A schematic diagram of the double layer.

Let us introduce two corrections into equation (2). The first of
these, proposed by Stern7 consists in the fact that we no longer
identify potentials of the first () and second (@) ionic layers (see
Fig. 1a and 15). The second correction amounts to the following:
The fact thal the adsorption of an anion decreases the [number
——— LT L L

(193;}81::. for example, A. N. Prumkin, Z physik. Chem., 164, 121
A OIS e 2 Bkt ctidin® 30, 513 (1924).




On an Experimental Verification of Stern's Double Layer 357

of free positions for the adsorption of cations and vice versa, is
taken into account by Stern, as a first approximation, by the intro-
duction of 2 instead of 1 into the isotherm for each kind of ions
taken separately. It is more correct, of course, to employ directly
an equation of the adsorption isotherm of two kinds of particles @,
Making use of these corrections, Stern’s equations assume the follow--
ing form:

Esky(e—§)=Fz{ =01,

== (W) -+~ wy) ¢

+a \/E{ exp. (2%;—,-) — exp. (,_';;;;F)} : 4
E,= kl (? = i}a

where
—h_  FY )
KT
— P, —FY ) :
Il

m,=blexp.( 5).
( ..

wy == b, exp. (

For the case which we examined (Fig. 1hb), the change of
the metallic face of the double layer E==E, 4 FE,=0, i. e., { =4,
and consequently ?,

8 See, for example, E. Hiickel, ,Adsorption und Kapillarkondensa-
tion®, p. 219, 1928,

? The introduction of these corrections permits avoiding some erro-
neous conleusions. Thus, in identifving ¢ with £, we arrive at the absurd
conclusjon that, at very large ¢, ¢ =0. Actually, in the absence of these
corrections, 4. e, for $={=¢, Kk ({—¢) drops out of equation (6); and in
equation (7), { is replaced by s. The resulting equation gives ¢ =¢=0 for
very large ¢, as is easily seen if we divide both parts of the equation by
Ve and place c—>co. We arrive at the same result if we take for the
charge density in the adsorbed layer (E;) the non-corrected expression of
Stern (without the second correction). Generally speaking, at very large
concentrations, where {— 0, $ =& may be quité a signif cant magn’tude.
Actually, dividing all three parts of equation (6) and (7) by Ve and assuming
that ¢—+ oo, we obtain {—0, while e=y 0.

Furthermore, equation 6), especially without the introduction of the
second correction, is completely analogous to the cquation emloyed by Stern
to explain the existence of a maximum cr a minimum in the curve of the
change in the electrokinetic potential with the concentration of the solu-
tion with the only distinction that the réle of { is played here by e As.
shown by an analysis of equation (6). & e, an equation in which the
mutual adsorption of two kinds of ions is taken into account more exactly,
it does not give either a maximum or a minimum for the curve (s, 2).
Actually, from equation (6) it follows, firstly, that s cannot be equal to = co.



-358 3 O. Essin a, B. Markov
(wy——wp) € e )
Fz 1+Ew!+m2]c}—'k'(c—!)h (6)
i — Ft
=a\yc¢ { exp. (W) —exp. (ZT!_)} (@)

An analysis of equations (6) and (7) shows that in this case
it is impossible to obtain the relation

ce=a—Fflne

with the coefficient ﬁ)%{.

The slow change in ¢ with ¢, following from the common
and corrected equations of Stern and not corresponding to the
-experimentally observed change (see below), is explained by an
increase (together with [e|) of the adsorption of ions of opposite

sign (in our case cations). For example, the increase in the con-

centration of J' fons in the solution increases their adsorption and
makes the potential ¢ more electronegalive. The latter circumstance

(together with an increase in ¢) facilitates the adsorption of K+ ions, -

which leads to a retarding of the increase of the charge density in
the adsorption layer and, in the end, to a less sharp change in ¢
with ¢.

Let us finally examine the limiting case, artificially removing
the decreasing effect of the adsorption of the catlons on the increase
in e, i e., let us suppose that the electrostatic attraction of the cation
to the surface of the metal (adsorption), due to the presence of e,
is insignificant in comparison with the action of the specific forces
of adsorption on the anions. In other words, we assume, together
with our previous assumption P_ < P, =0, that || < |D_|.

for 0<c<co; and, secondly, that, writing it in an implicit form,
d

ds
Sfig, ¢)=0, and taking Fe onde o) we find that, for finite values
of ¢ and ¢, neither %‘E— may be equal to zero norg:—'f
nity. For ¢ =00, we only get the equation of the asymptote. From this it
follows directly that the explanation of the maximum or minimum of the
-electrokinetic dpotentlal, given by Stern, is based on a misunderstanding or
on the discarding of an expression of the type (7), i. e., £, for the diffuse
part of the double layer. In this comnection Bickermann's attempt
(Z. physik. Chem., 171, 209, 1934) to explain the maximum in the rate of
cataphoresis, without assuming the presence of a maximum fcr the electro-
kinetic potential and basing itself only on the diffuse theory of the structure
of the double layer, Is interesting.

may be equal to Infi-
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Furthermore, placing {==0'" we arrive at the structure of the
double layer which is pictured in Fig. 1c.’ This permits us, on the.
basis of picture (1c), to obtain equation (8):

Fz

kje=

= A= exp. (¢_ e Fs) ? (8)

RT

: . Fz
which gives foo == 4 for ¢ — oo, from which
1

and finally, for a small surface concentration, £ e., for i‘?-“}*l we

nave
.-——?:_.j.‘"{ln- _fg'{ In _C_
= F Foea e
€)
nr ¢
e = const, —v?ln —-

Inasmuch as we did not find a sufficient number
of experimental data in the literature to test equation
(9), we carried out potential measurements of the
maximum of the electrocapillary curves for various
concentrations of an aqueous solution of KJ. The
apparatus which was used (represented diagram.
matically in Fig. 2) was analogous to the one em- |
ployed by Gouy and Frumkin, Polarization of
the mercury meniscus was accomplished with the Fg;g.‘géa diagram
aid of two resistance boxes connected to a two-volt s
battery the potential of which was controlled in the usual manner
(by comparison with a standard cell). The position of the mercury
meniscus in the capillary was {ixed by adjusting it to the hair in
the ocular of a microscope. A reading of the height of the mercury

10 See, however, the work of Levina a. Sarinsky, J. Phys. Chem.
(Russ.), 10. 586 (1937).

11 Upon rough simplification, an equation of the type of (9) may be
obtained from (6) if we eliminate the second correction from it. Upon
accepting the above assumptions, it is written: 3

—O_ -+ Fe

)_H ,_fi)h
=T P-\"=zT)s
Since P_ <€ 0 and |¢] <€ |®_|, the second exponent may be discarded,

which leads to an equation of the type of (9). This conclusion is possible
for a small degree of surface covering and for sufficiently smaill ¢,

kie=Fzc { exp. (
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column was made with an accuracy approaching 0,05 mm. This
was attained by employing a inicroscope which had a smal
magnification. All measurements were carried out at 18°C with refe-
rence to a saturated calomel electrode (the surface area of the
mercury in the latter was equal to about 15 cm.?). The mercury
employed was cleaned by filtration, by repeated washing in an
Ostwald apparatus with a 5%, soiution of Hg,(NO,), acidulated

with HNQ,, and finally by

‘ of iodine and moisture and
was cooled in a desiccator.

i The solutions prepared with
on I bi-distilled water did not show

noticeable coloration upon addi-
tion of sulphuric acid (of average
concentration) to them (for con-
10 2 £ trol). The glass parts of the
T3 funchion of e Someaatinial % . apparatus were washed before

using, first with distilled water,
and then with the solution being investigated. The data obtained
are collected in Table 1.

The values of the potentiai of the maximum were determined
graphically according to Pashen’s method (method of an average
line). The values of ¢ found in this manner are given in Table 2
and pictured in Fig. 3 as a function of c.

To test equation (9), on the abscissae of Fig. 4 are plotted

ssty

values of Ig{- or Ig (cffe), whereé f is the average activity coeffi-

cient®; and on the ordinates are plotted values of e. Furthermore,
on the same graph are included three point for KJ taken from the
work of Gouy?s. As is seen from Fig. 4, equation (9) more or
less satisfactorily describes the experimental data. However, the
slope of the straight line obtained amounts to about 0,1 instead of
the required 0,058.

12 Landolt, II. Erginzungsband, gart 2, p. 1121,
13 Gouy, Ann. Physique, 9), 6, 25 (1916).

455 distillation under vacuum. Che.
mically pure KJ was dried at
ga0 /——-tf 110—120°C to drive off traces

A AN b Vi
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Furthermore equation (9) was tested using the data of Erdey-
Gruz and Szarvas! for a mercury drop electrode the potential
of which they consider equal to the potential of the maximum of

£

_0‘3..

-08}

-07}+

_Ué' 1 1 : ‘d 1
10 0 Lt

Fig. 4. Experimental curves constructed to verify equation (9) for a KJ solutlon:

1 — points for ¢ ~ Ig (-:—)

2 — polnts for ¢ ~ Ig [%)
3 — points for ¢ -~ Ig (—"—(} Gouy's data.

our data

the electrocapillary curve for a corresponding solution. The results
are presented in Fig. 5, the points for concentrations of ¢ < 0,01 N
being- rejected. As follows from Fig. 5, the slope for NalJ is also
equal to 0,1, while for NaBr it is close to the required value (0,063
instead of 0,058).

It is necessary to note that, in accordance with the data of
Erdey-Gruz and Szarvas for a mercury drop electrode, the

deviation between the actual slope and %{ usually becomes larger

the sharper the capillary activity of the anion is expressed (i. e.,
§">J'> Br' > Cl’, and the like). To a certain extent this, of course,

may be accounted for by the decreased role of the adsorption of

¥ Erdey-Gruz a. Szarvas, Z physik. Chem., 177, 277 (1936).
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cations. However, the absolute values of the slopes cannot be
justified by the latter. Such an increase in the actual slope over
the value required by equation (9) can hardly be referred to those
simplificalions which were accepted in the initial premises of its
deduction. Furthermore, these simplifications were deliberately chosen
in such a manner as to obtain the largest possible slope.

The most probable reason for the deviation of the slopes is,
apparently, the condition that, in all our considerations, the same
as in the theory of Stern, the forces of interaction between the
adsorbed ions paral- c
lel to the interface ~M
are neglected. The 09
adsorption isotherm
for uncharged parti- -g8r =)

cles, taking into ac- ’
count this eifect (Van 47|

der Waals’ forces of -a5t

attraction), was dedu- -\&1.

ced and experimen- ‘@w g —;.ﬂ ‘fﬂlyg'
tally checked in the &

G 3 Fig. 5, Data from the work of Erdey-Gruz and
work of Frumkin szervas: 7 —for Naj; 2-—£orNaCN;y3——forNaBr.

already cited above 3, .
But in the literature there are no investigations dealing with the analo-

gous calculation for ionic adsorption?®, In a private communication, .

Frumkin proposed the following explanation for the increased
value of the slope (the authors of the present paper also uphold
this explanation). The faster increase in the potential with the con-
centration than that which follows when one takes into account the
electrical repulsion by the introduction of the term F:, points to
the fact that actually the action of the field on adsorption is less

15 The state of affairs becomes at a first glance more complicated
owing to the fo.lowing circumstance. A calculation of the forces of mutual
attraction (Van der Waais’) beiween adsorbed, uncharged particies
leads to a linear decrease in @ with an increase in I. In our case of the
preferential adsorption of ions of similar charge, an increase in ©_ with I'_
(force of repulsion) conld have been expected by analogy, i e., as a first
approximation ®_=®_0--gI'_, where ¢>0. Since we assumed that.
I_ eo¢, then the slope should have decreased: :

SN—W[HC'
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" pronounced. Such a result may be expected if we take into consi-
deration that the measured- jump in the potential ¢ is an average
value of the potentlal over the whole surface. The work of adsorp-
“tion depends upon the potential at that point at which the ion is
present, As the result of mutual repulsion, other ions cf the same
‘sign which are present in the same plane will be farther from _ ;
a chosen ion than they would be if the distribution were random; o2
and the effect of their repulsion will be smaller. : :

If we make use of the picture of the double layer given in
Fig. 1c, i. e, all cations are present in the second layer and all
-anions are present in the first, then the state of affairs may be
more exactly formulated in the following manner:

1) The ions in every layer are distributed absolutely at random. E:
‘The lowering of the work of adsorption is equal to Fe. |

2) The opposite extreme case: every pair, consisting of an | @
anion and a cation, form a dipole. These dipoles distribute them- L
‘selves in such a way that the distance between them is as large | 3
as possible —for example they form a regular hexagonal lattice.
‘In this case, as it is easy to show, the lowering of the work of j
adsorption will already be not Fe, but a Fe ‘:. where « is a coef- iy 2

ficient of the order of unily depending upon the manner of distri- %z

bution of the dipoles, d is the distance between the centers of B,

a cation and an anion in one pair, and / is the distance between

_pairs of ions along the plane. Since d<£/, the lowering of the 3

work may be much less than it is considered to be in Stem’s b

theory, and this explains the results obtained. {4
Quantitative calculations, pointing out to what extent the foder

.picture of the double layer should approach (1) or (2), are difficult '

to carry out. In any case, it should lie somewhere between them. f
Thus, evidently, it is somewhat premature to speak of a quanti-

tative check of Stern’s theory until that time when an adsorption

isotherm will be given for ions, taking into account their forces of

interaction in the adsorption layer. .
In conclusion the authors wish to take this opportunity to e

thank A. N. Frumkin for his very valuable advice and remarks 5

"with reference to the present investigation.
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