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The Capacity of a Mercury Electrode in Presence
of Multivalent Cations

By M. Vorsina and 4. Frumkin

M. Proskurnin and M. Vorsina' have developed
a method for measuring the capacity of a mercury electrode by
means of low frequency alternating current (one period per second)
which, as shown by Vorsina and Frumkin? may be ef-
fectively applied at concentrations equal to 107® or 107*. Even at
higher concentrations capacity measurements allow of a more detail-
ed study of the relations between potential and surface conditions
than is accessible, for instance, from electrocapillary data®. At lower
concentrations the advantages of direct capacity measurements over
other methods of investigation are particularly striking. It appeared
therefore interesting to extend capacity measurements to other
objects and in this connection multivalent cations seemed to be most
promising, very little being known of their behaviour at thg mercu-
ry/solution interface. Numerous data are found in the 11teratur'e,
on the reversal of a negative surface charge by multivalent cati-
ons, this reversal being apparent from the electrokinetic beha-
viour and the stability of colloids, emulsions and suspensions.
However the question remains as yet unsolved whether. we
are dealing in this case with a specific adsorption of ‘catlons,
such as La"" or Th™'"', in amounts exceeding the negative sur-
face charge, or with the presence at the interface of a layer of the
corresponding hydroxide La(OH), or Th(OH),. Electrocapillary
curves of different multivalent cations have been obtained by St i f-

l1Proskurninand Vorsina, C. R. Acad. Sci. URSS, 24, 915(1939).
®Vorsina and Frumk in, ibid., 918; Fr u m k i n, Trans. Faraday
., 86, 123 (1940). .
=7y 3 Igo ri s(s 0 v)a and Proskurnin, Acta Physicochimica URSS,
4, 819 (1936); Grahame, J. Amer. Chem. Soc., 63, 1207 (1941); K seno-
fontov, Proskurnin and Gorodetzkaya, ActaPhysicochimica
URSS, 9, 39 (1938).
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m an' in the Electrochemical Laboratory of the Moscow Univer-
sity at concentrations ranging from 0.005 N upwards. These
measurements, however, failed to produce sufficiently convineing
evidence of specific cation adsorption. In the present investigation
the influence of Ba'*, La*** and Th**-- -ions on the capacity of the
mercury electrode at various potentials and concentrations was studied.
In order to secure a sufficient conductivity of the system 10°* and
107* V HCI solutions were used as initial solutions, increasing quan-
tities of salts with multivalent cations being subsequently added.

Method of measurements

Fig. 1 shows a diagram of the apparatus and electrical arrange-
ment used in our measurements. It is essentially the same as that
described by P ros-
kurnin and Vor-
sina’, and we shall
mention here only a
few alterations made
in a later stage of
the investigation. In
the initial arrange-
ment the measuring
cell contained, beside
the mercury electrode,
an auxiliary platinum
wire-net electrode for
the polarization with
alternating  current
and direct current
and for measurements
cf the potential variations due to the passage of alternating current.
In this case the measured capacity consists of two capacities con-
nected in series, the first one being the capacity of the double layer
at the surface of the mercury, and the second one that of the
platinum electrode surface.

In order to exclude the influence of the latter, the surface of the
platinum electrode must be made as large "as possible. This may
be attained, for instance, by covering it with platinum black,

Fig. 1.

4 Stifman, Diss. Moscow University, 1939.
5 loc. cit.
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but platinum black saturated with hydrogen adsorbs a considerable
amount of cations, thus vitiating the experimental results at low
concentrations. Following a suggestion of M. Proskurnin®
we preferred accordingly to introduce in the cell two platinum wire-
net electrodes, one of them denoted by Pt, being used for the pola-
rization with alternating current and direct current and the other
one (Pt,), placed at 1—1.2 mm. from the surface of the mercury,
reserved to the measurement of the potential variations. Since the
intensity of the current flowing in the measuring circuit, composed
of a vibration galvanometer G, and a high resistance in series, was
very low, the potential of the electrode Pz, remained practically cons-
tant. During the measurement the key was in’'position /; upon swit-
ching it to position I/ a standard capacity of 100 microfarads was
introduced into the circuit for comparison with the unknown capacity.

Exclusion of the platinized electrodes decreases the adsorption
effects, but at concentrations lower. than 107°V adsorption on the
walls of the vessel and on the surface of the platinum net is never
theless quite noticeable. Our measurements were therefore limited
to concentrations ranging from 107°V upwards. Each set of measure-
ments was started with a solution of HCI or KCl, increasing quanti-
ties of salt being successively added to the initial solution. The
space above the calomel electrode £, isolated by a stop cock and
used for the determination of the potential of the mercury surface,
contained the initial acid solution throughout the experiments.
After each series of measurements the potential of this electrode was
checked against a normal calomel electrode. All the potential values
¢ quoted in the present paper are referred to the latter electrode,
unless mention be made of the contrary. A correction calculated
according to Henderson’s formula was made, when necessary, for
the diffusion potential at the interface between the pure acid and
the solution in the vessel containing additional salt.

The alternating component of the polarization p. which was
directly measured in these experiments equals '

12

— n 2,2
p~= wzcz_{—rl

where ¢ is the intensity of the alternating current flowing in the
solution, o—the circular frequency, C— the capacity in farads

_ © The authors are very much indebted to M. Proskurnin for valuable sugges=
tions in the experimental part of the present research.
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and r—the resistance of the solution between the surface of the mercu-
ry and the electrode Pt¢,. In more dilute solutions the correction term
comprising 7 is to be taken into account, the value of r being, with
that aim, determined directly with a current of higher frequency-
The results of the experi-
ments were substantially in-
fluenced by the quality of the
water used for the solutions.
If the conductivity water used
was kept for some time in glass
vessels, the negative branch of
the curve showed a maximum
characteristic for multivalent
cations, a certain amount of the
latter being, apparently, washed
out of the glass. o
After the apparatus had been
filled, the solutions were puri-
fied by cathodic polarization
of the mercury surface applied
during a considerable length
of time, the surface of the mer-
cury in the apparatus being wf
thereafter renewed. All the mea-
surements were carried out in
an atmosphere of hydrogen. ; N 1 -
a =05 il N
Fig. 2. Relatlion between capacity and
potential in 1073N HCI1 -+ BaCl, solutions.
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Experimental data

Curves representing the rela- —(@—@—@—1073N HCL ]

: . —(@—()—(=)— 10-3N HCl + 10-5N BaCly;
tion between the potentlal and &-& 8 103N HCl -+ 10-4N BaCly;
the capacity in a 10N HCI O O (O 102N HUl+ 108N Bacly;

; : : o -10-3N HC1+ 10-2N BaCl,.
solution with varying additions
of BaCl,, LaCl, and ThCl, are given in Figs. 2, 3 and 4. From
these curves the following conclusions may be drawn.

On addition of multivalent cations the minimum value on the
capacity curve in HCl wiz, Cupin=8x10-¢ corresponding to
omin= —0.51 increases and, in the case of La’"" and Th™' is
somewhat shifted towards less negative potentials, as seen from
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Table 1. The addition of LaCl, to 10-2/V HCI gives similar results,
but in this case the initial value of Cminis higher and its change
under the influence of multivalent cations ‘affects the course of the
curve in a lesser degree.

Cr10° : Cxlob
50 5
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Fig. 3. Relation between capacity and Fig.4. Relation between capacity and
potential in 10-2N HC1+4-LaCl, solutions. potential in 1073V HC1+ThCl, solution.

—@—@—@—10-3N HCJ; —@—@—@—10-3N HCI;
~—(©)—(—(>— 10-3N HCl + 10-5N LaCls; —{()—®—®)— 10-3N HCl + {0-3N ThCl,;
—8—@—@— 10-3N HCl + 10-4N LaCly; —@—@—@— 103N HCl + 10-4N ThCly;
—O—O—(O—10-3N HCl + 10-3N LaClz; —(O—O—O—10-3N HCl + 10-3N ThCl;.
—)—O—)— 10-3N HCI + 10-2N LaCls.

The change in the anodic branch, i. e. in the part of the initial
capacity curve corresponding to positive surface charges ¢, is not
important and comprises only a region in the neighbourhood of the
minimum; at less negative ¢ values no influence of the cations is
observed and an increase in the capacity appears only upon addition

e
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Table 1
g l G min X 106
Solution | Cotax10 | ¢ opn | Galgé. ‘z‘g}e” Crax X 108
| * and (6)

10 VHCI L 8.0 _os1 | 55
+107°NThCl, ' 8.6 —0.51 \ 23.0
+107*NThCl, 10.2 —0.50 ; 5.8 27.0
+1073NThCl, ‘ 12.9 —0.49 7.2 27.8
+107°NLaCl, i 8.2 —0.51 5 19.7
+167*NLaCl, % 9.9 —0.505 | 2% 4
+1073NLaCl, ‘ 11.6 —0.50 256
+10"2NLaCl, | 19.0 —0.50 11.7 26.1
+10"*NBaCl, 9.3 2.0.50 20.4
+16"3NTaCl, 11.6 —0.51 22.1
+1072NBaCl, | 20.2 —0.51 23.5

10~ 2NHC1 | 157 —0.545 | 10.5
+1075NLaCl, 16.0 °1.2
+10™4NLaCl, 16.9 — 0554 e
+1073NLaCl, 17.3 —0.54 L
+10"2NLaCl, 19.3 —0.53 23.9

of considerable amounts of salts, being due to the increase in the
total ion concentration of the solution.

The most marked effects are observed on the cathodic branch,
i. e. at negative values of ¢. Even small additions of multivalent
cations bring about an abrupt rise of C leading to a maximum on the
C, ¢ curve. The values of C . are listed in Table 1. This effect depends
i;ahigh degree upon the valency of the cations. Thus Cpax attains
the value 23 x10°° at concentrations equal to 10™°/N for ThCl,,
107**N for LaCl, and 10°%**/N for BaCl, (interpolated values).

At still more negative values of ¢, g—: having passed through a maxi-

mum falls again but remains on a higher level than that observed
in the initial HCI solution. For instance, in this part of the curve
in 107* N HCl, C=17.2x107° and in presence of 10°/NV Ba'", La"""
or Th' """ it ranges from 18.6 t019.6 x107°. Finally, at the highest
cathodic polarizations a new rise of the capacity curve is observed.
As already discussed in the cited paper of Borissova and Proskur-
nin, this effect is quite real in neutral solutions. In acid ones it is
vitiated by electrolysis occurring at these potentials with evolution

of hydrogen on the mercury. In the arrangement described there
Lk



248 M. Vorsina and A. Frumkin

always was a possibility of traces of platinum from the wire-net
electrodes getting on the mercury, thus decreasing the overvoltage
and facilitating the evolution of hydrogen. Under the conditviois
of our experiments this must
bring about an apparent incre-
ase of the capacity. This part of
the curve was therefore left out
© of consideration in the present
research. '

As seen from Table 1 there
is but little difference between
the maximum values of ¢ in
solutions containing LaCl, at
the same concentration and HCI
at 107°/V and 1073V. It may be
hence inferred that the particle
adsorbed on the negative branch
is not the hydroxide La(OH),
but the La -ion. In order to
prove this conclusion, additional
measurements were carried out
in107*N solutions of KCI4LaCl,.
Curves corresponding to 10-°N
HCl+ 107 LaCl, and 10N

—, KCI +107°V LaCl, are represen-

Cxip ®

90¢

30

20

L 2 1 " J
1] -09 -10
Fig. 5_. Rglation between capacity and ted in Flg' 5. As 4y be obser-
rotential in HCI and KCI solutions ved, the agreement is very close.

0

in presence of LaCl,.

O O O —10-3N HCl+ 10-3N LaCls;
® & @ — ! 0°N KCl-+ 10-5N LaCls.

The independence of the obser-
ved effect from the concentra-
. o tion of hydrogen ions, when the
latter is varied in such wide limits, proves that the adsorption
of bydroxide does not play any réle in the examined effect.

Comparison with the Stern double layer theory. Calculation of
the charge and of the J,-potential
As shown by Vorsina and Frumkin® the curves of the differential

: . O 5 . '
capacity C=a~_? obtained in HCl and KCl solutions on the whole

closely approach curves calculated according to the Stern theory
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assuming the capacity of the Helmholtz layer for the anodic branch
to be 38 x107%, and for the cathodic one —20x107¢. The observed
minimum value of the capacity Cpin, however, considerably exceeds
the calculated one’.

It appeared of interest to extend this comparison to solutions
containing multivalent cations. In calculating the dependence bet-

ween g; and ¢ the equations of the Stern theory were used in the

simplified form already applied by one of the authors®in a previous
communication, ¢. e. without taking into account the specific adsor-
ption and the covering of the surface with ions, and assuming the
cation radii to be equal and the number of places in the Helmholtz
layer to be determined by its thickness d which is taken equal to the
diameter of a water molecule. The capacity of the Helmholtz layer,
both for the positive and the negative branches, was assumed to be
equal to 19 x107%. As already mentioned, this value gives no satis-
factory approximation for the positive branch. The interest, how-
ever, is centred chiefly on the negative branch. Calculations for so-
lutions with multivalent ions being already very cumbersome, no
attempt was made to take into consideration the variation of the capa-
city of the Helmholtz layer with the potential as it was done for a uni-
valent electrolyte in the previous paper, referred to above. Under
these conditions we obtain from the Stern double layer theory for
solutions of the above mentioned composition the following expres-
sions, where ¢ is the electrode potential measured from the potential of
the zero charge point in absence of specific adsorption (¢, =9 -+ 0.50),
=—the charge per unit surface of the electrode in coulombs per cm.?,
z, and e,—the charges of the rigid and diffuse parts of the double
layer, 0, —the potential at the distance of one ionic radius from the

. . . O, F
surface of the electrode, z—a dimensionless quantity equal (o 7\57 )

¢, and c,—the respective concentrations of the univalent and
multivalent cations in gram-equivalent per cm.®, v—the valen-
cy of the multivalent cation, and ¢,—the concentration of the anion

equal to ¢, +¢,:

5=K(‘?a—q)l)7 (1)

“Vorsinaand Frumkin, loc. cit, Frumkin, loc cit.
8 Frumkin, Z physikal. Chem. (A), 164, 421 (1933).
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s R (2)

elzdF (Cle—x‘*—cge_"""—(‘zc“');
RT DNz ) .
g, =+ < = > [Cl ((z—~\_1)+,03,(e-~u_\-_1)+ca ((3”—1)]1/__ (3)

The sign of the value ¢, is opposite to that of z. From equation
(1) we obtain

s RT

=g th=2+F2, (4)
2
Js o
o9, 0s RT__° (5)
P
From equations (2) and (3) there follows:
s 03, 0= . - : RTD r
= __b_xl__a—;:dF (e 4 ve,e™ 4 ce”) 4 <7i > (e,e™ +

+eemte) [ 6 e — D+ L~ to, =9 |7 ()
where d=3.1 x 107° em, K =19 x 10"° farads per cm.? and 7' =291°
Substituting a set of x values into equations (4), (5) and (6)

we obtain the corresponding values for :TS and ¢, and may thus

construct the C, ¢, curve. The results of these calculations for 6, =
=107% ¢,=10"" and 10™® and v=4 corresponding to 10—/ HCl 4
+107*/V and 107°/V ThCl, solutions are shown graphically in Fig. 6.
It may be seen that in contradistinction to the observed ones, the
calculated curves have no maxima. The effect of the multivalent
cation is manifested only by a steeper slope of the curve on pas-
sing from zero to negative values of ¢,. The absence of a maximum
on the calculated C, o curve is independent of the choice of ¢, and
¢,. An examination of the course of curves ——g—;‘ and —%} shows
that neither of them has a maximum in the region of negative values
of ¢, and according to equations (5) and (6) the same obtains for
(‘9% . This also appears from the following reasoning. With increase

of the absolute value of ¢, (;9% approaches the limiting value K.

- . . ) 15
Therefore, if a maximum is to appear on the '

5?0’ ¢, curve, 5%

must equal K at some finite value of ¢,. As seen from equation

3N

=
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(5) this is however only possible when g%: co. Thus, the existence

of a maximum on the capacity curve in presence of multivalent
cations cannot be deduced from the assumptions of the Stern theory.
This statement is in no way affected by the introduction of a spe-
cific adsorption energy for the cations independent from the electric
field, as it is done by Stern
in his paper. We shall con-
gider this question in more
detail in a paper to be pub-
lished shortly.

The last assumption more-
over dces not conform, as
will be shown presently, with
the position of the minimum

cxin®

e

dz 4
on the observed 3o, curves. {
a

As seen from Table 1 the
value of @min is but little
affected by the addition of \\
multivalent cations. The mi- \.
nimum of the cz.apacity curve - - = ay ST
is somewhat shifted _towards Fig. 6. Relation between capacity and
more positive potentials, the electrode potential calculated according
value of the shift, however, to the Stern theory. .

does ot exceed 0.0%5. A si- g eme N HA Y n Bk
milar and even larger shift

of  ©min, as compared with values of the potential corres-

ponding to =0, appears on the g%a, v, curves calculated

according to Stern on the above mentioned assumptions and
is due to the asymmetry of these curves, caused by the unequal
valency of the anion and the cation. For the 107*N HCl4+ 107NV
ThCl, solution the calculated shift. of ¢min equals 0.01V, for
103N HCl+ 10*N LaCl, — 0.05V. '

Thus, the observed shift of the capacity minimum does not
exceed that calculated on the assumption of the absence of specific
adsorption of the cation. Hence, it may be concluded that no appre-
ciable shift of the zero charge point (== 0) occurs in dilute solutions
of multivalent cations. The position of the zero point cannot, how-
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ever, be directly determined from capacity curves. It should be expect-
ed that a specific adsorption of the cation will bring about a shift
of the zero charge point towards positive ¢ values and simultaneous-
ly an additional shift of ¢, in the same direction (see the next
paper of this series). The absence of an appreciable shift of the zero
charge point in presence of multivalent cations at higher concentra-
tions may be also deduced from Stifman’s? electrocapillary mea-
surements mentioned above. In 0.1 /V solutions, where the potential
of the maximum of the electrocapillary curve corresponding to the
zero charge point can be determined with sufficient accuracy, the
values ¢,=—0.49,—0.51, —0.495 were obtained for AICl,, La(ClO,),
and ThCI, respectively. From all these data it may be concluded that
the zero charge point in dilute solutions of the chlorides of multi-
valent cations at concentrations ¢, andc, not exceeding 107°/V lies
at 0.5 V within 0.01 V. This corresponds to an approximately equal
adsorbability of the anion and the cation. This value, which could
be determined more accurately by means of high precision electro-
capillary measurements in dilute solutions, shall be recurred to
later. In 107 NV HCI solutions without La"" and Th" " this point
lies, probably, nearer to ¢=—0.51.

in Table 1 some values of C,in are also confronted with values
calculated according to the Stern theory. It may be seen from a com-
parison of column?2 and 4 that the increase of C,,i, due to the addition
of LaCl, and ThCl, is considerably higher than the calculated one,
this effect being observed at such concentrations of the added salt,
where the influence of the Cl’-ions cannot yet be observed. In going
over to negative surface charges of the electrode, a marked quali-
tative divergence is observed between the calculated and the obser-
ved C, ¢ curves. Its character will be made particularly clear by

calculating ¢ and ¢, from the observed values of g;'.The value of =

was calculated according to equation
¢ dz ~
=\ o (7)
%o
where ¢, is the value of ¢ at which e=0, it being assumed that,
as already mentioned above, ¢,= — 0.51 for the initial HCl solu-

9 Loc. cit.

g
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tion and ¢, = — 0.50 for solutions containing multivalent

cations.

An error in the determination of the position of the zero charge-
y . 2 - ! 2
point amounting to 0.01V will cause an error in e~1077 coulombs/cm.”,

”0.’:‘

Exm ®
¢

26

490

50

f

3

0 -05

" Fig. 7. Dependence of charge on electrode potential
and electrocapillary curves calculated from capacity
values in 103 N HCl4-LaCl; solutions.

I —10-3N HCI; II — 10-3N HCl + 10-5N LaCls; TII —410-3N HCI + 10—4N LaCls;
: IV — 103N HCl + 10-3N LaCls; Vv —10-3N HCl + 10-2N LaCls.

D) _experimental data {or the elcctmeupi!lu}‘}_’ curve in
S Qx lf(l?—i\‘;—\lgls solution from measurements by Stifman.

of the order of 1 percent in the part of the curve under exa-
, » curves for 107" N HC1 solutions with
increasing amounts of LaCl, is represented in Fig. 7. Th.es?e cur-
ves clearly show the gradual disappearance, on addition of

multivalent cations, of the medium part with a lesser slope
acteristic for the diffuse structure of the double

i. e.
mination. A series of e

which is char
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layer and has already been described by P hilpot*. For
a detailed examination of the relation between the charge
o and the potential, curves
-1 representing the value

| :
C;= e plotted against

Po
¢ should be used prefe-
2 rably to the ¢, ¢ curves.

The value C; may be
designated as integral
capacity in contradistin-
ction to the differential

be considered as the
_ Y capacity of a condenser,
| whose potential and char-

ge equal respectively the

potential drop due to the

ions of the double layer
¢ and the total charge of
these ions. This interpre-
tation, is, however, justi-
fied only if the potential
drop in the double layer
: vanishes at ¢=0, 7. e.
in absence of specific adsorption effects, or in other words, when

¢—9, coincides with ¢, asit is practically observed in the considered
cases.

v
» \ \_ //—>g capacity € — g—:which is
\\ . determined experimen-
\ —I tay.
/ The value ——— may
@ = %o
iy /

Ll - -1

Fig. 8. Pelation between inte ral ca i
{ sapa
electrode potential in 10-3N (JH%+LaCﬁ; cslgls:;:ix:)(rils.

I -10-3N HCI; II —10-8N HCI1 4 10-5N LaCls;
IIT —10-3N HCI + 10-4N LaCls; 1V —10-3N HCI +
+ 10-8N LacCly; V —10-3N HCI + 10-2N LacCls.

A series of - o (p—9,) curves for higher concentrations

o) ,
¢
v

have been calculated by Grah am e, Fig. 8 shows curves of the
11“1 PGh i lﬁ) o t, Phil. Mag., 18, 775 (1932).

rahame, J. Amer. Chem. Soc., 63, 1207 (191): Grahame

?Joz_vevelj, applies this method of calculation also to electrol(ytes )\’;vith surface

?ﬁ‘lve ions such as Nal. The examination of his curves clearly shows that in

is case the calculated value of the integral capacity has no physical meaning.
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integral capacity for 1C~* VHCI and 107* ¥ HCI with LaCl,. It may
be observed from Fig. 8 that in passing from the differential to the
integral capacity the maximum on the negative branch does not disap-

rear. Since e =C; (9 —¢,), we have 5%;:014-}—% (p—¢,) and the

in g; is not necessarily dependent
on the existence of a maximum of C;, but may be brought about

by anabrupt change inC; in a definite interval of ¢ values. It is well

existence of a maximum

known that such maxima of %j are observed, for example, in solu-

tions containing adsorbable organic substances. It follows from the
above said that maxima obtained in presence of multivalent cations
do not belong to this group. The physical meaning of these maxima
becomes much clearer if the value of ¥, is calculated from the observ-
ed C s curves by means of equation (1). This equation is valid under
assumptions which are more general than is the case for the other
equations of the Stern theory, the only condition imposed being
that of a proportionality between the charge and the mean potential
drop in the Helmholtz part of the double layer. Provided the exami-
nation of the curve is limited to the part in which the rigid layer
contains only cations (practically only cations with several charges),
and the potential drop is not yet high enough to bring about a noti-
ceable deformation of the latter, this assumption may be justified
to a considerable extent. As to ¢, it may be calculated according
to the equation

S Iﬁ%; (8)

or graphically, as shown by one of the authors in a previous publi-

! — —_—
Yy =%y

=

cation'®.
In carrying out this calculation two possible sources of error are

to be borne in mind, due to the inaccuracy in the determination
of the zero charge point and of the value K. The first one is of no great

: £ . ds
consequence since an error in ¢, of order 0.01 with <£>m11N1 0x
I

% 107° leads to an error in¢, of order 0.005. The choice of the K
values involves far greater difficulties. In solutions which do not
contain multivalent cations an increase in cathodic polarizatiom
is accompanied by a rise of the value C, owing to the decrease in the

12 Frumkin, Trans. Faraday Soc., 36, 123 (1940).
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diffuseness of the double layer. In presence of multivalent cations
a decrease of C' is observed at sufficiently high cathodic polarizations.
As seen from the course of the C;,p curves this is related to the gra-
dual disappearence of the disturbance of the double layer structure
causing an increase of the capacity. In both cases the magnitude
of the capacity must approach the value K, but from different
sides. In the examined solutions the experimental values of ¢ at
high cathodic polarizations iie within the limits 16.5 —20.5 x10°°,
depending on the concentration of multivalent cations, a distinct

scattering, due doubtless to experimental errors, having to be con-

sidered. The majority of the values lies within the limits 17—19.8 x
x 107%, and K must be taken within the same limits. For subsequent
calculations the value K =19 x107° was selected as being in better
accord with the conclusions derived from the theory of overvoltage®®.
In this case, however, the possible error will be not less than 5 %,
which, according to equation (8), may lead to an error in the evalua-
tion of 4, equal to 0.025 for ¢=10~°, and to 0.05 for e=2x1072,

As seen from equation (8), if the values gf and K become close to

each other even the course of the change of v, with the potential
cannot be reliably determined. It is therefore expedient to limit the
application of equation (8) to an interval of negative values of
¢, not exceeding 0.4 —0.5 V. This equation cannot either be usad
for positive ¢, values because of the considerable difference between
the K values for positive and negative surface charges. Fig. 9 shows
1,9 curves calculated for 10~V HCI with addition of various LaCl,
amounts. As may be observed, at not too low concentrations of La'"*
the course of these curves is very different from that of the initial
HCI solution. From a definite © value ¢, no longer becomes more
negative with further cathodic polarization; after having passed
through a minimum it begins to increase and passes from negative
values to positive ones. Calculations show that the course of the ¥, ¢
curves is the same for other K values within the mentioned lin‘qits

notwithstanding some difference in the absolute values, In contraz
distinction to what should be exgpected from the Stern theory in the
case of specific adsorption of the cation, when the work of adsorption
is independent from the electric field, positive o, values are observed

®Frumkin, Acta Physicochimica URSS. 18, 23 (1943).
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not at a zero charge, but at considerable negative charges of the
surface.

The adsorption process bringing about the charge reversal of the
surface takes place only if the cation is attracted by the electric
field of the electrode surface.
Owing to this character of the
relation between the value of
this additional adsorption and
the potential, the value of 1,
becomes zero twice within a
considerable interval of mul-
tivalent ions concentrations,
firstly, near the point o=—0.5
and, secondly, at considerably
more negative ¢ values for
instance ¢=—0.72 in a 10
N HCl+10*NV LaCl, solu-
tion.

However, the increase of
the negative surface charge
above a certain limit is also L "
followed by a relative decrease e e ey L
of the described effect. As seen
from Fig. 9 after reaching
a certain limit the value of ¢,
no longer increases with.jo—o,|
and even diminishes, caus-
ing thereby a decrease of
the integral capacity.

Since the course of the C, ¢ curves at considerable negative
potentials shows no appreciable change in the value of the capacity
of the Helmholtz layer in presence of multivalent cations, the
occurrence of values of the integral capacity exceeding 19—20x10*
as well as that of positive ¢, values, may be accounted for only in
assuming the existence in the double layer of two potential drops
of opposite signs: metal surface /cation layer and cation layer/so-
lution. In order to render this picture quantitatively more precise,
the values of the cation and anion adsorption I', and I', at the surface

of the electrode in moles per cm® should be determined in addition

Fig. 9. J,-potentials calculated from ca-
pacity measurements in relation to elec-
trode potentials in 4073V HCI + LaCl,
solutions.
I—10-3N HCl;
I1 —10-3N HCI 4 10-5N LaCls;
IIT—10-3N HCl 4 10-4N LaCls;
IV —10-3N HCI + 10-3N LaCls;
V — 10-3N HCI + 10-2N LaCls.
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to e, these three values being obviously related by the expression
e=(n,l',—n,T';) F. The values I', and I', may be determined from the
relation between surface tension and concentration, sufficiently
a.ccurate determinations of this kind at low concentrations presen-
ting however some difficulties. The determination of I. and, con-
.sequently, that of I', exclusively by means of electrical measurements
is only possible on introducing auxiliary assumptions on the nature
of the part of the double layer turned towards the solution. If we
suppose the Cl’-ions to be disposed in the energetically most advan-
tageous positions, the double layer will be composed in the case
of LaCl, of a layer of La"""-ions adjacent to the mercury surface and
of Cl'-ions adjoining some of the La " '-ions in points located at the
farthest distance from the surface of the metal. The capacity of the
part formed by La'"- and Cl’-ions may be considered as resulting
from the connection in series of two condensers having respectively
the capacities 19 x 10™° and 38 X 10~ which are observed for
normal Helmholtz layers at the surface of mercury in the case of
La™" -and Cl’-ions; on this assumption it will equal 12.7 x

X 107°. In a 10N HC1+10"%V LaCl, solution at Pe= —0.5, , =

=0.085, e= —11.1 x 10™°. With this picture of the double llayer
structure there results I' F =0.085x 12.7 x 10°=1.08 x 10~ and
PF=",%x12.18 x 107*=4.06 x 10°®. Consequently, the total

adsorption of ions I'y4-T, equals Fi X 5.14 x 107°. With the same

potential drop and a non-diffuse double layer of normal structure
we should have obtained e= —0.5x19x10°%= —9.5% 10" and

. 1
Pe+T,=T,=; %316 x107°. From the viewpoint of the theory

: . E z . .

of electrocapillary phenomena the ratio —ﬁ is of interest
nd'y, — nyl', 3

o

-7 equals the difference

since the product of this value into }—;,Zln

between the potentials of the electrode corresponding to the elec-
trolyte concentrations ¢’ and ¢”, the interfacial tension remaining
constant. For a normal non-diffuse layer the value of this ratio
in a LaCl, solution must equal 0.33 whereas for the above men-
tioned values of I', and T, it is 0.46. These conclusions may be
checked by means of sufficiently accurate measurements of electro-
capillary curves.

Available electrocapillary measurements may be compared only
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with the results of measurements at relatively high concentrations
of multivalent cations. In so doing our procedure differed from that
generally adopted, i. e. instead of comparing the value of C with

: e . . . ]
the second derivative Tial ') which requires an exceptionally high

precision of electrocapillary measurements, we made the converse
calculation of the electrocapillary curves from experimental values
of C. As already mentioned above, we determined first the
value of ¢ and then that of y,.x—y according to the equation

Ymax' = = B Ed?
‘PO

where ymax 18 the interfacial tension in the maximum of the electro-
capillary curve. Fig. 7 shows the electrocapillary curve of 107> NV
LaCl,+107* N HCI calculated in this way, together with the curve
obtained by Stifman from direct measurements in a 107 NV AICI,
solution. The agreement is very satisfactory. As was to be expected,
the value of y is not appreciably affected by the nature of the triva-
lent cation. An analogous agreement between the calculated and the
measured electrocapillary curves was also observed in the case of
0.04 N ThCl,. The electrocapillary curve for 1072 V HCI calculated
from capacity measurments is also given in the same figure. Compari-
son of the descending branches of the two curves in Fig. 7 shows
the value of the interfacial tension in dilute solutions to be strongly
influenced by the valency of the cation.

Structure of the double layer in presence of multivalent cations

From measurements of the capacity of a mercury electrode in
dilute solutions in presence of multivalent cations the following
conclusions may thus be drawn.

Multivalent cations are adsorbed on the negatively charged
surface of the electrode in amounts exceeding the equivalent of the
negative surface charge. This effect is most pronounced at medium
values of the charge, corresponding to a potential drop in the double
layer approximating —0.3 V, the relative value decreasing at higher
potentials. The adsorption of multivalent cations does not cause

* Proskurnin and Frumkin, Trans. Faraday Soc., 3k 110
(1935); Borissowa and Proskurnin, ActaPhysicochimica URSS, 4,
849 (1936); Grahame, J. Amer. Chem. Soc., 63, 1207 (1941).
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a marked shift of the zero charge point of the electrode. The value
of the adsorption effect is practically independent from the concent-
ration of the hydrogen ions in the solution. The surplus adsorption
of cations (with respect to the charge of the surface) must be accom-
panied by a simultaneous adsorption of anions.

Different effects have been recently reported which occur during
electrolysis with a mercury cathode and bear evidence of the adsorp-
tion of anions by a negative surface in presence of multivalent
cations. So for instance the reduction of anions on a mercury cathode
is considerably facilitated (i. e. the reduction potential becomes less
negative) in presence of multivalent cations. This effect was obser-
ved in the reduction of the anions NO,", NO,’, BrO,’, 10,". Heyrov-
s k y** and coworkers explained it on the assumption of complexes
or ionic pairs of the type La'" (NO,)”, being formed in these cases
in the solutions, thus allowing the anion to be brought near to the
negatively charged surface. They also considered the decrease
in the negative values of the C-potential as a factor facilitating
the adsorption of anions. According to Orlemann and Kolthoff
complexes of the type (BalQ,)" are formed. As shown by one of the
authors *° the value of the cathodic polarization on anion discharge

; . : 1dla.,,
in presence of multivalent cations must decrease by j“‘

)
where (" is the potential in the point where the centre of the anion

is located and « is comprised between O and 1. It was thereby assum-
ed that in the vicinity of a multivalent cation ¢’ may reach con-

siderable positive values. Stifman'” has shown that in presence.

of Al - and Th ~-ions a certain difference is observed between the
values of interfacial tension in KI and KCI solutions on the descen-
ding branches of electrocapillary curves, the latter, as well known,
coinciding in absence of such ions. Hence, it also follows that the
formation of a double layer on the negatively charged surface in
solutions containing multivalent cations is accompanied by an adsorp-
tion of anions. No such effect was however observed on direct inves-
tigation of the adsorptive behaviour of negative hydrogen charcoal

» Heyrovsky, Actualités scientifiques et industrielles, 90, Paris,
(1934); Tokuoka etRuzicka, Coll. trav. chim. Tchecoslovaquie, 6, 339
(1934); Orleman and Kol thoff, J. Amer. Chem. Soc., 64, 1907 (19%42).

;: IFJ‘ roumkine, Actualités scientifiques et industrielles, Paris, (1936).
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in ThCI, solutions'. The cause of this discrepancy between values
relating to negatively charged charcoal and mercury is yet not clear.
The concepts of the double layer structure in solutions containing
multivalent cations, which were developed in connection with the
study of anion electroreduction may also be used to interpret some
peculiarities in the relation between capacity and potential observed
in these solutions.

We shall begin by assuming that the solutions contain ionic
pairs of the type La "~ Cl’. The adsorbability of such pairs on the
uncharged surface will be but slight. They will be attracted by a
negatively charged surface, most of the adsorbed pairs being orientated
normally to the surface, the cation being turned towards the surface
of the mercury and the anion towards the solution. This will result
in positive ¢, values, and, consequently, in all the phenomena descri-
bed in the first part of the present paper. At higher values of the
negative charge of the surface these ionic pairs will be more and
more displaced by La ""-ions which have a higher positive charge,
thus decreasing the capacity of the double layer. The concept of
ionic pairs playing a part in the formation of the double layer thus
affords an adequate interpretation of the basic peculiarities of the
capacity curves. It fails, however, to account for the fact that the
reversal of the charge of negative surfaces may be also observed by
electrokinetic methods. This bears evidence of the presence of a cer-
tain surplus positive charge in the layer adjacent to the electrode,
which may be separated from the corresponding negative charges
in a tangential electric field. This would be impossible should all
the anions in the double layer be bound with cations forming ionic
pairs. 1t is, however, highly probable that the formation of ionic
pairs is not indispensible for the occurrence of charge reversal and
that the latter may be derived from more general concepts on the
structure of the double layer.

As shown above this does not follow from the Stern theory of the
double layer. Stern’s theory, however, takes no account of the fact
that the part of the double layer whichis turned towards the solution
consists of discrete ions. Although the theory formally takes into
account the radii of the ions, they only contribute to determine the
volume of that part of the double layer where the adsorption of the

BPiloyan, Krivorutschko u. Bach, Koll. Z., 64, 287 (1933).
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fons may occur, the actual calculation of the electric potential being
made, as it were, on the assumption of the electric charges being
distributed uniformely instead of being fixed on discrete particles.
Consequently, the potential is considered as a function of the distance
from the surface, and not as a function of the distance from separate
ions. This circumstance has been repeatedly mentioned in the litera-
ture'’, but up to now there is no quantitative theory of the double
layer accounting for its discrete structure. A few qualitative con-
clusions may, however, be drawn, which are of interest in solving
the problem considered. Let us assume that the electrolyte in the

, +

Fig. 10. Schematic picture of the double layer
structure in presence of multivalent cations.

solution has a strongly asymmetrical structure, consisting, for instan-
ce, of positive cations with a large number of charges and of uni-
valent anions. This being the case, the interaction between the electric
fields of separate ions may be disregarded in first approximation
and the double layer must have the structure represented in Fig. 10.
One part of the lines of force starting from the positive charges will
be terminated on the negative charges of the surface and another
part—on the anions in the solution. Obviously, in this case the num-
ber of positive charges in the double layer exceeds that of the nega-
tive charges on the surface of the metal, thus giving rise to the phe-
nomenon of charge reversal. However a total disregard of the interac-
tion between the fields of separate ions does not either lead to exact
results. Indeed, in this case the double layer could exist only if the
work of cation adsorption were positive and independent from e and
from the mean value of the potential. Cations should be in particu-
lar also adsorbed at a surface on the average uncharged, i. e. at e=0.
It has however been shown in the present investigation that such

? Cf. Frumkin, Phys. ZS. d. Sowjetunion, 4, 256 (1933), where the
discrete structure of the double layer is also considered in connection with the
charge reversal. See also Essin and Shikhoff, J. Phys. Chem. (Russ.)
(in press).
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an adsorption does not occur or at any rate is very feeble. Thus
the structure of the double layer in electrolyte solutions with multi-
valent cations must actually conform to a picture intermediate
between that of Fig. 10 and that underlying the Stern theory, and
must approach the former with increase of the valency of cations.
At high values of the surface charge density the distance between
the positive ions decreases, the structure of the double layer appro-
ximates that assumed in the Stern theory and the relative magnitude
of the charge reversal effect must decrease.

Summary

The differential capacity of the surface of a mercury electrode
in dilute solutions of BaCl,, LaCl, and ThCl, has been measured.
Throughout the examined cases capacity maxima were observed
at potentials corresponding to not very high negative values of the
surface charge. The magnitude of the surface charge, that of the poten-
tial at the distance of one ionic radius from the interface and the
equivalent capacity of the electrode were calculated from experi-
mental data. These calculations show that the presence of multi-
valent cations brings about a reversal of the negative charge of the
electrode surface. Possible interpretations of this effect have been
discussed from the viewpoint of the double layer theory.
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