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Influence of the Anion on the Capacity of a Mereury
Eleetrode in Dilute Solutions

By M. Vorsina and A. Frumkin

We have shown in our preceding paper' that measurements
of the capacity of a mercury electrode in dilute solutions of multi-
valent cations allow of observing some hitherto unknown adsorp-
tion phenomena. In connection with these results it appeared pro-

¥ mising to extend these measurements to solutions of salts with

different anions. Although this part of the investigation could not
be performed with sufficient completeness, some of the results
obtained present undoubted interest. The experimental method was
the same as in the cited investigation. In order to destroy organic
admixtures, all the salts used w and KI
in an atmosphere of hydrogen. Hydrogen bromide solutions were
prepared from gaseous HBr and NaOH solutions by decomposition
of sodium amalgam prepared electrolytically. The results of the mea-
surements are represented in Figs. 1, 2, 3, 4 and 5 and in Table I,
where values of the minimum capacity C,,;, and of the corres-
ponding electrode potential ¢, referred to a normal calomel
electrode are given.

The last column contains the values of the minimum capacity,
calculated according to the Stern theory without taking into account
the specific adsorption.

From equation (6) of our preceding paper we have for

( ) in the case of a uni-univalent electrolyte
9x / min

<‘“‘>m|n— 2¢dF 4 <RTD

and, similarly, for a uni-bivalent electrolyte:

(%)= 3c0F+ (5 >/<’if_£ Lo

!Vorsina and Frumkin, Acta Physicochimica URSS, 18, 242
(1943). i
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342 M. Vorsina and A. Frumkin

Tablel
| ] Contn X 108
Solution | CuinX 108 | gy, calculated according
‘ 5 | to equation (1)
|
_ } ‘
2x 10*NNaOH . . .. .| 4.3 —0.49 2.9 (3x107%
10-*NNaOH . . . . . | 7.2 —0.465 5.5 (5.9%10-
102NNaOH . .. ..| 153 —0.465  11.0 (11.7x 107
107 NNaSO, . + + - | 7.4 —0.475 6.3
1072 N NaSO; - . . . . | 13.8 —0.50 12.0
104N Hg80, . . ... | 42 —0.50 2.5
09NHS0, .. ... 81 —0.50
10-2N H,80, . . . . I 144 —0.50
10°NKCl . . ....l 79 ' —051
102NKCl . v ... | 1ag —0.52
10-4NHCI . . . ... | 39 —0.51 2.1 (2.15%10"°)
10-*NHCl . .. ... ‘ 7.9 —0.51
10-3 N KBr . ! 1.9 —0.56
10-*NHBr .. ... 53 —0.51
10-*NHBr . .. .. I 1.4 —0.56

1073 N KI-+1073N HCIL. . [ 15.4 —0.56

hence, according to equation (5) from the same paper:

ade
E S,
Cote c7x>min (1)
min — de giT K
ﬁ)min F

by means of which taking K =19 x 10—° the calculated values for
Cmin given in Table 1 were obtained. It will be seen that the ob-
served values for Cp, are always higher than the calculated ones,
Cmin increasing with increasing adsorbability of the anion. Thus, at
the concentration 107 N, Cpin equals 7.2 X 107 in NaOH, 7.9 x 10 "¢
in KCl and 11.9X10°® in KBr. At c=10"* N, Cpnin=23.9X107° in
HCl and 5.3 % 107° in HBr. At the concentration 107 /V in pres-
ence of Br’-ions the capacity curves show no minimum at all and
in presence of I’-ions (Fig. 5) the minimum disappears already at
107NV,

- The discrepancies between the calculated and the observed
values of Cpin are least of all for electrolytes which, like NaOH,
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do not decrease, or, like Na,SO,, even increase the interfacial ten-
sion at the mercury solution boundary at the zero charge point.
This discrepancy may be still somewhat lowered, if in calculating

cwt .
cwt
60— F; 7+
| -
S0+ sk \
||
o]
| |
Wi i
J 4= ‘§
|
|
J+ 57/
!
H
Ve 20 \“\ =e.,
% Lt O Rrerd
‘\‘\ - gi/l”é 7
% L
W 1} \\J/
o
'llL!I!r.'ll"m'ﬂLj T S T TR T T
05 fl 05 il a S -l @

Fig. 1. Relation between capacity and Fi ati i
elati P ! g. 2. Relation between capacity
potential in H,S0, solutions. and potential in NaOH solur;:ionsy.
@-@-§10:N H,S0,; X=X=-X 2x 10-4N NaOH;
O—0—Q 10-3N H,S0;; ©-0-0 10-3 N NaOH;
A—A—A 10-2N H3SO ;. ©-@-@10-2 N NaOil

Cuin we do not take K =19 x 10° but assume that the capacity of
the Helmholtz layer is higher in presence of anions than
sence of cations.

in pre-

This has already been done in the first part of this investigation ?,

where, consequently, modified equations of the Stern theory were deriv-

*Vorsina and Frumkin, C

(1039). . R. Acad. Sci. URSSs, 24, 018
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344 M. Vorsina and A. Frumkin
ed and numericaj Calculations for K, =38 % 10-*and K, =20 %10
performed, these values corresponding to the positively and nega-
tively charged surface respectively. The values of C., obtained

cwt Cwt

|

77

7

~45 7 g J
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Fig. 3. Relation between Fig. 4. Relation b@twegn
Capacity and potentjal in capacity and potential in

KBr solutions,

D@~ 10-3 N KBRBr;
.—9~9 10-2 N KBr
N 10-1 N KBr,

HBr solutions.
®-0 @ 10-1N 1ip,.
J-0O-0© 10-3 N HBr:
Qﬁ(?_o 10-2 N HBr. X—=X=-=X
in this way are given in brackets in the last column in Table 1,
[t may be seen however that even with this correction the observed
values of C,,;, are still higher than the calculated ones. Ag will be
shown later the specific adsorption of jons must result in an increase
of the minimum capacity. The increased capacity observed in the
case of electrolytes causing a rise of interfacia] tension, such as
Na,S0,, suggests that, beside the negative adsorption in the layer
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immediately adjacent to the shrface of the metal, there exists at
greater distances g definite positjve specific adsorption, which leads
to a rise of concentration of the ions ag compared with values that
should arise under the influence
of the electric field ajone. cnf

The position of the point of | ]
minimum capacity on the abscjs-
sae is similarly influenced by the
adsorbability of the anjon, ag can
be seen from the values of Puin
in Table I. In solutions of efectrq-
Iytes with anjong showing no spe-
cific adsorption on the surface of
mercury (OH’, S0y) at a con-
centration cqualling 10N, vy-
lues of ¢, are observed lying
between — (.47 and —0.50; in
107 ¥ K(j Pmin = —0.51, and
in 107* N KBy Pmin = — (.56
In the case of K1 the shift of BOrmin
to —0.56 s observed already a
1072 . It would be most jnte-
resting to compare the observed
values of o, with the position
of the zero Charge point %, i1 the
sdme solutions, byt although the
determination of the latter vajye
is quite possible even at conside- Fig. 5. Relation between capacity and
rable dilutionS, no Corresponding potential in 10-3 NHCI + K solutions.
experimental data for suffici- S HEI+ 105 v o
ently dilute solutions are actu- STHTX 10 N HC 4 104N K
4lly available. From electrocapil-
lary Mmeasurements in 1 N solutions we pavye for KOH~O.47,
K2804~O.48, H3SO4~O.51, KCI—O.56, KBr —0.65 and for K]
—0.82. At c—0.01 the corresponding vajues are for NaC1—0.52,
NaBr—0.58 ang KI—0.66
- Comparison of o, and %, shows that a \change in the nature

> The data for ¢ =0.01 N are taken from a Paper by Essin and Sih i;
khov, j. Phys. Chem, (Russ.), 17, 236 (1943).
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346 M. Vorsina and A. Frumkin

of the anion causes a change of both values in the same direction.
As far as one may judge from values obtained in KBr and NaBr
solutions, which were unfortunately of different concentration, the
effect of the specific adorption of the anion on gp;, appears some-
what more pronounced than on ¢ . If the assumption that the zero
charge point of mercury in absence of specific adsorption lies at
v,=—0.501is correct, it is somewhat disconcerting that both ¢,,;,, and
@, have less negative values in NaOH, Na,SO,, and K,SO, solu-
tions. This could be possibly accounted for by assuming in these
solutions a certain specific adsorption of the cations exceeding that
of the anions or else that in absence of specific adsorption o,
lies not at—0.50, but at somewhat less negative values of the
potential. In order to solve definitely this problem, more accu-
rate measurements of both ¢, and ¢mn;, in dilute solutions are
needed.

The question as to the position of the minimum on the capacity
curve is notably involved, the values of both ¢ui, and Cpin being
determined by a number of factors, even if we limit ourselves to
the simplified conceptions of the Stern theory. In our first paper
curves showing the relation between capacity and potential were
presented, calculated according to the modified Stern theory and
allowing for the difference in the capacity of the Helmholtz layer
for positively and negatively charged surfaces. This discrepancy
results in an asymmetry of the capacity curve, and, since the capa-
city is higher for positively charged surfaces, o,,;, is shifted towards
potentials corresponding to a negative charge of the surface of the
metal. For K, =38 x 1076 and K,=20 % 10"° the following magni-
tude of the ¢, shift with respect to the zero charge point were cal-
culated: ¢=10"*N —0.01, ¢=10"N—0.02, ¢=10—"~N —0.05. In
the second paper an examination of phenomena observed in multiva-
lent cation solutions showed that an increase of the valency of one
of the ions similarly brings about a shift of the capacity minimum
towards potentials at which the adsorption of this ion is lowered.
This effect is however not large, even for electrolytes of the ThCl,
type. Undoubtedly, the position of the capacity minimum and
the value of minimum capacity are much more influenced by the
specific adsorbability of one of the ions. The reason for this becomes
apparent from an examination of the equations of the Stern theory,
although it gives only a very rough approximation in the case of
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specific anion adsorption®. In the case of specific anion adsorption
and with a low degree of covering of the surface, we obtain for the
value of the surface charge for an electrolyte with univalent cation
[see in our preceding communication equations (2) and (3)l:

e= —g,—z,, (2x
(

,=dFc (e=*— g +®-/RT )

m

o=t (B2 Pen =+ Sew—0]" @

where ¢ is the concentration of the electrolyte in g.-eq. per cnu.?,
v, —the valency of the anion, and ®_—its work of adsorption. In
the case of a univalent anion the expression for the charge of the
diffuse layer takes as well known the particularly simple form

D N2 o o v
__(RTL ) '2(e=N /2y (4a)

2 2%

w

It follows from the expressions for =, and =, that for ®_ differ-

5 oy Jds as
ing from zero, the minima of — "' and — >
ox Jdx

correspond to dif-
g e
ferent values of z; for v,=1 the minimum of —{”—r‘corresponds to
D 0¢,y :
— =, and that of . —%% to x=0. Moreover, since both
2RT dzx

values increase rapidly with increase of their distance from

==

ol . je s
the minimum, the minimum value of ‘(,—v, according to equa-

tion (2), exceeds considerably the sum of the minimum vaiues of

de
= aud=-

Since the law of decrease with increasing distance from the
interface of the forces giving rise to the specific adsorption of ions
is different from that of the electric field in the double layer, this
conclusion must hold for any concept of the double layer structure-
In the case of specific anion adsorption the smoothing of the mini-
mum is still increased by the increase of capacity due to the substi-
tution of anions for cations, so that at higher concentrations of

surface-active anions the minimum disappears altogether. From

de,

4 Essin and Shikhov, loc. cit.; Essin and Markoyvy,
J- Phys. Chem. (Russ.),13, 318 (1039); W hitney and Grahame, J.Chem.
Phys., 9, 827 (1941),
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equations (2), (3) and (4a) the value of Zmin corresponding to
a% . )

(\537 iy Y be determined and, consequently, thal of C,iy,

dFc¢ (¢ “min__ p¥min -/ T) oin

RTD \1/2 , 1

: Cl25e

+ ( 2n / 4

It follows from (5) that the value of x,,;, coincides with the vajue
of = at which, in a solution with a concentration 16 times as large
4s that of the solution considered, the value of = becomes zZero. Thhs

the value z,,;, is mo-

x (e—xmm/l’ s e'\‘lnill/f) =(. (3)

‘fw ’ o re negative than that,
[ which  corresponds to
Sr " the zero charge point
Al 03 in the same solution,
/ 07 and at the minimum of

sk capacity the charge is
Ab@ o il e 2 negative, and, conse-
97 w\f“-iﬂ” quently, g, <4, [see
: <N Y equation (1) of the pre-
ceding paper]. Since,

~02

o further, in e

Fig. 6. Influence of specific adsorption of the : o 'Z€rlu
anion on the capacity 2nd the ¢, potential, charge DOt @, = i 11
according to the Stern theory (K =19 x 10-s, follows from the above

¢=10"%g.-eq. per cm.3). ;

S 8.7¢4. P ) said that the capacity
capacity and v; potential in abssnce of specilic anion s oie )y
adsorption; /7—the same quantities for ®_ — SRT. minimum lies at a more

negative potential ¢,
than the zero charge point, i. e. that the shift of this point,
brought about by specific adsorption, must be more pronounced
than that of the zero charge point.

Fig. 6 shows the dependence of ¢= “° on o

9%a 7
electrode potential measured from the zero charge point in absence
of specific adsorption, calculated by means of equations (2), 3)
and (4a) and the relationship

s RT
o= 7= + ],'7 £y (6)

i. ¢. on the

assuming v, =1, K=19x 10-6, ¢=10-5 g.-eq. percm.’, & =8 RT
(upper curve) and for comparison ® =0 (lower curve). The value
(¢)min for O_ =8 RT equals —0.12, which in Table 1 corresponds to
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omin= — 0.62. For this case, as shown by the calculation, the zero
charge point lies at ¢, = —0.065. Thus, the shift of the latter
point is actually less than the shift of the capacity minimum.
Cmin equals 12.4x10—¢ instead of 5.5x10-%, a value which is
obtained in absence of specific adsorption (®_= 0). Fig. 6 shows
also the U, potentials in relation to ¢ for both values of ®_. As
should be expected, the specific adsorption of the anion brings
about a shift of the ¢, potential towards more negative values
as compared with the case of non-active electrolytes, the zero
point for &,  thus being shifted towards positive ¢, values.
For &_ =8RT, 4, =0 corresponds to ¢,=0.47. Speaking in terms
of colloid chemistry this point may be called the isoelectric point
of the metal, and the zero charge point — the isoionic point. In the
case of specific adsorption the isoionic and isoelectric points of the
metal thus become shifted in opposite directions as referred to the
zero value of ¢,. The curves in Fig. 6 present a clear picture of the

effect of the specific adsorption on the course of 32 ; for compari-

son with experimental data it would be more expedient to take
into account simultaneously the effect of specific adsorption and
of the change in the capacity of the Helmholtz layer, due to the
substitution of anions for cations. Following the way indicated
in our previous paper, the value of K in equation (6) is to be con-
sidered as a function of z determined by the relation (for v,=1I):

K — (K]e.\'—rtl',,/l{'l' + ng—”\-) : (e +®_/RT + e—.\')' (7)
Equations (6), (7), (2), (3) and (4a) together with the relationship

de [Z i

Je. dx  Ox
. e

permit to express ¢, and (;— through x and, consequently, to deter-

Ya
. 5 . dz .
mine the relationship between; - and ¢, for this somewhat more
TG

complicated case.

For SO”’;, CI” and Br’ anions delays are observed on the posi-
tive branches of the curves, in a certain measure similar to the hori-
zontal parts on the negative branches. As it may be seen from the
curves for KCI presented in our first paper, an increase in concen-
tration results in the appearance of a maximum and a minimum
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instead of the delay on the C, ¢ curve. The experimental data are
however too scarce to allow of expressing a definite opinion on the
corresponding adsorption processes.

Summary

I. The magnitude of the minimum value of the differential
capacity and of the corresponding value of the potential in dilute
solutions depend on the adsorbability of the anion. The increase
of the latter is followed by an increase of the minimum capacity,
and the position of the minimum is shifted towards more negative
potentials. In presence of strongly adsorbed anions (1’) at not too
Jow concentrations, the minimum on the capacity curve disappears
altogether.

2. The values of minimum capacity observed in electrolyte solu-
tions, which do not lower the interfacial tension at the mercury/f
solution boundary and in which the specific adsorption of anions
is, consequently, least marked (NaOH, Na,S0O,), still considerably
exceed the values calculated from the double laver theory.

3. A qualitative interpretation of the effect of specific adsorp-
tion of anions on the magnitude and position of the capacity mini-
mum may be given on the basis of the Stern double layer theory.
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