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A MIXED-ELECTROLYTE STUDY OF CESIUM-ION o
ADSORPTION FROM AQUEOUS SOLUTIONS ONTO MERCURY

R. V. Ivanova ' UDC 541.13

In [1] we have used the Hurwitz ~Parsons method [2,3] with the systems NaCl + CsCl and Na,SO, +
Cs,50; in water to study the adsorption of cesium ions on a negatively charged mercury surface €< 0). 1t
was found that the charge density of specifically adsorbed cesium fons (€,) is highly significant, even
though it does not lead to charge reversal of the mercury surface, i.e., legl < le|. 1t had been shown in [4]
that in the mixed-electrolyte method, the surface activity of the reference ion appreciably distorts the £y
value being determined, That there is some specific adsorption of sodium jons can be concluded from
measured differential-capacitance data [5], because there is an increase in capacitance in solutions of like
concentrations at negative electrode charge which follows the order LiCl < NaCl < KC1 < CsCl, The data
on the specific adsorption of cesium obtained in [1] could, therefore, be expected to be somewhat too low,
owing to the effect of specific adsorption of the reference ions. '

Parsons and Stockton's data [6] for the system xN CsCl + (1 —x) N LiCl are free from this defect,
but owing to the high total electrolyte concentration, double-layer parameter calculations based on the
Gouy — Chapman theory become ill-founded for this system. The results for this system can, on the other
hand, be distorted because of joint adsorption of Cs* and C1” ions. It was appropriate, therefore, to study

the adsorption of cesium ions from aqueous solutions onto mercury in the system CsCl + LiCl at lower
ionic strength @) of the solution. :

It was of interest at the same time to elucidate the effect of ionic strength of the solution on the value
to be determined for the specific adsorption of cesium ions, Two systems were studied in the present work:
I, XN CsCl + (0.1 —x) N LiCl, and II, xN CsCl + (0.01 —x) N LiCl. Any error committed in determining the
magnitude of specific adsorption of the ions can be neglected. Using an R-568-type impedance bridge we -
have recorded for systems I and II the differential capacitance (C) as function of potential @) of a dropping
mercury electrode for different values of X. The surface charge density & was determined by numerical
integration of the C— ¢ curves. The potentials of zero charge for the LiCl solutions were taken from [7};
in the case of mixed solutions, it was assumed that ¢ zc 1s independent of x,

Curves showing the dependence of electric double-layer capacitance on electrode charge density are
shown in Fig.1. An interesting feature of the Capacitance curves is the lack of dependence of the quantity
AC = CCS+ - CLi"' on the jonic strength of the solution at £ = const. One can propose on the basis of this

result that the extent of specific adsorption of cesium is independent of the ionic strength J of the solution
while this changes from 0.01 to 0.1 mole/liter, :

The specific adsorption of the cesium ions at different
€ has been determined by graphical differentiation of the

TABLE 1 -~ A¢—logx curves using the equation [3]
_ F g oAt )
¢, mole Aliter| ko, pF/ cm®] Ky, p!-‘/cm! (X2 —x)/xs | &= E( alnz) ‘- a
001 154 88 047 The use of this equation is justified because, within the con-
01 156 76 0,20 . centration range indicated, the system selected obeys the

Harned rule [8], in agreement with a requirement of the mixed-
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C, UF/cm electrolyte method [2]. The values for the two-dimensim-~
al pressure of the specifically adsorbed ions, A ¢, were ob~
tained with the aid of the following relations:

1 1 1 ¢ 1 ¢
A o= fe= [ agdy pv= | ded, @
‘ u ¢(8(1/C)m=0) ’ (Bgm0)

where Ag is the potential shift produced by the active ad-
ditive in the solution. On the basis of the values of spe-
cific adsorption of cesium ions thus obtained and using
the scheme of calculations proposed by Grahame and
Parsms [9], we have calculated the following parameters

e b 5 4 of the electric double layer for the systems studied: the
7 charge density of the diffuse layer €,, the potential of the
outer Helmholtz plane ¥°, the potential drop across the
5§ . - - + - compact part of the double layer yY, the integral capaci-
¢, uC/em? tances of the compact layer K;, and Ky, measured at € =

const and €4 = const, respectively, and the ratio (&, —x)/

X,, where x, and x, are the distances of separation of the

inner and outer Helmholtz plane from the electrode sur-

face. The averaged values of Ky, Ky,, and (X, —X;)/x, are ’
. given in Table 1, . e

Fig.1. Capacitance of the electric double
layer as function of electrode charge den-
sity. a) For the system xN CsCl + (0.1 —
) NLICl: 1)x=0;2)x=5°10"%3)x =
2:10%4) x=5-10"%5) x=0.1;b) for - »
the system xN CsCl + (0.01 —x) N LiCl: 1) It should be noted that the ratio {, — X;)/x, for the

x=0;2)x=2" 1074;8) x=1-10"3;4) x= systems being studied is in good agreement with the analoQ
21073 5) x = 0.01. ‘ gous value of 0.174 found previously by us for the system

CsCl + NaCl [1].

&, pC/emt ' Figure 2 shows the charge density of specific ad-
sorption of cesium ions as function of the logarithm of
- salt activity in the solution at a few electrode charge den-
. sities. The data of Parsons for the system xN CsCl +
(1 —x) N LiCl [6] are also shown there. It can be seen
from this figure that the specific adsorption of cesium is
- practically independent of the ionic strength of the solu-
tion, and is only determined by the proportion of surface—
active component in the solution, With m =1 this means
~ that it has no effect upon the value of £, when the CsCl
: * concentration is raised by two orders of magnitude (from
RS ©0.01to1), B '
Fig.2. Charge density of specifically ad-
sorbed Cs* ions as function of the log-

, Figure 3 shows the potential of the outer Helmholtz
: . 'plane for the €, values found (at x = 0.1 and x = 0.01) and
iﬁgr:faiiﬁeaggxg ’;z‘:atsglt‘l‘ffé‘ﬁagf . for the condition £, = 0. It is an interesting conclusion to
density of the mercury electrode in uC/cm?. + be drawn from this figure that the change in o potential

: - : -~/ ©21 . which occurs when going from the salt LiCl to the salt.

: : T : _CsCl is practically independent of the jonic strength of the
solution, One canhsay that this is the result of €4 being independent of ionic strength of the solution. Actual-

ly, according to diffuse-layer theory for a 1:1 electrolyte, the potential of the outer ‘}'{ellmholtz plane is

e e——— ———e e

2 et et 2RT . (ete)'  ete
o= RTarcsh(“+'fL)=-2’iT1n[V 1+.(,iﬂ)-,+‘—-'l] Bl [V~1+ L _‘], @)
- F \24Ye/ - F " 44% - 247 - F L0 44% - 2A7e

where A = VDRT/27. When |g4| < €, which is true in our case, and under the condition (£ + €)>> 4A’c,

o . " . .RT, (st+e)*  RT
| - | pe— g !

nc. ’ ‘ )
In the absence of specific a:dsc;rption, under'the éondition £? > 4A%,

¢ ("—o)z~ RT] e? RT
[] F At F
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Fig. 3. Potential of the outer Helmholtz
plane as function of surface charge den-
sity in the system: me CsCl+ (1 =m) -
¢ LiCl: 1)e=0.1;2)¢c=0.01 M;1, 2
for the case £4 = 0;1', 2') for £, # 0,
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Fig.4. The quantity log (€,/mec?) as func-
tion of the charge density of cations spe-
cifically adsorbed an the mercury; the

“plots were constructed from the experi-

mental £, values according to Eq, (3); I)
¢=0.1;1I) ¢ = 0.01 M. Numbers at the
straight lines indicate £ in uC/cm?.

-1 expres's my sincere gratitude to Acade

Therefore, the change in the potential of the outer Helm-
holtz plane when going from €4 = 0 to some finite value of
specific adsorption will be

(timo) RT (3+8|)= RTI et RTI (E+81):
A‘Po’“‘l’o —\Po:?ln"‘"A',—‘—'—F— IIA—' =T n p , 5)

i.e., the quantity Ay° is independent of the ionic strength of
the solution, as observed experimentally (see Fig. 3), It ap-
pears that this should be taken into account when interpret-
ing the effect of the electric double layer on the kinetics of
electrode reactions. ’

A virial isotherm of the form [10]

In (Bacic.) =In e,+2Be,, ®)

was used by us to determine the adsorption equilibrium
constant, the adsorption energy, and the coefficient of re-
pulsive interaction; here g B is the adsorption equilibrium
constant, and B is the second virial coefficient, Figure 4
shows the dependence of F, = log (€4 /mc?) on &, for sys-
temsIand Il and € = =14 and —18 uC/cm?. It follows from
this figure that the specific adsorption can be described by
Eq. (6), but for a given electrode charge density, the plots
of Fy against &£, for ¢ = 0.1 and 0.01 deviate by about two
from one another. Therefore, the values of the adsorption
equilibrium constant, which characterize the free energy of
adsorption, will also differ by two orders of magnitude, On
the other hand, at m =1 we already have a pure CsCl solu-
tion, where the parameter describing the free energy of the
given ion must not depend on salt concentration. This leads
to the general canclusion that the simple virial isotherm (6)
cannot be used to obtain the free energy of adsorption of a
given ion, because this isotherm takes no account of the dif-
fuse electric double layer.

We have shown previously [11] that it follows from the
equations of diffuse-layer theory that under the condition
ley| <€, the specific adsorption of a cation is practically
without any effect on the total surface excess. In other
words, the surface excess remains practically constant
while the specific adsorption of the ions varies, e.g., from
0 to 15 uC/em? for a 0.1 N solution. Both effects (nde-
pendence of the specific adsorption of an ion on the total ,
lonic strength of the solution, and independence of the total ‘
surface excess on the magnitude of specific adsorption at a

- given ionic strength) are due to buffering action of the dif-

fuse double layer in the specific adsorption of fons. A
separate communication will deal with a qualitative inter-
pretation of this effect,

mician A. N. Frumkin and to B. B. Damaskin for discussing

the results obtained and for their constant interest in the work, . . R
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