CESIUM AND SODIUM ION ADSORPTION ON PLATINUM
FROM A MIXED ELECTROLYTE
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and V. E. Kazarinov

The study of ionic adsorption from mixed electrolytes has aroused great interest recently, because
measurements under such conditions allow minute differences in the specific adsorbability of the ions to
be established [1].

An attempt is made in the present work to describe the simultaneous adsorption of two ions on plati-
num on the basis of an approach used previously in studying the adsorption of two organic substances [2] or
of one substance adsorbing in two different positions [3].

The system of isotherms for two adsorbing substances (1 and 2) can be written down in the form (3, 4}

8
brey = e oxp(—28431,0; — 2a,3n,6;)
ny(1—0y—6;)™
0 ' (1)

baes = _—_———.’ls(i Y exp(—2a22n,0; — 2a,3n,0,)
where by and b, are the adsorption equilibrium constants, ¢; and ¢, are the concentrations, 6y and 8, are the
degrees of coverage, ny and n, are the ratios between the areas occupied by the particles of 1 and 2, andthe
area of the solvent molecules displaced by them, and the parameters a;; characterize the interaction be-
tween the adsorbed particles: ayy for 1-1, ay, for 2—2, and a5 for 1—2 interaction. The relations

In Biey = In Ty 4 2B,,Ty + 2B,.Ty } )
ln ﬂzC: =In I‘; + 28121‘: + 231th ’
where By =byI'p; B2 =byT'm; Ty =Ty =mlam;

ny2 (1 — 2ay,) n22(1 — 2a3,) nna (1 — 2a43)
s—— 22 = 2=} : (3)
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Bu =
and 'y and T'ypy, are the maximum amounts adsorbed for particles 1 and 2, follow from the system of Egs.
(1) at relatively low coverages where In (1 =0y —09)~— (64 +6,).

When the repulsive interaction between all adsorbed particles is sufficiently large, and I’y and I'; are
not too small, one can neglect the quantities In Ty and In Ty in Eqgs. (2), to a first approximation, and hence

ln Bieq = 2By(Ts + 2B,,T, (4)
In Baes = 2B.,T; + 2B,,T, *. (5)

From Egs. (4) and (5) one can obtain expressions for the dependence of I'y on ¢ at c; =const, as well .

as for the dependences of I'y on ¢, at Ct =const or I'; on ¢; at c;=const. Thus, in order to find the depend-

* Equations (4) and (5) correspond to the Temkin isotherm for simultaneous adsorption of two subéténcesin .

the region of interrpediate coverages. When the repulsive interaction between all adsorbed particles is
strong, these relations also extend to the region of low coverages, but not to overly low coverages.
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ence of I'y on ¢ at c; =const one must extract I'; from Eq. (5) and substitute it in Eq (4). The result can be
brought into the form

ln B| C == 28“ I‘., (6) '

where the apparent adsorption equilibrium constant 8, ) and the apparent virial coefficient B“(z) in the pres-
ence of component 2 are given by

Bi = By — Bus/Bn (7)
and
1g By = 1g By — (B1a/Bun)Ig (Pacs). . (8)

Thus, at ¢y =const there must e a linear dependence of I'y on log ¢;, where Bu() can be determined
from the slope of this line while B, can be found by extrapolating it to its intersection with the abscissa.
According to Eqs. (4) and (5), the individual adsorption isotherms of substances 1 and 2 can be represented,
under the conditions being discussed, in the form

1g Bics = 28Ty, (9)
1g Bacs = 2By,T;. o - ' (10)

Therefore, the quantities Byy and By, can be determined from the slope of the individual isotherms when
plotted as I" against log ¢, while B4 and B; can be found by extrapolating the linear sections of these iso-
therms to their intersection with the abscissa. Knowing By; and By, one can ca&culate By; from Eq. (7), and
then log B4 @) from Eq. (8). When the calculated and experimental values of Bt coincide, it can be con-
cluded that isotherms (1) and the assumptions employed above for the quantltatlve description of the simul-
taneous adsorption of two substances are approprlate . . : '

In order to find the dependence of I'y on ¢; at ¢; =const one must extract I’y from Eq. (4) and substitute. ’
it in Eq. (5). The result can be brought into the form '

D (1'1)’ :
where ' S
By =BuBu/Bu—Bs @) -
and : o S
| bt =lgh— Bu/B R (Bed a3
In a similar fashion one obtams the relatlon for the dependence of I‘z on q at cz const. ,
o | Cmffe==2BgT, (14) g
where By,* is given by Eq. (12) while o o , ,
Bt =lgB—(Bu/Ba)g Bl o (15) :

It follows from Eqs (11) (15) that the linear sections of the I‘,-log c2 and I‘z-log cq curves can be cal-
culated on the basis of the quantmes Bys B2, Byy, By, and Byy; their determmatxon was already dlscussedabove.

The relatlons found were experimentally tested at the Pt/Pt electrode, where the adsorption of Cst*
(compdnent 1) and Na+t ions (component 2) from acidified cesium and sodium sulfate solutions was studied at
the reversible hydrogen potential. The experiments were done at 20 +2°C following the technique of . [5].

The experlmental details were the same as in [6]. The adsorption isotherms of Na+ and Cs* ions on plati-
num in 107 N H,SO, + xN Na,SO; (or Cs,;SO,) have been measured before [6]. Additional measurements in
the same systems were made in the present work for the adsorption of Cs* at low, and for the adsorption
of Nat at hlgh concentrations. The adsorption of Cs* ions was further measured for solutions of the com-

posntion 107 N H,SO,+1072 N Na;SO, + XN Cs;S0y.

The data obtained are reported in Fig. 1. It can be seen from the figure that the dependence of I'y on
log ¢; at ¢, =const is linear at intermediate coverages, as had to be expected from Eq. (6). A similar de-
pendence is also observed on the initial sections of the adsorption isotherms of Cs+ and Na* (curves 1 and _
2), which represent the dependences of I'y and I'; on the concentration of the corresponding salts at constant e )
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v Fig. 1. The adsorption of Cs* (1 and 3) and Na* ions (2) as func-
tion of the concentration of Cs,S0, and Nap,SOy at the reversible
hydro§en potential in the solutions: 1) 1073 N HySO, + xN Cs;80;;
2) 10™° N HpSO, +xN NaySOy; 3) 1073 N HyS0,+1072 N NapSO, + xN
Cs;S0;.
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Fig. 2. Isotherms for the displacement of Cs+ ions by
Na' ions (1), and of Nat ions by Cs+ ions at the revers-
ible hydrogen potential in the solutions: 1) 10~ N H,S0,+
21073 N Cs,S0,+ xN NaySOy; 2) 1078 N HpS0,+2-1073 N
NaySO, +xN Cs3804. The dashed lines are calculated ac-
cording to Eqs. (11)-(15).

H30% ion concentration in solution. At higher salt concentrations the hydrogen ions are found to be com-
pletely expelled from the double layer, and we observe the individual adsorption isotherms of the Cs* and
Nat ions [6]. ' S "

The following values were obtained from the data of Fig. 1: Byy =1500, By, =1900, and By, () =350 &%/
ion; log By =10.8; log By #) =4.05; log B, =10.5. The value of By, calculated from Eq. (7) was 1460 A%/ion. -
Calculation by Eq. (8) gives log B,(2 =4.30, which is sufficiently close to the experimental value of 4.03.

For the initial sections of the isotherms of Cs* and Na* when they are adsorbed jointly with HyO* ions
(component 3), one can write in accordance with the above: B ) o

e =By, — B,,*/ B, ' ) : ;. v (16)

lg B =1g By — (Bu/Bu) g (Bics), - W)
. BY=Bu-B/BM, .
lgﬁ:”=1gﬁz—(Bza/Bu)lg(ﬁscs)-.’ R . - . K | . (19)
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The quantities i and Bjj represent the apparent adsorption equilibrium constants and the apparent virial
coefficients in the presence of hydrogen ions. From Egs. (16) and (18) follows Byz=v B33(B11-B1(f)) and

Bys =V 333(1322—32(2)). When these relations are now substituted into Eqs. (17) and (lé) it is found that

1g(Bsc) _ lgBi—1gpi” _lgBi—lgps”

YB,  VB.—B®  VBu-BY (20)

Experimentally it was found that log Bz(a) =4.15; log 31(3) =4.80; Bz(g) =360; and Bt(g) =350 A%/ion. Tﬁus. '

1g B —1g B lg Bs —1g " )

_.%__-—%—‘?_;-0.175 and %_:—__2%— =0.163, i.e., in harmony with Eq. (20) these values are sufficiently
1" 22— Pz ’ . -

close. In'this case we have tested the theory in a more complicated way by using the isotherms for the

joint adsorption of Cs* or Nat ions with HzO% ions.

To test relations (11)-(15) we have measured the adsorption of Cs* ions as function of Na,SO, con-
centration in 1073 N HpS0,+2° 1078 N Cs,S0, +xN NaySOy, and that of Na?t ions as function of Cs,SO; con-
centration in 107° N H,80,+2° 1073 N Na,SO, + XN Cs,S0;. The results of these measurements are shown
in Fig. 2; also given there are the straight-line sections of the I'j-log ¢; and I';-log ¢y curves calculated
according to Egs. (11)-(15). It can be seen from the figure that the calculation is in satisfactory agree-
ment with experiment. The strong relative displacement between curves 1 and 2 of Fig. 2 reflects the ef-
fect of specific adsorption of the Cs* ions on the Pt/Pt electrode [6-9]. The data given in Fig. 2 show '
clearly the advantages of studying the adsorption from mixed electrolytes in order to compare the adsorb-
abilities of different ions. ' '

Thus, the relations deduced above are confirmed by the experimental data obtained.

It is of special interest to ask for the interaction parameters of the adsorbed ions: ayy, a3, and ag;. S
It follows from Eq. (3) that their values can be found when I'my, ny, and n; are known. These values arenot

at our disposal, however, for the system studied. One can only deduce, therefore, the relation betweenthe : . 7 . -

values of ayy, @z, and ag3. To this end we shall consider the ratios between the virial coefficients By /Bi2 .
and Byy/By;. Taking into account that repulsion forces will prevail between the adsorbed cations, andhence ™
ajj;<0, we can conveniently compare their absolute values. Thus we find from Eq. (3):

Bu_ i+2'aul an E:=k(i+2|an|)
B k(1+ 2 :aul) B, 1+2 |aul

where k =n,/ny. Since, according to our data, By : Bya: By, =1.03:1:1.3, we have | ay | =1.03k—1/2+1.03k. .
| @3 | and | ay | =(1.30-k)/2k+1.3 | @2 | /k. The value of k can be estimated, to a first approximation, ’
from the ratio I'y: 'y at 1 N concentrations of Cs* and Na* ions in solution, which is 1.34. Hence follows
lay 1>l ag | > ax |, which does not coincide with the order of variation of the virial coefficients Bjj.

This is so because the virial coefficients reflect, not only the interaction between the adsorbed particles

but steric effects as well, which are caused by the finite size of the adsorbate particles. Therefore, a con- . B A

clusion as to the interaction between particles in the surface layer which has been inferred on the basis
of the Bjj values will not always be correct. '

The decrease in the repulsive interaction when going from Cs* to Nat, which was obtained in thepres-
ent work, has also been observed by Palm and coworkers (10] in the case of a Bi electrode. This was ex-
plained by a screening effect of the diffuse-layer anions which will be more pronounced the smaller the dis-
tance between inner and outer Helmholtz plane. In other words, the diffuse-layer anions weaken the repul-
sive interaction to a larger extent in the adsorption of Nat ions, which are not so strongly attracted to the
electrode surface as are the Cs* ions. *Of course, such an explanation is strictly valid only when partial
charge transfer from the adsorbed ion to the electrode surface is absent. It must be noted in conclusion
that the virial coefficients for Cs* and Na‘t ions on platinum are substantially larger in absolute value than
they are on bismuth or mercury. Toa considerable degree this seems to be due to the inhomogeneous char-
acter of the Pt/Pt electrode surface. :

We express our gratitude to Academician A. N. Frumkin for his attention to the work and for useful
discussion of the results. o
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